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ABSTRACT The properties of low (LVA) and high (HVA) voltage-activated calcium currents were investigated in rat sensory neurons and a
murine neuroblastoma cell line exposed to various concentrations of intra- or extraceliular monovalent ([c*];,,) and trivalent ([c**],,)
cations. In neurons, when [c*]; was changed from 150 to 20 mM, positive shifts of 18-28 mV were observed in activation curves of both
LVA and HVA currents, as well as in LVA inactivation curves. Extracellularly, in divalent-free solutions, [c*], of 20-50 mM produced
medium (12-22 mV) negative shifts of the LVA channel properties. These data were used to estimate, by a *‘screening” model, a
negative surface charge density around neuron’s calcium channels of 1/1,000 and 1/1,325 eA~2 at the outside or inside face, respec-
tively. In the presence of physiological concentrations of divalent cations, [¢*], of 20-60 mM caused smaller (4—11 mV) negative shifts of
the activation and inactivation curves, which can be explained by assuming a partial neutralization of negative charges by divalent
cations. By applying the above procedure to LVA channels of neuroblastoma cells, the ratio of extra- to intracellular surface charge
density turned out to be more than tenfold higher than in neurons. Effects produced by [¢**];,, were not in agreement with expectations

based on screening or binding models.

INTRODUCTION

Gouy (1910) and Chapman (1913) proposed the first
quantitative theory to describe the electrostatic behavior
of a charged planar surface bathed by an electrolyte solu-
tion. This theory is simplified in many respects, princi-
pally because it assumes the existence of a uniformly
smeared density (o) of fixed charges and disregards possi-
ble cations binding to specific membrane sites. This
“simple screening” model has been used to interpret the
modifications of ion-channel voltage-dependent parame-
ters, in the presence of solutions with different ionic
composition (Chandler et al., 1965), leading to estimate
the surface charge in the vicinity of various ion channels.
Indeed, results obtained by lowering the extracellular
concentration of monovalent cations around voltage-
gated Na* channels were explained with reasonable accu-
racy by the screening model (Hille et al., 1975). On the
other hand, supplementary assumptions were intro-
duced to explain effects found after modification of diva-
lent cation concentration or pH (e.g., Gilbert and Ehren-
stein, 1969; Hille et al., 1975; Nonner et al., 1980;
Wanke et al., 1979; Iijima et al., 1986).

Excellent reviews (McLaughlin, 1977, 1989), sum-
marizing theory and recent results, also bring under the
reader’s attention several implications of electrostatic
surface potentials in cellular physiology. It was shown
that as different phenomena as exocytosis in sea urchin
eggs (McLaughlin and Whitaker, 1988), interactions of
PIP, with membrane proteins (Anderson and Marchesi,
1985) and interaction of protein kinase C with intracel-
lular side of the plasma membrane (Mosior and
McLaughlin, 1991) depend on peculiar properties of
charged membranes.
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1-20133 Milano.

On the other hand, the surface potential of the exter-
nal face of the plasma membrane is apparently impli-
cated in the modulation of cell adhesion processes either
with other cells or with extracellular matrices (Springer,
1990). To give some examples, the content of highly
charged polysialic acid is an important regulator of
NCAM-mediated adhesion (Rutishauser et al., 1988),
whereas modifications on the extracellular membrane
surface charge density leading to alteration of cell-cell
adhesion mechanisms are considered to contribute to
the development of metastatic phenotype in malignant
cells. Furthermore, surface charges on phospholipids or
on channel proteins themselves can influence in various
ways ion permeation (for a review see Green and Ander-
sen, 1991; Perozo and Bezanilla, 1990; Vandenberg and
Bezanilla, 19914, b).

In view of their steep voltage dependence and of their
engagement in manifold cytosolic functions, calcium
channels represent suitable targets of studies aimed at
exploring the role of surface charge density in cell biol-
ogy. However, very few data exist on extracellular sur-
face potential around calcium channels (Ohmori and
Yoshi, 1977; Kostyuk et al., 1982; Wilson et al., 1983;
Cota and Stefani, 1984), none of which is on mamma-
lian tissues, while no estimate exists of charge density
around the intracellular portion of these channels.

We present here a study on the surface potential
sensed by voltage-activated calcium channels (for a re-
view see Carbone and Swandulla, 1989; Hess, 1991) on
rat sensory neurons, based on measurements of whole
cell currents before and after changing extra- or intracel-
lular monovalent cation concentration ([¢*],, [¢*];) or
trivalent cation concentration.

