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Voltage-dependent calcium (Ca21) currents were characterized
and modulatory effects of somatostatin were measured in
acutely dissociated chick ciliary ganglion neurons at embryonic
stages 34, 37, and 40. This developmental time period coin-
cides with the period of synapse formation between ciliary
ganglion neurons and peripheral eye muscles. At all three de-
velopmental stages Ca21 current could be blocked almost
completely by combined application of v-CgTX GVIA and ni-
trendipine. At young embryonic ages there was significant over-
lap in sensitivity, with ;75% of the current sensitive to either
blocker applied independently. By stage 40, there was very little
or no overlap in sensitivity, with ;75% of the current blocked
by v-CgTX GVIA (N-type) and 30% blocked by nitrendipine
(L-type). These data are consistent with earlier findings that the
pharmacology of acetylcholine release from ciliary ganglion

nerve terminals changes during development from sensitivity to
both dihydropyridines and v-CgTX GVIA to selective sensitivity
to v-CgTX GVIA (Gray et al., 1992). Somatostatin reduced
Ca21 current by 50–60% at all three developmental stages. At
early developmental stages somatostatin receptors coupled
predominantly to the current that was sensitive to both v-CgTX
GVIA and nitrendipine. By stage 40, somatostatin primarily
inhibited classically defined N-type current (selectively sensitive
to v-CgTX GVIA). Thus, somatostatin receptor coupling to
Ca21 channels persisted throughout development as Ca21

current pharmacology changed.
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Using pharmacologic manipulations of acetylcholine (ACh) re-
lease, previous investigators have concluded that N-type Ca21

channels regulate transmitter release at the mature parasympa-
thetic neuromuscular junction formed between chick ciliary gan-
glion neurons and intrinsic eye muscles (Gray et al., 1992). Dur-
ing the development of ciliary ganglion innervation of intrinsic
eye muscles, Gray et al. (1992) have identified a switch in the
pharmacology of calcium-dependent ACh release such that, at
embryonic ages that correspond with synaptic maturation (em-
bryonic stages 37–39), both N- and L-type channel blockers
influence ACh release. These observations suggest that the types
of calcium channels that are expressed or targeted to the nerve
terminal change during development. Comparable studies in the
hippocampus have revealed a developmental shift in the pharma-
cologic sensitivities of transmitter release to selective blockers of
N- and Q-type calcium channels (Scholz and Miller, 1995). Taken
together, these investigations suggest that, at least in some prep-
arations, the types of calcium channels coupled to transmitter
release change during development. Changes in the expression
patterns of ion channels are known to be an important feature of
neuronal development (O’Dowd et al., 1988; Desarmenien et al.,
1993; Spitzer, 1994), and because of the integral role of voltage-
dependent Ca 21 channels in neurotransmitter release, the types

of calcium channels expressed are critical. In addition, the N-type
calcium channels present at these and other synapses are often
the target of G-protein-coupled receptors that have potent pre-
synaptic neuromodulatory actions (Hille, 1994). As such, the
capacity for neuromodulation may undergo developmental
changes that are associated with changes in the expression of
calcium channels. Thus, developmental changes in calcium chan-
nel expression are likely to be important for the control of
transmitter release as well as the effects of neuromodulators.

We have studied the developmental changes in calcium current
pharmacology and the neuromodulatory effects of somatostatin in
chick ciliary ganglion neurons. Somatostatin is endogenous to
choroid neurons in the chick ciliary ganglion (Epstein et al., 1988;
Coulombe and Nishi, 1991; De Stefano et al., 1993) and is a
potent inhibitor of transmitter release at choroid nerve terminals
(Gray et al., 1989, 1990). Despite the selective expression of the
somatostatin peptide in choroid neurons, somatostatin receptors
are expressed on essentially all neurons in the embryonic ciliary
ganglion (Meriney et al., 1994). We report a developmental
change in the pharmacology of calcium channels expressed at
three time points that correspond to the development of synapses
with intrinsic eye muscles. Throughout this developmental
change in calcium current pharmacology, somatostatin remains
an effective modulator of calcium channels.

MATERIALS AND METHODS
Cell culture. Ciliary ganglia were dissected from White Leghorn chicken
eggs [stages 34, 37, or 40, as determined by Hamburger and Hamilton
(1951)] in sterile oxygenated Tyrode containing (in mM): 134 NaCl, 3
KCl, 3 CaCl2 , 1 MgCl2 , 12 glucose, and 20 NaH2CO3 , pH 7.2. Ganglia
were incubated in 0.08% trypsin in Ca 21- and Mg 21-free Tyrode for 12,
15, or 20 min at 37°C for stages 34, 37, and 40 ganglia, respectively.
Trypsin was removed and inhibited by three washes in minimal essential
media (MEM) plus 10% heat-inactivated horse serum. Ganglia were
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dissociated mechanically by gentle trituration. The final suspension of
cells was centrifuged at 100 3 g for 5 min. The pelleted cells were
resuspended in MEM plus 10% chick embryo extract, plated onto poly-
L-lysine-coated 35 mm plastic dishes, and incubated at 37°C. Cells were
used for experiments after 2–6 hr of incubation, at which time there were
no neurites elaborated onto the poly-L-lysine substrate.

