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Effects of Gadolinium on lon Channels in the Myelinated Axon of
Xenopus laevis: Four Sites of Action

Fredrik Elinder and Peter Arhem
The Nobel Institute for Neurophysiology, Karolinska Institutet, S-171 77 Stockholm, Sweden

ABSTRACT The action of gadolinium (Gd3*) on ion currents in myelinated axons of Xenopus laevis was investigated with the
voltage clamp technique. The analysis revealed the following effects. (i) The potential-dependent parameters of both Na and
K channels were shifted. The shift was equally large for activation, inactivation, and activation time constant curves (+9 mV
for 100 uM Gd3*). The effects could be explained by screening of fixed surface charges at a density of —1.2 e nm2. (ii) The
rate of gating for both Na and K channels was reduced more than predicted from the shift. This effect could be quantified as
a scaling (by a factor 3 and 5 respectively at 100 pM Gd**) of the activation time constant curves. (iii) An activation- and
inactivation-independent block of both Na and K channels, obeying 1:1 stoichiometry with a K, value of about 70 uM potential-
independent block of leakage current, obeying 1:2 stoichiometry with a K, value of 600 pM. (iv) The analysis suggests separate
binding sites for the effects, comprising high affinity modulatory and blocking sites on the channel proteins and low affinity

receptors on phospholipids, associated with the effect on the leakage current.

INTRODUCTION

Several metal ions play fundamental roles in normal cell
physiology, in medical treatment, and as toxic agents
(Frausto da Silva and Williams, 1991). Most metal ions stud-
ied have been reported to shift the potential-dependent pa-
rameters of voltage-gated channels along the potential axis.
This has been explained in terms of the surface charge hy-
pothesis: the ions modify the electric field across the mem-
brane by screening and/or altering the density of fixed sur-
face charges (Frankenhaeuser and Hodgkin, 1957; Chandler
et al., 1965; Gilbert and Ehrenstein, 1969; Brismar, 1973;
Hille et al., 1975; Arhem, 1980b; for overviews see
McLaughlin, 1989; Hille, 1992). However, this explanation
has several shortcomings. The most serious is that different
ions with the same charge shift gating parameters of the same
channel by unequal amounts (e.g., Ni* and Zn?*; Dodge,
1961; Arhem, 1980b; Gilly and Armstrong, 1982a, b). Re-
cently, Armstrong and Cota (1990) have even demonstrated
shifts in the opposite direction for Na channel activation and
deactivation rate constant curves by the trivalent lanthanum
ion (La®*), thereby excluding any explanation by the surface
charge hypothesis. In addition to the shift effect, several ions
have also been proposed to directly block Na and K channels
(e.g., Armstrong and Cota, 1990, 1991; Sheets and Hanck,
1992). The relation between the shift effect and the block is
still unclear (Armstrong and Cota, 1991).

To analyze the mechanisms of the metal ion effects men-
tioned, we chose to study the action of the trivalent gado-
linium ion (Gd**). As a lanthanide, it is closely related to
La**, which has been analyzed extensively (Takata et al.,
1966; Vogel, 1974; Arhem, 1980a; Brismar, 1980) and has
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been used, as mentioned above, in the attempts to refute the
surface charge hypothesis (Armstrong and Cota, 1990). It is
also chemically close to Ca%*, the most abundant divalent ion
in living organisms. The close relationship between Gd** and
Ca?* is reflected in size (ionic radius of Gd** is 1.05-1.11
A and of Ca?* is 1.00-1.06 A), bonding, coordination, and
donor atom preference (Evans, 1990). Gd** has been shown
to block certain stretch-activated channels and has been used
as a selective blocker for identifying these channel types
(Yang and Sachs, 1989; Swerup et al., 1991; Zhou et al,,
1991). It has also been shown to block voltage-activated Ca
and K channels (Docherty, 1988; Lansman, 1990; Swerup et
al., 1991). However, no information on its effects on voltage-
activated Na channels or on gating of ion channels in general
is available.

We have analyzed the effects of Gd** on currents in
voltage-clamped axons from Xenopus laevis. All ion cur-
rents, including the leakage current (I;), were found to be
dose-dependently affected, but each in a different manner.
The different effects suggest different mechanisms. In par-
ticular, we have analyzed the results with reference to the
surface charge hypothesis and found that they were com-
patible with such a hypothesis. Essential for this conclusion
was the finding that the Gd** effect on the voltage depen-
dence of the time constants could be separated into a shift and
a scaling effect. This separation made it possible to resolve
several seemingly conflicting results in the literature, includ-
ing those of Armstrong and Cota (1990).

In a following paper (Elinder and Arhem, 1994), we will
develop a model for the Gd** effects on the gating and the
change in membrane electric field. Some of the results have
been presented elsewhere (Elinder and Arhem, 1991b).

MATERIALS AND METHODS
Voltage-clamp method

Large myelinated fibers were isolated from the sciatic nerve of unanesthe-
tized decapitated toads of the species Xenopus laevis. Single fibers were
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mounted in a recording chamber and cut at half-internode length on both
sides of the node under investigation. Vaseline seals were used to separate
the electrolyte solutions. The chamber was connected by KCl bridges to the
voltage-clamp apparatus. The chamber design, circuitry, and balancing pro-
cedures were essentially the same as described by Dodge and Franken-
haeuser (1958), with the modifications described by Arhem et al. (1973).
To obtain good feedback control and recording situations, all experiments
were performed at a relatively low temperature (8-10°C).

Data acquisition

Pulse generation and sampling were made using a TL-1 DMA inter-
face (Labmaster, Axon Instruments, Foster City, CA) and the pCLAMP
software (Axon Instruments). Sampling interval was 10-200 ps.