This study was extended to a murine neuroblastoma
cell line (N1 cells) bearing LVA Ca?* channels, to com-
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TABLE 1 Values (in mV) of parameters k and V,, of the Boltzmann curves shown in Figs. 4, 6,7, and 8

Activation Shift Inactivation Shift
IN/
Fig. OouUT [c**] [c*] k Vip measured corrected k Vie measured corrected
For DRG cells:
4 ouT 4 150 —4.8 -36.0 09 4.6 -473+10
ouT 4 70 =5.1 —439 +0.8 -7.9 —-4.3 4.3 =555+ 1.1 —-8.2 —-4.8
ouT 4 30 -5.4 —478 + 1.1 -11.8 —-4.0 6.0 —66.8 + 1.4 -19.5 -11.7
6 ouT 0 150 -35 —-692+1.5 5.2 -943+1.5
ouT 0 60 -2.9 —890x1.3 -19.8 —-15.8 4.8 -1106 + 2.4 -16.3 -12.3
OouUT 0 25 -2.1 -96.9 + 1.8 =217 -19.7
7 IN 0 150 —-4.5 -36.0x09 4.7 —41.0 £ 1.5*
IN 0 26 -3.7 -17.5%x 1.1 17.5 17.5
IN 0 20 -3.4 —-88+05 26.2 26.2 4.0 -18.0 + 1.0* 23.2 232
8 ouUT 4 150 -5.1 -6.4+04
ouT 4 70 —4.3 —-14.7 + 0.8 -8.3 —4.6
ouT 4 30 -33 -21.3x0.5 —-14.9 -7.1
8 IN 0 150 -4.4 -11.2+04
IN 0 50 -3.3 -72x03 4.0 4.0
IN 0 40 -3.7 29+0.5 14.1 14.1
IN 0 26 -34 6.3+0.6 17.5 17.5
IN 0 20 -33 13.2+£0.8 24.4 24.4
For N1 cells:
6 OuUT 0 150 —-4.5 -722+19 4.8 —-102.0+ 2.3
ouT 0 60 -4.0 -949 + 2.1 -22.7 -19.2 5.5 -1229+2.1 -20.9 —-17.4
ouT 0 25 —4.8 —-118.2+29 —46.0 -39.0 4.7 -1475+ 1.9 —45.5 —38.5
7 IN 0 150 —4.0 -310x1.3 4.6 -390+06

In the table are also indicated the shifts and the corrected values reported in Results and Figs. 1 and 2. The asterisk indicates that the experiment was

performed with a preconditioning time of 0.2 s.

pare the results of our approach to the available studies,
attributing a higher surface charge to malignant as com-
pared to normal cells (Adam and Adam, 1975; Elul et
al., 1975; Brown et al., 1979; Pretlow and Pretlow, 1979;
Price et al., 1987; Gascoyne and Becker, 1990).

METHODS
Preparation of cells

DRGs were dissected from 1-2 day- old Sprague-Dawley rats and dis-
sociated with collagenase and trypsin (Sigma Chemical Co., St. Louis,
MO) [0.1%, 1:1]) incubating for 1 h at 37°C. The resulting suspension
was plated onto 35 mm collagen coated dishes at a density of six spinal
cord chains per dish. The plating medium was Ham’s nutrient mixture
F12 supplemented with 10% heat inactivated fetal calf serum (FCS),
penicillin 1 U/ml, streptomycin 1 ug/ml, gentalyn 2 ug/ml, NGF (78S,
Calbiochem) 0.5 ug/ml. Neurons (30-50-um diameter) were used for 2
d after dissection.

NI neuroblastoma cells (a subclone of 41A3 murine neuroblas-
toma), kindly provided by Professor G. Mugnai, Institute of General
Pathology, University of Florence, were routinely cultured in Dul-
becco’s modified Eagle medium (DMEM) supplemented with glucose
24 mM and 10% FCS, and incubated at 37°C in a humidified atmo-
sphere, with 10% CO, in air. Cells from a subconfluent culture were
detached with 0.25% trypsin, centrifuged at 250 g for 10 min and resus-
pended in DMEM containing 250 ug/ml of BSA at a cell concentration
of 3-5+ 10 cells/ml. Usually 2 ml of this cell suspension were trans-
ferred in 35 mm petri dishes previously coated with BSA. Cells having
diameters of 15-25 um were used for patch-clamp experiments.

Solutions

For experiments in the presence of
extracellular divalent cations

Extracellular solution for experiments with neurons contained (mM):
125 Tetraethylammonium chloride (TEACI), 2 KCl, 2 CaCl,, 20 4-
Aminopyridine, 1 MgCl,, 10 HEPES, pH 7.3.

