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Abstract. Nickel ions have been reported to exhibit dif- and differs qualitatively and quantitatively among indi-
ferential effects on distinct subtypes of voltage-activatedvidual subtypes and subunit combinations.

calcium channels. To more precisely determine the ef-

fects of nickel, we have investigated the action of nickel
on four classes of cloned neuronal calcium channel
(a1, 01, 01 aNda,g) transiently expressed eno-
pusoocytes. Nickel caused two major effects: (i) block
detected as a reduction of the maximum slope conducl-ntroduction
tance and (ii) a shift in the current-voltage relation to-

wards more depolarized potentials which was paralleled

by a decrease in the slope of the activation-curve. Blocknorganic divalent and trivalent cations have been long
followed 1:1 kinetics and was most pronounceddgg., known to block calcium channels from different prepa-
followed bya1E> aip > Qg channels. In contrast, the rations (i.e., Hagiwara & Takahashi, 1967; KOStyUk,
change in activation-gating was most dramatic with, ~ Krishtal & Shakovalov, 1977; Akaike, Lee & Brown,
with the remaining channel subtypes significantly less1978; Hagiwara & Byerly, 1981; Nachsen, 1984; Byerly,
affected. The current-voltage shift was well describedChase & Stimers, 1985; Lansman, Hess & Tsien, 1986;
by a simple model in which nickel binding to a saturable Buesselberg et al., 1991, 1992; Mlinar & Enyeart, 1993;
site resulted in altered gating behavior. The affinity for Kuo & Hess, 1993). The degree of block appears to be
both the blocking site and the putative gating site werestrongly dependent on both concentration (Mlinar & En-
reduced with increasing concentration of external peryeart, 1993) and type of the blocking ion, with blocking
meantion. Replacement of barium with calcium reducedffinities ranging from severalwnfor holmium (Mlinar

both the degree of nickel block and the maximal effect& Enyeart, 1993), greater than 1@ for aluminum and

on gating fora,, channels, but increased the nickel zinc (Buesselberg et al., 1990; 1393994) and several
blocking affinity for o, channels. The coexpression of MM for nickel (Byerly et al., 1985). The blocking affini-

Ca channeP subunits was found to differentially influ- ties of some inorganic blockers has also been shown to
ence nickel effects om, ,, as coexpression witp,, or  be tissue- and species-specific (i.e., Pekel, Platt & Bues-
with B, resulted in larger current-voltage shifts than selberg, 1993; and compare Kostyuk et al., 1977; Akaike
those observed in the presencelef, while elimination et al., 1978; and Byerly et al., 1985). Furthermore,
of the B subunit almost completely abolished the gatingWithin the same preparation there appears to be a channel
shifts. In contrast, block was similar for the thfgsub-  Subtype specificity as block of DRG neuronal L-type cur-
units tested, while complete removal of tResubunit ~ rents by lead occurs with a 6-fold higher affinity com-
resulted in an increase in blocking affinity. Our dataPpared with that of T-type currents (Buesselberg et al.,
suggest that the effect of nickel on calcium channels ist993). Nickel ions have been generally described as

Comp|exl cannot be described by a Sing|e site of actionPfEferential blockers of !OW voltage-activated calcium
channels (for revievgeeHille, 1992).

Most neurons express multiple types of calcium cur-
S rents with overlapping physiological and pharmacologi-
Correspondence toT.P. Snutch cal properties (Bean, 1989; McCleskey & Schroeder,
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1991). In addition, some calcium channels are located atauses simple block of the channel and which might lie
distant dendritic and synaptic regions and remain intracdirectly in the permeation pathway, and a second site
table to direct electrophysiological measurement.located at the extracellular face of the channel and which
Together with the variety of factors governing the ac-antagonizes activation-gating.
tions of divalent and trivalent cations on calcium chan-
nels, it has proven difficult to determine the specific .
effects of these ions on individual calcium channel sub—Mate”als and Methods
types. Biochemical and molecular genetic studies show
that calcium channels consist of a large (>200 kDa) porélRANSIENT EXPRESSION OFCALCIUM SUBUNITS IN
forming «; subunit that determines most of the pharma-XenopusOocCYTES
cological and biophysical properties of each channel type , S _
(seeCampbell, Leung & Sharp, 1988; Catterall, SeagarPreparanon oKenopusoocytes and nuclea_r mlcromject_lon of calcium

. - . . . channel cDNAs were performed as previously described (Stea et al.,
& Takahashi, 1988; Tsien, Ellinor & Horne, 1991; |44, 1998). The ayn, 0ug, Gye Gup o Buss Bos aND By SUbLNIL
. . . ’ 1A Y1 Y10 Y1 Y2 Pl P2a 4
Snutch & Reiner, 1992). In addition, two other subunits, .pnas were subcloned into the vertebrate expression vector pMT2
a, and B, are part of the channel complex, with tBe  (Kaufman et al., 1989) and oocyte nuclei injected with 1-2 ng of each
subunit having pronounced effects on the voltage-cDNA construct (mixed 1:1 or 1:1:1 where indicated in a total volume
dependent and kinetic properties of thgsubunits (for ~ of HLO ni).
examplesseePerez-Reyes et al., 1992; Castellano et al.,
1993,b; Sather et al.,, 1993; Stea, Soong & Snutch,E ecTROPHYSIOLOGICAL RECORDINGS
1994a). Molecular cloning has identified five different
neuronaky, subunit geneso(ja, g, A1 0yp, yg) @and  Whole cell currents were recorded under two electrode voltage-clamp
four B subunit genesp, B, Bs B,) expressed in the using an Axoclamp-2A amplifier (Axon Instruments, Burlingame, Ca)

. . and filtered at 1 kHz. Recording electrodes showed typical resistances
mammalian nervous system (rewewed by Stea et al'between 0.5 and &(). The bath was connected to ground via & 3

