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Abstract. Nickel ions have been reported to exhibit dif-
ferential effects on distinct subtypes of voltage-activated
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 channels
(a1A, a1B, a1C, anda1E) transiently expressed inXeno-
pusoocytes. Nickel caused two major effects: (i) block
detected as a reduction of the maximum slope conduc-
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. Block
followed 1:1 kinetics and was most pronounced fora1C,
followed bya1E > a1A > a1B channels. In contrast, the
change in activation-gating was most dramatic witha1E,
with the remaining channel subtypes significantly less
affected. The current-voltage shift was well described
by a simple model in which nickel binding to a saturable
site resulted in altered gating behavior. The affinity for
both the blocking site and the putative gating site were
reduced with increasing concentration of external per-
meant ion. Replacement of barium with calcium reduced
both the degree of nickel block and the maximal effect
on gating fora1A channels, but increased the nickel
blocking affinity for a1E channels. The coexpression of
Ca channelb subunits was found to differentially influ-
ence nickel effects ona1A, as coexpression withb2a or
with b4 resulted in larger current-voltage shifts than
those observed in the presence ofb1b, while elimination
of theb subunit almost completely abolished the gating
shifts. In contrast, block was similar for the threeb sub-
units tested, while complete removal of theb subunit
resulted in an increase in blocking affinity. Our data
suggest that the effect of nickel on calcium channels is
complex, cannot be described by a single site of action,

and differs qualitatively and quantitatively among indi-
vidual subtypes and subunit combinations.
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Introduction

Inorganic divalent and trivalent cations have been long
known to block calcium channels from different prepa-
rations (i.e., Hagiwara & Takahashi, 1967; Kostyuk,
Krishtal & Shakovalov, 1977; Akaike, Lee & Brown,
1978; Hagiwara & Byerly, 1981; Nachsen, 1984; Byerly,
Chase & Stimers, 1985; Lansman, Hess & Tsien, 1986;
Buesselberg et al., 1991, 1992; Mlinar & Enyeart, 1993;
Kuo & Hess, 1993). The degree of block appears to be
strongly dependent on both concentration (Mlinar & En-
yeart, 1993) and type of the blocking ion, with blocking
affinities ranging from several nM for holmium (Mlinar
& Enyeart, 1993), greater than 100mM for aluminum and
zinc (Buesselberg et al., 1990; 1993b; 1994) and several
mM for nickel (Byerly et al., 1985). The blocking affini-
ties of some inorganic blockers has also been shown to
be tissue- and species-specific (i.e., Pekel, Platt & Bues-
selberg, 1993; and compare Kostyuk et al., 1977; Akaike
et al., 1978; and Byerly et al., 1985). Furthermore,
within the same preparation there appears to be a channel
subtype specificity as block of DRG neuronal L-type cur-
rents by lead occurs with a 6-fold higher affinity com-
pared with that of T-type currents (Buesselberg et al.,
1993a). Nickel ions have been generally described as
preferential blockers of low voltage-activated calcium
channels (for reviewseeHille, 1992).

Most neurons express multiple types of calcium cur-
rents with overlapping physiological and pharmacologi-
cal properties (Bean, 1989; McCleskey & Schroeder,Correspondence to:T.P. Snutch
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1991). In addition, some calcium channels are located at
distant dendritic and synaptic regions and remain intrac-
table to direct electrophysiological measurement.
Together with the variety of factors governing the ac-
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-
types. Biochemical and molecular genetic studies show
that calcium channels consist of a large (>200 kDa) pore
forming a1 subunit that determines most of the pharma-
cological and biophysical properties of each channel type
(seeCampbell, Leung & Sharp, 1988; Catterall, Seagar
& Takahashi, 1988; Tsien, Ellinor & Horne, 1991;
Snutch & Reiner, 1992). In addition, two other subunits,
a2 andb, are part of the channel complex, with theb
subunit having pronounced effects on the voltage-
dependent and kinetic properties of thea1 subunits (for
examplesseePerez-Reyes et al., 1992; Castellano et al.,
1993a,b; Sather et al., 1993; Stea, Soong & Snutch,
1994a). Molecular cloning has identified five different
neuronala1 subunit genes (a1A, a1B, a1C, a1D, a1E) and
four b subunit genes (b1, b2, b3, b4) expressed in the
mammalian nervous system (reviewed by Stea et al.,
1994a; Birnbaumer et al., 1994). The electrophysiologi-
cal and pharmacological properties of the cloned calcium
channela1 subunits has been recently described:a1A

encodes a high threshold current that shares properties
with both P- and Q-type channels;a1B encodes a cono-
toxin GVIA-sensitive N-type calcium channel;a1C and
a1D both encode dihydropyridine-sensitive L-type cal-
cium channels; anda1E, a novel type of calcium channel
that displays rapid inactivation and more negative activa-
tion and inactivation properties compared to thea1A,
a1B, anda1C channels (Mori et al., 1991; Williams et al.,
1992a,b, 1994; Fujita et al., 1993; Sather et al. 1993;
Soong et al., 1993; Stea et al., 1993; Tomlinson et al.,
1993; Stea et al., 1994b) and that shares some pharma-
cological properties of low-voltage activated calcium
channels (Soong et al., 1993).

