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Summary
Using capacitance measurements and the single-cell
immunoblot assay to study secretion in dorsal root
ganglion neurons, we found that the somata underwent robust exocytosis upon depolarization and released substance P, in response to KCl stimulation.
The parallel changes between capacitance responses
and intracellular Ca21 concentration ([Ca21]i ) at different membrane potentials and the inhibition of exocytosis by Ca 21 chelators suggest that soma release
is Ca21-dependent. We also assessed the level of
Ca21 required for exocytosis by raising the average
[Ca21]i with the Ca21 ionophore, ionomycin. Capacitance changes were triggered by cytosolic Ca21 > 0.6
mM; the [Ca21]i at the release sites during depolarizations was estimated to be 3–10 mM. These Ca21 levels
are similar to those obtained from neuroendocrine
cells, but are at least 10 times lower than those required for transmitter release from nerve terminals.

Introduction
Secretion in response to specific triggering signals is a
primary means used by cells to communicate with one
another. Endocrine cells, e.g., adrenal chromaffin cells,
pancreatic b cells, and pituitary cells store peptides or
hormones in secretory granules, secrete them into the
blood stream, and signal target cells some distance
away. Paracrine cells, such as mast cells, secrete chemical mediators and act on cells in the vicinity. Neurons
also pass signals through secretory processes. To
achieve speed and precision, classical neurotransmitters (e.g., glutamate, GABA, glycine, and acetylcholine
[ACh]) are packaged into small clear-cored vesicles
(SCCVs) that aggregate near active zones in presynaptic
terminals. When stimulated, SCCVs fuse with the presynaptic membrane and release transmitters into the
synaptic cleft. The transmitters diffuse across the cleft
and act on an adjacent postsynaptic target cell a short
distance (z 50 nm) away. In contrast, peptides are packaged in randomly distributed large dense-cored vesicles
(LDCVs) and released at sites outside synaptic active
zones to modulate the activity of nearby target neurons.
Ca21 ions play a critical role in exocytosis. In nerve
terminals and neuroendocrine cells, Ca21 ions influxed
through Ca21 channels trigger exocytosis and regulate
the rate of secretion (Lim et al., 1990; Thomas et al.,

1990; Augustine and Neher, 1992; Ämmälä et al., 1993;
von Gersdorff and Matthews, 1994a). In nonexcitable
cells, hormones initiate Ca21 release from intracellular
stores that in turn modulate the rate of release (Fernandez et al., 1984; Penner and Neher, 1988; Tse et al.,
1993).
It has been well recognized that secretory vesicles
are formed in the soma (i.e., cell body) of a neuron,
transported to nerve terminals, and released upon depolarization. But the role of the soma in the regulated secretory process has not been carefully considered. It is
generally assumed that the soma of a neuron does not
actively participate in Ca21-regulated exocytosis. A few
recent studies have hinted that this assumption may be
incorrect. Using an excised patch of muscle membrane
to study the ACh release from cultured Xenopus spinal
neurons, Sun and Poo (1987) could detect quantal release from the somata with prolonged suprathreshold
stimuli. More recently, the same group studied the secretion of false transmitters and found evoked ACh secretion from the soma of dissociated hippocampal neurons when they were loaded with 30 mM ACh (Dan et al.,
1994). In addition, dopamine release has been detected
electrochemically from cell bodies of pond snail neurons
(Chen et al., 1995).
To understand the role of soma release better, we
asked: do the somata of vertebrate neurons undergo
Ca21-dependent exocytosis under physiological conditions? If they do, what are the Ca21 requirements for
the release? By combining membrane capacitance and
Fura-2 measurements, we studied changes in membrane surface area, an assay for secretion, and [Ca21]i
increases in dorsal root ganglion (DRG) neurons. The
release of substance P (SP) from these cells was also
measured using the single-cell immunoblot technique.
We found that the somata of DRG neurons undergo
robust Ca21-regulated exocytosis. The Ca21 concentration at release sites during depolarizations exceeds 3
mM. Preliminary results have been presented in an abstract (Huang and Neher, 1995, Soc. Neurosci., abstract).
Results
Capacitance Changes in Response
to Depolarizations
A step depolarization from a holding potential of 270
mV to 110 mV elicited a transient rise in [Ca21]i in DRG
cells. Accompanying the rise, membrane capacitance
(Cm) was also increased, presumably reflecting fusion
(i.e., exocytosis) of vesicles or secretory granules with
the plasma membrane (Figure 1). We observed two
types of Cm responses. In the majority (z80%) of the
cells studied, Cm jumped abruptly right after a depolarizing pulse, indicating a rapid Cm increase during depolarization. The Cm continued to increase at a slower rate
(5–30 s) before it started to decrease (Figure 1A). The
slow rises in Cm could be large. As shown here, the slow
Cm increase after the 200 ms depolarization reached 1.4
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Figure 1. Two Types of C m Responses in
DRG Neurons
(A) Cm responses evoked by depolarizing
pulses to 110 mV for 50–200 ms. Each Cm
response consisted of an abrupt C m jump immediately after the pulse and a continuing
rise in Cm afterwards. The baseline Cm (dotted
lines) of this cell was 22.05 pF; the baseline
[Ca21]i was 0.45 mM. Note the differences in
Cm and time scale of the last panel. The decay
of the Cm response to 200 ms depolarization
was fitted by a single exponential function
with a t 5 70.6 s (light solid line). The plateau
elevation of [Ca21]i for the 200 ms depolarization was not typical.
(B) In a different cell, the same depolarizing
pulses elicited Cm jumps without slow rises
in Cm. Excess endocytosis was seen with 100
ms stimulation in this cell. The baseline Cm
was 20.44 pF; the baseline [Ca21]i was 0.56
mM. The decay time constant for the Cm response to a 200 ms pulse was 81.1 s (light
solid line). The time scale of the last panel
is 20 s.