Solutions

The test solution was applied to the pool with the node and consisted of
GdCl,6H,0 added to control Ringer solution. The concentration of Gd>*
obtained depends on the degree of hydrolysis. Like other lanthanides, Gd**
is known to form different hydroxy and oxo species, which may ultimately
polymerize and precipitate. (For an extensive study of the hydrolysis of
La**, see Biedermann and Ciavatta, 1961.) However, at the concentrations
and pH used in the present investigation, stable aqueous solutions are formed
(see Table 2-10 in Evans, 1990; the upper limit at a Gd** concentration of
0.01 M is pH 7.57). Using the association constants given by Smith and
Martell (1976), the calculated reduction of Gd** concentration caused by
formation of hydroxides (mainly GdOH?*) is approximately 4% (at 0.3 M
ionic strength and 25°C). This estimation agreed well with the results from
a comparison between the effects of test solutions used less than 1 min after
preparation and of test solutions used more than 5 h after preparation. No
systematic difference in effect was found. The reduction in Gd** concen-
tration caused by hydrolysis, therefore, was assumed to be relatively small.
Precautions were further taken to avoid oxidizing the Gd salt by keeping the
batch in a nitrogen-filled container. The Ringer solution contained (in mM):
NaCl 115.5, KCl1 2.5, CaCl, 2.0, and Tris buffer (adjusted to pH 7.2) 5.0.
The solution applied to the end pools consisted of (in mM): KCl 120.0 and
Tris buffer (pH 7.2) 5.0.

Data analysis

Because only relative current values were essential in the present investi-
gation and because the nodal area and axoplasmic resistance were not meas-
ured in the experiments, no attempt was made to calibrate the current in
absolute values (see Dodge and Frankenhaeuser, 1959). However, to get a
quantitative value of the leakage conductance ( g;), we assumed a nodal area
of 100 pm? and an internodal axoplasmic resistance of 40 MQ.
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The separation of Na and K currents (I, and I,) was performed without
specific channel blockers, to facilitate a comparison between effects on both
Na and K channels of the same fiber. The measured parameters were chosen
to avoid interference between the currents. The measured parameters of I,
were peak I, time to half peak Iy, (t,,,) and the time constant of the first
exponential falling phase of the inactivation (7,,.) at low potential steps. In
no case did the much slower I interfere with these measurements. The
measured parameters of I, were steady-state [ (at 20-100 ms) and time to
half-steady-state I (¢,,). Calculations based on the empirical description by
Frankenhaeuser and Huxley (1964) showed that I, did not interfere with
these measurements. The investigation to be presented shows that the in-
terference problem of the measured parameters was even smaller for a fiber
in Gd** solution than for the control case.

The Na permeability (P,,) was calculated from the
Goldman-Hodgkin-Katz equation

- E (1 — exp(—FU/(RT)) 1
« = I UF? [Na], = [Nal, exp(— FUARD)’ @

Py,

where I, is the current, [Na]; and [Na], are inner and outer concentrations
of Na*, U is absolute potential, and R, T, and F have their usual meanings
(Goldman, 1943; Hodgkin and Katz, 1949; see also Dodge and Franken-
haeuser, 1959). The potassium permeability (Py) was calculated corre-
spondingly (Frankenhaeuser, 1962).

Activation (normalized Py, vs. potential) or inactivation (steady-state Na
inactivation) curves were fitted to a simple Boltzmann distribution:

Py, = 1/(1 + exp((U,, — U)/K)), 2

where U, , is the potential at the midpoint value (P, = 1/2), U is the test-step
or prepulse potential, and k is the slope value. Normalized P, was fitted
correspondingly.

The analysis of the effects on fixed surface charges (Gouy-Chapman
theory) was based on the Grahame equation (modification of Eq. 40 in
Grahame, 1947):

0% = 26,6RT X ¢;(exp(—zoF/(RT)) - 1), &)

where Y, is surface potential, o is the density of surface charges, ; is the
bulk concentration, and z; is the valence of ith ionic species. €,_and ¢, are
the dielectric constant of the medium and the permittivity of free space and
have the values 78 and 8.85-107'2 Fm™* respectively. T, R, and F have their
usual meanings.

The dose-response curves were fitted by a least-square method to the
equation describing a reversible reaction:

I=1/1 + (c/K,)¥H), @
TABLE 1 Effects of Gd®* on I, / and /,

K (Na) K(K) KL 8L U
Axon (M) Ky (uM) (2M) Ky (mS cm™) (mV)
1 50 130 1200 -100
2 100 100
3 40 0.98 60 0.74 280 0.50 -70
4 100 420 30 -95
5 100 1.15 40 1.14 1200 0.46 35 -75
6 32
7 80 0.93 180 0.97 420 0.36 45 -55
G* 69 1.02 78 0.94 590 0.44 36
x5 74 1.02 92 0.95 700 0.44 37 -79
+SD 28 0.12 47 0.20 460 0.07 8 18

* Crossing-over-potential for I; as described in Results.

