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Blockade of Current through Single
Calcium Channels by Trivalent Lanthanide
Cations

Effect of Ionic Radius on the Rates of Ion Entry and
Exat

JEFFRY B. LANSMAN

From the Department of Pharmacology, School of Medicine, University of California, San
Francisco, California 94143-0450

ABSTRACT Currents flowing through single dihydropyridine-sensitive Ca®* chan-
nels were recorded from cell-attached patches on C2 myotubes. In the presence of
dihydropyridine agonist to prolong the duration of single-channel openings, add-
ing micromolar concentrations of lanthanum (La), cerium (Ce), neodymium (Nd),
gadolinium (Gd), dysprosium (Dy), or ytterbium (Yb) to patch electrodes contain-
ing 110 mM BaCl, caused the unitary Ba** currents to fluctuate between fully
open and shut states. The kinetics of channel blockade followed the predictions of
a simple open channel block model in which the fluctuations of the single-channel
current arose from the entry and exit of blocking ions from the pore. Entry rates
for all the lanthanides tested were relatively insensitive to membrane potential,
however, exit rates depended strongly on membrane potential increasing ~e-fold
per 23 mV with hyperpolarization. Individual lanthanide ions differed in both the
absolute rates of ion entry and exit: entry rates decreased as cationic radius
decreased; exit rates also decreased with cationic radius during the first part of the
lanthanide series but then showed little change during the latter part of the series.
Overall, the results support the idea that smaller ions enter the channel more
slowly, presumably because they dehydrate more slowly; smaller ions also bind
more tightly to a site within the channel pore, but lanthanide residence time within
the channel approaches a maximum for the smaller cations with radii less than or
equal to that of Ca®*.

INTRODUCTION

A wide variety of multivalent cations block current flow through voltage-gated cal-
cium channels. Blocking ions compete with Ca®* for a channel binding site and
inhibit the flow of permeant ions because their overall mobility through the channel
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is low (Hagiwara and Takahashi, 1967; Hagiwara, 1975; Hagiwara and Byerly,
1981). Blocking potencies range from very strong blockers such as La** and Cd?*,
which completely inhibit Ca®* channel current at micromolar concentrations, to rel-
atively weak blockers such as Co?* and Mg**, which are effective blockers only at
millimolar concentrations.

Resolution of the individual steps of blocking and unblocking at the single-chan-
nel level helped clarify the mechanism by which metal ions block current through
Ca®* channels (Lansman et al., 1986). The blocking actions of multivalent cations
appear as discrete fluctuations of the single-channel current between the fully open
and blocked states produced as the blocker enters and exits the channel pore (cf.
Neher and Steinbach, 1978; Fukushima, 1982). The kinetics of the individual steps
of blockade vary with membrane potential in such a way as to suggest that the block-
ing site resides within the pore and that the effect of voltage is to alter the distribu-
tion of the charged blocking particle within the membrane field (Woodhull, 1973).

Divalent cations such as Cd**, Co®*, Mn?*, and Mg?*, which are widely used to
block Ca’* channel currents, vary considerably in the absolute rates of entry into the
channel and exit from the channel pore (Lansman et al., 1986). Cd?* enters the
channel rapidly with a rate approaching that of diffusion in free solution and binds
tightly to the channel. On the other hand, Mg®* enters the channel several orders of
magnitude more slowly, presumably because it is smaller and binds water tightly and
so dehydrates more slowly (Dieber et al., 1969; Hague, 1977). However, Mg“ binds
less tightly than Cd** to the intrapore site and so spends less time within the chan-
nel. Other metal ions that block Ca®* channels fall more or less within these extreme
rates of ion entry and exit.

Ion transport through membrane channels is thought to involve removal of water
molecules from the primary hydration sphere of the premeant ion with step-wise
substitution of the water molecules by pore ligands (see Hille, 1984). Cationic radius
is an important variable that determines the rates of ion interactions with water mol-
ecules in solution and with ion binding sites of proteins (Tam and Williams, 1985).
Because many of the metal ions that inhibit Ca’* channel current vary in chemical
properties such as coordination number and polarizability as well as ionic radius, it
is difficult to determine how differences in ion size influence the individual steps of
jon transfer through Ca®* channels.

The trivalent lanthanide cations are well suited for studying the effects of ionic
radius on ion interactions with Ca®* binding sites of proteins. Lanthanides have
ionic radii and coordination numbers that are similar to Ca®* and, like Ca?*, prefer
to bind to oxygen donor groups (Nieboer, 1975; Martin and Richardson, 1979; dos
Remedios, 1981; Williams, 1982). Because the lanthanides have ionic radii which
vary by ~0.01 A along the series, they provide an opportunity to investigate how ion
size differences influence the individual steps of ion entry and exit from the Ca®*
channel pore. A preliminary report describing this work has been published as an
abstract (Lansman, 1989).

