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Calcium-dependent action potentials in mouse spinal cord neurons in cell
culture
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Following blockade of membrane potassium conductance with tetraethylammonium ions or 3-
aminopyridine, long-duration action potentials were recorded from mouse spinal cord neurons in
primary dissociated cell culture. The action potentials were calcium-dependent since they: (1) were not
blocked by the sodium-channel blocker tetrodotoxin, (2) could be recorded in sodium-free, calcium-
containing medium (3) could not be evoked in sodium-containing, calcium-free medium, (4) were
blocked by calcium channel blockers manganese and cobalt and (5) had overshoot amplitudes that
varied linearly with the log of the extracellular calcium concentration (slope of 27.5 mV/decade change
in calcium concentration).

Mouse spinal cord and dorsal root ganglion neurons in primary dissociated cell
culture have excitable membrane properties3!:32. Action potentials recorded from
dorsal root ganglion neurons in cell culture have both sodium and calcium compo-
nents3!; however, action potentials recorded from spinal cord neurons in cell culture
are only sodium-dependent since action potentials could not be evoked when the
neurons were bathed in sodium-free medium or following addition of the sodium
channel blocker tetrodotoxin (TTX) to sodium-containing bathing medium3!. This
result, however, did not exclude the presence of a voltage-dependent calcium
conductance in spinal cord neurons. In fact, while action potentials in squid axon were
sodium-dependent, two phases of calcium entry into squid axons followed membrane
depolarization3. The first was blocked by TTX and thus probably represented calcium
movement through sodium-selective channels. The second phase was blocked by
manganese and thus represented calcium movement through calcium-selective chan-
nels. This late increase in calcium conductance, however, was insufficient to overcome
the large increase in repolarizing voltage-dependent potassium conductance 14, and
thus despite the presence of a voltage-dependent calcium conductance, depolarization
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of squid axons produced only sodium-dependent action potentials. In many other
neurons, however, calcium-dependent action potentials have been recorded from all
portions of neuronal membranes including dendrites22.24:33.37, cell bodies!:?.9:11,2L,
25-28 axons! and synaptic terminals2%:23 and have been recorded from a variety of
different cell types including vertebrate central?2:24:33,37 and peripheral?.25-27.38
nervous system neurons, invertebrate neurons®11.21 and neuroblastoma cells?. In
other neurons which appeared to have only sodium-dependent action potentials,
reduction of the voltage-dependent potassium conductance by either tetraethylammo-
nium ion (TEA) or 3-aminopyridine (3-AP) has permitted recording of calcium-depen-
dent action potentials4:15:27,29, In this communication we will demonstrate that long-
duration action potentials could be recorded from mouse spinal cord neurons in cell
culture following addition of TEA, and that these action potentials were calcium-
dependent.

Cell cultures were prepared from spinal cords and attached dorsal root ganglia
dissected from 12-13.5 day old fetal mice as previously described2. Following
trypsinization and mechanical disruption of the tissue, the resultant cell suspension
was plated on collagen-coated 35-mm culture dishes such that 2-4 cultures were
obtained for each spinal cord. Cultures were maintained at 35 °C in 109, carbon
dioxide and 90 % room air in a growth medium containing Eagle’s minimal essential
medium and 10 % horse serum. Electrophysiological experiments were performed 4-12
weeks following plating.

Intracellular recordings were made with glass micropipettes (25-50 MQ) filled
with 4 M potassium acetate. A conventional bridge circuit permitted simultaneous
measurement of membrane potential and injection of current through a single
micropipette. Maximum rates of rise (Vmax), duration and overshoot magnitudes
were measured from film of action potentials obtained from the screen of a storage
oscilloscope.

