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1 The profile of opioid and cannabinoid receptors in neurons of the nucleus tractus solitarius (NTS)
has been studied using the whole-cell configuration of the patch clamp technique.

2 Experiments with selective agonists and antagonists of opioid, ORL and cannabinoid receptors
indicated that m-opioid, k-opioid, ORL-1 and CB1, but not d-opioid, receptors inhibit VDCCs in
NTS.

3 Application of [D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin (DAMGO; m-opioid receptor agonist),
Orphanin FQ (ORL-1 receptor agonist) and WIN55,122 (CB1 receptor agonist) caused inhibition of
IBa in a concentration-dependent manner, with IC50’s of 390 nM, 220 nM and 2.2mM, respectively.

4 Intracellular dialysis of the Gi-protein antibody attenuated DAMGO-, Orphanin FQ- and
WIN55,122-induced inhibition of IBa.

5 Both pretreatment with adenylate cyclase inhibitor and intracellular dialysis of the protein kinase
A (PKA) inhibitor attenuated WIN55,122-induced inhibition of IBa but not DAMGO- and Orphanin
FQ-induced inhibition.

6 Mainly N- and P/Q-type VDCCs were inhibited by both DAMGO and Orphanin FQ, while
L-type VDCCs were inhibited by WIN55,122.

7 These results suggest that m- and k-opioid receptors and ORL-1 receptor inhibit N- and P/Q-type
VDCCs via Gai-protein bg subunits, whereas CB1 receptors inhibit L-type VDCCs via Gai-proteins
involving PKA in NTS.
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Introduction

Endogenous opioid peptides and their analogs produce many

effects, such as analgesia, modulation of pain transmission,

inhibition of diarrhea, respiratory depression and catalepsy,

on the nervous system by interacting with a widely distributed

receptor system. At a cellular level, these effects result from

modulation of ionic channels. Opioid receptors are G-protein

coupled and have been classified into three major subtypes,

namely m-, k- and d-opioid receptors (Uhl et al., 1994). The

endogenous ligands for these subtypes of opioid receptors are

endomorphins (Monory et al., 2000), enkephalins and

dynorphins (Sapru et al., 1987), respectively.

After successful cloning of cDNAs encoding the classic

opioid receptors, a novel opioid-related receptor was cloned

by several groups (Henderson & McKnight, 1997). This

new receptor is named opioid-receptor-like-1 (ORL-1) recep-

tor. In searching for a natural ligand that interacts with the

ORL-1 receptor, Meunier et al. (1995) and Reinscheid et al.

(1996) isolated and identified a biologically active heptadeca-

peptide from rat brain that was named nociceptin (Meunier

et al., 1995) and Orphanin FQ (Reinscheid et al., 1996)

(hereafter N/OFQ). Zhang & Yu (1995) have identified

dynorphin A as a potential ligand for the ORL-1 receptor

expressed in Xenopus oocytes. This receptor also shares a high

sequence homology with opioid receptors (Bunzow et al., 1994).

Cannabinoids, the active constituents of marijuana, have a

broad range of potential medical benefits, including analgesic,

antiemetic and anticonvulsive effects (Hollister, 1984; Howlett,

1995). The brain cannabinoid (CB1) receptor is a member

of G-protein-coupled receptor superfamily (Matsuda et al.,

1990). Many studies demonstrate the existence of bi-direc-

tional interactions between the endogenous cannabinoid and

opioid systems (Manzanares et al., 1999; Maldonado, 2003).*Author for correspondence; E-mail: tendoh@tdc.ac.jp
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Accordingly, the endogenous opioid system has been reported

to participate in several pharmacological actions induced by

cannabinoid, such as antinociception, addictive properties and

anxiolytic-like effects (Pertwee, 2001; Berrendero & Maldonado,

2002; Maldonado & Rodrı́guez de Fonseca, 2002).

The nucleus tractus solitarius (NTS) is known to play a

major role in the regulation of cardiovascular, respiratory,

gustatory, hepatic and swallowing functions (Lawrence &

Jarrott, 1996; Jean, 2001). The NTS appears not to be a simple

‘relay’ nucleus, rather it performs complex integration of

information from multiple synaptic inputs of both

peripheral and central origins (Paton & Kasparov, 1999).

Several studies demonstrated that administration of opioid

peptides, N/OFQ and cannabinoid into the NTS area resulted

in increased feeding (Kotz et al., 1997), inhibition of gastric

secretions (Burks et al., 1987; Del Tacca et al., 1987),

respiratory depression (Padley et al., 2003; Pfitzer et al.,

2004) and elevated blood pressure and heart rate (Mao &

Wang, 2000).

Voltage-dependent Ca2þ channels (VDCCs) serve as crucial

mediators of membrane excitability and Ca2þ -dependent

functions, such as neurotransmitter release, enzyme activity

and gene expression. The modulation of VDCCs is believed to

be an important means of regulating Ca2þ influx and

thus has a direct influence on many Ca2þ -dependent processes.

