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Abstract. Calcium channels are important regulators
of neuronal excitability and contribute to transmitter
release, calcium dependent gene expression, and os-
cillatory behavior in many cell types. Under physio-
logical conditions, native low-voltage (T-type)- and
high-voltage-activated (HVA) currents are potently
inhibited by trivalent cations. However, the presence
of multiple calcium channel isoforms has hampered
our ability to unequivocally assess the effects of tri-
valent cations on channel activity. Here, we describe
the actions of nine trivalent metal ions on transiently
expressed o (Cav3.1) T-type calcium channels
cloned from human brain. In 2 mm external barium
solution, yttrium most potently inhibited oG current
(ICso = 28 nm), followed by erbium > gadolini-
um = cerium > holmium > ytterbium > neodymi-
um > lanthanum >> scandium. With the exception
of scandium, blocking affinity was loosely correlated
with decreasing ionic radius. A detailed character-
ization of yttrium block revealed a 25-fold decrease in
blocking affinity when the external concentration of
charge carrier was increased from 2 mm to 20 mm. In
20 mM barium, yttrium also effectively inhibited
various types of cloned HVA channels indicating that
this ion is a nonselective blocker. For all calcium
channels examined, yttrium preferentially inhibited
inward over outward current, but block was other-
wise voltage independent. In addition to peak current
inhibition, P/Q- and L-type channels underwent a
unique speeding of the macroscopic time course of
inactivation. Whereas peak current block of oja
channels was highly sensitive to the external charge
carrier concentration, the inactivation effects medi-
ated by yttrium were not, suggesting that the two
effects are due to distinct mechanisms. Moreover, the
speeding effect was greatly attenuated by manipula-
tions that slowed the inactivation kinetics of the
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channels. Thus, our evidence suggests that yttrium
effects are mediated by two distinct events: peak
current block likely occurring by occlusion of the
pore, and kinetic speeding arising from yttrium in-
teractions with the channel that alter the state of the
inactivation gate.
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Introduction

Calcium influx through voltage-gated calcium chan-
nels mediates a number of unique functions in the
central nervous system, including pacemaker activity,
generation of low-threshold spikes, and neurotrans-
mitter release (e.g., Deschenes, Roy & Steriade, 1982;
Bal & McCormick, 1993; McCleskey, 1994; Magee &
Johnston, 1995; Kim et al., 2001). Calcium channels
are important pharmacological targets in the treat-
ment of pain and certain forms of epilepsy (Tsakiri-
dou et al., 1995; van Luijtelaar et al., 2000; Beedle &
Zamponi, 2001; Kim et al., 2001) and have therefore
been subjected to intense study. One area that has
received considerable interest is their inhibition by
divalent and trivalent metal ions, not only because
nickel ions were once considered to be selective T-
type calcium channel inhibitors, but also because
these ions have a defined ionic radius and therefore
constitute excellent structural probes of the perme-
ation pathway. However, unequivocal interpretation
of the data has been hampered by the presence of
multiple calcium channel isoforms (e.g., Narahashi,
Tsunoo & Yoshii, 1987; Akaike et al., 1989a; Magee
& Johnston, 1995), and in the literature, a wide range
of responses of native currents to divalent cations has
been described. For example, reported /Csq values for
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nickel block of native calcium channels range from 47
to 600 pum (Narahashi et al., 1987; Akaike et al.,
1989a; Akaike, Kostyuk & Osipchuk, 1989b; Tod-
orovic & Lingle, 1998). Similarly, the reported po-
tency of lanthanum (La*")' inhibition ranges from
ICs values of 8 nm for block of high-voltage acti-
vated current in aortic smooth muscle cells (Akaike et
al., 1989a) to 1.5 um for block of low-voltage acti-
vated current in neuroblastoma cells (Narahashi et al.,
1987). In addition, trivalent metal cation (M>") block
has been reported to be both voltage dependent by
some groups (Lansman, Hess & Tsein, 1986; Lans-
man, 1990; Block, Stacey & Jones, 1998) and voltage
independent by others (Boland, Brown & Dingledine,
1991; Mlinar & Enyeart, 1993).

The cloning of calcium channel o; subunits such
as the T-type calcium channel family, oG (Perez-
Reyes et al., 1998; Cribbs et al., 2000; Monteil et al.,
2000a), oy (Cribbs et al., 1998), and oy (Lee et al.,
1999a; Monteil et al., 2000b); the N-type channel, oy
(Dubel et al., 1992; Williams et al., 1992a); the P/Q-
type channel, a4 (Mori et al., 1991; Stea et al., 1994;
Westenbroek et al., 1995); the R-type channel, o
(Zhang et al., 1993); and the L-type channels, oc
(Mikami et al., 1989; Hui et al., 1991), oyp (Snutch
et al., 1991; Williams et al., 1992b), o (Bech-Hansen
et al., 1998), and a5 (Ellis et al., 1988), has allowed
detailed functional studies on these channel types in
isolation. For divalent ions such as nickel, Lee and
coauthors showed that oy channels are much more
potently inhibited than those formed by o;g (Lee et
al., 1999b). However, little information about block
of cloned calcium channels by trivalent cations has
been reported to date.

Using transient transfection of tsA-201 cells, we
can express identified calcium channels and conduct
voltage-clamp studies under identical conditions.
This is an ideal system in which to examine the ac-
tions of trivalent cations and to determine the use-
fulness of these ions as probes of the channel pore
structure. Thus, we undertook a detailed study to
clarify trivalent cation blocking effects on cloned
calcium channels. We have cloned an o;g channel
construct from human brain tissues, transiently ex-
pressed it and other rat calcium channel cDNAs, and
examined their inhibition by trivalent metal ions. Our
data show that all trivalent metal ions tested, with the
exception of scandium, are potent inhibitors of T-
type channels with affinities in the submicromolar
range, and that blocking affinity is loosely correlated
with ionic radius. Whereas peak current inhibition
was relatively nonselective among all types of calcium
channels examined, P/Q-type and L-type channels
underwent a speeding of inactivation kinetics that

'Abbreviations: cerium, Ce*"; erbium, Er®™"; gadolinium, Gd*™;
holmium; Ho>*; lanthanum, La®"; neodymium, Nd*>*; scandium,
Sc3*: trivalent metal cation, M>™"; ytterbium, Yb? T, yttrium, Y3+,
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might be indicative of the presence of a second
binding site outside of the pore region that is coupled
to the inactivation machinery.

