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ABSTRACT Ca?* imaging and single-channel recording
were used to study the regulation of cytosolic free Ca®*
([Ca?™],) in local regions of frog sympathetic neurons. Digital
imaging with the fluorescent Ca’* indicator fura-2 demon-
strated: (i) resting [Ca®*], of 70-100 nM; (i) significant
increases in [Ca®*]; in growth cones and cell bodies following
depolarization induced by extracellular electrical stimulation
or increased external K*; (iii) in cell bodies, large transient
increases in [Ca®*]; following exposure to caffeine and sus-
tained oscillations in [Ca?*]; in the presence of elevated K*
and caffeine; and (iv) in growth cones, smaller and briefer
changes in [Ca%™ ), in response to caffeine. The nature of the
depolarization-induced Ca®>* entry was studied with cell-at-
tached patch recordings (110 mM Ba?* in recording pipette).
Ca?* channel activity was observed in 18 of 20 patches on cell
bodies, 3 of S5 patches along neurites, and 36 of 41 patch
recordings from growth cones. We observed two types of Ca?*
channels: L-type channels, characterized by a 28-pS slope
conductance, sensitivity to dihydropyridine Ca?>* channel
agonist, and availability even with depolarizing holding poten-
tials; and N-type channels, characterized by a 15-pS slope
conductance, resistance to dihydropyridines, and inactivation
with depolarized holding potentials. Both types of channels
were found on growth cones and along neurites as well as on
cell bodies; channels often appeared concentrated in local hot
spots, sometimes dominated by one channel type.

Specialized regions of neurons undergo localized changes in
intracellular calcium concentration ([Ca2*],) that are impor-
tant in controlling excitability (1), transmitter release (2, .,
and neurite extension (4-6). However, compared to infor-
mation about Ca?* mobilization in neuronal cell bodies
(e.g., ref. 7), relatively little is known about the mechanisms
for Ca®* delivery and uptake in dendrites, synaptic termi-
nals, and growth cones (8). Growth cones are particularly
interesting because their dynamic activity determines the
pattern of connection between neurons and target cells (9,
10); they release neurotransmitters, as do synaptic terminals
(11-13), and thus provide a model system for studying
synaptic function. Some evidence has been provided for
Ca?* channels in growth cones of certain cells (14-16) but
not others (17). To study intracellular Ca%?* regulation in
growth cones, neurites, and cell bodies of frog sympathetic
neurons, we have used two complementary approaches:
imaging of [Ca2*]; with the fluorescent Ca?* indicator dye
fura-2 (18) and cell-attached patch clamp recordings (19).
Fura-2 imaging allowed us to detect local changes in [Ca%™];
resulting from Ca?* entry through voltage-gated Ca?* chan-
nels or Ca2* release from intracellular stores and to monitor
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oscillations in [Ca®*],. Patch clamp recordings revealed the
coexistence of N-type and L-type Ca?* channels on the
surface of growth cones and along neurites, like those found
on cell bodies (refs. 20 and 21; cf. refs. 22 and 23). A
preliminary account of this data has been presented (24).

MATERIALS AND METHODS

Preparation of Cells. Paravertebral ganglia were removed
from frogs (Rana pipiens) and incubated at room tempera-
ture for 45 to 60 min in a modified Ringer’s solution
containing 120 mM NaCl, 5 mM KCl, 10 mM glucose, 10 uM
CaCl,, and 5 mM Hepes (pH 7.4 with NaOH), with 0.3%
collagenase added. Ganglia were triturated to remove loose
connective tissue, transferred to a solution containing 0.15%
trypsin for =10 min, thoroughly rinsed in enzyme-free
solution, and dissociated by trituration (25). Dissociated
cells were concentrated by centrifugation, resuspended in
culture medium [75% (vol/vol) L-15 (GIBCO), 10% (vol/vol)
fetal bovine serum, penicillin at 50 units/ml, streptomycin at
50 pg/ml, 4 mM CaCl,, 5 mM Hepes (pH 7.4)], plated onto
culture dishes for electrophysiology or poly(lysine)-coated
glass coverslips for imaging, and kept at room temperature
for up to 5 days. Neurites were first observed on day 2
following dissociation. Their growth rate was slow (=1
pm/hr) and sporadic, conditions that did not favor observing
the large [Ca®*]; gradients between growth cones-and cell
bodies reported by Connor (16) in rapidly growing processes
of mammalian neurons. The small gradients that we did
observe (see Results) were sometimes but not always abol-
ished by removing external Ca?*.

