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Spatial Distribution of Ca Currents in Molluscan Neuron Cell Bodies
and Regional Differences in the Strength of Inactivation

Stuart Thompson and Julie Coombs

Hopkins Marine Station, Stanford University, Pacific Grove, California 93950

The spatial distribution of Ca current in molluscan neuron
cell bodies was studied using a large patch method in com-
bination with 2-microelectrode voltage clamp. The method
has a spatial resolution equal to about 0.1% of the cell body
area. Ca current is not uniformly distributed. The current
density varies between patches, changing by as much as a
factor of 2.5 over a distance of 20 um, and there is evidence
that Ca current occurs in “hot spots” involving a few hundred
channels. The current density increases in a moderately steep
gradient from the soma cap, opposite the axon, toward the
axon hillock.

Ca currents in patches from different regions of the soma
are qualitatively different. Currents near the soma cap do
notinactivate or inactivate weakly during depolarization, while
currents of equal density nearer the axon hillock exhibit pro-
nounced inactivation. The strength of inactivation increases
in parallel with the gradient in current density, but local dif-
ferences in current density, or in the number of active Ca
channels, do not explain the variability in inactivation. In-
activating and noninactivating Ca currents couid not be dis-
tinguished on the basis of activation or deactivation kinetics,
voltage dependence of activation, or sensitivity to hyper-
polarizing conditioning pulses. Also, the amplitude of non-
inactivating current near the soma cap is reduced by intra-
cellular Ca injection showing that, like the whole-cell current,
Ca current in this region is subject to Ca-dependent inacti-
vation. The data favor the hypothesis that these cells ex-
press only one type of Ca channel. Differences in the strength
of inactivation may result from local differences in cyto-
plasmic Ca buffering, local modification of Ca channels in a
way that changes their sensitivity to Ca-dependent inacti-
vation, or local differences in the availability of cytoplasmic
factors or enzymes that are necessary for inactivation.

Individual neurons, muscle cells, and oocytes can simultaneous-
ly express several types of Ca currents that differ in voltage
dependence and kinetics and may play different roles in the
biology of the cell (Hagiwara et al., 1975; Tsien, 1983; Carbone
and Lux, 1984a, b; Bean, 1985; McCleskey et al., 1986; Miller,
1987; Narahashi et al., 1987). We wanted to know if the several
types of Ca currents have different patterns of spatial distri-
bution on the cell surface. The data collected in pursuing this
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question raise the possibility that the same species of Ca current
can perform differently depending on location.

Large patch current recording in combination with 2-mi-
croelectrode voltage clamp was used to map the spatial distri-
bution of Ca current on the cell bodies of molluscan neurons.
Ca current is found in all regions of the soma, but the current
is not uniformly distributed and the average current density
increases moderately from the soma cap to the axon hillock.
Unexpectedly, Ca currents recorded from different regions have
qualitatively different properties. Currents recorded near the
soma cap do not inactivate or inactivate only weakly during
depolarization, while currents recorded nearer the axon hillock
exhibit strong current-dependent inactivation like that observed
in whole-cell voltage-clamp experiments (Kostyuk and Krishtal,
1977; Tillotson, 1979; Eckert and Tillotson, 1981; Hagiwara
and Byerly, 1981; Byerly and Hagiwara, 1982; Eckert and Chad,
1984). The voltage dependence and kinetics of inactivating and
noninactivating Ca currents were compared, and the results fa-
vor the hypothesis that the same type of Ca channel is expressed
at all locations. Mechanisms that might give rise to local vari-
ability in the strength of inactivation are discussed. A brief
report of this work has appeared (Thompson and Coombs, 1986).

Materials and Methods

Identified neurons were isolated from the pedal and pleural ganglia of
the molluscan species Anisodoris nobilis and Doriopsilla albopunctata.
The ganglia were treated with neutral protease (Dispase; 1 mg/m] for 1
hr at 15°C) to soften the connective tissue sheath before dissection. A
small group of cells was axotomized and removed from the ganglia after
undercutting the cell bodies with iris scissors and transferred to a tem-
perature-controlled stage maintained at 15°C. There was no evidence
of escape during voltage-clamp depolarization in successfully isolated
cells, indicating that the cell body and axon remnant are adequately
space clamped. A second method for evaluating cell body isolation is
described below. We concentrated on the 3 largest neurons in the pedal
ganglia. These cells have similar firing properties and express the same
types of ionic currents in approximately the same proportions.

Voltage clamp and large patch current recording. The method used
for 2-microelectrode voltage clamp was described by Barish and
Thompson (1983). Micropipettes were filled with 5 M CsCl and had
resistances of 2-6 MQ. Membrane voltage was measured differentially
between an intracellular microelectrode and a voltage electrode in the
bath. Whole-cell current was recorded with a virtual ground amplifier
connected to the bath by a separate saline—agar bridge.

An extracellular pipette was used to record macroscopic currents from
patches of soma membrane. The method was described by Johnson and
Thompson (1984) and is similar to that of Strickholm (1961), Frank
and Tauc (1963), Neher and Lux (1969), and Stuhmer et al. (1983). The
internal diameter at the tip of the pipette was 5-20 um, and the pipette
resistance was about 100 kQ. After contacting the cell, gentle suction
was applied until the pipette resistance increased to between 20 and
100 M@ and then released. Errors in current measurement due to the
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finite resistance of the seal are negligible because the currents are small
and the patch electrode is maintained at the bath potential. The seal
resistance was checked periodically to insure that it remained constant
and care was taken to avoid pulling a finger of membrane into the pipette
since this could lead to errors in voltage control due to increased access
resistance. Data were accepted only if the area of the patch did not
change by more than a few percent over the course of an experiment.
Patch current was recorded by a virtual ground circuit referenced to the
bath voltage follower in order to correct for changes in bath voltage
during large currents. Using this arrangement, the patch pipette could
be applied to points from the soma cap to midway between the axon
and the equator of the soma. Points nearer the axon hillock could
occasionally be reached after aspirating away adherent cells and con-
nective tissue, but this procedure was not used routinely. Appropriately
filtered records of membrane voltage, whole-cell current, and patch
current were digitized and stored on a laboratory computer (DEC 11/
23) at adjustable sampling rates.

