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ABSTRACT We investigated whether transient step reductions in divalent cations would produce detectable changes in
neuronal excitability similar to those reported in the total absence of divalent cations. Using cultured chick dorsal root
ganglion cells as a model system, our results indicate that a step reduction in divalent cations induces a transient inward
current. This response is mediated by a tetrodotoxin-resistant, Na*-permeable, cation channel that is blocked by
cadmium. This, and our observation that the response is abolished by verapamil, suggests that the current passes
through calcium channels. This transient inward current was estimated to be activated by decreases in extracellular
calcium ({Ca?*],) as small as 0.5-0.8 mM and thus represents a different response from the one previously observed
when steady-state [Ca?*], levels were reduced to micromolar levels.

INTRODUCTION

Divalent cations play an important role in the regulation of
a wide variety of neuronal functions. Their absence in the
extracellular microenvironment causes alterations in the
selectivity of calcium channels in invertebrate neurons (1),
mammalian heart cells (2), and frog muscle fibers (3, 4).
Responses to certain neurotransmitters are also modified
(5, 6). Transient reductions in divalent cations, particu-
larly calcium, are known to occur in the vertebrate nervous
system during intense neuronal activity (7-9). Consider-
able evidence indicates that neurons in the mammalian
cortex possess voltage-dependent calcium currents (10—
12). It is possible that these currents would be altered by a
reduction in the levels of extracellular calcium ([Ca’*],).
Since the amplitude of calcium currents is related to the
level of [Ca®*],, it would seem that the decreases in [Ca?*],
observed during epileptiform interictal discharges would
reduce inward calcium currents. However, as noted above,
it has been reported that lowered [Ca’*], can have excita-
tory effects, due to an alteration in channel selectivity.

We now report that step decreases in [Ca’*],, of a
magnitude and time course similar to those typically seen
during enhanced neuronal activity (7-10, 13), result in
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activation of a transient inward current in avian dorsal root
ganglion cells.

MATERIALS AND METHODS

Whole-cell and single-channel currents from excised outside-out mem-
brane patches were recorded from cultured chick dorsal root ganglion
cells. Cells were obtained from 10-d-old embryos and maintained in
culture for 2-10 d prior to use (14). The techniques used for data
recording and analysis were as described previously (15, 16). Transient
step reductions in divalent cation levels were achieved by the pressure
application (1-3 psi) of solutions containing known concentrations of
divalent cations from single- or double-barreled micropipettes positioned
at distances of 5-20 um from the surface of the cells under study.
Ton-sensitive electrodes (7) were used to determine the concentration of
Ca®* at the surface of the cell after use of this pressure ejection
technique.

The cells were bathed in saline containing (in mM): NaCl, 140, KCl, 3;
CaCl,, 2; MgCl,, 2; glucose, 10; and HEPES, 10. The pipette solution
consisted of (in mM): CsCl, 120; tetraethylammonium chloride, 20;
CaCl,, 0.25; EGTA, 5; glucose, 10; and HEPES, 10. Divalent cation-
deficient solutions were made by omitting calcium and magnesium from
the extracellular saline. The pH of all solutions was adjusted to 7.3-7.4
with NaOH.

RESULTS AND DISCUSSION

The results of a typical experiment are shown in Fig. 1 A.
Pressure ejection of a solution containing 0 mM Ca** and 0
mM Mg?* produced an inward current. Application of a
solution identical to the extracellular bathing medium was
without effect in this neuron or in any of the additional
cells tested (n > 100). As shown in Fig. 1 B, the response
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Activation of whole-cell currents in chick dorsal root ganglion cells by pressure application of divalent cation-free solutions. The

duration of the application is indicated by the horizontal line in this and subsequent figures. (4) At a holding potential of —60 mV, there is no
response to pressure application of the bathing medium (control). When calcium and magnesium are omitted, pressure application evokes an
inward current that slowly declines (low calcium). (B) The amplitude and duration of the induced inward current increase as the pressure
pulse is prolonged. (C) Long-duration pressure applications evoke an inward current that declines during maintained ejections. (D) After the
record in C was taken, a calcium-sensitive microelectrode was placed at the surface of the cell. Pressure applications were made for the
durations (in ms) indicated. It can be seen that the level of calcium achieved by the pressure technique did not decline in a fashion similar to

the decline in ionic current observed in C.

was graded in nature, and the inward currents became
larger when the duration of the pressure pulse was
increased. This was presumably due to exposure of larger
portions of the neuronal membrane to the cation-deficient
solution and to a larger reduction of [Ca®*], (see Fig. 1 D).
Variations in the amplitude and rise time of the current
were seen among cells and appeared to depend on the
location of the pressure pipette and the size of the neuron.
After the position of the pipette had been adjusted, varia-
tions in responses in a given neuron were negligible if
ejections were made at intervals of 10 s or more. Maximum
currents ranged from 600 pA to 1 nA at a holding potential
of —60 mV.