Perforated patch-clamp recordings. For most recordings, the perforated
patch technique was used to gain electrical access to the cell interior
while allowing only the exchange of small monovalent ions between the
pipette and the cell cytoplasm (Horn and Marty, 1988). To isolate the
inward current through Ca 21 channels, we bathed the cells in an external
saline of the following composition (in mM): 140 NaCl, 20 TEA-Cl, 10
HEPES, 5 glucose, 5 KCl, 5 CaCl2 , and 2 MgCl2 plus 2 mM tetrodotoxin,
pH 7.3. Pipettes were pulled in a two-step process, coated with SYL-
GARD (Dow Corning, Midland, MI), and fire-polished (electrode resis-
tances ranged from 0.5 to 2 MV). The pipette was filled in a two-step
manner. The tip was filled by a 5 sec dip in an internal solution of (in
mM): 75 Cs2SO4 , 55 CsCl, 8 MgCl2 , and 10 HEPES, pH 7.3. The
remainder of the pipette was back-filled with the above solution plus 400
mg/ml of amphotericin B (Rae et al., 1991). Amphotericin B gradually
induced a low-resistance pathway that reached equilibrium within 5–15
min after seal formation (measured by changes in the area and decay
time constant of the capacitive transient associated with a 10 mV hyper-
polarizing voltage step; see Fig. 1 D), with a series resistance of 13.93 6
6.34 MV (mean 6 SD; n 5 167). At this point, recordings of Ca 21

current were made for up to 1 hr without complications caused by the loss
of cytoplasmic components. Except where noted, currents were activated
by depolarizing steps from 280 mV to 110 mV. Currents were activated,
acquired, and leak-subtracted with a hyperpolarizing P/4 protocol by the
pClamp (Axon Instruments, Foster City, CA) software package running
on a 486 microcomputer in concert with an Axopatch 200A patch-clamp
amplifier. The currents were four-pole Bessel-filtered at 5 kHz and
digitized at 20 kHz. With the exception of access resistance measures
reported in this section, all values expressed are means 6 SE.

Whole-cell patch-clamp recordings. In those cases in which pharmaco-
logic effects were measured on calcium tail currents, the traditional
whole-cell patch-clamp method was used. This was done to increase the
reliability of recording tail currents immediately after the cessation of the
test pulse (see Fig. 6, inset). Measurements of FPL 64176-elongated tail
currents were made 10 msec after the cessation of the test pulse and thus
were not influenced by the use of perforated or traditional whole-cell
methods. For experiments with whole-cell methods, the same pipette size
and bath solution were used, but the pipettes were filled with the
following internal solution (in mM): 120 CsCl, 10 HEPES, 11 EGTA, 5
TEA-Cl, 1 CaCl2 , and 4 MgCl2 , with 4 ATP-Mg, 0.3 GTP-Na, and 0.1
leupeptin added fresh daily to slow the loss of Ca 21 current caused by
cytoplasmic dialysis. After gigaseal formation, access to the cell interior
was gained by applying further suction and rupturing the piece of
membrane under the patch electrode (access resistance averaged 8.48 6
5.86 MV, mean 6 SD; n 5 72).

Pharmacologic agents. Stock solutions of nitrendipine [Research Bio-
chemicals International (RBI), Natick, MA] were made fresh daily in
DMSO and diluted to a final concentration of 2–20 mM into the bath
saline. FPL 64176 (the generous gift of Dr. David Rampe, Marion
Merrell Dow, Cincinnati, OH) or Bay K 8644 (RBI) were solubilized in
ETOH at 1 mM and diluted into bath saline to 1 mM. DMSO or ETOH
vehicles (0.1%) were without effect on calcium current. v-Aga IVA
(Alamone Labs, Jerusalem, Israel) was solubilized in aqueous solution
with 0.1% cytochrome c at 20 mM, stored at 280°C until the day of use,
and diluted into bath saline to 200 nM with 0.1% cytochrome c. v-CgTX
GVIA (Sigma, St. Louis, MO) was diluted into bath saline to a final
concentration of 1–2 mM. Somatostatin (Sigma) was diluted into bath
saline to a final concentration of 100 nM. All other reagents were
obtained from Sigma and dissolved in saline. All pharmacologic agents
were applied through a pipette (20–30 mm tip diameter) directly to the
cell under study.

RESULTS
Calcium current expressed in developing ciliary
ganglion neurons
Calcium current was studied via perforated patch-clamp tech-
niques in acutely isolated chick ciliary ganglion neurons at three
developmental stages (34, 37, and 40). As expected from previous
reports (Dourado and Dryer, 1992), voltage-activated Ca21 cur-

