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Neuromodulators, including transmitters and peptides, modify
neuronal excitability. In most neurons, multiple neuromodulator
receptors are present on a single cell. Previous work has dem-
onstrated either occlusive or additive effects when two neuro-
modulators that target the same ion channel are applied to-
gether. In this study, we characterize the modulation of Ca21

and K1 channels in embryonic chick ciliary ganglion neurons
by somatostatin (Som) and opioids, including the effects of
these neuromodulators when applied in combination. We report
a modulation of calcium current by k- or m-opioids that can
prevent Som effects when applied before Som and can replace
Som effects when applied after Som. We term these effects
demodulation because they do not have the characteristics of
simple occlusion but rather represent a dominant effect of
opioid-mediated modulation of calcium channels over Som-
mediated modulation. These opioid effects persist in the pres-

ence of kinase and phosphatase inhibitors, as well as after
alteration of the intracellular Ca21 concentration. Furthermore,
they are present in both whole-cell and perforated-patch re-
cording configurations. These effects of opioids on Som-
mediated modulation do not seem to be mediated by a general
uncoupling of Som receptors from G-protein–coupled signaling
systems because K1 current modulation by Som can persist in
the presence of opioids. Demodulation by opioids was also
observed in dorsal root ganglion neurons on the modulation of
calcium current by GABA and norepinephrine (NE). In both
preparations, this demodulatory interaction occurred between
voltage-independent (opioids) and voltage-dependent (Som,
GABA, and NE) modulatory pathways.
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The functional significance of multiple receptors in neurons is not
well understood, especially in the case of transmitters and neu-
romodulators acting on the same effector (Surprenant et al., 1990;
Cox and Dunlap, 1992; Vaughan, 1998). For example, in rat
superior cervical ganglion neurons, activation of at least six
distinct receptors inhibits the same Ca21 channel (Bean, 1989;
Beech et al., 1992; Shapiro and Hille, 1993). The concurrent
application of two modulators, each of which alone inhibits Ca 21

channels, can produce a larger inhibition of the current than when
either transmitter is presented separately (Elmslie, 1992; Diverse-
Pierluissi and Dunlap, 1995). Alternatively, the response of one
has been shown to be occluded by the activation of the other
(Surprenant et al., 1990; Diverse-Pierluissi and Dunlap, 1993;
Ehrlich and Elmslie, 1995). What is the biological relevance of
two receptors in the same cell, especially when they both elicit a
similar modulation of Ca21 entry?

We have demonstrated previously that somatostatin (Som)
and opioids reduce an inward Ca21 current in dissociated ciliary
ganglion (CG) cells (Polo-Parada and Pilar, 1998a). These in-
hibitory effects result from neurotransmitters binding to G-pro-
tein–coupled receptors. In this paper we establish that opioid
peptides prevent the inhibitory effect of Som on Ca21 currents
when the opioids are applied before Som and that they replace the

voltage-dependent Som-mediated modulation with the voltage-
independent opioid-mediated modulation when applied after Som.

Opioid and Som receptors are expressed on CG cell somas and
terminals, and both of these peptides are endogenous to these
neurons (Gray et al., 1989; De Stefano et al., 1993). Additionally,
endogenous Som has been shown to be released by KCl depolar-
ization as well as to inhibit the release of ACh, the primary
neurotransmitter of ciliary neurons (Gray et al., 1992). This
complement of receptors and active endogenous neuropeptides
suggests a potential role for these neuromodulators in the control
of transmitter release. In this report we characterize the interac-
tions between Som and opioids on the modulation of Ca 21 influx
and K1 efflux. Additionally, we extend our observations to
GABA- and norepinephrine (NE)-mediated modulation of Ca21

current in dorsal root ganglion (DRG) neurons. We suggest that
demodulation occurs downstream of receptor occupation and
propose possible mechanisms of action based on an interaction of
voltage-dependent and -independent pathways. Demodulation is
thus a novel form of neuromodulator interactions.

Parts of this paper have been published previously (Polo-
Parada and Pilar, 1998a,b).

MATERIALS AND METHODS
Isolation of ciliary and dorsal root ganglion neurons. Ciliary ganglia from
White Leghorn chick 16 d (St 40) embryos were dissected out in oxy-
genated Tyrode’s solution (in mM, 128 NaCl, 3 KCl, 1 MgCl2 , 3 CaCl2 ,
27 NaHCO3 , 10 HEPES, and 10 glucose, pH 7.3) and incubated in 0.08%
trypsin (Life Technologies, Gaithersburg, MD) in Tyrode’s solution for
30 min at 37°C. Thereafter trypsin was removed and inhibited by washing
the cells three times with M-199 (Sigma, St. Louis, MO) and 10%
heat-inactivated horse serum (Life Technologies). Neurons were disso-
ciated mechanically by gentle trituration in M-199 and 10% chicken
extract and centrifuged for 5 min at 100 3 g. The pelleted cells were
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resuspended and plated onto 35 mm tissue culture dishes (coated with
1% poly-L-lysine or poly-L-ornithine solution in Na 1 borate, dried over-
night, and washed in distilled water).

Chick embryo extract was prepared by extruding 9-d-old embryos
through a syringe, adding an equal volume of Tyrode’s solution, and
rotating the tubes for 30 min. Extract was obtained after centrifugation
at 50,000 rpm for 2 hr at 4°C. The supernatant was aliquoted and stored
at 220°C for later use as a culture media supplement.

DRG neurons were isolated from the thoracic and lumbar ganglia from
14 d chick embryos (St 38). Ganglia were incubated in Ca 21- and
Mg 21-free Tyrode’s solution (in mM, 128 NaCl, 3 KCl, 27 NaHCO3 , 10
HEPES, and 10 glucose, pH 7.3) for 30 min at 37°C in an incubator with
5% CO2. Trypsin was omitted for the dissociation of DRG neurons.
Tyrode’s solution was replaced by M-199 and 10% fetal bovine serum
(FBS), and neurons were dissociated by trituration and plated onto 35
mm culture dishes.

Ciliary and dorsal root ganglion neurons were maintained at 37°C in
M-199 plus either 10% embryo extract (CG neurons) or 10% FBS (DRG
neurons) in a tissue culture incubator with 5% CO2 1–4 hr after plating,
at which time media was exchanged with the bath solution. At this time,
neurons were devoid of processes, and soma diameters ranged from 10
to 20 mm.

Patch-clamp recording. Recordings were made with both the standard
(ruptured membrane patch) whole-cell and the perforated-patch–clamp
configuration at room temperature (22–24°C). Pipettes for whole cell

(0.8–2 MV) and perforated (2–4.5 MV) patch were pulled from N51A
glass (Garner Glass, Claremont, CA), coated with Sylgard (Dow Corn-
ing, Midland, MI), and fire-polished. For CG neurons recorded using the
whole-cell configuration, access resistance averaged 1.91 6 0.3 MV (n 5
314), and membrane capacitance averaged 24.5 6 0.6 pF (n 5 314). For
DRG neurons, access resistance averaged 1.3 6 4 MV (n 5 211), and
membrane capacitance averaged 28.8 6 0.7 pF (n 5 211). For
perforated-patch recordings, series resistance averaged 16.2 6 0.6 MV
(n 5 74), and membrane capacitance averaged 25.1 6 0.2 pF (n 5 74).

Capacitive transients and series resistance were electronically com-
pensated (75–90%) using an EPC-7 patch amplifier (Medical System).
Currents were activated, acquired, and leak-subtracted using a hyperpo-
larizing P/4 protocol using pClamp 6.0 (Axon Instruments, Foster City,
CA) running on a Pentium processor-based computer (Dell 200 Pro).
Currents were four-pole Bessel-filtered at 5 kHz and digitized at 20 kHz.
All values expressed are mean 6 SEM (n 5 number of observations).