1994; Birnbaumer et al., 1994)' The electrophy5|olog|- KCI Agar bridge. The voltage errors associated with the largest cur-
cal and pharmacological properties of the cloned calciuments (<3,.A) were estimated to be <3 mV, thus, series resistance did
channela, subunits has been recently described; not affect our results. Oocytes were injected with BAPTA (10 nl of
encodes a high threshold current that shares propertig§0 mv) to suppress the endogenous calcium-dependent chloride cur-
with both P- and Q-type channelwsiB encodes a cono- rent.(Charnet et al., 1994). Recording solutions were as fo_llows_ (in
toxin GVIA-sensitive N-type calcium channelyc and 700 %R0 T 0o o P e e e
1D both encode d'hydrOpy”dme'senS't'Ve L-type cal- 5 HEPES, pH 7.6. In higher and lower ionic strength solutions, sucrose
cium channels; and, g, a novel type of calcium channel was substituted for barium. All experiments were carried out at room
that displays rapid inactivation and more negative activatemperature.
tion and inactivation properties Compared to mﬁﬂu Ni'ckel chloride (Fisher Scier)tific) was dissqlved at a stock con-
g, andac channels (Mori et al., 1991; Williams etal., FCBet o0 2 Cot t e e o eloned rapidy
1992,b, 1994; Fujita et al., 1993; Sather Qt al. 1993 (less than 15 sec) and was readily reversible upon washeef(g. 1).
Soong et al., 1993; Stea et al., 1993; Tomlinson et al.generally, the effects of nickel were determined between 35 sec to 1
1993; Stea et al., 198% and that shares some pharma- min after application. Prior to application, currents were routinely al-
cological properties of low-voltage activated calcium lowed to stabilize to avoid complications arising from rundown. In
channels (Soong et al., 1993). those instanpes where_chgnnel activity did not stabilize, data were
Nickel ions are unique in that they have been pro_corre_c_ted using a baseline interpolated between the cont_rol anc_J wash
. . conditions. Data were recorded and leak-subtracted online using an
posed to preferentlally block lower VOItage'aCtlvated Cal'IBM—(:ompatibIe computer. Current-voltage relations were either elic-
cium channels and it was of interest to determine theed using step protocols from a holding potential of =100 mV, or with
effects of external nickel ions on the four major classesa ramp protocol with a slope of 1 mV/msec. The ramp protocol permits
of cloned neuronal calcium channels. Application of the acquisition of a complete current-voltage relation in a fraction of
nickel to Xenopusoocytes expressing neuronal calcium the time requirgd _for the pulse protocol significantly r'educi.ng aqy
channels resulted in two distinct effects on whole cell BaP°tental complications from rundown. There were no discernible dif-
. . . ferences in results obtained with either protocol.
currents: a reduction in the maximum slope conductance
and a depolarizing shift of the activation curve. The
magnitudes of both effects were dependent upon the sulfdATA ANALYSIS
type of neuronal calcium channel. In addition, nickel _
effects were also found to be dependent upon the naturgata were analyz_ed in pCLAMP v5:5 (Axon Instruments). The cur-
of the Ca channeB subunit coexpressed and upon therent-voltage relations were fitted using the Boltzmann equatien

. . [/ + exd—(Vi = VW/K) ] [G(Vm — Erel) ], WhereV,, is the test
nature of the permeant ion. The different effects Of.potentiaI,Vh is the potential at which half of the channels are activated,

nickel were experimentally separable raising the possig is the maximum slope conductangg,, is the reversal potential and
bility of two distinct binding sites, one at which nickel k reflects the steepness of the activation curve and is an indication of
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the apparent gating charge. In this purely empirical description of the 1.2 T T T T
I-V curves, changes i6 reflect channel block, and changesvipand
k reflect changes in gating (but note that bbthandk may also change
to a small degree as a result of voltage-dependent block). This equation
is based on two assumptions, (i) that activation can be described bsg 1.0 N
means of a simple Boltzmann relation, and (i) that the single channel® Hﬁ
conductance is linear over the range of voltage studied. Although the§
Boltzmann equation may have some limitations (i.e., it lumps together©
all closed states preceding channel opening into one collective closeﬁ
state), it is generally accepted as a means to describe the relatior&
between open probability and voltage. o
To rule out the possibility of a putative correlation between cur- ® 08}
rent size and eithev,, or k due to clamp error, we applied other known 5
blockers of calcium channels, including the local anesthetic fomocaineg
(Zamponi,unpublished observatiopsind cadmium and observed no 5
effect on eithev,, or k. Furthermorek was essentially constantovera = 0.4 |- S S S SSSSSSSSSS) n
concentration range from 2 to 100wpermeant ion, arguing against a 100 uM Ni

0.8 - B

wash
possible correlation betwednand current size. Single channel data
obtained from all of the calcium channel isoforms indicates that the
single channel conductance is linear at potentials up to and including at 0.2 . . : . :
50 100 150 200 250

least 15 mV more negative than the reversal potential (E. Bourinet et

al., submittedl. For this reason, and to minimize any putative contri- Time [s]

butions from leak currents, the fits to current-voltage relations were

limited to voltages at least 20 mV more hyperpolarized than the reverFig. 1. Time course of development of inhibition @f ¢ B}, cty, by 100

sal potential. Curve fitting was carried out in Origin and Sigmaplot. jum nickel elicited by step depolarizations from —100 to +10 mV (in 10

Preparation of figures was carried out in Sigmaplot (Jandel Scientificmv barium). Block both develops and equilibrates rapidly and the

Corte Madera, CA). effect is almost completely reversible (th&0% inhibition remaining
after the wash may be due to rundown of thg current).