Modulation of VDCC current (ICa) by opioid has been

described previously in various types of cells. Rhim et al.

(1996) demonstrated that in NTS m-opioid receptor inhibits

VDCCs. In addition, it has been reported that both N/OFQ

and cannabinoid modulate VDCCs in other cells (Mackie

& Hille, 1992; Twitchell et al., 1997). However, the mechanism

of opioid and cannabinoid effects on VDCCs in NTS has been

extensively studied, but remains unclear and even controver-

sial. Consequently, it is the purpose of this study to investigate

the effects of opioids and cannnabinoids on ICa in NTS.

Methods

Cell preparation

Experiments were conducted according to the international

guidelines on the use of animals for experimentation. Young

Wistar rats (7–18 days old) were decapitated and their

brains were quickly removed and submerged in ice-cold

artificial cerebrospinal fluid (aCSF) saturated with 95%

O2 and 5% CO2 of the following composition (in mM): 126

NaCl, 26.2 NaHCO3, 1 NaH2PO4, 3 KCl, 1.5 MgSO4, 1.5

CaCl2 and 30 glucose; pH 7.4. Thin transverse slices

from brainstems, 400mm in thickness, were prepared by a

tissue slicer (DTK-1000; Dosaka EM Co., Ltd, Kyoto, Japan).

After being sectioned, 3–5 slices obtained from a single

brain were transferred to a holding chamber and stored in

oxygenated aCSF at room temperature for at least 40min

before use. Slices were then transferred to a conical tube

containing gently bubbled aCSF at 361C, to which 1.8Uml�1

dispase (grade I; 0.75ml slice�1) was added. After 60min

incubation, slices were rinsed with enzyme-free aCSF.

Under a dissecting microscope, the NTS region was micro-

punched and placed on a poly-L-lysine-coated coverslip. The

cells were then dissociated by trituration using progressively

smaller-diameter pipettes and allowed to settle on a coverslip

for 20min.

Whole-cell patch-clamp recordings

Voltage-clamp recordings were conducted using the whole-cell

configuration of the patch-clamp technique (Hamill et al.,

1981). Fabricated recording pipettes (2–3MO) were filled with

the internal solution of the following composition (in mM):

100 CsCl, 1 MgCl2, 10 HEPES, 10 BAPTA, 3.6 MgATP, 14

Tris2phosphocreatine (CP), 0.1 GTP and 50Uml�1 creatine

phosphokinase (CPK). The pH was adjusted to 7.2 with

CsOH. The inclusion of CP and CPK effectively reduced

‘rundown’ of current. After the formation of a giga seal, in

order to record ICa carried by Ba2þ (IBa), the external solution

was replaced from Krebs solution to a solution containing the

following (in mM): 151 tetraethylammonium (TEA) chloride,

5 BaCl2, 1 MgCl2, 10 HEPES and 10 glucose. The pH was

adjusted to 7.4 with TEA-OH. Command voltage protocols

were generated with a computer software pCLAMP version 8

(Axon Instruments, Union City, CA, U.S.A.) and transformed

to an analogue signal using a DigiData 1200 interface (Axon

Instruments, Union City, CA, U.S.A.). DigiData 1200 inter-

face was used to record and digitize current. The command

pulses were applied to cells through an L/M-EPC7 amplifier

(HEKA Elektronik, Lambrecht, Germany). The currents were

recorded with the amplifier and a computer software

pCLAMP 8 acquisition system. Access resistance (o15Mo)

was determined by transient responses to voltage commands.

Access resistance compensation was not used. To ascertain

that no major changes in the access resistance had occurred

during the recordings, a 5-mV, 10-ms pulse was used before

IBa was evoked. Initial input resistances were in the range

of 500MO to 1.2GO. Series resistance was estimated by

cancellation of the capacitance-charging current transient after

patch rupture. In most case, series resistance compensation of

80–90% was obtained without inducing significant noise or

oscillation, resulting in final series resistances ranging from 0.1

to 1.2MO. No data were included in the analysis where series

resistance resulted in a 5mV or greater error in voltage

commands.