Inward currents decayed within seconds, even though
the ejection was maintained, which suggests that the
inward current was transient in nature. To determine
whether this transience was due to a true time-dependent
decrease in the response (“inactivation™) or to a variation
in the levels of extracellular divalent cations caused by the
pressure technique, ion-sensitive electrodes were used to
measure these levels directly. Fig. 1 C shows the response
of a ganglion cell to long-duration applications of a divalent
cation-free solution. The duration of the inward current did
not vary while the pressure pulse was prolonged from 1 to 5
s. After these recordings were obtained, a calcium-sensitive
microelectrode was positioned just outside the cell, and the
pressure applications were repeated. It can be seen that the
duration of the recorded decrease in [Ca®*], was directly
related to the duration of the pressure pulse. The decline in
the change in [Ca®*], was also slower than that of the
transient current. The results of these experiments show
that the pressure-application method produces stable
reductions in [Ca®*], to levels of 50-60 uM calcium (Fig.
1 D). Furthermore, inward currents were typically pro-
duced by step-like applications of divalent cation-free
solutions for durations of 100-500 ms. Extrapolation from
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Fig. 1 D indicates that this would produce a drop in
[Ca®*], of ~0.5 mM. This response is therefore different
from the previously reported monovalent cation perme-
ation through calcium channels, which requires a steady-
state reduction of calcium to micromolar levels and is
voltage dependent (1-4).

Addition of tetrodotoxin (TTX) (1 ug/ml) to the bath-
ing and pressure-pipette solutions had no effect on the
ability to evoke an inward current with divalent cation-
deficient solutions. Application of solutions containing 4
mM Mg?* and 0 mM Ca?* produced responses that were
qualitatively similar to those obtained with divalent-free
solutions but greatly reduced in amplitude. Presumably,
the decreased responsiveness observed when magnesium
ions were present in the pipette was due to magnesium’s
calcium-antagonist properties (3, 17). Furthermore, in-
ward currents were not observed when the calcium antago-
nist cadmium (1 mM) was present in the bathing and
pipette solutions. The finding that inward currents could
still be elicited with 0 mM Ca?* and 4 mM Mg?* also
implies that a simple reduction in surface charge screening
cannot account for the activation of the inward current. In
fact, lowering the magnesium concentration alone did not
elicit the response.

The voltage sensitivity of the evoked inward current was
examined by applying constant-duration pressure pulses
while systematically varying the holding potential between
—100 and +80 mV. As can be seen in Fig. 2 A, response
amplitude was a linear function of membrane potential
over the range of —100 to — 10 mV. Response reversal was
never observed with use of our normal intracellular saline,
in which cesium is the major cation (Fig. 2 B). Since
internal cesium is relatively impermeant through calcium
channels (18), even under conditions where monovalent
cations are the charge carriers (17), experiments were
performed in which intracellular sodium was raised to 100
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FIGURE 2 (A) Voltage dependence of the inward current. The response of a dorsal root ganglion cell to a constant-duration application of
divalent cation-free saline was measured while the holding potential was systematically varied. When cesium was the major intracellular
cation, the amplitude of the response declined as the membrane potential was held at less negative values. However, as shown in B, the
response never reversed polarity. A similar experiment, in which 100 mM NaCl was substituted for CsCl (C), showed a clear reversal
potential near ¢ mV (D). (E) Tonic dependence of the inward current. Neurons were bathed in a medium in which choline chloride was
substituted for NaCl on an equimolar basis. No response to divalent cation-free solutions was observed in the absence of sodium (above).
When sodium was included in the pressure pipette (and therefore transiently replaced outside the cell), typical responses were obtained

(below).

mM by substituting NaCl for CsCl in the recording pipette
(Fig. 2 C). Under these conditions, a symmetrical response
reversal occurred at 0 mV (Fig. 2 D). This is close to the
reversal potential calculated from the Nernst relation.
These results indicate that removal of calcium ions acti-
vates an Na*-permeable cation channel. This interpreta-
tion is supported by the results of the ion-substitution
experiments shown in Fig. 2 E. Cultures were bathed in a
saline in which NaCl was completely replaced by choline
chloride. Pressure application of a divalent cation-free
solution in which choline had replaced sodium failed to
produce any response in the neurons tested (n = 15).
However, responses were obtained in these same neurons
when the pressure pipette contained sodium (Fig. 2 E).
Two calcium currents are known to be present in avian
dorsal root ganglion cells (19). It has been shown that the
organic calcium antagonist verapamil strongly depresses
the traditional, slowly inactivating, high-threshold calcium
current while sparing the fully inactivating calcium cur-
rent, which is activated at negative membrane potentials
(20). We therefore tested the effect of verapamil on the
transient inward current observed here. In these experi-
ments, drug- and divalent cation-deficient solutions were

