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ABSTRACT: Multiple types of voltage-activated
calcium (Ca21) channels are present in all nerve cells
examined so far; however, the underlying functional
consequences of their presence is often unclear. We have
examined the contribution of Ca21 influx through N-
and L- type voltage-activated Ca21 channels in sympa-
thetic neurons to the depolarization-induced activation
of tyrosine hydroxylase (TH), the rate-limiting enzyme
in norepinephrine (NE) synthesis, and the depolariza-
tion-induced release of NE. Superior cervical ganglia
(SCG) were decentralized 4 days prior to their use to
eliminate the possibility of indirect effects of depolariza-
tion via preganglionic nerve terminals. The presence of
both v-conotoxin GVIA (1 mM), a specific blocker of
N-type channels, and nimodipine (1mM), a specific
blocker of L-type Ca21 channels, was necessary to in-
hibit completely the stimulation of TH activity by 55 mM

K1, indicating that Ca21 influx through both types of
channels contributes to enzyme activation. In contrast,
K1 stimulation of TH activity in nerve fibers and ter-
minals in the iris could be inhibited completely by
v-conotoxin GVIA alone and was unaffected by nimo-
dipine as previously shown. K1 stimulation of NE re-
lease from both ganglia and irises was also blocked
completely whenv-conotoxin GVIA was included in the
medium, while nimodipine had no significant effect in
either tissue. These results indicate that particular cel-
lular processes in specific areas of a neuron are differ-
entially dependent on Ca21 influx through N- and L-
type Ca21 channels. © 1999 John Wiley & Sons, Inc. J Neurobiol
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The initiation of a diverse number of cellular func-
tions has been ascribed to Ca21 influx through volt-

age-activated Ca21 channels including secretion,
membrane excitability, growth cone motility, and
gene induction. Multiple types of voltage-activated
Ca21 channels are present in all types of nerve cells
examined so far (Nowycky et al., 1985; see Dunlap et
al., 1995, for review); however, the physiological
consequences of their presence is not well understood.
In sympathetic neurons in the rat superior cervical
ganglion (SCG), the molecular, pharmacological, and
biophysical properties of N- and L-type Ca21 chan-
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nels have been extensively characterized (Perney et
al., 1986; Marrion et al., 1987; Hirning et al., 1988;
Lipscombe et al., 1988; Plummer et al., 1989; Lin et
al., 1996). N-type Ca21 current makes up 80–90% of
the whole cell current, while L-type current contrib-
utes approximately 10% (Plummer et al., 1989). A
small component of the current still remains uniden-
tified. By examining the role of Ca21 influx through
N- and L-type Ca21 channels in stimulating specific
cellular processes, SCG neurons can serve as a model
system for addressing the question of whether Ca21

influx through different Ca21 channels regulates
unique subsets of cellular functions.

The major function attributed to Ca21 influx
through N-type Ca21 channels in sympathetic neurons
has been that of initiating norepinephrine (NE) release
from varicosities (Perney et al., 1986; Clasbrummel et
al., 1989; Pruneau and Angus, 1990; Brock et al.,
1989; Rittenhouse and Zigmond, 1991a; Koh and
Hille, 1997). In contrast, influx through L-type Ca21

channels seems to play little role in this process (Per-
ney et al., 1986; Mohy El-Din and Malik, 1987;
Rittenhouse and Zigmond, 1991a; but see Koh and
Hille, 1997). In addition to being released from sym-
pathetic endings in autonomic end organsin situ, it
has been proposed that NE is released from cell bod-
ies/dendrites within the SCG, although this possibility
is still not well established (Bhatnagar and Moore,
1971; Noon and Roth, 1975; Noon et al., 1975; Mar-
tinez and Adler-Graschinsky, 1980; Adler-Graschin-
sky et al., 1984). Early studies reported that preincu-
bation of rabbit and cat SCG neurons with3H-NE and
subsequent depolarization by preganglionic nerve
stimulation or high K1 caused the release of small
amounts of3H-NE (Noon and Roth, 1975; Noon et al.,
1975; Martinez and Adler-Graschinsky, 1980; Adler-
Graschinsky et al., 1984). In these experiments, how-
ever, a high but decaying rate of3H-NE efflux oc-
curred even under basal conditions. Since the amount
of 3H-NE released in the SCG with depolarization
was small and coexisted with a high background of
basal release/efflux, it was not certain whether the
increase was statistically significant. Were significant
release of NE from cell bodies/dendrites in the SCG
following depolarization to be established, it would be
of interest to determine whether this release is trig-
gered by Ca21 influx only through N-type Ca21 chan-
nels, as is release from peripheral processes/nerve
terminals.