MATERIALS AND METHODS

Culture of C2 Muscle Cells

C2 cells were originally isolated from adult mouse skeletal muscle by Yaffe and Saxel (1977)
and were cultured following the procedure of Inestrosa et al. (1983). Myoblasts were grown
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in plastic tissue culture dishes in Dulbecco’s modified Eagle’s medium containing 20% fetal
calf serum and 0.5% chick embryo extract (growth medium) at 37°C in an incubator contain-
ing 95% air /5% CO,. Cells were passaged at ~75% confluency every 2-3 d to maintain stocks
of growing cells. The generation time is roughly 14 h.

Differentiated myotubes were prepared by plating myoblasts at 5,000-10,000 cells per cm?
in growth medium. When the plated cells reached ~75% confluence, the culture medium was
replaced with Dulbecco’s modified Eagle’s medium containing 2% calf serum (fusion
medium). Reducing the amount of serum in the culture medium is a sufficient stimulus to
cause myoblasts to leave the proliferative phase and begin to fuse and form multinucleated
myotubes (Linkhart et al.,, 1981). Half of the culture media was replaced with fresh media
every 3 d and the night before experiments. This procedure produces cultures of cells that
differentiate in vitro in well-defined, morphologically identifiable stages. Myotubes could be
maintained in culture for up to 3 wk, however, most experiments were done on myotubes less
than 1 wk old.

Electrophysiological Methods

Unitary Ca?* channel activity was recorded from cell-attached patches on the surface of myo-
tubes with the technique described by Hamill et al. (1981). Patch electrodes were pulled in
two steps from Boralex hematocrit pipettes (Rochester Scientific Co., Rochester, NY) the
shanks were coated with Sylgard (Dow Corning Corp., Midland, MI) to within ~1 mm of the
tip, and the tips were heat-polished with a microforge. Patch electrodes had resistances of
2-4 MQ when filled with 110 mM BaCl, and immersed in an isotonic potassium-aspartate
bathing solution. All experiments were done at room temperature (~21-23°C).

Current signals were recorded with a List EPC-7 patch-clamp amplifier, filtered with an
eight-pole Bessel filter (—3 dB at 1 kHz) and digitized at 5 kHz. Unitary Ca®* channel cur-
rents evoked by test pulses were stored directly on the laboratory computer (PDP 11/73;
Indec Systems, Sunnyvale, CA). At the time of recording, analog capacity compensation was
used. Before analysis, the remaining capacity and leakage current was removed by subtracting
a template formated by averaging current records lacking channel openings from individual
records with channel activity.

Solutions

The patch electrode filling solution contained 110 mM BaCl,, 10 mM glucose, and 10 mM
HEPES. The pH was adjusted to 7.5 by adding tetraethylammonium hydroxide (TEA-OH).
Lanthanides (Aldrich Chemical, >99.9% purity) were added to the electrode filling solution
either directly as the chloride salt or as an aliquot from a 10-mM stock solution of the chlo-
ride salt.

Lanthanides act as acids in aqueous solution. Hydrolysis of La** produces La(OH)** and
higher valence species (Biedermann and Ciavatta, 1961). The percentages of divalent hydrox-
ide in solutions of the various lanthanides at pH 7.5 calculated with the association constants
given in Smith and Martell (1976) for 0.5 M ionic strength at 25°C are 2, 7, 8, 13, and 19%
for La, Nd, Gd, Dy, and Yb, respectively (the association constant for Ce is not given). Values
of lanthanide hydrolysis constants given by other sources can vary by several orders of mag-
nitude and the uncertainties associated with their determination has been attributed to lan-
thanide polymerization reactions which occur in solution. A much larger percentage of the
charged lanthanide species in the experimental solution may be the divalent hydroxide, which
may account for the similar dependence on membrane potential of the exit rates for Cd and
La found in a previous study (Lansman et al., 1986). This issue of the valence of the blocking
particle is taken up further in the Discussion. Lanthanides also bind to physiological buffers,
however, values for these stability constants have not been reported. Binding of lanthanides
to the electrode glass and to charged groups at the membrane surface introduces additional
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uncertainty as to the concentration of free cation at the membrane surface (dos Remedios,
1981). Because the concentration of free lanthanide ions at the membrane surface is not
known with any certainty under the experimental conditions, the absolute values of the entry
rate constants must be considered as only an approximation to their true values.