Results . - :
As shown Fig. 2, the depolarizing shift of the steady-

state activation curve resulted in a large apparent volt-
NickeL Rebuces PEAK CURRENTS AND SHIFTS CURRENT  age-dependence to the action of nickel (i.e., the current is
VOLTAGE PROPERTIES reduced by 85% at —10 mV, but only dB0% at +30

mV, which translates into an almost 10-fold change in
Figure 1 shows that applications of 19@ nickel rap-  IC5, over a voltage range of 40 mV and a calculated
idly blocked a1 whole cell Ba currents (coexpressed electrical distance close to 1 for a simple Woodhull
with a,p, + B4y Subunits). Recovery from nickel block model; Woodhull, 1973). If the shift iW,, were to arise
was also rapid and nearly complete. Figure 2 depicts thérom voltage-dependent block at a single site this result
effect of 100um nickel ona, g barium currents recorded suggests that nickel ions would have to penetrate the
at four different test potentials. Nickel caused a signifi- pore nearly all of the way across the transmembrane
cant decrease in currents elicited at all potentials. Convoltage, which is unlikely. This behavior is more explic-
comitantly, the current-voltage relation was shifted to-itly demonstrated in the dose-response relations depicted
wards more depolarizing potentials, such that while thein Fig. 3 which were obtained from the current response
peakao g current was atD mV under control conditions  to test pulses to —10, +10, and + 30 mV for a set of 5
it was shifted tocH#20 mV in the presence of nickel. As experiments. It is apparent that the dose dependence at
we argue below, this shift does not appear to be due to ar10 mV is significantly skewed from the 1:1 binding
intrinsic voltage-dependence of nickel block arising fromisotherm predicted from a simple bimolecular blocking
entry of nickel ions into the transmembrane voltage (i.e.reaction. This effect is less pronounced at +10 mV, and
Woodhull, 1973). A further effect of nickel was an ap- absent at +30 mV, a potential which lies sufficiently far
parent slowing in the time course of current activationon the plateau of the activation curve such that shifts in
although this effect was not further analyzed in detail.the half-activation voltagey,, are no longer observed.
Nickel shifted the peak of the current-voltage relationThis apparent voltage dependence of the Hill number is
towards more depolarized potentials in addition to reduc-again inconsistent with simple voltage-dependent block
ing the maximum slope conductancg,(as reflected in  occurring at a single site. As we argue below, the effects
the slope of the decaying phase of the current-voltag®f nickel on peak currents are more likely due to a com-
relation), without a significant effect on the extrapolatedbination of block and inhibition of activation-gating and
reversal potential (controM, = -13.3 mV,G = 13.6  suggest that using peak currents to describe nickel block
1S, Ere, = 62.0 mV,k =4.3 mV; nickel:V,, = 4.8 mV,  can be misleading. In contrast, when the maximum slope
G = 8.2puS, E., = 65.0 mV,k = 9.5 mV). conductance was used as an indication for nickel block, the
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Fig. 2. (A) Pairs of whole cell currents recorded from an oocyte expressip@.,, B, in the absence (circles) and presence (triangles) ofud0

nickel recorded at four different test potentials from a holding potential of =100 mV. The records were obtainedvrba€ium, leak-subtracted

on line and analogue filtered at 1 kHz. The solid lines indicate the baseline. Application of nickel results in two distinct effects: a decrease in th
peak amplitude of the current and a depolarizing shift of the peak curres2®ynV. B) Current-voltage relation obtained from the experiment
shown in paneA. The data were fitted as outlined in Materials and Methods. Application ofpd@®ickel results in a depolarizing shift of the
half-activation potential and a decrease in the conductance. The fitting parameters were as follows:\Gprtrel3.3 mV,G = 13.6 uS, E,

= 62.0 mV,k = 4.3 mV; nickel:V, = 4.8 mV,G = 8.2uS,E,, = 65.0 mV,k = 9.5 mV.

data were well described by a simple 1:1 blocking model; channel was more potently blocked by nickel com-
(Fig. 3, squares). Thi; value obtained from the fit is pared with the other channel types (includiag:, see
[BOO wMm indicating that the blocking action of nickel on Fig. 2 and Fig. 7). In contrast, nickel had a significantly
o, channels is relatively weak compared with its overall smaller effect on gating of the, 5, o; 5 anda;, - channels
combined blocking and gating effect. compared to that ok, (compare thé/, shifts in Fig. 2
with Fig. 4).

The shift in current-voltage properties was concen-
tration-dependent, with larger depolarizing shifts at
higher nickel concentrations (FigsA4). The dose de-
pendence of nickel oW, for the various calcium channel
Figure 4 depicts the current-voltage relations &qf,, subtypes is graphically illustrated in Fig. 5. Plotting the
oy, and o, channels (coexpressed wify,, anday,  Shiftin Vi, as a function of nickel concentration, the data
subunits) in the absence and presence of nickel. It igvere well described with a simple saturation curve sug-
apparent that nickel had distinct effects on the differentgesting that nickel may effecdt}, by binding with 1:1
calcium channel types. For example, at all voltages thetoichometry to a saturable site at the extracellular side

SHIFT IN V|, IS DEPENDENT UPONCALCIUM CHANNEL
SuBTYPE AND NICKEL CONCENTRATION
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Fig. 3. Dose-response curves obtained for nickel block ofdhef,,, a,, channel in 10 ma barium at three arbitrary test potentials (=10, 10 and
30 mV), compared with the ability of nickel ions to reduce the maximum slope conduct@r(sguares). Of note, the data obtained at —10 mV
show large deviations from a simple 1:1 binding isotherm. The data were fitted with the equigdang free)= 1/(1+( [Ni]/K;)"), wherel is the
peak current response to a given test potential in the presence of nickie control current response under control conditions, [Ni] is the nickel
concentrationkK; is the concentration at which half of the current is blocked, migithe Hill coefficient. The fitting parameters were as follows:
-10 mV:K; = 20.9um, n = 0.57; +10 mV:K; = 144.3pum, n = 0.77; +30 mV:K; = 246.2pm, n = 0.92. When using the maximum slope
conductance as an indication of block (squares), the data were well fitted by setting the Hill coefficiett at 303.0.m). The bars indicate
standard errors.