Ca21 influx during 55 mM K1 and/or electrical
stimulation also contributes to the activation of the
rate-limiting enzyme in NE synthesis, tyrosine hy-
droxylase (TH), both in the SCG (Volle et al., 1981;
Ip et al., 1983; Horowitz and Perlman, 1984; Anden et

al., 1986; Rittenhouse et al., 1988) and in sympathetic
processes/nerve terminals located in autonomic end
organs (Sedvall and Kopin, 1967; Rubio, 1979;
Anden et al., 1986; Schwarzschild and Zigmond,
1989; Rittenhouse and Zigmond, 1991a,b). In each
case where it has been examined, this activation is
dependent on the presence of Ca21 in the extracellular
medium (Schwarzschild and Zigmond, 1989; Ritten-
house and Zigmond, 1991a). When N-type Ca21

channels in processes located in the iris were blocked
with v-conotoxin GVIA, K1 stimulation of TH ac-
tivity was inhibited by 100%. In contrast, inhibiting
L-type Ca21 channels with the dihydropyridine an-
tagonist nimodipine had no effect on the depolariza-
tion-induced increase in TH activity (Rittenhouse and
Zigmond 1991a). Thus, like NE release, the acute
activation of TH in sympathetic fibers and nerve ter-
minals can be accounted for entirely by Ca21 influx
through N-type channels.

In contrast, Ca21 influx through L-type Ca21 chan-
nels contributes to the induction of TH produced by
K1 depolarization of neurons cultured from neonatal
SCG and from embryonic petrosal ganglia (Vidal et
al., 1989; Brosenitsch et al., 1997). In addition, Ca21

influx through L-type Ca21 channels during stimula-
tion of PC12 cells by cholinergic agonists (Nose et al.,
1985) leads to the phosphorylation of TH by Ca21-
dependent kinases. This posttranslational modifica-
tion is a prelude to TH activation. These data imply
that in cell bodies, Ca21 influx through L-type Ca21

channels contributes to both the induction and activa-
tion of TH, and raise the possibility that there may be
a difference in the function of these channels in dif-
ferent parts of a sympathetic neuron. In this study, we
have examined the biochemical consequences of
Ca21 influx through N- and L-type Ca21 channels on
TH activation in and NE release from cell bodies/
dendrites in the SCG and compared their regulation to
that found in peripheral sympathetic processes/nerve
terminals located in the iris.

MATERIALS AND METHODS

Male Sprague–Dawley rats (125–150 g) were purchased
from Charles River Laboratories (Wilmington, MA) or
Zivic Miller Laboratories (Allison Park, PA) and housed in
individual cages under a 12:12 h light/dark cycle with ad
libitum access to food and water for a minimum of 1 week
prior to use. Rats were anesthetized with chloral hydrate
(760 mg/kg, subcutaneously) and their preganglionic input
to the SCG, the cervical sympathetic trunk, was cut at least
5 mm from the ganglion (a procedure referred to as decen-
tralization). The animals were allowed to recover for 4 days
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to ensure that the preganglionic fibers in the SCG degener-
ated (Raisman et al., 1974). This procedure prevented syn-
aptic activation by preganglionic neurotransmitters to occur
during depolarization with 55 mM K1.

