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We report the measurement of a Ca,-activated membrane current in dialyzed squid axon under membrane petential
control with a low-neise voltage clamp. Two additional voltage clamp systems were used to clamp the external guard
plates to a value that prevented the establishment of potential differences between the central and lateral compartments
of the experimental chamber. This reduced to a minimum the contribution of membrane currents generated at the axon
ends to the current measured in the central pool. This latter current was reduced by using internal and external
solutions designed to diminish at a maximum membrane currents, while maintaining the conditions ‘or optimal
operation of the Na*-Ca?* exchange. Thus TTX was used to block Na* channels and profonged exposure to K *-free
media was used to eliminate K* conductance, The maximum concentration of external sodium was 200 mM. The
addition of fixed amounts of free ionic calcium to the internal solution, activated a cwrent whose direction and
magnitude depended on the thermodynamic driving forces for calcium and sodium. When the experimental conditions
determined an inwardly directed current, this depended on the presence of external sodium, and lithium could not
substitute for it. The Caactivated current, was blocked by external lanthanum and showed a high temperature
dependence. In experiments in which the reversal potential was measured for the Ca,- activated current, it was found to
be serikingly similar to the value calculated according to E,. = 3Ey, — 2E,, suggesting that the current is the electrical

manifestation of the Na*.Ca?* exchange operating with an stoichiometry of 3Na*: 1Ca®*.

Introduction

In all animal cells, the existence of a steep electro-
chemical gradient favoring the inward movement of
calcium ions requires compensatory mechanisms to
maintain the long term calcium balance. In addition
many cells require sudden and transient increases in the
intracellular ionized calcium concentration for their
physiological functions [1}. There is substantial evidence
indicating that the Na*-Ca’* exchange mechanism may
contribute to both these homeostatic and loading re-
quirements for calcium ions [2].

Since the work of Blaustein and Hodgkin [3], it has
been recognized that the Na®-Ca’* exchange mecha-
nism in squid giant axons must operate moving more
than two sodium ions for each Ca®* transported across
the membrane in order to maintain the intracellular
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calcium concentration at levels below 1 pM. However
the precise exchange stoichiometry in squid axons is still
lacking; for instance Mullins [2], based on theoretical
calculation has proposed a 4Na™* : 1Ca* stoichiometry,
while Biaustein [4] determination of Hill’s coefficient is
more compatible with a 3Na* :1Ca?* scheme. In any
case, assuming a stoichiometry greater than
2Na* :1Ca®* each transport cycle moving one or more
positive charge across the membrane, should generate
an electric current whose magnitude and direction
should be determined by the sodium and calcium elec-
trochemical gradients. Eisner and Lederer {5] have
clearly pointed out the theoretical difficulties for mak-
ing reasonable predictions about the magnitude of this
current without precise information about the factors
involved in the exchange mechanism or without direct
measurements. The experimental identification and pre-
cise measurements of such a current have been hindered
by the presence of other ionic currents, including in
some preparations a calcium-activated non specific cur-
reat [6] and by the lack of a specific inhibitor of the
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sodium-calcium exchange mechanism. One preparation
that has yielded a great amount of quantitative informa-
tion about the Na*-Ca*2* exchange, including its volt-
age sensitivity, is the giant axon of the squid {4,7,8.9].
However, no direct measurements of membrane cur-
rents associated with the exchange mechanism in this
preparation had been carried out. In this work we
describe 2 membrane current in the squid axon, that is
activated by intracellular calcium and is dependent on
the presence of sodium ions. We also report the poten-
tial dependence of this current and its reversal value.
The data strongly suggest that in squid axon the Na*-
Ca?* exchange operates with a stoichiometry of
3Na* :1Ca®* confirming the results obtained with other
preparations [10-12). Preliminary reports of this work
have been presented elsewhere [13-15].
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Methods

The experiments were carried out with giant axons
from Loligo pealei at the Marine Biological Laboratory.
Woods Hole, MA. Immediately after decapitation of
the squid, the giant axons were dissected from the
mantle in running seawater, and further cleaned in
chilled artificial seawater (ASW),