Measurement of the effects of neuromodulators on Ca 21 current. Inhibi-
tion of Ca 21 current was measured at an isochronal point where control
Ca 21 currents reached a peak. To quantify current inactivation or the
presence of kinetic slowing during the step depolarization, we calculated
the ratio between the current amplitude measured at the end of the test
pulse and the current amplitude measured where control Ca 21 current
peaked (Iend /Ipeak ). For example, for the trace shown in Figure 1Aa, the
effects of Som (tr 16 ) on the current at the end of the test pulse are larger
than at the beginning. In this example the kinetic slowing (KS) ratio was

Figure 1. Effects of the sequential application of Som and k-agonist on ICa 21. In this and subsequent figures (see Figs. 2, 6), the data are presented using
the same layout. A, Representative samples are shown of the Ca 21 macroscopic currents that have been used to graph in B the time course of the Ca 21

current changes from the same neuron every 10 sec. The numbers in parentheses in B correspond to the labeled dots from which the Ca 21 current traces
in A were selected. B, Diary plot of the changes in ICa 21 produced by the application of the different drugs is graphed as the percent reduction of the
normalized peak control Ca 21 current. Horizontal bars denote the initial time and duration of compound applications. C, Summaries of ICa 21 inhibition
are shown. The numbers in parentheses on the bars indicate the number of observations. A, In this figure, Ca 21 currents elicited by step depolarizations
are shown. a, Four selected traces (tr) are superimposed. Tr 5, The Ca 21 control current; tr 10, a Ca 21 current during k-agonist application (5 mM); tr
15, a current during the demodulation of Som by k-agonist; tr 16, the full Som response after the washout of k-agonist. b, Four superimposed exemplar
traces from B recorded during the second drug application are shown. Tr 24, The Ca 21 current control; tr 25, a current after the application of Som; tr
30, a current during the demodulation of Som by k-agonist; tr 33, a current after the washout of k-agonist during sustained application of Som. B, When
the k-agonist was applied first, there was a 13% inhibition of the ICa 21 (tr 8–10) with no change in current kinetics (Aa, tr 10), and the inhibition by Som
was occluded (tr 11–15). After the k-agonist washout, the continuous presence of Som reduced the peak ICa 21 by 52% (tr 16 ), and the current displayed
KS (Aa, tr 16 ). In the second application of Som maintained for 100 sec, the Ca 21 current was reduced by 40% (tr 25). Sixty seconds after the application
of the k-agonist, the inhibition induced by Som is reversed (demodulated) (tr 28–32). C, The quantification of these data illustrates that the Som-mediated
Ca 21 current inhibition during demodulation is reduced to the level of the inhibition of k-opioid. CdCl added to the superfusion blocked all current.
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calculated to be 1.18. This ratio represents an 18% increase in the
amplitude of the current at the end of the step depolarization with
respect to the initial peak of the control Ca 21 current. In contrast for the
data shown in Figure 1 Aa, tr 5, the ratio KS was calculated to be 0.94,
which represents a 6% decrease of the current by the end of the test
pulse. Essentially, a ratio .1 represents an increase of current, meaning
that the inhibited current is activating more slowly than is the control
(kinetic slowing), a ratio ,1 indicates that the current inactivated during
the voltage step (inactivation), and a ratio 5 1 indicates no change in the
kinetics of the Ca 21 current during the step depolarization.

Prepulse facilitation was determined measuring the ICa 21 elicited by a
50 msec step depolarization from 280 to 0 mV, an interval of 250 msec
separating the pre- from the postpulse. Twenty-five milliseconds before
the postpulse, a 25 msec conditioning depolarization to 180 mV was
applied. Ratios were calculated by dividing the postpulse Ca 21 currents
by the initial prepulse peak Ca 21 current recorded before and after the
180 mV conditioning pulse.

Solutions. The bathing solution in most experiments was (in mM): 150
TEA-Cl, 10 HEPES, 10 glucose, 1 MgCl2 , and 2–10 CaCl2 , pH 7.3
(adjusted with TEA-OH), with osmolarity 5 320 6 5 mOsm/l. TEA-Cl
replaced external Na 1 to prevent contamination of the Ca 21 current
with potassium currents. Tetrodotoxin (TTX; 1 mM) was added to all
external solutions to block sodium currents. For whole-cell recordings,
the pipette solution contained (in mM): 50 N-methyl-D-glucamine-Cl
(NMG-Cl), 30 CsCl, 30 TEA-Cl, 5 EGTA-NMG-Cl, 10 HEPES, 4
MgCl2 , 4 creatine phosphate, 4 ATP-Na, 0.2 Na2GTP, 0.0025 leupeptin,
and 0.0025 creatine kinase, pH 7.3 (adjusted with CsOH), with osmolar-
ity 5 305 6 5 mOsm/l. In some experiments, BaCl2 was exchanged for
CaCl2. To isolate the inward current through Ca 21 channels using the
perforated-patch configuration, we used a similar bath solution but filled
the pipette in a two-step manner. The tip was dipped for 5 sec in a
solution containing (in mM): 75 CsSO4 , 55 CsCl, 8 MgCl2 , 10 HEPES,
and 10 CaCl2 , pH 7.3 (adjusted with CsOH). The remainder of the
pipette was backfilled with the same solution plus 400 mg/ml amphoter-
icin B (Rae et al., 1991); 10–15 min after seal formation, amphotericin B
gradually increased the patch membrane permeability, inducing a low-
resistance pathway with an access resistance ranging from 8 to 15 MV.
Under these conditions, Ca 21 current recordings lasted up to 1 hr. To
record K 1 currents, the bathing solution contained (in mM): 140 NaCl,
20 HEPES, 10 glucose, 2 CaCl2 , 0.03 CdCl, 1 MgCl, and 2 mM TTX,
with pH adjusted to 7.2 with NaOH. Osmolarity was 320 6 5 mOsm/l.
The pipette solution contained (in mM): 150 KCl, 10 HEPES, 10 EGTA-
NMG-Cl, 4 MgCl, 4 Na-ATP, and 1 leupeptin. Osmolarity was 300 6 5
mOsm/l. The sodium salt of okadaic acid (OKA) was applied intracel-
lularly by dilution into the intracellular recording solution and delivered
to the cell via passive diffusion from the whole-cell patch pipette.
Substitution of external solutions was accomplished using a manually
operated multibore perfusion system ending in a single 200-mm-diameter
tip, which was placed 25–50 mm from the neuron under study. By the use
of this system, drug applications reached the cells in ,1 sec. Usually one
neuron was studied from each dish to avoid long-term effects of drugs or
changes in effects because of repeated exposure. For each experiment the
modulation of Ca 21 current by Som was initially measured in a few cells
and used as an indicator of the reproducibility of the results. If the values
were in the range of the Som-mediated Ca 21 current inhibition mea-
sured in all previous neurons, the experiment was continued.

Pharmacological agents. Stock solutions of the following drugs at the
indicated concentrations were made in distilled water and kept at 20°C
until the day of use: somatostatin (1 mM), ATP and GTP (60 mM),
leupeptin (20 mM), TTX (1 mM), U-50488 (a k-agonist peptide; 1 mM),
the DAMGO (a m-agonist peptide; 2 mM), nor-binaltorphimine (a m-an-
tagonist; nor-BNI; 1 mM), baclofen (a GABAB agonist; 10 mM), and
OKA (0.2 mM). A stock solution of NE (10 mM) was prepared the day of
the experiment. Stock solutions of amphotericin B (400 mg/ml) and
staurosporine (0.1 mM) were made in DMSO. Bathing solutions were
made fresh daily by diluting an aliquot of the frozen stock into the saline
bath. Special precautions were taken with staurosporine and OKA solu-
tions because of their light sensitivity. The opioid peptides, OKA, and
staurosporine were purchased from Research Biochemicals (Natick,
MA). The rest of the drugs and 1,2-bis(2-aminophenoxy)ethane-
N,N,N9,N9-tetra-acetic acid (BAPTA), TEA-Cl, HEPES, creatine phos-
phate, and all salts were purchased from Sigma.

RESULTS
Inhibition of calcium currents by Som and
opioid peptides
Ca21 currents (ICa 21) were isolated with techniques similar to
those described previously (Meriney et al., 1994). Figure 1Aa, tr
5, shows peak inward ICa 21 elicited in dissociated ciliary ganglion
cells by a 50 msec step depolarization from a holding potential of
280 to 0 mV, using the whole-cell variant of the patch-clamp
technique in the presence of 5 mM external Ca21. We determined
from I–V plots that this depolarization step elicited maximal
current. Both large and small cells from St 40 ciliary ganglia were
used in this study. As we have demonstrated previously, applica-
tion of 100 nM Som produced a 40.1 6 1.6% (n 5 157) block (Fig.
1C) of peak ICa 21 in 151 of 154 cells sampled. Furthermore, the
modulated current exhibited slowing activation kinetics (Fig.
1Aa, tr 16, b, tr 25) (Bean, 1989; Meriney et al., 1994). Similarly,
application of opioid agonists selective for k and m receptors also
inhibited ICa 21, as has been described in other systems (Schroeder
et al., 1991; Seward et al., 1991). The effects of U-50488 (a
k-agonist) at 5 mM, blocking ICa 21 by 20.1 6 1.7% (n 5 71), and
DAMGO (a m-agonist) at 5 mM, inhibiting ICa 21 by 18.7 6 2%
(n 5 57), are shown in Figures 1C and 2C, respectively. k- and
m-agonists did not change the kinetics of the ICa 21 steady-state
inhibition (Figs. 1Aa, tr 10, 2Aa, tr 9, b, tr 26). These concentra-
tions of opioid agonists produced maximal inhibition (Polo-
Parada and Pilar, 1998a). We have determined previously that
100 nM Som was a saturating dose (Meriney et al., 1994; White et
al., 1997).

Addition of CdCl (100 mM) to the bath solution abolished the
inward current by 99.1 6 0.5% (n 5 21; Fig. 1C), demonstrating
that we have isolated the Ca 21 current. Furthermore, in ciliary
neurons from St 40 embryos, Som has been shown to interact only
with N-type Ca21 channels, which represent 70% of the total
Ca21 current in St 40 ganglia (White et al., 1997). In other
experiments we also determined that opioids (k and m) predom-
inantly inhibited the N-type Ca21 current in these cells (data not
shown).