For NI cells, in which the only inward current was the LVA Ca?*
current, the extracellular solution contained: 140 NaCl, 1 MgCl,, 10
CaCl,, 2 KCl and 10 HEPES. When needed, TEACI or NaCl were
always substituted with sucrose, keeping the osmolarity constant.

Intracellular solution contained (mM): 100 Cs-aspartate, 20 TEA-
Cl, 2 1,2-bis(2-Aminophenoxy)ethane N,N,N',N'-Tetraacetic acid
(BAPTA), 5 Mg,ATP, 10 HEPES (pH 7.4).

The voltage-dependent curves in different intracellular ionic condi-
tions were obtained by using pipettes filled with different solutions on
different neurons. DRG neurons (but not N1 cells) suffered particu-
larly in the presence of low [¢*]; and only cells whose currents did not
run down more than 25% in 5 min were considered reliable for ana-
lysis.

For experiments in the absence of
extracellular divalent cations
During these measurements, calcium channels were made selective to
monovalent ions (Kostyuk et al., 1983). This procedure also had the
advantage of prolonging neurons’ lifetimes during the experiments.
Extracellular (mM): 100 TEACI, 25 CsCl, 10 HEPES (pH 7.3); the
calcium contaminations in salts and water were lowered by the addi-
tion of 100 uM BAPTA.
Intracellular (mM): 125 N-methyl-D-glucamine, 17 TEAC], 9 CsCl,
10 HEPES, 2 BAPTA.
Cs* was preferred to Na* because it was threefold less able to perme-
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FIGURE 1 Shifts of Ca?* channels voltage-dependent activation or inactivation (gating) versus the reciprocal of the charge density ¢ (eA™2)
produced by lowering [¢*];,, with respect to physiological solutions. Curves correspond to the indicated values in mM and were derived from the
Gouy-Chapman equation (see Theory). Symbols represent experimental shifts reported from Table 1. ADRG = sensory neurons, N1 = neuroblas-
toma cells, act = activation and h = inactivation. Asterisk indicates the mean of the experimental data. (Leff) Intracellular (» = 19 for ADRG, n =5
for N1). (Right) extracellular (divalent-free) (n = 3 for ADRG, n = 4 for N1).

ate in calcium channels (Lux et al., 1990). The extracellular Cs* con-
centrations used (25 mM) produced currents whose relatively small
amplitude did not cause space-clamp artifacts. Furthermore, a small
[Cs*); settled the Cs* inversion potential at ~ +15/25 mV. During
these experiments, the solutions with low [c¢*], were obtained upon
substitution of TEACI with sucrose, always maintaining both the os-
molarity and [Cs*], constant. About 3-4 min of perfusion with the new
solutions were necessary to produce a stationary level of Cs* currents.
Preliminary experiments (not shown) demonstrated that a [BAPTA],
of 100 uM allowed us to measure LVA current; under this condition,
the HVA currents became unmeasurable, in keeping with the report
that a much higher [BAPTA], is needed to unblock HVA channels
(Lux et al., 1990), a finding attributed to a major affinity for calcium of
the external binding sites of HVA as compared to LVA channels (Hess
and Tsien, 1984; Almers and McCleskey, 1984). This high [BAPTA],
caused prohibitive leakage, especially at low ionic strength. For this
reason, we decided to perform experiments in nominally divalent-free
external solutions only on LVA channels.

Electrophysiological recordings

Whole-cell patch-clamp currents were recorded with the method of
Hamill et al., 1981. Analog and digital (P/4 technique, Armstrong and
Bezanilla, 1974) subtraction was used to correct all the current traces.
Moreover, leakage and capacitive currents were subtracted from the
control experiments as currents persisting in the presence of 100 uM of
the Ca?* channel blocker Cd®* (with the same protocols, immediately
after the control experiments); this blockade was always completely
reversible. All experiments where recovery was less than 75%, after
correcting for the run down, were disregarded. Our perfusing system
was routinely checked to exclude possible contamination by Cd?* ions,
which are known to stick to walls of perfusing tubes. Liquid junction
potentials V; (used to correct the shifts reported in Results) were mea-
sured and found higher than a fraction of a mV only at low [¢*], (range
[c*]e = 75/20 mM). Patch pipettes had resistances of 0.5-2 MQ for
sensory cells and 4-7 M for cancer cells. To avoid space-clamp arti-

facts we always choose spherical neurons of moderate dimensions (20-
30 um) and applied pipette series resistance compensation (up to
~85%). The pClamp (Axon Instruments, Burlingame, CA) software
and hardware were used during experiments and analysis.