* Geometric mean.
$ Arithmetic mean (+SD).
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FIGURE 1 Effects of Gd** on cur-
rents associated with rectangular po-
tential steps as indicated. (A) Control
solution. (B) 60 uM Gd**. (C) Current
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where 7 is the normalized current, ¢ is the concentration of Gd**, K|, is the
concentration at 50% reduction, and K}, is the Hill coefficient. Because
geometric means of K and K, seem more adequate than arithmetic means
in the present context (the distribution was less skewed when the values were
logarithmized), they were consequently used in the text. In addition, arith-
metic means and SDs are given in Table 1. For the quantitative analysis to
be presented, we chose to base it on seven consecutive experiments (axons
presented in Table 1).
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RESULTS

Effects on all of the ion currents were observed at Gd**
concentrations from 10 uM and upwards. Fig. 1 shows typi-
cal effects of 60 uM Gd*>* on a family of currents associated
with rectangular pulse steps. From Fig. 1 C, it is seen (i) that
I, was reduced, (ii) that peak I, was reduced and its potential
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FIGURE 2 Dose-response curves for potential independent effects. Data
from seven fibers as indicated by symbols. Continuous lines solutions to Eq.
4.(A)Effectson /. Uy = -110mV, K, = 590 uM and K; = 0.5. (B) Effects
on maximum peak I, at steps to ~10 mV. U = =140 mV, K, = 69 uM
and K; = 1. (C) Effects on steady-state I at steps to +50 mV. U, = -90
mV, K, = 78 uM and K; = 1.

dependence shifted in the positive direction along the po-
tential axis, and (iii) that steady-state I, (measured at 100 ms)
was reduced and its potential dependence shifted in the posi-
tive direction. Further, it is seen (iv) that the reversal potential
of peak Iy, (U,,,) was shifted in the negative direction. From
Fig. 1 C, it is also clear that the time course of both I, and
I, was slowed down. The effects were slowly and only par-
tially reversible within the recovery time used, which was

less than 5 min to be able to perform reasonably many so-
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FIGURE 3 Shift of steady-state Na inactivation and Na activation curves.
Continuous and interrupted lines solutions to Eq. 2 for various k. (A ) Steady-
state inactivation curves at steps to —10 mV for control (O), 60 pM (A), and
200 uM Gd** (O) solutions. Uy, = -90, -80, 72 mV. k = -8.0 mV in
all cases. (B) Peak permeability versus potential curves for control (O),
20 uM @), 60 uM (A), and 200 uM Gd** (<) solutions. Uy = =90 mV.
U, = -37,-31, and 21 mV. k = 6.0 mV (—) and k = 7.5 mV
(- - - -). Same fiber as in A.

lution changes per fiber. Furthermore, the reversibility dif-
fered from parameter to parameter. The effect on potential-
dependent parameters showed a faster and more complete
reversibility after 5 min than the effect on other parameters.
For simplicity, we assume full reversibility in the calcula-
tions below.

Effect on leakage current

The reduction of /I, was measured for currents associated
with negative or small positive potential steps. To avoid com-
plications by effects on I, the measurements were performed
at Uy = -110 mV. At this potential, 98% of the slowly
activating, noninactivating K channels are reported to be
closed (Dubois, 1981). g, was 36 mS cm™ (n = 3; Table 1),
in good agreement with previous results on the same prepa-
ration (30.3 mS cm%; Frankenhaeuser and Huxley, 1964).
The potential at which control I; and Gd** affected I, curves
crossed each other was —79 mV (n = 5; Table 1). This is
close to previous measurements of the resting potential in
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FIGURE 4 Relation between shift of potential-dependent parameters and
concentration of Gd**. Data from five fibers. Shifts of steady-state inacti-
vation and activation curves for the Na-system (mean = SEM) indicated by
(O). Highest and lowest values for AU, from I, activation (data from two
fibers) indicated by ((J). AU, from I activation (data from two fibers) in-
dicated by (A). Continuous lines are solutions to Eq. 3 for Gd** in Ringer
solution (for composition see Methods) with surface charge densities as
indicated in e nm™2

myelinated axons (-71 mV; Huxley and Stimpfli, 1951).
Fig. 2 A shows the dose response curve constructed from data
of five fibers. K, was 590 uM (n = 5; Table 1). K, was 0.44
(n = 3; Table I), suggesting 1:2 stoichiometry.

Effect on Na current
Shift of inactivation and activation curves

As concluded from Fig. 1, the Gd** effect on I, was com-
plex. The induced reduction of I, could, in principle, be
caused by modification of the inactivation or activation sys-
tem or to an inactivation- and activation-independent block.
That effects on the inactivation system were involved can be
seen in Fig. 3 A, where the induced shift of 60 and 200 uM
Gd** on the inactivation curve is shown. The inactivation
curves were constructed from measurements of the peak I,
at a step to =10 mV from 1-s prepulses of varying potentials
(Ups).

Note also in Fig. 3 A the reduction of the inactivation curve
at the most negative potentials for 200 uM Gd**. This effect
was only seen at potentials below —120 mV and, conse-
quently, could not be caused by the approximately +12 mV
shift of the inactivation curve, because no reduction was ob-
served for the control curve at potentials down to —140 mV.
Such an effect has also been observed for high concentrations
of Ca?* and La** by several authors (Dubois and Bergman,
1971; Vogel, 1974; Rack and Drews, 1989), demonstrating
the close chemical relationship between these ions and Gd**.

The Gd** effect on the activation system was more dif-
ficult to quantify because of the complication of the perme-
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ability curve caused by the U, shift (see Fig. 1 C). Fig. 3
B shows the normalized permeability values at potential steps
up to +20 mV, calculated from Eq. 1. Up to this potential
level, the U, shift of the magnitude seen in the present ex-
periments was estimated to cause negligible effects on the
permeability curve. As seen from Fig. 3 B, the effect was a
concentration-dependent shift along the potential axis. In ad-
dition, a slight decrease (about 20%) of slope at the highest
concentration (200 M) was systematically noted, in accor-
dance with reported effects of a number of divalent ions and
of La** (Brismar, 1980; Armstrong and Cota, 1990; Hanck
and Sheets, 1992).