Materials and Methods

CaLciuM CHANNEL CONSTRUCTS

o1g. Four different human o;g constructs were cloned and com-
bined to create a full-length o;; channel. Fragment I was obtained
by filter hybridization screening, according to manufacturer’s
protocol, of a human cerebellum library (Clontech) in Agtll.
Similarly, fragment IV was retrieved from a human fetal brain
library (gift from Dr. S. Kaneko, Kyoto University) by alternately
screening with two radioactive probes. These probes for screening
were created by PCR with the following primers: fragment I, sense
5-TCATCGTCATCGCAGGGATGCTGGAG and antisense 5'-
GTTCTCGCGTGGCTGGGAGCAG (designed from Gen-
Bank™ AF126965 sequence); fragment II, sensel 5-“-TGCTTCTG
AGCACCAGGACTGC, antisensel 5-CATTTCAGCCAGAA
AGACTGCG, sense2 5-GAAGTGCTACAGCGTGGAGG, an-
tisense2 5-CCAGGTCTGCTGGGTCAGAGG (designed from
GenBank™ AF029228 and AF029229 EST sequences). Probes
were radiolabelled with a-**P dCTP using T7 DNA polymerase
(Pharmacia). Both clones were removed from lambda phage and
inserted into pBluescript KS (Stratagene). Fragments II and III
were obtained by RT-PCR of human neuroblastoma cell RNA (gift
from Dr. M. Kelly, Dalhousie University) and inserted into pCR-
Blunt vector from Invitrogen (primers: fragment II, sense 5'-
TCATCGTCATCGCAGGGATGCTGGAG, antisense 5-TCG
CTGTGCTGGGCATCCTGTGTGAACTC; and fragment III,
sense 5-CCTCAACATCCCACCCGGGCCCTAC, antisense 5'-
TCTGGGGCTGCTGGTAGTGCTCCAT). Both sense and anti-
sense strands of all clones were sequenced by ABI PRISM standard
automated sequencing with BigDye. Then fragments were joined
sequentially using Sa/l (clones I and II), Bg/II (clones II and I11),
and BstEII (clones 111 and IV) restriction sites and inserted into a
modified PMT2 mammalian expression vector, via Notl and Kpnl
(NEB), for transfection.

cDNA constructs encoding oy o, o, o;c and ok, plus ancillary
B and 0,-61 subunits were kindly provided by Dr. Terry Snutch.

CecCCC: In this ultra-slowly inactivating L-type channel mu-
tant, a region encompassing the first two thirds of the domain I-I1
linker was replaced with corresponding o sequence. The creation
of this construct and its biophysical evaluation have been described
previously by our laboratory (see Stotz & Zamponi, 2001).

CELL CULTURE AND TRANSIENT TRANSFECTION

HEK tsA-201 cells were grown to 85% confluency at 37°C (5%
CO,) in Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum, 200 U/ml penicillin, and 0.2 mg/ml
streptomycin (Life Technologies, Inc.). Cells were dissociated
with trypsin (0.25%)-EDTA (1 mm) before plating at 8% conflu-
ency on glass coverslips. Calcium channel (6 pg) and green fluo-
rescent protein marker (2 pg) DNA were transfected into cells
with calcium phosphate. For T-type expression, only human o,
and green fluorescent protein DNAs were necessary for expres-
sion; however, for all other calcium channels, the rat o; subunit +
a—0; + Py (or, if explicitly stated, B,) + green fluorescent
channels protein were transfected. Cells were transferred to 28°C
the day following transfection and stored for 1 or 2 days before
recording.
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TRIVALENT CATIONS

All trivalent cations (cerium(I1) chloride heptahydrate, Ce3 " er-
bium(III) chloride hexahydrate, Er**; gadolinium(IIl) chloride
hexahydrate, Gd>*; holmium(III) chloride hexahydrate, Ho>";
lanthanum chloride heptahydrate, La®"; neodymium(III) chlo-
ride hexahydrate, Nd? *. scandium chloride hexahydrate, Sc3 T
ytterbium(I1I) chloride hexahydrate, Yb>"; and yttrium chloride
hexahydrate, Y*>; Sigma-Aldrich, Canada) were purchased at
99.9% purity and stored in a dessicator. Stock solutions (10 mm) in
H,O were made fresh daily in polypropylene tubes to limit the
formation of M>* hydrolysis products or precipitates. Serial dilu-
tions were then carried out in the appropriate external solution.
Despite careful handling of all trivalent solutions, the exact
concentration of M>" may be less than expected given the possi-
ble formation of trivalent hydroxides species (Mlinar & Enyeart,
1993).

ELECTROPHYSIOLOGY AND DATA ANALYSIS

Cells were transferred into an external bath solution of 2 mwm
barium (in mm: 2 BaCl,, 1 MgCl,, 10 HEPES, 40 tetra-
ethylammonium chloride, 10 glucose, 105 CsCl, pH 7.2), 2 mm
calcium (in mm: 2 CaCl,, 1 MgCl,, 10 HEPES, 40 tetra-
ethylammonium chloride, 10 glucose, 105 CsCl, pH 7.2), or 20 mm
barium (in mm: 20 BaCl,, 1 MgCl,, 10 HEPES, 40 tetra-
ethylammonium chloride, 10 glucose, 65 CsCl, pH 7.2) at room
temperature, immediately prior to recording. Borosilicate glass
pipettes were pulled and polished to ~3 MQ resistance (Sutter
Instrument and Narishige) when filled with cesium methanesulfo-
nate internal solution (in mm: 109 CsCH3SOy, 4 MgCl,, 9 EGTA, 9
HEPES, pH 7.2). Data were acquired and filtered at 1 kHz by an
Axopatch 200B amplifier and pClamp 8.0 software (Axon Instru-
ments). Series resistance was compensated to 90% where necessary.
Voltage-pulse protocols are described in the appropriate figure
legends. Control or M?*-containing bath solutions were perfused
directly onto cells by a custom-built perfusion system, obtaining
complete solution change in less than one second.