Nickel ions are unique in that they have been pro-
posed to preferentially block lower voltage-activated cal-
cium channels and it was of interest to determine the
effects of external nickel ions on the four major classes
of cloned neuronal calcium channels. Application of
nickel toXenopusoocytes expressing neuronal calcium
channels resulted in two distinct effects on whole cell Ba
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 sub-
type of neuronal calcium channel. In addition, nickel
effects were also found to be dependent upon the nature
of the Ca channelb subunit coexpressed and upon the
nature of the permeant ion. The different effects of
nickel were experimentally separable raising the possi-
bility of two distinct binding sites, one at which nickel

causes simple block of the channel and which might lie
directly in the permeation pathway, and a second site
located at the extracellular face of the channel and which
antagonizes activation-gating.

Materials and Methods

TRANSIENT EXPRESSION OFCALCIUM SUBUNITS IN

XENOPUSOOCYTES

Preparation ofXenopusoocytes and nuclear microinjection of calcium
channel cDNAs were performed as previously described (Stea et al.,
1993, 1994b). The a1A, a1B, a1C, a1E, a2b, b1b, b2a andb4 subunit
cDNAs were subcloned into the vertebrate expression vector pMT2
(Kaufman et al., 1989) and oocyte nuclei injected with 1–2 ng of each
cDNA construct (mixed 1:1 or 1:1:1 where indicated in a total volume
of ∼10 nl).

ELECTROPHYSIOLOGICALRECORDINGS

Whole cell currents were recorded under two electrode voltage-clamp
using an Axoclamp-2A amplifier (Axon Instruments, Burlingame, Ca)
and filtered at 1 kHz. Recording electrodes showed typical resistances
between 0.5 and 2MV. The bath was connected to ground via a 3M

KCl Agar bridge. The voltage errors associated with the largest cur-
rents (<3mA) were estimated to be <3 mV, thus, series resistance did
not affect our results. Oocytes were injected with BAPTA (10 nl of
100 mM) to suppress the endogenous calcium-dependent chloride cur-
rent (Charnet et al., 1994). Recording solutions were as follows (in
mM): 10 BaCl2 or 10 CaCl2, 2 CsCl, 36 TEA, 30 sucrose, 0.4 niflumic
acid, 20mM 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB),
5 HEPES, pH 7.6. In higher and lower ionic strength solutions, sucrose
was substituted for barium. All experiments were carried out at room
temperature.

Nickel chloride (Fisher Scientific) was dissolved at a stock con-
centration of 100 mM and diluted into the recording solutions at the
various final concentrations. The effect of nickel developed rapidly
(less than 15 sec) and was readily reversible upon washout (seeFig. 1).
Generally, the effects of nickel were determined between 35 sec to 1
min after application. Prior to application, currents were routinely al-
lowed to stabilize to avoid complications arising from rundown. In
those instances where channel activity did not stabilize, data were
corrected using a baseline interpolated between the control and wash
conditions. Data were recorded and leak-subtracted online using an
IBM-compatible computer. Current-voltage relations were either elic-
ited using step protocols from a holding potential of −100 mV, or with
a ramp protocol with a slope of 1 mV/msec. The ramp protocol permits
the acquisition of a complete current-voltage relation in a fraction of
the time required for the pulse protocol significantly reducing any
potential complications from rundown. There were no discernible dif-
ferences in results obtained with either protocol.

DATA ANALYSIS

Data were analyzed in pCLAMP v5.5 (Axon Instruments). The cur-
rent-voltage relations were fitted using the Boltzmann equationI 4

[1/(1 + exp(−(Vm − Vh)/k)) ] [G(Vm − Erev) ], whereVm is the test
potential,Vh is the potential at which half of the channels are activated,
G is the maximum slope conductance,Erev is the reversal potential and
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
I-V curves, changes inG reflect channel block, and changes inVh and
k reflect changes in gating (but note that bothVh andkmay 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 by
means of a simple Boltzmann relation, and (ii) that the single channel
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 closed
state), it is generally accepted as a means to describe the relation
between open probability and voltage.

To rule out the possibility of a putative correlation between cur-
rent size and eitherVh or k due to clamp error, we applied other known
blockers of calcium channels, including the local anesthetic fomocaine
(Zamponi,unpublished observations) and cadmium and observed no
effect on eitherVh or k. Furthermore,kwas essentially constant over a
concentration range from 2 to 100 mM permeant ion, arguing against a
possible correlation betweenk and 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
least 15 mV more negative than the reversal potential (E. Bourinet et
al., submitted). For this reason, and to minimize any putative contri-
butions from leak currents, the fits to current-voltage relations were
limited to voltages at least 20 mV more hyperpolarized than the rever-
sal potential. Curve fitting was carried out in Origin and Sigmaplot.
Preparation of figures was carried out in Sigmaplot (Jandel Scientific,
Corte Madera, CA).