Current separation. In order to eliminate inward Na and outward K
currents, the cells were bathed in a saline of the following composition
(mm): 300 tetracthylammonium-C1(TEA), 10 4-aminopyridine (4-AP),
60 CaCl,, 180 Tris-C1 (pH 7.8). Barium saline was made by substituting
BaCl, for CaCl,, and salines containing altered K concentrations were
made by substituting KCl for Tris-C1. The salines were prepared and
the pH adjusted just before use. We checked for residual K currents by
observing tail currents on the return to —40 mV after depolarizing
pulses. The delayed outward current decays within 1 sec at this voltage,
and the Ca-dependent K current decays over tens of seconds (Thomp-
son, 1977). In the majority of experiments, outward tail currents were
not present, and the inward tail currents were insensitive to changes in
external K concentration, confirming the nearly complete block of K
currents. The few cells that did have small outward tail currents were
rejected. The block of Ca-dependent K current was confirmed by ion-
tophoretic injection of Ca into the cytoplasm from a third microelec-
trode containing 0.5 M CaCl,. The injection current was monitored and
the amount of Ca injected was calculated assuming a Ca transport num-
ber of 0.5 (Gorman and Thomas, 1980). In each of 10 experiments, Ca
injection failed to activate K current in the whole cell or the patch when
the TEA, 4-AP saline was used.

In some experiments, a microperfusion system was used to focally
perfuse part of the soma with a Ca current blocking solution (method
described by Thompson et al., 1986). The millimolar composition of
the blocking solution was as follows: 300 TEA-C1, 10 4-AP, 50 MgCl,,
10 MnCl,, 180 Tris-C1 (pH 7.8).

Measurement of membrane area. The areas of the patch and the whole
cell were estimated by measuring capacity currents assuming a unit
capacitance of 1 uF/cm2. A 20 mV, 50 Hz triangle wave voltage com-
mand centered on the resting potential was applied to the 2-microelec-
trode voltage clamp. Membrane capacitance was calculated from the
amplitude of the jump in patch or whole-cell current that occurs when
the triangle wave changes sign (Neher, 1971; Palti, 1971). The capaci-
tance of the patch is easily measured because the voltage difference
between the lumen of the pipette and the bath is negligible, and the
access resistance is small so that the current waveform during the triangle
voltage command closely approximates a square wave. Measurement
of whole-cell capacitance can be more difficult. The remnant of axon
that remains after axotomy is typically one soma diameter in length.
During the triangle voltage command the capacitance of the axon rem-
nant is charged through an axial resistance, and as a result, the whole-
cell current can exhibit 3 phases when the triangle wave changes sign.
The first phase is a large jump in current corresponding to membrane
capacitance charged through a low access resistance, for example, the
capacitance of the soma membrane. The final phase is a straight line
with a small slope that is due to current flowing in the membrane
resistance. There may also be an intermediate phase, characterized by
a slight curvature, that occurs because the instantaneous change in dV7/
dt in the soma is spread out in time in the axon remnant. In many cases
the whole-cell current demonstrated an instantaneous jump at the ver-
tices of the triangle wave with no intermediate curvature. We interpret
this as evidence that the cell body and axon remnant is well space-
clamped. When curvature was present, the following method was used
to estimate the whole-cell area. A line was fit to the current during phase
3 and extrapolated back to the time of the jump. Membrane capacitance
was calculated from the height of the jump to the extrapolated line. This
procedure corrects for the slowly changing capacity current in the axon
remnant and provides an improved estimate of surface area. Electrical

measurement of surface area is preferred over optical methods because
an unknown area of membrane is aspirated into the patch pipette when
suction is applied and because the soma is invaginated by glial processes
that increase the surface area over that of a sphere of the same overall
diameter (Mirolli and Talbott, 1972; Mirolli and Gorman, 1973).

Results

Spatial distribution of Ca current

Figure 1 shows families of Ca currents recorded simultaneously
from the whole cell and from a membrane patch located midway
between the axon and the equator of the cell body. The area of
the patch is 9 x 10-¢ cm? and equal to about 0.1% of the cell
body area (8.2 x 10-2 cm?). Inward Ca current is first seen with
depolarization to —20 mV and the current activates over ap-
proximately the same voltage range in both sets of records. In
this example, the Ca current density in the patch during the
pulse to +20 mV (0.014 mA/cm?) is equal to the average current
density in the soma (0.013 mA/cm?), but data from other patches,
and from different regions of the soma, indicate that Ca channels
are not uniformly distributed.

The uneven distribution of Ca current in the cell body is
illustrated in Figure 2, which shows multiple patch recordings
from the same cell. Ca currents were recorded during pulses to
+20 mV at 7 locations using the same patch pipette. The lo-
cations of the patches are indicated along with the records of
Ca current density. The current density varies from patch to
patch even within the same region of the soma. Figure 24-C,
for example, shows currents from 3 patches near the soma cap
where the peak current density differed by as much as a factor
of 2.5 over a distance of 20 um. The waveform of the Ca current
is also variable. Currents recorded closer to the axon hillock (for
example, Fig. 2, Fand G) inactivate more strongly than currents
recorded near the soma cap.