To examine the effects of cell depolarization on TH
activity in the SCG and in the iris, rats were decapitated and
their ganglia and eyes were removed. Paired ganglia were
desheathed in Earle’s balanced salt solution [EBSS: 116.3
mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 1.0
mM NaH2PO4, 0.1 mM ethylendediaminetetraaceric acid
(EDTA), and 26 mM NaHCO3], supplemented with 0.1 mM
tyrosine, and 5.5 mM glucose, while both irises were dis-
sected free in ice-cold saline (0.9% NaCl). Each pair of
ganglia and irises was preincubated for 30–45 min at 37°C
in 650 mL EBSS and continually gassed with 95% O2/5%
CO2. The two ganglia were then transferred for 90 s to
separate incubation beakers containing normal medium or
medium in which the K1 concentration had been raised to
55 mM by substituting KCl for NaCl. The two irises were
transferred in the same manner. Nicotinic (3 mM hexame-
thonium), muscarinic (6mM atropine), a-adrenergic (10
mM phentolamine), andb-adrenergic (0.1mM propranolol)
antagonists were included in the medium. These agents
were added to block the effects on TH activity and NE
release during K1 depolarization of receptor-mediated ac-
tions of certain neurotransmitters that might be released
from the ganglion or iris, (Kirpekar and Wakade, 1968;
Adler-Graschinsky and Langer, 1975; Langer et al., 1977;
Bognar et al., 1988; Kahan et al., 1988; Rittenhouse and
Zigmond, 1991a), as well as block their effects on Ca21

channel modulation (Horn and McAfee, 1979, 1980; Akasu
and Koketsu, 1982; Galvan and Adams, 1982; Wanke et al.,
1987; Plummer et al., 1989, 1991; Bernheim et al., 1991).

In Vitro Assay for Tyrosine Hydroxylase

At the end of the incubation period, ganglia and irises were
immediately frozen on dry ice and stored at280°C prior to
assaying TH activity. The incubation medium was collected
for measurement of NE release (see below). To assay TH
activity, the tissues were homogenized in 10 mM potassium
phosphate buffer (SCG, 100mL; iris, 125 mL) containing 5
mM sodium pyrophosphate, and 0.1% Triton X100 (pH
7.2). Aliquots of each tissue homogenate (SCG, 10mL; iris,
50 mL) were mixed with an equal volume of 400 mM
potassium phosphate buffer (pH 6.9) containing 600mM
brocresine, 60mM 6-methyl-tetrahydrobiopterin, 200,000
U/mL catalase, and 80 mM b-mercaptoethanol to yield a
final pH of 7.0. One aliquot was incubated for 6 min at
37°C. A second 50-mL aliquot of the iris was maintained at
0°C and was used to determine the amount of endogenous
dopa present in the homogenate prior to incubation. The
amount of endogenous dopa measured in the iris repre-
sented about one third the amount of dopa measured after
the 6 minin vitro assay and was subtracted from the latter
value to calculate dopa synthesisin vitro (Schwarzschild
and Zigmond, 1989; Rittenhouse and Zigmond, 1991a). The
ganglion had only trace amounts of dopa present in the

ganglion; therefore, it was not necessary to maintain an
aliquot at 0°C and correct for endogenous dopa. The second
aliquot of the SCG was incubated at 37°C and was used as
a duplicate sample. The incubations were stopped by plac-
ing the samples in an ice-water bath.

Catechols were extracted by adding 1 ml of 0.5M Tris
(pH 8.6) containing 0.1 mM EDTA, 5 or 10 pmol of
epinephrine as an internal standard, and 10 mg of aluminum
oxide. Samples were agitated for 15 min to adsorb the
catechols onto the alumina, washed twice (5 mM Tris/1 mM
NaHSO3, pH 8.6), and eluted with 75mL of 150 mM
H3PO4/0.1 mM EDTA. Catechols were separated using
reverse-phase high-performance liquid chromatography and
quantitated using electrochemical detection (Rittenhouse et
al., 1988; Schwarzschild and Zigmond, 1989). TH activity
is expressed as the mean rate [6standard error of the mean
(S.E.M.)] of dopa synthesis (picomoles of dopa per tissue
per hour). In addition, the content of NE remaining in SCG
and iris samples was also measured in an aliquot of each
tissue homogenate and the results are expressed as the mean
content (6S.E.M.) of NE (picomoles of NE per tissue).