Materials

[D-Ala2, N-Me-Phe4, Gly5-ol]-enkephalin (DAMGO), Orpha-

nin FQ, WIN55,122, U69593, [D-Pen2,5]-enkephalin (DPDPE),

naloxone, [Phe1C(CH2-NH)Gly2]NC(1–13)NH2, PD98,059

and nifedipine (Nif) were purchased from Sigma (Tokyo,

Japan). AM281 was purchased from Tocris (Avonmouth,

U.K.). Anti-Gai antibodies, anti-Gaq/11 antibodies and anti-

Gas antibodies were purchased from Upstate Biotechnology

(Lake Placid, NY, U.S.A.). All antibodies were from rabbits

immunized with a synthetic peptide corresponding to the

COOH-terminal sequence of the human Gai, Gaq/11 and Gas

subunits. SQ22536 and PKI(5–24) were purchased from

Biomol Research Laboratories (Plymouth, PA, U.S.A.). 2-[1-

(3-Dimethylaminopropyl)-1H-indol-3-yl]-3-(1H-indol-3-yl)-

maleimide (GF109203X) and LY294002 were purchased

from Calbiochem. o-Conotoxin GVIA (o-CgTx GVIA) and

o-agatoxin IVA (o-Aga IVA) were purchased from Peptide

Institute (Osaka, Japan). Most drugs were dissolved in distilled

water. U69593 was dissolved in ethanol. WIN55,122,
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PD98,059, AM281, GF109203X and Nif were dissolved in

dimethyl sulfoxide (DMSO) to a final concentration of 10mM

as a stock solution. The final concentration of DMSO and

ethanol was o0.01%, which had no effect on the IBa.

Analysis and statistics

All data analyses were performed using pCLAMP 8.0

acquisition system. Values in text and figures are expressed

as mean7s.e.m. Statistical analysis was made by Student’s

t-test for comparisons between pairs of groups and by one-way

analysis of variance (ANOVA) followed by Dunnett’s test.

Probability (P) values of o0.05 were considered significant.

Results

Opioid- and cannabinoid-induced inhibition of IBa

Representative examples of superimposed IBa traces in the

absence and presence of 1 mM DAMGO (m-opioid receptor

agonist), 1 mM Orphanin FQ (ORL-1 receptor agonist) and

10 mM WIN55,212 (CB1 receptor agonist) are shown in

Figure 1. IBa was evoked every 20 s with a 100-ms depolarizing

voltage step to 0mV from a holding potential of �80mV. The

average IBa value (around 620 pA) was slightly, but nonsigni-

ficantly, smaller than the value that has been previously

demonstrated by Rhim & Miller (around 1 nA, 1994).

As shown in Figure 1, application of DAMGO (in 106 of

142 neurons), Orphanin FQ (in 109 of 151 neurons) and

WIN55,212 (in 83 of 131 neurons) rapidly and reversibly

inhibits IBa. Application of 1 mM U69593 (k-opioid receptor

agonist) also inhibits IBa (in 99 of 132 neurons, data not

shown). In contrast, application of 1 mM DPDPE (d opioid

receptor agonist) did not modulate IBa (n¼ 31).

To investigate the voltage dependency of inhibition of IBa

by opioid and cannabinoid, we used a double-pulse voltage

protocol as shown in Figure 1. As shown in Figure 1, the

application of a strong depolarizing voltage prepulse attenu-

ated DAMGO- and Orphanin FQ-induced inhibition of IBa.

In addition, the application of a strong depolarizing voltage

prepulse also attenuated 1 mM U69593-induced inhibition

of IBa (data not shown). In contrast, WIN55,212-induced

inhibition of IBa was not attenuated by prepulse.

The current–voltage relationships for IBa in the absence and

presence of 1mM DAMGO, 1mM Orphanin FQ, 1mM U69593

and 10 mM WIN55,212 are shown in Figures 2a–d. From

a holding potential of �80mV, the IBa was activated after

�30mV with a peak current amplitude at 0mV. As shown in

Figures 2a–d, DAMGO-, Orphanin FQ- and U69593-induced

inhibition resulted in a shift in the voltage dependence of the

IBa to more positive potentials. In contrast, WIN55,212 did not

change the shape of current–voltage relationship; that is, the

peak potential for IBa was not altered.

The dose–response relation in the opioid- and cannabinoid-

induced inhibition of IBa is shown in Figure 2e. For the

generation of the concentration–response curve, opioid

and cannabinoid concentrations were applied randomly,

and not all concentrations in a single neuron were tested.

Figure 2e shows that progressive increases in opioid and

cannabinoid concentration resulted in progressively greater

inhibition of IBa.

Effects of various antagonists in opioid- and
cannabinoid-induced inhibition of IBa

In the next series of experiments, we analyzed the effects of

opioid and cannabinoid on IBa in neurons treated with specific

antagonists. In this experiment, specific antagonists were

applied prior to the opioid or cannabinoid. Treatment with

opioid receptor antagonist naloxone (1 mM for 3min after

assuming the whole-cell configuration) attenuated the DAM-

GO-induced inhibition of IBa. Treatment with ORL-1 receptor

antagonist [Phe1C(CH2-NH)Gly2]NC(1–13)NH2 (10mM for

3min after assuming the whole-cell configuration) also

attenuated the DAMGO-induced inhibition of IBa. In contrast,

treatment with CB1 receptor antagonist AM281 (10 mM for

3min after assuming the whole-cell configuration) did not

attenuate the DAMGO-induced inhibition of IBa.