Electrophysiological Recordings. Unitary Ca?* channel
currents were recorded from cell-attached patches (19),
filtered at 1 kHz (—3 dB; 8 pole Bessel), digitized at 5 kHz,
and stored in a computer. Recording pipettes were filled with
a solution containing 110 mM BaCl,, 0.2-1 uM tetrodotoxin,
and 5 mM Hepes (pH 7.4) and had resistances of 2-5 M(}.
The bathing solution contained 140 mM potassium aspartate,
10 mM EGTA, and 10 mM Hepes (pH 7.4) and zeroed the
membrane potential of the cell. The dihydropyridine agonist
(+)-(5)-202-791 (Sandoz) was often added to the external
solution to prolong L-type Ca?* channel openings (26).

Fura-2 Imaging of [Ca?*],. Neurons were loaded with
fura-2 in a mixture of 2 ml of modified Ringer’s solution and
of 1-5 ul of a solution containing 1 mM fura-2 acetoxymethyl
ester (Molecular Probes, Junction City, OR) and 25% (wt/
wt) Pluronic F-127 (BASF Wyandotte, Wyandotte, MI) in
dimethyl sulfoxide (final concentration of fura-2 acetoxy-

Abbreviation: [Ca®*];, cytosolic free Ca%* concentration.
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methyl ester between 0.5 and 2.5 uM). After gentle agitation
in the loading solution for 30 to 40 min (=22°C), cells were
transferred to dye-free Ringer’s solution and used shortly
after rinsing. The intracellular fura-2 concentration was
estimated as 50-100 uM based on comparison of the mean
brightness of cells with that of a few cells in which fura-2
free-acid was introduced through a patch pipette in whole-
cell mode. Completeness of deesterification was checked by
addition of ionomycin at normal extracellular [Ca%*] and
verification that the fura-2 350-nm/385-nm excitation ratio
was more than 12 times that for fura-2 in EGTA.

For imaging experiments, dye-loaded cells with diffuse
fluorescence lacking visible dye compartmentation were
selected for study in most cases. Trapping of dye in organ-
elles cannot be ruled out completely, although exposure of
cells to digitonin to permeabilize the surface membrane
generally caused a rapid disappearance of fluorescence. Cell
autofluorescence, which would not be subtracted by this
procedure, appeared negligible at the usual gain settings,
though a little could be detected in nonloaded cells at
increased camera gain. Cells were bathed in modified Ring-
er’s solution containing 2 mM CaCl,. For high K* solutions,
KCl was substituted for NaCl. Control experiments demon-
strated that complete replacement of NaCl by LiCl caused
no change in basal [Ca?*],. New solutions were applied
within 1 s by removing old solution by suction and adding
new solution by pipette. Drugs were removed by a series of
two or three such solution changes within a few seconds. All
experiments were carried out at room temperature (=22°C).