Measurement of NE Release

The released NE that overflowed from the iris and ganglion
into the surrounding medium during the stimulation period
was also measured. The NE uptake inhibitor desipramine (1
mM) was present to block the reuptake of NE by sympa-
thetic nerve terminals. At the end of the incubation period,
medium containing the released NE was acidified with 65
mL of 150 mM H3PO4/0.1 mM EDTA or 165 mM trichlo-
roacetic acid/0.1 mM EDTA containing 10 pmol 3,4-dihy-
droxybenzylamine (DHBA) as an internal standard. Sam-
ples were extracted and quantitated as described above. The
results are expressed as the mean rate (6S.E.M.) of NE
release (fentomoles of NE released per tissue per minute).

Statistical Analysis

The statistical significance between stimulated and con-
tralateral control tissues was analyzed by a pairedt test,
(two-tailed). The differences between stimulated groups
were analyzed using at test for two means (two-tailed
except where noted).

Materials

Brocresine was a gift from Dr. David N. Ridge (Lederle
Laboratories). Nimodipine was a gift from Dr. Alexander
Scriabine (Miles Institute for Preclinical Pharmacology) and
was also supplied by Dr. Bruce Bean (Department of Neu-
robiology, Harvard Medical School). Chloral hydrate, hexa-
methonium bromide, atropine sulfate, and isoproterenol
HCl were purchased from Sigma, phentolamine HCl from
Ciba-Geigy Corp.,L-propranolol HCl from Ayerst Labora-
tories, and desipramine HCl from USV Pharmaceutical
Corp. b-Mercaptoethanol was purchased from Kodak,
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v-conotoxin GVIA from Peninsula, 6-methyl-tetrahydro-
biopterin from Calbiochem, and catalase from Boehringer
Mannheim. Aluminum oxide was purchased from ICN
Pharmaceuticals and was washed four times with 2N HCl
and once with 150 mM H3PO4 prior to use.

RESULTS

Adult rat SCG and irises from sham-operated animals
were depolarizedin vitro for 90 s with EBSS contain-
ing high K1 (55 mM) and cholinergic and adrenergic
receptor blocking agents. Under these conditions, K1

depolarization increased TH activity 5.1-fold in gan-
glia [Fig. 1(A)] and 3.2-fold in irises [Fig. 1(B)]. K1

depolarization also stimulated the release of measur-
able amounts of NE from the ganglion [Fig. 1(C)] and
from the iris [Fig. 1(D)].

To examine the effects on TH activation and NE
release due to depolarization of cells in the ganglion
alone, without the possible complication of an indirect
effect via the depolarization-stimulated release of a
nonadrenergic, noncholinergic preganglionic neuro-

transmitter (Ip et al., 1983), tissues were also exam-
ined from animals 4 days after transection of the
preganglionic trunk (Raisman et al., 1974). In decen-
tralized SCG, a 3.2-fold increase in TH activity in
response to depolarization was seen. This response
was significantly less (p , .001) than that seen in
ganglia from sham-operated animals [Fig. 1(A)]. A
similar decrease in the magnitude of TH activation
after decentralization has been observed previously
and probably reflects the removal of a noncholinergic
transsynaptic mechanism for regulation of TH via
stimulation of cAMP synthesis (Ip et al. 1983, 1985;
Rittenhouse et al., 1988). No significant differences
were found between intact and decentralized ganglia
in the NE content (Table 1) or in the amount of NE
released [Fig. 1(C)], nor in any of the assays per-
formed on irises [Fig. 1(B,D),and Table 1]. Therefore,
in all subsequent experiments, decentralized prepara-
tions were used to avoid the complicating effects of
K1-stimulated release of presynaptic neurotransmitters.