The bathing solution contained 150 mM potassium aspartate, 5 mM MgCl, 10 mM K-
EGTA, 10 mM HEPES, and the pH was adjusted to 7.4 with TEA-OH. An isotonic K* bath-
ing solution was used to zero the cell’s resting potential so that the patch membrane potential
would be identical to the command voltage applied to the amplifier (Hess et al., 1986). This
assumption was justified in most experiments because the unitary current-voltage (/-V) rela-
tion, measured after excising the patch at the end of the experiment, was not different from
that measured during the course of the experiment. In some experiments, the /-V relation
was shifted to more negative potentials after patch excision. The maximum shift observed
indicated a voltage error of ~10 mV. To minimize the error introduced by uncontrolled shifts
in membrane potential, blocking kinetics were analyzed from experiments in which the uni-
tary current at 0 mV was 0.7-0.9 pA. Indicated patch potentials could be in error by ~10
mV. The K*-aspartate bathing solution produced no visibly detectable signs of cell deteriora-
tion.

Analysis of Channel Blockade

The activity of single Ca?* channels can be recorded from the surface membrane of skeletal
muscle cells from the C2 cell line, although openings are brief and occur rarely in response to
voltage steps to 0 mV. The cumulative latency to first opening does not reach a plateau until
>200 ms after the onset of a voltage pulse to 0 mV, which indicates that the activation kinet-
ics are quite slow (Franco, A., and J. B. Lansman, unpublished observation). These channels
have a unitary conductance of 12-16 pS in the presence of 110 mM BaCl, and, like the larger
conductance channel in cardiac muscle, dihydropyridine agonists prolong the mean open
time (Hess et al., 1984).

In these experiments, the dihydropyridine agonist (+)-202-791 (Sandoz Ltd., Basel, Swit-
zerland) was used to increase the duration of channel openings. Even in the presence of
dihydropyridine agonist, however, channels rarely opened in response to voltage steps to 0
mV. Applying strong depolarizing prepulses (~+30 to +70 mV) fully activated channels and
allowed channel openings to be detected after repolarizing the patch to the test potential as
single-channel tail currents (cf. Hoshi and Smith, 1987). The prepulse protocol extended the
voltage range at which single channel events could be detected to potentials significantly
more negative than the threshold for activation.

Fig. 1 shows the pattern of Ca®?* channel activity after strong depolarizing prepulses
recorded from cell-attached patches on C2 myotubes. Cells were bathed in an isotonic K*-
aspartate solution containing ~1 uM of the dihydropyridine agonist (+)-202-791. In this fig-
ure, the membrane potential was stepped from a holding potential of —70 mV to the pre-
pulse level of +50 mV for 224 ms before returning the potential to the test level of —10 mV.
The records in Fig. 1 represent consecutive current responses evoked by the voltage protocol
(top) delivered once every 3 s. Channel activity occurred in a characteristic pattern that
included sweeps in which the channel remained open during the entire test pulse, sweeps
without openings, and occasional sweeps with short openings. Because in most sweeps, chan-
nels were open after returning the membrane potential from the prepulse level to the test
pulse and remained open throughout the test pulse (Fig. 1, sweeps 1 and 3), no attempt was
made to measure the mean open time in the absence of blocking ion.

Blockages produced by smaller lanthanides (Nd through Yb) at 0 mV were relatively long
compared with the test pulse duration (see Fig. 6). Openings during the test pulse could have
come from different channels even though simultaneous openings were not observed. This
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problem was minimized by analyzing kinetics from experiments in which the overall probabil-
ity of channel opening was low as indicated by a high proportion of blank sweeps and reject-
ing sweeps where more than one channel was open during the pulse, as indicated by the
presence of overlapping channel events. At test potentials more negative than 0 mV, identify-
ing individual bursts of openings arising from the blocking and unblocking transitions of a
single channel was more reliable because the blocked times became shorter and the channel
closing rate increased: virtually all of the closings could be attributed to blocking events
because blocking and unblocking were fast relative to channel gating.

To interpret the interaction of lanthanide cations with the Ca®* channel, a simple open-
channel block model, in which a closed state, an open state, and a blocked state are arranged

FIGURE 1. Unitary Ba?* currents
recorded from cell-attached patches

110mM Ba - Control

on the surface membrane of C2 myo-
tubes. Channel openings were
evoked by the pulse paradigm shown
at the top of the figure. The patch
was depolarized from a holding
potential of —70 to +50 mV for
~224 ms after which the potential

was stepped down to —10 mV for
~500 ms before returning to the
holding potential. Records were cor-
rected for linear leak and capacity
currents as described in Materials
and Methods. The cell was bathed in
an isotonic K* asparate solution to
zero the cell’s resting potential. The
patch electrode contained 110 mM
BaCl,

12

sequentially (Armstrong, 1966, 1969; Neher and Steinbach, 1978) adequately described the
main kinetic features of channel blockade:

ke Kon
C2=—=0—=—0B
k_y ko

where the rate constants k, and k_; represent the kinetic constants that govern the voltage-
dependent opening of the Ca?* channel from the last closed state C2, and k,, and ko describe
the rates of entry into and exit from the pore, respectively. The blocking (or entry) rate con-
stant, k,,, is also a function of the concentration of both the blocking ion and permeant ion
(Lansman et al., 1986). The rate constants in the model are related to the experimentally
measured open and blocked times as

/7o =k_o + koL ], 0))
l/Tb e koﬂ' (2)

Error in the concentration of free lanthanide cation would not be expected to alter
blocked times. The error in measured second-order rate coefficients was estimated by rotat-
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ing the least-squares regression line through the experimental points, keeping the point at the
ordinate fixed, to get a value for the minimum and maximum slope at the extreme values of
the data points.

