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XIANGHUA PAN 
Modulation of Ion Channels by Cannabinoid Receptors in Rat Sympathetic Neurons 
(Under the direction of DEBORAH L. LEWIS) 

The rat brain-cannabinoid receptor (CBl) is a member of the G protein coupled 

receptor family. The present study direcdy- tested the functional coupling of CB 1 

receptor with neuronal ion channels. 

_ The rat CBl receptor.was heterologously expressed by microinjection of cRNA 

into the enzymatically dissociated adult rat superior cervical ganglion (SCG) neurons. 

The cannabinoid receptor agonists WIN 55,212-2 and .CP 55940 produced a voltage

dependent inhibitio_n of whole cell Ca2+ currents. The maximal inhibitions of the 

Ca2+ current by WIN 55,212-2 and CP 55,940 were 73% and 38%, respectively. The 

ECso -of WIN 55,212-2 was 47 nM and the ECso of CP 55940 was 7 nM. The 

inhibition was mediated by pertussis toxin (PTX) sensitive Gprotein and the N-type -

Ca2+ channels are the targets. The L-type Ca2+ channels, M type K+ current and the 

A current were not modulated by WIN 55,212-2. An inwardly rectifying current was 

activated by WIN 55,212-2. The selective CBl receptor antagonist SR 141716A and 

LY 320135 abolished the inhibition of the Ca2+ currents by WIN 55,212-2. However, 

when given alone, SR 141716A and LY 320135 increased the Ca2+ current in SCG 

neurons expressing the- CBl receptor. SR 141716A increased Ca2+ current with an 

ECso of 32 nM and a maximal current increase of 41 % at 1 µM. This increase of 

Ca2+ current by SR 141716A was a reversal of a tonic inhibition of Ca2+ current in 

neurons expressing CB 1 receptors. 

A K 192A mutant of the human CB 1 receptor was tested to determine whether the 

tonic activation of the cannabinoid receptor is due to endogenous arachidonyl 

ethanolamide (anandamide). The K192A mutant receptor was expressed by 

microinjection of receptor cDNA into nucleus of the SCG neurons. WIN 55,212-2 

inhibited the Ca2+ current in these SCG neurons, but SR 141716A did not increase 

the Ca2+ current. However, SR 141716A inhibited the effect of WIN 55,212-2. 



Ca2+ ·currents from male rat major pelvic ganglion neurons were examined for 

modulation by native cannabinoid receptors. WIN 55,212-2 inhibited and SR· 

141716A increased the voltage-dependent Ca2+ currents in a subpopulation of the rat 

major pelvic ganglion neurons. 1 µM WIN 55,212-2 inhibited current by 26.1±1.8% 

and 1 µM SR 141716A increased current by 27.4±6.9%. 

These findings indicate that both heterologously expressed CB 1 cannabinoid 

receptors and the native neuronal cannabinoid receptors can inhibit voltage-dependent -

Ca2+ channels. There is a tonic activation of both the heterologously expressed rat 

and human CB 1 receptor and the native rat cannabinoid receptor. Two possible 

mechanisms may be responsible for the tonic receptor activation: an endogenous 

agonist may exist or the cannabinoid receptor can adopt an active conformational 

state such that SR 141716A may act as an inverse agonist. 

. INDEX WORDS: Cannabinoid Receptor, Ca2+ Channel, Sympathetic Neuron, 

Heterologous Expression, WIN 55,212-2, Anandamide, Inverse Agonist. 
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INTRODUCTION 

Statement of Problem and Specific Aims 

Marijuana (Cannabis sativa) is a widely used psychoactive ~ubstance. Its major 

.psychoactive component, ~9-tetrahydrocannabinol (~9-THC), and other cannabinoids 

have a wide range of effects including analgesia, alterations in endocrine and immune 

function. In the central nervous system, ~9-THC produces alterations in sensory 

perception, mood, thinking and memory. Despite the prolonged history of cannabinoid 

utilization and its biomedical studies in the last twenty years, the mechanism of 

cannabinoid effect at the cellular level in the nervous system is still not clear. 

Two subtypes of cannabinoid receptors have been cloned in recent years, the central 

nervous system cannabinoid receptor (CB 1) and· the peripheral· cannabinoid receptor 

(CB2). The central nervous system cannabinoid receptor has the characteristics of a 

member of the G protein coupled receptor family. In neuroblastoma cells cannabinoids 

are known to to inhibit adenylyl cyclase and N-type voltage-dependent Ca2+ channels 

through a pertussis toxin sensitive G protein pathway. Cannabinoids also enhance ·the A

type K+ current in hippocampal neurons and an inwardly rectifying K+ channel GIRKl 

heterolougously expressed in Xenopus oocytes. Cannabino1ds can also block long-term 

potentiation in the hippocampal slice preparation,. an effect which may be related to the 

effect of cannabinoids on learning and memory. 