Fig. 4 shows the collected shift-values from five fibers for
the inactivation and activation curves at different Gd** con-
centrations. The AU values for both activation and inacti-
vation were found to be about equal and, therefore, were
lumped together in the figure (with bars; mean = SEM).
As seen, they are well described by Eq. 3 for a density of
-1.2 e nm? (e is elementary charge).

Inactivation- and activation-independent block

To obtain a dose-response curve for the inactivation- and
activation-independent block of I, we measured the effect
on the peak I, at steps to —10 mV from a 1-s prepulse of -120
mYV. The step value of —-10 mV was chosen to avoid com-
plications caused by the shift of the activation curve and the
shift of U,.,, and the prepulse value of ~120 mV was chosen
to avoid complications caused by inactivation effects. Fig. 2
B shows a dose-response curve constructed from such mea-
surements on five fibers. K, was 69 uM (n = 5; Table 1).
K, was 1.02 (n = 3; Table 1), suggesting 1:1 stoichiometry.

Effect on time course

Fig. 5 A shows the effect of Gd** on the time course of I,
associated with a potential step from -110 to -10 mV. Both
activation and inactivation time courses were clearly slowed
down in a concentration-dependent manner. A consequent
increase in time-to-peak is also evident: from about 0.4 ms
in control solution to about 2 ms in 200 uM Gd**. The effect
could not be explained by the shift of voltage dependence,
described above for both activation and inactivation system.
This is seen in Fig. 5 B, where Iy, at a potential step to —20
mV in control solution is compared with I, in 60 uM Gd**
at a step to —10 mV, corresponding to the shift of the acti-
vation and inactivation curves (+9 mV in this fiber). The
concentration dependence of the effect on activation and in-
activation time courses is shown in Fig. 6. Fig. 6 A depicts
the effect on the relation between ¢,, and potential for dif-
ferent Gd** concentrations. In contrast to the effect on ac-
tivation and inactivation curves, the effect on the time con-
stant curves could not be described as simple shifts of
potential dependence. However, it could successfully be de-
scribed by a combination of a shift and multiplication by a
scaling factor, as shown by crosses (+). The shift (AU,) and
scaling values (A) used to construct the curves in the figure
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FIGURE 5 Effect on time course of I,. (A) I, as-
sociated with a potential step to =10 mV for different
concentrations of Gd**. U, = -110 mV. (B) Normalized
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were obtained by a manual fitting procedure indicated in Fig.
6 B. The interrupted lines show the calculated curves for
different AU/A pairs at 200 pM Gd**. The best fit was ob-
tained when AU, was in the range 16-20 mV and A was in
the range 2.5-2.8. By applying this procedure, we obtained
AU/A pairs at each concentration. AU, values from such op-
timal AU/A pairs in Fig. 6 A are shown in Fig. 4 (open
squares). As seen, they are well described by Eq. 3 for a
charge density of —1.2 e nm™2. The A values for different
concentrations from Fig. 6 A are shown in Fig. 6 C (open
squares).

Fig. 7 A shows the effect on the inactivation time constant
curve at different Gd** concentrations. As for the activation
system, these effects could be described as a combined shift
and scaling of the curves. The magnitude of AU,, however,
was considerably larger, and that of A was considerably
smaller than the corresponding values for the activation sys-
tem; in some cases the effect could be described as a pure
shift. Thus, these values seem difficult to reconcile with those
of the activation system within a surface charge hypothesis.

However, this problem might only be apparent and will be
treated in the Discussion.

Shift of reversal potential

The induced negative shift of reversal potential (U.,.,; see Fig.
1 C was systematic and reversible. This is seen in Fig 8 A,
which shows the reversal potential at increasing Gd*>* con-
centrations in one experiment. The reversibility suggests that
the effect was not caused by increased axoplasmic Na* con-
centration. The estimation of the reversal potential was based
on the assumption of a voltage-independent g;. Such an
assumption has been questioned for the squid giant axon
(Adelman and Taylor, 1961). However, it seems reasonable
as an approximation for the myelinated axon. The zero-
current (at U_,)) in control solution was systematically and
reversibly transformed into a transient outward current when
the Gd** solution was applied. The concentration depen-
dence of the shift is shown in Fig. 8 B. The mechanism of
this effect was not analyzed further here. One explanation is
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FIGURE 6 Effect on time course of
I, activation. (A) Relation between ¢,,
and potential for control (O), 20 uM
(@), 60 uM (A), and 200 M Gd** (O)

solutions. Uy = -110 mV. Open sym- n

bols indicate experimental results from
one fiber. Values calculated from con- +
trol values on the assumption of a shift
along the potential axis (AU,) and scal-
ing by a concentration-dependent factor
(A) indicated by (+). For 20 uM, the
values were AU, = 1 mV andA = 1.3,
for 60 uM AU, = 7mV andA = 1.8 and
for 200 uM AU, = 16 mV and A = 2.8.
(B) Curves indicating validity of the
shift-and-scaling procedure. Continu-
ous lines from A for control (O) and for
200 pM Gd** (O) solutions. Inter-
rupted lines calculated for other com-
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binations of shift and scaling values, 04 r— T
chosen to give an intersection point at -50 -30
-10mV: () AU, =0mV,A =3.7;(D)
AU, = 10mV,A = 3.2; (@) AU, = 20
mV,A = 25;(A) AU, =30 mV, A =
1.8. (C) Dose-response curve for the
scaling factor A. Values obtained di-
rectly from the shift-and-scaling proce-
dure indicated by ((J). Bars denote high-
est and lowest value obtained. Values
corrected according to Fig. 12 to apply
to effects on rate constants indicated by
(M) (see Appendix). Values from two
fibers.

a Gd**-induced modification of selectivity, as proposed to
explain Ca?* effects on K channels (Armstrong and Lopez-
Barneo, 1987; Brismar and Collins, 1989; Armstrong and
Miller, 1990).

