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Regional Properties of Calcium Entry in Barnacle Neurons
Determined with Arsenazo Il and a Photodiode Array

William N. Ross, Lisa Lewenstein Stockbridge,’ and Norman L. Stockbridge?

Department of Physiology, New York Medical College, Valhalla, New York 10595, and
The Marine Biological Laboratory, Woods Hole, Massachusetts 02543

Calcium changes were simultaneously measured at many posi-
tions on individual neurons from the supraesophageal ganglion
of the barnacle by detecting absorbance changes of the indicator
dye Arsenazo III with a 10 x 10 photodiode array. These
changes were correlated with positions on the stimulated cell
determined from Lucifer yellow injections. Absorbance signals
were found at all locations on the cells, demonstrating that cal-
cium channels were distributed on the somata, axons, and neu-
ropil processes. By comparing the amplitude of the signal with
the membrane area in each region, we could measure the cal-
cium entry per impulse per unit of surface in each part of the
cell. Assuming that the properties of the calcium channels are
the same in all regions, we determined that calcium channels
were distributed uniformly along the commissural axon of one
cell and were found at higher density in the neuropil.

Because significant calcium changes are only detected when
cells are depolarized above about —20 mV, the presence of ab-
sorbance signals indicates membrane depolarization above this
level. We used this fact to show that calcium spikes propagate
along the axon and into the neuropil of one cell, along the axon
of another, and not at all in a third.

Differences in time course of calcium transients were observed
in different regions of cells. The recovery time course was faster
at the edge of the cell body than in the center and faster in the
neuropil than in the axon or soma. During trains of action po-
tentials or during wide action potentials in tetraethylammonium
(TEA) saline, the calcium signal reached a plateau in the neu-
ropil while continuing to rise in the axon and soma.

Calcium plays a variety of roles within neurons, including con-
trol of transmitter release (Katz, 1969), alteration of enzyme
action (Rasmussen, 1981), modulation of specific conductances
(Meech, 1978), as well as being a current carrier through specific
ion channels (Hagiwara, 1973). These effects are often thought
to be segregated in particular regions of the cell, contributing to
the specialization of different parts of the neuron (Llinis and
Sugimori, 1979). There is evidence that some of the main reg-
ulators of internal calcium concentration (calcium channels and
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intracellular buffers) are unevenly distributed. For example, Katz
and Miledi (1969) showed that calcium channels are concen-
trated in the presynaptic terminal region of the squid giant syn-
apse and Tillotson and Gorman (1980) showed that in the cell
R15 of Aplysia buffering is stronger at the edge than at the center
of the neuron (see also Mullins and Requena, 1979). However,
these regional variations have not been extensively analyzed
because calcium changes in cells have almost always been mea-
sured with single electrodes or single optical detectors, which
only report changes at one position at a time.

Calcium changes in cells can be measured using either ion-
selective electrodes or optical detection of changes in absorption,
fluorescence, or luminescence of appropriate indicators (re-
viewed in Blinks et al., 1982). One of the advantages of using
optical methods is that this technique can be extended in a
straightforward way to detect changes simultaneously at many
positions. Jaffe and his colleagues (Gilkey et al., 1978) first used
this approach to look at the wave of calcium entry in fertilized
medaka eggs. They injected eggs with the calcium-sensitive pho-
toprotein aequorin and detected the spread of luminescence with
an image intensifier and vidicon camera. Using a similar ap-
paratus, Llinas et al. (1983) have looked at calcium entry in the
presynaptic terminal of the squid giant synapse. Recently, Har-
ary and Brown (1984) used a linear array of detectors and the
dye Arsenazo III to look at calcium in the Limulus ventral
photoreceptor.

To explore the regional properties of calcium entry in neurons,
we have measured changes in absorption of the metallochromic
indicator Arsenazo III (Brown et al., 1975; DiPolo et al., 1976)
simultaneously at many positions with a 10 x 10 array of pho-
todiodes (Grinvald et al., 1981a; Ross and Krauthamer, 1984).
By correlating these signals with positions on the cell as deter-
mined from Lucifer yellow injections, we could assign simul-
taneously measured absorption changes to the soma, dendrites,
axons, and presynaptic terminals of various neurons. Since these
absorption changes are proportional to the changes in calcium
and have a rapid response time (reviewed in Blinks et al., 1982;
and see Materials and Methods, below), we could make quan-
titative comparisons of the amplitudes and time courses of the
calcium transients in the different regions. We first used this
method to demonstrate that calcium channels were concentrated
in the presynaptic terminals of a barnacle photoreceptor (Stock-
bridge and Ross, 1984). In this paper, we show that the neuropil
region of some ganglionic neurons also has a relatively high
concentration of calcium channels and that the time course of
the calcium transients evoked by stimulating the cell differs in
this region from those of the axon and soma. In addition, we
demonstrate how the simultaneous measurement of calcium
signals in different regions can be used to examine the propa-
gation of electrical signals within neurons.

Preliminary versions of this work have been published in
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abstract form (Lewenstein and Ross, 1984b; Lewenstein et al.,
1984; Ross et al., 1984).

Materials and Methods

Large barnacles, Balanus nubilus, were obtained from Puget Sound,
Washington, and kept in either recirculated or flowing sea water at 8-
12°C. The supraesophageal ganglion was dissected out as previously
described (Hudspeth and Stuart, 1977) and mounted in a plastic cham-
ber coated with Sylgard (Dow Corning), using strips of Teflon tape to
hold the ganglion immobile (Ross and Krauthamer, 1984). Most ex-
periments were done on three different neurons of the ganglion: (1)
“marginal cells” (MG) (Ross and Krauthamer, 1984), found along the
anteromedial border of each hemiganglion with an axon projecting out
the ipsilateral antennular nerve and a neuropil arborization in the same
hemiganglion; (2) “cross-commissural” (CC) cells (Lewenstein, 1983),
one in each hemiganglion with a soma on the posteromedial border,
projecting an axon across the commissure and out the contralateral
antennular nerve. These cells have a wide arborization in the ipsilateral
hemiganglion and a smaller arborization in the contralateral hemigan-
glion; (3) “medial-commissural” (MC) cells, one in each hemiganglion
with a large soma close to the commissure, with an axon that crosses
the commissure to an arborization adjacent to the commissure in the
contralateral hemiganglion. These cells are illustrated in Figure 1.