K1 stimulation of both TH activity in and NE
release from the iris is dependent on the presence of

Figure 1 The effects of decentralization on K1 stimulation of TH in and NE release from the SCG
and iris. (A) Decentralization (CSTx) significantly (p , .01) decreased the K1-stimulated increase
in TH activity observed in sham-operated ganglia. (B) Increases in TH activity due to K1

stimulation were not significantly different in sham-operated compared to decentralized irises. (C)
Stimulated NE release was unchanged by decentralization in the ganglion and (D) in the iris. Four
to seven samples were included in each group. In this and the following figures, black bars
5 unstimulated; hatched bars5 K1-stimulated for 90 s.
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extracellular Ca21 (Rittenhouse and Zigmond,
1991a). To determine whether K1 stimulation of
these processes in the SCG is similarly dependent,
ganglia and irises were K1 stimulated in a low-Ca21

medium. When the Ca21 concentration in the bath
was lowered to 0.1 mM and the Mg21 concentration

raised to 10 mM, activation of TH in the SCG [Fig.
2(A)] and iris [Fig. 2(B)] was blocked by 98% and
100%, respectively. In addition, release of NE from
ganglia [Fig. 2(C)] and irises [Fig. 2(D)] stimulated in
55 mM K1/low-Ca21 medium was the same as that
from their contralateral, unstimulated controls. These
data indicate that K1 stimulation of TH activity in and
NE release from decentralized SCG and irises is me-
diated by Ca21 influx through voltage-activated Ca21

channels.
Therefore, we examined whether the regulation of

these two biochemical processes is influenced by the
same Ca21 channels in cell bodies and dendrites in the
SCG as previously reported for sympathetic fibers/
nerve terminals located in the iris (Rittenhouse and
Zigmond, 1991a). We took advantage of the fact that
55 mM K1 will maintain cells in a depolarized state
such that the activity-dependent, specific antagonist of
L-type Ca21 channels, nimodipine, will bind and
block L-type Ca21 channel activity (Bean, 1984; San-
guinetti and Kass, 1984). The ability ofv-conotoxin
GVIA to specifically block N-type Ca21 channels

Table 1 Effect of Decentralization on NE Content

Condition

pmol NE/Tissue

SCG Iris

Sham
CON medium 1186 11 8.96 0.8
55 mM K1 1216 12 8.06 0.8

CSTx
CON medium 1096 11 12.06 1.2
55 mM K1 1096 12 10.66 1.0

For both control (CON) SCG and iris, the norepinephrine (NE)
content was statistically indistinguishable between sham and de-
centralized (CSTx) groups; 55 mM K1 stimulation for 90 s also
caused no significant change in NE content of any group from its
contralateral control.

Figure 2 The effects of low Ca21 medium on K1 stimulation of TH in and NE release from the
SCG and iris. In control medium TH activity acutely increased 2.8-fold in the SCG (A) and 3.5-fold
in the iris (B). In contrast, TH activity in tissues K1-stimulated in a low-Ca21 (0.1 mM)/high-Mg21

(10 mM) medium was not significantly different from that in unstimulated groups for both the SCG
and iris (n 5 5–6 in each group). Like TH activation, K1 stimulation of NE release in low Ca21

medium totally blocked NE release from the SCG (C) (p , .001) and the iris (D) (p , .001). For
NE release,n 5 9–11 in each group.
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(Kasai et al., 1987; Jones and Marks, 1989; Plummer
et al., 1989) is independent of activity, and therefore
is also quite effective during K1 depolarization of
sympathetic neurons (Oyama et al., 1987). K1 depo-
larization of the SCG in the presence of the specific
N- type channel antagonistv-conotoxin GVIA (1
mM) inhibited the 2.9-fold increase in control TH
activity by 41% [Fig. 3(A)]. This contrasts with the
complete suppression of depolarization-stimulated
TH activation in the iris [Fig. 3(B)]. Raising the
concentration ofv-conotoxin GVIA to 3mM had no
further inhibitory effect on the acute activation of TH
by K1 stimulation in the SCG (data not shown), while
a much lower concentration ofv-conotoxin GVIA (1
nM) was sufficient to produce maximal block of NE
release and TH activation in both tissues (Table 2).
K1-stimulated NE release from both the SCG [Fig.
3(C)] and the iris [Fig. 3(D)] were blocked completely
in the presence ofv-conotoxin GVIA (1mM).