Sequential application of Som and opioids:
demodulation of Som inhibition
Dunlap and collaborators (Diverse-Pierluissi and Dunlap, 1993;
Diverse-Pierluissi et al., 1995) showed that when two modulators
(NE and GABA) converged on the same Ca21 channel, either
the combined response of their concurrent application was addi-
tive or one modulator occluded the effect of the other (see also
Elmslie, 1992). In the next series of experiments we characterized
Som- and opioid (k and m)-induced responses when drugs were
sequentially applied to the same cell. The second drug was ap-
plied 15–30 sec after the first in the continued presence of the first
compound. In this paper the term sequential application will be
used in this context. In Figures 1 and 2 the basic findings of this
work are illustrated, namely that k- and m-opioids prevent or
relieve the Som-mediated Ca21 current inhibition. For example,
in Figure 1Aa, there are four superimposed records obtained
from the same cell; tr 5 is a control Ca21 current, tr 10 and 16 are
currents after the application of k-agonist and Som alone, and tr
15 shows the current after the sequential application of Som and
U-50488 (a k-agonist). The Ca21 current inhibition produced by
Som is characterized by KS (Fig. 1Aa, tr 16, b, tr 25, 33), unlike
the inhibition produced by the k-agonist, which does not alter the
current kinetics (Fig. 1Aa, tr 10). The inhibition elicited by Som
was larger than that elicited by the k- and m-opioids (Figs. 1, 2). In
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Figure 1Ba, the time course of the drug application seen in Figure
1Aa is plotted. Figure 1Ab illustrates the records of a second
sequential compound application, but in this case the k-agonist
was applied in the middle of a prolonged application of Som.
Relief of Som inhibition also occurred in this instance. This figure
also illustrates that, despite the occurrence of desensitization to
Som during repeated applications, the k-induced relief of inhibi-
tion is clearly observed, decreasing the Som-mediated inhibition
from 44 to 11%. This relief of Som inhibition by k-opioids was
seen in 24 of 25 CG neurons tested (Fig. 1C). The sequential
application of Som and the k-agonist blocks ICa 21 by 19.5 6 2%
(n 5 24).

Similar effects on the release of Som Ca21 current inhibition
were seen after the application of the m-agonist (DAMGO) (Fig.
2). The range of inhibition varied between 3 and 24%. The
exemplar records of Figure 2A, a and b, illustrate that relief of the
Som inhibition was present even when the m-opioid Ca21 current
inhibitory response was small. In Figure 2A the superimposed
records shown were obtained from a cell before (control; Fig.
2Aa, tr 4) and after the sequential application of Som and the
m-agonist (Fig. 2Aa, tr 9). During the inhibition produced by
Som, the Ca21 current showed KS (Fig. 2Aa, tr 5, b, tr 28) unlike
the inhibition produced by the m-agonist that did not alter the
current kinetics (Fig. 2Aa, tr 9, b, tr 26). In the initial application
of 100 nM Som, a 60% inhibition of the ICa 21 was induced (Fig.
2Ba) that was almost completely released (to ;4%) 10 sec after
the application of 5 mM m-agonist. In the subsequent application
the peptides were applied in reverse order (Fig. 2Bb). Application
of the m-agonist first elicited a small inhibition of ICa 21 and also
occluded the inhibition normally produced by Som. This occlu-

sion was released after the washout of the m-agonist. Figure 2C is
the summary of these measurements. Som coapplied with the
m-agonist blocked 17 6 1.5% (n 5 6) of the Som-mediated
inhibition, similar to the effect of the m-agonist alone (18.7 6 2%;
n 5 57).

Comparable results were obtained with k- or m-agonist con-
centrations from 50 pM to 5 mM. In contrast, if the two different
opioids were applied concurrently, the combined response was
additive, or one opioid occluded the effect of the other (data not
shown). These results suggested that m- and k-opioids selectively
release the Som-mediated inhibition. However, because the Ca21

inhibition by m-opioid was more variable, the majority of mea-
surements were done with the k-agonist. The prevention or re-
lease of Som inhibition of ICa 21 was rapid and characterized by
substitution of the inhibition of the Som-mediated modulation
with m and k calcium current modulation (Figs. 1C, 2C; see also
Figs. 6C, 9A).

Thus, in summary, we observed two types of responses. In one,
opioids, when applied first, prevented the effect of Som; this is
reminiscent of similar occlusion effects of combined drug appli-
cation seen by Dunlap and collaborators (Diverse-Pierluissi and
Dunlap, 1993; Diverse-Pierluissi et al., 1995). In the other re-
sponse, the initial effect of Som, distinguished by a potent inhi-
bition of Ca21 channels, was replaced or substituted by the Ca21

current inhibition mediated by opioids. This current is character-
ized by a smaller amplitude and the absence of KS. We will call
both types of interaction demodulation. This demodulation ob-
served in ciliary neurons was similar with sequential, repetitive
application of both peptides and was quickly reversible. Thus, it
appears to be operating as a switch. The occlusion of the response

Figure 2. Effects of the sequential application of Som and m-agonist on ICa 21. This composite figure is similar to Figure 1, except that the m-agonist
(DAMGO) was used to demodulate the Som-mediated Ca 21 current inhibition. A, B, I llustrated here is a robust demodulation of the Som-mediated
inhibition (tr 9, 26 ) despite the low level of Ca 21 current blocked by the opioid peptide (A, B tr 9, 20). C, The Som-mediated inhibition was reversed
to the level of the opioid-mediated inhibition.
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of Som by opioids also indicates that the same sets of channels are
affected by both receptors.

Is demodulation an artifact of the
recording technique?
Because the effects just described were observed in dialyzed cells,
we next used the perforated-patch (PP) technique to keep the
cells metabolically intact. The same drug application protocol
used with the whole-cell recordings was used to ascertain whether
the observed effects were caused by an artificial removal of cyto-
plasmic soluble components. Demodulation responses recorded
with the perforated patch (n 5 7) were similar to those recorded
with the whole cell. The only difference with respect to the
whole-cell recordings was the disappearance of kinetic slowing in
the Som response. This was expected, because this characteristic,
which probably requires protein phosphorylation, is abrogated
when the perforated patch is used (Meriney et al., 1994). The
demodulation observed with perforated patch was comparable
with the one recorded with the whole-cell technique. However,
the percentage inhibition of the Som Ca21 current recorded with
PP was smaller because of the disappearance of KS. The percent-
age of ICa 21 inhibition was 33.2 6 2% (n 5 32) after Som
application, 19.9 6 2% (n 5 7) after the k-agonist application,
and 19.5 6 2% (n 5 7) in the presence of both Som and the
k-agonist.

Because the recording configuration did not alter the demod-
ulation, the standard whole-cell recording was used in all of the
following experiments to simplify the experimental design and
analysis.

Involvement of G-proteins in the inhibition of the ICa 21

It is known that m and k receptors are integral membrane pro-
teins coupled to heterotrimeric GTP-binding proteins. We dem-
onstrated the involvement of G-proteins in the peptide-signaling
pathways using pertussis toxin (PTX) as a reagent that specifi-
cally reduces the ability of Go and Gi to be activated. Incubation
of CG neurons for 5 hr with 200 ng/ml PTX substantially de-
creased Som-mediated inhibition of ICa 21 from 40.1 6 1.6% (n 5
157) to 7.2 6 0.8% (n 5 12). We have demonstrated previously
that PTX applied for longer times (6–8 hr) virtually eliminates
the Som inhibition (Meriney et al., 1994). Incubation of the CG
cells with the same dose of PTX and the same incubation time
diminished the k-agonist Ca21 current inhibition from 20.1 6
1.7% (n 5 71) to 4.7 6 0.9% (n 5 12) and that of the m-agonist
from 18.7 6 2% (n 5 57) to 8 6 1.2% (n 5 12). In similar studies,
the overnight application of PTX resulted in a large decrease in
the opioids’ Ca 21 inhibition (Wilding et al., 1995). Thus, it is
likely that incubating the CG cells with PTX for longer times
could result in a greater inhibition. However our recording con-
ditions limited the application time to 5 hr. These experiments
indicate that most of the observed inhibition of ICa 21 is mediated
by a Go/Gi protein (Hille, 1994). We have not sought to deter-
mine the identity of the particular G-protein subtype that couples
each receptor to the Ca21 channel.