Experimental chamber

The ex; 2rimental chamber was a modification of one
previousl used [9]. It contained the essential features
for voltage clamping axcons segments under internal
dialysis conditions {see Fig. 1). The length of the cur-
rent measuring segment was reduced in order to im-
prove clamping conditions. In addition, the guard cur-
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Fig. 1. Schematic diagram of the experimental arrangement showing the axon positioned in the chamber, The guards (LG and RG) are kept at the
same potential of the central region (MC) by means of two auxiliary voltage clamp circuits (GCL and GCR) using voltage measuring electrodes
EER, EEC and EEL and injecting currents through the external plates. The axial wire (AW) is positioned inside the dialysis capillary (DC) which is
inserted in the axon, The dialysis solution (SI) in inserted into the dialysis capillary through a two-way valve that allows the change of solution. The
internal electrode (IE) is positioned with its tip in the the central region to measure the internal potential (¥,). The regular voltage clamp to keep
control the potential of the center region (not pictured) is done comparing the difference between the internal potential (¥) and the external
potential (¥,) with the command potential and feedirg back the current through the axial wire (AW) Membrane current ([,) is measured with a
current to voltage converter. AG zare the air gaps.
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rent compartments were designed to allow clamping of
the current plates to maintain uniformity in the poten-
tial and prevent longitudinsl current flow. This is espe-
cially important in these experiments because long peri-
ods of sustained current passing tends to polarize the
axial wire and decrease space clamp effectiveness. In
fact, without the use of the guard clamp the apparent
membrane resistance is very small because the ends
contaminate the measurement of the current in the
center region. The guard clamp was implemented by
measuring the potential with external electrodes (EEL,
EER, EEC) which consisted of Ag-AgCl pellets con-
nected to agar bridges filled with 3 M KCI and the
difference between the electrodes was maintained close
to zero by injecting current through the platinized
platinum plates of the chamber. A similar system has
been implemented and described in detail by Rakowski
[16].

The axon was threaded through holes in the chamber
which contained two ends walls, two air gaps (AG in
Fig. 1) and two insulated partitions to separate the
guards (LG and RG) from the central region (MC). The
walls of the partitions were sealed with white petroleum
jelly. The dialysis capillary was directly mounted on a
valve that allowed the solution change and it contained
a black platinized platinum wire to pass current (AW).
The internal electrode was made of a 50 to 60 pm glass
capillary filled with 0.6 M KCl and the electrical con-
tact was made with a Ag-AgCl pellet. The internal
electrode did not contain a floating wire to improve
stability. This forced us to slow down the feedback loop
to maintain stability of the voltage clamp.

Solutions

The solutions were designed to minimize all the ionic
currents except the currents produced by the sodium-
calcium exchanger.

The external medium contained (in mN): Na*, 200
or 0; N-methylglucamine (NMG), 220 or 420; Ca?*,
10; Mg?*, 50; Tris-Mops, 10; cyanide, 1; tetrcdotoxin
(TTX) 0.6 uM (pH 7.8). In some experiments 20 mM of
NMG was substituted for tetraethylammonium ion
(TEA). The anion was chloride in most of the experi-
ments, and in the early experiments it was nitrate. We
found no significant difference in the results. The inter-
nal medium contained (in mM): Na*, 200, 10 or 0;
TEA, 100; Mg?*, 2; EGTA, 1; Tris-Mops, 20 (pH 7.4)
and glycine variable to adjust osmolality to 1000
mosmol /kg watcr. The anion was aspartate.

Junction potentials were measured and found to be
smaller than 6 mV, consequently records are not cor-
rected for junction potentials. Experiments were done
between 18 and 20°C.

Results

Membrane currents activated by internal calcium (Ca,)

In order to demonstrate the presence of a membrane
current flowing as a consequence of the operation of the
sodium-calcium exchange, we chose to add ionized
caleium (50 to 500 pM) as the most suitable alternative.
It has been shown that intracellular calcium is required
not only for the forward mode of the exchange, but also
acts as essential activator for the reverse mode [10,17].
The possibility of maneuvering the extracellular con-
centration of sodium was explored in some experiments,
using lithium as a substitute. However, we observed
large partially transitory current changes when these
ionic substitution were made in the absence of intracell-
ular cafcium. Changes in external calcium concentration
were not even considered, for possible deleterious ef-
fects on the axon membrane under voltage clamp condi-
tions.