Because the activation of TH by Ca21 influx
through voltage-activated Ca21 channels in the SCG
could not be blocked completely byv-conotoxin

GVIA, we compared the effects on this process of
v-conotoxin GVIA with that of the L-type channel
blocker nimodipine.v-Conotoxin GVIA (1mM) de-
creased the 3.5-fold increase in TH by 37% (p , .05,
one-tailed) while nimodipine (1mM) decreased the
fold increase in TH by 33% (p , .07, one tailed, not
significant) [Fig. 4(A)]. When nimodipine was used at
concentrations higher than 1mM (3 and 10mM) to
determine whether maximal block by nimodipine had
been achieved, the changes in TH activity and NE
release due to K1 stimulation became highly variable.
Concentrations of dihydropyridine agonists or antag-
onists higher than 1mM have actions which are
thought to be nonspecific, including blocking N-type
Ca21 channels (Brostrom et al., 1981; Epstein et al.,
1982; Jones and Jacobs, 1990; see Zernig, 1990, for
review). Therefore, we did not pursue further the
effects of nimodipine at concentrations higher than 1
mM.

Because neitherv-conotoxin GVIA or nimodipine
was able to completely suppress the acute activation
of TH, SCGs were K1 depolarized in the presence of

Figure 3 Effects ofv-conotoxin GVIA on K1 stimulation of TH in and NE release from the SCG
and iris. Decentralized SCG and irises were depolarized with 55 mM K1 in the absence (CON) or
presence of 1mM v-conotoxin GVIA (v-CgTx). TH activity significantly increased in the SCG (A)
(p , .001) and iris (B) (p , .001) in the absence of an antagonist. In the presence ofv-CgTx, the
fold increase in TH activity in the SCG decreased by 41% and was blocked completely in the iris
(n 5 9–10/group). NE release from SCG (C) (p , .001 compared to release from CON/K1 group)
and iris (D) (p , .001) was also suppressed completely in the presence ofv-CgTx (n 5 5/group).
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both nimodipine andv-conotoxin GVIA. Under these
conditions, K1-stimulation of TH in the SCG was
suppressed by.95% [Fig. 4(A)]. In fact, TH activity
was not significantly different in the K1-stimulated
ganglia in the presence of both of these antagonists
than in the unstimulated, contralateral SCG. These
data indicate that Ca21 influx through both N-type
and L-type Ca21 channels contributes to the activa-
tion of TH in the ganglion.

DISCUSSION

Regulation of TH Activation by Ca21

Influx through Voltage-Activated
Ca21 Channels

Since the first report of multiple high-threshold volt-
age-activated Ca21 channels in nerve cells (Nowycky
et al., 1985), there has been great interest in determin-
ing the types of Ca21 channels present in individual
nerve cells and the functional consequences of spe-
cific channel types. Because the SCG expresses only
N- and L- types of Ca21 channels at high levels, it has
been a model system for intensive investigation of
their biophysical and functional properties (Lips-
combe et al., 1988; Plummer et al., 1989; Hille, 1994).
One strategy for analyzing the function of specific
channel types is to ask what underlying biochemical
processes are affected when these channels are
blocked with specific pharmacological agents. We
have examined whether Ca21 influx through N- and
L-type Ca21 channels plays specific roles in stimulat-
ing the activation of TH in and the release of NE from
cell bodies/dendrites in the SCG.

Both N- and L-type Ca21 channels contribute to
the activation of TH in decentralized SCG.v-Cono-
toxin GVIA by itself reduced depolarization-stimu-

lated TH activation, but this effect of depolarization
could only be blocked totally if both N- and L-type
Ca21 channels antagonists were used. The involve-
ment of L-type Ca21 channels is of particular interest
since current through these channels accounts for only
approximately 10% of the whole cell Ca21 current in
voltage clamp studies of dissociated neurons from
adult SCG (Ikeda, 1991). Ca21 influx through L-type
Ca21 channels has also been implicated in regulating
induction of TH in both sympathetic, sensory, and
olfactory bulb neurons (Vidal et al., 1989; Brosenitsch
et al., 1997; Cigola, 1998). While Ca21 influx through
N-type Ca21 channels is also important in the activa-
tion of TH in the SCG, this channel does not appear to
contribute to the induction of TH in dopaminergic
sensory neurons, even though, as in SCG neurons,
these channels carry the majority of the whole cell
high voltage-activated calcium current (Brosenitsch et
al., 1997). Taken together, these data strongly suggest
that, at least in the cell body region, Ca21 influx
through L-type Ca21 channels plays a biochemical
role in stimulating the phosphorylation, activation,
and induction of TH.