Som and the m- and k-opioids block Ca21 currents via
different G-protein pathways
It is known that G-protein interactions with Ca21 channels are
either voltage dependent or voltage independent (Beech et al.,
1992; for review, see Dolphin, 1998). One method of determining
voltage dependence is the use of a strong depolarizing condition-
ing prepulse to relieve the G-protein–mediated Ca21 channel
inhibition. Facilitation results from the relief of the Ca 21 channel

inhibition by the conditioning pulse and is measured as the ratio
of currents elicited by the same test pulse before and after this
conditioning step (Jones and Elmslie, 1997). Facilitation is as-
sumed to occur as a result of the unbinding of G-protein subunits
from the Ca21 channel (Bean, 1989; Ikeda, 1991; Elmslie, 1992;
Boland and Bean, 1993; Swartz et al., 1993; Luebke and Dunlap,
1994; Jones and Elmslie, 1997). In cases in which no voltage
dependence occurs, a conditioning pulse was unable to relieve the
Ca21 current inhibition (Diverse-Pierluissi and Dunlap, 1993;
Shapiro and Hille, 1993; Luebke and Dunlap, 1994). Therefore,
we used prepulse facilitation to evaluate the voltage dependence
of the binding of G-proteins with the N-type Ca21 channel
caused by either Som or opioid peptides.

The kinetics and voltage dependence of the Som inhibition in
CG neurons were similar to those reported previously by others
for peripheral neurons (Ikeda and Schofield, 1989). In contrast,
there was no facilitation of the inhibition induced by the condi-
tioning depolarization pulse after application of k- or m-agonists
(Fig. 3A). Pooled results are shown in Figure 3A from control
neurons (0.95 6 0.009; n 5 147) and from cells after application
of different drugs. Som exhibited a mean facilitation ratio of
1.14 6 0.02 (n 5 80), whereas the m- and k-agonists showed no
facilitation [1.01 6 0.03 (n 5 6) and 0.94 6 0.01 (n 5 25),
respectively]. We therefore concluded that, in CG neurons, the
interaction of the G-protein activated by Som with the Ca21

channel was voltage dependent, whereas the G-protein interac-
tion with the Ca21 channel caused by m- and k-opioids was
voltage independent.

This systematic difference observed in facilitation, between
Som on the one hand and m- and k-opioid peptides on the other
hand, reinforces the hypothesis that these compounds are acting
via different G-protein heterotrimers. It also demonstrates the
existence of at least two pathways that modulate the Ca21 cur-
rent, as has been shown previously in sympathetic and DRG cells
(Diverse-Pierluissi et al., 1995; Ehrlich and Elmslie, 1995).

Demodulation replaces a voltage-dependent form of
inhibition with a voltage-independent inhibition
A pulse-facilitation protocol was used during the sequential ap-
plication of Som and opioids to examine the characteristics of
modulated current before and after demodulation. Figure 3C
illustrates the demodulation effect of the k-agonist on the Som-
mediated inhibition. In Figure 3B, three selected traces before
application of Som (control Ca 21 current, tr 1), during the
Som-mediated inhibition (tr 5), and 10 sec after k-agonist–in-
duced demodulation of the Som-mediated inhibition (tr 8) were
superimposed. The effects of a conditioning prepulse are shown
in Figure 3B, right. During the Som application, the conditioning
depolarization relieved the inhibition by 20%, and kinetic slowing
was eliminated (Fig. 3B, right dashed trace). In contrast the de-
modulation of Som by the k-agonist U-50488 (Fig. 3B, dotted
trace) was not affected by the conditioning depolarization (there
are no differences between right and lef t dotted traces). The time
course of the Som prepulse facilitation is graphed in Figure 3D
during the k-agonist demodulation. The facilitation reached a
maximum value during the Som application and thereafter grad-
ually decreased in the continued presence of the k-agonist until
the response was no longer facilitated. In the pooled values shown
in Figure 3A, the facilitation ratio was altered from 0.95 6 0.01
(n 5 25) before peptide application, to 1.21 6 0.05 (n 5 24) after
Som application, and back to 0.99 6 0.003 (n 5 24) after demod-
ulation by the k-agonist. Thus, facilitation was present during
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Som-mediated inhibition but not after demodulation of the Som-
mediated inhibition by opioid peptides. Therefore, demodulation
replaces a voltage-dependent modulation of Ca21 current with a
voltage-independent modulation.

Are soluble cytoplasmic components involved in
demodulation? Role of phosphorylation and
cytosolic Ca21

To assess the participation of protein phosphorylation in the
demodulation of Som-mediated modulation, we used Na-OKA (1
mM added to the pipette solution) to prevent protein phosphatase
activity (PP1 and PP2A) and to increase the general level of
phosphorylation. If changes in phosphorylation were involved in
this phenomenon, inhibiting phosphatases would be expected to
prevent or at least modify demodulation. In the presence of
OKA, the Som-mediated modulation (Fig. 4A, tr 10) was demod-
ulated to k-agonist–mediated modulation (tr 15) as described in
Figure 1 above. These traces were selected from the diary plot of
the percentage block of Ca 21 current inhibition illustrated in
Figure 4B. The bar graph (Fig. 4C) summarizes the observations
showing that demodulation in the presence of the phosphatase
inhibitor was not different from that observed in control cells.

Because the application of OKA had no effect on demodula-
tion, it was important to have positive controls for the effect of
this phosphatase inhibitor. Two effects were seen; in the control
Ca21 current, there was an increased inactivation of the ICa 21

measured by the ratio (Iend /Ipeak , see Materials and Methods; Fig.
4D) from control Ca21 current (0.83 6 0.008; n 5 45) to that
from control and OKA current (0.77 6 0.01; n 5 39). This effect
of OKA was originally described by Werz et al. (1993) after the
application of OKA. A second effect was the disappearance of KS

with a consequent decrease in the Som inhibition in the presence
of OKA, in comparison with the control (Fig. 4C). Som blocked
41.2 6 1.8% (n 5 45), and Som plus OKA blocked 28.8 6 3%
(n 5 18; Fig. 4C). This is because we made the measurements of
the Som and OKA current at the peak of the control Ca21

current, when KS is absent in the modulated current.
In previous studies (Meriney et al., 1994), we have found that

KS present in whole-cell recordings was not observed in PP,
unless a protein kinase inhibitor was added to the bath solution.
The increased level of phosphorylation present in the intact cell
prevents the appearance of KS. Figure 4A, tr 10, shows that the
KS produced by Som in whole-cell recording was abolished when
OKA was added to the pipette. This probably occurred because
after the inhibition of phosphatases by OKA, the endogenous
kinases that remained attached to the membrane were more
effective. The presence of KS under control conditions (no OKA)
increased the Ca21 current ratio (Iend /Ipeak ) from the Som and
OKA current (0.9 6 0.002; n 5 18) to that from Som (1.03 6 0.01;
n 5 45; Fig. 4D). There were other effects of OKA on changes in
Ca21 current inactivation. In Figure 4D it is seen that the
kinetics of the Ca21 current in the presence of the k-agonist was
larger in the presence of OKA (k-agonist and OKA, 0.86 6
0.002; n 5 9) than in the control (k-agonist, 0.77 6 0.01; n 5 46).
It should be noticed that the ratio after demodulation of Som by
k-agonist remains the same (Som and k-agonist, 0.83 6 0.01; n 5
24; Som plus k-agonist and OKA, 0.86 6 0.02; n 5 12). These
changes in Ca21 current kinetics indicate that OKA was effective
on CG in our experimental conditions.

In other neurons, protein kinases (PKs) have been shown to
modulate G-protein interactions with ICa 21 channels (Diverse-

Figure 3. Prepulse facilitation of Ca 21 current inhibition during application of Som and opioid peptides and during demodulation of the ICa 21 inhibition
by the k-agonist. A, Pooled results of the maximal ratio of prepulse facilitation. The Som ratio of 1.2 represents a robust measure of voltage-dependent
inhibition. With the same prepulse depolarization, the ratios during the application of opioids (5 mM k-agonist U-50488 and 5 mM m-agonist DAMGO)
are ;1.0 (a measure of voltage-independent inhibition). During the coapplication of Som and k-agonist, the facilitation ratio is similar to that of the ratio
of k-agonist alone. B, Three superimposed exemplar traces of ICa 21 from the same cell plotted in C. Bottom (solid trace), Control Ca 21 current; top
(dashed trace), maximal effect of Som inhibition; middle (dotted trace), current after demodulation of the Som Ca 21 current inhibition by the k-agonist,
before and after the prepulse depolarization (lef t, right traces, respectively). Som ICa 21 showed a partial relief of inhibition (facilitation) and the
disappearance of KS (dashed trace, lef t). C, Sequential application of Som and k-agonist. D, Time course of prepulse facilitation changes during
demodulation of Som by a k-agonist plotted in C. During demodulation of the Som current by the k-agonist, facilitation gradually disappeared.
Demodulation replaces a voltage-dependent inhibition with a voltage-independent inhibition.

5218 J. Neurosci., July 1, 1999, 19(13):5213–5227 Polo-Parada and Pilar • Ca21 Channel Demodulation



Pierluissi and Dunlap, 1993, 1995; Shapiro and Hille, 1993;
Swartz, 1993; Swartz et al., 1993; Meriney et al., 1994; Boehm et
al., 1996; Diverse-Pierluissi et al., 1997). Staurosporine, a broad-
spectrum inhibitor of PKs, was used to determine the involve-
ment of PKs in the modulation of ICa 21 channels by opioids or in
the demodulation of Som-mediated modulation. Figure 5A illus-
trates selected recordings and Figure 5B shows the time course of
changes in Ca21 currents from the same CG neuron. Adding
staurosporine (1 mM) to the bath solution for 15–18 min before
the recording did not modify the amplitude or kinetics of the
ICa 21 block induced by opioids or Som, nor did it alter the
demodulation of Som-mediated effects (Fig. 5C).