Data analysis

The activation threshold and the voltage-dependence were used as crite-
ria to distinguish LVA from HVA currents (Carbone and Swandulla,
1989; Fox et al., 1987; Wanke et al., 1989; Schroeder et al., 1990). Both
LVA and HVA currents were usually measurable in sensory neurons
while N1 neuroblastoma cells showed only LVA currents. In physiologi-
cal solutions, activation thresholds were ~ —45 and —20 mV for LVA
and HVA channels, respectively, whereas the maximal currents were
at =~ —20 and +5. HVA currents were always elicited after completely
inactivating LVA currents (see figure legends). When necessary, these
HVA recordings were used to correct LVA currents at —20 mV for
contamination by HVA currents.

The activation and the steady-state inactivation curves were ob-
tained from the ratio of peak current amplitudes / normalized to maxi-
mal current I, (Fox et al., 1987; Kass and Krafte, 1987). Actually, the
voltage-dependent parameter is the current divided by the driving force
(i.e., the conductance). However, in our experiments the current rever-
sals were in the range +70/+80 mV or +15/+25 mV when measuring
Ca?* or Cs* currents, respectively. Thus, the membrane potentials
around which we found the maximal currents were always far from
reversal potentials, so that omission of the driving force term leaded to
negligible imperfections. An estimate of the errors introduced by this
type of analysis was evaluated on the data reported in Fig. 6. The
current amplitudes for {c*], = 150 and 22 mM were divided by the
corresponding driving forces and normalized values were plotted in
this figure (open circles), showing a negligible difference as compared to
uncorrected data. We did not use the more rigorous method of evaluat-
ing the fraction of open channels through the instantaneous tail
currents (e.g., Vandenberg and Bezanilla, 1991) because this method
was unsuitable for relatively short experiments as ours needed to be.
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FIGURE 2 (Left) Shifts of the Ca®* channel gating versus 1/o produced by lowering [c*], with respect to physiological solutions (divalent ions
present). Dotted lines represent solutions of the Grahame equation for bathing media containing [¢*], = 75 and 20 mM and [c**], = 4 mM.
Continuous lines (for [¢*], = 75, 50, 40, 26, and 20 mM, from the top to the bottom) were derived by assuming the supplementary condition that
divalent cations neutralize a fraction of negative charges (see text). Symbols (whose meaning is the same as in Fig. 1) represent experimental shifts
(n = 12). (Right) Surface potential versus 1/¢ in the presence of the indicated different ion compositions as obtained from the Grahame equation.
The continuous line represents the difference between the first two indicated curves, i.e., a voltage shift analogous to those shown on the left panel.

The ratios I/I,,, were fitted with the Boltzmann relation
I/ L = {1 + expl (Ve — Vi) / K1},

where the V,,, and k values are reported in Table 1.

As shown in Figs. 4, 5, and 8, we observed (but did not investigate) an
increase of the peak currents at moderate [c*], (75-50 mM). These
preliminary observations might suggest that higher negative electro-
static potentials increase the local carrier concentration (which is con-
stant in the bulk solution), thereby producing higher currents (Iijima et
al., 1986).

The surface potential &, of the Grahame equation (see below) was
derived from the roots of the polynomial associated to the equation
itself after suitable calculation of the coefficients, which depend on the
ionic composition of solutions (Asystant program, Macmillan Soft-
ware Company, New York, NY). For all remaining analysis and the
graphics, the Sigma Plot program (Jande! Sci., Corte Madera, CA) was
used.

THEORY

The relation between the charge density ¢ and the sur-
face potential ®, is satisfactorily described by the Gouy-
Chapman theory, provided that the only effect of ions
present in the bathing solution is charge screening.
When using solutions containing various concentrations
[c] of ions of different valence z;, the above relation is
usually described by the Grahame equation (Abramson
and Muller, 1933; Grahame, 1947):

0'2 G2 = 2 [Ci]{exp(—zie'i)o/kT) - l},

where k is the Boltzmann’s constant, T is the absolute
temperature, e is the elementary electron charge and G is
a constant equal to 270 (A2¢™") (M"/2), at room tempera-
ture.

The Grahame equation can also be modified to take
into account the divalent cation binding to discrete com-
ponents of the surface under study (Gilbert et al., 1970;
Hille et al., 1975). In this case ¢ is assumed to be

o = o¢/(1 + K[c**] exp[—2e®,/kT)),

where o is the density of the fixed titratable negative
sites, K is the equilibrium constant of the binding reac-
tion and [c?*] is the divalent cation concentration.