Results

NICKEL REDUCESPEAK CURRENTS ANDSHIFTS CURRENT
VOLTAGE PROPERTIES

Figure 1 shows that applications of 100mM nickel rap-
idly blocked a1E whole cell Ba currents (coexpressed
with a2b + b1b subunits). Recovery from nickel block
was also rapid and nearly complete. Figure 2 depicts the
effect of 100mM nickel ona1E barium currents recorded
at four different test potentials. Nickel caused a signifi-
cant decrease in currents elicited at all potentials. Con-
comitantly, the current-voltage relation was shifted to-
wards more depolarizing potentials, such that while the
peaka1E current was at∼0 mV under control conditions
it was shifted to∼+20 mV in the presence of nickel. As
we argue below, this shift does not appear to be due to an
intrinsic voltage-dependence of nickel block arising from
entry of nickel ions into the transmembrane voltage (i.e.,
Woodhull, 1973). A further effect of nickel was an ap-
parent slowing in the time course of current activation
although this effect was not further analyzed in detail.
Nickel shifted the peak of the current-voltage relation
towards more depolarized potentials in addition to reduc-
ing the maximum slope conductance,G (as reflected in
the slope of the decaying phase of the current-voltage
relation), without a significant effect on the extrapolated
reversal potential (control:Vh 4 −13.3 mV,G 4 13.6
mS,Erev4 62.0 mV,k44.3 mV; nickel:Vh 4 4.8 mV,
G 4 8.2mS, Erev 4 65.0 mV,k 4 9.5 mV).

As shown Fig. 2, the depolarizing shift of the steady-
state activation curve resulted in a large apparent volt-
age-dependence to the action of nickel (i.e., the current is
reduced by 85% at −10 mV, but only by∼30% at +30
mV, which translates into an almost 10-fold change in
IC50 over a voltage range of 40 mV and a calculated
electrical distance close to 1 for a simple Woodhull
model; Woodhull, 1973). If the shift inVh were to arise
from voltage-dependent block at a single site this result
suggests that nickel ions would have to penetrate the
pore nearly all of the way across the transmembrane
voltage, which is unlikely. This behavior is more explic-
itly demonstrated in the dose-response relations depicted
in Fig. 3 which were obtained from the current response
to test pulses to −10, +10, and + 30 mV for a set of 5
experiments. It is apparent that the dose dependence at
−10 mV is significantly skewed from the 1:1 binding
isotherm predicted from a simple bimolecular blocking
reaction. This effect is less pronounced at +10 mV, and
absent at +30 mV, a potential which lies sufficiently far
on the plateau of the activation curve such that shifts in
the half-activation voltage,Vh, are no longer observed.
This apparent voltage dependence of the Hill number is
again inconsistent with simple voltage-dependent block
occurring at a single site. As we argue below, the effects
of nickel on peak currents are more likely due to a com-
bination of block and inhibition of activation-gating and
suggest that using peak currents to describe nickel block
can be misleading. In contrast, when the maximum slope
conductancewasusedasan indication for nickel block, the

Fig. 1. Time course of development of inhibition ofa1Eb1ba2bby 100
mM nickel elicited by step depolarizations from −100 to +10 mV (in 10
mM barium). Block both develops and equilibrates rapidly and the
effect is almost completely reversible (the∼10% inhibition remaining
after the wash may be due to rundown of thea1E current).
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data were well described by a simple 1:1 blocking model
(Fig. 3, squares). TheKi value obtained from the fit is
∼300mM indicating that the blocking action of nickel on
a1E channels is relatively weak compared with its overall
combined blocking and gating effect.

SHIFT IN Vh IS DEPENDENT UPONCALCIUM CHANNEL
SUBTYPE AND NICKEL CONCENTRATION

Figure 4 depicts the current-voltage relations fora1A,
a1B, anda1C channels (coexpressed withb1b, anda2b

subunits) in the absence and presence of nickel. It is
apparent that nickel had distinct effects on the different
calcium channel types. For example, at all voltages the

a1C channel was more potently blocked by nickel com-
pared with the other channel types (includinga1E, see
Fig. 2 and Fig. 7). In contrast, nickel had a significantly
smaller effect on gating of thea1A, a1B anda1C channels
compared to that ofa1E (compare theVh 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 (Figs. 4A,B). The dose de-
pendence of nickel onVh for the various calcium channel
subtypes is graphically illustrated in Fig. 5. Plotting the
shift in Vh as a function of nickel concentration, the data
were well described with a simple saturation curve sug-
gesting that nickel may effectVh by binding with 1:1
stoichometry to a saturable site at the extracellular side