of the channel. Consistent with the data shown in Figstemperature), the data raise the possibility that nickel

2 and 4, the effect was most pronounced dgg, while  ions might affect charge movement during channel acti-

the other calcium channel subtypes were affected to &ation. Furthermore, this result is inconsistent with a

lesser degreeséelegend to Fig. 5). In addition, the simple electrostatic repulsion between the voltage sensor
steepness of the rising phase of the isotherm was largeand a positively charged nickel ion bound to the extra-

for a,, suggesting that a putative nickel binding site oncellular side of the channel, and may indicate either a
o, Would exhibit a higher affinity compared with the local or global conformational change in the channel

analogous site on the other calcium channel types. Overotein triggered by nickel binding.

all, the data indicate that the nickel-induced shifts in the

half-activation potential are subtype-specific, both in ab-cyrrent BLock AND SHIFT IN V;, RESULT FROM

solute magnitude and concentration dependence. NICKEL EFFECTS AT SEPARATE SITES
SHIFTS IN Vh ARE PARALLELED BY A DECREASE IN THE Figure 7 diSplayS dose-response curves for nickel block
SLOPE OF THEACTIVATION CURVE of the four major classes of rat brain calcium channgl

subunits (coexpressed with,, and «,,) determined
Nickel caused a decrease in the steepness of the activelom the reduction in maximum slope conductance. The
tion curve (i.e., Fig. 2) observed as an apparent increasgata were well fitted with simple hyperbolas suggesting
in the value of the fitting parametée. The effect is  that nickel block occurs as a bimolecular reaction be-
illustrated in Fig. 6 where the increasekris plotted as  tween nickel and the channel complex. The affinities of
a function of nickel concentration and compared with thenickel for the various channel subtypes spanned approxi-
concentration dependence \8f. Fora,, (Fig. 64) and  mately one order of magnitude, with - being the most
a;c channels (Fig. 6) the shifts ink andV,, were quite  effectively blocked, followed byoa;z > o4 > oqp.
closely correlated. In contrast, fayg (Fig. 6B) anda,e ~ Qualitatively, the relative order of blocking affinities did
channels (Fig. B) the shifts ink andV,, noticeably de- not parallel the nickel concentrations required to produce
viated, although the data qualitatively agree with the no-a half-maximal shift inV,, (Fig. 5). Of particular note,
tion that nickel application results in an increasekin  for a,g the V,, shift was half-maximal at a nickel con-
Sincek is inversely proportional to the apparent gating centration of 29.m, while 10-fold higher concentrations
chargez(i.e.,k = RT/zF with RT/F = 25.6 mV atroom  of nickel were required to reduce the maximum slope
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Fig. 5. Dose-dependence of the shift in half-activation voltage for the
four major classes of neuronal calcium channgl subunits coex-
pressed wittB,,, anda,,, The curves were fitted with simple saturation
isotherms, using the equatidV,, = max/(1 +K4/[Ni] ), where AV,, is
the absolute shift in half-activation voltage as a function of nickel
concentration, [Ni], max is the maximal shift, aKg is the equilibrium
dissociation constant for nickel binding to the site responsible for the
C shift. Note thatx, ¢ shows the most prominent effect in both the maxi-
mal effect and the steepness of the rising phase of the saturation curve.

The bars indicate standard errors. The fitting parameters are listed

control
300 uM Nickel
1 mM Nickel
wash

rud @

—40 0 40 80 below:
7 {
Class eBiston acBinan iaBintan  @1gBinan
Kg [1M] 27.8 59.5 348.9 2075
® control max [mV]  29.9 8.7 10.1 10.7
v 100 pM Nickel
A  wash
~1.0 pa conductance by 50%. This result suggests that block and

. . _ the shifts inV,, likely occur via distinct mechanisms.
Fig. 4. Current-voltage relations for the,,, a,5, anda,c rat brain

calcium channels coexpressed withg and oy, (in 10 mm barium).

Similar to a,g, nickel reduces the maximum slope conductance andNICKEL EFFECTS ARESENSITIVE TO 3

shifts the current-voltage relations, although the magnitudes of theSUBUNIT COEXPRESSION

shifts are smaller than fat,.. Note thata, ¢ is more potently blocked

by nickel than the other channel types and that the effect is fully To investigate in greater detail the factors governing the
reversible. Current-voltage relations were fitted as descried in Materialgction of nickel we focused o, 5 as this channel ex-
and Method_s. The half-activation voltages [mV] obtained from the fits hibits the most robust expression in oocytes (Mori et al.,
shown are listed below: 1991 Sather et al., 1993: Stea et al., 1994 igure &\
depicts the effect of nickel on the voltage-dependent gat-

Class a;cBiptan a1eB16%2p a1 aB16%20 : . . -

ing properties ofx; , coexpressed with three differeft
Control 6.0 5.4 2.3 subunits. Coexpression wifb,, yielded the largest ef-
100 pm Nickel 9.6 - - fect onV,, followed by B, and B,,. Furthermore, the
ioo H“;I_Nllc'l‘e' - 1% 12'2 equilibrium dissociation constant for nickel binding was
wr:sMh cke . 3o i similarly sensitive to the type @ subunit used. Expres-

sion of oy in the absence of § subunit resulted in
nearly complete elimination of the effect of nickel Wp
These data suggest that binding of giesubunit to the
cytoplasmic side of the channel augments the effects of

(=) not determined
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Fig. 6. Dependence of the slope factor of the activation curve on thequalitatively with the notation of a common mechanism. The bars
external nickel concentration in comparison with the effect of nickel onindicate standard errors. The data were fitted using the equation de-
the half activation potential. There is a close correlation between thescribed in Fig. 5. No fit was attempted for the data in pabelThe

shift in the number of gating charges f@y, anda, , while the effects  fitting parameters are summarized below. The data for the shi#,in
appear to be less closely related oz anda, g, although they agree  are the same as in Fig. 5.