RESULTS

Kinetic Analysis of La Block of Ba®* Currents

Fig. 2 shows recordings from three separate cell-attached patches in which the patch
electrode contained 5, 25, or 100 um LaCl;. When La was included in the patch
electrode, the unitary currents carried by 110 mM Ba** flickered between the fully
open and fully closed (blocked) levels. Increasing the concentration of La in the
electrode increased the flickering of the single-channel current without measurably
reducing the single-channel conductance, suggesting that La falls within the class of
slow blockers that produces discrete blocking events.

110mM Ba
Vo

Vi FIGURE 2. Block of unitary

l M Ba®* currents in the presence
of different concentrations of

5iM La La. Records are from three
A T I AR Vo WML different cells in which the

25,M La patch electrode contained 110
- mM BaCl,, to which was added

¢ Y W"" ”“ m '“' 'W' Tl ww i "l the indicated concentration of

1004M La LaCl;. The test potential was 0
mV. Cells NO03B, NOSE,
L Ty Ubik W“ NO7a.
[1pA
80 ms

Histograms were constructed from the measurements of open and shut periods.
Fig. 3 A shows histograms of open and shut times obtained from the La blocking
experiments shown in Fig. 2. As predicted by the blocking model, single exponen-
tials fit histograms of both open and shut periods, suggesting the existence of a
single open and a single blocked state. The effect of increasing the concentration of
La in the patch electrode on the kinetics of blockade can be seen in Fig. 3 A by
comparing the time constants obtained from the exponential fits with the histo-
grams: mean open times decreased as the concentration of La in the electrode solu-
tion was increased from 7.7 ms with 5 uM La in the electrode to 0.7 ms with 100 uM
La. Mean blocked times, on the other hand, were relatively insensitive to changing
the concentration of La in the patch electrode. Both of these observations are con-
sistent with the blocking model which predicts a concentration-dependent blocking
rate and a concentration-independent rate of unblocking.

Fig. 3 B (top) shows the inverse of the mean open time (entry rate) plotted as a
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function of the concentration of La in the patch electrode. The inverse of the mean
open time varied linearly with the concentration of La. The slope of the regression
line was ~14 x 10® M~'s™!, which is the second-order rate coefficient for La entry
into the channel. Fig. 3 B (bottom) confirms that the inverse of the mean blocked
time (exit rate) did not vary with the concentration of La in the patch electrode.

Voltage Dependence of La Block of Ba’* Currents

Studies of La block of single dihydropyridine-sensitive Ca®* channels in heart mus-
cle showed that hyperpolarizing the membrane potential reduced the duration of

A 50 50

5uM Lad+ _
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FIGURE 3. Kinetic analysis of block of unitary Ba®* currents by La. (A) Historgrams of open
and shut (blocked) times obtained from the experiments from which the records in Fig. 2
were taken. The histograms plot the numbers of openings (leff) and closings (right) of the
durations indicated. The smooth curve is drawn to a single exponential with the indicated
time constant. (B) Inverse of the mean open time (%,,) and mean blocked time (k,4) plotied as
a function of [La],. Each point is from a different patch. The straight line is the least-squares
regression with a y-intercept of 1/17 ms and a slope of 14 x 10° M~'s™" (r = 0.97).

the blockages produced by La (Lansman et al., 1986). The experiments in this sec-
tion examined the effects of membrane potential on the kinetics of La block of the
smaller conductance skeletal muscle Ca®* channel.

The effects of changing the membrane potential on the pattern of block pro-
duced by La are shown in Fig. 4. The records in Fig. 4 are from a single experiment
in which the patch electrode contained 25 uM La. The recordings were made after
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repolarizing the membrane potential to either 0, —20, or —40 mV after a strong
depolarizing prepulse. At the end of the test pulse, the patch potential was returned
to the holding level of —80 mV.

The effect of membrane potential on the pattern of block can be seen in the
records. Closings within a burst become shorter as the test potential became more
negative. This can be explained by membrane hyperpolarization reducing the dwell
time of La within the channel. The effect of membrane potential on the histograms
of open and blocked times for this experiment is shown in Fig. 5 A. As expected for
a single open and a single blocked state, the histograms are well fit with a single
exponential over a range of membrane potentials. As can be seen from the histo-
grams, blocked times decreased from 5.0 ms at 0 mV to 0.7 ms at —40 mV, while
open times were relatively insensitive to membrane potential.