As a positive control for the action of staurosporine, we applied
this PK inhibitor to block the effect of OKA described above.
Staurosporine (1 mM) was applied extracellularly 10–18 min be-
fore the initiation of internal perfusion with 1 mM OKA (Fig. 5D).
We hypothesized that OKA modifies the Ca21 currents because
there is an active protein kinase, whose activity is opposed by an
active protein phosphatase (see above). When the phosphatase is
inhibited by OKA, an endogenous kinase phosphorylates pro-
teins. Figure 5Db shows that OKA modifies the control Ca21

current time course and increases its inactivation as well as
reduces KS in the modulated current (Fig. 5Da). These OKA
actions are reversed by staurosporine (Fig. 5Dc). After stauro-
sporine, the KS is restored, and the rate of inactivation is de-
creased similar to that in control cells (Fig. 5Da). Figure 5Dd
shows the average of these changes as ratios (Iend /Ipeak ) of the

Som and opioid-modulated Ca 21 current (see Materials and
Methods). These results indicate that staurosporine is active in
our experimental conditions, most probably by inhibiting cGMP-
dependent protein kinase (Meriney et al., 1994), responsible for
the changes in Ca21 current kinetics by OKA.

Finally, we tested for the involvement of Ca21 as a second
messenger by measuring demodulation of Ca21 current when
neurons were dialyzed with 10 mM BAPTA instead of 5 mM

EGTA (Beech et al., 1991). Shown in Figure 6 are selected
records of applications of Som followed by k-agonist (Aa) and
after these drugs were applied in the reverse order (Ab). Figure
6B shows the time course of changes in Ca21 current. Som-
mediated inhibition was decreased by 5 mM k-agonist, which also
occluded the Som-induced Ca21 current inhibition during the
second trial. In this plot k-agonist desensitization can be seen
during the repetitive application of this drug [from ;18% (tr 12)
to ;10% (tr 30)].

Figure 6C is a bar graph of the summary data from these
experiments demonstrating that opioid peptide–mediated de-
modulation of Som effects is present despite the inclusion of 10
mM BAPTA in the pipette solution. Demodulation was of equal
magnitude in cells recorded with or without BAPTA in the
pipette. Thus demodulation seems independent of intracellular
enzymes that require Ca21 (Kennedy, 1989).

In summary, the three experiments described in this section
suggest that many cytoplasmic components including serine/thre-
onine protein phosphorylation and intracellular Ca 21 are un-

Figure 4. Changes in phosphorylation levels by a phosphatase inhibitor do not play a role in the demodulation of ICa 21 by Som and opioids. A, Addition
of 1 mM OKA to the patch pipette during the demodulation of Som before (tr 5) and after application of Som (tr 10) and of Som and the k-agonist
U-50488 (tr 15). Recordings were initiated 10 min after the membrane was ruptured. B, Som induction of a 39% block of ICa 21 that was demodulated
by the k-agonist to 25%. C, Bar graph of the comparison of Ca 21 current inhibition between OKA-treated (cross-hatched bars) and untreated neurons
(open bars). D, Positive controls for OKA dialysis. OKA decreased the KS, which resulted in a percentage decrease of Som inhibition, with respect to
the untreated cells (C, two lef t-hand bars). There is a decrease in the ratio of the current time course (Iend /Ipeak ) with Som (less KS) and an increase
in the ratio during the application of the k-agonist (more inactivation). During demodulation there was no significant change in the Iend /Ipeak ratio
because the joint application of Som and k-agonist would cancel out each other’s effects. *p , 0.005, using one-way ANOVA.
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likely to be involved in the demodulation of Som effects by
opioids.

Demodulation is not the result of a competition
between Som and opioids for the same receptor
Where could the demodulation described above be taking place?
The most parsimonious explanation would be that demodulation
occurs at the receptor level, where opioids might act as Som
receptor antagonists. However this is not the case as shown by the
data presented in Figure 7. The specific k-antagonist nor-BNI (5
mM) prevented the demodulation of Som effects by the k-agonist
U-50488 but not the modulation of the ICa 21 by Som. Figure
7Aa–c shows selected traces from the experiment graphed in
Figure 7B. Notice that the KS induced by Som (Fig. 7Aa, tr 6)
disappears in the presence of the k-agonist (tr 11) but not in the
presence of nor-BNI (Fig. 7Ab, tr 31). nor-BNI itself has no effect
on the Som-mediated Ca21 current inhibition. In Figure 7B,
demodulation of Som effects by the k-agonist was observed before
the addition of nor-BNI into the superfusion fluid (Fig. 7B,
compare tr 6 with tr 11). However, when nor-BNI was added to
the perfusion fluid, the k-agonist did not have any effect on the
Ca21 current (Fig. 7B, tr 30), and when Som was applied (in the
continued presence of k-agonist), demodulation was not observed

(Fig. 7B, second application of Som, tr 31). In this case, Som
inhibited the ICa 21, and this modulation was not affected by the
k-agonist. The bar graph is a summary of these measurements
(Fig. 7C). These observations point out that the demodulation of
Som is not attributable to a competition between opioids and Som
for the receptor.

Is opioid receptor occupation preventing Som
receptors from activating G-proteins?
Evidence against this interpretation was provided by the effect of
Som and opioids on K1 currents in these same neurons. In these
experiments, K1 currents were elicited by a 50 msec step depo-
larization from a holding potential of 280 to 140 mV (Fig.
8A,B). It is known that in other neurons, Som and m-opioid
receptor occupation also modulates K1 currents (North, 1986,
1989). This is the case in CG cells as well. The effects of Som and
the k-agonist on K1 currents were similar in amplitude and time
course; both reduced the K1 currents (Fig. 8). The K1 currents
recorded were a mixed contribution from several types of K1

currents that included IK 1, IK 1A, and IK 1IR (Dryer et al., 1991).
However, because we used Cd ions in the bath solution and
EGTA was added to the pipette, the activation of IK 1(Ca) (Wis-
girda and Dryer, 1993) was prevented. Demodulation could have

Figure 5. Demodulation during decreased phosphorylation because of the addition of staurosporine to the superfusion solution. Staurosporine did not
modify the k-agonist demodulation of Ca 21 channels by Som. A, Three selected traces are superimposed. Tr 6, Control; tr 8, after the Som inhibition;
tr 11, during the demodulation of Som by k-agonist in the presence of staurosporine, added to the bath solution 15 min before recordings. B, Temporal
course of demodulation in the presence of staurosporine is shown. Som induced a 45% inhibition of ICa 21, which is reversed to 12% by the coapplication
of k-agonist. C, Staurosporine superfusion of 10–20 min did not modify the demodulation of Som by k-agonist of the average of Ca 21 current block
that is similar to the control average of Figure 1C. Da–c, Positive control of the effects of staurosporine is shown. After dialysis of Na-OKA in the cell,
there is decreased KS in the Ca 21 current Som-mediated inhibition (compare b, top tr, with control, a, top tr). The addition of staurosporine to the bath
restored the KS induced by Som (c), overriding the effects of OKA. d, Average Iend /Ipeak ratios of ICa 21 modulated by Som in the presence and absence
of OKA and OKA plus staurosporine are shown. During OKA dialysis, ratios are statistically different from those of control and of OKA plus
staurosporine (*p , 0.005, using one-way ANOVA).
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a differential effect on different K1 channel subtypes. For this
reason, we measured the inhibition during both the transient
(open bars in Fig. 8Ac,Bc) and sustained (cross-hatched bars in
Fig. 8Ac,Bc) components of the K1 currents (Fig. 8Ac,Bc).

With sequential application of Som followed by Som and the
k-agonist, we observed an additive block of both peak and sus-
tained K1 current (Fig. 8A). When the k-agonist was applied
first, there was an apparent occlusion of the Som-mediated re-
sponse of the transient K1 current but an additive effect of the
k-agonist and Som on the sustained K1 current (Fig. 8B).

Specifically, opioids did not demodulate the effects of Som on
K1 currents (Fig. 8A,B) as they did on the Ca 21 channels.
Instead, both peptides produced a reduction in the total IK 1 that
was additive when Som and k-opioid were applied concurrently. If
the opioids were acting by interfering with the Som receptor, we
would have expected that both peptides would affect ICa 21 and
IK 1 currents in a similar way (i.e., both being additive or both
producing demodulation). Because the sustained component of
the K1 current is modulated by Som, in the presence of k-agonist,
this argues that the Som receptor remains coupled to G-proteins.
These results do not support the interpretation that the activation
of k- and m-opioid receptors alters the Som receptor so it cannot
any longer activate G-proteins.