Fig. 2. (A) Pairs of whole cell currents recorded from an oocyte expressinga1E a2b b1b in the absence (circles) and presence (triangles) of 100mM

nickel recorded at four different test potentials from a holding potential of −100 mV. The records were obtained in 10 mM barium, 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 the
peak amplitude of the current and a depolarizing shift of the peak current by≈20 mV. (B) Current-voltage relation obtained from the experiment
shown in panelA. The data were fitted as outlined in Materials and Methods. Application of 100mM nickel results in a depolarizing shift of the
half-activation potential and a decrease in the conductance. The fitting parameters were as follows: control:Vh 4 −13.3 mV,G 4 13.6mS,Erev
4 62.0 mV,k 4 4.3 mV; nickel:Vh 4 4.8 mV,G 4 8.2mS,Erev 4 65.0 mV,k 4 9.5 mV.
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of the channel. Consistent with the data shown in Figs.
2 and 4, the effect was most pronounced fora1E, while
the other calcium channel subtypes were affected to a
lesser degree (see legend to Fig. 5). In addition, the
steepness of the rising phase of the isotherm was largest
for a1E, suggesting that a putative nickel binding site on
a1E would exhibit a higher affinity compared with the
analogous site on the other calcium channel types. Over-
all, the data indicate that the nickel-induced shifts in the
half-activation potential are subtype-specific, both in ab-
solute magnitude and concentration dependence.

SHIFTS IN Vh ARE PARALLELED BY A DECREASE IN THE

SLOPE OF THEACTIVATION CURVE

Nickel caused a decrease in the steepness of the activa-
tion curve (i.e., Fig. 2) observed as an apparent increase
in the value of the fitting parameterk. The effect is
illustrated in Fig. 6 where the increase ink is plotted as
a function of nickel concentration and compared with the
concentration dependence ofVh. For a1A (Fig. 6A) and
a1C channels (Fig. 6C) the shifts ink andVh were quite
closely correlated. In contrast, fora1B (Fig. 6B) anda1E

channels (Fig. 6D) the shifts ink andVh noticeably de-
viated, although the data qualitatively agree with the no-
tion that nickel application results in an increase ink.
Sincek is inversely proportional to the apparent gating
charge,z (i.e.,k4 RT/zF, withRT/F4 25.6 mV at room

temperature), the data raise the possibility that nickel
ions might affect charge movement during channel acti-
vation. Furthermore, this result is inconsistent with a
simple electrostatic repulsion between the voltage sensor
and a positively charged nickel ion bound to the extra-
cellular side of the channel, and may indicate either a
local or global conformational change in the channel
protein triggered by nickel binding.

CURRENT BLOCK AND SHIFT IN Vh RESULT FROM

NICKEL EFFECTS ATSEPARATESITES

Figure 7 displays dose-response curves for nickel block
of the four major classes of rat brain calcium channela1

subunits (coexpressed withb1b and a2b) determined
from the reduction in maximum slope conductance. The
data were well fitted with simple hyperbolas suggesting
that nickel block occurs as a bimolecular reaction be-
tween nickel and the channel complex. The affinities of
nickel for the various channel subtypes spanned approxi-
mately one order of magnitude, witha1C being the most
effectively blocked, followed bya1E > a1A > a1B.
Qualitatively, the relative order of blocking affinities did
not parallel the nickel concentrations required to produce
a half-maximal shift inVh (Fig. 5). Of particular note,
for a1E the Vh shift was half-maximal at a nickel con-
centration of 29mM, while 10-fold higher concentrations
of nickel were required to reduce the maximum slope

Fig. 3. Dose-response curves obtained for nickel block of thea1E b1b a2b channel in 10 mM barium at three arbitrary test potentials (−10, 10 and
30 mV), compared with the ability of nickel ions to reduce the maximum slope conductance,G (squares). Of note, the data obtained at −10 mV
show large deviations from a simple 1:1 binding isotherm. The data were fitted with the equationI/I (drug free)4 1/(1+( [Ni]/Ki)

n), whereI is the
peak current response to a given test potential in the presence of nickel,I is the control current response under control conditions, [Ni] is the nickel
concentration,Ki is the concentration at which half of the current is blocked, andn is the Hill coefficient. The fitting parameters were as follows:
−10 mV:Ki 4 20.9mM, n 4 0.57; +10 mV:Ki 4 144.3mM, n 4 0.77; +30 mV:Ki 4 246.2mM, n 4 0.92. When using the maximum slope
conductance as an indication of block (squares), the data were well fitted by setting the Hill coefficient at 1 (Ki 4 303.0mM). The bars indicate
standard errors.

81G.W. Zamponi et al.: Nickel Effects on Neuronal Ca Channels



conductance by 50%. This result suggests that block and
the shifts inVh likely occur via distinct mechanisms.

NICKEL EFFECTS ARESENSITIVE TO b
SUBUNIT COEXPRESSION

To investigate in greater detail the factors governing the
action of nickel we focused ona1A as this channel ex-
hibits the most robust expression in oocytes (Mori et al.,
1991; Sather et al., 1993; Stea et al., 1994b). Figure 8A
depicts the effect of nickel on the voltage-dependent gat-
ing properties ofa1A coexpressed with three differentb
subunits. Coexpression withb2a yielded the largest ef-
fect on Vh, followed by b4 and b1b. Furthermore, the
equilibrium dissociation constant for nickel binding was
similarly sensitive to the type ofb subunit used. Expres-
sion of a1A in the absence of ab subunit resulted in
nearly complete elimination of the effect of nickel onVh.
These data suggest that binding of theb subunit to the
cytoplasmic side of the channel augments the effects of