Fluorescence digital imaging was used to determine the
spatial distribution of [Ca®*]; (27) as detailed elsewhere (28).
Briefly, fluorescence images were taken with excitation at
either 350 nm or 385 nm and emission-filtered with a 418-nm
long pass filter. After subtraction of background images,
obtained from an adjacent cell-free portion of the chamber,
the ratio of fluorescent intensities at the two wavelengths
was calculated pixel by pixel and converted into a display of
Ca?* concentration by means of a calibration curve (18) in
which K;S¢,/S,, was taken as 1.8 uM. This method effec-
tively normalizes for differences in cell thickness and dye
concentration (29). Fluorescent images were collected with a
low-light-level camera (Dage-MTI, Michigan City, IN) con-
nected to the camera port of an inverted microscope
equipped with a Nikon X 40 objective lens (UV-F series; 1.3
numerical aperature; glycerin). The camera output was
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analyzed by a digital image processor (model FD5000; Gould
Imaging and Graphics, Fremont, CA) under control of a PDP
11/73 computer (Digital Equipment, Maynard, MA). In a
typical experiment, 32 images were taken at each excitation
wavelength for averaging before the calculation of the ratio
image. The time resolution of the measurements was =2 s.
Images are shown on a pseudocolor display where color
indicates [Ca?*]; levels, and brightness indicates the overall
fluorescent intensity.

RESULTS

Fura-2 imaging was used to examine the spatial distribution
of [Ca?*]; in cultured sympathetic neurons that had devel-
oped neurites ending in growth cones. The average resting
[Ca?*]; in the cell body was 79 = 14 nM (mean + SEM, 11
cells). In 16 growth cones of the same group of cells, [Ca2™*];
averaged 131 + 20 nM. These values are similar to those
reported in rat central nervous system neurons (13) for cell
bodies (60-80 nM) and growth cones undergoing random
movement or slow outgrowth (70-200 nM).

[Ca®*]; Distribution During Depolarization. The response of
[Ca?*]; to changes in membrane potential was studied in
neurons depolarized by elevating external K* (Fig. 1 A-C) or
by electrical stimulation (Fig. 1 D-F). Depolarization evoked
a large increase in [Ca®*]; that was abolished by removing
external Ca?*, consistent with Ca?* entry via voltage-
activated Ca?* channels. The depolarization-induced in-
crease in [Ca®*]; was much the same in all regions of the cell.
For example, exposure to 60 mM K* evoked an increase in
[Ca%*],0f 231 + 35 nM in cell bodies (six neurons) compared
to 216 = 59 nM in growth cones of the same cells. Similar
responses in growth cones and cell bodies were also seen with
electrical stimulation (Fig. 1 D-F).

Type and Overall Distribution of Ca?* Channels. The rapid
and uniform increase in Ca%™* levels suggested that voltage-
gated Ca?* channels are present in all regions of the cell. To
test this hypothesis, we made cell-attached patch recordings
from soma, neurites, and growth cones of sympathetic
neurons with pipettes containing 110 mM Ba?*. Ca®* chan-
nel activity was observed in 18 of 20 patches on cell bodies,
3 of 5 patches along neurites, and 36 of 41 patch recordings
from growth cones.

Analysis of these recordings revealed two types of Ca?™*
channels with properties similar to N- and L-type channels
of chicken dorsal root ganglion neurons (22, 23) and rat

Fic. 1. Changes in [Ca*]; in
response to depolarizing stimuli
detected with digital imaging of
fura-2. (A-C) Images of a neuron
with four processes (lower cell)
and a smaller neuron (upper cell).
Distribution of [Ca®*];in cells in §
mM K* (A), 11 s after depolariza-
tion by exposure to 60 mM K™*
(B), and after a 260-s recovery in
normal Ringer’s solution (C). The
unresponsive patches in the cell
center are due to overload of the
dynamic range of the camera or of
the analog-to-digital converter.
(D-F) Changes in [Ca®*]; in a
neurite in response to electrical
stimulation with an extracellular
microelectrode on the cell body
(only a portion of the cell body is
shown). Images before stimula-
tion (D), after a train of stimuli (E,
1-ms pulses at 5 Hz for 30 s), and
after a 35-s recovery (F).
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sympathetic neurons (20). No T-type Ca?* channels were
detected (see also refs. 20 and 30). In frog sympathetic
neurons as in other neurons, N- and L-type Ca?* channels
could be distinguished by their unitary conductance, volt-
age-dependence, and pharmacology (20, 22, 23). Fig. 24
shows a representative cell-attached patch recording from a
cell body illustrating activity of both types of channels. Test
depolarizations to —10 mV evoked clearly resolved open-
ings of =0.8 pA and =1.8 pA, corresponding to slope
conductances of 15 and 28 pS calculated from the current—
voltage relationships (Fig. 2B), in good agreement with
conductances of N- and L-type Ca?* channels reported (20,
22, 23). As in other preparations, openings of the large
conductance L-type channels were greatly prolonged by the
dihydropyridine agonist (+)-(5)-202-791 (26), whereas the
smaller N-type Ca?* channel openings were unaffected (19).
Both types of channels were activated with progressively
stronger depolarizations over the range between —30 mV
and +20 mV (Fig. 2C).