rents increased in both amplitude and density from developmen-
tal stages 34 to 40. At stage 34, peak current amplitude averaged
217.7 6 15.6 pA (mean 6 SEM; n 5 74), and current density
averaged 42.8 6 2.1 pA/pF. At stage 37, peak current amplitude
increased to 430.5 6 20.1 (n 5 68), while current density re-
mained very similar (45.4 6 1.6), suggesting that calcium channel
numbers increased in parallel with cell size between these two
developmental stages (whole-cell capacitance increased from
5.1 6 0.3 pF at stage 34 to 9.5 6 0.3 pF at stage 37). By stage 40,
peak current amplitude increased to 704.8 6 38.4 pA (n 5 97),
and current density increased to 64.3 6 2.2 pA/pF as cell size
increased further (whole-cell capacitance averaged 11.1 6 0.4
pF). Thus, during the 6 d of development in vivo between stages
34 and 40, current amplitude increased slightly more than three-
fold, whereas current density increased by only ;50%, with the
only significant density increase occurring between stages 37 and
40 ( p , 0.05; one-way ANOVA with Tukey’s post hoc test).
Current–voltage relationships (Fig. 1A,B) differed only in the
amount of current measured at each developmental stage. When
current–voltage relationships for each developmental age were
corrected for estimated cell size (peak current divided by cell
capacitance; pA/pF), the curves overlapped for stages 34 and 37,
with a slight increase in the current density (pA/pF) observed by
stage 40 (Fig. 1C). Thus, despite increases in calcium current
amplitude, cell size, and current density by stage 40, current–
voltage relationships appeared very similar.

To characterize the Ca21 current further, we performed a
pharmacologic dissection of Ca21 currents at stages 34, 37, and 40.
At all three developmental stages, essentially all of the current
could be blocked either by 100 mM cadmium (data not shown) or by
using a combination of 1 mM v-CgTX GVIA and 2–20 mM nitren-
dipine (Fig. 2). At stage 34, when applied independently, v-CgTX
GVIA inhibited 73.4 6 2.9% (n 5 14) of the peak Ca21 current,
whereas nitrendipine blocked 72.9 6 2.2% (n 5 14; Fig. 2A). These
data suggest a substantial pharmacologic overlap of ;45%. Se-
quential applications of nitrendipine, followed by v-CgTX GVIA
plus nitrendipine (Fig. 2B), or v-CgTX GVIA, followed by nitren-
dipine plus v-CgTX GVIA (Fig. 2C), revealed differences in the
percentage of current blocked by each antagonist, but the com-
bined action of both antagonists inhibited 93.3 6 2.2% (n 5 9) of
peak Ca21 current. This represents essentially complete block of
the Ca21 current. At stage 37, v-CgTX GVIA alone inhibited
70.3 6 2.5% (n 5 15) of the peak Ca21 current, whereas nitren-
dipine blocked 51.2 6 2.0% (n 5 20; Fig. 2D). At this stage the
data suggest a pharmacologic overlap of ;20% among Ca21

channel types sensitive to v-CgTX GVIA and nitrendipine. Ap-
plications of nitrendipine, followed by v-CgTX GVIA plus nitren-
dipine (Fig. 2E), or v-CgTX GVIA, followed by nitrendipine plus
v-CgTX GVIA (Fig. 2F), showed similar results to the data
presented above for stage 34, with almost all of the Ca21 current
blocked. At stage 40, v-CgTX GVIA alone inhibited an average of
75.2 6 1.2% (n 5 23) of the peak Ca21 current, whereas nitren-
dipine alone inhibited 31.9 6 2.8% (n 5 30; Fig. 2G; block by 2, 10,
or 20 mM was identical). These numbers account almost exactly for
the total composition of the Ca21 current, with possibly ;5%
pharmacologic overlap still present. Sequential application of
v-CgTX GVIA and nitrendipine in either order had similar ef-
fects, and together inhibited 89.1 6 2.7% (n 5 6; Fig. 2H,I) of peak
Ca21 current. The presence of a small resistant current also
suggests that some pharmacologic overlap still may be present at
stage 40. The small percentage of uncharacterized current that
appears to be resistant to both blockers at all three developmental
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stages could be attributed to incomplete block by the antagonists or
another minor Ca21 channel type. Application of 200 nM v-Aga
IVA, a selective blocker of P/Q-type calcium channels, had no
significant effect (data not shown). In summary, although 1 mM

v-CgTX GVIA blocked 70–75% of the current at all three devel-
opmental stages studied, the magnitude of current sensitive to
nitrendipine decreased from ;73% at stage 34 to only ;30% at
stage 40. At stage 34 both pharmacologic agents appeared capable

of blocking a common subpopulation of Ca21 channels that rep-
resented ;45% of the total current. At stage 37, this overlap was
reduced to only ;20%; by stage 40, pharmacologic overlap ap-
peared to be ,10%. The pharmacologic sensitivity of calcium
currents to v-CgTX GVIA and dihydropyridine antagonists re-
ported here at stage 40 are similar to that previously reported at
this embryonic stage by Yawo and Momiyama (1993) (for review,
see Dryer, 1994).