The chamber was mounted on the stage of a Zeiss Universal micro-
scope. Microelectrodes and suction electrodes were controlled with hy-
draulic manipulators (Narashige, M-103) mounted on the stage to per-
mit changing the field of view while maintaining the electrodes in position
(Grinvald et al., 1981b; Ross and Krauthamer, 1984).

For direct electrical recording, electrodes were filled with 3 m KCL
For iontophoresis of Arsenazo III, the tips of the electrodes were filled
with 75 mm dye (Sigma, 8992) and backfilled with 3 m KCl. For
iontophoresis of Lucifer yellow, the tips were filled with 0.05 M dye
(Aldrich Chemical Co.) and backfilled with 1 m LiCl. Both dyes were
used without purification and were maintained in stock solutions at the
indicated concentrations. Normal saline was NaCl, 461.5 mm; KCl, 8
mu; CaCl,, 20 mm; MgCl,, 12 mm, and HEPES buffer, 5 mm (pH 7.6).
When used, tetraethylammonium (TEA) chloride was substituted 1:1
for NaCl. CoCl, was substituted for CaCl, or added to the saline. TTX
was maintained in a stock solution of 10-% gm/ml and diluted 1:100
with saline to give a final concentration of 3 x 10-7 m. Experiments
were done at room temperature, 18-22°C.

After impaling a cell, Arsenazo III was iontophoresed using 500 msec
hyperpolarizing pulses of 1-3 nA and a duty cycle of 50%. For most
cells, dye was injected until the soma was just pink, at which point the
concentration there was about 0.3-0.4 mm. Dye concentration in the
soma (C) was estimated by measuring the transmission change in the
center of the cell at 580 nm, which is close to the isosbestic point of
the dye. Beer’s law (I = I, x 10~+€) with a molar absorption coefficient
ofe =3 x 10* M~ cm~! (Ahmed et al., 1980) was used. In calculating
the path length (L), the soma was assumed to be spherical. No attempt
was made to correct this measurement for light scattering (Charlton et
al., 1982). After injection, the dye was allowed to diffuse about 30 min.
For some cells this was not long enough for the dye to reach equilibrium
since repeated experiments gave signals over wider areas of dendritic
arborization. However, the dye eventually diffused over the full den-
dritic field of the cells and at least 2000 um along the axon with no
indication of any diffusion barrier. Experiments such as those shown in
Figure 12 indicate that an equilibrium distribution was reached in less
than 1 hr, since significant changes in signal size and shape were not
observed at longer times. Stable recordings and signals were often ob-
tained for 3-5 hr after the beginning of an experiment.

For the optical experiments, the ganglion was illuminated with a 12
V, 100 W tungsten-halogen lamp controlled with a stabilized DC power
supply (Kepco, JQE-25M). The condenser had a numerical aperture of
0.9 and was adjusted for Kohler illumination. The wavelength of illu-
mination was selected with interference filters. Filters used to determine
the action spectrum had a nominal width of 10 nm. Calcium signals
were first detected with a 660 + 15 nm filter (Baylor et al., 1982b).
After controls established that our signals came from calcium entry and
were not significantly contaminated with signals from changes in pH or
magnesium concentration, and that signals measured between 620 and
660 nm had a similar time course (see below), we used a 640 + 30 nm
filter to obtain larger signals.

The ganglion was imaged onto the 10 x 10 photodiode array using
either of two water-immersion lenses—a 25 x, NA 0.60 (Leitz, 619706)
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Figure 1. Drawings of CC, MC, and MG cells superimposed on out-
lines of the barnacle supraesophageal ganglion. The nerves at the bottom
are the circumesophageal connectives; above, the two antennular nerves
and the medial nerve. Cell shapes were determined from Lucifer yellow
fills of these neurons. A photograph of the live ganglion appears in Figure
1 of Ross and Krauthamer (1984).

or a 40x, NA 0.75 (Zeiss, 5232814). In conjunction with the Optovar
of the microscope, these lenses allowed each photodiode element to
record from areas of different sizes ranging from 25 x 25 to 64 x 64
pm? in the plane of the ganglion.

The current outputs of the 96 photodiode elements (the four corner
elements were unused) were converted to voltage with operational am-
plifiers and RC-filtered with a low-pass time constant of 10 msec. In
order to increase the resolution of the measurement, the steady-state
intensity level on each channel was subtracted using a sample-and-hold
circuit and difference amplifier (Baylor et al., 1982a; Grinvald et al.,
1982; Nakajima et al., 1976) and the resulting signal was further am-
plified 2000 x. These signals were sampled and digitized with 12 bit
accuracy using two separate analog-to-digital convertors (ADAC, 1023
and Data Translation, 3382). These convertors could store data in par-
allel under direct memory access (DMA) with a combined rate of 300
kHz, allowing a complete polling of all 96 channels in 0.333 msec.
During the early stages of our work, many experiments were performed
using only the central 32 elements of the array and the ADAC convertor.
For the experiments described in this paper, the channels were sampled
at a rate between 30 and 100 Hz. Corrections for the small drift in the
sample-and-hold circuit were made during data acquisition by subtract-
ing a reference trace from each stimulated record. The data were ana-
lyzed and displayed using an LSI-11/23 minicomputer.