N- and L-type Ca?* channels were also found on growth
cones (Fig. 2C) and showed properties very similar to their
counterparts on the cell body. There was no detectable
difference between growth cones or cell bodies with respect
to unitary amplitudes of N- or L-type openings (Fig. 2B).

Microscopic Distribution of Ca’?* Channels. In growth
cones, as in cell bodies, openings of N- and L-type channels
appeared together in some patches (Fig. 2A4) and in near
isolation in other patches (Fig. 44). When found in the same
patch, activity of N- and L-type Ca?* channels was sepa-
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FiG. 2. Properties of L- and N-type Ca?>* channels in cell
bodies and growth cones of sympathetic neurons. Unitary Ca?*
channel currents recorded from cell-attached patches with 110 mM
BaCl, as the charge carrier in the recording pipette and 5 uM
(+)-(S)-202-791 in the bathing solution. (A) Openings of L- and
N-type Ca?* channels from a patch on a neuron soma, elicited by
the voltage protocol illustrated. Unitary currents carried by the
L-type Ca?* channel (=2 pA) are about twice the amplitude of those
of the N-type channel (=1 pA). (B) Single-channel current amplitude
plotted against membrane potential for L- and N-type channel
openings recorded from cell bodies (open circles) and growth cones
(solid circles). Linear regression analysis yielded slope conduc-
tances for cell bodies and growth cones of 26 pS (n = 12) and 28 pS
(n = 7) for L-type channels and 16 pS (» = 8) and 15 pS (n = 6) for
N-type channels. (C) Recordings from two growth cone patches
showing the voltage dependence of single-channel currents carried
by L- and N-type Ca** channels. Dotted lines indicate average
current amplitudes determined by measurement of several individ-
ual openings at each test potential.
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rated by virtue of their different inactivation properties (Fig.
3). N-type channels were available at negative holding
potentials (e.g., —80 mV; Fig. 3 Left) and were largely, but
not completely, inactivated at depolarized holding potentials
(—40 mV; Fig. 3 Right). Activity of L-type channels was
much more resistant to inactivation with steady depolariza-
tion and remained at a holding potential of —40 mV (20-23).
Hot spots of Ca2* channel activity were found in about
half of the recordings from growth cones or cell bodies;
sometimes one type of Ca%* channel activity prevailed (Fig.
4). A predominance of N-type channels is evident in Fig. 44
since channel activity was almost completely inactivated at a
holding potential of —30 mV; in contrast, a patch rich in
L-type channel activity (Fig. 4B) shows little inactivation at
a holding potential of —30 mV. Varying the level of the test
pulse demonstrates that N-type channel activation becomes
significant at test potentials slightly more negative than those
required by L-type channel activation (Fig. 4B). Thus, N-
and L-type Ca?* channels can be distinguished at the level
of individual openings or many openings dominated by one
or other channel type. Both types of Ca?* channels are
found in all regions of the neuron, but there may be micro-
scopic heterogeneity in their spatial distribution.
Intracellular Ca®* Stores. To study the functional contri-
bution of Ca?* stores in various regions of the neuron, we
applied caffeine, an agent known to promote Ca?* release in
neurons (31, 32). Fig. 5 shows a cell body with a prominent
growth cone. Changes in [Ca?*]; induced by 60 mM K™* or
10 mM caffeine are illustrated with selected images (Fig. 54)
or time plots for specific regions of the cell (Fig. 5 B and C).
Whereas depolarization with 60 mM K* induced similar
increases in [Ca®*]; in the cell body and in the growth cone,
caffeine evoked a pronounced [Ca2*]; response in the cell
body but little response in the growth cone. Regional differ-
ences between the caffeine response in cell bodies and
growth cones were not always so extreme. In some experi-
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FiG.3. L-type and N-type Ca®* channels distinguished by their
dependence on holding potential. Current records from a cell-
attached patch on a growth cone are shown below the associated
voltage protocols. Consecutive sweeps are in each column. From a
holding potential of —80 mV (Lef?), voltage steps to 0 mV evoke
unitary currents of two amplitudes corresponding to L- and N-type
Ca?* channels. With a holding potential of —40 mV (Right), test
pulses to 0 mV evoke L-type Ca?* channel openings almost
exclusively. (+)-(5)-202-791 at 5 uM was in the bathing solution.
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FiG.4. Hot spots enriched in a particular type of Ca* channel,
distinguished by their inactivation and activation properties. Cell-
attached patch recordings from two growth cones containing several
N-type Ca?* channels (A) or several L-type Ca?* channels (B). No
dihydropyridine was present. Records are averages of three to six
individual sweeps. At the left are current records showing the
degree of inactivation produced by variations in the holding poten-
tial. In A, the patch contained mostly N-type channels since the
slowly decaying current evoked from a holding potential of —80 mV
was virtually inactivated at a holding potential of —30 mV. In B, a
predominance of L-type Ca?* channels is indicated since the
sustained current evoked from a holding potential of —80 mV was
hardly affected by changing the holding potential to —30 mV. At the
right is the voltage dependence of activation. Currents in the patch
containing mostly N-type Ca’* channels (A) were activated at
slightly more negative test levels than currents in the patch contain-
ing mostly L-type Ca?* channels (B). This is a characteristic of N-
and L-type Ca?* channels with 110 mM external BaCl,.