The shifts of &, predicted by the Grahame equation
for changes in intra and extracellular cations (mono and
trivalent) are represented in Figs. 1-3 with the sign corre-
sponding to the expected effect on activation or inactiva-
tion of hypothetical voltage-dependent channels located
within the plasma membrane. These shifts are plotted
versus the average area per elementary charge (the recip-
rocal of the charge density o). In divalent-free solutions
the shifts are monotonic functions of 1/¢ (Fig. 1). On the
contrary, in the presence of divalent cations the curves
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FIGURE 3 Shifts of the Ca?* channels gating versus 1/¢ produced by
the intra (lower, [Ca?*] = 0 mM) or extracellular (upper, [Ca?*] = 4
mM) addition of 0.5 mM trivalent cations in the presence of various
[c¢*],. Curves were derived from the Grahame equation. Asterisks
correspond to experimental shifts reported in Results (intracellular de-
terminations # = 8; extracellular determinations for [¢*), = 70, n = 4,
for [c*], = 40, n = 3) (see text).

are no longer monotonic and the shifts’ magnitude is
about halved as compared to that predicted in the ab-
sence of divalent cations (Fig. 2, left). This is expected
because GC theory predicts a stronger screening action
of divalent cation. This effect is prevailing for highly
charged membranes (small values of 1/¢). Changes of
monovalent ions concentrations (as we did) exert weak
effects in the presence of divalent ions.

It is necessary to recall that these shifts derive from
differences between the surface potentials ®,(1/¢) calcu-
lated in control conditions and at the particular value of
[c*]. To understand the reason for the counter intuitive
appearance of the biphasic shape it is useful to observe
the behavior of ®,(1/s) in our conditions and in two
limiting conditions of pure mono- and divalent salt solu-
tions. In Fig. 2, right, ®,(1/5) and the corresponding
shift (continuous line) are shown in an instance very simi-
lar to ours (a tenfold change in monovalent cation con-
centration). The other two curves correspond to diva-
lent- and monovalent-free cases: it is clear that, in the
high charged region, the limiting slopes are 120 and 60
mV/decade, respectively. It appears also that the cases at
[c**] = 4 mM and [¢*] = 15 mM (and [c?**] = 4) are
almost coincident suggesting a prevailing action of diva-

lent cations and a trivial action of monovalent cations
(McLaughlin, 1977, p. 81).

In Fig. 2, left, the dotted lines represent the solutions of
the Grahame equation for [¢*], = 75 and 20 mM, in the
presence of divalent cations (2 mM Ca?* plus 2 mM
Mg?2*). Notice that the magnitude of these shifts is about
halved as compared to that predicted in the absence of
divalent cations.

The full lines in Fig. 2, lefi, represent the solutions of
the Grahame equation, for various [¢*], from 75 to 20
mM, under the assumption that divalent cations neutral-
ized charged sites of the membrane with an equilibrium
constant K = 4 M™! (see previous equation). This value
was selected after a best fitting procedure to the experi-
mental data and is not far from values previously re-
ported for artificial bilayers and biological membranes
(Hille et al., 1975; McLaughlin et al., 1981).

In Fig. 3, the effects of 0.5 mM of trivalent cations
predicted by the Grahame equation are reported either
for intracellular addition in the presence of [c*]; = 150
and 50 mM, or for extracellular addition in the presence
of [¢*], = 150 and 50 mM, and [¢**], = 4 mM.

RESULTS AND DISCUSSION

Experimental data are necessarily reported without cor-
rection for V; in Figs. 4-8. However, shifts need to be
reported in Figs. 1-3 and in the following paragraph after
correction. For easy reference we reported both experi-
mental and corrected shifts also in Table 1.