1150

15.0

10.0 |

Ross et al.

Vol. 6, No. 4, Apr. 1986

—-50 |

Figure 2. A, Action spectrum of the
dye Arsenazo III in different regions of
the CC cell. For each wavelength the
amplitude of the absorbance change
during a standard stimulation was di-
vided by the resting intensity at that
wavelength. Recordings were made
from the soma (+), from positions over
the ipsilateral neuropil (O, 4), and from
over the axon (x). The soma point at
660 nm was measured several times
during the experiment and the scatter
indicates the drift and/or error in our
measurements. The curves were fitted
by eye. B, Difference in recovery time
course in the soma, measured at differ-
ent wavelengths after a standard stim-
ulating pulse. The signals haave been
normalized to the same amplitude. The 1
early part of the time course at 600 nm i ) [
is faster than at the other indicated M‘ N
wavelengths. v

With this apparatus, we were able to resolve absorbance changes of
2 x 10-% in a single sweep using the 25 x lens and the 640 = 30 nm
filter. If a 5-um-diameter axon passes through the field of one diode
element (64 um?) and is filled with 0.25 mm dye, then this sensitivity
implies that we could detect a concentration change of about 2 um in a
single sweep (using the calibration of Gorman and Thomas, 1978). If
there is more than one process in the field (as in the neuropil), larger
processes, and/or we use signal averaging, then this sensitivity is greatly
increased. For example, the axon in Figure 4 had a diameter of 25 ym
and was stimulated 100x with a train of 17 action poientials. In this
case, we would estimate that we could see changes in the commissure
corresponding to an increase of about 50 nm calcium per impulse if the
axon were filled with 0.25 mm dye.

After each experiment the stimulated cell was iontophoretically filled
with Lucifer yellow. The cell was then photographed using epifiuores-
cence (50 W mercury lamp, BG3 and BG12 prefilters, and 0G510 post-
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filter; Schott) as previously described (Ross and Krauthamer, 1984).
This photograph was used to correlate positions on the cell with elements
of the photodiode array. The ganglion was then fixed in buffered for-
malin (pH 7.4), dehydrated, cleared in methyl salicylate, and rephoto-
graphed.

In order to assign a signal detected on a particular photodiode element
to a location on the cell, it was important to know how weli the cell
was imaged on the array. Both the three-dimensionality of the neuronal
geometry and scattering of light by the tissue degrade the image from
what might be expected from a two-dimensional sheet. To measure the
consequences of these effects, we placed a 20 um diameter aperture on
the stage and varied the depth of focus. We found that with the 0.75
NA lens and with a grid spacing of 40 um there was no significant spread
of signal to adjacent diodes until we defocused over 100 um. The effect
of light scattering by the tissue was assayed by placing the aperture
under the ganglion in saline. In this case, scattering spreads signals over
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about a 50-um-diameter area. However, this estimate is worse than the
real situation since the cell bodies are superficial with their processes
within the ganglion, and only the tissue above the cell participates in
the signal scattering. These conclusions are confirmed in the montage
shown in Figure 3. In thin areas, such as the axon in the commissure
or around the soma that bulges out of the ganglion, there is no signal
outside the boundary. Similar analyses were made by Salzberg et al.
(1977) and Orbach and Cohen (1983) using another apparatus with
different lenses.

Arsenazo I1I changes its absorbance in response to changes in pH and
to changes in Mg ion concentration. Also, there is some controversy
(Ahmed et al., 1980; Brown and Rydqvist, 1981; Palade and Vergara,
1983; Rios and Schneider, 1981; Thomas, 1979) about the stoichi-
ometry and kinetics of the calcium-dye reaction. Therefore, we have
made several control experiments and used reasonable assumptions in
establishing that the changes in absorbance we measure indicate changes
in calcium ion concentration of the correct magnitude and time course.

Two experiments showed that the absorbance changes were the result
of changes in [Ca]; resulting from calcium flow through voltage-depen-
dent calcium channels. First, the signals were greatly reduced when the
20 mm external calcium was replaced with 2mM Ca and 18 mm Co or
if 1 mm Cd was added to the saline. In other preparations (Hagiwara
and Byerly, 1981), these procedures block calcium currents through
calcium channels. In addition, the absorbance increased during the time
the cell was depolarized and began to decline at the end of the stimu-
lation. Therefore, it is unlikely that we were detecting calcium-stimu-
lated calcium release from internal stores, since this process would peak
later as a result of the diffusion time of calcium in the cytoplasm. Second,
the action spectrum at each position in the cell (Fig. 24) resembled that
expected from changes in [Cal; and not that expected from changes in
[Mg]; or pH (Ahmed and Connor, 1979; Baylor et al., 1982b; Gorman
and Thomas, 1980). We found, as did these previous workers, that the
peak at 660 nm was larger than the peak at 610 nm, the opposite of
that found with Ca—-Arsenazo III in a cuvette. This difference may be
due to the fact that calcium and Arsenazo III can form more than one
complex (Palade and Vergara, 1983; Rios and Schneider, 1981) and the
distribution of complexes in the cell may vary from those found at
equilibrium in the cuvette. This spectral difference, however, is not the
result of the dye responding to ions other than calcium because the
action spectrum for pH and Mg changes is quite different.