Figure 1. Developmental increase in the magnitude of calcium current recorded via perforated patch-clamp techniques from embryonic chick ciliary
ganglion neurons. A, Representative examples of calcium current recorded from three embryonic stages (stage 40, top traces; stage 37, middle traces; stage
34, bottom traces) in response to voltage steps from 280 to 240 mV through 10 mV. B, Current–voltage relationship of currents recorded at stage 34
( filled circles), stage 37 (open triangles), and stage 40 ( filled triangles). Values represent the mean 6 SEM of 10 representative cells from each embryonic
age. C, Current density–voltage relationship for the same data shown in B. D, Representative time course of the development of electrical access during
the initiation of perforated patch recordings. Overlapping records were taken 5, 30, 60, 90, 120, 150, 180, and 360 sec after seal formation. In this example,
at 360 sec the capacitance measured 9.7 pF, and the time constant for decay of the capacitive transient measured 0.08 msec (access resistance, 9.1 MV).
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Figure 2. Pharmacologic sensitivity of calcium current recorded via perforated patch-clamp techniques at stages 34 (A–C), 37 (D–F), and 40 (G–I). At
stage 34, nitrendipine (Nit.) or v-CgTX GVIA (v-CgTX ) blocked a similar percentage of calcium current ( A ). When they were applied sequentially in
either application order (B, C), they blocked almost all of the current with a large amount of overlap in pharmacologic sensitivity. At stage 37, v-CgTX
continued to block ;75% of the current, but the nitrendipine effect was reduced (D ). The apparent overlap in pharmacologic sensitivity at stage 37 was
less than at stage 34, as revealed by sequential application of v-CgTX and nitrendipine (E, F ). By stage 40, although v-CgTX continued to block ;75%
of the current, the nitrendipine block was reduced to ;30% (G ). Furthermore, sequential application of both blockers in either application order
suggested very little overlap in pharmacologic sensitivity (H, I ). For the experimental examples represented in plots F and I, v-CgTX was not present
during nitrendipine application. Nitrendipine (20 mM) and v-CgTX GVIA (2 mM) were used in each representative time course shown. Numbers in
parentheses represent the number of cells studied.
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To examine further the apparent sensitivity of a subpopulation
of Ca21 channels to both v-CgTX GVIA and nitrendipine at
stage 34 and stage 37, we used traditional whole-cell recordings of
Ca21 current to evaluate the effects of v-CgTX GVIA on elon-
gated L-type tail currents induced by the L-type channel agonist
FPL 64176 (1 mM). FPL 64176 is a benzoylpyrrole calcium chan-
nel activator (McKechnie et al., 1989; Kunze and Rampe, 1992)
that is selective for L-type calcium channels and is more potent
than Bay K 8644 (Rampe et al., 1993; Randall and Tsien, 1995).
v-CgTX GVIA (1 mM) reversibly blocked (see Fig. 3E), by 50.6 6
6.4% at stage 34 (n 5 13) and 20.2 6 2.2% at stage 37 (n 5 13),
the FPL 64176-elongated L-type tail current (Fig. 3A–E). By
stage 40, only 12.5 6 3.5% (n 5 9) of the tail current was blocked
by v-CgTX GVIA (Fig. 3A,F,G). The percentages reported here
are strikingly similar to the pharmacologic overlap estimated
above, based on blockade of peak current. These data support the
conclusion that a significant percentage of the calcium channels
expressed at stage 34 and stage 37 is sensitive to two pharmaco-
logic agents that traditionally distinguish N-type from L-type
calcium channels.

Somatostatin modulation of calcium current
The effect of 100 nM somatostatin on the Ca21 channel types
expressed in ciliary ganglion neurons at different developmental
stages also was studied via perforated patch recording techniques.
Somatostatin has been shown to be a potent modulator of calcium
current in stage 40 ciliary ganglion neurons (Dryer et al., 1991;
Meriney et al., 1994). We have extended these observations to
modulatory effects at different developmental stages. The effect of
somatostatin on peak Ca 21 current at stages 34, 37, and 40
appeared to be relatively constant. At stage 34, 58.8 6 4.6% (n 5
8; Fig. 4A) of peak Ca21 current was blocked. Stage 37 cells
showed a 50.5 6 1.7% (n 5 8; Fig. 4C) inhibition by somatostatin,
and at stage 40, somatostatin blocked 51.8 6 2.2% (n 5 18; Fig.
4E) of the peak Ca 21 current. When it was recorded with the
perforated patch technique, somatostatin-mediated modulation
at all developmental stages was persistent and reproducible on
repeated application (Fig. 4B,D,F; see also Meriney et al., 1994).

The calcium channel blockers v-CgTX GVIA and nitrendipine
were used to determine whether the contribution of Ca 21 chan-
nel types to the current inhibited by somatostatin changed with
the progressive developmental alterations in calcium current
pharmacology described above. At stage 34, pretreatment with
v-CgTX GVIA reduced the somatostatin effect to 4.7 6 0.7%
(expressed as a percentage of peak current before pharmacologic
manipulation; n 5 8; Fig. 5A,C), occluding ;90% of the soma-
tostatin effect at this stage. Similarly, pretreatment with nitren-
dipine reduced the somatostatin effect to 11.1 6 1.2% (n 5 7; Fig.
5A,B), occluding ;80% of the somatostatin effect at stage 34.
These data indicate that, at stage 34, somatostatin inhibits almost
exclusively the mixed pharmacologic channel type sensitive to
both v-CgTX GVIA and nitrendipine.