Data analysis and offline leak subtraction were carried out in
Clampfit 8.0 (Axon Instruments) and all curves were fit using
SigmaPlot 2000 (SPSS). Current—voltage (I-V) plots were fit by the
expression I = (V—E.,)G[(1/(1 +exp(—(V—V,)/S)))] where E,, is
the reversal potential, G is the maximum slope conductance, V, is
the half-maximal activation potential, and S is the slope factor. Fit
parameters cited in the text were obtained by fitting each individual
I—V curve and averaging the combined data. The chord-conduc-
tance (G) or activation were determined for each I-V plot (using
E.., described above) via G = I/(V—E,) and plotted as G/Gax-
Individual inactivation and activation curves were fit with the
Boltzmann equation, Popen = X+ (1-X)/(1+exp(—z(Vy—V)/
25.6)); Popen is the fraction of maximal current, X is the non-in-
activating fraction of current, z is the slope factor, and V}, and V
are the half-inactivating (or half-activating) and conditioning po-
tentials, respectively. All dose-response curves were plotted as semi-
logarithmic and the averaged data were fit by (1 — (Iz/I¢)) =
1/(1 4 ([M**]/ICsy)™) where Ig/lc is the fraction of current
blocked in the presence of trivalent, [M>"] is trivalent concentra-
tion, ICsq is the concentration which blocks current by 50%, and
ny, is the Hill coefficient. Because ensemble data were fit instead
of individual cell data, error values generated by SigmaPlot 2000
indicate fitting probabilities and not true standard error. Therefore,
error values are not included for ICs, data. All averaged
data are plotted as mean £ seM. Statistical analysis was carried
out using paired r-tests (SigmaPlot 2000), p <0.05 is considered
significant.
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Results

CLONING AND CHARACTERIZATION OF HUMAN A g

We cloned and assembled a full-length oG (Cav3.1)
calcium channel construct from human brain tissues
and cell lines. Comparison of the deduced amino-acid
sequence of our o;g isoform with other reports re-
veals that our clone is identical to the “b” splice
variant (absence of 7-amino-acid exon 25B and 18-
amino-acid exon 26 in the ITI-IV linker; GenBank™
accession number AF126965) reported by Monteil et
al. (2000a). Although not used in the assembly of the
full-length construct, we also detected the “bc”
(Aexon25B; AF227747) and “‘bce” (+exonl4, Aex-
on25B; AF227749) variants in human neuroblastoma
and fetal brain library, respectively. Although not
rigorously investigated, we did not find any fragments
of the ““a” variant (+exon25B; AF126966); this may
indicate a splicing preference for o;g., in fetal and
transformed cells.

Transient transfection of our cloned oG con-
struct into tsA-201 cells resulted in robust inward
currents in 2 mM barium (Fig. 14). As seen in Fig. 1,
the threshold of activation was near —60 mV, with
peak occurring at —30 mV. This is also evident from
inspection of the ensemble current voltage relation
obtained from 16 cells (Fig. 1B). The mean half-ac-
tivation potential obtained from the individual cells
was —47.5 £ 1.0 mV with a mean slope factor of
4.1 £ 0.3. The activation kinetics of the current
were found to be steeply voltage dependent as evident
from a decrease in the time to peak with increasing
membrane depolarization. The time constant of in-
activation, 1, measured by fitting the decay of the
current waveform with a single exponential, was
voltage dependent in the range between —60 to
—30 mV, with no further change in kinetics at
more depolarized potentials (Fig. 1C). This may
reflect the strong voltage dependence of activa-
tion rather than any innate voltage dependence of
inactivation kinetics (Serrano, Perez-Reyes & Jones,
1999).

Examination of steady-state inactivation shows
that inactivation is first detectable at —90 mV and
only 50% of current is available by —79.2 mV. When
inactivation and activation curves are plotted to-
gether (Fig. 1D), a small region of overlap, near —60
mV, is observed. This window current is physiologi-
cally significant, as it indicates that a small fraction of
channels are available to open with only small de-
polarizations above resting membrane potential.
Current recovery from inactivation was both voltage-
(Fig. 1E) and time-dependent (Fig. 1F) with half of
the current recovering upon a 5-sec repolarization to
—69 mV, and full current recovery by lsec at —120
mV. Overall, the biophysical characterization of our
a;G clone exhibits the hallmarks of typical T-type
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Fig. 1. o, expression in human embryonic kidney (tsA 201) cells.
(A4) A typical family of o, T-type currents evoked in 2 mm barium
external solution. Depolarizing voltage pulses starting from —70
mV and increasing in 10-mV increments were used to activate T-
type current from a holding potential of —100 mV. Note the typical
“cross-over” waveform. Scale bars indicate: 100 pA, vertical, and
30 msec, horizontal. (B) Normalized peak o;g current is plotted
against test-pulse voltage and fitted as described in Materials and
Methods. The half-activation potential obtained from the ensemble
fit (solid line) was —50 mV. (C) The decay rate or 7, was determined
by fitting each waveform (as in 4) from current peak to the end of
the pulse with a single-exponential decay (n = 10). Note that the
rate of current decay shows strong voltage dependence at potentials
more negative than —40 mV. (D) Voltage dependence of inactiva-
tion and activation are plotted. Steady-state inactivation (filled
circles) was assessed via 5-sec inactivating prepulses beginning at

calcium channels and closely parallels the properties
of human and rat o;g calcium channels identified
previously (Perez-Reyes et al., 1998; Monteil et al.,
2000a; McRory et al., 2001).

Current—voltage relations and inactivation curves
were also measured in 20 mm external barium. As
expected, the increase in charge carrier concentration
induced a positive shift in both activation and inac-
tivation parameters (V, —433 £ 14, n = 15
Vhp = —65.6 £ 0.9, n = 11). However, given the
increased driving force in 20 mM barium, obtaining
well-clamped currents can become a challenge.

Therefore, all trivalent experiments were conduct-
ed in 2-mM barium unless explicitly stated otherwise.