Effect on K current
Shift of activation curve

As seen from Fig. 1, Gd*>* shifted the potential dependence
of I in the positive direction. This is more evident in Fig.
9, which shows activation, calculated with Eq. 1 from mea-
surements at 20, 40, and 80 ms. The effect could be described
as a shift of the curve along the potential axis similar to the
effect on the Na activation curve. As seen from the figure,
the magnitude of the shift varied with time of measurement;
the longer duration, the smaller the shift value. In the present
investigation, the maximum pulse duration usually was 100
ms, thus avoiding interference by the inactivation, which
became evident above 200 ms pulse durations. Rough ap-
proximations indicated that the Gd**-induced shift of the K
activation curve reached a minimum after about 500 ms. For
60 pM Gd**, this minimum shift was about 10 mV (com-
pared with 18 mV after 100 ms), which is close to the shift
obtained for the Na system (see Fig. 4).

Potential (mV)

v ! 0= T T T T T
-10 +10 -50 -30 -10 +10

Potential (mV)

Scaling factor A

| ] 1
10 100 1000
Concentration Gd** (uM)

Activation-independent block

As indicated in Fig. 9, the fully activated I in Gd** solution
showed a negligible potential dependence up to 60 mV.
Above this point, the potential dependence was difficult to
estimate because of the rectification of the I.-U curve. To
obtain a dose-response curve for this potential-independent
block of I, we measured the current at the end of a 40-ms
step to +50 mV from U,; of -90 mV. Fig. 2 C shows the dose
response curve from measurements on seven fibers. K; was
78 pM (n = 7; Table 1). K; was 0.94 (n = 3; Table 1),
suggesting 1:1 stoichiometry.

Effect on time course

Fig. 1 also shows that Gd** modifies the time course of the
I activation. At a pulse step to +50 mV, 60 uM Gd** in-
creased ¢, , about 5 times and 200 M about 7 times. The time
constant curves for two concentrations are shown in Fig. 10
A. As in the case of the Na system, the effect could not be
described as a simple shift along the potential axis (see
dashed line in Fig. 10 A). The best fit was obtained by a
combination of a shift (AU) and a multiplication by a
concentration-dependent scaling factor (A). Unique value-
pairs (AU/A) were obtained by a fitting procedure as shown
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FIGURE 7 Effect on time course of [, inactivation. (A ) Relation between
time constants and potential for control (O), 20 uM (), 60 uM (), and
200 uM Gd** (0 ) solutions. Uy, = ~110 mV. (B) Curves calculated from
Model 1 in the Appendix for different scaling values (indicated) of the
activation rate constants. Experimental points for control (O) and 200 uM
Gd** (©) solutions from A. Curve fitted to the 200 uM Gd** values was
the curve for A = 7 shifted +16 mV. The curve fitted to control solution
was computed on basis of the values in Frankenhaeuser and Huxley (1964)
and with B(e,) = 37 mV, and C(ery) = 15 mV.

for the Na system. The AU, value obtained in this way for
the highest concentration analyzed (200 uM) was +21 mV,
and A was 5.7. Values of AU for four different concentrations
are shown in Fig. 4 (A). They are well described by Eq. 1
for a surface charge density of —-1.2 e nm™. Corresponding
A values are plotted in Fig. 10 B.

DISCUSSION

The action of Gd*>* on the myelinated nerve fiber analyzed
in the present investigation could be separated into the fol-
lowing main effects: (i) A positive shift of potential-
dependent parameters of both Na and K channels was seen.
The shifts were equally large for the activation, inactivation,
and activation time constant curves, whereas it was larger for
the inactivation time constant curve. (ii) A decrease of the
rate of gating for both Na and K channels in addition to that
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FIGURE 8 Effect on I, reversal potential (U,.,). (A) Peak I, versus
relative potential, where U, in the first control solution is set to zero.
Application in temporal order: Control (@), 10 pM (), control (M), 100
1M (Q), control (A), and 1000 uM Gd3* (¢ ) solutions. (B) Relation be-
tween shift of U,., and concentration of Gd**. Data from three fibers as
indicated by symbols.

caused by the shift (mentioned above) was seen. The effect
was quantified as a potential-independent scaling of the ac-
tivation time constant curves. (iii) An activation- and
inactivation-independent block of Na and K channels was
seen. (iv) A potential-independent block of I, was seen.

A key finding was that the effect on time constant curves
could be described as a unique combination of a shift and a
scaling. This is in contrast to most other studies of metal ion
effects on voltage-gated channels, which only report shifts.
However, a dual effect has previously been noted for Ni**
(Dodge, 1961), H* (Carbone et al., 1981), and for the in-
travenous general anesthetic propofol (Veintemilla et al.,
1992), but no quantitative analysis has been performed.