At stage 37, pretreatment with v-CgTX GVIA reduced the
somatostatin effect to 7.6 6 1.5% (n 5 15; Fig. 5D, F), occluding
;85% of the somatostatin inhibition. Pretreatment with nitren-
dipine reduced the effect of somatostatin to 29.3 6 2.6% (n 5 15;
Fig. 5D,E), occluding ;45% of the somatostatin inhibition. Thus,
at stage 37, somatostatin affected the mixed pharmacologic chan-
nel type sensitive to both v-CgTX GVIA and nitrendipine as
well as a significant percentage of the current that was sensitive
selectively to v-CgTX GVIA.

At stage 40, pretreatment with v-CgTX GVIA diminished the

somatostatin effect to 7.7 6 0.6% (n 5 19; Fig. 5G,I), blocking
;85% of the somatostatin-mediated inhibition. Pretreatment
with nitrendipine at stage 40 had only a slight effect, reducing the
SOM-mediated Ca 21 current inhibition to 40.0 6 1.9% (n 5 20;
Fig. 5G,H), occluding only ;20% of the control somatostatin
effect. Because there seemed to be ,10% overlap in calcium
current pharmacology (see Fig. 2G above), these data indicate a
predominant effect of somatostatin at stage 40 on classically
defined N-type calcium channels, along with a smaller effect on
mixed pharmacologic or L-type Ca21 channels. In fact, the effect
of somatostatin at stage 40 may be restricted to N-type and the
small percentage of mixed pharmacologic type that remains at
this stage.

To test further the hypothesis that somatostatin targets calcium
channels sensitive to L-type calcium channel agents, we per-
formed traditional whole-cell recordings at stages 34, 37, and 40
of FPL 64176-elongated tail currents, and we tested the effects of
somatostatin. The only differences between somatostatin effects
measured via traditional whole-cell and perforated whole-cell
methods are the activation kinetics of the modulated current
(slowed in traditional whole-cell, but not in perforated, methods)
and the desensitization rate (faster in traditional whole-cell meth-
od; see Meriney et al., 1994). Differences in somatostatin effects
are limited to these characteristics of the inhibition that are
dependent on cytoplasmic second messengers, and there is no
difference in the types of calcium channels recorded or the
sensitivity of these channels to somatostatin. At all three stages
somatostatin had little or no detectable effect on FPL 64176-
elongated tail currents (Fig. 6), although somatostatin did reduce
the fast component of the tail current (see Fig. 6, inset). In some
experiments perforated patch techniques were used with identical
results (data not shown). Similarly, somatostatin was without
effect on tail currents elongated by treatment with 1 mM BAY K
8644 (3.2 6 2.4%; n 5 5 at stage 34). The lack of somatostatin-
mediated modulation of FPL 64176-elongated tail currents would
have been expected if the current types present in FPL 64176-
elongated tail current were distinct from those contributing to the
fraction of peak current that was sensitive to somatostatin-
mediated modulation. However, because nitrendipine occluded
somatostatin effects on peak current (see Fig. 5), this suggests that
calcium channels sensitive to L-type blockers are affected by
somatostatin. Furthermore, somatostatin seemed to target pre-
dominantly the peak current characterized by mixed pharmaco-
logic sensitivity at stage 34 (Fig. 5), and v-CgTX GVIA blocked
;50% of the FPL 64176-elongated tail current at this early
embryonic stage (Fig. 3). These data suggest that the FPL 64176-
elongated tail current recorded at stage 34 (Fig. 6A) includes a
significant percentage of the mixed pharmacologic channel type
that has been shown to be sensitive to somatostatin. Thus, it is
surprising that somatostatin had no effect on this mixed pharma-
cologic calcium tail current.

To characterize the effect of somatostatin further, we per-
formed an examination of the somatostatin effect on calcium
current activated at different voltages at stage 34 and revealed an
apparent biphasic voltage dependence (Fig. 7). There was no
apparent effect of somatostatin on calcium current when it was
measured at membrane potentials more positive than approxi-
mately 135 mV or more negative than approximately 215 mV. A
similar voltage dependence was observed at stages 37 and 40
(data not shown) (see also Meriney et al., 1994). To compare the
effects of somatostatin and pharmacologic blockers on current
activated by test potentials with relatively hyperpolarized poten-
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tials (220 mV) with current activated by test pulses that activate
peak Ca 21 current (110 mV), we used a double-pulse protocol.
The somatostatin effect in stage 34 neurons was within control
ranges when tested with steps to 110 mV (52.3 6 2.4%), but
when tested with steps to 220 mV, the somatostatin effect effec-
tively was eliminated (4.1 6 4.4%, n 5 6; see Fig. 8A). The lack
of effect of neuropeptides and modulators at depolarized poten-
tials is commonly observed (Bean, 1989; Boland and Bean, 1993),
but the apparent lack of effect at hyperpolarized potentials usu-
ally is not reported. When an apparent lack of neuromodulator
effect at hyperpolarized potentials has been observed, it has been
attributed to the predominance of calcium channel types at hy-
perpolarized potentials that are relatively insensitive to modulation
(see Viana and Hille, 1996). To test this possibility, we activated
calcium current in stage 34 neurons with the same double-pulse
protocol described above, and we examined the pharmacologic

sensitivity of current activated by test potentials to 220 and 110
mV. v-CgTX GVIA blocked a large percentage of the current
activated by steps to 110 mV (74.0 6 2%; n 5 7; Fig. 8A; see also
Fig. 2) but had a much smaller effect on current activated by steps
to 220 mV (21.0 6 4.4%; Fig. 8B). Nitrendipine blocked a large
percentage of the current at both test potentials (77.0 6 3.8 at 110
mV; 58.2 6 4.4 at 220 mV; n 5 3; Fig. 8C). Thus, currents
activated by relatively weak depolarizations (steps to 220 mV) are
carried predominately by L-type channels (see Kasai and Neher,
1992). The mixed pharmacologic and N-type currents activated
with test potentials more positive than 220 mV.