We also found that there was a small, but consistent, time-course
variation with wavelength. Signals recorded at 600 nm recovered faster
than those recorded at 620-660 nm (Fig. 2B). Ahmed and Connor (1979)
reported similar results and attributed the variation to a late pH change,
possibly due to calcium sequestration coupled to proton release at the
mitochondria. Palade and Vergara (1982) also found differences between
signals at various wavelengths. However, Rakowski and Jost (1984),
using a rapid scanning spectrometer, found that the action spectrum in
muscle fibers is essentially the same at all times after a stimulus, and
they defend the use of Arsenazo III as an indicator of the time course
of calcium transients. Another complication is that both Palade and
Vergara (1982) and Baylor et al. (1983) found small differences in the
time courses for rapid calcium transients in muscle using Arsenazo III
and another indicator dye, Antipyralazo III. These observations require
that we interpret the time-course measurements cautiously. Neverthe-
less, we believe that the time-course measurements give useful infor-
mation because (1) we used (in most experiments) relatively short stim-
ulating trains, which are not expected to cause a significant pH signal
(Zucker, 1981); (2) the time constants we measured were typically more
than 10x slower than those recorded in muscle fibers (Baylor et al.,
1982b) and hence the reactions were closer to equilibrium and less
complicated by the transitions among the Ca—Arsenazo III species; and
(3) we generally drew conclusions from the differences in time course
in different parts of the cell and not from the value of the time constant
itself.

Results

Distribution of signals

In a typical experiment, Arsenazo III was injected into the soma
of a CC cell and the dye was allowed to diffuse throughout the
cell. The soma was then repetitively stimulated using the same
electrode. In order to improve the signal-to-noise ratio, a train
of 5-20 action potentials was typically used and records were
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signal-averaged 10—-100 x. Figure 3 shows the absorbance changes
at 640 = 30 nm detected by each element of the array when a
hundred 500 msec depolarizing pulses were delivered to the cell,
eliciting a burst of 17 action potentials per sweep. In this cell
the experiment was repeated with two overlapping fields in order
to cover the entire cell. The shaded area represents the neuron
as determined by imaging scaled photographs of the Lucifer
yellow fill (Fig. 4) over the montage (see Materials and Methods).
In all positions over the cell, there is a sharp increase in absor-
bance during the time of stimulation; the absorbance then de-
clined to baseline. There were no signals in positions outside
the cell boundary. Some small movement artifacts occurred near
the edge of the ganglion.

Since calcium diffuses slowly in cytoplasm (D = 3 x 107
cm? sec~!; Blaustein and Hodgkin, 1969) and the time to peak
was about the same in all positions, the location of absorbance
changes must correspond closely to the sites of calcium entry,
the calcium channels. In this cell the wide distribution of ab-
sorbance changes showed that there were calcium channels on
the soma, axon, and dendritic processes. There were no locations
on this cell without channels.

The CC cell described above was capable of supporting cal-
cium-dependent action potentials in TTX. Another cell, the MG
cell, was not excitable in TTX, even when 50 mMm TEA was
added to the saline to block outward current. In this cell we
could also detect stimulated changes in absorbance in all parts
of the cell. However, it was our impression that the absorbance
changes in the axon were much smaller than those detected in
the CC cell under the same conditions for axons of about the
same diameter and cells filled with about the same concentration
of dye. This implies that the density of calcium channels was
lower in the axon of the MG cell than in the axons of the CC
cell. We could not make this comparison quantitative because
of our inability to measure the concentration of Arsenazo III in
the axons. However, the qualitative difference between the two
cells is consistent with their different excitability in TTX. Cal-
cium channels have previously been demonstrated in the squid
giant axon, which is also unexcitable in TTX (Baker et al., 1971;
Brown et al., 1975; Dipolo et al., 1983) and in the axon of the
barnacle photoreceptor (Edgington and Stuart, 1979).

Variations in calcium channel density

Using either direct iontophoretic injection of calcium into mus-
cle fibers (Miledi et al., 1980) and into the presynaptic terminal
of the squid giant synapse (Miledi and Parker, 1981) or stim-
ulated entry into Aplysia neurons (Gorman and Thomas, 1980),
it has been shown that the absorbance change is proportional
to the change in internal calcium in the physiological range.
Consequently, if the duration of the stimulus is short compared
to the time for calcium removal, the amplitude of the absorbance
change recorded by each photodiode should be proportional to
the change in the amount of calcium in the cell in the area
subtended by that diode element as long as the concentration
of dye in the cell is uniform. If we assume that the properties
of calcium channels are the same on all parts of the cell and
that the potential change during the stimulus was the same at
all places on the cell, then the signals are proportional to the
number of calcium channels under each element. To translate
these numbers into channel density requires accurate measure-
ment of the surface area in each region. For neurons with com-
plicated geometries, this kind of analysis is not always possible.
However, we have been able to examine special regions of some
cells with this method.

Figure 5 shows the absorbance change at six positions along
the axon in the commissure of the CC cell. Here, the axon was
of uniform diameter with no side branches. The figure shows
that the signal size was constant along the commissure, implying
a relatively uniform density of calcium channels.
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Figure 3. Time course of absorbance changes measured simultaneous-
ly at many positions over a CC cell. Significant signals were seen at all
positions on the cell. The scale factor for the amplitudes is the same at
all positions. Several locations in the somatic region were off-scale and
have been cut off. The area covered by each pixel is a square (64 um?)
whose bottom edge is along the bottom of the absorbance signal from
that element. Two photodiode elements were not working and are shown
as blanks. Since the entire cell could not fit in the microscopic field, the
experiment was repeated at two positions and the amplitudes matched
at overlapping pixels. The cell was stimulated with a train of action
potentials in normal saline during the rising phase of each trace. The
duration of each trace is 5 sec; 100 sweeps were averaged. The outline
of the cell was determined from the Lucifer yellow-filled cell shown in
Fig. 4. Only the major processes are shown in the ipsilateral neuropil.