Unless otherwise noted, recordings were made at 35-37 °C in a high calcium-
balanced salt solution (control bathing solution) consisting of (in mM): NaCl 137.5;
KCl15.3; CaCls 5.0; MgCls 0.8; Tris—=HCI 13; and glucose 5.6. Osmolarity was 300-310
mOsm and pH was 7.2-7.4. Calcium concentrations were varied by mixing
isosmotic stock solutions of 1-20 mM calcium chloride (sodium chloride concentration
was varied to maintain osmolarity). We did not use calcium chelators and thus
calcium-free solutions probably contained 20-100 #M calcium!®. When TEA (chloride
or bromide) (15-100 mM) or 3-AP (5 mM) was added, sodium chloride concentration
was lowered to maintain constant osmolarity. In sodium-free solutions, choline or Tris
was substituted for sodium, TTX was added from a 1 mM stock solution to obtain
concentrations of 1-3 M. Calcium and manganese ion concentration were altered
locally around individual neurons by pressure ejecting the bathing solution containing
the desired divalent ion concentration from micropipettes whose tips were broken to
tip diameters of 2-5 um. Controls for pressure artifact were always obtained using
pipettes filled with control medium.

Depolarization of spinal cord neurons with brief (0.4 ms) currents evoked action
potentials with short duration (0.6 ms) and high Vyax (243.8 V/s) (Table I; Fig. 1Ay,
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TABLE 1
Action potential properties of spinal cord neurons

Each entry is the mean -+ standard error of the mean. The number of neurons used for each entry is
shown in brackets following each entry. Concentration of TEA was 100 mM and of TTX was 1 um.

Daration (msec) Venax ( Vis)
Control 06+ 02 (1) 243.8 + 359 (10)
Calcium-free 1.0+ 0.2 (6)*** 204.4 -+ 27.8 (8)
Sodium-free +-TTX +TEA 678.6 + 305.3 (5)** 30.2 &£ 9.6 (12)*

* Significant at the 0.001 level using Student’s z-test.
** Significant at the 0.01 level, *** Significant at the 0.05 level.

B1). Action potentials could not be evoked, however, following addition of TTX to the
bathing medium (79 cells) or in sodium-free medium (12 cells). In calcium-free
medium, action potentials were slightly longer (1.0 ms), but Vimayx (204.4 V/s) was
unaltered (Table I; Fig. 1A2). With addition of 100 mM TEA to sodium-free, TTX-
containing bathing medium, however, depolarizing stimulation elicited slow regenera-
tive responses of long duration (678.6 ms) and low Vmax (30.2 V/s) (Table I; Fig. 1Bg).
The long-duration action potentials could be evoked in almost all neurons if sufficient
current could be passed to depolarize the neuronal membrane by 20-30 mV for
10-20 s. Action potential duration in TTX- and TEA-containing medium was
dependent on both membrane potential and frequency of stimulation. Membrane
hyperpolarization reduced and membrane depolarization increased action potential
duration. Short interstimulus intervals (usually <C 10 s) reduced action potential
duration. Therefore, in all experiments, we allowed the membrane potential to
stabilize before making duration measurements and stimulated with large intersti-
mulus intervals (usually 30 s).
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Fig. 1. Sodium- and calcium-dependent action potentials elicited from spinal cord neurons in cell
culture. Action potentials were elicited in spinal cord neurons at resting membrane potential (RMP)
by applying brief depolarizing currents through the recording micropipettes using the bridge
technique; stimulus onset in this and subsequent figures are denoted by filled triangles. Cultures were
bathed in control medium (A1, B1), calcium-free medium (As) or sodium-free medium containing 100
mM TEA and 1 uM TTX (Bs). Stimulus durations were 0.4 msec in A1 and Ag, 0.1 msec in By and 10
msec in Bz. RMP was —62mV in A1, —52mV in Az, —56 mV in By and —63 mV in Bs. These and
subsequent tracings were retouched to remove grid markings.



411

OmM Ca 6 mMCa
AI A2
/ Do
20 msec |
~ 2omv L
g ISnA —t IZnA
BI(-SmM Ca+6 mM Co By 6 mM Ca
o 15nA 15nA

Fig. 2. Long-duration action potentials recorded in TEA- and TTX-containing medium were calcium-
dependent and blocked by cobalt. Depolarizing stimuli were applied to spinal cord neurons bathed in
HEPES-buffered saline containing 1 4uM TTX and 25 mM TEA with varying calcium (Ca) and cobalt
(Co) concentrations. All calibration pulses were 20 mV x 20 ms.