Class a1 aB40p oy cPBaptan a1 a1eBipton
Y 4118 38.7 7405 -
max [mV] 2.33 152 2.66 -

(=) not determined.

external nickel ions. Interestingly, whes,c was ex- Figure A shows dose-response curves for the block
pressed in the absence opaubunit the effect of nickel of a,;, in combination with differen subunits. While

on V,, was enhanced compared to that seen in the preghere were no significant differences in the equilibrium
ence ofB,, (Fig. 8B), suggesting that there are consid- dissociation constants when,, was coexpressed with
erable differences between,c and a;, channels with  eitherB,,, B, OF B4, in the absence of A subunit the
regard toB subunit interactions, their putative nickel blocking affinity of nickel was increased. This effect is
binding sites, or both. opposite to that observed for the shift, and lends fur-
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Fig. 7. Dose-response for the effect of nickel on the maximum slope conductance as determined by fits to current-voltage relations for the fo
classes of calcium channel subunits (coexpressed wifly, anda,,). The curves were fitted with simple hyperbolas as described in Fig. 3 with

an arbitrary Hill coefficient of 1. The most potently blocked channel,ig, followed bya,g > a5 > ;5. TheK; values werea, o 127.6uM; ayg;
303.0uM; oy 535.0uM; ay5: 1337.6 M. The bars indicate standard errors.

ther support to the notion that the molecular mechanismsentrations required for a half maximal shiftVf, (o a:
governing the shift in/,, and block are distinct. Fat;;, Ky = 138.1 mu, max = 3.9 mV; o ¢ Ky = 18.1um,
the increase in blocking affinity in the absence oBa max = 5.0 mV; seeFig. 1B and C). In contrast, cal-
subunit was even more pronounced than that observecium substitution for barium resulted in an increase in
with a;, (Fig. 10A) and suggests th@ subunits may the nickel concentration required for a half maximal shift
modify the deep pore properties of some calcium channeh V,, for a;¢ channels with little or no change in the

subtypes. maximal effect (Fig. 8, see alsdrig. 10B andC). A
comparison of Fig. 1A with Fig. 1B reveals that the

tion in maximum slope conductance and a half maximal

The actions of nickel were also sensitive to the type ofshift in V,, differentially depended on the type of external
permeant ion. Replacement of barium by calcium re-permeant ion, consistent with the notion that block and
sulted in a decreased blocking affinity for nickel foy,  the shift inV,, occur via distinct mechanisms.
(Fig. 9B, compare with Fig. 8, see alsoFig. 104) and The dependence of both nickel effects on the exter-
suggests that calcium may prevent nickel access to theal concentration of permeant ion fay, coexpressed
blocking site by either direct competition (as might be with 3, and o, was also tested. The blocking affinity
expected if nickel were to physically occlude the pore) orfor nickel increased as the external barium concentration
by binding to negative surface charges and effectivelywas lowered to 2 m, and decreased when the external
shielding the nickel blocking site. Far, ., replacement barium concentration was raised (Fig.)0 The nickel
of barium by calcium resulted in an even larger (6.5-fold) concentrations required to produce a half maximal volt-
increase in the; for nickel block from 130um to 800  age shift also increased with increasing barium concen-
uM (seeFig. 104). In contrast, the same substitution of trations, however, we observed considerable quantitative
calcium for barium caused a pronounced increase in thdifferences in the dependency of blocking affinities and
blocking affinity of nickel fora,g (Fig. 104). V,, shifts on the external barium concentration, again sup-

Calcium substitution also differentially affected the porting the notion of two separate mechanisms of nickel
ability of nickel to shift thel-V properties ofx;z chan-  action. The extrapolated maximal effect was not consis-
nels compared te; , anda, channels. For,, (with  tently dependent upon the external barium concentration
B, anda,, N = 8) anda,c (with B;, anda,, N = 5),  (Fig. 10F), suggesting that external barium ions alone do
replacement of barium with calcium resulted in a de-not produce shifts in current-voltage properties by bind-
crease in both the maximal shifts i, and in the con- ing to the nickel site.
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A «—
28 ® — alA, f2a, a2, n=8 ' Fig. 8. (A) Dose-dependence of the shift in half-activation voltage for
7 ---- alA, B4, a2, n=14 a;, coexpressed witl,, alone and with 3 differen subunits. The
A e alA, B1b, a2, n=9 curves were fitted as described in Fig. 5. Coexpression pythesults
20 g «lA, a2, n=9 B in the most pronounced effect, while elimination of tBesubunit
almost completely abolishes the effect ¥p The bars indicate stan-
dard errors. The fitting parameters are listed below. No meaningful fit
I~ was possible for the data obtained in the absencefabunit.
g
: Class Q1 aQ%op a1 AB1502n a3 AB40p a1 AB2:01
>
< Ky [um] - 348.9 256.4 154.4
max [mV] - 10.1 17.0 20.7
(-) not determined
(B) Comparison of the dose dependence of the shif¢,jdor ;¢ in
barium and calcium. In contrast with, ,, elimination of the@ subunit
Y 200 400 600  B0OO 1000 results in an increase in the effect of nickel. Furthermore, replacement
Nickel [uM] of barium with calcium does not affect the maximal effect on gating,
but reduces the affinity of nickel for the putative binding site. The
fitting parameters were as follows: Barium; 8,0, max = 27.9
mV, Ky = 29.8 pM; aqeaz,; max = 39.9 mV;Ky = 27.0 um. Cal-
B 50 — . . ; . . cium: a0, Max = 29.8 mV,Ky = 80.6 pm.
W alE, a2, n=10, 10 mM Ba
45 - @ — alE, B1b, a2, n=8, 10 mM Ba | ] ) )
w00 «1E, B1b, a2, n=7, 10 mM Ca nickel on four major types of cloned neuronal calcium

channels. The results describe two distinct effects of ex-
ternal nickel ions: block and antagonism of activation
gating.