TrRIVALENT CATIONS BLOCK A

To determine the inhibitory profiles of M** on an
identified T-type calcium channel species in isolation,
we applied various concentrations of a series of nine
trivalent metal ion species to oG channels expressed

Interpulse Potential (mV)

Interpulse Duration (ms)

—120 mV (increasing in + 10-mV increments), before a —30 mV
test pulse to assess available current. Data are plotted as test pulse
I/I,.x versus prepulse potential (V, = —=79.2 £ 1.0 mV;
z = 7.0 £ 0.4;n = 14). For o, activation (G; open circles), data
from B was transformed and plotted as G/Gnax. (E) The voltage
dependence of oG recovery from inactivation was assessed using
the following protocol: 5-sec pulse to —20 mV to inactivate oG, 5-
sec interpulse ranging from —120 to —30 mV, test pulse to —30 mV
to assess current recovered. Test pulse I/I,.x versus interpulse
potential shows that in 5 sec, half of oG current recovers at -69 mV
(n = 8). (F) The time-dependence of oG recovery from inactiva-
tion was tested by applying a 5-sec pulse to +20 mV to inactivate
oG, followed by an interpulse of —120 mV varying from 2 to 6000
msec. Available current was measured by a test pulse to —30 mV.
Under these conditions, all oG inactivation recovers within 500 to
1000 msec (n = 8).

transiently in tsA-201 cells. Fig. 24 displays repre-
sentative waveforms obtained in the absence and
presence of 100 nm for two of the lanthanides (Nd**
and Er’") and three of the non-lanthanides (S¢*™,
Y?" and La’") in the bottom traces and top traces,
respectively. As seen from the figure, the application
of 100 nm of each of the blocking ions produced
varying effects on T-type channel activity, with Y>
mediating almost complete block, whereas the same
concentration of Sc** resulted in little if any inhibi-
tion. Block was dose-dependent and often reversible,
albeit slowly, following washout (Fig. 2B). Fig. 2C
illustrates dose response curves for all of the blocking
ions considered in this study. As seen from Fig. 2C,
the lanthanides all blocked in a similar range of
concentrations with their /Csos falling between the
non-lanthanide La*" and Y*" ions. Of all the ions
examined, Y>* mediated the most pronounced inhi-
bition with an affinity in the low nanomolar range
(ICsy = 28 nm). On the other hand, Sc®>* was by far
the weakest M>* species (ICs, = 3.8 pm). This could
be attributed to the fact that the Sc*>* radius is much
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Fig. 2. Trivalent cation block of oyg T-type currents (in 2 mm
barium external solution). (4) Currents were evoked by steps to
—30 mV from —100 mV under control conditions and in the
presence of 100 nm M*" (color coded according to M>" species).
To facilitate comparison, all M>" species tested are shown on a
small periodic table (bottom left). Trivalents from both row IIIB
and the lanthanide series were tested; the positions of calcium (/ight
gray) and barium (black) are also indicated. Horizontal scale bars
mark 30 msec and vertical scale bars show 100 pA for all current
traces. Current baselines are marked with dotted lines. (B) Repre-
sentative time course of Y>" block. Peak current was measured at
15-sec intervals. Small letters indicate different solutions: a, con-
trol/wash (2 mm barium); b, 30 nm Y>'; ¢, 300 nm Y*'; d, 3 um
Y3". Note that the blocking effect almost completely recovers
following washout. The small amount of unrecovered block re-
maining at the end of the experiment is likely due to the fact that

smaller and that Sc** chemical properties are much
less “calcium-like” than the other M*" tested (Cot-
ton et al., 1995). Considering the small size of Sc*™,
and the finding that certain small monovalent cations
(particularly Li" and Na") are permeable through
calcium channels in the absence of divalent cations

washout had not yet reached plateau (i.e., exponential extrapola-
tion of the data predicts complete recovery). (C) Dose-response
data are plotted on logarithmic scale for all trivalent metals tested.
Data were fitted with the Hill equation to determine ICsy. Y>* was
the most potent inhibitor of o, (IC59 = 27.6 nm, Hill coefficient
(ny) = 0.8) followed by Er** (ICsy = 69.2 nm, n, = 0.9), Gd**
(ICso = 86.6 nM, ny, = 0.8), Ce*" (ICso = 87.4 nm, ny, = 1.0),
Ho** (ICsp = 99.8 nm, n, = 0.8), Yb*" (ICso = 112.8 nm,
ny, = 1.0), Nd&*" (ICso = 148.4 nm, n, = 1.0), La*" (ICsy =
184.0 nm, ny, = 1.1), and Sc** (ICsy = 3846.3 nm, ny, = 0.6).
Numbers of determinations per data point ranged from 5 to 12. In
order to facilitate comparison among the M>" species, additional
data points at lower Y>" concentrations are not shown in this
figure but were included in fitting the Y>* data. (D) Trivalent metal
blocking affinity is weakly dependent on M3 radius (radii values
obtained from Cotton et al., 1995).

(Hess, Lansman & Tsien, 1986), we tested whether
Sc®* could also permeate the calcium channel. We
perfused cells with a 2 mm Sc** solution (no barium
or calcium); however, no inward current could be
detected (n = 4, data not shown), suggesting that
Sc** permeates the channel poorly or not at all.
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Fig. 3. Characterization of Y>* block of o, currents. (4) A typical
family of currents is shown under control conditions (2 mM barium
external) and in the presence of 30 nm Y** (scale bars: horizontal,
30 msec; vertical, 100 pA). Currents were evoked as described in
Fig. 14. (B) Top panel: representative current—voltage relations are
plotted in the absence and presence of 30 nm Y** (control:
Ve = —54mV; 30 nm Y>": ¥, = —56 mV). In the lower panel,
fractional current block is shown for the data set (» = 5). Note
that inward current (—40 to 0 mV) is blocked more potently than

When the potency of M*" cations (excluding Sc*")
was compared to size, a loose inverse correlation with
ionic radius could be observed (Fig. 2D), suggesting
that the size of the ions may be a contributing factor
to blocking affinity.