Thus the first set of experiments was carried out to
demonstrate the existence of a Ca-activated membrane
current under different experimental conditions. Fig. 2
shows the membrane current of an axon predialyzed
with an internal solution containing 20 mM sodium, no
potassium and containing no added calcium and 1 mM
EGTA to have a free ionic calcium concentration smaller
than :(~% M, while being exposed to an external solu-
tica containing 200 mM sodium and 10 mM calcium.
The current trace in the figure started about 40 min
after the beginning of the dialysis, and the membrane
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Fig. 2. Effect of raising the intracellular free ionized calcium on the
membrane current of a dialyzed squid axon, voltage clamped at —10
mV. Before adding calcium, the axon had been predialyzed with a
solution containing 20 mM Na*, no K* and 1-mM EGTA, and
exposed to a solution containing 200 mM Na*, 10 Ca**, and no K™,
Under these conditions the membrane potential reached a value of
about — 10 mV after 40 min of dialysis, than the axon was clamped at
this same value and the membrane current trace was started. Addition
of 200 pM of free calcium activates an inwardly directed current. The
insert shows the expected direction of the current resulting from the
operation of the Na*-Ca?* exchange under these experimental con-
ditions.
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Fig. 3. Effect of sodium on the Ca-activated membrane current. The
experiment was similar to that of Fig. 2, except that the internal
dialysis medium contained no Na™. In the first part of the experi-
ment, addition of 200 uM calcium in the presence of 200 mM external
sodium, induced current activation. After abolishing this effect by
internal calcium removal, the external solution was substituted by one
containing no Na* and 200 mM Li". This caused large current
fluctuations, not showr. in the figure. Under the new conditions,
addition of internal calcium fails tc activate any current,

potential had decayed to —10 mV, which was the same
value at which the axon membrane was held. Under
these conditions, addition to the dialysis medium of 1.2
mM calcium to obtain 200 M free ionic calcium causes
an inward cutrent to develop after a delay of approxim.
13 min. This peried is compatible with the diffusion
time for calcium from the dialysis capillary to the
membrane, obtained in experiments in which calcium
efflux was measured. The figure also shows that the
Ca,-activated current decays promptly after elimination
of calcium from the internal solution, since in this case
caicium disappearance from the axoplasm is aided by
EGTA chelation.

The experiment of Fig. 3 was designed to explore the
sodium dependence of the calcium-activated membrane
current. In the first part of the experiment the internal
solution contained no sodium, and after internal calcium
addition an inwardly directed current developed, indi-
cating that internal sodium is not required for such an
effect. After reversing the calcium-activated current with
Ca2*-free internal solution, the external solution was
changed for one containing 200 mM lithium and no
sodium. After the large current changes caused by this
substitution had subsided addition of internal ca’~ium
caused no effect, demonstrating that the flow of the
Ca;-activated inward current is dependent on the pres-
ence of external sodium. An important point of this
experiment is the absence of non-specific ionic conduc-
tances activated by the addition of intraceliular calcium,
in contrast to the results obtained in other preparations
[6]). Experiments similar to those shown in Figs. 2 and 3
showed that in the presence of external (1 or 2 mM)
lanthanum ions addition of intracellular calcium failed
to activate the current. In other experiments yet, it was
found that 200 pM barium could not substitute for
calcium in the activation or maintenance of this current.
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Fig. 4. Effect of reversed sodium gradients on the Ca-activated
membrane current. [n this experiment, the external solution contained
no sodium, while the dialysis mediusi contained 200 mM Na ™. Under
these conditions. as it is shown in the insert, the sodium calcium
operation should produce an outwardly directed current, that is
observed after adding calcium to the dialysis medium; in this case
calcium acts as ‘essential activator’ of the exchange.

Finally in other experiments it was found that the
Caj-activated current was highly temperature depen-
dent, since decreasing the temperature from 20 to 16°C
reduced the current by 50 and 40% in two different
axons.