pF, which was 6.35% of the total membrane area. In
other cells, Cm increased only during the depolarization
(Figure 1B). The amplitude of the Cm jumps in the second
type Cm responses tended to be larger than the first
type. After the increase, Cm often decayed towards the
baseline, indicating membrane retrieval (endocytosis)
after episodes of exocytosis. There was no obvious difference in the decay times in both types of C m responses
(Figure 1). The major difference between the two types
of responses was that the [Ca21]i transients in the first
type decayed at a slower rate (Figure 1A). The residual
[Ca21]i after the pulses was high enough to trigger persistent exocytosis, resulting in continuing rises in Cm. We
examined the Cm increases during depolarizations (i.e.,
initial Cm jumps) in detail. The data from both types of
Cm responses were grouped together. The Ca21-dependence of the rate of slow rises in Cm was also analyzed
(see Figure 5).
Analogous Cm responses were observed in cells of
various sizes (from 15–50 pF) and of different culture
ages (0–3 days). Most of the cells examined were small
DRG neurons (diameter < 30 mm). We found large Cm
increases in cells cultured for less than 4 hr. These cells,
plated on uncoated glass for this brief period, were devoid of processes. Cm responses deteriorated in older
cultures (> 5 days), even though Ca21 currents in those
cells remained large. To assure that Cm responses reflected area changes of the somatic membrane, we performed most of our experiments on cells that had been
cultured for less than 24 hr.
Exocytosis Depends on the Duration and
Amplitude of Depolarizing Pulses
To determine the rate of exocytosis, we examined
changes in C m elicited by depolarizing pulses of different
durations. An increase in C m could be detected by a
depolarization to 110 mV for 50 ms. As the pulse duration was lengthened, the amplitude of exocytotic responses became larger (Figure 1). From the Cm vs pulse
duration plots, we found that capacitance increased

linearly with pulse duration up to 400 ms (Figure 2A).
Cm responses for pulses longer than 400 ms were not
studied extensively because of the quick deterioration
of Ca21 currents with pulses > 500 ms. There was considerable variation in the rate of secretion among the cells
tested. Much of the heterogeneity reflected the differences in cell sizes, the amplitude of Ca21 currents, and
Ca21 handling in DRG cells. The rate of secretion, obtained from the slope of the curve, varied between 500–
2200 fF/s. The average secretion rate was 1425 fF/s.
The dependence of Cm responses on voltage was also
examined (Figure 2B). At 240 mV, the Ca21 current,
[Ca21]i, and capacitance increase were small. As both
Ca21 currents and [Ca21]i increased with membrane depolarizations, so did the C m responses. The C m response
reached a maximum around 0 to 110 mV. As the membrane potential approached the reversal potential of
Ca21 channels, Ca21 currents, hence the [Ca21]i, declined.
The capacitance response was also diminished. The
same voltage-dependence of Cm responses was observed in six cells. The parallel changes between [Ca21]i
and Cm suggest that intracellular Ca21, not the membrane
potential, regulates exocytosis in DRG cells. This conclusion is supported further by the finding that Cm responses were completely abolished when [Ca21]i increases were prevented by including the Ca21 chelator,
BAPTA ($5 mM), in the pipette solution (data not shown).
Similar Ca21-regulated exocytosis has been reported in
endocrine cells (Thomas et al., 1990; Augustine and
Neher, 1992; Ämmälä et al., 1993), and in nerve terminals
(Zucker and Haydon, 1988; Lim et al., 1990; Adler et al.,
1991; von Gersdorff and Matthews, 1994a).
Facilitation and Depression
We also studied the Cm responses to repeated depolarizations. While Ca21 currents often decreased during a
train of depolarizing pulses because of Ca21-dependent
inactivation, [Ca21]i stayed elevated as a result of accumulation of Ca21 ions inside the cell. Each depolarization
in the train did not evoke the same Cm response; instead,
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Figure 2. Duration and Voltage-Dependence
of Exocytosis
(A) Cm as a function of pulse duration. Cm
responses were induced by depolarizing
pulses to 110 mV for 50–400 ms. Data were
averages (6 SE) of 4–8 cells. Up to 400 ms,
the Cm jumps increased linearly with pulse
duration. The theoretical curve (solid line) had
a slope of 1425 fF/s. For dense core vesicles
of 100 nm in diameter, this rate corresponds
to the fusion of z 4536 vesicles/s.
(B) Cm as a function of membrane potentials.
Step Cm increases were elicited by depolarizations to indicated voltages for 100 ms. The
Cm responses became observable at membrane potentials more positive than 220 mV,
peaked around 0–10 mV, and started to decline with further depolarizations. The same
bell-shaped voltage dependence was found
for [Ca21]i and for the charge Q (5e ICa 3 dt).

complex changes in C m were found. At the beginning of
a train, C m responses often facilitated, i.e, the same
depolarizations produced increasingly larger Cm jumps.
Facilitation occurred most frequently during the 2nd and
5th depolarization. In addition, a slow rise in C m between
pulses was commonly observed (Figure 3). Following
the 9th or 10th pulse, the C m step became smaller (depression) with each subsequent depolarization, until no
Cm jump could be elicited by further stimuli. Abrupt endocytosis sometimes occurred during the repeated stimulations as shown here. In z50% of the cells, no facilitation was seen. The C m jump induced by the first pulse
was the largest and became progressively smaller with
further depolarizations (data not shown).
The facilitation may have been caused by the buildup
of [Ca21]i during the continual pulsing; the depression

Figure 3. Facilitation and Depression
A train of twenty 100 ms depolarizations to 110 mV (applied at 0.5
Hz) produced a complex capacitance response. The corresponding
changes in [Ca21]i are shown directly below. During the first 2–4
depolarizations, the Cm responses increased with each successive
pulse. Furthermore, Cm often continued to rise between pulses. After
the ninth depolarization, each produced a progressively smaller Cm
jump, until no capacitance response could be evoked by a depolarizing pulse. The total capacitance change during the pulse train was
787 fF.