The spatial distribution of Ca current was mapped by dividing
the soma into 4 regions and recording patch currents in each
region. The cell body is approximately spherical, and the 4
regions correspond to the soma cap, a point 45° from the cap
that we refer to as 45° N, the equator, and a point midway
between the equator and the axon hillock at 45° S. The peak
amplitudes of whole-cell and patch Ca currents were recorded
simultaneously during 100 msec pulses to +20 mV and nor-
malized by area in order to estimate current densities. The ratio
of patch current density to whole-cell current density was used
in plotting the histograms in Figure 3. A value of 1 on the
abscissa means that the current density in the patch is equal to
the average current density in the cell body, while larger or
smaller values indicate that the patch is enriched or lacking in
current relative to the cell body average. Ca current was found
in all regions, and there was only one patch in the 77 that were
examined in which it was not detected. The histograms show
that the Ca current density is lowest near the soma cap and
increases as the patch pipette is moved toward the axon hillock.
The average current density ratio was 0.45 at the soma cap,
0.50 at 45° N, 0.54 at the equator, and 0.79 for patches located
at 45° S (see Table 1). Statistical comparison of the current
densities in the various regions showed that they were signifi-
cantly different (Tukey-Kramer Test; p = 0.05), except for the
currents at the equator and 45° N. There is considerable vari-
ability in current density between patches in each region, as
shown by the large standard deviations in Table 1, and the
histograms are skewed toward the right because in each region
there are a few patches with an unusually high current density
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that represent current “hot spots.” It is also apparent that some
part of the axotomized cell must have a higher average current
density than the regions we explored. The region of higher cur-
rent density might include the axon hillock, the initial axon
segment, or axodendritic branches that remain after axotomy.

Regional differences in Ca current inactivation

Ca currents near the soma cap inactivate more slowly and less
completely than currents nearer the axon hillock. Figure 4 shows
Ca and Ba currents recorded at several locations on a single
neuron. Figure 44 shows the Ca current density in patches at
the soma cap (C), the equator (E), and a point midway between
the equator and the axon hillock at 45° S (H). Ca currents were
recorded during 100 msec pulses to +20 mV and scaled by
membrane area. The peak current density is smallest at the soma
cap, somewhat larger at the equator, and much larger at 45° S.
In Figure 4B, the same patch currents are scaled to the peak
amplitude of the whole-cell current. During the depolarizing
pulse, the whole-cell current reaches a maximum and then in-
activates as previously described (see Eckert and Chad, 1984).
The patch current closest to the axon hillock (H) follows the
same time course and overlaps the whole-cell current. In other
experiments, patch currents at this location were sometimes
found to inactivate more strongly than the average current. In
contrast, the Ca current at the equator (E) inactivates little, and
the current at the soma cap (C) does not inactivate at all during
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msec Figure 1. Ca currents recorded si-

multancously from the whole cell (4)
and a patch (B) located midway be-
tween the equator and the axon hillock.
Pulses, 100 msec, to voltages from —30
to +20 mV were applied in 10 mV steps
from a holding voltage of —40 mV. The
interpulse interval was 2 sec. Capacity
currents and inward tail currents are
truncated. Filter corner frequency, 1
kHz.

100

!

the pulse. The Ca current in the whole cell, therefore, represents
the weighted contributions of inactivating and noninactivating
currents.

The strength of inactivation at different locations was com-
pared by recording patch currents in the 4 regions of the soma
during 100 msec pulses to +20 mV. The ratio of the peak current
amplitude to the amplitude after 100 msec was used as a mea-
sure of inactivation. A value of 1 means that no inactivation
occurs, while a value of 2 indicates 50% inactivation. The av-
erage ratio was 1.2 at the soma cap, 1.12 at 45° N, 1.35 at the
equator, and 2.0 at 45°S. For the whole-cell current, the average
ratio was 2.2. There was considerable variability in the strength
of inactivation between patches within each region, as indicated
by the standard deviations in Table 1. For example, in one
experiment the Ca current in a patch at the soma cap inactivated
by 20% during the pulse, while the current in an adjacent patch,
20 pym away, did not inactivate at all. These findings show that
the factors that govern the strength of inactivation act locally,
that they are distributed unevenly in the cell, and that the av-
erage strength of inactivation increases on going from the soma
cap toward the axon hillock.

In molluscan neurons, Ca current inactivation is strongly de-
pendent on the amplitude of the current but nearly independent
of membrane potential (Tillotson, 1979; see Eckert and Chad,
1984). At short times, the increase in cytoplasmic Ca concen-
tration due to the activation of Ca channels is restricted to the
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Figure 2. Nonuniform distribution of
Ca current in a single cell. Ca currents
were recorded from patches at 7 loca-
tions using the same 10 um diameter
patch pipette. The positions of the

A . 50 ™Me¢ 00 — B -
J W
S
C D .
E F
-

patches are shown to the right. Ca cur-
rents were activated by 100 msec pulses
to +20 mV from a holding voltage of
—40 mV and normalized by membrane
area. Capacity currents and inward tail
currents are truncated. Filter corner fre-
quency, 1 kHz.
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Figure 3. Histograms of the ratio of patch current density to whole-cell current density in 4 regions of the cell body: the soma cap (CAP), 45°
from the cap (45° N), the equator (EQU), and halfway between the equator and the axon hillock (45° S). The peak amplitudes of patch and whole-
cell Ca currents were recorded simultaneously during pulses to +20 mV from a holding voltage of —40 mV and scaled by membrane area. A total

of 77 experiments were used in constructing the figure.

vicinity of the membrane because of the slow diffusion of Ca
in cytoplasm, the active transport of Ca out of the cell, and the
binding of Ca to cytoplasmic sites. Because of this, one might
expect greater Ca-dependent inactivation nearer the axon hill-
ock simply because the local Ca current density tends to be
higher in that region.

The following experiment was done to test the hypothesis that
variability in the strength of inactivation is due to local differ-
ences in current density. The amplitude of the depolarizing pulse
was varied in order to elicit the same peak Ca current density
in membrane patches at 2 locations on the same cell. Figure 4C
shows the current density at the soma cap (C) during a 100 msec

depolarization to +20 mV and the current density at 45° S (H)
during depolarization to —10 mV. The peak current density is
the same at both locations, but the current at the soma cap does
not inactivate. This experiment shows that the strength of in-
activation is not simply determined by the amplitude of the
local current.