To further characterize M>" block of oG, we ex-
amined the voltage dependence of activation and in-
activation in the presence and absence of the most
potent blocker, Y*>". At half-maximal concentrations
of Y2 (i.e., 30 nm; Fig. 34, B), we detected neither a
significant shift of the voltage dependence of activation
(control: V, = —544 + 1.6 mV; 30 nm Y’":
Vo, = =557 £ 1.7mV;n = 5,p = 0.23), consistent
with a lack of significant screening of surface charges
induced by the presence of 30 nm external trivalent
cations, nor significant voltage-dependence of block-
ing action (see below). Inward barium current was

10 30 100 300 1000 3000 10000
log[Y?*] (nM)

outward current (+50 to +90 mV). (C) Inactivation curves are
plotted in the absence and presence of 30 nm Y**' (control:
Vi = —=77.5mV; 30 nm Y>": V, = =79.1 mV; n = 5). (D) Y**
block is sensitive to the type and concentration of external charge
carrier. Y>" in 2 mm barium external solution is most effective. The
data were fitted with the Hill equation, (data from Fig. 2C,
ICso = 27.6nM, n, = 0.8; Y in 2 mm calcium: ICsy = 88.9 nm,
n, = 0.9; Y>© in 20 mM barium: ICsy = 700.1 nm, n, = 1.4
n =17, 10).

blocked more potently than outward cesium current
(Fig. 3B, lower panel), indicating that the direction of
current flow and/or the species of permeating ion are
determinants of blocking affinity, which is consistent
with a site of action in the pore region of the channel.
Over a range of test potentials (omitting currents near
E.y), Y>* block of inward current did not, however,
appear to exhibit any detectable voltage dependence,
suggesting that, if block were to occur within the
permeation pathway, Y** ions do not enter deeply into
the transmembrane electric field. The position of the
steady-state inactivation curve was not significantly
affected by 30 nm Y*" when compared to time-de-
pendent controls (Fig. 3C; control: AV, = —0.7 £ 0.4
mV;30nm Y3 AV, = —1.7 £ 1.0mV, p = 0.32).

If Y* block were to occur via physical occlusion
of the pore, one would expect that raising the con-
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centration of external permeant carrier ion would
competitively antagonize Y*" inhibition. We thus
compared Y>" inhibition in 2 mm and 20 mwm barium
external solutions. Block by Y*" underwent a dra-
matic 25-fold reduction with this 10-fold increase in
barium (Fig. 3D). Although this decrease in affinity
is, in principle, consistent with a competition between
the permeating barium ions and Y>", a 25-fold dif-
ference is too large to be exclusively due to such a
mechanism, and it is likely that the increased surface-
charge screening in 20 mM external barium may re-
duce the effective concentration of Y*" near the
blocking site. Therefore, to circumvent the issue of
surface-charge screening, we recorded the effects of
Y*" in 2 mm external calcium, which does not involve
a change in the external divalent cation concentra-
tion, and thus eliminates diffuse screening effects. As
seen in Fig. 3D, the Y>" inhibition of o current was
decreased more than 3-fold when barium was re-
placed by calcium as the charge carrier (Fig. 3D).
Since calcium ions are thought to show a higher af-
finity for the channel pore compared with barium
ions (Lansman et al., 1986), these data are consistent
with competition between Y>" and the carrier ion in
the pore. Overall, our data suggest that trivalent
metal ions do indeed block in the pore, but that their
blocking affinity is strongly influenced by negative
surface charges on the extracellular face of the
channel.

Y3" InuiBiTs HIGH-VOLTAGE-ACTIVATED CALCIUM
CHANNELS

To determine whether Y block is specific for T-type
calcium channels, we tested the effects of Y>* on
transiently expressed rat N-type (o15), L-type(a;c), P/
Q-type (a14) and R-type (o) calcium channels (co-
expressed with ancillary o,-6; and By, submits). Be-
cause L-type calcium channels do not, in our hands,
yield sufficiently large currents in 2 mm external
carrier solution, we carried out all of the recordings in
20 mm external barium. Figs. 44 and B compare the
effects of 1 um Y** on the activities of different cal-
cium-channel isoforms. Representative current-volt-
age plots (Fig. 44, upper panel) and current
waveforms in the presence and absence of 1 um Y*"
(Fig. 4B, upper panel) are shown for each channel
type. In combined data, R-type aog channels showed
a slight, but significant negative shift in half-activa-
tion potential, whereas the half-activation potentials
of other channel types remained unchanged (oa
control: V, = —88 £ 28 mV; 1 um Y**: V, =
—6.7 £ 1.4 mV, p = 041. oy control: V, =
58+ 15 mV; 1 um Y 7V, =38 + 1.7 mV,
p = 0.22. ayc control: V, = =53 £ 1.3 mV;l pm
Y v, = =54 4+ 1.6 mV, p = 0.9. oy control:
Vo= —149 + 12 mV; 1 pm Y"1 7, = —18.1 +
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1.5 mV, p = 0.03; n = 5). As with T-type current,
HVA barium currents were more sensitive than out-
ward cesium current to block by Y** (Fig. 44, lower
panel), but block otherwise appeared to be voltage
independent.

Complete dose-response data in 20 mm external
barium for all channel types tested reveal half-maxi-
mal blocking affinities by Y** ranging from 276 nm
with oy g to 769 nm with a5 (Fig. 4C), suggesting that
Y*" is not a selective T-type calcium channel inhib-
itor and that different types of HVA calcium channels
are similarly affected. However, upon closer inspec-
tion of the data, one interesting difference was noted.
Whereas the presence of Y did not affect the
macroscopic time course of inactivation seen with T-
type, N-type and R-type calcium channels over a
range of Y°' concentrations, inactivation of the P/Q-
type and to a lesser extent, L-type channels, under-
went a significant speeding in the presence of Y**
(Fig. 4B bottom row, Fig. 4D). This effect was not
voltage-dependent, as the ratio of the time constants
for inactivation obtained in the absence and the
presence of 1 um Y>"did not vary with test potential
for any of the channels examined (n = 5 per channel,
not shown). We also tested whether Y>* influenced
steady-state inactivation of a5 and o channels, but
found no significant difference between the shifts in
half inactivation potentials in 1 pm Y>' and timed
controls (o 5 control: AV, = —6.3 £ 1.7; 1 um Y3
AVy = =9.1 £ 3.0, p = 0.49. o,c control: AV}, =
33+ 14 1 pm Y AV, = —4.6 £ 1.6,
p = 0.58; n = 6 to 10). These data indicate that the
observed Y speeding effect is not influenced by
membrane voltage, suggesting that it may be medi-
ated at a site of action that is outside of the trans-
membrane electric field.