The potent and less lipophilic cannabimimetics such as CP 55;940 and WIN 55,212-2 

and the newly discovered selective CBl receptor antagonist, SR 141716A, have greatly 

facilitated study the physiological properties of the receptor. 

It is not known whether the cloned CB 1 receptor can be functionaly expressed in a 

neuronal background and produce similar effects as seen in the neuroblastoma cell lines. 

1 
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Since modulation of neuronal ion channels constitutes a major signaling pathway and 

cannabinoids have profound effects in central nervous system, therefore, it is necessary to 

directly test the cloned rat brain cannabinoid receptor for its ability to modulate specific 

neuronal ion channels by various CB 1 receptor agonists and antagonists. 

The mouse vas deferens has been used as a model for the study of cannabinoids 

because cannabinoids attenuate the electrically evoked twitch response of the mouse vas 

deferens. Since the vas deferens is innervated by major pelvic ganglian neurons, these 

neurons may serve_ as a source of neurons expressing native or endogenous cannabinoid 

receptors. Therefore, it is possible that cannabinoids may modulate ion channels in rat 

major pelvic ganglion neurons. 

The hypothesis to be tested: 

Specific types of voltage-dependent calcium and potassium channels can be 

modulated by cloned and native cannabinoid receptors. 

Aims of the Research: 

The overall research aim is to determine the ion channel targets and the mechanisms 

of modulation by cloned and native cam1abinoid receptors in adult rat neurons using 

patch-clamp electrophysiological techniques and·recombinant DNA technology. 

The specific aims are: 

1. To determine whether the voltage-dependent calcium and potassium channels are 

modulated by _rat cannabinoid CB i receptors heterologously expressed in adult rat 

superior cervical ganglion neurons. 

2. To determine whether cannabinoid receptors exist in an active state that can· be 

reversed by receptor antagonist. 

3. To determine whether the active state' of the cannabinoid receptor is produced by 

an endogenous ligand or by the adoption of an active state in the absense of a ligand. 

4. To determine whether the voltage-dependent calcium chann~ls are modulated by 

cannabinoid receptor agonist and antagonist in male rat major pelvic ganglion neurons. 



3 

Literature Review 

1. Cannabinoid Pharmacology 

M~juana is the popular name for the plant, Cannabis sativa. It is an annual plant that 

grows both wild and under cultivation throughout the tropical and temperate zones. 

- Traditionally, the flowering tops and adjacent leaves of the plants have been cultivated 

for their psychoactiv.e properties.· With alcohol and opium, marijuana is one of the oldest 

- known intoxicants. It is believec;I to have been .cultivated in Asia and was used in India as 

early as 2000 B.C. in religious ceremonies (Maykut! 1984; Gold, 19.89). 

Despite the long history of marijuana use, careful scientific research of its effects did 

not begin until the early 1970s. It has been found that the marijuana plant contains more 

than 60 related compounds known as cannabinoids. Among them, fl.9-

tetrahydrocannabinol (fl.9-THC) is considered to be the major psychoactive component of 

marijuana (Gaoni and Mechoulam, 1964). It has been recognized that marijuana has 

.adverse effects on the immune and reproductive systems, the cardiovas·cular and 

pulmonary systems, and on psychosocial functioning and development. Marijuana smoke 

inhibits pulmonary macrophage antibacterial defense systems· and heavy marijuana 

smoking results in mild airway obstruction (Huber et al., 1980). Marijuana smoking 

results in an increase in heart rate with a slight change in blood pressure and causes 

postural hypotention (Clark et al., 1974). In males, marijuana· diminishes testosterone 

production and inhibits reproductive function. Women who use marijuana have more 

anovulatory menstrual cycles (Kolodny et al., 1974; Ayalon and Tsafriri, 1973). 

The potential therapeutic uses of marijuana have also been exploited. These effects 

include lowering of intraocular pressure, antiemetic effect and analgesic effect (Green 

and Roth, 1980; Allen, 1976; Hill et al., 1974). The major therapeutic problem has been 

to separate the specific desired effect from the unwanted effects of canna,binoids. 