The long-duration action potentials evoked in TTX- and TEA-containing
medium were calcium-dependent. Depolarization of spinal cord neurons bathed in
calcium-free medium evoked no regenerative responses (Fig. 2A1) in 12 neurons. In
contrast, smaller stimulating currents evoked long-duration regenerative responses in
medium containing 6 mM calcium (Fig. 2A2). Cobalt is a calcium channel blocker and
no regenerative responses could be evoked in 13 neurons bathed in calcium- and
cobalt-containing medium (Fig. 2B;). However, upon washing the culture and replacing
the medium with a cobalt-free medium, long-duration regenerative responses could
again be evoked (4 out of 5 neurons).

The calcium dependency of the long duration action potentials could also be
demonstrated on single neurons by pressure application of calcium- or manganese-
containing solutions. Membrane depolarization of neurons in calcium-free bathing
medium containing TTX, TEA and 3-AP did not evoke regenerative responses (Fig.
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Fig. 3. Calcium increased and manganese reduced action potential duration. Action potentials were
evoked in calcium-free (A1) or control (A2) bathing medium containing 15 mM TEA, 5 mM 3-AP and
3 uM TTX. Au: application of 1 ms, depolarizing stimuli did not evoke action potentials (trace 1).
After a miniperfusion pipette containing the same bathing medium but with 10 mM CaClg added was
positioned next to the cell and medium was ejected, a long-duration action potential was elicited (trace
4). Following removal of the calcium-containing pipette, the evoked action potentials become shorter,
and after a few stimuli, no action potential was elicitable. Az: action potential (trace 1) duration and
plateau amplitude were reduced 15 s after a 4-s application of bathing solution containing 5 mM
manganese ion (trace 2). Following removal of the manganese-containing miniperfusion pipette,
action potential duration on overshoot returned to control values. RMPs were —54 mV in A; and
—61 mV in Aa.
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3A;, trace 1). However, after application of calcium-containing medium from a
miniperfusion pipette, long-duration action potentials could be evoked (Fig. 3Ay, trace
4). After removal of the calcium-containing pipette, no regenerative responses could
be evoked. The long-duration action potentials were also blocked by the application of
the calcium channel blocker manganese. Action potential plateau amplitude and
duration were reversibly decreased when bathing medium containing 5 mM manga-
nese ion was pressure ejected from a miniperfusion pipette (Fig. 3As).

Action potential overshoot was dependent upon extracellular calcium concen-
tration. For example, increase of the calcium concentration of the bathing medium
from 5 mM to 20 mM increased the maximum action potential overshoot from --8
mV to -+28 mV (Fig. 4, right). Maximum action potential overshoot varied linearly
with the logie of the calcium concentration of the bathing medium with a slope of 27.5
mV for a tenfold change in calcium concentration (Fig. 4, left).

Thus, while action potentials of spinal cord neurons were sodium-dependent and
TTX-sensitive in control bathing medium, long-duration calcium-dependent action
potentials could be evoked if potassium conductance was reduced by TEA and/or 3-
AP and sodium conductance was blocked by TTX. These action potentials were
calcium-dependent since they: (1) were not blocked by TTX, (2) could be evoked in
sodium-free, calcium-containing medium, (3) could not be evoked in sodium-con-
taining, calcium-free medium, (4) were blocked by manganese and cobalt and (5) had
overshoot amplitudes that varied linearly with the log of the extracellular calcium
concentration with a slope (27.5 mV/decade change in calcium concentration) which
was close to the theoretical Nernst potential slope for a divalent cation at 35° (30.8
mV/decade change in calcium concentration).

