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Extrusion of Calcium from a Single Isolated Neuron of the Snail Helix pomatia
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Swmmary. Simultaneous optical measurements of extra- and in-

tracellular Ca*~ concentrations were carried out on isolated snail

neurons injected iontophoretically with Ca?*. The fluorescent
indicator Fura-2 was used to measure intracellular concentration
of free Ca, and the absorbant indicator Antipyrylazo III to mea-
sure changes in extracellular calcium concentration in the micro-
chamber containing the cell. The velocity of Ca’* extrusion from
a single cell has been shown to be in accordance with the level of
free Ca in the neuronal cytoplasm. After an increase in intracellu-
lar free Ca by iontophoretic injection from a microeletrode to
0.2-0.5 uM, the velocity of Ca’* extrusion from the neuron was
approximately 0.3-4.6 uM/sec per cell volume. During caffeine-
induced calcium-dependent calcium release of Ca’* from intracel-
lular stores a stimulation of calcium extrusion took place, reach-
ing the velocity of 5.0 um/sec per cell volume.
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Introduction

Calcium tons are the most universal secondary mes-
sengers, and changes in their intracellular concen-
tration trigger a whole spectrum of cellular re-
sponses to external stimuli (Berridge & Irvine,
1989). Considerable progress has been achieved dur-
ing recent years in the development of experimental
methods for direct determination of the level of free
calcium in the cytoplasm; most important was the
synthesis by Tsien and coworkers of fluorescent cal-
cium probes Fura-2, Indo-1, etc. (Grinkiewicz, Poe-
nie & Tsien, 1985).

The methods for measurements of calcium ex-
trusion from cells are much less developed. Usually
only relatively slow extrusion processes from multi-
cellular preparations or proteoliposomes are studied
directly using radioisotope techniques (Dawson &
Comerford, 1989). Therefore, we made an attempt
to develop a system which would enable measure-
ment of calcium efflux from a single cell over a wide
time range, and used this system for a comparison

between changes in intracellular free calcium level
and rate of calcium extrusion from the cell.

Materials and Methods

For the measurements of calcium extrusion we used a micro-
chamber with the volume of extracellular solution of about 4-7
nl; this volume was approximately ten times greater than that
of the cell. The microchamber (Fig. 1) was, in fact, a drop of
hemispheric form with a radius of 110-140 um. The drop was
formed on siliconized (Silicon solution, Serva) glass using a set
of special plastic micropipettes. An isolated snail neuron with
diameter of 100-120 um was put into the center of the drop.
Then the drop, containing the cell, was covered with a layer
of nonfluorescent oil to avoid evaporation of the extracellular
solution. Methods of neuronal isolation and loading with Fura-2
indicator are described in our previous papers (Tepikin, Belan &
Mironov, 1987; Kostyuk et al., 1989).

The extracellular solution contained (in mm): 1 CaCl,, 6
Antipyrylazo 11, 1 MgCl,, 5 KCI, 35 TrisCl, 100 NaCl. Under
these conditions the free calcium concentration in the extracellu-
lar solution was about 50 M, which is approximately one to two
orders of magnitude above the level of free Ca in the cytoplasm
of the cell. The records of Antipyrylazo III absorbance were
carried out at two wavelengths (710 and 780 nm). Changes in
extracellular calcium concentration were obtained from the Anti-
pyrylazo III differential absorbance signals (details about the
indicator properties can be found in Scarpa, Brinley & Dubyak,
1978; Blinks, et al., 1982; Pizarro, Cleemann & Morad, 1987),
and details concerning the procedure of estimations of the extra-
cellular calcium concentration and calibration experiments have
already been described in our previous paper (Tepikin, Snitsarev
& Belan, 1990). The spectral range, in which absorbance measure-
ments were carried out, is far from the emission and fluorescence
maxima of Fura-2; thus, we managed to make simultaneous mea-
surements of the extra- ([Cal,,) and intracellular ([Ca’~};,) cal-
cium concentrations.