In the following section, we will argue that the effects
mentioned above under (i) to (iv) are mediated by separate
mechanisms, with separate sites of action. We will also dis-
cuss possible binding sites for Gd**, with reference to avail-
able biochemical data. Aspects of the effect on I; have been
discussed elsewhere (Elinder and Arhem, 1991b).
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The shifts of the activation and time constant curves obtained 1B o)
after our separation between shift and scaling effects were 5 4
found to be perfectly compatible with a surface charge hy- o
pothesis. As seen from Fig. 4, the shift values obtained well < 4
fit the Grahame equation (Eq. 3) for a charge density of -1.2 g
e nm~2 for both Na and K channels. The finding that at first g 5
might seem difficult to explain within this explanation is the &
large shift of the inactivation time constant curve compared S 24 o
with that of the corresponding activation curve (Fig. 7 A). o
However, taking the scaling effect into account, as will be 1@
discussed in the next section, the finding is fully compatible
with the proposed explanation. U T 1
10 100 1000

As mentioned in the Introduction, the surface charge hy-
pothesis has many shortcomings, the most serious being that
parameters of one gating function are reported to be un-
equally shifted (Hille, 1992). Armstrong and Cota (1990)
have even reported that La®* shifted Na channel deactivation
and activation time (rate) constant curves in opposite direc-
tions, thereby excluding any modification of a surface charge
hypothesis as explanation. However, by using our separation
procedure, it is possible to explain their data within a surface
charge hypothesis. Fig. 11 shows their data for La** effects
on Na channel activation and deactivation rate constants.
Inspection of the figure shows that the effect cannot be de-
scribed as a pure shift. However, it can be described as a
combined shift and scaling. For 10 uM La**, the best fit for
the shift of the deactivation rate constant curve was between
0 and 5 mV, and for the activation rate constant curve, it was
between 5 and 10 mV. The corresponding scaling values
were between 1.2 and 1.6 (given as reciprocal value of the
factor describing the reduction of the rate constant). For 2
mM La®*, the shift values were between 35 and 45 mV, and
the scaling values were between 1.4 and 2.0 (both activation

Concentration Gd** (uM)

FIGURE 10 Effect on time course of I activation. (A ) Relation between
t,, and potential for control (O), 60 uM ((J) and 200 uM Gd** (A) solutions.
Open symbols indicate experimental results from one fiber. Values calcu-
lated from control values on the assumption of a shift (AU)) and a scaling
(A) indicated by (x). For 60 M, the values were AU, = 6 mV and A = 4.4
and for 200 uM AU, = 21 mV and A = 5.7. Interrupted line and arrow show
the case of exclusively a shift (+90 mV). (B) Dose-response curve for the
scaling factor A. Values from two fibers.

and deactivation values included). Thus, shift and scaling
values were approximately equal for the activation and the
deactivation rate constant curves at a certain concentration.
Assuming equal shift and scaling values for activation and
deactivation rate constant curves, the best fits obtained were
AU, =5mV and A = 1.6 for 10 uM La** and AU, = 39 mV
and A = 1.8 for 2 mM (Fig. 11), suggesting a surface charge
density of —1.4 ¢ nm™2. The shift values obtained are in good
agreement with the values for the activation curve (+2.2 and
+42.5 mV). In a similar way, it was possible by a separation
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FIGURE 11 Effects of La** on Na channel rate constants from GH3 cells.
Open symbols denote experimental data from Armstrong and Cota (1990).
Solutions contained 2 mM Ca?* (), 10 uM La** (O), and 2 mM La** (A),
respectively. Left panel shows deactivation constants, and right panel shows
activation constants. Values calculated from values in the 2 mM Ca?* so-
lution on the assumption of a shift and a scaling (1/4) equal for activation
and deactivation indicated by (+). For 10 uM La** the values were AU, =
5mVand A = 1.6 and for 2 mM La** AU, = 39 mV and A = 1.8. The
interrupted line indicates the level at which Armstrong and Cota measured
the shift.

procedure to account for reported differences in shifts of
activation and deactivation time constant curves induced by
the group I1A and IIB ions Ba**, Zn**, Cd**, and Hg** (Gilly
and Armstrong, 1982a, b; Cukierman and Krueger, 1990,
1991; Agus et al., 1991).

The surface charge density obtained for the nodal Na and
K channels in the present investigation was —1.2 ¢ nm™2,
calculated on the assumption of exclusive screening and no
binding (the Gouy-Chapman theory). This value is in agree-
ment with estimations from other studies. The geometric
means of the values collected by Gilbert and Ehrenstein
(1984) for axonal Na and K channels were for frog —0.6 and
-0.4 e nm2, for squid —1.1 and -0.9 e nm~2, and for Myxicola
-1.0 and 0.6 e nm™.

Mechanism of time constant scaling

The Gd**-induced scaling of time constant curves in addition
to the induced shift along the potential axis, suggest Gd**
binding to an extracellular modulatory site on the channel
(both Na and K channels). A quantitative model for the time
constant effects in terms of effects on activation and deac-
tivation rate constants was developed as described in the
Appendix. It assumes that the reduction of the activation and
deactivation rate constants is equally large (see discussion of
the Armstrong and Cota findings above). The description of
the channel kinetics used was that developed on basis of the
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FIGURE 12 The relation between the measured scaling factor A and the
corrected scaling factor A* applying to rate constants (- ). The dashed
line is A = A*.

experimental results of Elinder and Arhem (1991a). The
model implies that the experimentally found A values for the
time constant scaling of the K channel can be directly used
to describe the reduction of the rate constants (by the factor
A), whereas the relation between the corresponding values of
the Na system is more complicated. For further quantitative
treatment in the subsequent paper (Elinder and Arhem,
1994), therefore, we computed the relation between scaling
value of the time constant (A) and the reciprocal scaling
value of activation and deactivation rate constants (A*) for
the Na channel (Fig. 12).

The presented scaling effect model can be used to compute
the effects of Gd** on the inactivation. Fig. 7 B shows in-
activation time constant curves computed for different scal-
ing effects on the activation rate constants. From the figure,
it is clear that for any chosen A* value, a AU value can be
chosen to explain the effect. Assuming the shift being be-
tween 16 and 23 mV (see Fig. 4), the corresponding scaling
factor is between 5 and 7, in relative agreement with the
observed data (Fig. 6 B). We conclude that the effect on the
inactivation time constant cannot be used to refute a surface
charge hypothesis.