Treatment with naloxone attenuated the Orphanin FQ-

induced inhibition of IBa. Treatment with [Phe1C(CH2-

NH)Gly2]NC(1–13)NH2 also attenuated the Orphanin FQ-

induced inhibition of IBa. In contrast, treatment with AM281

did not attenuate the Orphanin FQ-induced inhibition of IBa.

Treatment with naloxone did not attenuate the WIN55,212-

induced inhibition of IBa. Treatment with [Phe1C(CH2-

NH)Gly2]NC(1–13)NH2 also did not attenuate the

WIN55,212-induced inhibition of IBa. In contrast, treatment

with AM281 attenuated the WIN55,212-induced inhibition of

IBa (Figure 3).

Characterization of G-protein subtypes in opioid-
and cannabinoid-induced inhibition of IBa

The G-protein comprises heterotrimeric molecules with a, b
and g subunits. The a subunit can be classified into families,

depending on whether they are targets for pertussis toxin

(PTX) (Gi/o), cholera toxin (Gs), or neither. To characterize the

G-protein subtypes in opioid- and cannabinoid-induced

inhibition of IBa, specific antibodies raised against the Gai-,

Gaq/11- and Gas-protein were used. Experiments were per-

formed using a solution in a pipette containing each G-protein

antibody. In these experiments, the G-protein antibody (1 : 50

dilution; the final concentration was approximately

0.5mgml�1) was dissolved in the internal solution. The tip of

the recording pipette was filled with the standard internal

solution, and the pipette was then backfilled with solution

which containing the G-protein antibody. In order to obtain

the effect of antibody, opioid or cannabinoid was applied

7min after assuming the whole-cell configuration.

As shown in Figure 4, intracellular dialysis of the

Gai-protein antibody attenuated the DAMGO-, Orphanin

FQ- and WIN55,212-induced inhibition of IBa. In contrast,

intracellular dialysis of Gaq/11- and Gas-protein antibodies

did not attenuate the opioid- and cannabinoid-induced inhibi-

tion of IBa. Using the same protocol, we have demonstrated

that intracellular dialysis of the Gaq/11-protein antibody

(0.5mgml�1) attenuated metabotropic glutamate receptor

(mGluR) agonist-induced facilitation of VDCCs (Endoh,

2004). Thus, it can be considered that these methods are

suitable for the questions posed. These results suggest that the

Gai-proteins are involved in the DAMGO-, Orphanin FQ- and

WIN55,212-induced inhibition of IBa in NTS, but Gaq/11- and

Gas-proteins are not.
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Characterization of second messengers in opioid-
and cannabinoid-induced inhibition of IBa

To investigate which second messengers contribute to opioid-

and cannabinoid-induced inhibition of IBa, the effects of IBa in

neurons treated with specific activators and inhibitors of the

second messenger kinases were examined.

To evaluate the possible contribution of adenylate cyclase

to the opioid- and cannabinoid-induced inhibition of IBa, the

effects of opioid and cannabinoid on IBa in neurons treated

with SQ22536 (a selective adenylate cyclase inhibitor) were

investigated. Treatment with SQ22536 (10 mM for 30min

before patch-clamp experiments) attenuated the WIN55,212-

induced inhibition of IBa. In contrast, treatment with SQ22536

did not attenuate the DAMGO- and Orphanin FQ-induced

inhibition of IBa (Figure 4).

To evaluate the possible contribution of protein kinase A

(PKA) to the opioid- and cannabinoid-induced inhibition of

IBa, the effects of opioid and cannabinoid on IBa in the presence

of PKI(5–24) (a selective PKA inhibitor) in the recording

pipette were investigated. Intracellular application of

PKI(5–24) (20 mM for 7min after assuming the whole-cell

configuration) attenuated the WIN55,212-induced inhibition

of IBa. In contrast, intracellular application of PKI(5–24) did

not attenuate the DAMGO- and Orphanin FQ-induced

inhibition of IBa (Figure 5).

Figure 1 Opioid-, Orphanin FQ- and cannabinoid-induced inhibition of IBa. (a) Typical superimposed IBa traces recorded using a
double-pulse voltage protocol at the times indicated in the time-course graph b. Paired IBa were evoked from a holding potential of
�80mV by a 100-ms voltage step to 0mV at 20-s intervals. An intervening strong depolarizing prepulse (100mV, 30ms) ended 5ms
prior to the second IBa activation. (b) Typical time course of DAMGO-induced IBa inhibition. The opened circle and triangles in the
graph indicate IBa without prepulse and IBa with prepulse, respectively. DAMGO (1 mM) was bath-applied during the time indicated
by the filled bar. (c) Typical superimposed IBa traces recorded using a double-pulse voltage protocol at the times indicated in the time
course graph d. (d) Typical time course of Orphanin FQ-induced IBa inhibition. Orphanin FQ (1 mM) was bath-applied during the
time indicated by the filled bar. (e) Typical superimposed IBa traces recorded using a double-pulse voltage protocol at the times
indicated in the time course graph f. (f) The typical time course of WIN55,212-induced IBa inhibition. WIN55,212 (10mM) was bath-
applied during the time indicated by the filled bar.
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To evaluate the possible contribution of protein kinase C