Figure 2 illustrated this point in another way. The variability
in current density between patches permits comparison of in-
activating and noninactivating Ca currents of equal peak current
density during a standard pulse to +20 mV. The current density
near the top of the cell in Figure 24, for example, is slightly
larger than the peak current densities recorded in 2 patches

Table 1. Regional distribution of Ca current

Patch I, density/

Average ratio of peak Current density

Location cell I, density to steady-state current (mA/cm?)

Cap 0.45 + 0.26 (31) 1.2 = 0.24 (31) 0.009 + 0.012(23)
45N 0.50 = 0.30 (14) 1.12 + 0.09 (10) 0.008 = 0.003 (11)
Equator 0.54 + 0.24(16) 1.35 + 0.23(15) 0.014 = 0.010 (17)
458 0.79 =+ 0.32(16) 2.0 + 0.25 (26) 0.021 = 0.016 (11)
All patches 0.55 £ 0.30 (77) 1.4 + 0.27 (82) 0.01 =+=0.01 (62)
Whole cell - — 2.2 + 0.4 (30) 0.02 =+ 0.01 (68)

Values are means + SDs. The ratios of patch Ca current density to cell current density in 4 regions of the soma were
obtained from simultaneous current recordings. A value of 1 indicates that the current density in the patch is equal to
the average current density in the soma. The average ratio of peak to steady-state current during 100 msec pulses to
+20 mV was used as a measure of the strength of inactivation. The Ca current densities in the last column are the
average values for all of the experiments. Number of experiments indicated in parentheses.
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Figure 4. Ca and Ba currents at different locations on the same cell.
A, Ca current densities in 3 patches located at the soma cap (C), the
equator (E), and 45° S (H). Ca currents were activated by 100 msec
pulses to +20 mV from a holding voltage of —40 mV and scaled by
membrane area. B, Same 3 patch currents scaled to the peak amplitude
of the whole-cell current and plotted with the whole-cell current. The
patch current at H overlaps the current in the whole cell. C, Patch
currents of equal density recorded at 2 locations. The Ca current at 45°
S (H) was activated by a pulse to —10 mV, and the current at the soma
cap (C) was activated by a pulse to +20 mV. The holding voltage was
—40 mV. D, Ba currents recorded in the whole cell and in 2 patches
located at the equator (E) and at 45° S (H). The patch currents were
scaled to the peak amplitude of the whole-cell current, and the current
at H overlaps the whole-cell current. The same patch pipette was used
throughout. Filter corner frequency, 1 kHz.

nearer the hillock (Fig. 2, F and G), but the current in Figure
2A does not inactivate. This result is important because it shows
that currents at the soma cap and nearer the hillock behave
differently during the same depolarizing pulse even when the
peak current density and the number of active channels is ap-
proximately the same at both locations. We conclude that the
strength of Ca current inactivation is not determined solely by
the amplitude of the local Ca influx or the local channel density.
Instead, inactivation is related to position on the cell body and
determined by some feature of the cell that is distributed in a
spatial gradient.

The inward current in molluscan neurons inactivates more
slowly and less completely when Ba is substituted for Ca, and
it is thought that while Ba can traverse the channel, it is less
effective than Ca in causing inactivation (Tillotson, 1979; Eckert
and Tillotson, 1981; see Eckert and Chad, 1984). Figure 4D
shows inward currents during 100 msec pulses to +20 mV after
substituting Ba for Ca in both the bathing medium and the patch
pipette. The whole-cell current and currents from 2 patches
located at the equator (E) and 45° S (H) are shown scaled to the
peak amplitude of the whole cell current. Ba currents are larger
than Ca currents recorded at the same locations and, as in other
molluscan neurons, they inactivate very little. If it is assumed
that Ba does not substitute for Ca in causing inactivation and
that external Ba and Ca have equal access to the membrane,
the results of this experiment indicate that local differences in
extracellular ion depletion cannot account for the variability in
inactivation.

The Journal of Neuroscience, June 1988, 8(6) 1933

A T 100 c 0 10 20
pA
200 200
400 400
B msec 100 D 0 10 20
pA
50 50
100 100

Figure 5. Time course of Ca current activation. Ca currents were re-
corded from 2 patches on the same cell during 100 msec pulses to 0,
+20, and +40 mV from a holding voltage of —40 mV. 4, Ca currents
in a patch near the equator that showed strong inactivation. B, Ca
currents at the soma cap that inactivate weakly during depolarization.
The currents are replotted on an expanded time base in C and D to
illustrate the similarity in activation time course. Filter corner frequen-
cy, 2 kHz.

We can think of 2 possible explanations for the differences
we observed in the strength of Ca current inactivation: (1) The
cells might express 2 types of Ca channels with different inac-
tivation properties and different patterns of spatial distribution
on the neuronal surface, or (2) there may be only one type of
channel, but a factor that is necessary for inactivation, or a factor
that influences the sensitivity of inactivation to internal Ca, may
be unevenly distributed. The kinetics and voltage dependence
of inactivating and noninactivating Ca currents were studied in
detail in an attempt to distinguish between these possibilities.

Kinetics of Ca current activation

Ca currents at different locations activate at approximately the
same rate regardless of the degree of inactivation that occurs
during depolarization. Figure 5 shows Ca currents recorded from
2 patches located near the equator and near the soma cap of the
same cell during 100 msec puises to 0, +20, and +40 mV. Ca
currents near the equator inactivate by about 20% during each
pulse, while the currents at the soma cap inactivate very little.
The expanded records in Figure 5, C and D, show that the time
course of Ca current activation is approximately the same at
both locations. For 20 strongly inactivating patch currents, the
average half-rise time was 3.9 + 1.2 (SD) msec, and the average
time-to-peak was 15 + 1.2 msec. In 20 patches in which the
current did not inactivate, the half-rise time was 4.3 + 0.9 msec
and the time to peak was 18 + 5.6 msec. Inactivating and
noninactivating currents could not be distinguished on the basis
of activation kinetics.