Is demodulation confined to ciliary ganglion neurons?
To establish whether demodulation was unique to CG neurons,
we investigated whether other neurons showed a similar response
pattern. In the DRG of the chick, the modulation of Ca 21

currents by GABA and NE has been extensively studied and
provides useful background for our work. Dunlap and collabora-
tors (Diverse-Pierluissi and Dunlap, 1993, 1995) reported in sev-
eral seminal papers that the inhibition of Ca21 currents by
GABA and NE was mediated via two distinct PTX-sensitive
G-protein–mediated pathways. GABA- and NE-mediated inhibi-
tion of Ca21 current has been shown to be characterized by
modulated current with KS (Diverse-Pierluissi et al., 1995; see
also Hille, 1994).

We corroborated and extended these findings to include the
effects of Som, NE, baclofen, and opioid peptides on DRG
neurons (Fig. 9A). The three transmitter receptor agonists that
showed KS [Som, baclofen (an agonist of the GABAB receptor),
and NE] blocked Ca21 current to a similar extent (Fig. 9A),
whereas the opioid peptides (which did not display KS) blocked a
smaller percentage of total Ca21 current (Fig. 9A). These results
are reminiscent of our findings in CG neurons and previous
studies in DRG neurons (Wilding et al., 1995).

Prepulse facilitation was also studied in DRG neurons to de-

Figure 6. Cytosolic Ca 21 does not play a role in ICa 21 demodulation. Chelating global Ca 21 does not modify demodulation. BAPTA (10 mM) was
dialyzed into the neurons. Aa, Superimposed traces from B. Tr 5, Control; tr 7, after the application of Som; tr 12, during demodulation of Som by
k-agonist. b, Traces from the second drug application. B, A flow chart of the changes in ICa 21 recorded 4–5 min after the neuronal membrane was
ruptured. Initially Som inhibits 45% of the ICa 21, which is reduced by k-agonist to 20%. In the second trial, k-agonist blocks the current to 13% (tr 20).
Sequential application of Som did not change the amplitude of the ICa 21 block (tr 22), and after k-agonist washout, Som blocked 45% of the Ca 21 current
(tr 23). Reintroduction of the k-agonist demodulated the Som response (tr 30). C, ICa 21 of Som-mediated inhibition, of k-agonist alone, and after
demodulation in the presence (solid bars) and absence (open bars) of BAPTA. The amplitudes of ICa 21 modulation and demodulation by peptides in the
presence and absence of BAPTA are not different.
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termine the voltage dependence of the pathways mediating inhi-
bition of Ca21 current produced by Som, GABA, NE, and the
opioids. Figure 9B presents the summary data for these experi-
ments and demonstrates that the inhibition mediated by Som,
baclofen, and NE is voltage dependent, whereas the inhibition
produced by the k- and m-opioids is voltage independent.

Sequential application of Som, NE, GABA, and opioid
peptides in dorsal root ganglion neurons
Having established that DRG neurons expressed the same types
of responses to transmitters that were involved in demodulation
in the CG, it was of interest to see whether demodulation was also
present in DRG neurons. Demodulation of Som-mediated Ca21

current inhibition by opioids was present in both large and small
neurons (Fig. 9A). However it did not occur in all cells tested. In
23 of 39 cells, Som demodulation did not occur despite the fact

that Som and opioids independently inhibited Ca 21 currents.
When demodulation did occur, Som current inhibition was de-
modulated by the k-agonist to 16.4 6 2.5% (n 5 10) and by the
m-agonist to 13.6 6 2% (n 5 6).

We then sought to determine whether GABA-mediated inhi-
bition of Ca21 current was also demodulated by opioids. Figure
9C shows responses to 50 mM baclofen (an agonist of GABAB

receptor) that inhibits Ca21 current by ;60% with KS (tr 8) and
to the m-agonist without KS (tr 17) that blocks 20% of the Ca21

current. The inhibition of Ca21 current mediated by baclofen (tr
26) is replaced by the inhibition mediated by the m-agonist (tr 31).

The demodulation by opioids of GABA-mediated inhibition
was observed in all neurons investigated. The k-agonist reversed
baclofen-mediated inhibition of ICa 21 to 16.32 6 3.3% (n 5 12),
similar to the inhibition mediated by k-agonist alone (Fig. 9A).

Figure 7. The k-agonist is not an antagonist of the Som receptor because the block of the k receptor does not prevent Som modulation. Aa, The
recordings are superimposed traces of ICa 21 before (tr 5), during the application of Som (tr 6 ), and during demodulation of Som by k-agonist (tr 11). b,
The same drug applications were repeated in the presence of nor-BNI, a selective k-antagonist, and no effects were seen in the peak ICa 21 or in the Som
inhibition (tr 26, 30, 31). c, Recordings are during the partial washout of nor-BNI (tr 49, 52, 57 ). B, The time course of Ca 21 inhibition changed during
drug applications. Initially, Som produced a 45% block, which was demodulated by the addition of k-agonist, maintaining a 10% inhibition. During
continued Som application and after the k-agonist washout, the Som inhibition was less, probably because of desensitization; it reached 30%.
Reintroduction of k-agonist maintains the Som Ca 21 current inhibition at 10%. After the cell’s superperfusion with nor-BNI, the control ICa 21 (tr 26 )
is unchanged. In the presence of nor-BNI, the response of the k-agonist was blocked (tr 30), but the application of Som induced a 40% Ca 21 current
inhibition (tr 31). Desensitization is evident during the prolonged Som application, because the ICa 21 block decreased to 25% in 2 min. However, the
Som inhibition was not affected by k-agonist U-50488. After the k-antagonist nor-BNI was partially washed out, the k-agonist U-50488 inhibited the ICa 21

and demodulated the Som effects (tr 52, 57 ). C, Quantitative summary of results of the sequential drug application with and without nor-BNI is shown.
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Demodulation was also present after the sequential application of
baclofen and the m-agonist. Baclofen-mediated ICa 21 inhibition
was decreased to 14.23 6 2% (n 5 6), which is the level of
m-agonist Ca21 inhibition alone (Fig. 9A). NE (50 mM) inhibited
Ca21 current in 12 of 21 (57%) neurons randomly selected. In
only 5 of the 12 cells examined (41%), the k-agonist was found to
demodulate the NE-mediated Ca21 current inhibition to 14.8 6
2%. In the graph in Figure 9A, bars only include measurements
on neurons in which demodulation was present.

Because DRG neurons are a mixed cell population, it would be
of interest to determine whether the presence of demodulation
correlates with a distinct sensory modality.

During demodulation in the DRG, there is also a
change from voltage-dependent to voltage-
independent Ca21 channel inhibition
A protocol similar to that used in CG neurons was used in DRG
neurons. A prepulse facilitation (as in Fig. 6) was used during the
sequential application of baclofen and opioids (Fig. 10Aa,b). In
Figure 10Aa, three traces were superimposed, showing the cur-
rent before application of baclofen (tr 5, control Ca 21 current),
during the baclofen inhibition (tr 17), and 10 sec after demodu-
lation of the baclofen response by k-agonist (tr 15). Furthermore,
the effect of a prepulse conditioning depolarization is shown (Fig.
10Aa, right traces). During the baclofen application, a condition-
ing depolarization facilitated the response by ;20%, and KS was
eliminated (Fig. 10Aa, right tr 17). In contrast the demodulation

of Som-mediated inhibition by the k-agonist U-50488 (Fig. 10Aa,
right tr 15) was not affected by the conditioning prepulse. Figure
10Ab plots the time course of the sequential application of
k-agonist and baclofen. Initially, the k-agonist decreased the
Ca21 inhibition by 9%, a level that was maintained during the
sequential application of baclofen. After the opioid washout,
baclofen rapidly blocked 75% of ICa 21. A second application of
baclofen also blocked 75% of the Ca21 current, but this inhibi-
tion was reduced to 9% in the presence of the k-agonist. During
the demodulation of baclofen-mediated inhibition by the
k-agonist, the Ca21 inhibition reached the level of the opioid
inhibition. Figure 10Ac plots facilitation ratios during the sequen-
tial application of the transmitters shown in Figure 10Ab. When
demodulation was achieved, there was a change in ratio from 1
(k-agonist and baclofen) to 1.9 (baclofen alone).

Thus facilitation was present during baclofen inhibition but not
after demodulation of the baclofen inhibition by opioid peptides.
Therefore, demodulation in DRG neurons is characterized by a
replacement of voltage-dependent with voltage-independent in-
hibition. This behavior is similar to the demodulation of Som-
mediated inhibition described in the CG.

DISCUSSION
This work demonstrates that two modulators, Som and opioids,
act on the same Ca 21 channel effector, presumably using differ-
ent pathways to transduce the receptor activation in CG cells.