DISCUSSION
Developmental changes in Ca21 current
The development of Ca21 channel types is critical for regulating
the development and strength of synapses as well as synaptic

Figure 3. v-CgTX GVIA blocked FPL 64176-elongated tail
currents recorded via traditional whole-cell recording tech-
niques at early embryonic stages. A, Plot of the effects of
v-CgTX GVIA (v-CgTX ) on FPL 64176-elongated tail cur-
rents measured 10 msec after the cessation of the test pulse
at stage 34 (solid bar), stage 37 (hatched bar), and stage 40
(open bar). Numbers in parentheses represent the number of
cells studied. The stage 34 effect was significantly different
from the other groups ( p , 0.005; one-way ANOVA with
Tukey’s post hoc test). Shown is a representative example of
calcium current recorded at stages 34 (B ), 37 ( D ), and 40 (F )
at the points indicated on the plots (C, E, F, respectively) of
peak current ( filled circles) and tail current (open circles). In
all cases, currents were measured isochronally: peak current
was measured at the time when control currents peak; tail
current was measured 10 msec after the cessation of the test
pulse.
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Figure 4. Somatostatin-mediated mod-
ulation of calcium current recorded via
perforated patch-clamp techniques at
stages 34 (A, B), 37 (C, D), and 40 (E,
F ). A, C, E, Representative recordings
of calcium current elicited by step depo-
larizations from 280 mV to 110 mV.
At all three developmental stages 100
nM somatostatin reduced calcium cur-
rent by ;50–60% without altering the
kinetics of the current. B, D, F, Plots of
the time course of somatostatin-
mediated modulation. The somatostatin
modulation occurred with little or no
desensitization over the time course
measured and could be observed re-
peatedly on subsequent somatostatin
(SOM ) application.
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Figure 5. Pharmacologic sensitivity of somatostatin-mediated modulation of calcium current recorded via perforated patch-clamp techniques. At stage
34, somatostatin (SOM ) modulation of calcium current was strongly occluded by pretreatment with either nitrendipine (Nit) or v-CgTX GVIA
(v-CgTX ) (A; *significantly different from control, but not each other) as shown in representative time courses (B, C). At stage 37, v-CgTX was able
to strongly occlude somatostatin modulation, but nitrendipine could occlude the effect of somatostatin only partially (D; **significantly different from
control and each other). Representative examples are shown in E and F. At stage 40, v-CgTX still was able to strongly occlude somatostatin modulation,
but the effect of nitrendipine was very weak (G ), as demonstrated by representative time courses in H and I (**significantly different from control and
each other). Nitrendipine (20 mM) was used in the representative time courses shown in B and E. Nitrendipine (2 mM) was used in the representative
time course shown in H. v-CgTX GVIA (2 mM) was used in the representative time courses shown in C, F, and I. Numbers in parentheses represent the
number of cells studied. Statistical analyses were performed with a one-way ANOVA with Tukey’s post hoc test; significance was defined as p , 0.05.
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plasticity and modulation. We have demonstrated a developmen-
tal change in Ca 21 current pharmacology in ciliary ganglia cell
somata during the period of synapse formation between these
neurons and intrinsic eye muscles. Our data suggest the presence
of a Ca 21 channel type with the pharmacologic properties of both
N- and L-type Ca 21 channels at early embryonic stages. How-
ever, by the end of the period of synapse formation with the
periphery, the ciliary ganglion neurons express Ca21 channels,
the majority of which seem to fall into classically defined N- and
L-type categories.

Previously, Gray et al. (1992) demonstrated that the dihydro-
pyridine nifedipine blocked potassium-evoked ACh release from
intact ciliary ganglion nerve terminals in the choroid coat at stage
40, but not at post-hatch synapses, whereas v-CgTX GVIA
inhibited ACh release much less effectively at stage 40 than at
post-hatch synapses. Because Gray et al. (1992) were measuring
the pharmacology of potassium-evoked ACh release, they could
not determine whether two different channel types participated in
the regulation of release at early stages or whether there was an
embryonic channel with mixed pharmacology. Our data confirm
the expression at early embryonic stages of a mixed pharmaco-
logic channel in ciliary ganglion cell somata. The developmental
period during which we measured a shift in Ca21 current phar-
macology is earlier than the shift in ACh release pharmacology
described previously at periphery synapses (Gray et al., 1992).
These differences in the developmental timing of the pharmaco-
logic shift may be attributable to differences in the timing of ion
channel expression changes between the soma and nerve termi-
nal. However, differences in the methods of measuring this phar-
macologic shift may make a direct comparison of these data
difficult.