(PKC) to the opioid- and cannabinoid-induced inhibition of

IBa, the effects of opioid and cannabinoid on IBa in neurons

treated with GF109203X (a selective PKC inhibitor) were

investigated. Treatment with GF109203X (10 mM for 30min

before patch-clamp experiments) did not attenuate the

DAMGO-, Orphanin FQ- and WIN55,212-induced inhibition

of IBa (Figure 5). Using the same protocol, we have

demonstrated that pretreatment with GF109203X (10 mM for

30min) attenuated mGluR agonist-induced facilitation of

Figure 2 Current–voltage relations and dose dependency of
opioid-, Orphanin FQ- and cannabinoid-induced inhibition of IBa.
(a) Current–voltage relations of IBa evoked by a series of voltage
steps from a holding potential of �80mV to test pulses between �80
and þ 40mV in þ 10mV increments in the absence (opened points)
and presence (filled points) of DAMGO (1 mM). (b) Current–voltage
relations of IBa in the absence (opened points) and presence (filled
points) of Orphanin FQ (1 mM). (c) Current–voltage relations of IBa

in the absence (opened points) and presence (filled points) of U69593
(1 mM). (d) Current–voltage relations of IBa in the absence (opened
points) and presence (filled points) of WIN55,212 (10 mM). Values of
IBa are the averages of five neurons each. (e) Concentration–response
curves for IBa inhibition induced by DAMGO (K), Orphanin FQ
(~) and WIN55,212 (*). The currents were elicited as in Figure 1.
The inhibition (%) was normalized to that induced by each agonist
at a maximal concentration. The curve was obtained from fitting to
a single-site binding isotherm with least-squares nonlinear regres-
sion. Numbers in parentheses indicate the number of neurons tested.

Figure 3 Antagonist effects of opioid-, Orphanin FQ- and canna-
binoid-induced inhibition of IBa. (a) IBa inhibition by 1 mM DAMGO
in control (untreated neurons), after naloxone (opioid receptor
antagonist), after [Phe1C(CH2-NH)Gly2]NC(1–13)NH2 (ORL-1
receptor antagonist) and after AM281 (CB1 receptor antagonist).
(b) IBa inhibition by 1 mM Orphanin FQ in control (untreated
neurons), after naloxone, after [Phe1C(CH2-NH)Gly2]NC(1–13)NH2

and after AM281. (c) IBa inhibition by 10 mM WIN55,212 in control
(untreated neurons), after naloxone, after [Phe1C(CH2-
NH)Gly2]NC(1–13)NH2 and after AM281. Numbers in parentheses
indicate the number of neurons tested. *Po0.05 compared with
control, ANOVA.
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VDCCs (Endoh, 2004). Thus, it can be considered that these

methods are suitable for the questions posed.

To evaluate the possible contribution of phosphatidylinosi-

tol-3 kinase (PI3K) to the opioid- and cannabinoid-induced

inhibition of IBa, the effects of opioid and cannabinoid on IBa

in neurons treated with LY294002 (a selective PI3K inhibitor)

were investigated. Treatment with LY294002 (10 mM for 10min

before patch-clamp experiments) did not attenuate the

DAMGO-, Orphanin FQ- and WIN55,212-induced inhibition

of IBa (Figure 5).

To evaluate the possible contribution of mitogen-activated

protein kinase (MAPK) to the opioid- and cannabinoid-

induced inhibition of IBa, the effects of opioid and cannabinoid

on IBa in neurons treated with PD98,059 (a selective MAPK

inhibitor) were investigated. Treatment with PD98,059 (10 mM
for 2min after assuming the whole-cell configuration) did not

attenuate the DAMGO-, Orphanin FQ- and WIN55,212-

induced inhibition of IBa (Figure 5). Using the same protocol,

we have demonstrated that pretreatment with PD98,059

(10mM for 2min) attenuated angiotensin II-induced facilita-

tion of VDCCs (Endoh, 2005). Thus, it can be considered that

these methods are suitable for the questions posed.

These results indicate that the PKA are involved in the

WIN55,212-induced inhibition of IBa in NTS.

Figure 4 Opioid-, Orphanin FQ- and cannabinoid-induced inhibi-
tion of IBa in neuron treated with adenylate cyclase inhibitor. (a)
Typical superimposed IBa traces at the times indicated in the time-
course graph b. (b) Typical time course of DAMGO-induced IBa

inhibition. DAMGO (1 mM) was bath-applied during the time
indicated by the filled bar. (c) Typical superimposed IBa traces at
the times indicated in the time-course graph d. (d) Typical time
course of Orphanin FQ-induced IBa inhibition. Orphanin FQ (1 mM)
was bath-applied during the time indicated by the filled bar. (e)
Typical superimposed IBa traces at the times indicated in the time
course graph f. (f) Typical time course of WIN55,212-induced IBa

inhibition. WIN55,212 (10 mM) was bath-applied during the time
indicated by the filled bar.