The arborization of the CC cell in the contralateral hemigan-
glion could be reconstructed from serial photographs of whole-
mounts, and the surface area in each region could be estimated.
This region was far enough away from the point of dye injection
(the soma) that it is likely that the dye concentration was fairly
uniform. (Further confirmation of this point comes from the
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fact that the time course of the signal was similar in the com-
missure and in the axon. Since the time course is sensitive to
the concentration of dye, this suggests that the concentration
was uniform —see “Time course of calcium transients,” below,
for further discussion.) Figure 6 shows the results from a typical
cell. We divided the cell in the contralateral ganglion into three
regions, two axonal segments and one region containing the
neuropil. In each region the sum of the signals from all the pixels
was divided by the calculated surface area (see figure legend).
The figure shows that the normalized signal in the neuropil
region was about 3 X as large as in the axonal regions, implying
that calcium channels are distributed more densely in neuropil
regions than along axons. If the Arsenazo III did not penetrate
well into the neuropil, then the true ratio would be even larger.
Similarly, if the action potentials causing the signals failed to
propagate into the processes, the ratio would also be larger. The
more complex neuropil of this cell in the ipsilateral hemigan-
glion precluded a detailed analysis in that region. However, the
data for the ipsilateral region (Fig. 7) are also consistent with a
high neuropil density of calcium channels.

Spread of excitability

The wide distribution of Arsenazo III absorbance signals over
the surface of these cells suggested the possibility that they could
be used to indicate the spread of potential within the cell. Since
both calcium channels and membrane depolarization are nec-
essary to cause calcium influx, and calcium channels are present
everywhere in these cells, then the location of the absorbance
changes indicates the places where the membrane potential was
depolarized enough to open the channels.

One application of this approach is to determine whether and
where somatically stimulated potentials propagate. In normal
saline, the MG cell action potential is almost entirely sodium-
dependent. Yet there appear to be calcium channels at low den-
sity all along the axon as absorbance signals are found when the
cell is stimulated to fire action potentials (Fig. 8). When TTX
is added to the saline and the soma depolarized, the absorbance
changes are confined to the somatic region. This restricted dis-
tribution of signals is due to the declining amplitude of the
electrotonically spreading depolarization. Within a short dis-
tance from the soma (150-200 um), the amplitude of the pulse
is not large enough to open sufficient calcium channels to pro-
duce an absorbance signal. The exact value of potential where
this transition occurs is not known in this cell. However, based
on voltage-clamp measurements of currents and Arsenazo II1
absorbance changes in other species (Ahmed and Connor, 1979;
Gorman and Thomas, 1980; Smith and Zucker, 1980), signif-
icant calcium signals would not be seen if the potential was
below —20 mV. Passively spreading potentials are attenuated
below this level because of the voltage-dependent potassium
conductances in the membrane; hence, the short space constant
for the absorbance signal.

When the same kind of experiment is done on the CC cell,
which has been demonstrated to have a propagating calcium-
dependent action potential in the presence of TTX (Lewenstein,
1983; Lewenstein and Ross, 1984a), there is little difference in
the absorbance signal distribution with or without TTX (Fig.
9). Similarly, the figure shows that the ratio of signals with or
without TTX remains close to 1.0 along the axon of the MC
cell after normalizing the ratio to 1.0 in the soma. This dem-
onstrates that the calcium spike in this cell also propagates.

We can also use these results to argue that action potentials
propagate into the processes of the CC cell. Figure 7 shows that,
in this cell, strong signals are found out to the tips of the den-
drites, often more than 200 um away from the axon, with no
indication of a reduction in signal amplitude with distance faster
than the reduction in density of neuropil processes at the edge
of the arbor. This suggests that the signal per unit membrane
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area is not declining rapidly in the dendrites. When propagation
clearly fails, as in the TTX-treated MG cell, no signals are seen
200 um along the axon. Since the space constant of the dendrites
is likely to be shorter than that of the axon because of their
smaller diameters, we would expect the signals to drop even
faster in this region if propagation failed.

This argument is consistent with the fact that the density of
calcium channels is higher in the processes than in the axon,
where propagation is clearly supported, even in TTX. In fact,
Figure 10 shows that propagation into the dendrites also persists
in TTX, since the ratio of signals in TTX to that in normal
saline is at least 1.0 at all positions in the dendritic arbor. Hence,
the calcium channels in the dendrites are dense enough by them-
selves to support active propagation.

Calcium Transients in Barnacle Neurites
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Figure 4. Fluorescence photograph
of the CC cell used in the experiment
illustrated in Figure 3. The cell has
been iontophoretically filled with Lu-
cifer yellow. The background autoflu-
orescence outlines the boundaries of
the supraesophageal ganglion. The
pictures were taken with a 10x, 0.22
NA lens to increase the depth of field.
Under the 25x lens used in the ex-
periment, less of the cell was in focus.
Bar, 64 um.

It is interesting that the ratio of signals in TTX to that in
normal saline is close to 1.0 along the axon but is significantly
higher in the dendritic region. One possibility is that TTX affects
the action potential differently in the dendrites than in the other
regions. In the soma (Lewenstein and Ross, 1984a), TTX re-
duces the peak spike amplitude by about 30% and increases the
duration of the spike by about 160%. If these changes are dif-
ferent in the dendritic region because of different proportions
of sodium and calcium channels, the different ratios would be
explained.

Time course of calcium transients
Since the reaction time of Arsenazo III is fast, i.e., within mil-
liseconds (Baylor et al., 1982b; Brown et al., 1975), the time
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Figure 5. Amplitude of the absor- -
bance change measured at six positions

along the commissure of a CC cell. Since
the axon was of uniform diameter in % OF

this region, the absorbance changes are
proportional to the density of calcium M A X 50
channels showing uniform density in o N

this region. The amplitude was deter-

mined by measuring the absorbance A XO N
change between the beginning and end

of the stimulus. For the first three points,

the commissure passed between two

diode elements and their amplitudes

were added to give the total absorbance

change. No correction was made for the

dead space between diode elements
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(about 7%). Error bars indicate the peak-
to-peak noise for each pixel during a
time interval before the cell was stim-
ulated.