Ca tail currents

The time course of the Ca tail current on repolarization is similar
for inactivating and noninactivating Ca currents. Figure 64 shows
Ca currents recorded in patches at the soma cap (C) and at 45°
S (H) during a 500 msec pulse to +20 mV. The current at H
inactivates more strongly than the current at the cap. Figure 6B
shows Ca tail currents on returning to —40 mV after a 10 msec
pulse to +20 mV in the same membrane patches. The tail
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Figure 6. Ca tail currents. 4, Ca currents during 500 msec depolariza-
tions to +20 mV in 2 patches from the same cell. The current near the
axon hillock (H) showed strong inactivation, while the patch current at
the soma cap (C) inactivated weakly. B, Ca tail currents on returning
to —40 mV after a 10 msec pulse to +20 mV in the same 2 membrane
patches. The tail currents were scaled to the amplitude 0.6 msec after
repolarization and plotted from this time on. Filter corner frequency,
2 kHz.

currents were vertically scaled to the amplitude 0.6 msec after
repolarization and plotted from this time on. Tail currents in
the 2 patches follow identical time courses and are well fit by a
single exponential with a time constant of 0.8 msec. Similar
results were obtained over a wide range of activating voltages,
pulse durations, and repolarization voltages in 5 experiments.

In 3 experiments, Ca tail currents were recorded in 2 salines
that differed in K concentration. Tail currents were recorded on
repolarization to —40 mV after a 50 msec pulse to +20 mV
first in 10 mmM K saline and again after changing the solution in
the bath and in the patch pipette to one containing 40 mm K.
In each experiment the amplitude and time course of the tail
current were insensitive to the external K concentration, show-
ing that Ca currents are successfully separated from K currents
under the conditions of this study.

Voltage dependence of Ca current activation

The voltage dependence of Ca current activation was estimated
in 2 ways. In the first procedure, a series of 500 msec depolar-
izing pulses was applied from a holding voltage of —70 mV.
The inactivating phase of the current during each pulse was fit
by the sum of 2 exponentials, and the maximum amplitude of
the current was estimated by summing the y-intercepts of the
fitted curves with the steady-state current at the end of the pulse.
Maximum current amplitude was plotted against pulse voltage
to produce an I(V) curve. Three I(V) curves from a single neuron
are shown in Figure 74. They represent the whole-cell current,
the current in a patch near the axon hillock that inactivated

mV 40

Figure 7. Voltage dependence of Ca current activation. 4, I(V) curves
for whole-cell current (x), patch current near the axon hillock that
showed strong inactivation (0), and patch current near the soma cap
did not inactivate during depolarization (- - - - - ). The maximum Ca cur-
rent amplitude is plotted against pulse voltage for a series of 500 msec
pulses from —70 to +70 mV. Maximum amplitude was determined by
fitting the inactivating phase of the current by the sum of 2 exponentials
and summing the y-intercepts of the fitted curves with the steady current
at the end of the pulse. The 3 I(V) curves were normalized to the
maximum amplitude during a pulse at +30 mV. All 3 curves are from
the same neuron. B, Averaged I(V) curves for 14 patches that showed
strong Ca current inactivation (—) and 33 patches that showed no in-
activation (----- ). The points on the curves show the average peak
current amplitude at each voltage normalized to the peak amplitude
during a pulse to +30 mV. The vertical bars represent =1 SD.

strongly, and the current in a patch near the soma cap that did
not inactivate during depolarization. The I(V) curves were nor-
malized to the maximum current during a puise to +30 mV for
comparison. In each case the (V) curve shows no indication of
separate, overlapping ranges of activation that would suggest
the presence of more than one type of Ca current. The I(V)
curves for the whole-cell current and the strongly inactivating
patch current are nearly identical; Ca current is first seen with
depolarization to —30 mV, and the current reaches a maximum
with a pulse to +30 mV. The I(V) curve for noninactivating Ca
current is shifted toward the right. This was a consistent finding;
in the majority of experiments the foot of the (V) curve for
noninactivating current was 5-15 mV to the right of the curve
for strongly inactivating current in the same cell.

I(V) curves were also constructed from the peak amplitudes
of Ca currents recorded during a series of depolarizing test pulses.
The peak currents were normalized to the current during a pulse
to +30 mV and plotted against test pulse voltage. Figure 7B
shows the average I(V) curve for 14 patches in which the Ca
current inactivated strongly and for 33 patches in which the
current did not inactivate. On average, the noninactivating Ca
current begins to activate at a somewhat more depolarized volt-
age than the strongly inactivating current. There was consid-
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Figure 8. Prepulse inactivation. A4,
Sample records showing membrane
currents during a series of 100 msec
prepulses to voltages between —20 and
+30 mV in 10 mV increments fol-
lowed, after a 30 msec delay, by a 100
msec test pulse to +20 mV. Upper rec-
ords show Ca currents in the whole cell;
lower records, currents in a patch lo-
cated at the soma cap. Filter corner fre-

erable variability between patches, however, as shown by the
large SDs, and, in some experiments, the I(V) curves for inac-
tivating and noninactivating currents were identical. The dif-
ference between the averaged I(V) curves could have resulted
from an artifact of the measurement procedure. This point is
treated in the Discussion.

Prepulse inactivation of Ca current

The effects of conditioning voltage steps on Ca current inacti-
vation were studied using the prepulse protocol suggested by
Tillotson (1979), and the results of such an experiment are shown
in Figure 8. The cell was held at —40 mV, and 100 msec pre-
pulses to voltages between —70 and +70 mV were applied. At
the end of the prepulse, the voltage was returned to —40 mV
for 30 msec before applying a 100 msec test pulse to +20 mV.
Figure 84 shows example records of whole-cell Ca currents and
currents in a patch at the soma cap, and Figure 8B shows the
pair of I(V) curves that results from plotting the peak amplitude
of the whole-cell current and patch current during the prepulses
against prepulse voltage. The I(V) curves were normalized to
the peak amplitude of the current during a pulse to +30 mV.
In this example, the whole-cell current and the patch current
activate with the same voltage dependence.