Y3* SPEEDS THE INACTIVATION KINETICS OF Aja
AND A;c

The effect of Y> on the rate of current decay seen
with L-type and P/Q-type channels could in principle
be due to one of two different effects: 1) open-channel
block developing during the test depolarization,
similar to what we described recently for farnesol-
related compounds (Roullet et al., 1999; Beedle &
Zamponi, 2000), or 2), a true effect on inactivation
gating. To discriminate between these alternatives, we
examined the dose dependence, external charge-car-
rier dependence, and B-subunit dependence of Y**
effects on P/Q-type currents. P/Q-type channels
formed by either oo + Bip + 02-01 Or by atja + Poa +
o»-01 underwent dose-dependent peak current inhi-
bition with Y** (Fig. 54, B). Similar to our finding
with T-type channels, the ICs, for Y>" on block of
peak current amplitude of a4 channels increased
more than 15-fold (from 45 nm to 769 nm) when ex-
ternal charge-carrier concentration was increased
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Fig. 4. Y>* block of high-voltage-activated calcium channels in 20
mM barium. (4) The voltage dependence of Y** peak current
block was measured by steps starting from —30 or —40 mV and
increasing in + 10-mV increments (Vo = —100 mV). In the up-
per panel, representative current-voltage plots are shown for each
high-voltage-activated channel subtype (control: black filled sym-
bols; 1 um Y*: gray filled symbols). Mean peak current block by 1
um Y3T at various test potentials is plotted in the lower panel
(n = 5). Like oG, inward current is more potently inhibited than
outward current for the high-voltage-activated channels. (B) Top
row: Representative traces show control current, “’c”, and current
remaining in the presence of 1 pm Y3, “y”, for the P/Q-type (a1 5),
N-type (o), L-type (o¢), and R-type (o) calcium channels. All
currents were evoked by a step depolarization to +10 mV. The
scale bars reflect 30 msec (horizontal) and 100 pA (vertical). Bottom

from 2 to 20 mmMm, consistent with a combination of
pore block and charge-screening effects (Fig. 5B).
Interestingly, the effects of Y>* on the rate of current
decay became evident at concentrations at which no

row: The traces have been scaled to the same peak to illustrate
Y3*-induced changes in the rate of current decay. (C) Dose-re-
sponse data for peak current block by Y>*. The dose-response
curve for Y block of T-type channels in 20 mm external barium
(from Fig. 3D) is included for comparison. Y** effects on peak
current are relatively nonselective among calcium channel subtypes
(O(]AI 1C50 = 768.7 nm, ny = 10, n=4tol1l. o1 B: ]C50 = 6119
oM, n, = 1.1,n = 5to13. o4c ICso = 391.20nMm, 1, = 1.2, n = 6
to 12. ayg: ICso = 275.5nM, n, = 0.9,n = 610 12. ayG: 700.1 nm,
n, = 1.4, n = 5 to 10). (D) The rate of current decay, 7, was ob-
tained from monoexponential fits to the raw data and the ratio of
Tys+ tO Teontrol 18 plotted (n = 6 to 12). There is a dose-dependent
speeding of current decay when Y>* is applied to P/Q-type (ot4)
and L-type (oc) calcium channels, but not to any of the other
channel types examined.

significant inhibition of peak current amplitude could
yet be observed, and appeared to be independent of
external barium concentration (Fig. 5C). Moreover,
the speeding effect developed more rapidly following
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Fig. 5. Effects of Y>" on P/Q-type calcium channels. (4) Repre-
sentative traces obtained with o, channels evoked by stepping
from —100 to +10 mV in the absence (¢) and presence of various
concentrations of Y>* (numbers indicate [Y**] in nm). Note that
Y3* can affect current decay at concentrations lower than those
required for a reduction in peak current amplitude for a5 + o-
81 + PBip channels in both 2 and 20 mm Ba (left and center traces).
The presence of the rat ,, subunit modulates Y?" action (right
trace). The scale bars reflect 30-msec (horizontal) and 100 pA
(vertical). (B) Dose-response curves for peak current amplitude
inhibition of o channels coexpressed with either By, or B,. The

Y** application than the reduction in peak current
amplitude (not shown). Overall, this suggests that this
speeding effect must occur via a site that is distinct
from that responsible for the Y*"-induced peak cur-
rent reduction.

Assuming that the tonic inhibition (i.e., the re-
duction in peak current amplitude) is due to simple
pore block, this raises the possibility that the effect on
the rate of current decay is not due to pore block, but
instead due to an interaction with the inactivation
machinery of the channel. Thus, manipulations that
antagonize inactivation would be expected to selec-
tively inhibit the effects of Y** on current kinetics.
Calcium channel inactivation is strongly influenced
by the species of B subunit coexpressed. To determine
whether slower basal inactivation kinetics could in-
fluence the observed Y*'-induced speeding of the
current-decay rate, we compared the effects of Y>*
on channels coexpressed with either the rat By, sub-
unit, or the rat B,, subunit, which is known to an-
tagonize voltage-dependent inactivation of all types
of high-voltage-activated calcium channels (Restitui-
to et al., 2000; see Fig. 5A4, right panel). Although Y>*
ions were still able to mediate a speeding in the ap-

10 100 1000
log [Y**] (nM)

data were fitted with the Hill equation, the parameters obtained
from the fits were as follows: oyn + 0-6; + B1p, 20 mm Ba:
ICsg = 768.7 nm, ny, = 1.0. oy + 0-8; + B, 2 mm, Ba:
ICso= 45.4 nm, n, = 0.8. oja +0u-8; + Baa, 20 mm Ba: ICsy =
360.1 nm, ny, = 0.8 (n = 5 to 11). (C) Effect of Y>* on the
macroscopic time constant of inactivation. 7Y? * [Teontrol  Was
obtained from monoexponential fits to the raw data in either
2 mM or 20 mM external barium. Note that the speeding of inac-
tivation increases with increasing Y>' concentration, and
that this effect is largely independent of external charge-carrier
concentration.

parent time course of inactivation following coex-
pression of the rat P,, subunit, this effect was
dramatically attenuated compared with that seen in
the presence of B;,. Moreover, the speeding did not
extend throughout the complete waveform, leaving a
large, non-inactivating current component. By con-
trast, the effects of Y°" on peak current amplitude
were enhanced in the presence of f,,, resulting in a
threefold decrease in the ICsg for peak current block
(Fig. 5C), further supporting our contention that
peak current inhibition and the speeding effect are
due to separate mechanisms.