Shifts of LVA channel activation and
inactivation

Effects of changing [c*],

In physiological external Ca** and Mg?** solutions:
upper panels of Fig. 4 show the typical LVA current
traces evoked in neurons over the range —60to —15 mV
(holding = —90 mV) in the presence of various [c*],. The
somewhat unexpected lowering of peak currents at
[c*], = 30 mM with respect to 70 mM is probably due to
a partial inactivation caused by the holding potential
used. Activation and steady-state inactivation data
shown in Fig. 4 (lower panels) refer to six neurons treated
with [¢*], = 150 (control), 70 and 30 mM. Averaged
shifts, calculated from the best fitting activation curves
and corrected for V;, resulted —4 + 0.3 and —4.3 + 0.4
mV for [¢*], = 70 and 30 mM, respectively. By applying
the same procedure for inactivation data, shifts were
found —4.4 £ 0.2and —11.7 £ 0.5 mV for [¢*], = 70 and
30 mM, respectively. In some neurons, shorter precondi-
tioning potential durations (0.2 s) were used and the cal-
culated shifts were not significantly different (data not
shown but pooled in Fig. 2). Substituting Ca®>* with Ba**
(not shown) did not produce any significant difference.
In divalent-free external Cs* solutions: Fig. 5 shows
experiments where LVA channels were made permeable
to Cs* (see Methods) in neurons (upper panels) or
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FIGURE 4 Effects of extracellularly applied low [¢*], solutions with [¢**], = 4 mM, on LVA Ca** channels of sensory neurons. (Upper panels) Ca®*
currents traces at the indicated [c*],. The holding potential (V},,,4) and test potentials (V,,,,) were as follows; for controls, Vygq = —90, Vi =
—50/—15 (step = 5 mV); for [c*], = 70 and 30 mM, V4 = —90, ¥, = —60/—30 (step = 5 mV). (Lower panels) Activation and inactivation curves.
Symbols represent experimental data pooled from six neurons. The best fitting curves were obtained by the Boltzmann equation (see Table 1 and

Methods). The process of inactivation was studied with a V., =

-20 mV and a preconditioning time of 1 s.

N1 cells (lower panels) with different [¢*], and con-
stant [Cs*],.

Removal of divalent cations at [¢*], = 150 mM (Fig. 6)
produced activation curves whose V', values were about
33 mV and 42.2 mV more negative than corresponding
values shown in Fig. 4, for DRG neurons and N1 cells,
respectively (see also Table 1). These differences were
much larger than those predicted on the basis of the Gra-
hame equation indicating a substantial deviation from
the Gouy-Chapman theory (sce later).

From Fig. 6 it is possible to calculate that in neurons
the shifts of the activation curves were —15.8 + 0.85 and
—19.6 £ 0.9 mV at [c*], = 60 and 25 mM, respectively,
and the shift of the inactivation curves at [¢*], = 60 mM
was —12.3 £ 0.7 mV (upper panels). Other data (not
shown) obtained with a shorter inactivation time gave
shifts of —11.5 (at [60JmM) and —18.2 (at [25]mM) mV.
The shifts in N1 cells were —19.2 + 0.9 and —39.0 + 1.3
mV (activation); —17.4 + 1.1 and —38.5 + 1.5 mV (inac-
tivation) at [¢*], = 60 and 25 mM (lower panels).

The time constants of activation (r,,) and inactivation
(7h) of LVA Cs* currents are reported in Table 2, for
[c*], = 150 and 60 mM. It is evident that lowering [c*],
causes a 3-4 fold decrease in 7, at —50/—60 mV, and in
7, at —80 mV.

Effects of changing [c*],

The activation and inactivation curves for neuron cal-
cium channels are shown in Fig. 7 (upper). The corrected
shifts for activation were 17.5+ 1.1 and 26.2 + 1.3 mV at
[c*]; = 26 and 20 mM, while for inactivation the shift was
23 + 2 mV at{c*]; = 20 mM. Fig. 7 (lower) shows that no
significant shift occurred in neuroblastoma cells at
[¢*]; = 50 and 22 mM.

Shifts of HVA channel activation

Effects of changing [c*],

Fig. 8 (upper) shows typical HVA current traces elicited
from a holding potential of —35 mV, by step depolariza-
tion starting from —25 mV, at the indicated {c*], values.
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FIGURE 5 LVA Cs* current traces under the indicated low [c¢*], solu-
tions. (Upper panels) rat sensory neuron. V, 4 and V,.,, were as follows:
for controls, Vg9 = —120, ¥V, = —90/—40 (step = 10 mV); for [¢*], =
25, Viod = —135, V, = —110/-70 (step = 10 mV). (Lower panels) N1
cell. Vhoq and V., were as follows: for controls, Ve = —120, V, =
—75/~45 (step = 5 mV); for [¢*], = 30, Vyoa = — 145, ¥V, = —115/—90
(step = S mV).

The results of six activation experiments are summa-
rized in Fig. 8 (lower left) leading to calculated shifts of
—4.6 £ 0.3and —7.1 £0.7 mV at [¢*], = 70 and 30 mM,
respectively. Similar experiments (n = 3) were per-
formed in the presence of 4 mM Ba®* instead of 2 mM
Ca?* with negligible differences (not shown).