The SCGs used in these experiments were decen-
tralized several days prior to the studies, and the
ganglia were incubated in the presence of adrenergic
and cholinergic blocking drugs. These steps were
taken to maximize the possibility that we were exam-
ining the effects of depolarization per se on TH ac-
tivity and NE release from postganglionic sympa-
thetic neurons rather than indirect effects via
depolarization-induced release of preganglionic or
postganglionic neurotransmitters. There are two cave-
ats to be considered in this regard. First, we cannot
rule out the participation of postganglinoic neuro-
transmitters, such as neuropeptides, for which no an-
tagonists were included. Second, we cannot rule out

Table 2 Effects ofv-Conotoxin on TH Activity and NE Release from SCG

v-CgTX
TH Activity

(pmol DOPA/SCG/h)
NE Release

(fmol NE release/SCG/min)

Control medium
0 M 1566 5* 81 6 18*
1026 M 1396 7*† 796 27*†

55 mM K1 medium
0 M 4446 24 3666 54
10212 M 4896 46 3416 52
1029 M 3036 12* 1266 27*
1026 M 2916 12* 916 18*†

The number of SCG per group was five to 10 ganglia.
* Significantly different from 55 mM K1 medium/0M v-CgTX levels (p , .05, two-wayt test for two means).
† Not significantly different from CON medium/0M v-CgTX levels (p . .1, two-wayt test for two means).
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the possibility that decentralization somehow alters
postganglionic responses to depolarization.

Differences in Ca21 Channel Regulation
of TH in Cell Bodies versus
Nerve Terminals

The regulation by Ca21 influx through specific types
of voltage-activated Ca21 channels of the activation
of TH in sympathetic peripheral processes/nerve ter-
minals in the iris is different from that in cell bodies/
dendrites in the SCG. In irises, blocking L-type Ca21

current with the dihydropyridine antagonist nimodip-
ine (1 mM) had no effect on K1 stimulation of TH
activity, while blockade of N-type Ca21 channels
completely abolished TH activation (Rittenhouse and
Zigmond, 1991a). Thus, Ca21 influx through N-type
Ca21 channels can account for all of the acute acti-

vation of TH due to K1 stimulation in peripheral
processes/nerve terminals despite previous demon-
strations of the presence of both N- and L-types of
Ca21 channels in axons and growth cones of cultured
SCG neurons (Thayer et al., 1987; Lipscombe et al.,
1988).

These results indicate that N- and L-type Ca21

channels serve overlapping as well as distinct func-
tions in different regions of SCG neurons. The differ-
ences in the regulation of TH in cell bodies/dendrites
in the SCG compared to peripheral processes and
terminals in the iris raise interesting questions about
(a) the distribution of N-type and L-type Ca21 chan-
nels in individual adult neurons, (b) the density of
each type of channel in different regions, and (c) the
colocalization of Ca21 channel types with other cy-
toplasmic proteins (e.g., distribution of Ca21-buffer-
ing proteins, Ca21-sensitive kinases and phospha-

Figure 4 The effects of blocking both N- and L-type Ca21 channels on K1 stimulation of TH in
and NE release from decentralized SCG. (A) The activation of TH by K1 stimulation was partially
inhibited in the presence of either 1mM nimodipine (NMN) or 1mM v-conotoxin GVIA (v-CgTx).
When both nimodipine andv-conotoxin GVIA (NMN & v-CgTx) were included in the bath, the
activation of TH was completely inhibited (p , .001).n 5 4–6/group. (B) K1 stimulation of NE
release in the presence of NMN was not significantly different from that in control conditions. As
seen in Figure 3C, NE release was not significantly elevated in the presence ofv-CgTx or when
NMN was included withv-CgTx. n 5 4–6/group.
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tases, as well as Ca21-sensitive cytoplasmic elements)
which might influence the effectiveness of the enter-
ing Ca21 ions in initiating specific biochemical pro-
cesses. Detailed information on these three points
could help explain why TH is activated by Ca21

influx through N- and L-type Ca21 channels in the
ganglion but is dependent on Ca21 influx only
through N-type channels in the iris.