Fig. 4. Current-voltage relations for thea1A, a1B, anda1C rat brain
calcium channels coexpressed withb1B anda2b (in 10 mM barium).
Similar to a1E, nickel reduces the maximum slope conductance and
shifts the current-voltage relations, although the magnitudes of the
shifts are smaller than fora1E. Note thata1C is more potently blocked
by nickel than the other channel types and that the effect is fully
reversible. Current-voltage relations were fitted as descried in Materials
and Methods. The half-activation voltages [mV] obtained from the fits
shown are listed below:

Class a1Cb1ba2b a1Bb1ba2b a1Ab1ba2b

Control 6.0 5.4 2.3
100mM Nickel 9.6 - -
300mM Nickel - 11.7 6.9
1 mM Nickel - 17.1 12.3
Wash 7.7 3.2 1.4

(−) not determined

Fig. 5. Dose-dependence of the shift in half-activation voltage for the
four major classes of neuronal calcium channela1 subunits coex-
pressed withb1b anda2b. The curves were fitted with simple saturation
isotherms, using the equationDVh 4 max/(1 +Kd/[Ni] ), whereDVh is
the absolute shift in half-activation voltage as a function of nickel
concentration, [Ni], max is the maximal shift, andKd is the equilibrium
dissociation constant for nickel binding to the site responsible for the
shift. Note thata1E 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
below:

Class a1Eb1ba2b a1Cb1ba2b a1Ab1ba2b a1Bb1ba2b

Kd [mM] 27.8 59.5 348.9 207.5
max [mV] 29.9 8.7 10.1 10.7
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external nickel ions. Interestingly, whena1E was ex-
pressed in the absence of ab subunit the effect of nickel
on Vh was enhanced compared to that seen in the pres-
ence ofb1b (Fig. 8B), suggesting that there are consid-
erable differences betweena1E and a1A channels with
regard tob subunit interactions, their putative nickel
binding sites, or both.

Figure 9A shows dose-response curves for the block
of a1A in combination with differentb subunits. While
there were no significant differences in the equilibrium
dissociation constants whena1A was coexpressed with
eitherb1b, b2a, or b4, in the absence of ab subunit the
blocking affinity of nickel was increased. This effect is
opposite to that observed for the shiftVh, and lends fur-

Fig. 6. Dependence of the slope factor of the activation curve on the
external nickel concentration in comparison with the effect of nickel on
the half activation potential. There is a close correlation between the
shift in the number of gating charges fora1A anda1C, while the effects
appear to be less closely related fora1B anda1E, although they agree

qualitatively with the notation of a common mechanism. The bars
indicate standard errors. The data were fitted using the equation de-
scribed in Fig. 5. No fit was attempted for the data in panelD. The
fitting parameters are summarized below. The data for the shift inVh
are the same as in Fig. 5.

Class a1Ab4a2b a1Cb1ba2b a1Bb1ba2b a1Eb1ba2b

Kd [mM] 411.8 38.7 740.5 -
max [mV] 2.33 1.52 2.66 -

(−) not determined.
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ther support to the notion that the molecular mechanisms
governing the shift inVh and block are distinct. Fora1E,
the increase in blocking affinity in the absence of ab
subunit was even more pronounced than that observed
with a1A (Fig. 10A) and suggests thatb subunits may
modify the deep pore properties of some calcium channel
subtypes.

NICKEL ACTION DEPENDS ON THEPERMEANT ION

The actions of nickel were also sensitive to the type of
permeant ion. Replacement of barium by calcium re-
sulted in a decreased blocking affinity for nickel fora1A

(Fig. 9B, compare with Fig. 9A, see alsoFig. 10A) and
suggests that calcium may prevent nickel access to the
blocking site by either direct competition (as might be
expected if nickel were to physically occlude the pore) or
by binding to negative surface charges and effectively
shielding the nickel blocking site. Fora1C, replacement
of barium by calcium resulted in an even larger (6.5-fold)
increase in theKi for nickel block from 130mM to 800
mM (seeFig. 10A). In contrast, the same substitution of
calcium for barium caused a pronounced increase in the
blocking affinity of nickel fora1E (Fig. 10A).

Calcium substitution also differentially affected the
ability of nickel to shift theI-V properties ofa1E chan-
nels compared toa1A anda1C channels. Fora1A (with
b4 anda2b, n 4 8) anda1C (with b1b anda2b, n 4 5),
replacement of barium with calcium resulted in a de-
crease in both the maximal shifts inVh and in the con-

centrations required for a half maximal shift inVh (a1A:
Kd 4 138.1 mM, max4 3.9 mV; a1C: Kd 4 18.1mM,
max4 5.0 mV; seeFig. 10B andC). In contrast, cal-
cium substitution for barium resulted in an increase in
the nickel concentration required for a half maximal shift
in Vh for a1E channels with little or no change in the
maximal effect (Fig. 8B, see alsoFig. 10B andC). A
comparison of Fig. 10A with Fig. 10B reveals that the
nickel concentrations required to produce a 50% reduc-
tion in maximum slope conductance and a half maximal
shift inVh differentially depended on the type of external
permeant ion, consistent with the notion that block and
the shift inVh occur via distinct mechanisms.