With barium as the permeant ion, the most potently
blocked calcium channel was the - dihydropyridine-
sensitive L-type channel. In comparison, the navgl
channel was about 2-fold less sensitive to nickel. Of
particular note, in the presence of nickgl experienced
the largest shifts inv,, resulting in a larger apparent
block at potentials more negative than the plateau of the
activation curve. For example, at —10 mV the apparent

AVh [mV]

0 ! ! | ! ! K; was about 2Qum in 10 mv barium and5-fold higher
Y 200 400 600 800 1000 than that fora,. Similar apparent nickel blocking af-
Nickel [uM] finities have been reported for the humayy recorded

with 10-15 mu barium saline (Williams et al., 1994;
Schneider et al., 1994). Consistent with our observa-
tions, at potentials more negative than the plateau of the
i i - . activation curve, the dose response-curves for nickel
_ Overall, the experiments summarized in Fig. 10 in-p o in these studies required Hill coefficients of 0.7 to
dicate thata,e is functionally distinct from the other g g for fitting. Overall, our results are consistent with
types of cloned neuronal calcium channels, and thal e ious reports but suggest the possibility that some
block and shifts in half-activation potential are governedyaia concerning the blocking affinities of nickel for both
by nickel action at more than one site. transiently expressed and native calcium channels may
be skewed by undetected shifts in current-voltage rela-

Discussion tions.

Nickel block was well described by assuming a bi-
NICcKEL DIFFERENTIALLY BLocks A FAMILY OF molecular reaCtiOI’l betWeen the Channel and niCkeI ionS.
NEURONAL CALCIUM CHANNELS Block of calcium channels by trivalent cations (Mlinar &

Enyeart, 1993), lead (Buesselberg et al., H)9/agne-
The block of calcium channels from various tissues andsium and cadmium (Lansman et al., 1986) appears to
cell types by external divalent and trivalent metal ionsfollow a similar stoichometry. In guinea pig heart, both
has been well documented. Here we report actions ofmagnesium and cadmium cause discrete open-channel
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A, . : ever, it is possible that nickel ions, in addition to physi-
§ 1.0 10 mM Ba | cally occluding the pore, also bind to surface charges
§ 0.8 | near the pore mouth, thereby reducing the localized con-
9 centration of permeant ion, and thus, the unitary current.
S 0.6 - At present, we cannot distinguish between the possibili-
2 04 - 5 ties of pure pore block or a combination of block and
7 | ® alA a2 628, n=9 surface charge effects and single channel studies will be
g 02 v ala, a2, f4, n=11 required to resolve these issues.

5 A alA, a2, f1b, n=13
= 0.0 U 1 1
1ot 10? 108
i NickeL loNs AFFECT CURRENT-VOLTAGE PROPERTIES
Nickel [uM]
A second pronounced action of nickel was a subtype-

B specific depolarizing shift in the activation curve of the
510 & calcium channels without a change in the extrapolated
S reversal potential. This shift resulted in an apparent volt-
§ 0.8 age dependence of block and also skewed the dose-
S 06 response relations for nickel block. Similar shifts have
@ also been reported for the blocking action of mercury on
2 0.4 rat dorsal root ganglion HVA calcium currents, where 2
§ 021V alA a2, 4, n=6 wMm mercury induced a 15 mV shift in the activation
5 (& alA, a2, B1b, n=5 . curve (Pekel et al.,, 1993). Similarly, aluminum ions
R 00 0 0 cause shifts in current-voltage properties of HVA cal-

cium channels, while neither zinc nor lead exhibit this
effect (Buesselberg et al., 1994). Depolarizing shifts in
Fig. 9. Dose dependence of the nickel effect on the maximum slopeCUrrent-voltage properties were also reported for block of
conductance for,, coexpressedy,, and variousd subunits, with ~ molluskan neuronal L-type channels by nickel, cobalt
barium(A) or calcium(B) as the charge carrier. The curves were fited and cadmium (Byerly et al., 1985). In contrast, a similar
with simple hyperbolas as described in Fig. 7. Note that the absence ahffect was not observed ofplysia neuronal HVA cal-

a B subunit increases the blocking affinity. Furthermore, switching cium currents at concentrations as high agu20(Pekel

fror_n barium to calcium results in a reduceq degree of block. The barset al., 1993), and for doe-1 channels in the presence of 30
indicate standard errors. Th& values are listed below. To facilitate

comparison, the dotted line in panBlis a reproduction of the fit MM nickel (Ellinor et al., 1993), suggesting that the

Nickel [uM]

obtained in paneh with a5 aup By, iN 10 My barium. mechanism responsible for the shift in _current-voltage is
not conserved among all types of calcium channels.
Class Qaon  QiaBinton aBatan  1aBodan The dependence of the depolarizing shiftsv/jnon
«Bagw] 2515 5312 4908 634.0 nickel concentration was well described by a model in
K Ca] - 11050 11695 o which nickel ions are assumed to bind to a single, satu