Figure 8. Additive effects of the sequential application of Som and opioid on the transient and sustained components of IK 1. Ab, Bb, The effects of Som
and k-agonist (U-50488) on the K 1 currents. The outward control currents (tr 6, 4 ) were inhibited by the drug application (a, tr 9, 12; b, tr 7, 10). Aa,
Time course of the transient component of K 1 current inhibition during the sequential activation of Som and k-agonist. Ba, Time course of the transient
(solid circles) and sustained (open squares) component of the IK 1 during the sequential application of k-agonist and Som. The application of Som resulted
in a 20% decrease in the transient component of IK 1 (A). The concurrent application of k-agonist further decreased to 35%. When the peptides were
applied sequentially in the reverse order ( B), a smaller increase in inhibition on the K 1 current was observed on the transient component of IK 1.
However, on the sustained component of the IK 1, a clear additive effect was seen. Ac, Bc, Quantitative summaries of Som and k current inhibition of
the transient (open bars) and sustained (cross-hatched bars) outward components of K 1 current (*p , 0.005, one-way ANOVA).
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Both pathways appear to act without the requirement for serine/
threonine phosphorylation or intracellular Ca21. Furthermore,
the sequential activation of an opioid prevents or reverses the
effect of Som, a phenomenon we call demodulation. Other
neurons such as DRG cells also have a complement of peptide
and opioid receptors in the same cell. Dunlap and coworkers
(Diverse-Pierluissi and Dunlap, 1993, 1995; Diverse-Pierluissi et
al., 1995, 1996) have shown previously in DRG neurons the
existence of parallel cascades converging on the same Ca21

channel effector.
In most instances when more than one modulator acts on Ca 21

channels, there is converging inhibition on the Ca21 current such
that one transmitter occludes the effect of the other. In this paper
we have demonstrated a different kind of interaction. Each mod-
ulator activates different parallel pathways via different G-protein
subunits that converge on the same effector: the N-type Ca21

channel. This results in the replacement of Som, NE, and GABA
Ca21 current modulation by m- and k-mediated inhibition.

The Ca21 current inhibition in DRG neurons by GABA and
NE is the result of the activation of two signaling cascades. In one
cascade GABA and NE are directly coupled to a voltage-
dependent pathway that displays KS. The other pathway is volt-

age independent. Furthermore it has been shown that a protein
tyrosine kinase is implicated in the GABA inhibition and protein
kinase C is involved in the NE modulation (Diverse-Pierlussi et
al., 1997). However, with the activation conditions used in this
study, both NE- and GABA-induced Ca21 current inhibition
showed KS and facilitation. The Som-mediated inhibition in CG
is also voltage dependent and displays KS (Meriney et al., 1994).

During demodulation, the inhibition of Ca21 currents by these
peptides (Som, NE, and GABA) is replaced by opioid inhibition.
In support of this contention, we found that activation of Som,
NE, and GABA results in KS and facilitation in contrast to the
opioids (k and m). During demodulation, KS and facilitation
disappear, and the level of the Ca21 current block is the same as
that induced by the opioids (k or m) alone. Therefore, there is a
predominance of the modulation of Ca 21 channels by opioids.
This demodulation is specific for the actions of m- and k-opioids.
Although opioids themselves only have a modest effect on inhib-
iting the calcium current in CG neurons (see Fig. 2), their effects
on demodulation are quite robust. This then might be their
principal role in these neurons.

Despite differences in the protein kinases involved in the inhi-
bition of individual Ca21 channels by NE, Som, and GABA,

Figure 9. The demodulation of Som, baclofen, and NE by opioid peptides (m and k) is also present in DRG neurons. A, Pooled results of the percentage
inhibition of the ICa 21 in DRG by Som, NE, baclofen, and opioids (k and m) before and after demodulation. B, Bar graph of ICa 21 prepulse facilitation
ratios. C, Two sets of three selected traces from D superimposed. Top, Tr 4 is the control current. Application of 50 mM baclofen (a GABAB-agonist)
reduced ICa 21 by 62%, displaying KS (tr 8). The m-agonist (DAMGO) inhibited ICa 21 by 18% (tr 17 ). Bottom, The effects of the sequential activation
of baclofen and the m-agonist receptors are shown in tr 31. The m-agonist reduced the initial block of 61% on ICa 21 (tr 26 ) to 18% (tr 31). D, Diary plot
of ICa 21 changes induced by baclofen and the m-agonist applied individually, followed by the sequential application of both drugs.
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demodulation by opioids in all three cases is present in both the CG
and DRG. It thus seems that there is an underlying commonality in
the demodulation of the three transmitters, which display KS and
facilitation and suggest that the phenomenon may be generalized
to other neurons with a similar complement of transmitters.

The demodulation we have described is reminiscent of the
effect of cholecystokinin octapeptide in occluding the effect of the
opioid agonist ohmefentamyl in dissociated rat DRG neurons
(Liu et al., 1995).

At what level does the demodulation of Som by opioid
peptides occur?
In the cascade initiated by an agonist interacting with a seven-
transmembrane receptor, intracellular signaling begins with the
activation of a heterotrimer G-protein that causes the G-protein
to dissociate into a Ga-subunit and Gbg-dimer, each of which can
modulate the ion channel. The demodulation we have observed
could be taking place at various points along the transduction
pathway. We have however ruled out the participation of the
signaling complex at the most proximal level, competition for
occupancy of the receptor itself. We reached this conclusion
because opioid peptides were not antagonists of Som for its
receptor occupation, as was demonstrated in Figure 7.

Another possible locus could be the intracellular domain of the
Som receptor at the binding site with G-proteins, where m- and
k-opioids would directly alter the receptor and thus block activa-

tion of the G-protein. However, because chick CG appears to
have only one type of Som receptor (Klann et al., 1998), which
inhibits both Ca21 and K1 currents, we would have expected that
k and m peptides would produce demodulation of both Ca21 and
K1 currents. However, as shown in Figure 8, this did not occur;
instead there was an additive effect of Som and opioids on the K1

current. This shows that the Som receptor is available for con-
tinued binding and G-protein activation during demodulation.

The G-protein–binding site of the receptor also seems to be
important for short-term desensitization (Dohlman et al., 1991)
that involves phosphorylation of the receptor’s intracellular bind-
ing domain. One form of desensitization, known as heterologous,
can proceed in the absence of agonist receptor binding (Freed-
man and Lefkowitz, 1996). During this process there is a dimi-
nution over the course of several minutes of a cell’s response to
diverse agonists after exposure to a specific agonist, and this is
mediated by second messengers. If a mechanism comparable with
heterologous desensitization was involved in demodulation, we
would have expected its disappearance or an altered time course
after the application of protein kinase inhibitors. In contrast,
demodulation occurred in seconds and was still present when
phosphorylation was inhibited, even during desensitization. For
these reasons, we propose that demodulation probably takes place
downstream of the receptor, within the G-protein subunits or at
the N-type Ca21 channel–binding site.

Figure 10. In DRG neurons, there is a change of Ca 21 inhibition from voltage dependence to independence during demodulation. Aa, Exemplar paired
records from the same cell during demodulation (lef t tr) and prepulse depolarization (right tr) after the application of baclofen and the k-agonist alone
and after sequential application of the k-agonist and baclofen. b, The chart of Ca 21 current inhibition during the drug application of baclofen and
k-agonist alone and after their sequential application. c, The values of prepulse facilitation during the demodulation responses illustrated in b. There is
a 100% change of facilitation between baclofen application alone and during demodulation. B, Summary of prepulse facilitation experiments shown in
Aa (right tr) and c. The larger ratio (postpulse/prepulse) was seen for baclofen, whereas for baclofen and k-agonist and for k-agonist alone there was no
facilitation.
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Possible mechanism of demodulation
Demodulation is probably the replacement of the Som inhibition
by the opioid inhibition mediated by different signaling cascades.
It is likely that this interaction of the signaling pathways occurs at
the binding site of G-protein subunits with the Ca21 channel. A
consensus has emerged that bg-subunits directly interact with the
a1-subunits of the Ca21 channel (Herlitze et al., 1996; Ikeda,
1996). KS has been shown to result from the interaction of a
specific bg-subunit with the Ca 21 channel (Ikeda and Schofield,
1989; Dolphin, 1998). In the present study, we have used KS and
voltage-dependent facilitation as a signature of the Som pathway.
However, it is not well understood which a- or bg-subunits or
intracellular pathways are responsible for the steady-state inhibi-
tion that is a signature of the m- and k-opioid pathway (i.e., no KS
and no voltage-dependent facilitation) (Diverse-Pierluissi et al.,
1997; Delmas et al., 1998). Consequently, different bg- or
a-subunits must be interacting with the channel to account for the
differences observed in KS and voltage-dependent facilitation of
the Som compared with the opioid pathways. Also the opioid
subunits may have a higher affinity for the Ca21 channel–binding
sites than the Som.

Demodulation could be caused by a competition for the Ca21

channel–binding site by different G-protein subunits activated by
Som and opioids. Alternatively, the G-protein subunits activated
by opioids could have different binding sites on the Ca21 channel
than do the bg-subunits activated by Som and thereby cause a
conformational change in the Ca 21 channel. This would prevent
or abolish the Som effect without affecting the binding of the
bgSom-subunit, for example, by inducing a change in the channel’s
voltage-dependent properties. Indeed, there is evidence that the
pore properties of N-type Ca21 channel are affected by
G-protein stimulation (Kuo and Bean, 1993).