Figure 5 Summary of opioid-, Orphanin FQ- and cannabinoid-
induced inhibition of IBa under various conditions. (a) IBa inhibition
by 1 mM DAMGO in control (untreated neurons), intracellular
dialysis with anti-Gi antibody, intracellular dialysis with anti-Gq/11

antibody, intracellular dialysis with anti-Gs antibody, after SQ22536
(an adenylate cyclase inhibitor), intracellular dialysis with PKI(5–24)
(a PKA inhibitor), after GF109203X (a PKC inhibitor), after
LY294002 (a PI3K inhibitor) and after PD98,059 (a MAPK
inhibitor). (b) IBa inhibition by 1 mM Orphanin FQ in control
(untreated neurons) and other conditions. (c) IBa inhibition by 10 mM
WIN55,212 in control (untreated neurons) and other conditions.
Numbers in parentheses indicate the number of neurons tested.
*Po0.05 compared with control.
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Characterization of VDCC subtypes in opioid-
and cannabinoid-induced inhibition of IBa

Several studies have defined pharmacological distinct high

voltage-activated (HVA) VDCCs on neuronal cell bodies, such

as L-, N-, P-, Q- and R-type VDCCs. In this study, specific

VDCC blockers were used to isolate each VDCC’s current

component. Typical examples of sequential application of each

selective blocker on IBa are shown in Figure 6. o-CgTx GVIA,

o-Aga IVA and Nif block N-, P/Q- and L-type VDCCs,

respectively. In this study, the mean percentages of IBa-L, IBa-N,

IBa-P/Q and IBa-R of total IBa are 42.273.8, 28.473.4, 19.373.2

and 10.171.4%, respectively (n¼ 9). These data are quite

similar to the previous data reported by Ishibashi et al. (1995).

It has been demonstrated in NTS that the mean percentages of

ICa-L, ICa-N, ICa-P/Q and ICa-R of total ICa were 35.7, 28.7, 19.3

and 16.0%, respectively.

Therefore, it was investigated as to which types of the

VDCCs were inhibited by opioid and cannabinoid. The effect

of opioid and cannabinoid on the IBa-L was investigated using a

neuron treated with o-CgTx GVIA (1 mM) and o-Aga IVA

(1 mM). The effect of opioid and cannabinoid on the IBa-N was

investigated using a neuron treated with Nif (10 mM) and

o-Aga IVA (1 mM). The effect of opioid and cannabinoid on

the IBa-P/Q was investigated using a neuron treated with Nif

(10mM) and o-CgTx GVIA (1 mM). The effect of opioid and

cannabinoid on the IBa-R was investigated using a neuron

treated with all VDCC blockers.

Each of the IBa components and the percentage of the

inhibition by DAMGO, Orphanin FQ and WIN55,212 are

summarized in Figure 7. In this figure, contribution of the

total current represents the mean percentages of IBa-L, IBa-N,

IBa-P/Q and IBa-R of total IBa from Figure 6. In the case of

DAMGO and Orphanin FQ, only the inhibition of IBa-N

and IBa-P/Q was significant. In contrast, WIN55,212 mainly

inhibited IBa-L. Results shown in Figure 7 demonstrate that

DAMGO and Orphanin FQ inhibited IBa-N and IBa-P/Q,

whereas WIN55,212 inhibited IBa-L in NTS neurons (Figure 8).

Discussion

The present study investigated the effects of opioid and

cannabinoid on VDCCs in NTS. While Rhim & Miller (1994)

have demonstrated DAMGO-induced inhibition of VDCCs

in NTS, this is the first demonstration that m- and k-opioid
receptors and ORL-1 receptor inhibit N- and P/Q-type

VDCCs via Gai-protein bg subunits. The present study also

demonstrates that CB1 receptors inhibit L-type VDCCs via

Figure 6 Pharmacological characterization of four IBa components
by sequential application of each VDCC blocker. (a) Typical
superimposed IBa traces at the times indicated in the time-course
graph b. (b) Typical time course of sequential application of each
selective VDCC blocker on IBa. o-CgTx GVIA, o-Aga IVA, Nif and
Cd2þ were bath applied during the time indicated by the filled bar.
o-CgTx GVIA, o-Aga IVA, Nif and Cd2þ were bath-applied during
the time indicated by each bar. (c) Summary of the distribution of
VDCC subtypes.