The dependence of both nickel effects on the exter-
nal concentration of permeant ion fora1A coexpressed
with b4 anda2b was also tested. The blocking affinity
for nickel increased as the external barium concentration
was lowered to 2 mM, and decreased when the external
barium concentration was raised (Fig. 10D). The nickel
concentrations required to produce a half maximal volt-
age shift also increased with increasing barium concen-
trations, however, we observed considerable quantitative
differences in the dependency of blocking affinities and
Vh shifts on the external barium concentration, again sup-
porting the notion of two separate mechanisms of nickel
action. The extrapolated maximal effect was not consis-
tently dependent upon the external barium concentration
(Fig. 10F), suggesting that external barium ions alone do
not produce shifts in current-voltage properties by bind-
ing to the nickel site.

Fig. 7. Dose-response for the effect of nickel on the maximum slope conductance as determined by fits to current-voltage relations for the four
classes of calcium channela1 subunits (coexpressed withb1b anda2b). The curves were fitted with simple hyperbolas as described in Fig. 3 with
an arbitrary Hill coefficient of 1. The most potently blocked channel isa1C, followed bya1E > a1A > a1B. TheKi values were:a1C: 127.6mM; a1E;
303.0mM; a1A: 535.0mM; a1B: 1337.6mM. The bars indicate standard errors.
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Overall, the experiments summarized in Fig. 10 in-
dicate thata1E is functionally distinct from the other
types of cloned neuronal calcium channels, and that
block and shifts in half-activation potential are governed
by nickel action at more than one site.

Discussion

NICKEL DIFFERENTIALLY BLOCKS A FAMILY OF

NEURONAL CALCIUM CHANNELS

The block of calcium channels from various tissues and
cell types by external divalent and trivalent metal ions
has been well documented. Here we report actions of

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 thea1C dihydropyridine-
sensitive L-type channel. In comparison, the novela1E

channel was about 2-fold less sensitive to nickel. Of
particular note, in the presence of nickela1E experienced
the largest shifts inVh, resulting in a larger apparent
block at potentials more negative than the plateau of the
activation curve. For example, at −10 mV the apparent
Ki was about 20mM in 10 mM barium and∼6-fold higher
than that fora1C. Similar apparent nickel blocking af-
finities have been reported for the humana1E recorded
with 10–15 mM barium saline (Williams et al., 1994;
Schneider et al., 1994). Consistent with our observa-
tions, at potentials more negative than the plateau of the
activation curve, the dose response-curves for nickel
block in these studies required Hill coefficients of 0.7 to
0.8 for fitting. Overall, our results are consistent with
previous reports but suggest the possibility that some
data concerning the blocking affinities of nickel for both
transiently expressed and native calcium channels may
be skewed by undetected shifts in current-voltage rela-
tions.

Nickel block was well described by assuming a bi-
molecular reaction between the channel and nickel ions.
Block of calcium channels by trivalent cations (Mlinar &
Enyeart, 1993), lead (Buesselberg et al., 1993a), magne-
sium and cadmium (Lansman et al., 1986) appears to
follow a similar stoichometry. In guinea pig heart, both
magnesium and cadmium cause discrete open-channel

←
Fig. 8. (A) Dose-dependence of the shift in half-activation voltage for
a1A coexpressed witha2b alone and with 3 differentb subunits. The
curves were fitted as described in Fig. 5. Coexpression withb2a results
in the most pronounced effect, while elimination of theb subunit
almost completely abolishes the effect onVh. The bars indicate stan-
dard errors. The fitting parameters are listed below. No meaningful fit
was possible for the data obtained in the absence of ab subunit.

Class a1Aa2b a1Ab1ba2b a1Ab4a2b a1Ab2aa2b

Kd [mM] – 348.9 256.4 154.4
max [mV] – 10.1 17.0 20.7

(–) not determined

(B) Comparison of the dose dependence of the shift inVh for a1E in
barium and calcium. In contrast witha1A, elimination of theb subunit
results in an increase in the effect of nickel. Furthermore, replacement
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:a1Eb1ba2b: max4 27.9
mV, Kd 4 29.8mM; a1Ea2b: max4 39.9 mV;Kd 4 27.0mM. Cal-
cium: a1Eb1ba2b: max4 29.8 mV,Kd 4 80.6mM.
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block (Lansman et al., 1986) suggesting that these ions
cause block by entering and occluding the calcium chan-
nel pore (see alsoHagiwara, Fukuda & Eaton, 1974),
although other models, such as screening of negative
surface charges have been proposed (Muller & Finkel-
stein, 1974). Based on a surface charge density of 25 ×
10−2 e/nm2 (G. W. Zamponi & T. P. Snutch,unpublished
observations), the Grahame equation (McLaughlin,
1977) predicts that addition of 100 to 1,000mM external
divalent cation to a 10 mM barium solution will not result
in a significant change in surface potential (<1 mV) and
argues against a surface charge screening effect. How-

ever, it is possible that nickel ions, in addition to physi-
cally occluding the pore, also bind to surface charges
near the pore mouth, thereby reducing the localized con-
centration of permeant ion, and thus, the unitary current.
At present, we cannot distinguish between the possibili-
ties of pure pore block or a combination of block and
surface charge effects and single channel studies will be
required to resolve these issues.