To further corroborate a putative Y action on
the inactivation machinery, we examined Y** block
of an inactivation-deficient o;¢ calcium-channel chi-
mera in which the first two thirds of the I-II linker
region has been replaced by corresponding o;g se-
quence. As we have reported recently, this construct
(termed CecCCC) exhibits dramatically slowed inac-
tivation kinetics, while its voltage dependence of in-
activation is no different than that of the wild type
aic channels (Stotz & Zamponi, 2001). As evident
from Fig. 64, CecCCC currents show only little if
any Y*'-induced speeding of inactivation kinetics,
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Fig. 6. Effects of Y>" on L-type channels. (4)
Current records illustrating Y*>* block of wild-
type o;c L-type channel and a modified L-type
100 channel with ultra slow inactivation Kinetics,
CecCCC. All records were evoked by step pulses
10 to +10 mV. “c” indicates control current, while
numbers denote the concentration of Y*" (nm).
Scale bars for both sets of currents are: vertical,
100 pA; horizontal, 30 msec. (B) Dose-response
curves for a;c and CecCCC. The data were fitted
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with the Hill equation (o;c: ICs0 = 391.2 nm,
n, = 1.2, n = 6 to 12; CecCCC: ICsy = 462.5

| oM, n, = 1.5,n = 5to 7). (C) Changes in current
kinetics in response to Y2 application (n = 3 to
6). Note that the slowly inactivating CecCCC

[ calcium channel undergoes less kinetic speeding

| than the wild-type oc channel.
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while the sensitivity to peak current block by Y7 is
not altered (Fig. 6B). Combined kinetic data in Fig.
6C reveal that the apparent inactivation rates seen
with wild type oyc channels increase as Y concen-
tration is increased from 10 nm to 1 pum, whereas for
CecCCC currents, a significant speeding is only seen
in the presence of 1 um Y>*. Together with the data
obtained in the presence of the PB,, subunit, this
strongly suggests that Y** can selectively promote
entry into the inactivated states of o5 and o;c cal-
cium channels.

Overall, our data indicate that M>" cations me-
diate a poorly selective peak current inhibition of all
calcium channel subtypes tested, and a more specific
acceleration of the macroscopic time course of inac-
tivation of L-type and P/Q-type calcium channels
that appears to be governed by a distinct molecular
mechanism involving the inactivation gate.

Discussion

This is the first comprehensive study of M*" block on
an identified calcium channel species in isolation. All
block by M>* species was concentration-dependent
and partially reversible. While numerous studies re-
port having to add EGTA to the external solution in
order to achieve recovery from M*" block (Triggle &
Triggle, 1976; Biagi & Enyeart, 1990; Mlinar & En-
yeart, 1993; but see Akaike et al., 1989b), this was not
necessary in our experiments; however, block re-
versed only following prolonged washout. In general,
we found that our ICsos for M>" species were lower
than those previously reported (Akaike et al., 1989a,
1989b; Boland et al., 1991; Reichling & MacDermott,

1000

log[Y*"] (nM)

1991; Mlinar & Enyeart, 1993; Todorovic & Lingle,
1998; but see Block et al., 1998). This is most likely
related to our use of 2 mM external charge carrier, as
most previous studies employed 10 mm or higher
concentrations of barium or calcium. Contrary to
studies comparing low-voltage-activated and high-
voltage-activated currents in neuroblastoma cells and
smooth muscle cells, we did not find that high voltage
activated currents were more sensitive to M>" block
than T-type channels (Narahashi et al., 1987; Akaike
et al., 1989a). This could be due to a number of
reasons, such as the presence of particular calcium
channel splice isoforms or particular calcium channel
B subunits expressed in these cells. This underlines the
importance of studying M>* block on individual
identified calcium channels under identical condi-
tions.

LANTHANIDES AS STRUCTURAL PROBES

The trivalent cations, yttrium (Y*"), lanthanum
(La*"), and the lanthanides, are similar in ionic ra-
dius, coordination number, and chemistry to calcium
and, thus, often have the ability to interact with cal-
cium binding sites (Nieboer, 1975). It is perhaps not
surprising that M>" species may interact with the
calcium-binding sites along the permeation pathway
of calcium channels. S¢®*, Y>*, and La®" are tran-
sition metals with electrons in progressively distant
outer orbitals and increasing ionic radius as we pro-
gress down the periodic table. The lanthanide series,
which does not include La>* itself, shares the same
outer electron orbital configuration as La*" while
adding additional electrons to the “4f” orbitals.
Thus, the lanthanides provide an excellent tool to
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probe the channel pore as the effective ionic radius
decreases across the series (in steps of less than 0.1 A,
a phenomenon known as the lanthanide contraction),
while outer electron valence structure remains the
same.

In this study, we found a weak inverse correla-
tion between efficacy and ionic radius of the lantha-
nide series, which was bolstered by the inclusion of
Y*" and La*" data. Upon careful examination, we
find that it is primarily Ce®” and Yb*" that disrupt
this relationship, with Ce*" blocking more and Yb*"
blocking less than expected if block is solely depen-
dent on ionic radius. Interestingly, both cerium and
ytterbium have multiple oxidation states in aqueous
solution, and may be present as Ce*" and Yb*
(Cotton, Wilkinson & Gaus, 1995). While we have no
direct evidence for such species in our solutions, it is
intriguing to speculate that the Ce*" and Yb*" might
increase and decrease blocking affinity, respectively.
Alternatively, the departure from the trend of efficacy
versus ionic radius by these two species may indicate
a lower or higher incidence of hydrolysis products in
solution.

Previous studies have also shown an inverse
correlation between ionic radius and /Cso (Triggle &
Triggle, 1976, Mlinar & Enyeart, 1993). However,
this correlation does not appear to apply to the
smallest M*" species. In thyroid C cells, T-type cur-
rent inhibition, while inversely correlated with radius
for the larger lanthanides, was not significantly dif-
ferent among the small Ho*", Y**, Yb*", and Er*"
species (Mlinar & Enyeart, 1993). On the other hand,
Triggle and Triggle found that blocking affinity for
smooth muscle L-type channels increased from La**
to Tm>* (between Er’* and Yb®') but decreased
with the two smallest lanthanides (Triggle & Triggle,
1976). This finding could also explain why Yb*"
block in our experiments was less than expected. In
single-channel studies both the entry and exit rates
for lanthanides interacting with L-type channels were
slowed as lanthanide radius decreased (Lansman,
1990). This suggests that, while it may take more time
for the smaller lanthanides to shed their hydration
shells, the dependence of affinity on ionic radius may
occur because the smaller cations bind more tightly to
the channel as indicated by slower exit rates.