Figure 7 Opioid agonist-, Orphanin FQ- and cannabinoid-induced
inhibition of distinct IBa. (a) Fractional components of L-, N-, P/Q-
and R-type IBa and those inhibited by DAMGO (1 mM). (b)
Fractional components of L-, N-, P/Q- and R-type IBa and those
inhibited by Orphanin FQ (1 mM). (c) Fractional components of L-,
N-, P/Q- and R-type IBa and those inhibited by WIN55,212 (10mM).
The total height of the bars (open and hatched) represents the
mean7s.e.m. contribution of the indicated VDCC type to the total
IBa. The hatched bars represent the mean7s.e.m. inhibition by each
agonist of the corresponding VDCC type. Numbers in parentheses
indicate the number of neurons tested.
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Gai-proteins involving PKA in NTS. Our present results,

together with the result that administration of opioid and

cannabinoid into NTS area regulates autonomic function,

indicate the growing importance of opioid and cannabinoid in

the regulation of NTS.

In several neurons, it has been reported that opioid and

cannabinoid inhibit VDCCs. m-Opioid receptor inhibits

VDCCs in the dorsal root ganglion (DRG; Rusin & Moises,

1995), intracardiac neuron (Jeong et al., 1999), submandibular

ganglion neuron (Endoh & Suzuki, 1998) and hippocampal

neuron (Bushell et al., 2002). N/OFQ inhibits VDCCs in DRG

(Abdulla & Smith, 1997), SH-SY5Y human neuroblastoma

cell line (Conner et al., 1996), periaqueductal gray neuron

(Beedle et al., 2004) and suprachiasmatic nucleus (Gompf

et al., 2005). Cannabinoid inhibits VDCCs in neuroblastoma-

glioma cell (Mackie & Hille, 1992) and hippocampal neuron

(Twitchell et al., 1997).

According to biophysical criteria, the modes of modulation

of VDCCs can be classified as voltage-dependent (VD) and

a voltage-independent (VI). In the VD mode, inhibition of

VDCCs is relieved at a higher potential or by means of a

strong depolarizing voltage prepulse to positive voltage (Bean,

1989; Dolphin, 1996), whereas, in the VI mode, inhibition of

VDCCs is not affected by a strong depolarizing voltage

prepulse (Formenti et al., 1993). The G-proteins are hetero-

trimeric molecules with a, b and g subunits. The VD-mode

inhibition is mediated by a rapid ‘membrane delimited’

pathway, probably involving the interaction of G-protein bg
subunits with the VDCCs (Herlitze et al., 1996; Ikeda, 1996),

whereas the VI-mode inhibition is generally thought to involve

a diffusible second messenger (Bernheim et al., 1991; Hille,

1994). Application of DAMGO, U69593 and Orphanin FQ

produced a typical VD-mode inhibition of VDCCs character-

ized by slowed kinetic of activation and relieved by strong

depolarizing voltage prepulse (Figures 1a–d). In contrast,

application of WIN55,212 produced VI-mode inhibition of

VDCCs in NTS.

In the present study, we further characterized the second

messengers in opioid- and cannabinoid-induced inhibition of

VDCCs. Treatment with adenylate cyclase inhibitor, intra-

cellular application of PKA inhibitor, treatment with PKC

inhibitor, treatment with PI3K inhibitor and treatment with

MAPK inhibitor did not modulate DAMGO-, U69593- and

Orphanin FQ-induced inhibition of VDCCs. In addition, these

agonists produced VD-mode inhibition of VDCCs. Therefore, it

can be considered that m-, k-opioid receptors and ORL-1

receptor inhibit VDCCs via G-protein bg subunits. In contrast,

treatment with adenylate cyclase inhibitor and intracellular

application of PKA inhibitor attenuated the WIN55,212-

induced inhibition of VDCCs. These results indicate that CB1

receptor inhibit VDCCs involving PKA in NTS. Several studies

have also been demonstrated that activation of CB1 receptors

reduces adenosine monophosphate (cAMP) accumulation in

neurons via G-protein-mediated inhibition of adenylyl cyclase

(Bidaut-Russell et al., 1990; Howlett, 1995; 1998).

There are some reports suggesting that the N/OFQ system

may interact with the opioid system. For instance, in behavioral

studies, both dynorphin (mediated by k-opioid receptors) and

N/OFQ diminish spatial learning in rats (Sandin et al., 1997;

1998). ORL-1 receptor is expressed throughout the brain and

spinal cord (Anton et al., 1996; Mollereau & Mouledous, 2000).

The presence of immunoreactivity for N/OFQ has also been

reported throughout the CNS (Neal et al., 1999). Examination

of these reports indicates that ORL-1 and immunoreactivity for

N/OFQ are present in the NTS.