Effects of changing [c*],

Data obtained under these conditions were pooled in the
lower right panel of Fig. 8. The corrected shifts of the
activation curves were 4 + 0.3, 14.1 + 0.6, 17.5 + 0.8,
and 24.4 + 1.2 mV at [c*], = 50, 40, 26, and 20 mM,
respectively.

The estimate of intracellular
surface charge

Voltage shifts measured at various [¢*); were reported on
the corresponding ordinate values and curves in Fig. 1,
obtaining estimates of the internal surface charge den-
sity. Symbols, referring to both activation and inactiva-
tion of either LVA or HVA neuron currents, fell in a
narrow abscissa range leading to estimate an average
charge density of 1/(1325 + 360) eA~2.

In the case of N1 cells, experimental shifts fell within a
range of the plot where curves converged so that one can
only safely conclude that the charge density was lower
than 1/9,500 eA~2,

The estimate of extracellular
surface charge

Experimental shifts referring to changes of [¢*], in the
absence of divalent cations are reported in Fig. 1 (right),
giving the following estimates: 1/(1,000 + 200) eA~2 for
neurons and 1/385 + 80 eA~2 for N1 cells.

Based on these estimates, the Grahame equation gives,
in control conditions, ®, equal to —18 and —50 mV for
neurons and N1 cells, respectively. Assuming a binding
of divalent cations (Fig. 2, right) the corresponding &,
values predicted become —16.5 and —38.5 mV. Thus,
after addition of divalent cations, the maximal theoreti-
cally-expected shift values are —1.5 and —11.5 mV,
while we found —33 and —42.2 mV. On the other hand,
under similar experimental conditions, shift values
which fitted well the theory were reported using the Na*
channel in frog nerve (Hille et al., 1975) or muscle
(Campbell and Hille, 1976; Hahin and Campbell, 1983)
and in unmyelinated nerve (Vandenberg and Bezanilla,
1991a). Thus, for Ca?* channels, other factors than cat-
ion adsorption should be invoked to account for this
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FIGURE 6 Effects of low [¢*], solutions on LVA channels gating (Cs*
as current carrier). The lines are Boltzmann curves which best fitted the
experimental points (see Table 1 for values). For inactivation, V., was
always chosen as to obtain the maximal possible current, based on the
results of activation data. (Upper panels) sensory neurons (n = 3);
(lower panels) neuroblastoma cells (n = 4). Open circles in the left lower
panel represent conductance data evaluated as explained in Methods
(data analysis).
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discrepancy, possibly some changes in the properties of
the pore mouth charge distribution of the channel, as
proposed for the Na* channel (Cai and Jordan, 1990).

In the presence of divalent cations and different [¢*],
(Fig. 2, left), data obtained for both activation and inac-
tivation for either LVA and HVA channels in neurons
were superimposed to the right limbs of the curves (solid
lines, binding model), in view of the charge density esti-
mate previously obtained in the absence of divalent cat-
ions. The average value resulted to be 1/1,535 + 640
eA~2 not far from 1/(1,000 + 200) eA~2 On the other
hand, a tentative insertion of the same experimental
points on curves derived from a simple ‘“‘screening”
model (dashed lines) suggested a much higher average
charge density, thus, indicating that the binding model is
more appropriate.

Effects of trivalent cations on LVA and
HVA activation

The effects of trivalent cations were tested both intracel-
lularly (La%*) or extracellularly (Fe**), either in neurons

or in N1 cells. We used Fe3* for extracellular additions
because, at difference with La**, Fe3* turned out to be
ineffective on these channels.

Intracellular 0.5 mM La>* produced a shift of —5.4 +
0.7 mV (mean application time = 10 min; » = 8) in the
activation of the HVA currents. These results are not in
agreement with our estimates of o, (1/1,325 + 360 eA~2)
which lead to predict no shift in the presence of trivalent
cations (see Fig. 3).

Extracellular 0.5 mM Fe** produced no measurable
effect on neuron HVA currents, at [c*], = 150 mM, and
only2.1 +0.2and 2.6 + 0.2 mV when tested at {[c*], = 70
and 40 mM, respectively.

Activation curves of LVA currents in N1 cells were
not affected by Fe**, even when applied at [¢*], = 30
mM in divalent free solutions (n = 5). On the contrary,
the extracellular charge density previously estimated (1/
375 + 50 eA~2) leads to predict shifts around 8-10 mV at
[¢*], = 30 mM (Fig. 3).