ments (e.g., Fig. 6), caffeine did produce a transient rise in
[Ca?*]; in the growth cone, though the response was always
smaller and briefer than in the cell body. Quantitative
differences were consistent (six experiments): caffeine in-
creased [Ca®™* ], by 252 + 32 nM in cell bodies (an elevation
similar to that induced by 60 mM K™* in the same cells) and
by only 126 + 40 nM in growth cones. The caffeine-induced
Ca* transient in growth cones is compatible with caffeine-
induced transmitter release from rat brain growth cones (33).

Further differences between Ca?* mobilization in cell
bodies and growth cones were observed when K* was
elevated in the presence of caffeine (Fig. 6). The cell body
displayed a K *-induced increase in [Ca®* ], that gave way to
a sustained series of oscillations of [Ca*];. Such oscillations
were not usually seen when caffeine or elevated K* were
applied separately but were observed consistently when the
stimuli were combined (three cells). In contrast to the cell
body the growth cone responded to caffeine and high K+
with an increase in [Ca?*]; that declined slowly with little or
no oscillatory activity (Fig. 6).

DISCUSSION

Fura-2 imaging and patch clamp recordings provided com-
plementary information about the regulation of intracellular
Ca?* in various regions of sympathetic neurons. The imag-
ing experiments gave a spatially resolved overview of
[Ca®*); regulation in all parts of the neuron; they support the
hypothesis that voltage-gated Ca?* channels are present in
all regions of neurons (8, 14, 15, 34), while suggesting that
Ca?* release from intracellular stores is more obvious in the
cell body than in growth cones. The imaging directly dem-
onstrates caffeine-induced [Ca?*]; oscillations (see also ref.
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Fic. 5. Changes in [Ca%*]; in response to 60 mM K* and 10

mM caffeine in the growth cone and cell body of a sympathetic
neuron (A4). Ratio images of [Ca?*]; (B) and corresponding plot of
[Ca%*]; against time (C). Individual values for the growth cone and
the cell body were obtained by spatial averaging over circular zones
within the appropriate region of the image.