The inverse of the mean open and blocked times for a range of membrane poten-
tials (+10 to —40 mV) is plotted against membrane potential on a semilogarithmic
scale in Fig. 5 B. The mean blocked time depended strongly on membrane potential.

110mM Ba +25:MLa

Ve " FIGURE 4. Effect of changing the
¢ v, test potential on the block of unitary

A Ba®* currents by La. A prepulse to

omv +70 mV was followed by test pulses

M‘WWWM’MWW to 0, —20, and —40 mV. The hold-
.20 ing potential was —90 mV. The tail

current at the end of the first record
m"““mmw” is the current produced after return-
ing the patch potential from the test

-40
Y potential of 0 mV to —90 mV.
[La], = 25 uM. Cell NO5e.

v
1pA
80ms

For all of the experiments with La, the exit rate (1/7,) changed ~e-fold per 20 mV
change in membrane potential (n = 5, r2 = 0.94). On the other hand, the inverse of
the mean open time showed little dependence on membrane potential. This pattern
of voltage dependence is a general characteristic of channel blockade produced by
lanthanide cations as shown in more detail below. From the experiment shown in
Fig. 5 and others like it, it is concluded that block by La depends on membrane
potential in such a manner that hyperpolarization reduces the time La spends within
the channel.

Block of Ba?* Currents by Ce, Nd, Gd, Dy, and Yb

The sensitivity of a number of Ca®*-dependent processes on the radius of the metal
cation has been investigated by substituting lanthanide cations for Ca’* (reviewed in
dos Remedios, 1981). Because the lanthanides have ionic radii close to that of Ca?*,
it is thought that the cations with radii closest to that of Ca®* would substitute best
for Ca?* at its binding site. On the other hand, lanthanide cations with either larger
or smaller ionic radii would be expected to be less effective as a substitute for Ca*"*.
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To test this prediction, the blocking actions of a series of lanthanide cations that
span the series and vary in ionic radius from 0.99 to 1.14 A were investigated. These
values for cationic radius assume an eightfold coordination state. Because cationic
radius depends upon coordination number and the coordination numbers for the
ions are not known, the radii are used only as a rough guide for comparing the sizes
of the different lanthanides (see Shannon, 1976 for discussion).

To determine whether the mechanism of channel block produced by the smaller

A 25uMLa
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: s
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( @ 1000}
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1/To ° o
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OPEN TIME (ms) SHUT TIME (ms) Patch Potential {(mV)

FIGURE 5. Kinetic analysis of the effect of voltage on the block of Ba®* currents by La. (A)
Histograms of open and blocked times for the experiment shown in Fig. 4. First column
contains the histograms of open times at 0, —20, and —40 mV; second column, the histo-
grams of blocked times. Time constants for the single exponential fits are indicated in the
figure. (B) Inverse of mean open time (k,,) and mean blocked time (k.5 plotted as a function
of the patch potential.

lanthanides is similar to La, open and blocked times were measured as a function of
the concentration of lanthanide added to the pipette solution and the results were
compared with the predictions of the open-channel block model. All of the lantha-
nides studied produced channel blockade that satisfied the predictions of the model:
single exponentials fitted histograms of open and blocked times, the blocking rate
depended more or less linearly on blocker concentration, and the rate of unblock-
ing was independent of blocker concentration. The kinetic constants describing
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TABLE I
Kinetic Constants for Block of Unitary Ba** Currents by Lanthanides
Ln Unhydrated radius* g(SD, n) 0 mv —40 mV 0 mV —-40 mV
A pS ko 1° M 57! (m) kor s~ (SD, )
La 1.16 14.9 £+ 2.2(6) 13.6 +3.5(7) — 208 + 59 (7) 1410 + 40 (5)
Ce 1.14 13.7 £ 3.9 (4) 43154 71:25¢4) 85+:22(4) 505=+215(4)
Nd 1.11 144+ 1.54) 29+1.0(6) 27204 38106 317+94(4)
Gd 1.05 14.5 + 2.4 (5) 32+15@0) 56+35(4) 34:+13(6) 215=43(4)
Dy 1.03 16.8 0.7+ 0.7 (3) — 34 +11(3) 92 (1)
Yb 0.99 16.0 + 1.7 (4) 0.5+0214) 0.2 (3) 21+ 6 (4) 107 + 43 (3)

Values are +SD, and the number of patches is in parentheses.
*Eightfold coordination, Shannon (1976).

channel blockade produced by the lanthanides studied were determined and the
results from these experiments are summarized in Table L.