applied from a multibarreled ejection pipette to ensure a
rapid and complete exchange of the medium bathing the
neuron (20). Using the ejection pipette, the induced cur-
rent was again noted to be transient in nature. At a
concentration of 100 uM, verapamil markedly reduced or
abolished (in a reversible manner) the response to divalent
cation-deficient solutions (Fig. 3 A4). Depolarizing step
commands given after the transient current had declined
produced no inward currents (Fig. 3 B). Since no calcium
chelating agents were used in these studies, it is estimated
that due to contamination of the reagents used, calcium
levels were in the range of 10-20 uM. The lack of
voltage-activated currents is thus in keeping with previous
reports that monovalent cation permeation through cal-
cium channels is blocked by [Ca®*], levels on the order of 1
uM (2, 4, 17). These results, together with the observation
that the current is TTX-resistant and blocked by cadmium,
indicate that the conventional, slowly inactivating, calcium
channel is most likely involved in the transient response.
The present results also imply that calcium channels can
assume another Na*-permeable state, different from that
described under steady-state conditions of extremely low
levels of [Ca?*],.
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FIGURE 3 (A) Effect of verapamil on the response to application of divalent cation-free saline from a perfusion pipette. (B) Whole-cell
currents in response to a voltage step of +40 mV from a holding potential of —60 mV. Middle trace was obtained after the transient inward
current had declined. (C) Unitary currents from an excised outside-out patch of membrane. The patch is quiet until pressure ejection of a
calcium-deficient solution produces openings of up to six channels. This activity declines over time until the patch again becomes quiescent.
Lower trace is a continuation of the upper record. Holding potential was — 70 mV, 1 kHz bandwidth. (D) Plot of single-channel amplitude asa
function of membrane potential from three patches. Channel amplitude was determined from Gaussian fits to amplitude histograms.

Single-channel conductance was 14 +1.5 pS.

Openings of single ionic channels could be seen in
outside-out membrane patches when divalent cation-free
solutions were applied. Such membrane patches displayed
little or no spontaneous activity until the divalent cation
concentration was altered. Pressure application of divalent
cation-free solutions caused a transient burst of channel
openings that declined over time (Fig. 3 C). Patches typi-
cally displayed activity from two to six channels, as judged
from the superimposition of equal-amplitude current steps.
This activity was weakly voltage dependent; the number of
channel openings and the response duration decreased as
the membrane potentials were made less negative. Chan-
nel-open time did not appear constant over the time course
of the response. Long open times predominated at the onset
of the response whereas shorter openings were more com-
mon at the end (see Fig. 3 C). The amplitude of single-
channel currents was voltage dependent, and, in the volt-
age range of —80 to 0 mV, the slope conductance (Fig.
3D)was 14 =1.5pS (n = 8).

Although [Ca?*], declines only slightly during normal
activity (13, 21), pathophysiological states such as epilepsy
and spreading depression are associated with marked
reductions in [Ca?*],. Interictal epileptiform discharges
are accompanied by decreases of 0.45 to 0.55 mM (8), and
decreases of up to 1.2 mM have been recorded during
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epileptic seizures (22). [Ca’*], levels decline to as low as
0.08 mM during spreading depression (23). The changes in
divalent cations that activated an inward current in the
present study were similar in time course and degree to
those occurring during these pathophysiological states.
This response, if present in central neurons, could contrib-
ute significantly to the membrane depolarization asso-
ciated with these conditions and could mediate excitation
of inactive neurons. Although it has been determined that
the observed inward current is generated by activation of a
cation-permeable ionic channel, the precise nature of the
channel is uncertain. Alternative possibilities include a
novel type of channel or a modified sodium or calcium
channel. External calcium ions have been shown to block
sodium channels in neuroblastoma cells (24). This sodium-
channel blockade was maximal at hyperpolarized levels
and caused a nonlinearity in the single-channel current-
voltage relationship. Such a mechanism is unlikely to
underlie the present results, since responses persisted in the
presence of TTX, and whole-cell and single-channel cur-
rent amplitudes were linearly related to membrane poten-
tial. Since voltage-dependent and calcium-activated potas-
sium channels were blocked in the present experiments, it
is unlikely that they contribute to the observed response.
The present findings in vertebrate sensory neurons indi-
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cate that step decreases in extracellular divalent cation
levels produce an inactivating inward current. The
response observed here differs from the voltage-dependent
sodium permeability that appears when [Ca®*], is reduced
with calcium chelators (1-4, 17). This transient current
could be elicited over a range of membrane potentials from
—100 to —20 mV, with little variation in time course.
Although the amplitude of the responses was smaller in
solutions containing 4 mM Mg?* and 0 mM Ca?*, the time
courses were similar. It is therefore unlikely that the
current is due to a direct effect of changes in surface
charge screening.

Activation of an inward current via cation reduction
occurred with relatively modest reductions in [Ca?*], and
was transient in nature. This current thus represents a
novel response to alterations in levels of [Ca®*],. It is
similar in several respects to an inward current seen in
response to rapid acidification of the surface membrane
(25). Although the pH was not varied here, it is still
possible that a common mechanism underlies these
responses. Our findings suggest that modified Ca’* chan-
nels are involved in the transient response. However, the
possibility remains that the current involves the flow of ions
through a novel type of channel. The properties of this
transient current make it a likely candidate for playing a
role in modifying the excitability of neuronal aggregates
during pathophysiological states such as epilepsy and
spreading depression.
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