A facilitating component of the competition of the G-protein
subunits for the binding site may be the recently discovered
regulators of G-protein signaling (RGS) proteins (Berman and
Gilman, 1998) that interact with G-protein a-subunits (Arshavsky
and Pugh, 1998). The RGS proteins are strong stimulants of the
GTPase activity of G-proteins (especially Gi and Go) and result
in an excess of inactivated GDP and a speeding up in the reas-
sociation of G-protein subunits (Doupnik et al., 1997), facilitating
G-protein subunit exchange. We speculate that there may be cross
talk between specific opioid RGS to the Som G-protein. This
could result in an increase of Som G-protein subunit reassocia-
tion, preventing their interaction with the Ca21 channel and
facilitating the opioid subunit binding to the channel. However, at
present too little is known about the regulation of these RGS
proteins (Berman and Gilman, 1998) to speculate further on their
role in demodulation.

Physiological relevance of demodulation
The present findings are interesting because they have demon-
strated a new mechanism of opioid action and have shown that
sequential activation of two peptides can modify membrane ex-
citability and thus transmitter release. This mechanism could
have broad physiological relevance in that it shows how signaling
via G-proteins can influence a cell’s behavior in a variable way,
depending on the recent past history of neuronal activation.

It is well accepted that Ca21 influx triggers neurotransmitter
release. Electrical activity starts the physiological response, but
the pathways mediated by G-proteins provide a degree of flexi-
bility in the regulation of this release (Diverse-Pierluissi and
Dunlap, 1995). We have shown previously that Som and enkepha-

lins depress ACh release mediated by K1 depolarization of
choroid nerve terminals innervating vascular smooth muscle (Me-
riney and Pilar, 1987; Gray et al., 1989). Therefore if the opioids
demodulate Som, as we show in this work, this novel mechanism
could be useful for fine control of transmitter release.

The specific role of modulation in DRG neurons is less clear,
although GABA and NE similar to Som in ciliary neurons could
also attenuate the synaptic response by inhibiting Ca21 current.
The fact that opioids also demodulated the inhibition of Ca21

currents by GABA and NE and the possibility that such modu-
lation could occur at their central synapses in the spinal cord
suggest the widespread importance of this mechanism.

REFERENCES
Arshavsky VY, Pugh EN (1998) Lifetime regulation of G protein-

effector complex: emerging importance of RGS proteins. Neuron
20:11–14.

Bean BP (1989) Neurotransmitter inhibition of neuronal calcium cur-
rents by changes in channel voltage dependence. Nature 340:153–156.

Beech DJ, Bernheim L, Mathie A, Hille B (1991) Intracellular Ca 21

buffers disrupt muscarinic suppression of Ca 21 current and M current
in rat sympathetic neurons. Proc Natl Acad Sci USA 88:652–656.

Beech DJ, Bernheim L, Mathie A, Hille B (1992) Pertussis toxin and
voltage dependence distinguish multiple pathways modulating calcium
channels of rat sympathetic neurons. Neuron 8:97–106.

Berman DM, Gilman AG (1998) Mammalian RGS proteins: barbarians
at the gate. J Biol Chem 273:1269–1272.

Boehm S, Huck S, Freissmuth M (1996) Involvement of phorbol ester-
insensitive protein kinase C in the a2-adrenergic inhibition of voltage-
gated calcium current in chick sympathetic neurons. J Neurosci
16:4596–4603.

Boland M, Bean B (1993) Modulation of N-type calcium channels in
bullfrog sympathetic neurons by luteinizing hormone-releasing hor-
mone: kinetics and voltage dependence. J Neurosci 13:516–533.

Cox DH, Dunlap K (1992) Pharmacological discrimination of N-type
from L-type calcium current and its selective modulation by transmit-
ters. J Neurosci 12:906–914.

Delmas P, Abogadie FC, Dayrell M, Haley JE, Milligan G, Caulfield MP,
Brown DA, Buckley NJ (1998) G-proteins and G-protein subunits
mediating cholinergic inhibition of N-type calcium currents in sympa-
thetic neurons. Eur J Neurosci 10:1645–1666.

De Stefano ME, Ciofi Luzzatto A, Mugnaini E (1993) Neuronal ultra-
structure and somatostatin immunolocalization in the ciliary ganglion
of chicken and quail. J Neurocytol 22:868–892.

Diverse-Pierluissi M, Dunlap K (1993) Distinct, convergent second mes-
senger pathways modulate neuronal calcium currents. Neuron
10:753–760.

Diverse-Pierluissi M, Dunlap K (1995) Interaction of convergent path-
ways that inhibit N-type calcium currents in sensory neurons. Neuro-
science 65:477–483.

Diverse-Pierluissi M, Goldsmith PK, Dunlap K (1995) Transmitter-
mediated inhibition of N-type calcium channels in sensory neurons
involves multiple GTP-binding proteins and subunits. Neuron
14:191–200.

Diverse-Pierluissi M, Inglese J, Stoffel RH, Lefkowitz RJ, Dunlap K
(1996) G protein-coupled receptor kinase mediates desensitization of
norepinephrine-induced Ca 21 channel inhibition. Neuron 16:579–585.

Diverse-Pierluissi M, Remmers AE, Neubig RR, Dunlap K (1997) Novel
form of crosstalk between G proteins and tyrosine kinase pathways.
Proc Natl Acad Sci USA 94:5417–5421.

Dohlman HG, Thorner J, Caron MG, Lefkowitz RJ (1991) Model sys-
tems for the study of seven-transmembrane-segment receptors. Annu
Rev Biochem 60:653–688.

Dolphin A (1998) Mechanisms of modulation of voltage-dependent cal-
cium channels by G proteins. J Physiol (Lond) 506:3–11.

Doupnik CA, Davidson N, Lester HA, Kofuji P (1997) RGS proteins
reconstitute the rapid gating kinetics of Gbg-activated inwardly recti-
fying K 1 channels. Proc Natl Acad Sci USA 94:10461–10466.

Dryer SE, Dourado MM, Wisgirda ME (1991) Characteristic of multi-
ple Ca 21-activated K 1 channels in acutely dissociated chick ciliary-
ganglion neurons. J Physiol (Lond) 443:601–627.

Ehrlich I, Elmslie KS (1995) Neurotransmitters acting via different G

5226 J. Neurosci., July 1, 1999, 19(13):5213–5227 Polo-Parada and Pilar • Ca21 Channel Demodulation



proteins inhibit N-type calcium current by and identical mechanism in
rat sympathetic neurons. J Neurophysiol 74:2251–2257.

Elmslie KS (1992) Calcium current modulation in frog sympathetic neu-
rons: multiple neurotransmitters and G proteins. J Physiol (Lond)
451:229–246.

Freedman NJ, Lefkowitz RJ (1996) Desensitization of G protein-
coupled receptors. Recent Prog Horm Res 51:319–353.

Gray B, Pilar G, Ford M (1989) Opiate and peptide inhibition of trans-
mitter release in parasympathetic nerve terminals. J Neurosci
9:1683–1692.

Gray B, Bruses J, Pilar G (1992) Developmental switch in the pharma-
cology of Ca 21 channels coupled to acetylcholine release. Neuron
7:1–20.

Herlitze S, Garcia D, Mackie K, Hille B, Scheuer T, Catterall WA (1996)
Modulation of Ca 21 channels by G-proteins bg subunits. Nature
380:258–262.

Hille B (1994) Modulation of ion-channel function by G-protein-coupled
receptors. Trends Neurosci 17:531–536.

Ikeda SR (1991) Double-pulse calcium channel current facilitation in
adult rat sympathetic neurons. J Physiol (Lond) 439:181–214.

Ikeda SR (1996) Voltage-dependent modulation of N-type calcium
channels by G-protein bg subunits. Nature 380:255–258.

Ikeda SR, Schofield G (1989) Somatostatin blocks a calcium current in
rat sympathetic neurons. J Physiol (Lond) 409:339–359.

Jones SW, Elmslie KS (1997) Transmitter modulation of neuronal cal-
cium channels. J Membr Biol 155:1–10.

Kennedy MB (1989) Regulation of neuronal function by calcium. Trends
Neurosci 12:417–420.

Klann AG, Black SL, Artim DE, Hatfull GF, Meriney SD (1998) Iden-
tification of a novel somatostatin receptor from avian ciliary ganglion.
Soc Neurosci Abstr 24:592.

Kuo CC, Bean BP (1993) G-protein modulation of ion permeability
through N-type calcium channels. Nature 365:258–262.

Liu NJ, Xu T, Xu C, Li CQ, Yu YX, Kang HG, Han JS (1995) Chole-
cystokinin octapeptide reverses m-opioid-receptor-mediated inhibition
of calcium current in rat dorsal root ganglion neurons. J Pharmacol Exp
Ther 275:1293–1299.

Luebke JI, Dunlap K (1994) Sensory neuron N-type calcium currents
are inhibited by both voltage-dependent and -independent mechanisms.
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