rable site on the channel protein. As with most models,
(9) not determined alternative explanations are possible. For example, in
single Bay K 8644-activated L-type calcium channels,
nickel exerts a dual effect: a discrete block with blocked
times of several milliseconds, and a concentration-
dependent decrease in apparent single channel amplitude
block (Lansman et al., 1986) suggesting that these ionsonsistent with either very rapid open channel block be-
cause block by entering and occluding the calcium chanyond the temporal resolution of the recording system or
nel pore éee alsoHagiwara, Fukuda & Eaton, 1974), nickel binding to surface charges near the pore mouth
although other models, such as screening of negativéVinegar et al., 1991). Such overlapping action could
surface charges have been proposed (Muller & Finkelproduce dose-response curves which deviate from 1:1
stein, 1974). Based on a surface charge density of 25 klocking isotherms (Zamponi & French, 1995).
1072 e/nnt (G. W. Zamponi & T. P. Snutchynpublished Qualitatively, a shift inv,, could be due to an intrin-
observationy the Grahame equation (McLaughlin, sic voltage dependence of nickel block (Woodhull,
1977) predicts that addition of 100 to 1,006 external  1973). However, to produce the steep voltage depen-
divalent cation to a 10 m barium solution will not result  dence observed fok, g, the nickel ions would have to
in a significant change in surface potential (<1 mV) andpenetrate the pore greater than 95% across the transmem-
argues against a surface charge screening effect. Hoviprane voltage in order to reach the blocking site. For
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Fig. 10. Dependence of nickel action on the typ&—C) and concentrationd—F) of permeant ion. The data were obtained from fits to dose-
response curve#\(D) or binding curves (paneB,C,E,F and contain data from at least 5 experiments per bar. Replacement of barium with calcium
affectsa,g in a diametrically different manner than the other channel types. Furthermore, both the species and concentration of permeant i
differentially affect block and gating (compare panglandB; D andE). For example, replacement of barium ions with calcium increases the nickel
blocking affinity for a,¢, but reduces the affinity for binding to the putative site (compfa@ndB).

comparison, single channel data obtained from L-typdtis however possible, that the large shifts84nmask some
channels suggest that nickel ions enter the pore no moratrinsic voltage dependence arising from nickel entry into
than 20% into the potential drop from the extracellularthe transmembrane voltage. Unfortunately, the oocyte ex-
side (Winegar et al., 1991). Furthermore, simple volt-pression system precludes the recording of meaningful cur-
age-dependent block would not produce dose-respongents at potentials more positive than the reversal potential,
curves with a voltage-dependent Hill coefficient (Fig. 3). thus we could not resolve such an effect.
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Alternatively, nickel binding to a discrete site allo- sistent with observations by Fox and coworkers (Fox,
sterically linked to the gating machinery could produceNowycky & Tsien, 1987) that in 3 m calcium 100um
changes in botlk andV,,. Since nickel does not signifi- nickel abolished T-type currents in chick sensory neu-
cantly permeate calcium channels such a putative site abns, but had little effect on L- or N-type channels. The
nickel action would be located at the extracellular side ofresults suggest a mechanism whereby the permeant ion
the protein (Shibuya & Douglas, 1992). An external competes with nickel at the blocking site. In this sce-
regulatory site for divalent ions has been proposed prenario, barium would bind more tightly than calcium to
viously by Kostyuk, Mironov and Shuba (1983), who o, While this order is reversed for the other channel
suggested the existence of a cation biding site located aubtypes. This inference is supported by recent data
the external mouth of the pore which binds nonpermean{E. Bourinet et al.,submittedl showing thata,. con-
ions and results in a conformation change. ducts calcium as well or better than barium, while the

Overall, we presently favor a model of an externalother calcium channel isoforms conduct barium better
regulatory site for nickel which is linked to the gating than calcium.
machinery of the channel. However, future studies in-  The nickel-induced shift in half-activation potential
volving single-channel recordings and site-directed mu+was also sensitive to the type of permeant ion, such that
tagenesis will be required to confirm the existence ofthe nickel affinity for binding to the putative sites eq,
such a site and to further pinpoint the exact nature of theanda, - were enhanced in the presence of calcium while
effects of nickel on calcium channel gating. simultaneously the observed maximal shift was reduced.
In contrast, fora,g, calcium ions resulted in a reduced
nickel affinity with little or no change in the maximal
shift. These data support the notion that channels are
functionally distinct from the other channel types (Soong
1993).

EVIDENCE THAT BLOCK AND GATING EFFECTSOCCUR AT
SEPARATE SITES

There are several quantitative and qualitative argument‘gt al.,
that suggest that current block and effects on gating oc-

cur via distinct mechanisms. First, the affinities for the
blocking site and that of the putative site responsible forPEPENDENCE OFNICKEL ACTION ON BA™
the voltage shifts differ both in absolute magnitude and

in the relative order of potency for the different neuronal
channels. Second, fer; 5, coexpression with eithed;,
B, OF B, resulted in changes in the affinity of nickel for
the putative gating site while block was not affected.
Total elimination of the8 subunit increased the degree of

Similar to that reported for native calcium currents (i.e.,
Hagiwara & Takahashi, 1967; Byerly et al., 1985) the
blocking affinity for nickel of the cloned channels was
decreased upon increasing the barium concentra-

pore block but reduced nickel binding to the gating site.t'on' When the gffecﬂve hickel concentrations at the
Switching from barium to calcium reduced the blocking channel-solution interface were calculated from the Bolt-
efficacy of nickel, but appeared to enhance binding to theignnirg;] tfe(xqtiuoar;u?(grgcsena&ﬂi\nncégge(r)]f ihgeg Bthvgilosﬁj”rL:g:
gating site for at least two of the channel subtypes. In . ' U
contrast, calcium appeared to increase the nickel bloc gpcurately d.ESCI’Ib(.% _the effect OT external banL!r_n on the
ing affinity for e, but to reduce the binding affinity to nickel blocking affinity. The ratios of the equilibrium

the gating site. Finally, increasing the barium concen.dissociation constants for nickel block obtained at vari-

tration differentially affected nickel binding to the puta- CUS Parum concentrations also deviated from the predic-

tive gating site and to the blocking site (compare Fig.t'ons for simple competition between barium and nickel.