The experiments were performed with iontophoretic Ca’~in-
Jection under microelectrode voltage clamp; for this purpose we
used a three-barre! intracellular microelectrode (see Fig. 1) (de-
tails concerning iontophoretic injection can be found in Kostyuk
etal., 1989). A second microelectrode, introduced into the extra-
cellular solution in the drop and filled with 2.5 M KCI, was used
as the reference one (Fig. 1); it had a resistance of 3-5 MQ.
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Fig. 1. Microchamber: (/) glass plate; (2) silicon layer; (3) neu-
ron; (4) extracellular solution; (5) nonfluorescent oil; (6) three-
barrel microelectrode with barrels: (A and B) filled with 2.5 m
KClI for voltage clamp and (C) filled with 0.2 M Ca- Cl, for Ca’*
injection; (7) reference microelectrode with 2.5 M KCI.

Results

During injection, the intracellular concentration of
free Ca increased, and immediately after the end of
the injection it started to return toward the baseline
(Fig. 24). The extracellular calcium concentration
also started to increase during the injection and
reached a steady level within a few minutes after its
end (Fig. 2B). The velocity of calcium extrusion was
calculated as the derivative of extracellular calcium
concentration changes multiplied by the relation of
the drop volume to the cell volume: V = (d[Cal,,/d?)
-(V/V.) (Fig. 2c). The dependence of the velocity of
calcium extrusion on time was similar to the depen-
dence on time of the intracellular level of free Ca
(compare curves A and C of Fig. 2).

In the experiments described, the holding po-
tential was maintained between —45 and —50 mV,
which was close to the resting potential level.
During injection, a small outward current, less than
1 nA, was sometimes recorded; after the end of
injection this current decreased gradually (see Fig.
2D).

During prolonged increase of the level of free
Ca in the neuron by means of iontophoretic injec-
tion, the velocity of calcium extrusion stabilized and
essentially did not change for a long time (Fig. 3).
The stabilized velocity of calcium extrusion in this
case was about 0.7 uM/sec per cell volume. In the
same cell, maintaining the intracellular Ca?* concen-
tration at a higher level (0.76 uM) resulted in a higher
velocity of extrusion (1.9 um/sec per cell volume).
Analogous values of extrusion rate (0.3-4.6 um/sec
per cell volume; n = 10) were obtained on other
cells with changes in free Ca?" in the physiological
range (0.2-0.5 um).

If the intracellular level of free Ca was main-
tained at a constant level by means of constant ionto-
phoretic injection from the microelectrode, the ve-
locity of calcium extrusion became stabilized during
the whole period of injection. This velocity was di-
rectly related to the elevated level of intracellular
calcium (in the range of [Ca®*];, between 0.1 and 0.5
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4M), as can be seen from examples presented in Fig.
4,

The system was used also for an attempt
to determine the fate of calcium released from
intracellular stores in the neuron. A well-known
activator of calcium release is caffeine (Palade,
1987a, b; Kostyuk et al., 1989). Added to the
extracellular solution at a concentration of 5 mm
(by replacement of an equivalent amount of NaCl),
caffeine by itself did not evoke spontaneous cal-
cium release. However, if in parallel calcium has
been injected into the cell iontophoretically, an
additional calcium transient appeared, sometimes
after termination of the injection (Fig. 5). As the
[Ca],,, was kept at a quite low level, such transients
could occur only from release of ions from intracel-
lular stores. In parallel with such a transient, a
rapid rise of calcium extrusion occurred (Fig. 5).
After the return of [Ca’’], to the base level,
extracellular calcium stabilized at a higher level as
compared to the level before injection. These data
indicate that a Ca-dependent caffeine-induced re-
lease of Ca®" from intracellular stores induces
extrusion of Ca’?* from the neuron into the extra-
cellular space, and the velocity of such extrusion
can be quite high (up to 5.0 um/sec per cell
volume). During the whole period of caffeine-
triggered release the neuron could lose a consider-
able amount of (50-100 um; n = 5) of stored
calcium.