was thought to reflect depletion of releasable vesicles
during prolonged repeated stimulations (Heinemann et
al., 1993; Tse et al., 1993; von Rüden and Neher, 1993).
A decrease in [Ca21]i was clearly not the cause of depression, because the reduction of secretory responses occurred at elevated [Ca21]i levels (Figure 3). Assuming that
pool depletion gives rise to the depression of secretory
responses, one can give a rough estimate of the size of
the releasable pool from the total Cm increase during
repeated pulses. In our DRG neurons, the total increase
in Cm was between 500–1700 fF. This corresponds to a
pool of z1590–5410 vesicles, given that the average
diameter of LDCVs is 100 nm (Zhu et al., 1986; Bean
et al., 1994). The pool size could be underestimated
because of varying Ca21 currents elicited with repeated
pulses or inactivation of Ca21 currents. The releasable
vesicular pool in DRG cells seems very large compared
with the pool size of 250–500 vesicles in neuroendocrine
cells (Thomas et al., 1990; Augustine and Neher, 1992).
Yet when we consider the fact that the surface area
of DRG cells is four to eight times larger than that of
endocrine cells, the number of readily releasable vesicles per mm2 docked at the membrane of DRG neurons
and of neuroendocrine cells are not very different.
Ca21 Requirements for Exocytosis
To determine the level of Ca21 required for exocytosis,
we raised the [Ca21]i using the calcium ionophore, ionomycin, and studied the changes in Cm. During a depolarization, local Ca21 concentration in the vicinity of a Ca21
channel would be much higher than in the rest of the
cell. Since Fura-2 measures the average Ca21 changes
inside a cell, the local Ca21 concentration at release sites
would not be reported faithfully by the indicator. On the
other hand, ionomycin was assumed to raise cytoplasmic [Ca21]i more uniformly, thus allowing Fura-2
measurements to provide correct readings for the [Ca21]i
at the release sites. By determining the Ca21-dependence of the secretion rate during ionomycin application, we could then extrapolate the [Ca21]i at the release
sites during depolarizations.
Brief application of ionomycin (1.5 mM) produced a
transient rise in [Ca21]i and an increase in Cm (Figures 4A
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Figure 4. Secretion Induced by Ionomycin
Application
(A) Brief application of 1.5 mM ionomycin (indicated by arrows) produced a transient increase in [Ca21] i and a rise in Cm. The rate of
secretion was 20.9 fF/s at 1.34 mM. For the
purpose of easier comparison, same calibrations for Cm and [Ca21]i are used in all the
panels.
(B) A longer ionomycin application raised
[Ca21]i to a high level (2.76 mM) and elicited a
much larger Cm increase. The secretion rate
was 184.0 fF/s. When [Ca21]i was maintained
at such a high level, Cm often declined rapidly
after the increase as endocytosis overcame
exocytosis. The endocytotic process did not
return Cm to its original level.
(C) A 200 ms depolarization to 110 mV raised
[Ca21]i to a similar level as shown in (A). Yet,
it produced a much more rapid increase in
Cm. The rate of secretion was 3122 fF/s, which
is 149.4 times higher than the one obtained
in (A). The current elicited by the pulse is also
shown. The initial fast inactivating current
is a TTX-insensitive Na1 current. Note the
difference in the time scale for the current.
All the responses were obtained from the
same cell.

and 4B). The capacitance response could be detected
when the average [Ca21]i rose above 0.6 mM. To obtain
the rates of C m rise, we selected a section of Cm data
with the corresponding [Ca21]i within 95% of its peak
value. The slopes of the C m curve were obtained by line
fittings of successive 4 s sections of the Cm trace. The
corresponding [Ca21]i values were the averages of the
[Ca21]i trace over the same time periods. In the example
given here, the rate of capacitance increase (dCm/dt)
was 20.9 fF/s at 1.34 mM (Figure 4A) and 184.0 fF/s at
2.76 mM (Figure 4B). At higher [Ca21]i , a rise in Cm was
often followed by a decline in Cm (endocytosis) (Figure
4B). With a time constant of tens of seconds, the membrane retrieval process did not return Cm to the baseline
level. When the rate of exocytosis was plotted against
the [Ca21]i (Figure 5), we found that dCm /dt increased
steeply with [Ca21]i . The curve was fit with the rate
equation: dCm/dt 5 A 3 ([Ca 21]i)n (equation 1) where A
is a constant and n 5 3.5. Thus, the exocytosis rate in
DRG cells was proportional to [Ca21]i raised to the third
power.
While a 200 ms depolarizing pulse raised the average
[Ca21]i to a similar level as that by ionomycin in the same
cell, the rate of exocytosis induced by the depolarization
was one to two orders of magnitude higher (Figures 4C
and 5). If we assume that secretion evoked by depolarizations and by ionomycin have the same Ca21 dependence, the [Ca21]i at the release sites during depolarizations can be deduced from the dCm/dt vs [Ca21]i curve
(Figure 5). The dCm/dt produced by depolarizations in
various cells ranged between 250–5600 fF/s. Local Ca21
concentration would rise to a level of 3–10 mM, which
is 10 times lower than that estimated for nerve terminals
(Smith and Augustine, 1988; Llinás et al., 1992; von Gersdorff and Matthews, 1994a).
Since the rate of exocytosis by ionomycin was sometimes slow (e.g., Figure 4A), endocytosis could affect the