Developmental changes in Ca21 current in neurons have been
reported previously, but, in general, these reports have been lim-
ited either to changes in the magnitude of Ca21 current expression
during development (Dourado and Dryer, 1992; Desarmenien et

Figure 6. Somatostatin modulation of FPL 64176-elongated calcium
currents recorded via traditional whole-cell recording techniques. Shown
are representative examples of calcium current recorded before FPL
64176 application (Cont), after FPL 64176 application (FPL), and after
somatostatin modulation of the FPL 64176-altered current (SOM ) in

Figure 7. Representative somatostatin-mediated modulation of calcium
current evoked by a 500 msec voltage ramp from 280 to 160 mV in a
stage 34 neuron. Somatostatin (SOM ) modulation was absent at voltages
below 215 and above 135 mV.

4

stages 34 ( A ), 37 ( B ), and 40 ( C ) neurons. Calibration bars in B apply to
A also. Inset, Enlargement of a representative effect of somatostatin at
stage 40 on the fast component of the FPL 64176-elongated tail current
(similar effects on the fast component of the tail current were observed at
all three developmental stages). This inset current record begins 100 msec
after the cessation of the test pulse. D, Plot of the somatostatin effect on
FPL 64176-altered peak (open bars) and FPL 64176-elongated tail (solid
bars) currents at all three developmental stages (mean 6 SEM measured
at 10 msec after the cessation of the test pulse). Numbers in parentheses
represent the number of cells studied. *Significantly different from effects
on peak current; Student’s t test, p , 0.05.
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al., 1993) or to changes in the relative expression of low-voltage and
high-voltage-activated current types (Yaari et al., 1987; Gottman et
al., 1988; Kostyuk, 1989; McCobb et al., 1989; Thompson and
Wong, 1991; Gruol et al., 1992; Mynlieff and Beam, 1992; Rothe

and Grantyn, 1994; Lorenzon and Foehring, 1995). In contrast, we
report the expression in embryonic neurons of a mixed pharmaco-
logic type of high-voltage-activated current that is replaced by
high-voltage-activated current types that are blocked selectively by
v-CgTX GVIA or dihydropyridine antagonists.

Transmitter release at some central synapses has been shown to
be sensitive to multiple calcium channel antagonists (Luebke et
al., 1993; Turner et al., 1993; Wheeler et al., 1994). These data
often have been interpreted as evidence for the existence of
multiple calcium channel types regulating release at central syn-
apses, and this has been demonstrated in some cases (Wheeler et
al., 1996). However, it is also possible that other synapses may
express a calcium channel type that has pharmacologic sensitivity
to several antagonists previously used as selective agents. Along
these lines, Fisher and Bourque (1995) have identified a compo-
nent of calcium current selectively expressed at rat supraoptic
nerve terminals that is sensitive to both v-Aga IVA and v-CgTX
GVIA. This novel pharmacology is not consistent with classical
definitions of N-, P-, or Q-type calcium current and may represent
a novel calcium channel type. Post-translational modifications
and/or novel subunit combinations of pore-forming a-1 subunits
with one or more of the auxiliary calcium channel subunits (b,
a2d, or g) may result in a current with mixed pharmacologic
sensitivity. Along these lines, N-type Ca 21 channels in rabbit
brain have been shown to incorporate a subunit homologous to
the b subunit of L-type channels in skeletal muscle (Sakamoto
and Campbell, 1991). The existence of an as yet uncharacterized
splice variant for the a-1 subunit is also possible. Our data might
be explained by alterations in subunit translation and/or assembly
as development proceeds. Alternatively, post-translational modi-
fications at early embryonic stages may differ from those at later
stages. Calcium current with sensitivity to both N- and L-type
channel blockers has been reported in other preparations (Jones
and Jacobs, 1990; Werth et al., 1991; Wang et al., 1992; Williams
et al., 1992; Reeve et al., 1994), but these have not been examined
from a developmental perspective. Until the expression of cal-
cium channel subunit genes has been determined in developing
chick ciliary ganglion neurons, the molecular relationship, if any,
between channels with mixed pharmacologic sensitivity and those
mediating other currents sensitive selectively to one pharmaco-
logic agent will remain unknown.

Because the mixed pharmacologic channel type expressed at
early embryonic stages does not activate at relatively hyperpolar-
ized test potentials (220 mV) at which L-type channels are active
(Figs. 7, 8), we suggest that the mixed pharmacologic type may be
an “N-type” channel that is sensitive to dihydropyridines and FPL
64176 at early embryonic stages. Along these lines, it is interest-
ing to note that the slowly decaying component of control tail
currents (not elongated by FPL 64176) shown in Figure 8 is
blocked only by nitrendipine (Fig. 8C). These tail currents re-
corded from stage 34 neurons are unaffected by somatostatin or
v-CgTX GVIA (Fig. 8A,B), in contrast to FPL-elongated tail
currents at this stage, which were blocked by v-CgTX GVIA
(Fig. 3B). This comparison suggests that all current sensitive to
v-CgTX GVIA at stage 34 (primarily the mixed pharmacologic
type) normally deactivates much more quickly than the popula-
tion of purely dihydropyridine-sensitive (L-type) currents present
at this stage. Therefore, the mixed pharmacologic and N-type
currents activated at similar test potentials and deactivated with
similar time courses, and both were clearly distinct from L-type
current activation and deactivation. Taken together, these data
suggest that the mixed pharmacologic type current may be carried