Discussion

The stabilized Ca’* extrusion rate estimated in our
experiments corresponds to the extrusion rate calcu-
lated for snail neurons indirectly by Hermann and
Hartung (1982). However, the system atlowed us
also to determine the kinetics of such extrusion over
a wide time range; on the other hand, its disadvan-
tage is that the small droplet surrounding the cell
cannot easily be changed. The direct comparison of
the intracellular concentrations of calcium ions and
calcium flux through the membrane has shown that
at physiological changes of [Ca’* ], (0.1-0.5 uM) the
extrusion rate of calcium in snail neuron is depen-
dent on [Ca?*],, (Figs. 2 and 4).

Since the absolute values of the transport num-
ber for calcium in calcium-injecting microelectrodes
varied considerably (from 2 to 8%), it was difficult
to estimate precisely the relation between the
amounts of injected calcium ions absorbed by intra-
cellular depots and extruded from the neuron. An
approximate comparison indicates that at least 30%
of Ca*>" injected during constant iontophoresis is
extruded into the extracellular solution, and the rest



A.V. Tepikin et al.: Ca Extrusion from Snail Neuron

45

Fig. 2. Short injection of Ca’* into a neuron: (4)
concentrations of free Ca in the cytoplasm; (B)
changes in extracellular calcium concentration; (C)
rate of calcium extrusion (calculated from B); (D)
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may be immobilized inside the cell. It should be
mentioned that all experiments were carried out at
quite low concentration of free extracellular calcium
(about 0.5 x 107* M, owing to the strong buffer
ability of Antipyrylazo III to bind calcium ions), and
this may result in an increased velocity of calcium
extrusion from the neuron in comparison with the
normal extracellular solution.

The new technique also produced an opportu-
nity to follow the transitions of calcium ions released
from intracellular stores during the combined action
of caffeine and injected Ca’". In this case the low
concentration of Ca’* in the extracellular solution
was of great advantage as the intracellular stores
were practically the only source of the elevation of
intracellular calcium level (all experiments, in which
we tried to elevate [Ca’T],, owing to Ca influx from
the extracellular solution, failed). During caffeine-

transmembrane current. The open bar indicates the
period of the injection of Ca?*. Volume of the
neuron V. was 0.5 nl; volume of the extracellular
solution V,was 5 nl; the injection current was 15 nA;
the membrane potential was —50 mV. In this figure
and others Al/I shows the relative changes of
absorbance signals at A = 710 nm

induced calcium-dependent calcium release, the cell
lost a considerable amount of its calcium (up to 100
M), obviously due to a remarkable increase in the
velocity of extrusion from the cell (up to 5.0 uMm/sec
per cell volume).

It has been shown by several authors that under
the action of caffeine periodic oscillations of [Ca?*],,
may start in nerve cells (Lipscombe et al., 1988;
Kostyuk et al., 1989). Now it is possible to estimate
the amount of Ca’>* that has to enter the neuron in
order to support such oscillations. Their period in
Helix pomatia neurons was usually about 100 sec
(Kostyuk et al., 1989). As shown above, the neuron
lost from 50 to 100 um of Ca during one caffeine-
induced Ca-dependent Ca release, which may be
considered as one period of such oscillations. On
dividing the amount of lost Ca by the period of oscil-
lations, we can obtain the average calcium influx
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Fig. 4. Changes in extracellular calcium concentration caused by intracellular iontophoretic calcium injections of different intensities.
Maximum velocities of calcium extrusion are 4.6, 1.8 and 1.5 uM/sec for the upper, middle, and lower traces, respectively, and
corresponded to injection currents of 35, 15, and 10 nA. Values of deviation from the basal level of [Ca’*], (0.3 uM) are shown near
the traces. Open bars indicate the periods of Ca’* injection. The membrane potential was —45 mV
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Fig. 5. Caffeine-induced calcium-dependent calcium release. The
release is developing due to intracellular Ca?* injection. Open bar
indicates the period of Ca’* injection. The upper trace shows
changes in [Ca’*];,, the lower one, changes in extracellular cal-
cium. The extracellular concentration of caffeine was 5 mm.
The injection current was 30 nA; the membrane potential was
—45 mV

rate. Thus, an influx of Ca’* of about 0.5-1 um/sec
per cell volume must be necessary to support the
stability of such oscillatory behavior.
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