The scaling effect model can also be used to explain the
specific slope reduction of the Na activation curve at high
Gd** concentrations (Fig. 3 C). Computations showed that
A* = 3.5, corresponding to the effect of 200 uM Gd**, de-
creases the slope by 17%, close to the observed value. The
reduction depends principally on the assumption in the model
that the Gd** binding exclusively affects the activation and
deactivation rate constants, the corresponding inactivation
rate constants being unaffected. The importance of the in-
activation system in this context seems to be in accordance
with experimental findings; Ba®* is reported not to reduce the
slope in batrachotoxin-treated Na channels, where the inac-
tivation is removed (Cukierman and Krueger, 1990, 1991),
whereas it reduces the slope when inactivation is intact
(Brismar, 1980; Hanck and Sheets, 1992). Corresponding
computations on the K channel showed no slope reduction,
in accordance with the experimental results. However, it
should be mentioned here that Armstrong and Cota (1990)
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have reported an La**-induced slope reduction of the Na
activation curve in papain-treated GH3 cells where the in-
activation was absent. This will be treated in the subsequent
paper (Elinder and Arhem, 1994).

As mentioned above, a scaling effect has not been ex-
plicitly shown for other metal ions. However, such an effect
can be inferred from other studies. The group IIB elements
Zn**, Cd**, and Hg?* and the transition elements Cu?* and
Ni?* as well as the trivalent La®>* seem to have scaling factors
larger than 1.5, whereas those of the group IIA elements
Mg?*, Ca?*, and Ba®* and the transition elements Mn®* and
Co** are smaller at equipotent concentrations (Arhem,
1980b; Gilly and Armstrong, 1982b; Armstrong and Cota,
1990; Cukierman and Krueger, 1990, 1991; Agus et al,,
1991; Fan and Hiraoka, 1991).

In summary, the presented explanation for the effects of
Gd** and other metal ions on potential-dependent param-
eters, assuming both screening and scaling mediated by an
extracellular modulatory site, seems to account for most of
the presented findings as well as for findings reported in the
literature. This explanation should be seen in relation to other
attempts to explain the total action of metal ions, including
effects other than screening. At least two such detailed at-
tempts have been made. (1) Armstrong and co-workers
(Gilly and Armstrong, 1982a, b; Armstrong and Cota, 1990,
1991) have proposed a model without invoking screening at
all, assuming an extracellular modulatory site associated
with the opening of the channels but not with the closing. A
difficulty with this model is that it does not explain their own
finding of an La**-induced acceleration of Na channel clos-
ing (Armstrong and Cota, 1990; and Fig. 11 for 2 mM). (2)
Cukierman and Krueger (1990, 1991) have proposed a simi-
lar model, but one that includes screening and both extra and
intracellular modulatory sites, the extracellular site being as-
sociated with opening of channels and the intracellular with
closing. A difficulty with this model is that it neither explains
the decreased rate of Na channel closing, induced by exter-
nally applied La** (Armstrong and Cota, 1990; Fig. 11 for
10 uM), nor the decreased rate of opening, induced by in-
ternally applied Zn** (Fox et al., 1974). As already indicated,
assuming a unitary metal ion action on the activation/
deactivation rate constants rather than a selective, as pro-
posed in the present investigation, avoids the difficulties en-
countered by the attempts mentioned above.

Mechanism of block

The observed activation- and inactivation-independent re-
duction of the currents is most simply explained by a reduced
number of channels, caused by a direct block. Such a block
seems to be the main cause of the I, reduction, whereas at
least two further mechanisms are predicted to contribute con-
siderably to the I, reduction. (i) Screening will reduce the
Na concentration at the surface of the membrane, thereby
reducing the channel conductance, as has been reported for
the action of externally applied La®*, Ni**, and H* on axonal
Na channels (Conti et al., 1976; Sigworth, 1980; Neumcke
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and Stampfli, 1984). (ii) Differential scaling of activation and
inactivation rate constants, as assumed in our model, will
reduce the peak permeability. At 100 uM Gd** (Fig. 4), the
screening effect is calculated to decrease the surface Na con-
centration by 31% (assuming AU = 9 mV and the relative
surface concentration equal to exp(-~AUF/RT)), and the scal-
ing effect is calculated to decrease the peak permeability by
20% (computations based on the model in Appendix and
assuming A* = 3), suggesting a direct block effect of about
30%.

In conclusion, a considerable fraction of the activation-
and inactivation-independent reduction of I, and I can be
assumed to be caused by a direct block of channels, mediated
by a blocking site separate from the modulatory site. Such
a block has been proposed for several divalent metal ions and
for La** (Armstrong and Cota, 1990, 1991; Sheets and
Hanck, 1992). The weak potential dependence of the K chan-
nel block indicates that the blocking site is located close to
the external surface. This is in accordance with reported Na
channel block of La** and the group IIB elements Cd** and
Zn®*, whereas it seems to differ from the clearly potential-
dependent block of the group IIA elements Mg?*, Ca®*, and
Ba?*, and the transition elements Co?* and Mn?*, whose site
of binding has been proposed to be located one-third of the
way into the membrane electric field (Sheets and Hanck,
1992).