In the previcus experiments the sodium gradient
favoured the enirv of sodium in exchange for intracellu-
lar calcium, Other experiments were carried out in-
verung or abolishing the sodium gradient. Fig. 4 shows
an experiment in which the external and internal solu-
tion contained " and 200 mM sodium, respectively,
Upon addition f internal ionized calcium, an out-
wardly directed urrent developed, with the same time

TABLE I
Ca,-activated membrane currents

Sodium gradient dependence, M.P., membrane potential.

Axon  Diam. MP. R, [Nal, [Nal, [Cal; I,
(pm) (mV) (k& (mM) (mM) (mM) (nA/

cm?) cm?)
Jn0%6A 480 -10 72 200 20 0.20 —-813
Jnl06A 480 -1 23 200 200 020 -1033
Jnl26A 560 -10 168 200 20 02 -728
In126B 600 -18 8.2 o 200 0.20 +235
Inl96A 460 =15 58 0 200 9.20 + 500
Jn246D 460 =25 28 0 200 0.20 +216
Jn256A 520 -10 17 ¢ 0 0.60 1}
Jn256B 640 -1 9 0 200 0.60 +350
In286A 450 -18 157 200 200 0.25 - 357
My227B - -5 83 200 20 0.20 —1206
My247A 500 -7 285 200 3] 0.20 +63
My267A 500 -8 40 200 20 02 - 660
My277A 550 -1 83 200 20 0,20 -330
My287A 550 -9 275 200 20 013 —448
My307A 600 -12 90 200 0 013 +461
Jn027A 500 -17 500 20 200 0.20 +240
Jn037A 600 -6 413 200 20 0.40 —570
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course as observed in the previous described experi-
ments. In the absence of a sodium gradient addition of
internal calcium caused very small or no currents at all.
The results of different experiments in which sodium
gradients were varied are summarized in Table L

Reversal potential of the Ca-activated current

A set of cxperiments was carried out to determine
the reversal potential of the Ca;-activated membrane
current in the presence of different sodium gradients.
The experiments were similar to those shown in the
previous section, except that voltage clamp pulses were
applied before, during and immediately after the cur-
rent activation by intracellular calcium. Fig. 5 shows
some results obtained in one such experiment. In each
set of records superimposed traces of membrane cur-
rents obtained in the presence of internal calcium and
in its absence, after the Ca-activated current had disap-
peared, and their subtraction are shown together with
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the magnitude of the respective voltage clamp puise.
The subtracted traces, giving the current difference are
shown at higher amplification. Fig. 6 shows plots of the
current-voltage relationship obtained in the same ex-
periment of Fig. 5. In the graph, the triangles represent
the currents obtained in the presence and the circles
those obtained in the absence of intracellular calcium.
In this experiment the internal and external sodium
concentrations were 60 and 200 mM, respectively, and
assuming a 3Na+:1Ca?" stoichiometry a reversal poten-
tial E, = 3Ey, ~ 2E¢, of —6 mV can be calculated. The
two lines in the figure appear to cross each other at
about —13 mV, which is strikingly near the value
calculated for a 3Na* :1Ca** stoichiometry. It is im-
portant to note that the experimental value obtained for
the reversal potential of this current is substantially
different from the value of the sodium equilibrium
potential for the conditions of this experiment, +31
mV. Fig. 7 shows the results of another similar experi-
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Fig. 5. Membrape current records obtained with voltage clamp pulses in the presence and absence of internal calcium, and the Ca;-activated

current obtained by subtracting them. The raw current records appear at the left of each set, and are shown at less

lification. The bers

L

indicate the magnitude and polarity of the voltage clamp pulse.
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Fig. 6. Current-voltage relationships obtained in the presence (:an-

gles) and in the absence (circles) of internal calcium, in an experiment

similar to that shown in Fig. 5. The current values used in the graph

were obtained at the trailing edge of the pulse. The arrows point to

the theoretical reversal potentials for stoichiometries of n=1, n=2

and n =4, where n is the number of sodium ions exchanging for one
calcium ion.