MEcCHANISMS OF TRIVALENT BLock

Block of calcium channel current by divalent and
trivalent cations such as Ni*", Cd*", and Ho’" is
dependent on both the concentration and the identity
of external charge carrier with decreasing block as
concentration increases or calcium is substituted for
barium (Mlinar & Enyeart, 1993; Zamponi, Bourinet
& Snutch, 1996; Lacinova, Klugbauer & Hofmann,
2000). Our experiments with Y** are consistent with
these results. Notably, our finding that peak current
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block of outward cesium currents by Y>" is weaker
than that of inward currents suggests that Y>" ions
may be dislodged from their blocking site by per-
meating cesium ions. Combined, the inhibition of
peak current amplitude is consistent with an M*" /3"
pore-blocking mechanism. Based on the resolution of
discrete lanthanide and divalent blocking events in
single-channel studies (Lansman et al., 1986; Lans-
man, 1990), it seems likely that these ions enter the
open channel and physically occlude current flow.
However, our finding of a 25-fold decrease in ICs, for
oG and a 17-fold decrease in oo ICso with a 10-fold
increase in barium is much greater than that found
for Ho*" and Ni*" where approximately 5-fold de-
creases in affinity were associated with 5-fold in-
creases in calcium or barium concentration (Mlinar &
Enyeart, 1993; Serrano et al., 1999). Thus, we expect
that part of this shift in Y>" ICs, is mediated by an
increase in surface charge screening in 20 mm barium.
This idea is supported by Block et al., who reported
that La*" block of N-type channels is sensitive to
charge screening by different concentrations of NMG
(a 10-fold increase in extracellular monovalent charge
led to a 2.4-fold decrease in La*" ICsy; Block et al.,
1998). While we did compensate for the change in
external charge from 2 to 20 mM barium by altering
CsCl concentration, divalent ions screen more effec-
tively than monovalent ions. Thus, we would still
expect significant additional screening in 20 mm
barium. It is thus likely that the dependence of Y*"
potency on external charge carrier reflects two com-
bined processes: increased competition between Y>*
and barium within the channel pore, and an increased
divalent screening of surface charges near the channel
opening that reduces the effective concentration of
Y*" near the channel mouth.

Is THERE A SECOND M>" BINDING SITE QOUTSIDE
OF THE PORE REGION?

Several arguments support the notion that peak cur-
rent inhibition and speeding of channel inactivation
kinetics by Y*" are mediated by distinct sites of action.
First, in a5 experiments, increasing external charge-
carrier concentration antagonized peak current inhi-
bition, but did not affect the Y** -induced speeding of
inactivation kinetics. Second, coexpression of the B,
subunit with a; 5 enhanced peak current block, but at
the same time antagonized the speeding of inactivation
kinetics. Third, in the inactivation-deficient L-type
channel chimera, peak current block was similar to
that seen with wild type channels, whereas the speed-
ing effect was dramatically attenuated. Finally, while
peak current block was similar for all channels ex-
amined, only the L-type and P/Q-type channels dis-
played a speeding of current kinetics. Assuming that
peak current inhibition is mediated by pore block, this
implies that the Y>" target site that is responsible for
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the kinetic effects would have to be localized outside of
the narrow pore region.

Two lines of experiments support the notion that
Y*" ions act by promoting the entry of L-type and P/
Q-type channels into the inactivated conformation.
First, slowing inactivation via coexpression of the rat
B>a subunit limited the ability of Y>" to speed inac-
tivation kinetics. Moreover, in the CecCCC L-type
calcium-channel chimera, which displays very slow
inactivation under control conditions, Y>© ions were
virtually ineffective in changing macroscopic inacti-
vation rates. Thus, our data are consistent with a
direct effect of Y>* on L-type and P/Q-type calcium-
channel inactivation in addition to the tonic block
seen with all types of calcium channels. The molec-
ular mechanism by which this occurs remains enig-
matic. We (Stotz & Zamponi, 2001) and others
(Kraus et al., 2000; Berjukow et al., 2001) have shown
previously that point mutations in the pore-lining S6
segments of the L-type calcium channel o;¢c subunit
(i.e., F823A) can dramatically alter the rates of in-
activation. Presumably such changes promote con-
formational changes in the S6 segments that allow for
efficient docking of a cytoplasmic inactivation parti-
cle formed by the domain I-IT linker. Y may mimic
the effects of these mutations by promoting similar
changes in channel conformation. The absence of any
effects of Y>* on the voltage dependence of inacti-
vation parallels our observation with the F823A
mutant (Stotz & Zamponi, 2001) that alters the rates
of inactivation without affecting steady-state in-
activation.

The suggestion of multiple binding sites for
multivalent ions is not without precedent. For ex-
ample, it has been suggested that o calcium chan-
nels contain a second external nickel binding site that
antagonizes channel activation (Zamponi et al.,
1996). Moreover, on a5 calcium channels, the pres-
ence of an external binding site for calcium linked to
the activation gating has been suggested (Zamponi &
Snutch, 1996). It is thus conceivable that certain types
of voltage-gated calcium channels contain a reg-
ulatory site for trivalent metal ions; however, further
studies at the molecular level, such as the creation of
d1a-0g chimeras, will be required to confirm the
existence of such a site, and to identify its location.

In conclusion, Y>" and the lanthanides are the
most potent cationic pore blockers of T-type oG
channels and high-voltage-activated calcium channels
described to date. Our work examines, for the first
time, the effects of these ions in identified and isolated
species of calcium channels, thus allowing the first
unequivocal interpretation of the blocking action of
these ions. Our novel findings support the notion of a
second external Y>" binding site coupled to channel
inactivation. While we do not predict the precise lo-
cation of this site, it may provide interesting insight
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into our understanding of inactivation mechanisms
and how they are conserved among certain channel
types (i.e., ojc and oa).
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