NICKEL IONS AFFECTCURRENT-VOLTAGE PROPERTIES

A second pronounced action of nickel was a subtype-
specific depolarizing shift in the activation curve of the
calcium channels without a change in the extrapolated
reversal potential. This shift resulted in an apparent volt-
age dependence of block and also skewed the dose-
response relations for nickel block. Similar shifts have
also been reported for the blocking action of mercury on
rat dorsal root ganglion HVA calcium currents, where 2
mM mercury induced a 15 mV shift in the activation
curve (Pekel et al., 1993). Similarly, aluminum ions
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
current-voltage properties were also reported for block of
molluskan neuronal L-type channels by nickel, cobalt
and cadmium (Byerly et al., 1985). In contrast, a similar
effect was not observed onAplysianeuronal HVA cal-
cium currents at concentrations as high as 20mM (Pekel
et al., 1993), and for doe-1 channels in the presence of 30
mM nickel (Ellinor et al., 1993), suggesting that the
mechanism responsible for the shift in current-voltage is
not conserved among all types of calcium channels.

The dependence of the depolarizing shifts inVh on
nickel concentration was well described by a model in
which nickel ions are assumed to bind to a single, satu-
rable site on the channel protein. As with most models,
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
consistent with either very rapid open channel block be-
yond the temporal resolution of the recording system or
nickel binding to surface charges near the pore mouth
(Winegar et al., 1991). Such overlapping action could
produce dose-response curves which deviate from 1:1
blocking isotherms (Zamponi & French, 1995).

Qualitatively, a shift inVh could be due to an intrin-
sic voltage dependence of nickel block (Woodhull,
1973). However, to produce the steep voltage depen-
dence observed fora1E, the nickel ions would have to
penetrate the pore greater than 95% across the transmem-
brane voltage in order to reach the blocking site. For

Fig. 9. Dose dependence of the nickel effect on the maximum slope
conductance fora1A coexpresseda2b and variousb subunits, with
barium(A) or calcium(B) as the charge carrier. The curves were fitted
with simple hyperbolas as described in Fig. 7. Note that the absence of
a b subunit increases the blocking affinity. Furthermore, switching
from barium to calcium results in a reduced degree of block. The bars
indicate standard errors. TheKi values are listed below. To facilitate
comparison, the dotted line in panelB is a reproduction of the fit
obtained in panelA with a1A a2b b1b in 10 mM barium.

Class a1Aa2b a1Ab1ba2b a1Ab4a2b a1Ab2aa2b

Ki Ba (mM] 251.5 531.2 490.8 634.0
Ki Ca [mM] – 1105.0 1169.5 –

(–) not determined
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comparison, single channel data obtained from L-type
channels suggest that nickel ions enter the pore no more
than 20% into the potential drop from the extracellular
side (Winegar et al., 1991). Furthermore, simple volt-
age-dependent block would not produce dose-response
curves with a voltage-dependent Hill coefficient (Fig. 3).

It is however possible, that the large shifts inVhmask some
intrinsic voltage dependence arising from nickel entry into
the transmembrane voltage. Unfortunately, the oocyte ex-
pression system precludes the recording of meaningful cur-
rents at potentials more positive than the reversal potential,
thus we could not resolve such an effect.

Fig. 10. Dependence of nickel action on the type (A–C) and concentration (D–F) of permeant ion. The data were obtained from fits to dose-
response curves (A,D) or binding curves (panelsB,C,E,F) and contain data from at least 5 experiments per bar. Replacement of barium with calcium
affectsa1E in a diametrically different manner than the other channel types. Furthermore, both the species and concentration of permeant ion
differentially affect block and gating (compare panelsA andB; D andE). For example, replacement of barium ions with calcium increases the nickel
blocking affinity for a1E, but reduces the affinity for binding to the putative site (compareA andB).
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Alternatively, nickel binding to a discrete site allo-
sterically linked to the gating machinery could produce
changes in bothk andVh. Since nickel does not signifi-
cantly permeate calcium channels such a putative site of
nickel action would be located at the extracellular side of
the protein (Shibuya & Douglas, 1992). An external
regulatory site for divalent ions has been proposed pre-
viously by Kostyuk, Mironov and Shuba (1983), who
suggested the existence of a cation biding site located at
the external mouth of the pore which binds nonpermeant
ions and results in a conformation change.

Overall, we presently favor a model of an external
regulatory site for nickel which is linked to the gating
machinery of the channel. However, future studies in-
volving single-channel recordings and site-directed mu-
tagenesis will be required to confirm the existence of
such a site and to further pinpoint the exact nature of the
effects of nickel on calcium channel gating.