Fig. 6 shows the pattern of block produced by four of the lanthanides studied
whose cationic radii range from 1.03 to 1.14 A. At 0 mV, 10 uM Ce (1.14 &), 10 uM
Nd (1.11 A), 50 uM Gd (1.05 A), and 50 uM Dy (1.03 A) produced ~54, 54, 77, and
67% block, respectively; at —40 mV, they produced ~29, 25, 44, and 57% block,

Y Vi Y Vi
I L th Lvh
104MCe OmV 10uM Nd OmV
-20 -20
-40 -40

et VT ettt 11V TV oy

50/MGd OmV 50uM Dy OmV
-20 -20
-40 -40 N

T N VAU A WAL
- 60 -60

Whals™ (LRI T

{1 pPA
80 ms

FIGURE 6. Block of unitary Ba®* currents by Ce, Nd, Gd, and Dy. Each set of records is
from a different experiment with the indicated concentration of lanthanide added to the 110
mM BaCl, electrode filling solution. Currents at each potential were recorded after a depo-
larizing prepulse of +30 to +50 mV.
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indicating that reduction of steady-state block in response to hyperpolarizing the
membrane potential is a general characteristic of channel blockade produced by the
lanthanides.

Progressing through the series from the larger to smaller cations, the increase in
the mean blocked time is particularly clear at —40 mV. Gd (Fig. 6), for example,
produces blockages at —40 mV which are quite long when compared with those
produced by La (Fig. 4) or Ce (Fig. 6). This effect is not likely to represent an arti-
fact associated with cell-to-cell variations in membrane potential because the unitary
current in recordings from different cells at each membrane potential was roughly
the same.

The concentration dependence of the mean open time for each of the lanthanides

1000 500
800 400
% 600 'E‘Q_ 300
X 400 S 200
200 ™ 100
0 — 1 'y 1 1 J 0 1 —l —_— 1 L J
0 20 40 60 80 100 120 0 20 40 60 80 100 120
(Ce] (uM) [Nd] (M)
500 ° 500 -
400 -~ 400 -
— 1
- (2]
' 300 o 3°°T
S 200 = QOOF
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100 } "
100 ’_.’/,%,/"0’/
0 1 i A 1 L 4 o | - | - A o J
0 20 40 60 80 100 120 0 20 40 60 80 100 120
[Gd] (uM) [Dy] (M)

FIGURE 7. Dependence of the inverse of the mean open time on the concentration in the
patch electrode of the indicated lanthanide. Straight lines through the experimental points
represent the best-fit linear regression lines. Pooled data include results at different test
potentials. Number of individual patches indicated in Table I.

studied is shown in Fig. 7 (note the different scales on the ordinates). The inverse of
the mean open time depended on the concentration of lanthanide in the patch elec-
trode. The scatter in the relationship between lanthanide concentration and the
inverse of the mean open time likely represents variability in the actual concentra-
tion of free lanthanide at the membrane surface. The observations that open and
blocked times were well fit with single exponentials (data not shown) and that mean
blocked times were independent of the concentration of blocker over a wide range
of concentrations (Fig. 8, legend), suggest the blocking model holds and that there
are not likely to be major kinetic modifications of the channel induced by any of the
lanthanides.
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Voltage Dependence of Block by Various Lanthanides

For all the lanthanides tested, hyperpolarizing the membrane potential caused the
single-channel current to flicker on and off more rapidly. The inverse of the mean
blocked times is plotted as a function of membrane potential in Fig. 8. Blocked
times depended strongly on membrane potential as shown in Fig. 8. The absolute
values of the mean blocked times differed for each of the lanthanides tested (Table
1), however, the slopes of the relation between the inverse of the mean blocked time
and membrane potential were not significantly different (Fig. 8, legend).
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FIGURE 8. Effects of membrane potential on the inverse of the mean blocked time, £, for
Ce, Nd, Gd, and Dy. Each point at each membrane potential represents data obtained from a
different experiment. The rate of unblocking changed with hyperpolarization ~e-fold per 22
mV for Ce (n=4, #=0.86), 19 mV for Nd (n =4, ¥ =0.95), 22 mV for Gd (n =6,
#=0.94), 33 mV for Dy (n=2, ¥ =0.91), and 25 mV for Yb (not shown, n =4,
7 = 0.88).

Effects of Ionic Radius on Block of Ba®* Currents by Various Lanthanides

Figs. 9 and 10 summarize the influence of lanthanide cationic radius on the individ-
ual steps of blocking and unblocking. The entry rate, &,,, for the various lanthanides
is plotted as a function of the inverse of ionic radius in Fig. 9. Fig. 9 shows that the
entry rate decreased by almost two orders of magnitude across the series. The
experimental uncertainties associated with knowing the concentration of free ion in
physiological solutions (see Materials and Methods) makes it difficult to draw defi-
nite conclusions regarding the absolute value of the entry rate for any given lan-
thanide. Yet the overall pattern is one in which there is a more or less monotonic
decrease in entry rate as one progress through the series.
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Fig. 10 shows the exit rate, k.4, at two membrane potentials (0 and —40mV) plot-
ted as a function of the inverse of the cationic radius. Because blockages produced
by the smaller lanthanides were so long at 0 mV, it was possible the measured
blocked times could be in error in patches containing more than one channel,
because it would be easy to miss simultaneous channel openings. At —40 mV,
blocked times are short enough to detect multiple channel openings. The relation-
ship between exit rate and cationic radius at both 0 and —40 mV shows a steep
decrease from La through Nd, which becomes shallower between Nd and Yb.