Mixed sodium-calcium action potentials have been recorded in mouse?5.26,31,38
and chick? dorsal root ganglion neurons in cell culture, but only sodium-dependent
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Fig. 4. Action potential overshoot varied as a function of extracellular calcium concentration. Action
potentials were elicited from spinal cord neurons in bathing solutions containing 3 #M TTX, 100 mM
TEA and different calcium concentrations. Action potential overshoot increased when calcium
concentration was increased from 5 mM to 20 mM (right). RMP was —64 mV (top) and —74 mV
(bottom). Average action potential overshoot was linearly related to the logio of the extracellular
calcium concentration (left). Each point represents the average overshoot amplitude of 3-16 neurons
except the point at 1.0 mM where only one cell was used (due to the difficulty of evoking calcium
action potentials at 1.0 mM). Standard error of the mean was less than -+ 15 of the mean overshoot
for each calcium concentration.
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action potentials have been recorded in mouse spinal cord neurons in cell culture3l.
However, our demonstration of long-duration calcium-dependent action potentials
following addition of TEA and TTX required a voltage-dependent membrane calcium
conductance. It could be that calcium-dependent action potentials are generated in
vivo at dendritic sites with either a high density of voltage-dependent calcium channels
or a low density of voltage dependent potassium channels. Such dendritic calcium-
dependent action potentials have been demonstrated in CA; and CA3 hippocampal
pyramidal neurons33:37 and cerebellar Purkinje neurons22.24, In spinal cord neurons,
however, only sodium-dependent action potentials have been recorded unless non-
calcium conductances were reduced by specific blocking compounds. Following
addition of TEA to the isolated frog spinal cord, slow regenerative depolarizing
responses could be evoked in anterior horn cells by depolarizing stimuli4. These slow
action potentials could not be evoked in low-calcium solutions and were blocked by
the calcium channel blocker manganese. Thus under special conditions it has been
shown that calcium-dependent action potentials could be evoked in vivo in spinal cord
anterior horn cells.

The induction of calcium-dependent action potentials may have important im-
plications for the pathogenesis of seizures and epilepsy. In slices of guinea pig hippoc-
ampus, the convulsant penicillin (PCN) induced paroxysmal activity that resembled
dendritically generated calcium-dependent action potentials36. It was concluded that
PCN did not directly alter calcium conductance, but rather, that PCN reduced GABA-
ergic inhibitory postsynaptic potentials so that excitatory postsynaptic potentials could
depolarize the dendritic membrane to the calcium conductance threshold and thus pro-
duce calcium-dependent action potentials. In cat spinal cord anterior horn cells, PCN
application produced paroxysmal bursting!8:1° and induced a slow persistent inward
current which was thought to be a calcium current. The inward current was probably
responsible for producing bursting in these neurons34. We have demonstrated that in
addition to antagonizing GABA-mediated postsynaptic inhibition, PCN and the
convulsant bicuculline directly augmented calcium-dependent action potentials in
mouse spinal cord neurons'2. Thus, convulsants have a non-synaptic action on
membrane properties as well as a synaptic action to reduce inhibition and both may
be involved in their mechanism of action.

The demonstration of calcium-dependent action potentials in spinal cord
neurons may be of importance for the study of synaptic transmission. Synaptic
transmission is a calcium-dependent process, and it has been shown that presynaptic
depolarization produces a voltage-dependent increase in calcium conductance2023,
The calcium entry which results is essential for depolarization—secretion coupling in
presynaptic terminals. Control of this calcium conductance may thus be essential in
regulation of synaptic transmission. For example, the neurotransmitters GABA,
norepinephrine, 5-hydroxytryptamine and enkephalin have been shown to decrease
the duration of calcium-dependent action potentials of chick dorsal root ganglion
neurons in primary dissociated cell culture®:2® and norepinephrine inhibited
calcium-dependent potentials in rat sympathetic neurons!6. The results suggest that
these neurotransmitters may produce inhibition of synaptic transmission by reduction
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of presynaptic calcium entry. Furthermore, we have demonstrated that the pharmaco-
logically active barbiturates pentobarbital and phenobarbital but not the inactive
barbiturate barbituric acid reduce calcium-dependent action potential duration
of mouse spinal cord neurons in cell culture at anesthetic concentrations!8. Barbitu-
rates have been demonstrated to decrease calcium-accumulation by cortical synapto-
somes® and to reduce transmitter release®17:35. Qur observations suggest that barbitu-
rates produce anesthesia, at least in part, by reducing presynaptic calcium entry,
thereby blocking synaptic transmission. Thus, while presynaptic terminals cannot be
studied directly, somatic calcium-dependent action potentials of spinal cord neurons
in cell culture may provide a model for calcium entry into presynaptic terminals.
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