These results are in keeping with previous indications
that the effects of trivalent cations are largely unpredict-
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TABLE2 Time constants (ms) of LVA Cs* currents in rat
sensory neurons, at various [c *], (see text, errors were
derived from the fitting procedure)

[c*]o

150 mM 150 mM 60 mM 60 mM
Voltage (mV) Tm Th T Th
—100 142+09 9125
-90 18.7 £ 1.1 38+ 1.7
—-80 9.1+ 5 120+4 102+ 9 30+1.3
-70 102+ .7 64 +3 61+ 4 28+2
-60 85+ 9 34+ 31+ 2 302
-50 521 29+ 1.6 19+ 2 30+£15
-40 33+ 5 31£23

able on the basis of the Gouy-Chapman theory (Takata
et al., 1966; Vogel, 1974; Arhem, 1980; Brismar, 1980;
Neumcke and Stimpfli, 1984; Armstrong and Cota,
1990).

CLOSING REMARKS

The experimental approach used in this study turned out
to be suitable to estimate the density charge around cal-
cium channels on both sides of the plasma membrane.
The main merit of this approach is that intra- and extra-
cellular measurements were obtained for the same type
of channel and by means of an unique technical proce-
dure leading to an evaluation of the ratio of charge den-
sity on both membrane sides, that crucially affects the
channel behavior.

Previous measurements of the charge density of the
external surface (s, ) provided a quite large range of val-
ues, with no apparent correlation of species, tissue or
even channel type.

In fact, studies on potassium channels gave estimates
varying from 1/64 to 1/600 eA~2 in a broad spectrum of
species (Mozhayeva and Naumov, 1970; Begenisich,
1975; Kell and DeFelice, 1988; Gilbert and Ehrenstein,
1969; Schauf, 1975; Carbone et al., 1978), while 1/70-1/
588 eA2 is the reported range for Na* channels (Kos-
tyuk et al., 1982; Brismar, 1973; Drouin and Neumcke,
1974; Vogel, 1974; Hille et al., 1975; Begenisich, 1975).

Experiments on calcium channels provided values
around 1/250 eA~2 in mammalian heart ventricles (Kass
and Krafte, 1987), 1/500 eA~2 in the frog muscle (Cota
and Stefani, 1984), 1/434 eA~2 in mollusc neurons (Kos-
tyuk et al., 1982) and 1/80 eA~2 in the tunicate oocyte
and snail neuron membrane (Ohmori and Yoshii, 1977;
Wilson et al., 1983).

The only studies we know concerning the internal sur-
face charge (g;) were performed on the Na channel in the
squid axon. By using an approach very similar to ours,
Chandler et al. (1965) estimated o; = 1/740 eA~2, while
data derived under different experimental conditions of-
fered values in the range 1/300-1/1,000 eA~2 (Begeni-

sich and Lynch, 1974; Wanke et al., 1979; Carbone et al.,
1981; Perozo and Bezanilla, 1990).

One of the main points to emerge from our study is the
substantial similarity between ¢, and ¢; in DRG neu-
rons, both ~1/1,000 eA~2. This finding is rather surpris-
ing in view of the widely accepted tenet that the cytoplas-
mic face of the plasma membrane is less charged than
the outer face (Hille, 1991). Although it seems difficult to
attribute any biological meaning to this finding without
knowing the screening power and binding properties of
physiological media, the equivalence of ¢; and ¢, could
suggest an equivalence of the surface electrostatic poten-
tial on both sides of the membrane.

In neuroblastoma cells ¢; resulted very low (<1/9,500
eA~2) not only as compared to that measured in neurons
but also as compared to o, (1/385) of the same cell. The
latter value, although within the range reported for nor-
mal cells is three fold higher than in sensory neurons. It
follows that in N1 cells the ratio o./g; ~25, clearly far
from that found for neurons.

Without the use of chemical reagents to specific
charged groups it is not easy to discriminate between
charges located on the channel protein and those on
membrane portion surrounding the channel. For exam-
ple, it is known that voltage-dependent channels possess
extensive sugar domains of which a large fraction corre-
sponds to sialic acid residues (Catterall, 1986). Their
probable location on the external surface of the channel
could influence the gating machinery and this is testable
with aid of neuraminidase which specifically cleaves the
sialic acid residues (Recio-Pinto et al., 1990).

Species difference as well as the long-term adapta-
tion in culture of N1 cells, as compared to neurons,
makes it difficult to attribute the surface charge pecu-
liarity of neuroblastoma cells to the acquisition of the
malignant phenotype. However this remarkable feature
is certainly worth further exploration in a more appro-
priate model, such as neuroblastoma cells before and
after differentiating treatments, or in sensory neurons
immortalized and/or transformed by transfection with
oncogenes.
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