10D andE). Overall, the evidence suggests that the ac.However, the observation that calcium ions enhanced the

tion of nickel is complex and cannot be explained by ag;csfgkte)llog:ggs gf{ﬂgyr;%zilﬁi’nbuégggﬁg?gutgf dssgrsef i
single site of action. Although other interpretations are est the possibility that com egtition betweenypermee?nt
possible, our data fit with the notion of two separate site P y P P

of nickel action: a blocking site and a site functionally g)vnesraelllngffglgtkgll ggg?ngfgg:?uu;]eoit rlw(iac?lfetllglc?calzt to the
coupled to the gating machinery. '

Raising the concentration of permeant ions also re-
sulted in an increase in the nickel concentration required
DEePENDENCE OFNICKEL ACTION ON PERMEANT to produce a shift in/, with no consistent reduction in
|ON SPECIES the maximal effect. As with the blocking affinity, the

data deviate from predictions for direct competition or
Replacement of barium with calcium increased thescreening of diffuse surface charges. At present, we can-
nickel blocking affinity for a;g, but significantly de- not provide a model which can account for these experi-
creased nickel block af, 5, anda, . This resultis con- mental observations.
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THE CALCIUM CHANNEL B SUBUNIT AFFECTS physical and pharmacological properties of neuronal calcium chan-
NICKEL ACTION nels.J. Physiol.482:481-491
Birnbaumer, L., Campbell, K., Catterall, W.A., Harpold, M.M., Hof-

. . . . mann, F., Horne, W.A., Mori, Y., Schwartz, A., Snutch, T.P., Tan-
Coexpre_ssmn ofv; o with different types OfB SUb_umt abe, T., Tsien, R.W. 1994. The naming of voltage-gated calcium
resulted in pronounced effects on the ability of nickel t0  channelsNeuron13:505-506
shift current-voltage properties. It has been shownfhat Buesselberg, D., Evans, M.L., Rahmann, H., Carpenter, D.O. 1990.
subunits are important modulators of calcium channel Zn** blocks the voltage activated calcium currentAgilysianeu-
functional properties affecting both activation and inac-  rons.Neurosci. Lett117:117-122
tivation characteristics (for examples, Castellano et aI.,B“esse('ibe’% D., EIV&E& M-IL-, Fiathr_nann(,j H.I, _Carpinter,ﬁsl D.O. 1991
1993,y Nishimura et al., 1993; Stea et al., 1993, 1894 Lead an J_Z;L‘gurgghyziz‘l’ggg‘;g‘f%g‘e caleium channéyufsia
Berrow et al., 1995; Williams et al., 1982De Waard, Buesselberg, D., Michael, D., Evans, M.L., Carpenter, D.O., Haas, H.L.

Pragnell & Campbell, 1994; Olcese et al., 1994). Inthe 1992. Zinc (Z3*) blocks voltage-gated calcium channels in cul-

present studyy, 5 coexpressed witB,, anda,, showed tured rat dorsal root ganglion cellBrain Res.593:77-81

aV, = -5.6 £ 1.7 mV and a steepness of the activationBuesselberg, D., Evans, M.L., Haas, H.L., Carpenter, D.O. 4993
curve,k = 4.0+ 0.3 mV a = 10), while expression of Blockade of mammalian and invertebrate and calcium channels by
aza With ap yieldedV,, = 6.4 2.1 mV anck = 5.6 + lead. NeuroToxicology 4:249-258

Buesselberg, D., Platt, B., Haas, H., Carpenter, D.O. t998ltage

0.3mV (=9, ea,Ch pair of values differs significantly gated calcium channel currents of rat dorsal root ganglion (DRG)
from the other pairs, Studentistest,p < 0.01). That cells are blocked by AF. Brain Res.622:163—168

both the affinity of the putative nickel site and the extentBuesselberg, D., Platt, B., Michael, D., Carpenter, D.O., Haas, H.L.
of the shift inV,, were affected suggests thatsubunit 1994. Mammalian voltage-activated calcium channel currents are

binding results in significant changes to the channel ar- blocked by PB*, Zn®*, and AF*. J. Neurophysiol1:1491-1497
chitecture. An intriguing observation was that tth Byerly, L., Chase, P.B., Stimers, J. 1985. Permeation and interaction of

subunit alone produced even greater shiftsvipnthan i(g}'aé?;;ffgzzm calcium channels of snail neurdngen. Phys-

when coexpressed wit,, and suggests that the differ- <,mopei k.p., Leung, AT., Sharp, A.H. 1988. The biochemistry and
ent neuronal calcium channels exhibit pronounced struc- molecular biology of the dihydropyridine-sensitive calcium chan-
tural differences at the molecular level. nel. Trends Neuroscil1:425-430

While the blocking affinity of nickel foix, , was the  Castellano, A., Wei, X., Birmbaumer, L., Perez-Reyes, E. 29@8n-
same for each of the thr&subunns tested, express|on Ing and expression of a third calcium ChanﬁeisubunltJ Biol.
of a,, in the absence of @ subunit resulted in a 2-fold Chem.268:3450-3455
. in the dearee of block. This effect was eVenCas_,teIIano, A.,Wel_, X., Birnbaumer. L., Perez-Reyes, E._h99:&_)n-
Increase in t g_ . ing and expression of a neuronal calcium chafnglibunit.J. Biol.
more pronounced with, g, where the apparent blocking  chem 268:12359-12366
affinity increased by more than an order of magnitude incatterall, w.A., Seagar, M.J., Takahashi, M. 1988. Molecular proper-
the absence of @ subunit. Apparently, the presence of ties of the dihydropyridine-sensitive calcium channgl.Biol.
ap subunit is also capable of affecting pore properties of Chem.263:3535-3538
calcium channels. These observations further strengthefhamet, P., Bourinet, E., Dubel, S.J., Snutch, T.P., Nargeot, J. 1994.
the notion thap subunits act as crucial regulatory factors ~ Calcilum currents recorded from a neurongl L-type calcium

for many aspects of calcium channel function channel inXenopusoocytesFEBS Lett.34487-90
y P ! De Waard, M., Pragnell, M., Campbell, K. 1994.%@hannel regu-

lation by a conserve@ subunit domainNeuron13:495-503
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