Figure 8C shows the I(V) curves that result from plotting the
peak amplitudes of the whole-cell currents and patch currents
during the test pulses against prepulse voltage. In the whole cell,
prepulses to between 0 and +30 mV cause increasing inacti-
vation of the test current, and the current amplitude recovers
with still larger prepulses. The shape of this I(V) curve is ap-
proximately the inverse of the curves in Figure 8 B: Inactivation
reaches a maximum at the voltage where the prepulse Ca current
is maximal. The Ca current in the patch, on the other hand, is

ey 0-0-8. o 800,

quency, 1 kHz. B, I(V) curves showing
the peak amplitudes of whole cell (—)
and patch Ca currents (----- ) plotted
against the prepulse voltage for prepul-
ses between —70 and +70 mV. The
I(V) curves were normalized to the peak
amplitude during a pulse to +30 mV.
C, I(V) curves showing the peak am-
plitudes of test currents plotted against
prepulse voltage in the whole cell
(in nA; —) and in the patch (in pA;
~~~~~ ). All records are from the same
o neuron.

not affected by prepulses in this voltage range, showing that Ca
current near the soma cap that does not inactivate during de-
polarization is also immune to prepulse inactivation.

The effect of holding potential on Ca current was studied in
10 experiments in an attempt to separate individual components
of the current on the basis of differences in the voltage depen-
dence of steady-state inactivation. Test pulses to voltages be-
tween —30 and +70 mV were applied from 2 holding voltages,
—40 and —100 mV, and recordings were made from patches at
different locations. Holding voltage had no effect on the am-
plitude or waveform of the Ca current or on the I(}V) curve,
regardless of the strength of inactivation during depolarization.

Intracellular Ca injection

Ca currents recorded near the soma cap that do not inactivate
during depolarization are reduced by intracellular Ca injection.
Ca was injected iontophoretically into the cortical cytoplasm
from a microelectrode positioned just under the patch pipette.
Ca currents were recorded from the patch and from the whole
cell during 100 msec test pulses to +20 mV presented at 1 min
intervals before, during, and after injection. The 2 upper traces
in Figure 9 show chart records of the iontophoretic current and
the whole-cell Ca current on the same time base; the lower pairs
of traces show the patch and whole-cell currents during the same
pulses on an expanded time scale. The patch current before
injection does not inactivate during depolarization. An ionto-
phoretic pulse was applied to injected a total of 3.6 pmol Ca
into the cytoplasm near the membrane under the patch pipette.
Ca injection reduced the amplitude of the patch current by one-
half but had little effect on the whole-cell current. Patch current
recovered to the control amplitude within 2.5 min after injec-
tion. Similar results were obtained in 5 experiments. They show
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Figure 9. Ca injection reduces noninactivating Ca current. Ca currents were activated by 100 msec pulses to +20 mV presented at 1 min intervals
from a holding voltage of —40 mV. Currents were recorded simultancously from the whole cell and from a patch at the soma cap. An iontophoretic
microelectrode containing 0.5 M CaCl, was introduced into the cortical cytoplasm directly under the patch pipette. Uppermost trace shows a
continuous chart record of the iontophoretic current; middle trace, whole-cell Ca current on the same time base; lower pairs of records, whole-cell
currents (in nA) and patch currents (in pA) before, during, and after injection on an expanded time scale. Filter corner frequency, 1 kHz.

that Ca current near the soma cap is subject to Ca-dependent
inactivation and that Ca has access to that mechanism, even
though the current does not inactivate during depolarization.
In Figure 9, Ca injection had little effect on the whole-cell Ca
current. With the same electrode placement, a significant re-
duction in whole-cell current could be obtained by increasing
the amplitude or duration of the iontophoretic pulse. During
large Ca injections, however, the leakage current of the patch
near the iontophoretic electrode usually increased. This oc-
curred locally and was not readily apparent in the whole-cell
current record. Also, after large Ca injections the cell often re-
sponded by producing membrane blebs near the site of injection,
indicating a catastrophic change in the integrity of the cortical
cytoskeleton. Increased leakage current and the formation of

A msec
50 100
4F
i L///—ﬂ
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200
B 50 ™ 100
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Figure 10. Ca currents recorded simultaneously from the whole cell
(4) and from a patch near the equator (B) during 100 msec pulses to
+20 mV. Currents were recorded first in normal saline and then during
focal perfusion of the membrane outside of the patch with Ca-free, Mn
saline. Focal perfusion with Mn saline reduced the amplitude of the
whole-cell current by two-thirds but had no effect on the patch current.
Filter corner frequency, 1 kHz.

blebs were not seen with small injections like that illustrated in
Figure 9 that were sufficient to reduce the amplitude of the local
Ca current.

The Ca injection experiments provide an important control
for the possible contamination of Ca current by Ca-dependent
K current. In each of 10 experiments, Ca injection did not
activate outward current in the patch or whole cell at the —40
mV holding potential or during depolarizing pulses, showing
that Ca-dependent K current is successfully blocked.

Cytoplasmic Ca concentration change remains localized

Ca current inactivation depends on the local change in cyto-
plasmic Ca concentration near the patch rather than the average
concentration change in the cell body. This was shown by re-
cording Ca currents from a patch near the equator that showed
moderate inactivation. The solution bathing the area surround-
ing the patch was changed from normal saline to a Ca-free, Mn
saline using a focal perfusion method (Thompson et al., 1986).
The perfusion stream directed the Mn saline over about half of
the cell body and was centered on the point where the patch
pipette was attached. The saline in the pipette was not changed.
Because Mn is not permeable in Ca channels, Ca current in the
surrounding membrane is eliminated during the perfusion and
the local Ca influx is restricted to the membrane within the
patch pipette. Since the stream of Mn saline is applied focally,
Ca current will still occur in soma membrane far away from the
patch. Figure 10, 4 and B, shows whole-cell currents and patch
currents in Ca saline and during perfusion with Mn saline. The
whole-cell Ca current is reduced by two-thirds during focal per-
fusion, but the remaining current inactivates at the same rate
as the control. The amplitude and time course of the patch
current remain unchanged. These findings show that Ca entering