measurements of exocytosis. Rapid endocytotic events
have been observed in our cells (Figures 1B, 3, and 4B)
and in other preparations (Thomas et al., 1994; Artalejo
et al., 1995). The episodes could be easily discerned
by their abrupt onset after strong stimulations and the
characteristic time course. On the other hand, the contamination by slow endocytosis (Figure 1) was more
difficult to estimate. Yet with its low rate (< 7fF/s), the
slow endocytosis would not introduce significant errors
when exocytotic rates were > 50 fF/s.
Since Ca21 gradient during depolarizations dissipates
within seconds, the post-pulse rises in Cm as seen in
Figure 1A also provide information on Ca21 dependence
of dCm/dt. The measurements do not have the problem
of the slow [Ca21]i rises observed in ionomycin experiments (Figures 4A and 4B). We analyzed the rise in
Cm 1.5–5 s after depolarizing pulses (e.g., Figure 1A).
This time frame was chosen because intracellular Ca21
should have equilibrated, but the contamination from
endocytosis was small. The rates of Cm changes were
obtained the same way as in the ionomycin experiments,
except that the data were averaged over 1–2 s sections.
At low [Ca21]i, the rates of exocytosis after the pulses
were somewhat higher than those obtained by ionomycin (Figure 5). The Ca21-dependence of the rate of
slow Cm rises could be described by the rate equation
given before (i.e., equation 1) with n 5 2.6, a value similar
to that obtained with ionomycin (Figure 5). Thus, the
analyses of the post-pulse Cm rise have led to the same
conclusions that at least three Ca21 ions are required to
trigger exocytosis and the estimated levels of [Ca21]i at
release sites during depolarizations are < 10 mM.
Effects of EGTA
If our assessment of Ca21 concentration at release sites
is correct, secretory vesicles in the somata of DRG neurons may not be located as close to Ca21 channels as
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Figure 5. Ca21 Dependence of the Rate of Secretion
Rates of capacitance increase (dC m/dt) obtained by ionomycin application (closed circles) were plotted as a function of [Ca21]i .
The values for dCm/dt were obtained from the
slopes of successive 4 s sections of the Cm
data such as those shown in Figures 4A and
4B; [Ca21]i were averaged over the same time
intervals. Data are from three different cells.
To obtain dCm/dt values after depolarizing
pulses (inverted open triangle), slopes of Cm
traces similar to those given in Figure 1A were
analyzed between 1.5–5 s after the pulses.
The rates of Cm changes were obtained the
same way as in the ionomycin experiments
except that the data were averaged over 1–2
s. The data were from five cells. Cm jumps
produced by 100 ms (open circle, open triangle) and 200 ms (open square) of depolarizations to different membrane potentials are
also shown. The dC m/dt was obtained by dividing the amplitude of the initial Cm jump with
pulse duration. Different symbols are from
different cells. The solid line is a theoretical
fit to the equation dCm/dt 5 A * [Ca]3.5, A 5
3.9 fF/(s 3 mM3 ).

in nerve terminals. Vesicles in nerve synapses are
thought to locate within tens of nanometers of Ca21
channels because > 50 mM [Ca21]i is required to drive
secretion in nerve terminals (Smith and Augustine, 1988;
Llinás et al., 1992; von Gersdorff and Matthews, 1994a)
and EGTA, a slow binding Ca21 chelator, has no effect
on exocytosis (Adler et al., 1991). If greater distances
exist between vesicles and Ca21 channels in the DRG
somata, EGTA should be able to affect depolarizationevoked exocytosis. To test this idea, EGTA (5 mM) was
introduced into the cells. The average [Ca21]i seldom
exceeded 1 mM under this condition. In contrast with
control cases where 100 ms or 200 ms depolarizing
pulses evoked large Cm responses (Figure 1), the same
depolarizations did not elicit exocytosis in 5 mM EGTA.
Instead, we detected either no response or a fast endocytosis followed by a slow increase in C m with these
stimuli (Figure 6A). However, longer pulses (e.g., 400
ms) could evoke a rise in Cm even at a low average
[Ca21]i (Figure 6A). The secretion elicited by this long
depolarization had a rate comparable with the ones obtained in the absence of EGTA. The fact that 5 mM EGTA
affects the ability of our cells to secrete with short stimuli
suggests that secretory machinery and Ca21 channels
are not strictly colocalized. At the same time, vesicles
are probably sufficiently near (hundreds of nm apart)
the Ca21 channel for them to be affected by long depolarizations. These results again support the idea that
local, not the average, [Ca21]i determines the step increase in Cm during depolarizations in the somata of
DRG neurons.
It is intriguing that with EGTA, rapid endocytosis occurred during short (< 200 ms) depolarizations. The endocytotic processes were much faster than the delayed
endocytosis shown in Figure 1. In the example given

here, the step Cm decrease was 2342 fF (Figure 6A).
After the pulse, the endocytotic processes continued
and reduced 2% of cell capacitance in 2–3 s. This decline
in Cm was seldom allowed to reach a steady state because a slow exocytosis invariably started shortly afterwards. When exocytosis became apparent with a 400
ms depolarization, the slow endocytotic component was
still present (Figure 6A). Similar responses were observed in five cells. Occasionally we saw such rapid
endocytosis occurring prior to exocytosis in the absence
of EGTA. The phenomenon was observed only at low
basal [Ca21]i (< 0.2 mM) in those cases.
To test if the fast endocytosis could be overcome by
accumulating Ca21 ions at release sites, we applied a
train of 200 ms depolarizing pulses every 2.5 s (Figure
6B). Again, Cm declined at the beginning of the train.
As [Ca21]i was built up with further depolarizations and
exocytotic processes were triggered, we started to see
a rise in Cm. While exocytosis certainly conferred the
increase, it is difficult to know if a portion of exocytosis
was concealed by simultaneously occurring endocytosis. In bipolar terminals, endocytosis is inhibited at
[Ca21]i 5 1 mM (von Gersdorff and Matthews, 1994b). At
such a concentration, exocytosis would be triggered in
DRG neurons.
Substance P Is Released from the Soma
of DRG Cells
To further confirm that transmitter is released from the
somata of DRG cells, we measured SP release using the
single-cell immunoblot technique. The technique was
originally developed by Kendall and Hymer (1987) and
refined by Arita et al. (1991) and Wagoner et al. (1993)
for studies of hormonal release from endocrine cells.
SP is known to be released from DRG neurons (Mudge
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Figure 6. Effect of EGTA
(A) Cm responses obtained as 5 mM EGTA was added to the cytoplasm. The average [Ca21]i maintained at a low level. A 200 ms pulse to 110
mV produced a fast endocytosis during depolarization, a continuing decrease in Cm after the pulse, and a slow increase in Cm. A 400 ms pulse
evoked an exocytotic process that overcame the fast endocytosis. As the exocytosis stopped after the pulse, the continuing endocytosis
and slow exocytosis became apparent. The boxes indicate 10 s gaps in time course.
(B) Cm responses to repeated 200 ms depolarizations in a different cell. Endocytosis was seen in the first few pulses, and exocytosis became
apparent when [Ca21]i started to accumulate at the release site.