Alternatively, similar agonist and antagonist experiments

demonstrated that opioid and N/OFQ are two independent

systems in the NTS (Mao & Wang, 2005). It has been

demonstrated that N/OFQ does not bind to m-, d- and k-opioid
receptors. Similarly, opioid ligands do not bind ORL-1

receptor (Reinscheid et al., 1995). In the present study,

however, pretreatment of N/OFQ antagonist attenuates the

DAMGO-induced inhibition of VDCCs. Similar results are

reported by Hurlé et al. (1999). These authors demonstrated

that ORL-1 receptor antagonist, [Phe1C(CH2-NH)Gly2]NC(1–

13)NH2, antagonized k-opioid receptor-induced inhibition of

depolarization-induced intracellular Ca2þ increase. Interest-

ingly, Butour et al. (1998) reported that ORL-1 receptor

antagonist, [Phe1C(CH2-NH)Gly2]NC(1–13)NH2, acted as an

agonist in transformed CHO cells expressing the human ORL-

1 receptor. Thus, opioid and ORL-1 receptor’s function must

be investigated in a further study.

Several hypotheses have been formulated to explain the

interactions between opioid and cannabinoid systems, includ-

ing the release of opioid peptide by cannabinoid, an interaction

at the level of their signal-transduction mechanisms, or a direct

interaction at the receptor level (Maldonado & Rodrı́guez de

Fonseca, 2002). Indeed, opioid and cannabinoid receptors

overlap in many brain areas, and a specific colocalization of

m-opioid receptor and CB1 receptor in the same neurons in

striatum (Rodrı́guez et al., 2001) and lamina II of the dorsal

horn (Salio et al., 2001) has been recently reported, indicating

the existence of a possible reciprocal competition for the same

pool of G-proteins in neurons containing these two receptors.

As mentioned above, administration of opioid, N/OFQ and

cannabinoid into the NTS area elevated blood pressure and

heart rate (Mao & Wang, 2000). NTS neurons can be divided

into two groups, g-aminobutyric acid (GABA)ergic and

glutamatergic (Mifflin & Felder, 1990; Brooks et al., 1992).

Figure 8 Schematic diagram of the proposed signaling pathways
responsible for opioid-, ORL-1- and CB1-receptor-mediated inhibi-
tion of VDCCs. The model is based on both the results from this
study and the evidence reported in the literature. Activation of m, k
opioid and ORL-1 receptor inhibited N- and P/Q-type VDCCs,
whereas activation of CB1 receptor inhibited L-type VDCCs
involving PKA pathways. Abbreviation for intracellular proteins:
a, b and g, G-protein subunits; AC, adenylate cyclase; PKA, protein
kinase.
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N-, P- and Q-types VDCCs are implicated in transmitter

release in CNS (Reuter, 1996). Several reports proposed that

activation of opioid and ORL-1 receptor directly inhibits

release of excitatory transmitters, such as glutamate, a

proposed transmitter of primary baroreceptor afferents at

the level of the NTS (Talman et al., 1980; Reis et al., 1981;

Leone & Gordon, 1989; North, 1993). Reduction of glutamate

release can result in reduction of NTS neuronal activity and

thus increases in blood pressure and heart rate. In support of

this, blockade of glutamate receptors in the NTS produces N/

OFQ-like pressor and tachycardic responses (Ohta & Talman,

1994). In addition, N/OFQ indirectly results in an increase in

release of inhibitory transmitter, such as GABA, an enriched

transmitter in the NTS, which, like N/OFQ, can induce

hypertension and tachycardia after intra-NTS injection (Bous-

quet et al., 1982; De Wildt et al., 1994; Barron et al., 1997).

It also can be considered that opioid acts at m- and/or ORL-1

opioid receptors on presynaptic terminals to inhibit glutamate

release, and on postsynaptic opioid and/or cannabinoid

receptors to reduce the activity of GABA neurons.

The ability of inhibiting L-type VDCCs singles out

cannabinoid receptor from most receptors because non-L-type

VDCCs modulation is quite common, whereas L-type VDCCs

are rarely targeted in many neurons types so far examined

(Viana & Hille, 1996; Abe et al., 2003; Endoh, 2004). Opioid

and cannabinoid modulation of somatic Ca2þ influx, via

L- and/or non-L-type VDCCs, could also potentially affect

Ca2þ -dependent gene expression and neuronal development

(Murphy et al., 1991; Finkbeiner & Greenberg, 1996;

Hardingham et al., 1997).

In conclusion, the present study in NTS demonstrated that

postsynaptic opioid and cannabinoid receptors modulate

neuronal excitability, synaptic transmission and Ca2þ -depen-

dent neuronal function using various signaling pathways in

NTS. In this regard, however, experiments were performed in

neonatal neurons. In fact, it has been demonstrated that aging

alters the relative contributions of each VDCC subtype

(Tanaka & Ando, 2001), opioid’s receptor-binding affinity

(Crisp et al., 1994) and opioid receptor’s G-protein coupling

(Talbot et al., 2004) in CNS neurons. Therefore, opioid and

cannabinoid receptors’ functions must be investigated in adults

in a further study. It will also be important to investigate using

a brain slice to synaptic transmission, as well as spike

responses.
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