through adjacent membrane has little influence on the inacti-
vation of Ca current in the patch and that the Ca concentration
change remains localized to the vicinity of the patch during
pulses of this duration.

Discussion

Spatial distribution of Ca current

There have been several reports describing the localization of
inward currents in molluscan neurons. Kado (1973) used a pair
of differential electrodes to record local currents from the soma



of Aplysia neuron R2 and found that TTX-sensitive inward
current was relatively larger near the emergence of the axon,
whereas TTX-insensitive current (probably Ca current) was rel-
atively larger at the soma cap. Scheffey (1975) used the vibrating-
probe method to record local currents in Helix neurons and
scaled the currents by membrane capacitance in order to com-
pare current densities in different regions. He confirmed Kado’s
finding that the Na current is largest near the axon hillock and
showed that Ca currents can be recorded over the entire surface
of the cell body. Horn (1978) found that the axon of Aplysia
neuron R2 can support Ca action potentials up to 1 cm from
the cell body, indicating that Ca channels are widely distributed
and not restricted to the soma. The high spatial resolution of
the large patch method made it possible to study the distribution
of Ca current on a finer spatial scale.

Ca current is not evenly distributed in the cell body. Analysis
of the data from many patches indicates that there is a mod-
erately steep gradient of increasing current density from the
soma cap to the axon hillock, and there appears to be a sharp
increase in current density just below the equator. The Ca cur-
rent density in each region is highly variable, and in each region
there are patches that have an unusually high current density
that represent current “hot spots.” This suggests that Ca chan-
nels may occur in macroscopic clusters involving a few hundred
channels. The gradient in current density could result from in-
creasingly close spacing of channel clusters as the axon hillock
is approached.

The cellular processes that govern the distribution of Ca chan-
nels are not known, but the particular relationship between glial
cells and neurons in molluscs suggests the possibility that glial
cells may influence Ca channel localization. Glial cells invagin-
ate the soma and cause infolding of the surface membrane (Mir-
olli and Talbot, 1972; Mirolli and Gorman, 1973). Infolding is
common near the axon hillock but rare or absent near the soma
cap, and, therefore, the distribution of glial processes roughly
parallels the distribution of Ca current. It is possible that glial-
neuronal interactions play a role in establishing the Ca channel
distribution by affecting the structure of the neuronal cortical
cytoplasm or the anchoring of Ca channels. A similar hypothesis
has been suggested to explain the localization of Na channels
at nodes of Ranvier in vertebrate axons (Poo, 1985; Waxman
and Ritchie, 1985).

Are there two types of Ca currents?

One of the principle criteria used to distinguish between different
types of Ca currents is the strength of inactivation during de-
polarization (Eckert and Chad, 1984; McCleskey et al., 1986;
Miller, 1987). A possible explanation for the data presented here
is that these neurons express 2 types of Ca currents with different
preferred distributions such that the more strongly inactivating
current tends to occur nearer the axon hillock. A number of
experiments were performed in an attempt to separate the Ca
current into 2 or more components.

In vertebrate neurons, inactivating and noninactivating Ca
currents can sometimes be separated because of differences in
the voltage dependence of activation (Tsien, 1983; Miller, 1987).
In the present experiments, noninactivating Ca current begins
to activate at a slightly more depolarized voltage than strongly
inactivating current. The difference is much less than that char-
acterizing L and T channel activation or type I and type 1I
currents in vertebrate neurons and invertebrate eggs (Hagiwara
et al,, 1975; Carbone and Lux, 1984a, b; Nowycky et al., 1985;
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Narahashi et al., 1987). It appears that if 2 kinds of Ca currents
are expressed in the molluscan cells, they do not correspond to
the high- and low-threshold Ca currents in other preparations.

The differences between the I(V) curves for inactivating and
noninactivating Ca current could result from an artifact of the
measurement procedure rather than a real difference in the cur-
rents. The interpretation of I(V) curves requires that a particular
model be assumed for the mechanisms of activation and in-
activation. Implicit in the way we treated the data is the as-
sumption that these processes are independent, but this cannot
be strictly correct since the strength of inactivation is known to
depend on current amplitude (see Eckert and Chad, 1984). The
I(V) curves in Figure 8 were constructed in 2 ways: either by
measuring the peak current during depolarizing pulses or by
extrapolating the decline in current during depolarization back
to the beginning of the pulse. The data were normalized to the
maximum current to allow comparison of I(V) curves measured
at different locations. If activation and inactivation are not in-
dependent, both methods for plotting the I(¥) curve could un-
derestimate the maximum amplitude of an inactivating current.
Normalization could then produce an apparent difference in the
I(V) curves for inactivating and noninactivating currents, es-
pecially for smaller pulses, that could account for the results
illustrated in Figure 7. Because of this consideration, and the
fact that in some experiments the (V) curves for inactivating
and noninactivating current were identical (see Fig. 8), we do
not think that the I(V) curves provide convincing evidence for
2 types of Ca currents.

Inactivating and noninactivating Ca currents share other char-
acteristics. They cannot be distinguished on the basis of their
sensitivity to hyperpolarizing conditioning pulses or changes in
holding potential, or by differences in the kinetics of activation
or deactivation, criteria that were important for separating dif-
ferent types of Ca currents in invertebrate oocytes and vertebrate
neurons (Hagiwara et al., 1975; Carbone and Lux, 1984a, b;
Armstrong and Matteson, 1985; Nowycky et al., 1985; Matteson
and Armstrong, 1986; McCleskey et al., 1986; Narahashi et al.,
1987). Ca current near the soma cap that does not inactivate
during depolarization is reduced by intracellular Ca injection
and, therefore, appears to be sensitive to Ca-dependent inacti-
vation. The Ca injection procedure cannot be used to determine
if inactivation is equally sensitive to internal Ca at all locations.
This is because the local concentration change depends strongly
on the placement of the injection electrode. Ca diffuses slowly
in cytoplasm, and while it is expected that the concentration
change will remain localized for a short time after injection, the