et al., 1979; Vedder and Otten, 1991; Nicol et al., 1992).
The single-cell immunoblot technique has the advantage of measuring secretion from individual DRG neurons. To make certain that the release was mainly from
the somata of DRG neurons, experiments were performed on neurons cultured between 2–4 hr. The release
was determined when cells were exposed to normal
saline and to high KCl solution. Compared to the control,
KCl depolarization triggered a large increase in SP secretion (Figure 7A). The increase was Ca21-dependent
because no increase in SP release with KCl was observed when Ca21 ions were removed from the external
solution (data not shown). When the frequency distribution of average gray level of the spots (Figure 7B) and
SP release per cell (Figure 7C) were plotted, we found
that KCl increased both the amount of SP release from
each cell and the total number of cells releasing SP.
Similar results were observed in three experiments. The
average SP secretion per cell (30 min incubation time)
was 0.065–0.08 fmol (Figure 7C). In rat DRG culture,
the total KCl-evoked SP release from 100,000–150,000
neurons was 100 fmol/dish/10 min (Hingtgen and Vasko,
1994; Vasko et al., 1994). Assuming that 15% of the DRG
population contains SP (Battaglia and Rustioni, 1988),
and taking into account the difference in incubation
time, we estimated that the SP release from those cultures was 0.02 fmol/cell/30 min. The general agreement
between the two types of measurements supports the
validity of the single-cell immunoblot technique. Our
data provide additional evidence that depolarizations
caused secretion in the somata of DRG cells.
Discussion
Release Properties of DRG Neurons
Using capacitance, Fura-2 measurements, and an immunoblot assay, we found that depolarization of DRG
somata induced robust exocytosis. The following evidence suggests that exocytosis is Ca21-dependent: Cm
jumps increase with pulse duration (Figures 1 and 2A);

Cm responses and [Ca21]i have a similar voltage dependence (Figure 2B); exocytosis is reduced or abolished
by calcium chelators, EGTA (Figure 6), and BAPTA; application of the calcium ionophore, ionomycin, increases
[Ca21]i and membrane capacitance (Figure 5); and KCl
induces SP release (Figure 7).
The exocytotic rate of DRG neurons is high, averaging
1425 fF/s. The rate could go even higher because depolarizations do not give the maximum rate of exocytosis.
The estimated dCm/dt of endocrine and bipolar terminals, based on caged Ca21 compounds, are 10–100fold higher than the rates obtained from depolarizations
(Thomas et al., 1993; Heidelberger et al., 1994; Heinemann et al., 1994). At first glance, the rate of capacitance
change during depolarization in DRG cells appears to
be comparable to the rate measured in bipolar terminals
(730 fF/s) (von Gersdorff and Matthews, 1994a). Yet that
conclusion has not considered the large size of DRG
cells. The total capacitance of a small DRG neuron is
z25 pF, which is four times the total capacitance of
chromaffin cells and melanotrophs, and eight times that
of b-cells and bipolar terminals (Table 1). When the
membrane area is normalized, DRG somata secrete at
a rate of 1.8 vesicles/(s2 3 mm2 ) that is comparable to
those in endocrine cells, but is about 18 times slower
than that of bipolar terminals (Table 1). We also found
that the release rate is proportional to the third power
of Ca21 concentration, indicating that at least three Ca21
molecules have to bind to receptor protein(s) to trigger
exocytosis. Similar steep Ca21 dependence of release
rate has been found in various endocrine cells and synapses (Augustine et al., 1985; Thomas et al., 1990;
Zucker et al., 1991; Augustine and Neher, 1992)
In response to repetitive stimulation, the capacitance
responses in DRG neurons do not remain constant, but
increase (facilitation) or decrease (depression) with successive pulses. The same features in secretory processes are observed in endocrine cells (Thomas et al.,
1990; Bookman et al., 1991; Augustine and Neher, 1992;
Ämmälä et al., 1993; Seward and Nowycky, 1996). Facilitation is attributed to build-up of [Ca21]i or overfilling of
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Figure 7. SP Release in Response to KCl Depolarization
(A) Photomicrographs of cell blots from single DRG cells. SP immunoblots were obtained from transfer membranes incubated with cells in
medium containing 135 mM NaCl or 130 mM KCl solutions for 30 min. The calibration bar is 500 mm.
(B) Histogram of average gray level of the spots in low (open circle) or high (closed circle) KCl solution.
(C) Histogram of average SP secretion per cell in low (thick clear bars) or in high (shaded bars) KCl. KCl increased the average release per
cell (i.e., darker spots) and total number of secreting cells (i.e., larger areas under the histograms).

readily releasable vesicular pools as [Ca21]i stays moderately elevated between pulses (Heinemann et al., 1993;
von Rüden and Neher, 1993). Continuing repetitive stimulations invariably lead to depression. This stems from
a large increase in [Ca21]i , which enhances the rate of
release to a level exceeding the rate of refilling. Thus,
the vesicular pools become progressively depleted (Augustine and Neher, 1992; Heinemann et al., 1993).