400

course of the absorbance change is expected to be close to the
time course of the change in intracellular free calcium {sce Ma-
terials and Methods for discussion of this point). However, the
dye is itself a calcium buffer, so it can slow the normal time
course. Gorman and Thomas (1978), in their work on cell R15
in Aplysia, found that the time course was unaffected at dye
concentrations below about 0.4 mm because the natural cyto-
plasmic buffers were powerful enough to dominate the recovery
process. Similar results were found by Baylor et al. (1982b) for
muscle sarcoplasm. However, in one cell we found that con-
centrations of Arsenazo Il above 0.25 mM seemed to have some
effect on the removal time course. In a typical experiment, in-

i X
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M | _...029
o [ 035
|
64 um
o ——

Figure 6. Relative number of calcium channels in the contralateral
neuropil of the CC cell compared with two axonal regions on either
side. In each region, the total absorbance change was determined by
adding the amplitudes of each pixel. The surface area was determined
by first reconstructing the cell from a through-focus series (every 10 um)
of the Lucifer yellow-filled neuron. The cell was then divided into a
series of cylindrical segments, and the maximum diameter and length
of each segment was determined. The relative signal sizes in the three
regions were 0.21/1.0/0.17; the relative areas, 0.72/1.0/0.49. All ratios
have been normalized to 1.0 in the neuropil region. The lower signal-
to-area ratio in the axonal regions indicates a lower calcium channel
density. If parts of the cell were out of focus or if the segments were not
of uniform diameter, we would overestimate the area in the neuropil,
indicating an actually greater ratio between the regions.

500 600
LM FROM SOMA

700

creasing the concentration in the soma from 0.3 to 1.5 mm
gradually increased the average time constant from 2.0 to 6.1
sec. (The time course was not a simple exponential, but we have
used the time to decline to 0.37 of the peak amplitude as a
measure of the fall time.) In addition, the center of the cell had
a slower time constant than the edge and was more affected by
higher concentrations of dye. These effects are illustrated in
Figure 11. At 0.27 mm dye, the average time constant for the
10 pixels over the edges of this cell was 1.2 sec and the average
time constant for the 2 central pixels was 2.27 sec. However,
when the concentration was increased to 1.1 mm, the two time
constants were 8.1 and 29 sec. This great increase is consistent
with the increased buffering power of Arsenazo III. In fact, the
buffering power of Arsenazo III is proportional to the square of
the dye concentration (Gorman and Thomas, 1978). To com-
pensate for these effects we tried to use the lowest dye concen-
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Figure7. There are significant absorbance signals on all elements cov-
ering the ipsilateral neuropil when the CC cell is intrasomatically stim-
ulated with a train of action potentials. The amplitude of the absorbance
changes has been normalized to a value of 1.0 over a position on the
axon near the branch points of most of the neuropil processes. The
numbers have not been normalized to the surface area in each pixel.
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Figure 8. Absorbance signals are eliminated along an axon of an MG
cell in TTX when the neuron is intrasomatically stimulated. Each col-
umn shows the relative absorbance change at five positions along the
axon, normalized to a constant amplitude in the soma. In normal saline,
the 25-msec-wide stimulating pulse elicited a pair of action potentials
that were detected on the antennular nerve. In TTX, these action po-
tentials were eliminated and the absorbance signals no longer detected
160 um from the soma. After a wash in normal saline, both the action
potentials and the absorbance signals returned. Each trace is 2.5 sec
long and is the average of 50 sweeps. The ratio of the TTX signals to
the normal signals at each position is shown in Figure 9 (triangles).

tration that would give usable signals and to wait a long time
(usually more than 1 hr) for the dye to distribute itself uniformly.

One consistent result was that the time course for removal
was faster in the processes than in the soma or axon. An example
of this is shown in Figure 12. In this experiment, the stimulus
protocol was two bursts of action potentials lasting for 1 sec,
separated by 2.2 sec. Over positions in the dendritic field the
time constant of decay was much faster than in the soma. How-
ever, along the axon the time course remained about as slow as
in the soma. The figure also shows that the time courses were
essentially unchanged after waiting an additional 2 hr. This
implies that the dye distribution was close to equilibrium within
a half-hour after filling the cell. Therefore, the differences in

o

MC CC

MG

TTX SIGNAL/NS SIGNAL

O

o

200 400 600
DISTANCE FROM SOMA um

Figure 9. Ratio of absorbance signals in saline containing TTX to the
signals at the same positions in normal saline for points along the axons
of four cells—CC, MC, and two MGs. The ratios have been normalized
to 1.0 at the point of stimulation in the soma. The ratios stay close to
1.0 in the CC and MC cells, but drop rapidly to zero in the MG cell,
showing that propagation persists in TTX in the first two cells but not
in the MG cell.
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Figure 10. Ratio of absorbance signals in saline containing TTX to
the signal in normal saline for positions over the CC cell. The ratios
have been normalized to 1.0 in the soma. As in Figure 9, the ratios are
close to 1.0 along the axon. In addition, the ratio is 1.0 or greater in
the neuropil, showing propagation into this region in TTX.

time course are not likely to result from differences in dye con-
centration in the different regions.

Figure 12 also illustrates one of the consequences of the dif-
ferent time courses. In the soma and axon, the calcium transient
from the first burst did not return to baseline when the second
burst began. Consequently, the second transient summed with
the remainder of the first one. In the processes the first transient
was over when the second began and there was no additive effect
with this stimulus interval.