volume that receives the Ca load and the local buffer strength
are not known. This prevents us from calculating the local con-
centration change during injection and makes it inappropriate
to attempt a quantitative comparison of the sensitivity of Ca
current inactivation to injected Ca at different locations.

The simplest interpretation of the data is that the somatic Ca
current in these cells involves only one type of Ca channel. A
definitive test of this idea will require single-channel recording
of Ca currents at different locations. Lux and Brown (1984)
recorded single-channel Ca currents in Helix neurons and re-
ported that the ensemble average of single-channel currents had
the same inactivating waveform as the whole-cell current. They
did not find evidence for more than one type of Ca channel, but
they did not report the locations of the patches. Chesnoy-Mar-
chais (1985) described 2 kinds of Ca channels in 4p/ysia neurons
in high-Na saline. Only one of these was similar in voltage
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dependence to the current we recorded in the cell body. The
other, smaller conductance channel activated at more negative
voltages and may correspond to the noninactivating Ca current
observed in certain pacemaker neurons in molluscs (Gola, 1974;
Eckert and Lux, 1976; Adams and Levitan, 1985; Kramer and
Zucker, 1985; Smith and Thompson, 1987). This current was
not seen in the present experiments.

If it is assumed that the cell expresses only one type of Ca
channel with uniform properties, then how can the variability
in the strength of inactivation be explained? One important
finding in this study is that the strength of inactivation varies
between patches even when the current density and, according
to the assumption, the number of active Ca channels and the
single-channel current are the same. This shows that differences
in the strength of inactivation are not explainable by differences
in local current density. One possible explanation is that there
may be local differences in the strength of the cytoplasmic Ca
buffer. Figure 10 showed that the local Ca concentration change,
rather than the average concentration change in the soma, is
the important factor determining the strength of inactivation.
If the cytoplasmic Ca concentration is buffered more strongly
at the soma cap, or if diffusion away from the membrane is
relatively unrestricted in that region, the local Ca concentration
change during depolarization might not reach the level required
to cause inactivation. Less effective buffering near the hillock
or a more highly compartmentalized cytoplasm in that region
might allow Ca to accumulate more readily and reach a higher
local concentration. It has been suggested that cellular Ca buff-
ering is not uniform in the radial dimension; the cortical cy-
toplasm is thought to buffer Ca more strongly than the more
central cytoplasm (Tillotson and Gorman, 1980; Barish and
Thompson, 1983). The buffer strength might be nonuniform
around the circumference of the cell as well, with more efficient
buffering occurring near the soma cap. This could occur, for
example, if Ca active transport sites are concentrated near the
cap. Also, glial infoldings near the axon hillock might create
restricted intracellular compartments between invaginating pro-
cesses where Ca could readily accumulate. According to these
ideas, the strength of inactivation does not depend on the prop-
erties of the Ca channel, but on regional differences in cellular
morphology or in the distribution of Ca active transport sites
and cytoplasmic buffers.

Local differences in the strength of inactivation could also
occur if a cytoplasmic factor or enzyme that is necessary for
inactivation is unevenly distributed. This would be consistent
with the work of Brown et al. (1984) showing that Ca inacti-
vation has a high temperature dependence suggestive of a met-
abolic step in the inactivation process (see Brown et al., 1986).
Chad and Eckert (1986) found that the rate of Ca inactivation
is increased when Helix neurons are dialyzed with a Ca-depen-
dent phosphatase, calcineurin. They proposed a mode! in which
inactivation results from dephosphorylation of the channel due
to increased activity of an endogenous Ca-dependent phospha-
tase. Regional differences in the strength and rate of inactivation
could be explained by nonuniform distribution of membrane-
bound phosphatase in the soma. Alternatively, Ca channels at
certain locations could be modified enzymatically to change the
sensitivity of inactivation to internal Ca after the channels are
inserted into the membrane. Experiments on Paramecium pro-
vide a precedent for these ideas. In certain mutants of Para-
mecium, Ca currents exhibit reduced Ca-dependent inactivation
relative to wild-type strains (Hinrichson and Saimi, 1984). The

mutant apparently lacks a factor necessary for inactivation be-
cause of an altered channel structure or a change in a necessary
metabolic step.

The data presented in this paper show that qualitative dif-
ferences in the strength of Ca current inactivation occur between
patches and raise the possibility that the same type of Ca channel
can perform differently depending on its location in the soma
membrane. The present models for Ca-dependent inactivation
that are based on whole-cell voltage-clamp experiments should
be reconsidered. It is apparent that a fraction of the Ca current
in the soma does not inactivate during depolarization, that the
strength of inactivation shows a high degree of spatial vari-
ability, and that the whole-cell Ca current is the weighted sum
of inactivating and noninactivating currents. Also, classification
of Ca currents on the basis of differences in the strength of
inactivation may be inappropriate because inactivation may
involve features of the cell that are not associated with the Ca
channel protein.

Significance of local differences in Ca current

The somatic Ca current influences the excitability and repetitive
firing properties of the neuron by contributing inward current
during spike initiation. The spatial gradient in Ca current dis-
tribution in the soma is not expected to have a direct effect on
this integrative process because the cell body is nearly isopo-
tential during normal activity. However, the presence of non-
inactivating Ca current in the soma may have important con-
sequences for neuronal function. Ca ions act as cytoplasmic
second messengers with a wide range of effects—influencing the
activation of Ca-dependent currents, synaptic transmission from
nearby axodendritic synapses, and the activity of Ca-dependent
enzymes. The spatial gradient in Ca current density, regional
differences in the strength of inactivation, and the fact that the
intracellular Ca concentration change remains localized mean
that different regions of the soma receive different Ca signals
during normal activity, which produces a temporal compart-
mentalization of the Ca signal.
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