Regulation of NE Release
in SCG Neurons

Ca21 influx through N-type Ca21 channels appears to
be the primary mechanism for NE release from cul-
tured neonatal sympathetic neurons (Perney et al.,
1986; Hirning et al., 1988; Toth et al., 1993; Koh and
Hille, 1997) and adult sympathetic fibers/nerve termi-
nals located in autonomic target tissues (Clausbrum-
mel et al., 1990; Pruneau and Angus, 1990; Ritten-
house and Zigmond, 1991a; Cunnane and Searl,
1994). The results described in this study are consis-
tent with these previous findings. K1-stimulated re-
lease of endogenous NE was highly reproducible from
both the SCG and the iris when quantitated using
HPLC and electrochemistry. Ca21 influx through N-
type Ca21 channels during K1 stimulation accounted
for all of the release of NE from decentralized SCG
and from peripheral fibers/nerve terminals in the iris
[Figs. 3(C,D) and 4(B)]. Release of NE from the SCG
has been hypothesized to occur from sympathetic
nerve terminals within the ganglion (Noon and Roth,
1975; Noon et al., 1975) or from nontraditional re-
lease sites, such as from dendritic processes (Adler-
Graschinsky et al., 1984). Recent electrophysiological
and amperometric studies have demonstrated that the
characteristics of3H-NE release from neurites that
were separated from their cell bodies were indistin-
guishable from those of intact cultured sympathetic
neurons (Przywara et al., 1993). In amperometric
studies, no endogenous NE release could be detected
from electrically depolarized, acutely dissociated
SCG neurons that lacked visible processes (Koh and
Hille, 1997). These results are consistent with earlier
studies indicating that NE release occurs primarily
from neurites with little or no release from cell bodies
(Przywara et al., 1993; Koh and Hille, 1997).

Under the conditions of our study, Ca21 influx
through L-type Ca21 channels does not appear to
contribute to NE release from SCG neurons. Recently,
amperometric studies on NE release from cultured
SCG neurons using 1-s-long K1 depolarizations indi-
cated some involvement of Ca21 influx through L-
type Ca21 channels, although even in this study N-
type Ca21 channels antagonists blocked the majority

of NE release (Koh and Hille, 1997). Experiments
with L-type Ca21 channel agonists also raise the
possibility that under some conditions L-type Ca21

channels might contribute to NE release from cultured
SCG neurons (Perney et al., 1986; Koh and Hille,
1997).

The heterogeneous distribution of Ca21 channels
observed throughout the nervous system supports the
possibility that different types of channels are in-
volved in different biochemical functions. Immuno-
histochemical studies have shown that in central ner-
vous system (CNS) neurons, N-type Ca21 channels
are concentrated in dendrites and nerve terminals
where they are associated with neurotransmitter re-
lease (Jones et al. 1989; Westenbroek et al, 1990,
1992; Dunlap et al., 1995). Furthermore, their associ-
ation with syntaxin (Sheng et al., 1994) is consistent
with N-type Ca21 channels playing a prominent role
in neurotransmitter release. The distribution of L-type
Ca21 channels can be subdivided into two populations
based on the finding that two differenta1 subunit
cDNAs, class C and class D, both give rise to dihy-
dropyridine-sensitive Ca21 channels when expressed
in oocytes (Snutch et al., 1990; Williams et al., 1992;
Charnet et al., 1994). In contrast to N-type Ca21

channels, class C L-type Ca21 channels are weakly
distributed throughout CNS nerve cell membranes but
are concentrated in cell bodies and are highly clus-
tered in punctate densities at the base of major den-
drites (Hell et al., 1993a,b). The class D L-type chan-
nels are homogeneously distributed solely on cell
bodies and proximal dendrites. The presence of L-
type Ca21 channels on cell bodies of SCG neurons
would be consistent with their involvement in the
regulation of ganglionic TH activity as we have
found.
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