DISCUSSION

Relation to Other Work

Since the original observations of Mines (1910) that La and Ce inhibit contraction
of the isolated frog heart, trivalent lanthanide cations have been shown to inhibit
excitation-contraction coupling of cardiac (Sanborn and Langer, 1970) and smooth
muscle (van Breeman, 1969; Mayer et al., 1972; Triggle and Triggle, 1976), as well
as transmitter release from neuromuscular synapses (Miledi, 1971; Alnaes and
Rahamimoff, 1974; Curtis et al., 1986), and K*-stimulated **Ca** uptake into brain
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synaptosomal membranes (Nachsen, 1984). The trivalent lanthanide cations have
been assumed to inhibit Ca®* influx through voltage-gated Ca®* channels.

The work described here confirms at the single-channel level that La and other
trivalent lanthanide cations are potent inhibitors of currents carried by dihydro-
pyridine-sensitive Ca®* channels in skeletal muscle. Inhibition of Ca®* channel cur-
rent by the lanthanides arises from the slow rate of dissociation of blocker from the
channel, which ranges from ~200 s™' for La to ~20 s™' for Yb at 0 mV in the
presence of 110 mM BaCl,. The rate of La dissociation from the skeletal muscle
Ca?* channel is the same, within experimental error, as that measured for the larger
conductance channel in cardiac muscle under similar experimental conditions
(~250 s~!, Lansman et al., 1986).

Mechanism of Block

Channel blockade produced by the lanthanides depends strongly on membrane
potential and can be relieved by hyperpolarizing the membrane potential. The volt-
age-dependence of channel blockade is the result of a voltage-dependent increase in
the rate of blocker dissociation from its channel binding site. The fact that hyperpo-
larizing the membrane potential relieves channel blockade produced by all of the
lanthanides suggests that the lanthanides are able to traverse the channel and exit
into the interior of the cell. The lanthanides, therefore, resemble Cd?* (Byerly et al.,
1985; Lansman et al., 1986) as well as Ca®* itself, which blocks monovalent cation
currents through the Ca®* channel (Kostyuk et al., 1983; Almers and McCleskey,
1984; Hess and Tsien, 1984; Fukushima and Hagiwara, 1985; Lansman et al,,
1986), in being permeant channel blockers.

The sensitivity of blockade to membrane potential, therefore, is most simply
explained as the movement of the blocker under the influence of the membrane
field, as predicted by a simple model of voltage-dependent channel blockade (Wood-
hull, 1973). On the other hand, repulsion between permeant ion and blocker within
the pore could account for the voltage dependence of channel block if more than
one ion at a time can occupy the pore (Almers and McCleskey, 1984; Hess and
Tsien, 1984). According to this mechanism, increased occupancy of the pore by the
permeant ion Ba’* at negative membrane potentials would speed the exit of the
blocking ion from the channel. Further experiments are necessary to distinguish
between these two mechanisms.

The blockade produced by all of the lanthanides studied showed roughly the same
dependence on membrane potential in which the exit rate increased ~e-fold per 23
mV of hyperpolarization. It is likely that the blocking particle at physiological pH is
the trivalent species, but it is not possible to rule out that the divalent hydroxide or
higher valence species contribute to the blocking reaction. If this were the case,
however, the sensitivity of block to voltage would be expected to change across the
series with the change in the relative proportion of the various charged species in
solution. To obtain the same voltage-dependence for the exit rates, it would be nec-
essary to postulate that each charged species experiences a different fraction of the
applied voltage, and that the products of cation charge and effective electrical dis-
tance sum to an identical value for each of the lanthanides. The simplest conclusion
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is that the blocking particle valence remains constant across the series and is either
the divalent or trivalent species.

The rate of entry of each of the lanthanides into the Ca®** channel pore was found
to be insensitive to membrane potential. The primary transition state for ion entry,
therefore, lies outside the membrane field. In having a voltage-independent entry
rate, channel blockade produced by the lanthanides resembles the block produced
by both Ca®* and Cd** in cardiac muscle (Lansman et al., 1986). That entry rates
are rapid and insensitive to membrane potential is consistent with the idea that the
rate-limiting step for the entry of lanthanides into the pore is their rate of diffusion
in free solution, a process expected to lie outside the membrane field. In support of
this idea, measurements of water substitution rates show that Ca®*, Cd**, and the
lanthanides dehydrate rapidly in aqueous solution and water loss at the inner hydra-
tion sphere is the rate-limiting step for complex formation (Diebler et al., 1969).