ment, in which the internal and external sodium con-
centrations were 20 and 200 mM, respectively. In the
graph the difference current has been plotted against
the membrane potential, after correction for the basal
Ca;-activated current. The reversal value for the current
in this case is +69 mV, while the theoretical value
calculated according to 3= Ey, —2Ec, was +65 mV.
The results of these and other similar experiments are
shown in Table II. The table indicates that in all the
experiments performed the experimental values ob-
tained for the reversal potential of the current are rather
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Fig. 7. Current-voltage relationship obtained in one experiment after
subtracting the current record obtained in the absence of internal
calcium from the corresponding ones obtained in its presence. The
current in the graph corresponds 10 the Ca;-activated current, repre-
senting the result of the operation of the Na*-Ca?* exchange.
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TABLE 1I

Reversal potential of the Ca,-activated currents

Axon Experimental Calculated
(m¥) 3EN: —ZEC-‘A ENa

{mV) (mV)

NCMY247A -12 -6 +31

NCMY267B +74 +76 +59

NCMY277TA +55 +76 +59

NCMY287A +67 +65 +59

NCMY307A > +80 > +100

NCIN027A <~90 -273

NCJNO37A +78 +93 +59

similar to the values calculated assuming a 3
Na* : 1Ca’* stoichiometry, except for two cases in which
tk:e predicted potential values were beyond our experi-
mental testing possibilities. For comparative purposes
the values of the sodium equilibrium potential for each

experiment are also shown in Table II.
Discussion

Theoretical predictions about the direction and mag-
nitude of calcium fluxes due to the operation of the
sodium-calcium on exchauge system have been hindered
by the lack of detailed knowiedge of the stoichiometry
of the system and by its complexity {5). In fact, al-
though the direction of calcium fluxes depends on the
electrochemical gradients for sodium and calcium, their
magnitude depends also on the modulatory and, or
catalvtic function of several extracellular and intracellu-
lar higands including intracellular calcium {4, 7}. Thus,
although theoretical considerations and experimental
measurements have allowed different authors to reach
the conclusion that the sodium-calcium ion exchange
should work with a stoichiometry at least greater than
two sodium ions for each calcium ion [2,3], a mme
accurate prediction of the stoichiometry of the system
cancot be made urless precise experimental informa-
tion is available [5]. Recently, some works have ap-
peared reporting more accurate measurements of Na*-
Ca®* exchange currents and stoichiometry for retinal
rods [12] and cardiac myocytes [10]. In this work we
report the measurements of a calcium-activated, sodium
dependent membrane current and although the lack of a
specific inhibitor for this current is still an important
drawback, the characteristics of the current are such
that it can be considered the expression of the electro-
genic operation of sodium-calcium jon exchange. In fact
(a) the direction and magnitude of the current are
determined by the thermodynamic driving forces for
sodium and calcium; (b) the inward current activated
by calcium, requires external sodium, and lithium can-
not substitute for it; (c) the reversal potential of the
current is strikingly close to the value calculated accord-
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ing to E, = 3y, — 2E,,, and substantially different from
the calculated values for a stoichiometry of 4 sodium to
1 calctum, or for the plain sodium equilibrium potential.
These three points strongly indicate that this current is
due to the operation of the sodium-calcium ion ex-
change in both its modes of operation: the forward one,
by which intracellular caicium is exchanged for
extracellular sodium, that produces an inwardly directed
current, and the reverse mode, by which intracellular
sodium is exchanged for extracellular calcium, and that
is associated with an outwardly directed current. Con-
sidering the experimental conditions under which these
results have been obtained, it is unlikely that a non-
specific current, activated by intracellular calcium would
Sehave in a similar way. It is then a fortunate cir-
cumstance that no such non-specific current is evident
in squid axons under these conditions. Other important
characteristics of the current, that are in agreement with
independent observations related wii: Na*-Ca?* ex-
change are that (1) it requires internal calcium as a
catalytic factor for the reverse mode of operation of thc
sodium-calcium ion exchange [10,17]; (2) during a volt-
age clamp pulse it is activated very rapidly, in agree-
ment with the results obtained in experiments in which
the forward mode of operation of the Na*-CaZ* ex-
change was studied under voltage clamp conditions [9];
(3) the current is blocked by external lanthanum; (4) the
current is not activated by barium, and finally (5) the
current shows a high temperature dependence.

In conclusion, the Ca;-activated current reported in
this work, can bz interpreted as the electrical manifesta-
tion of the sodium-calcium ion exchange operating with
a stoichiometry of 3Na™ : 1Ca®",
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