Another example is from the neuropil region of the CC in the
contralateral hemiganglion. In this case the arborization is far
from the soma and is bracketed by the axon in the commissure
and the axon going out the contralateral antennular nerve. Fig-
ure 13 shows the recovery time course for four positions over
the arborization and positions over the axon both before and
after the neuropil. The time course is clearly faster in the neu-
ropil region. The fact that the same slow time course was seen

N ~ _//
25 ym
Tsec
0.27mM 1.1 mM
Figure 11. Comparison of the time course of recovery of the absor-

bance signal at the center and edges of the soma of a CC cell at two dye
concentrations. The recovery times are faster at the edges of the cell
and at lower concentrations. All signals have been normalized to the
same amplitude. The dotted line shows the outline of the cell body
determined from the boundary of the pink Arsenazo III in the cell. Dye
concentration was determined as described in the text.
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Figure 12. Time course of the absorbance transient is faster in the
neuropil than in the axon or soma. 4, Outline of the CC cell determined
from a Lucifer yellow injection after the experiment. B, Absorbance
transients recorded in the soma, axon, and dendritic regions of the cell
when it was stimulated with two trains of action potentials separated
by 2.2 sec. Measurements were made about 20 min after the injection
of dye into the soma. C, Same measurements repeated after waiting
another 2 hr. Diffusion of the dye during this time has not significantly
affected the time course in any region. Signals have all been normalized
to the same amplitude. Twenty sweeps were averaged in each experi-
ment.

on both sides of the arborization assures that the dye concen-
tration was probably the same throughout the field, since the
diffusion rate should be independent of the size of the process.
Fast time courses were also seen over the neuropil of other cells,
e.g., the MC cell.

The second significant difference in time course over different
regions occurs when calcium enters over a long period, either
as the result of a train of action potentials in normal saline or
from a long-lasting action potential when TEA is added to the
saline to block voltage-dependent potassium conductances. For
single action potentials or short bursts, there was almost a linear
increase in absorbance with time at all positions, reflecting a
steady entry of calcium all over the cell (see, for example, Figs.
3 and 13). However, with the wide action potential or trains of
normal action potentials, the absorbance changes over the pro-
cesses leveled off and sometimes declined after several hundred
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Figure 13. Comparison of time course of calcium transients in 12
positions over the CC cell in the contralateral hemiganglion. The four
fastest recovery times were recorded from positions over the neuropil.
Four of the other traces were from the axon in the commissure and the
last four from the axon in the antennular nerve. This is the same cell
as in Figure 3, which shows these signals in less detail. Signals have
been normalized to the same amplitude.

milliseconds while continuing to rise over the somatic and ax-
onal regions (Fig. 14). This plateau was most distinct in pixels
containing the ends of the processes. Sometimes there was a
smooth transition from plateau signals at the tips to nonplateau
signals over the axon and soma. In other cases, there was a
sharper transition, with plateau signals appearing over all po-
sitions away from the main axon.

These plateau signals were not due to the dye saturation by
calcium, for two reasons. First, they were seen at several dye
concentrations. If the effect were due to dye saturation, we would
expect increases in dye concentration to result in less evidence
of a plateau. Second, the signals began to decline immediately
after the stimulus was turned off. If the dye were saturated it
would take some time before the calcium level was reduced
enough to see a decline in absorbance. The possibility that the
plateau is due to the failure of propagation of some action po-
tentials can also be ruled out since the time when the signal
begins to decline is about the same in all regions of the cell.
Therefore, the different time courses are likely to reflect real
differences among the soma, axon, and dendritic regions. Pos-
sible explanations for this plateau effect are discussed below.

Discussion

The ability to make simultaneous records of calcium transients
from all parts of a neuron, including small processes, should be
a useful method for exploring questions involving the regional
specialization of neurons, e.g., synaptic integration, propagation
of potentials within cells, and the reponse of neurons to trans-
mitters and pharmacological agents that are mediated in some
way by calcium. In this paper we have examined a few of these
possibilities.

When neurons in the supraesophageal ganglion were excited
with depolarizing pulses in their somata, Arsenazo III absor-
bance changes were detected all over the cell. Controls estab-
lished that they were caused by calcium entry from the external
medium. Therefore, the calcium must have entered through
voltage-dependent calcium channels, directly demonstrating their
presence in all parts of the cell. Many of these channels may be
related to release sites for synaptic transmitter. Several investi-
gators have found synaptic contracts along most of the processes
within the neuropil in other invertebrate preparations (King,
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1976; Muller and McMahan, 1976; Purves and McMahan, 1972).
However, we have also found calcium channels in the somata
and axons of several cells. In these cases, the calcium channels
are unlikely to be related to release mechanisms and may serve
other functions.

We have attempted, in several cases, to measure the relative
density of calcium channels in different regions of neurons. This
requires accurate measurement of the surface area of the neuron
under each photodiode element. Unfortunately, the complicated
geometry of most neurons makes these measurements difficult.
In the photoreceptor presynaptic terminal (Stockbridge and Ross,
1984), the ratio of signal sizes in the terminal to that in the axon
was so large that the determination of higher channel density
in the terminal could be made with confidence. Along the com-
missure of the CC cell the axon was unbranched and of constant
diameter, so the conclusion that there is uniform channel density
is also likely to be true. This result is of some interest, since,
on the basis of electrophysiological experiments on cell R2 of
Aplysia, Horn and Miller (1977) suggested that the density in
that axon was not uniform but declined along the axon away
from the soma.

We also determined that the density of calcium channels was
higher in the contralateral neuropil of the CC cell than along
the axon. In making this determination, we were conservative
in our measurements of the surface area of the visible processes.
However, it is possible that not all processes were filled with
Lucifer yellow. For example, Taghert et al. (1982), using an
antibody to Lucifer yellow, found fine filopodia in growing grass-
hopper axons that had not been visible with the dye alone.
Although we cannot rule out the existence of nonvisualized
processes, the area of this network would have to be three times
the one visualized to negate our conclusion.