Ca21-Regulated Exocytosis Occurs
in the Somata of DRG Neurons
Here, we provide evidence that DRG neurons undergo
Ca21-regulated exocytosis under physiological conditions. While the possibility that the exocytosis in DRG
cells occurs at nascent terminal boutons formed beneath the surface of the soma membrane or at remnants
of axonal stumps (Zhou and Misler, 1995b) can not be

Table 1. Comparison of Release Rates in Different Preparations

Cell Type
1

DRG Soma
Bipolar Terminal 2
Chromaffin Cell 3
Melanotroph4
b Cell5
1

Average Cell
Diameter (mm)

Average Cell
Capacitance (pF)

28
10
15
13
10

25
3
7
6
3

This paper
(von Gersdorff and Matthews, 1994a)
3
(Augustine and Neher, 1992)
4
(Thomas et al., 1990)
5
(Ämmälä et al., 1993)
2

Vesicle Size (nm)

Secretion Rate
(fF/sec)

Specific Vesicle
Release Rate
(1/[mm2 3 sec])

100
50
282
178
250

1425
730
1000
85–200
400–1000

1.8
33.3
0.6
0.14–0.33
0.67–1.67
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excluded, we suggest that the secretion is somatic for
the following reasons. First, robust exocytotic events
and SP release were observed as early as 4 hr after
plating under a cultured condition where processes had
yet to develop. Second, capacitance responses were
found in longer (< 24 hr) cultured DRG neurons devoid
of processes.
Anatomical evidence is not in conflict with the idea
of soma release. The soma of a DRG neuron contains
amino acid transmitter glutamate and a number of peptides (such as SP, CGRP, CCK somatostatin, and galanin) (Battaglia and Rustioni, 1988; Hökfelt et al., 1994).
Glutamate is stored in SCCVs, and peptides are abundant in LDCVs. Furthermore, SP and CGRP, tachykinins
and somatostatin, are colocalized in single secretory
granules (Merighi et al., 1988; Hökfelt et al., 1994). Since
the same types of vesicles, including those that are
colocalized, are found in the central and peripheral terminals of primary sensory neurons (Glubekian et al.,
1986; Plenderleith et al., 1990), and because the somata
of DRG neurons seldom form synaptic contacts with
neighboring structures (see Kayahara et al., 1982), one
common assumption is that these vesicles are transported to the terminals and released. The soma itself
does not participate in the regulated release process.
But the lack of synaptic specialization is not a sufficient
reason to exclude the possibility of the release of vesicles, especially LDCVs, from the somata. Unlike SCCVs,
which are often clustered near active zones at synaptic
terminals, LDCVs are randomly distributed and released
at structurally nonspecialized sites, away from active
zones (Zhu et al., 1986; Bean et al., 1994).

Soma Release Is Unlikely to Be Ca21-Dependent
Constitutive Release
Studies of exocytosis in nonsecretory cells suggest that
Ca21-dependent exocytosis is not limited to neurons or
endocrine cells, but is ubiquitous in eucaryotic cells. For
example, Ca21-dependent exocytosis is found in sea
urchin eggs and embryos (Bi et al., 1995) and in epithelial
CHO cells (Coorssen et al., 1996, Biophys. Soc., abstract). In addition, fibroblasts loaded with 25 mM ACh
were found to undergo spontaneous quantal release
(Girod et al., 1995). Since the release frequency increased by z3 fold after ionomycin treatment, the ACh
secretion appears to be Ca21 dependent. Nevertheless,
compared with neurons where the same ionomycin
treatment caused a 20-times increase in ACh release
frequency, the Ca21 sensitivity of the release process in
fibroblasts is much lower (Girod et al., 1995). Consistent
with this conclusion, BAPTA-AM was found to reduce
the release frequency of neurons by 80%, but had no
effect on fibroblast release (Girod et al., 1995). By contrast, exocytosis in DRG somata is abolished by BAPTA
and the secretion rate increases steeply with [Ca21]i (Figure 5). Furthermore, DRG neurons display facilitation/
depression in their exocytotic responses (Figure 3), and
release peptides, e.g., SP, in response to KCl depolarization (Figure 7). All the features are characteristic of exocytosis in peptidergic nerve terminals (Lim et al., 1990;
Bookman et al., 1991) and in endocrine cells (Thomas
et al., 1990; Augustine and Neher, 1992; Ämmälä et al.,