EVIDENCE THAT BLOCK AND GATING EFFECTSOCCUR AT

SEPARATESITES

There are several quantitative and qualitative arguments
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 for
the voltage shifts differ both in absolute magnitude and
in the relative order of potency for the different neuronal
channels. Second, fora1A, coexpression with eitherb1b,
b2a, orb4 resulted in changes in the affinity of nickel for
the putative gating site while block was not affected.
Total elimination of theb subunit increased the degree of
pore block but reduced nickel binding to the gating site.
Switching from barium to calcium reduced the blocking
efficacy of nickel, but appeared to enhance binding to the
gating site for at least two of the channel subtypes. In
contrast, calcium appeared to increase the nickel block-
ing affinity for a1E, but to reduce the binding affinity to
the gating site. Finally, increasing the barium concen-
tration differentially affected nickel binding to the puta-
tive gating site and to the blocking site (compare Fig.
10D andE). Overall, the evidence suggests that the ac-
tion of nickel is complex and cannot be explained by a
single site of action. Although other interpretations are
possible, our data fit with the notion of two separate sites
of nickel action: a blocking site and a site functionally
coupled to the gating machinery.

DEPENDENCE OFNICKEL ACTION ON PERMEANT
ION SPECIES

Replacement of barium with calcium increased the
nickel blocking affinity for a1E, but significantly de-
creased nickel block ofa1A, anda1C. This result is con-

sistent with observations by Fox and coworkers (Fox,
Nowycky & Tsien, 1987) that in 3 mM calcium 100mM

nickel abolished T-type currents in chick sensory neu-
rons, but had little effect on L- or N-type channels. The
results suggest a mechanism whereby the permeant ion
competes with nickel at the blocking site. In this sce-
nario, barium would bind more tightly than calcium to
a1E while this order is reversed for the other channel
subtypes. This inference is supported by recent data
(E. Bourinet et al.,submitted) showing thata1E con-
ducts calcium as well or better than barium, while the
other calcium channel isoforms conduct barium better
than calcium.

The nickel-induced shift in half-activation potential
was also sensitive to the type of permeant ion, such that
the nickel affinity for binding to the putative sites ona1A

anda1C were enhanced in the presence of calcium while
simultaneously the observed maximal shift was reduced.
In contrast, fora1E, calcium ions resulted in a reduced
nickel affinity with little or no change in the maximal
shift. These data support the notion thata1Echannels are
functionally distinct from the other channel types (Soong
et al., 1993).

DEPENDENCE OFNICKEL ACTION ONBA++

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-
tion. When the effective nickel concentrations at the
channel-solution interface were calculated from the Bolt-
zmann equation as a function of the external barium
concentration (Green & Andersen, 1991), we could not
accurately describe the effect of external barium on the
nickel blocking affinity. The ratios of the equilibrium
dissociation constants for nickel block obtained at vari-
ous barium concentrations also deviated from the predic-
tions for simple competition between barium and nickel.
However, the observation that calcium ions enhanced the
nickel blocking affinity fora1E, but reduced the degree
of nickel block of the remaining channel subtypes sug-
gest the possibility that competition between permeant
ions and nickel could contribute at least in part to the
overall effect of external barium on nickel block.

Raising the concentration of permeant ions also re-
sulted in an increase in the nickel concentration required
to produce a shift inVh with no consistent reduction in
the maximal effect. As with the blocking affinity, the
data deviate from predictions for direct competition or
screening of diffuse surface charges. At present, we can-
not provide a model which can account for these experi-
mental observations.
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THE CALCIUM CHANNEL b SUBUNIT AFFECTS

NICKEL ACTION

Coexpression ofa1A with different types ofb subunit
resulted in pronounced effects on the ability of nickel to
shift current-voltage properties. It has been shown thatb
subunits are important modulators of calcium channel
functional properties affecting both activation and inac-
tivation characteristics (for examples, Castellano et al.,
1993a,b; Nishimura et al., 1993; Stea et al., 1993, 1994b;
Berrow et al., 1995; Williams et al., 1992a; De Waard,
Pragnell & Campbell, 1994; Olcese et al., 1994). In the
present study,a1A coexpressed withb1b anda2b showed
aVh 4 −5.6 ± 1.7 mV and a steepness of the activation
curve,k 4 4.0 ± 0.3 mV (n 4 10), while expression of
a1A with a2b yieldedVh 4 6.4 ± 2.1 mV andk 4 5.6 ±
0.3 mV (n 4 9; each pair of values differs significantly
from the other pairs, Student’st-test, p < 0.01). That
both the affinity of the putative nickel site and the extent
of the shift inVh were affected suggests thatb subunit
binding results in significant changes to the channel ar-
chitecture. An intriguing observation was that thea1E

subunit alone produced even greater shifts inVh than
when coexpressed withb1b and suggests that the differ-
ent neuronal calcium channels exhibit pronounced struc-
tural differences at the molecular level.

While the blocking affinity of nickel fora1A was the
same for each of the threeb subunits tested, expression
of a1A in the absence of ab subunit resulted in a 2-fold
increase in the degree of block. This effect was even
more pronounced witha1E, where the apparent blocking
affinity increased by more than an order of magnitude in
the absence of ab subunit. Apparently, the presence of
ab subunit is also capable of affecting pore properties of
calcium channels. These observations further strengthen
the notion thatb subunits act as crucial regulatory factors
for many aspects of calcium channel function.
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