In this discussion of channel density, we are assuming that
the properties of calcium channels are the same in all parts of
the cell, since the experiments only determine the absorbance
change per unit area. Recently, it has been discovered (e.g.,
Armstrong and Matteson, 1985; Llinas and Yarom, 1981) that
there may be at least two different kinds of calcium channels in
some neuronal membranes. If this is also true for barnacle neu-
rons, then our experiments cannot be easily interpreted in terms
of channel density.

Calcium Transients in Barnacle Neurites
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Figure 14. Comparison of the rising
phase of the absorbance signals in the
soma, axon, and neuropil of the CC cell.
For long trains or wide action poten-
tials, the absorbance signals reach a pla-
teau (4, C) and sometimes decline (B)
in the neuropil, while continuing to rise
in the soma and axon. 4, Cell stimu-
lated with a train of action potentials
for 2.5 sec; 25 sweeps were averaged.
B, Another cell stimulated for 2.0 sec;
20 sweeps were averaged. C, A third
cell in 50 mMm TEA. A 500 msec pulse
elicited an action potential that lasted
3.5 sec; no averaging.

Because calcium channels are found all over these barnacle
neurons, we were able to use the presence of absorbance signals
in different regions as a marker for the extent of potential spread
in these cells. This method is particularly useful for following
action potentials because the threshold for significant calcium
entry is about —20 mV, and passive potentials will decline below
this voltage within a short distance in most cells. Using this
technique we could demonstrate that calcium spikes propagate
along the axon and into the neuropil of some cells, even in the
presence of TTX. Calcium spikes have been observed in the
dendrites of some vertebrate neurons (e.g., Llinas and Sugimori,
1980), but they have not been reported in the processes of in-
vertebrate cells. Using voltage-sensitive dyes, Krauthamer and
Ross (1984) were able to determine that the dendrites of some
barnacle neurons were excitable. But the ionic composition of
the dendritic spike was not determined.

The time course of both the rise and fall of the calcium tran-
sient was found to vary in different parts of the cell. One con-
sistent finding was that the recovery time was faster at the edges
of the soma than at the center (see also Smith, 1980). This result
is consistent with a simple model of calcium control within
neurons (Smith, 1980; Zucker and Stockbridge, 1983), in which
the main cause of the recovery is the pumping out of calcium
through the plasma membrane and cytoplasmic buffering is by
fixed, nonsaturable elements. However, there is little evidence
to support the argument that the return to baseline level of the
fast calcium transient is due to a membrane pump. Sodium-
calcium exchange is unlikely to be a significant factor, since we
found no change in the time course of the absorbance signal
when sodium was completely replaced by choline in the saline.
Similar observations were also made by Tillotson and Gorman
(1980) and R. S. Zucker and J. A. Connor (personal commu-
nication). In the squid axon, where this process has been studied
most extensively, the role of this exchange is also small, com-
prising at most 20% of calcium removal (Baker and Mc-
Naughton, 1978). The importance of the uncoupled calcium
pump (DiPolo and Beauge, 1983) has not been extensively in-
vestigated. In contrast, Baker and Schlaepfer (1978) have shown
that calcium is rapidly buffered when directly injected into iso-
lated squid axoplasm, demonstrating that membrane pumps are
not necessary for fast recovery of transients.
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Two other mechanisms are likely to play an important role
in determining the time course of the calcium transient: a high-
affinity, low-capacity, non-ATP-dependent cytoplasmic buffer
(Baker and Schlaepfer, 1978) and a nonmitochondrial, ATP-
dependent sequestration mechanism (Blaustein et al., 1978). If
these are the dominant processes, then their kinetics must be
nonlinear in order to explain the faster time course we measure
at the edge of the cell. Another possibility is that these mech-
anisms are more concentrated near the periphery of the cell than
near the center (Tillotson and Gorman, 1980). Connor and Ni-
kolakopoulou (1982) have incorporated these cytoplasmic
mechanisms into a computer model of calcium transients and
have succeeded in reproducing the time course of calcium re-
moval. At present the relative importance of pumps or buffers
is not clear for our cells. However, in a study of the role of
internal calcium in controlling the kinetics of the calcium-ac-
tivated potassium conductance in molluscan neurones, Barish
and Thompson (1983) suggested that calcium buffering was the
dominant mechanism in that system.

The faster kinetics of calcium removal measured in the neu-
ropil compared to those in the soma or axon could be due to
either a greater density of pumps and/or sequestration mecha-
nisms or the greater surface-to-volume ratio in the neuropil. In
either case, it is interesting that in the neuropil, where synaptic
interactions take place, calcium levels are under the strongest
regulation.

The saturating rising phase of the calcium signal detected on
the processes for long stimuli is another significant difference
between this region and the soma and axon. As explained above,
it cannot be due to saturation of the dye or failure of propagation
into the neuropil. One possibility is that the saturation is a result
of a greater inactivation of calcium channels (Eckert and Til-
lotson, 1981) or activation of a greater calcium-dependent po-
tassium conductance (Meech, 1978) on the dendrites than on
the soma or axon. Either could happen if the calcium entering
the dendrites did not diffuse away from the surface because of
the small diameter of the processes. In this case, the concentra-
tion of calcium would rise to a higher level in the processes than
in those parts of the cell with larger volumes. Another contrib-
uting element is the faster removal time course observed in the
processes. If this reflects an easily activated removal mecha-
nism, then an equilibrium between the influx and efflux of cal-
cium would be attained at early times, resulting in the plateau.
So far, we have no information on the relative importance of
these three mechanisms.

The saturation of calcium influx in the processes is not likely
to affect the propagation of single action potentials in the cell.
However, this mechanism may be significant when a neuron
fires a train of action potentials. A particular example of some
interest is the cerebellar Purkinje cell, which is known to have
dendritic calcium channels and to fire bursts of action potentials
(Llinas and Sugimori, 1980).
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