1993; Seward and Nowycky, 1996). These results have
led us to suggest that exocytosis in DRG somata is
closely related to the release process in neurons or
endocrine cells, rather than to the constitutive release
found in nonsecretory cells.
Ca21 Requirements for Soma Release Are
Similar to Those in Endocrine Cells
We have shown that secretion would occur when average [Ca21]i rose above 0.6 mM. The estimated [Ca21]i at
the release sites during depolarizations was on the order
of 3–10 mM. These levels of [Ca21]i are similar to those
required to trigger secretion in endocrine cells, such as
chromaffin cells (Augustine and Neher, 1992; Chow et
al., 1994), pancreatic b cells (Ämmälä et al., 1993), and
pituitary melantrophs (Thomas et al., 1990). But these
levels are 10–100-fold lower than those found in nerve
terminals. For instance, exocytosis would not occur at
[Ca21]i below 15–50 mM in bipolar or peptidergic nerve
terminals (Heidelberger et al., 1994; von Gersdorff and
Matthews, 1994a; Lindau et al., 1994); the [Ca21]i during
action potentials at squid giant synapses and neuromuscular junction synapses may exceed hundreds of
mM (Smith and Augustine, 1988; Adler et al., 1991; Llinás
et al., 1992).
We also found that 5 mM EGTA reduced depolarization-evoked exocytosis in DRG neurons. The block
could be reversed by longer or repeated depolarizations.
This EGTA effect is also similar to that observed in endocrine cells where secretion is blocked by 1–5 mM EGTA
(Neher and Marty, 1982; Thomas et al., 1990; Ämmälä
et al., 1993), but is quite different from that found in
synaptic terminals where EGTA, even at > 10 mM, is
ineffective at reducing exocytosis (Adler et al., 1991).
Due to its slow binding rate, EGTA is unable to provide
adequate Ca21 buffering within tens of nm of a Ca21
channel pore (Neher, 1986; Stern, 1992; Nowycky and
Pinter, 1993). Our finding that EGTA could reduce the
capacitance responses in DRG neurons suggests that
vesicles and Ca21 channels may not be strictly colocalized in these cells. Since we did not use brief depolarizations to explore the existence of immediate release
pools (Horrigan and Bookman, 1994), the possibility that
there are small pools of vesicles clustering near Ca21
channels in DRG neurons can not be eliminated. In summary, the soma release in DRG neurons exhibits many
of the characteristics of the release of dense-cored vesicles: lower Ca21 requirements for exocytosis (Verhage
et al., 1991), higher sensitivity to EGTA (Smith and Augustine, 1988), and dependence of secretion on the frequency of stimulation (Bean et al., 1994; Bruns and Jahn,
1995; Zhou and Misler, 1995a).
Possible Functions of Soma Release
There is a close correlation between soma size of DRG
cells and the diameter of the axons of small (< 35 mm)
and large-sized neurons (> 50 mm) (i.e., large cells have
large axons and high conduction velocity; small cells
have small axons and low conduction velocity) (Lee et
al., 1986; Harper and Lawson, 1985a, 1985b). Small cells
with their small unmyelinated C-fibers and finely myelinated Ad fibers respond to painful stimuli and large cells
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with their myelinated Aab fibers respond to nonnoxious
stimuli (Willis and Coggeshall, 1991). Although Ca21
channels are found in the somatic membrane of all DRG
neurons, the expression of Ca21 channel subtypes varies
with the soma diameter (Scroggs and Fox, 1992). In
small (< 30 mm in diameter) DRG cells, more than 50% of
the Ca21 current is carried through L type Ca21 channels,
33% of the current through N-type channels and the
remaining 17% of the current through channels sensitive
to neither L-type nor N-type channel blockers (Scroggs
and Fox, 1992; L. -Y. M. H. and E. N., unpublished data).
In large (> 45 mM) diameter cells, most of the currents
(> 55%) are insensitive to N- or L-type channel blockers;
only 20% of the Ca21 current goes through L-type Ca21
channels (Scroggs and Fox, 1992). Thus, different-sized
DRG neurons, which are known to be responsible for
processing different sensory modalities, express different proportions of Ca21 channel subtypes.
Despite the abundance of Ca21 channels and the expression of Ca21 channel subtypes in the DRG somata,
their function is not known. Our results suggest that
these Ca21 channels are important in the soma release.
Differential regulation of exocytotic processes by Ca21
channel subtypes could be one of the mechanisms used
to confer functional specificity on DRG neurons. Indeed,
Ca21 channel subtypes do not appear to affect exocytosis equally (Dunlap et al., 1995). In the central nervous system, N- and P-type Ca21 channels are thought
to coexist in nerve terminals and regulate exocytosis
(Reuter, 1995) (for review, see Dunlap et al., 1995), while
L type Ca21 channels may have little effect on transmitter
release (Wu and Saggau, 1994). Multiple Ca21 channel
subtypes have also been found to coexist in individual
neuroendocrine cells (Gandı́a et al., 1995). L-type Ca21
channels appear to be the most efficient in triggering
exocytosis in these cells (Artalejo et al., 1994; López et
al., 1994). With the similar release properties of DRG
somata and of endocrine cells, it would be interesting
to determine if L-type or N-type Ca21 channels play a
more prominent role in soma release.
Much remains to be learned about the physiological
roles of soma release. Given the abundant expression
of Ca21 channels and peptides in the soma of various
neurons, and our evidence that exocytotic properties of
DRG somata are analogous to those of endocrine cells,
it is not hard to imagine that the somatic release of
peptides may play crucial roles in the modulation of
excitability of neurons, provide autocrine and paracrine
functions, and regulate the maintenance and development of neurons.
Experimental Procedures
Cell Preparation
Dorsal root ganglia of both cervical and lumbar spinal cord were
taken from 14–18 day-old Sprague-Dawley rats and put in an icecold, oxygenated dissecting solution. The solution consisted of 120
mM NaCl, 10 mM KCl, 26 mM NaHCO3, 1.25 mM NaH2 PO4, 1 mM
CaCl2, 6 mM MgCl2 , 20 mM glucose, and 10 mM PIPES, and bubbled
with 95% O2 and 5% CO2 (pH 5 7.2) (osmolarity 5 305–315 mosm).
After removing the surrounding connective tissue sheath, the ganglia were cut into small pieces and put into an enzyme solution
containing 1.5 mg/ml collagenase D (Boehringer Mannheim) and 0.2
mg/ml trypsin (GIBCO) at 358C. The tissue was removed from the