Figure 8. Measurement of pharmacologic sensitivity and somatostatin
effects on calcium current in stage 34 neurons activated by test pulses to
220 and 110 mV, recorded via perforated patch-clamp techniques. A,
Somatostatin (SOM ) modulated calcium current activated by steps to 110
mV but was without effect on current activated by steps to 220 mV. B,
v-CgTX GVIA (v-CgTX; 2 mM) had a small effect on current activated
by steps to 220 mV but had a strong effect on current activated by steps
to 110 mV. C, Nitrendipine (Nit; 20 mM) had a strong effect on current
activated at both 220 and 110 mV. D, Plot of the effects of somatostatin
(SOM ), v-CgTX GVIA (v-CgTX ), and nitrendipine (Nit) tested with
220 and 110 mV test potentials (mean 6 SEM). Currents shown are an
average of three sweeps. Numbers in parentheses represent the number of
cells studied. *Significantly different from block of peak current measured
at 110 mV; Student’s t test, p , 0.05.
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by an N-type channel with sensitivity to dihydropyridines and
FPL 64176, instead of an L-type channel with sensitivity to
v-CgTX GVIA. In any event, our data suggest a developmental
regulation in chick ciliary ganglion neurons of those processes
that result in the expression of calcium channels with mixed
pharmacologic sensitivity.

Developmental changes in somatostatin-mediated
inhibition of Ca21 current
Throughout the changes in calcium current pharmacology de-
scribed above, somatostatin consistently blocked ;50–60% of
peak Ca 21 current. Our data demonstrate that, at the beginning
of the period of synapse formation with peripheral eye muscles
(stage 34), the mixed pharmacologic channel type is the predom-
inant type modulated by somatostatin. However, as development
proceeds and the expression of the mixed pharmacologic channel
is diminished, the proportion of nitrendipine-sensitive Ca21 cur-
rent modulated by somatostatin is reduced, whereas the propor-
tion of v-CgTX GVIA-sensitive current modulated by soma-
tostatin remains essentially unchanged. By stage 40 somatostatin
targets predominantly the classically defined N-type Ca21 chan-
nel. In summary, despite changes in calcium current pharmacol-
ogy, somatostatin-mediated modulation persists.

On the basis of the data showing a significant occlusion of the
somatostatin effect on peak Ca 21 current by nitrendipine and the
effects of v-CgTX GVIA on FPL 64176-elongated tail currents,
especially at stage 34, one would have expected somatostatin to
modulate FPL 64176-elongated tail currents at early embryonic
stages. However, we were unable to demonstrate an effect of
somatostatin on FPL 64176-elongated tail currents at stage 34.
There are at least two possible explanations for these data. There
may be two subpopulations of mixed pharmacologic channels,
only one of which is sensitive to FPL 64176. If this were the case,
one would have to postulate that both subpopulations are sensi-
tive to dihydropyridines and v-CgTX GVIA and that somatosta-
tin only modulates the subpopulation that is insensitive to FPL
64176. We consider this unlikely, because somatostatin did not
affect dihydropyridine-elongated (Bay K 8644) tail currents ei-
ther. Alternatively, it is possible that FPL 64176 alters calcium
channels such that interactions with G-proteins are affected (see
Scott and Dolphin, 1987; Dolphin and Scott, 1988, 1989). Because
the b subunit of calcium channels has been hypothesized to
interact with the a-1 subunit in such a way as to affect both
G-protein interactions (Campbell et al., 1995) and dihydropyri-
dine binding (Lacerda et al., 1991; Varadi et al., 1991; Mitterdor-
fer et al., 1994), the binding sites for G-proteins and dihydropy-
ridines may be close enough to each other that the two ligands
interact. If FPL 64176 binds to the calcium channel in a similar
location, it may affect G-protein interactions. Along these lines,
the effects of somatostatin on FPL 64176-enhanced peak current
were smaller than observed with control currents (compare solid
bars in Fig. 5A,D,G with open bars in Fig. 6D); however, it is
difficult to make a direct comparison, given the effects of FPL
64176 on peak current kinetics and amplitude.

In summary, during the early period of synapse formation with
target muscle, ciliary ganglion neurons express a small percentage
of classically defined N- and L-type calcium current and a large
percentage of calcium current with mixed pharmacologic sensi-
tivity to v-CgTX GVIA, nitrendipine, and FPL 64176. This
mixed sensitivity is eliminated as these neurons mature, such that
by the end of the period of synapse formation ;75% of the
current can be defined as N-type (irreversibly inhibited by

v-CgTX GVIA), and 25% can be defined as L-type (selectively
sensitive to dihydropyridines). Despite this change in calcium
current pharmacology, sensitivity to somatostatin persists
throughout this phase of embryonic development.
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