Binding sites

From above, it is clear that the concentration dependence
varied for the different effects. The reduction of I, I;,, and
I and the increase of the time constants could be described
by equations for a reversible binding reaction with different
stoichiometry and different K, values. The effect on I
showed 1:2 stoichiometry and had a relatively high K, value
(about 600 uM); the effect on I, and I, showed 1:1 stoi-
chiometry with relatively low K values (70 to 80 uM), and
the time constant effect also had relatively low K, values
(approximately 30 to 100 uM).

Lanthanides (Ln**) have been reported to bind to two
classes of sites on biomembranes; less abundant high affinity
sites with K values in the 0.5-50 uM range and low affinity
sites in the 10-1000 uM range (for a review, see Evans,
1990). Proteins have been shown to bind Ln** strongly, and
phospholipids less strongly. It has been suggested that La*
binds to Ca channels in neuroblastoma cells (El-Fakahany
et al., 1983). The stoichiometry of the Ln** binding seems
to differ for the low and high affinity sites. 1:2 complexes
between Ln** and charged phosphate groups in phosphati-
dylcholine in membranes have been reported (Hauser et al.,
1976).

The present findings could be reconciled with the bio-
chemical results by assuming that Gd** binds to high affinity
sites on Na and K channel proteins with 1:1 stoichiometry
and to low affinity sites, related to /;, on phospholipids with
1:2 stoichiometry. This suggests that I; is caused by passage
of ions through protein-independent but phospholipid-
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dependent pathways. On the other hand, other studies suggest
that channel proteins are necessary for I, (Armstrong and
Miller, 1990). To explain these conflicting findings, we have
tentatively proposed a leakage pathway at the interface be-
tween channel proteins and the lipid phase (Elinder and
Arhem, 1991b).

CONCLUSIONS

In conclusion, the findings suggest at least four types of
mechanism, and four sites of action, for the action of Gd*>*
on myelinated nerve fibers: (i) A reduction of I; by relatively
low affinity binding to phospholipids by 1:2 stoichiometry.
(ii) A modification of the electric field over the membrane
by neutralizing uniform fixed surface charges at a density of
-1.2 e nm™2 (the Gouy-Chapman theory) or lower (the Gouy-
Chapman-Stern theory), causing a shift of potential-
dependent parameters along the potential axis. (iii) An ad-
ditional slowing of the time course of I, and I by high
affinity binding to modulatory sites on the channels. (iv) A
reduction of I, and I by high affinity binding to blocking
sites on the channels with 1:1 stoichiometry. The discussed
comparison with other studies in the literature further sug-
gests that the effects by other metal ions are mediated by
the same sites. Ca®>* especially, physiologically the most
abundant polyvalent cation, is expected to have similar ef-
fects, because of its close chemical relation to Gd** (see
Introduction).

A general conclusion should finally be mentioned. Gd**
should be used with caution to separate stretch-activated
channels from voltage-gated channels, because the effective
concentration range was the same as that reported to induce
effects on some types of such channels (Yang and Sachs,
1989; Swerup et al., 1991; Zhou et al., 1991).
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APPENDIX
A quantitative model for the scaling effect

This section describes the quantitative model for the scaling effect on ac-
tivation and inactivation time constant curves, used for the computations in
the text. The model assumes channel kinetics according to the equations
developed by Elinder and Arhem (1991a) to acount for the currents in the
amphibian node of Ranvier. The scaling of the time constants, described by
factor A, was assumed to be mediated by a scaling of activation and de-
activation rate constants, described by the reciprocal value of factor A*. This
factor was assumed to be equal for activation and deactivation rate constants.
Further, the inactivation rate constants were assumed to be unaffected. Using
this model, it is possible to compute (a) the relation between the observed
scaling factor A and the postulated A* factor (for the rate constants), (b) the
effect of scaling on the slope of the Na channel activation curve, and (c) the
effect of scaling on the inactivation time constant curve.
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The kinetics of the Na channel assumes a strict coupling between ac-
tivation and inactivation (see Bezanilla and Armstrong, 1977; Gilly and
Armstrong, 1982a) as described by the following state diagram:

l4a, 1l4a, 10ms!
Cl = C2 =0 = I (Model 1)
148, 14B, 0.002ms™!

C1 and C2 denote closed states, O an open state, and I an inactivated state.
a,, and B, are determined by Eqgs. 13 and 14 in Frankenhaeuser and Huxley
(1964), and are temperature-corrected (Frankenhaeuser and Moore, 1963).
The scaling was obtained by dividing rate constants «,, and 8, with the
factor A*. The computational procedure was essentially performed as de-
scribed in Elinder and Arhem (1991a).

The relation between A* and A was determined by computation of the
time course of the open state for different A* values at different potentials
and subsequent estimation of corresponding A values. The relation showed
almost no voltage dependence and is shown in Fig 12. Computations further
showed that an A* value of 3.5 (corresponding to the effect of 200 pM Gd**)
shifted the activation curve 4 mV in the positive direction along the potential
axis and that the slope of the same curve was decreased with 17%, in
accordance with the experimental results (Fig. 3 B). Computations of
the inactivation time constant curve for different A* values is shown in
Fig. 7 B.

The kinetics of the K channel was described by the following state
diagram:

l4a, 1l4a,
C1=C=20 (Model 2)
148, 148,

C1 and C2 denote closed states, O denotes an open state, and o, and B, are
determined by Eqgs. 13 and 14 in Frankenhaeuser and Huxley (1964), and
are temperature-corrected (Frankenhaeuser and Moore, 1963). The scaling
was obtained by dividing rate constants «, and B, with a factor A*. In this
case, the scaling factor for the activation time constant A equals A*. Com-
putations showed that an A* value of 5.7 (corresponding to 200 uM Gd**)
did not measurably modify the activation curve, in accordance with the
experimental results (Fig. 9).
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