35), prominent in the cell body but not the growth cone,
consistent with observations of Ca?*-dependent rhythmic
hyperpolarizations (31). The possibile involvement of Ca®* -
induced Ca®* release in Ca2™* transients evoked by depciar-
ization is considered in a separate paper (36).

Cell-attached patch recordings revealed N- and L-type
Ca’* channels on growth cones and neurites as well as cell
bodies (see also refs. 6, 14, and 37). In all regions of the cell,
the single channel properties of these channels are consistent
with macroscopic current recordings (6, 21). N-type chan-
nels can be distinguished from L-type channels by their
smaller unitary conductance, their sensitivity to inactivation
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Fi1G. 6. Oscillations in [Ca?*]; induced by the combined action
of 10 mM caffeine and 60 mM K™ in a growth cone and cell body.
Addition of 10 mM caffeine induced a transient increase in Ca?* in
all regions of the neuron, the response in the cell body (solid trace)
being larger and longer lasting than that in the growth cone (dashed
trace) or along the neurite (data not shown). In the continued
presence of caffeine, application of 60 mM K* induced an increase
in [Ca%*]; more sustained than the response to caffeine. Several
seconds following application of 60 mM K*, [Ca?*]; levels in the
soma went into rhythmic oscillations without further intervention.
[Ca?*]; levels in the growth cone declined gradually with little or no
oscillation. Changes in [Ca®*]; in the neurite were intermediate
between those in the other two regions (analysis not shown).

by depolarized holding potentials, and their resistance to
dihydropyridines. Finding N- and L-type channels on the
cell body suggests that Ca* channels are not restricted to
peripheral processes (see ref. 38) even in acutely dissociated
adult neurons (21). Information about Ca?* channels in
growth cones is particularly interesting, because they are
capable of evoked Ca-dependent release of neurotransmit-
ters (11-13), as are synaptic terminals, that are difficult to
study with direct electrical recordings. Finding N- and
L-type Ca?* channels on growth cones supports evidence in
nerve terminals for channels that are dihydropyridine-
insensitive (e.g., refs. 39-41) or sensitive (e.g., refs. 42-44).
Although no gross differences were seen between the den-
sity of N- or L-type Ca?* channels in growth cones and in
other parts of the cell, we did find spatial heterogeneity on a
smaller scale, in the form of hot spots sometimes dominated
by either N- or L-type channels. Microscopic clusters of
Ca?* channels might be important if they were located near
vesicular release mechanisms, enzymes, or other channels
showing pronounced Ca-sensitivity. The available evidence,
so far, suggests that N-type Ca2* channels play a dominant
role in mediating norepinephrine release from sympathetic
neurons (20) and that L-type Ca®* channels control sub-
stance P release from sensory neurons (45).

Regional differences in internal Ca?* stores in neurons
appeared in experiments studying caffeine-induced Ca?*
release. Growth cones displayed smaller and briefer changes
in [Ca?*]; than cell bodies when caffeine was applied indi-
vidually or in combination with elevated K* (Figs. 5 and 6).
This might be attributed to the cellular distribution of sub-
surface cisternae thought to mediate Ca2* sequestration and
release (46, 47); these structures are rare in growth cones
(48) but abundant in cell bodies (46, 47, 49, 50). Another
contributing factor may be a more rapid Ca?* extrusion in
growth cones because of their higher surface/volume ratio
(8). Indeed, [Ca®*]; levels recover somewhat more rapidly in
growth cones than in cell bodies following removal of
elevated K* (Fig. 5 B and C). Further work will be needed
to determine the relative importance of these factors, but the

Proc. Natl. Acad. Sci. USA 85 (1988)

results already demonstrate significant differences between
Ca?* regulation in specialized regions of neurons.
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