The effect of cationic radius on the absolute magnitude of the entry rates of the
various lanthanides can be compared with the data reported by Diebler et al. (1969)
from temperature-jump measurements of lanthanide complex formation with mu-
rexide, a Ca?* absorbance indicator. Second-order rate coefficients for La, Ce, and
Nd association with murexide are roughly the same (~10° M~'s™!) and then
decrease monotonically across the series reaching a minimum at Yb (~2 x 107
M~'s™!). This contrasts with the results presented here which show a much more
pronounced decrease in the rate of lanthanide entry into the Ca®* channel pore
(Fig. 9).

The difference between the absolute rates of lanthanide association with murex-
ide and entry into the Ca®* channel pore can only partially be accounted for by
competition between the permeant ion Ba?* and blocker for a channel site, which
would be expected to reduce by about the same amount the entry rate for each of
the lanthanides from the maximum diffusion-controlled limit. Some of the reduc-
tion of entry rate with ion size may be attributed to more extensive hydrolysis of the
smaller ions at physiological pH. The problems with controlling the free lanthanide
concentration in the experimental solutions do not allow definite conclusions to be
drawn concerning the size dependence of the entry rates beyond the qualitative gen-
eralization that they conform to the simple expectation that the smaller ions enter
the pore more slowly than the larger ions.

Lanthanide dwell times within the channel differ from the rates of ion entry in
their dependence on cationic radius (Fig. 10). The blocked time data show there is a
marked reduction in exit rate associated with the reduction in ion size upon moving
from La to Nd in the first part of the series. Progressing further through the series,
however, there is only a small increase in the stability of interaction between ion and
channel binding site. The fact that blocked times vary little with ion size for lantha-
nides smaller than Nd suggests exit rates may not be determined solely by simple
electrostatic interactions with the channel binding site.

The lanthanides, like Ca®*, have flexible coordination numbers and form predom-
inantly ionic complexes which minimize the steric requirements of the ligand
(Moeller et al.,, 1965; Sinha, 1976). The steep decrease in the rate of lanthanide
exist from the channel with ion size in the first part of the series and the rather
shallow dependence on ion size for the smaller lanthanides may reflect a change in



694 THE JOURNAL OF GENERAL PHYSIOLOGY - VOLUME 95 . 1990

coordination number. Since ionic radius increases with coordination number, a
change in coordination number could help the smaller ions maintain optimal bond
lengths with pore ligands (Martin and Richardson, 1979).

An alternative view is that the rate of lanthanide exit from the pore reflects the
spacing of charged groups within the pore involved in ion transfer. A large ion may
interact more readily with sequentially arranged charged groups as it moves through
the pore if the distance between groups is smaller than its effective cationic radius.
Smaller lanthanides, on the other hand, unable to form effective complexes with
widely spaced ligands, move slowly through the pore. The influence of the spacing
of charged groups lining the pore on the kinetics of ion transport contrasts with a
simple model of size-selectivity arising from the constraints imposed by a rigid bind-
ing site.

Implications for the Structure of the Ca®* Channel Pore

Calculation of the apparent dissociation constant, Ky, from the ratio kg (0 mV)/k,,
(0 mV) indicates that the lanthanides La, Ce, and Nd bind with roughly equal affin-
ity to the channel pore. On the other hand, Dy and Yb show a somewhat reduced
apparent affinity. This is consistent with the results of Nachsen (1984) who showed a
reduction in the apparent affinity of the smaller lanthanides in blocking K*-stimu-
lated **Ca®* uptake into brain synaptosomes. The results presented here suggest
that the reduced affinity of the smaller lanthanides for the Ca®* channel represents
a reduction of the rate of entry relative to the rate of exit from the channel with
decreasing ion size (Figs. 9 and 10).

When the affinity of the Ca®* channel for the lanthanides is calculated using the
values of the diffusion-limited association rates of Diebler et al. (1969), there is a
sharp increase in affinity from La to Nd followed by a smooth decrease in affinity
approaching that of La at Yb. A lanthanide affinity sequence showing a maximum
near the middle of the series is characteristic for ligands such as acetate as well as
the Ca®* binding sites of various enzymes which generally possess one or two car-
boxylates and several carbonyl donors (see Nieboer, 1975 for discussion).

The selectivity of the site differs from that of EGTA in which the affinity for lan-
thanides increases monotonically across the series from the larger to smaller ions
(Nieboer, 1975) and which is characteristic of the behavior of weak acid sites and
nitrogen donors (Williams, 1982). Although the Ca®* channel binding site has previ-
ously been compared with EGTA based on its binding selectivity for Cd**, Ca®*, and
Mg“’+ (Lansman et al., 1986), the structure of the site is likely to be different from
EGTA and the affinity of the site for Cd** and Mg”* reflects the degree of covalency
and coordination requirements of their complexes and not electrostatic interactions
arising from differences in ion size.
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