enzyme solution 40 min later and incubated in culture medium (50%
Dulbecco’s modified Eagle’s medium 1 0% F12) plus 2 mg/ml BSA
for 10 min. Neurons were then dissociated by triturating the tissue
with a series of fire-polished Pasteur pipets in culture medium containing 50 mg/ml DNAase and put on flamed, uncoated coverslips.
After 15–20 min, the solution, unattached cells and debris were
removed and fresh culture medium was added. A majority of the
experiments were carried out within 4–24 hr after plating.
Solutions and Current Measurements
All the experiments were performed at room temperature. The external solution contained 135 mM NaCl, 20 mM glucose, 20 mM HEPES,
5 mM CaCl 2, 1.5 mM MgCl2, 10 mM TEA (pH 5 7.2) adjusted with
NaOH. Tetrodotoxin (5–8 mM) was added to the solution to block
Na1 currents. Whole-cell currents were recorded using the patch
clamp technique (Hamill et al., 1981). The electrode resistance was
1.5–2.5 MV. The access resistance ranged from 3–8 MV. The internal
solution contained 145 mM Cs gluconate, 10 mM NaCl, 10 mM
glucose, and 20 mM HEPES (pH 5 7.2, adjusted with CsOH). MgATP (5–10), GTP (0.6), and 100 mM Fura-2 (Molecular probe) were
added immediately before experiments. Whole-cell currents were
sampled at 100 ms and signals were filtered at 3 kHz.
Measurements of [Ca21]i and Cm
The spatially averaged [Ca21]i was determined using the microfluormetric ratio technique described previously (Neher, 1989; Augustine
and Neher, 1992). In brief, [Ca21]i was calculated from the ratios (R)
of light emitted from the dyes excited at wavelength 360 and 390
nm, using the equation
[Ca21]i 5 Keff (R-Rmin)/(Rmax -R)
where K eff is the effective dissociation constant of Fura-2, Rmin the
minimum R value, and Rmax the maximum R value. An in vivo calibration procedure was used to determine K eff (Neher, 1989). Rmin and
Rmax were obtained from the R values measured in cells that were
dialyzed with internal solution containing 10 mM BAPTA and 10 mM
CaCl2 , respectively. The Keff value was determined in cells dialyzed
with 0.46 mM [Ca21]i, which was calculated using K D, BAPTA 5 0.23
mM (Zhou and Neher, 1993). By itself, BAPTA did not contribute
significant fluorescence.
Our [Ca21 ] i measurements sometimes exceeded 2 mM. As the Ca21
reached this high level, Fura-2 fluorescence approached saturation,
and the fluorescence signal at 390 nm was small (Grynkiewicz et
al., 1985). This limited the accuracy of Ca21 measurements at levels >
2 mM even though fluorescence measurements using in vivo calibration were usually better than 90% accurate. In addition, autofluorescence, which varied from cell to cell, also contributed errors in
fluorescence signals. Thus, Ca21 levels above 2 mM should be considered nominal.
The membrane capacitance was measured by applying a sinusoidal signal (16 mV rms, 800 Hz) to the cell. The admittance characteristics of the cell were obtained with a two-phase lock-in amplifier.
The capacitance was calculated online from the two orthogonal
outputs of the amplifier and direct current level using the method
described by Lindau and Neher (1988). As vesicles or secretary
granules fuse with the plasma membrane, its surface area increases.
Since Cm is directly proportional to the surface area of the membrane, exocytosis would reflect an increase in Cm.
Immunoblot Measurement of SP Secretion
The release of substance P was measured using the single-cell
immunoblot method (Kendall and Hymer, 1987; Arita et al., 1991;
Wagoner et al., 1993; Rendt and Oxford, 1994). Pieces of polyvinylidene difluoride transfer membrane (Immobilon P from Millipore,
Bedford, MA) were glued on coverslips with the water repellent side
up. The membranes were prewetted with methanol for 20 s, rinsed
with distilled water and equilibrated with test solutions for > 60 min.
After rinsing the cell with a test solution, 50 ml of the same solution
was put on the cells. The transfer membranes were then gently
placed above the cells. A 0.1 mm gap was maintained between the
membrane and the cells. The transfer membrane and cells were
incubated at 378C in a humidified atmosphere for 30 min in control
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or in KCl (130 mM) solution. The membranes were then removed
and developed with standard immunochemical procedures. In brief,
membranes were allowed to dry and fixed in paraformaldehyde
powder at 808C for 1 h. After fixing, membranes were washed with
phosphate buffer (containing 1% tritonX-100), blocked with 3% fetal
calf serum (FCS) for 30 min at room temperature and incubated with
primary rabbit anti-substance P (1:800 dilution) in buffer with 1%
FCS overnight at 378C. The next day, the membranes were washed
and incubated with biotinylated goat anti-rabbit IgG (1:200 dilution)
for 90 min. After washing, the membranes were incubated with
ExtrAvidin peroxidase for another 90 min, rinsed, and reacted with
DAB. In later experiments, membranes were developed in ExtrAvidin-alkaline phosphatase (1:20,000) and BCIP/NBT solution.
Video images of immunoblots were taken with a CCD camera that
was mounted on a Nikon microscope with a 4X objective. The blots
were analyzed with National Institutes of Health Image software. SP
standard calibration curves were generated by applying a known
amount of SP (0.2–20 fmol) to a transfer membrane. After background subtraction, the average gray value and area of the spots
were measured. Integrated density of each spot was computed
according to the formula

Bean, A.J., Zhang, X., and Hökfelt, T. (1994). Peptide secretion: what
do we know? FASEB J. 8, 630–638.

(number of pixels in the spot) 3 (average gray value)

Fernandez, J.M., Neher, E., and Gomperts, B.D. (1984). Capacitance
measurements reveal the fusion events in stimulating mast cells.
Nature 312, 453–455.

A conversion factor (i.e., SP amount/integrated density) obtained
from the SP standards was then used to calculate the amount of
SP release from individual neurons.
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Arch. Eur. J. Physiol. 430, 55–63.
Girod, R., Popov, S., Alder, J., Zheng, J.Q., Lohof, A., and Poo, M.-M.
(1995). Spontaneous quantal transmitter secretion from myocytes
and fibroblasts: comparison with neuronal secretion. J. Neurosci.
15, 2826–2838.
Glubekian, S., Merighi, A., Wharton, J., Varndell, I.M., and Polak,
J.M. (1986). Ultrastructural evidence for the coexistence of calcitonin
gene-related peptide and substance P in secretory vesicles of peripheral nerves in the guinea pig. J. Neurocytol. 15, 535–542.
Grynkiewicz, G., Poenie, M., and Tsien, R.Y. (1985). A new generation
of Ca21 indicators with greatly improved fluorescence properties. J.
Biol. Chem. 260, 3440–3450.
Hamill, O., Marty, A., Neher, E., Sakmann, B., and Sigworth, F.J.
(1981). Improved patch clamp techniques for high-resolution current
recording from cells and cell-free membrane patches. Pflügers Arch.
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