As a widely abused drug in America, Marijuana has profound effects on the central 

nervous system. Marijuana is a unique psychoactive agent, its chemistry and 



4 

phannacology do not fit well within any other class of mind-altering drugs. In low doses 

it has paradoxical effects, acting both as a stimulant and depressant. In higher doses 

depressant effects predominate. Animal studies of cannabinoids have revealed a rather 

unique phenomenon in mi~e, which is termed the "popcorn" effect. That is, after l:l9-THC 

treatment, a group of mice are maintained in a sedated state with little movement until a 

_ stimulus causes one mous·e to jump. This mouse falls on another mouse which in turn 

jumps so that this hyperreflexic jumping continues. This hyperreflexive response to 

specific stimuli accompanying the overall sedative effects is unique among central 

nervous system depressants (Dewey, 1986). 

The reported subjective psychological effects of cannabinoids include excitement and 

dissociation of ideas, enhancement of the senses, distortions of time and space, delusional -

-thinking, impulsiveness, illusions and hallucinations. The_se effects are accompanied by 

objective behavioral changes, including deterioration of psychomotor performance, 

-diminished attention span and memory, and reduced -physical strength (Dewey, 1986; -

Hollister, 1986). 

While much information has been gathered regarding effects 9f cannabinoids, little if 

anything is really known about how these effects .are produced at the cellular level in the 

11:ervous system (Per.twee, 1988; Martin, 1986). Since most cannabinoids are highly 

lipophilic compounds and tend to bind to many materials including glass and plastic, they 

have a high degree of nonspecific binding to brain tissue and mask the presence of 

specific cannabinoid binding sites (Garrett and Hunt, 1974). The development of two 

_ families of cannabimimetics, the nonclassical cannab_inoid CP 55,940 and the -

aminoalkylindole. WIN 55,212-2, that exhibit greater potency and better aqueous 

solubility has greatly facilitated the identification and localization of the cannabinoid 

receptors. Specific CP 55,940 binding sites were detected in rat brain preparations with 

stereoselectivity,-saturability at low concentrations and reversibility (Devane et al., 1988; 

Herkenham et al., 1990; Howlett et al., 1990; D'Ambra et al., 1992; Kuster et al., 1993). 
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In 1990, the first cannabinoid receptor (CB 1) was cloned from a rat cerebral cortical 

cDNA library and its amino acid sequence was consistent with a tertiary structure typical 

of the G protein coupled receptors with the proposed seven transmembrane helices 

(Matsuda et al., 1990; Bramblett et al., 1995). Both cannabinoid receptor mRNA and the 

binding of synthetic cannabimimetics have been found highly concentrated in specific 

regions of the rat brain including basal ganglia, hippocampus, cerebellum, cerebral 

- cortex, amygdala and hypothalamus (Herkenham et al., 1990; Howlett et al., 1990; 

Matsuda et al., 1993). Subsequently, the- human and the mouse brain cannabinoid 

receptors were cloned (Gerard et al., 1990; Chakrabarti et al., 1995). The human brain 

cannabinoid receptor cDNA was also found in testes (Gerard et al., 1991). The human 

. CB 1 cDNA sequence has 90% identity to the rat sequence and the amino acid sequences 

are 98% identical (Gerard et al., 1991). The remarkable conservation of the cannabinoid 

. receptors suggests that these receptors share similar mechanism of action and ligand 

specificity. As a member of the G protein coupled receptor family, cannabinoid receptors 

share some similar structural characteristics with other rhodopsin/~-adrenergic subfamily 

receptors. Mutagenesis studies of several of these group of receptors have indicated that 

. amino .acid residues especially the charged ones within the transmembrane domains are 

often critical for the binding of small molecules (B~dwin, 1994; Strader et al., 1995). 

_, . The same is true for the cloned human cannabinoid receptor. A recent study has shown 

that a mutation of lysine to alanine in the third transmembrane domain of the human CB 1 

receptor (see the figure below, K192A is the mutant of hCBl) caused the mutant receptor 

to be less responsive to certain agonists such as anandamide and CP 55940 while the 

respo:nse to WIN 55,212-2 is. only sHghtly affected (Song and Bonner, 1996). This study 

demonstrated that the lysine 192 is critical for receptor binding by anandamide and CP 

55940 but less important for receptor binding by WIN 55,212-2. There are possible 

multiple points of interaction between the cannabinoid receptor and its ligands, and these 

points may not be the same for each ligand. 
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(Figure is adapted from The G-protein Linked Receptor FactsBook; S. Watson and So 

Arkinstall; Academic Press, 1994) 

Biochemical studies have shown that cannab1.noids inhibit the forskolin stimulated 

cAMP production in neuroblastoma ceU lines, N18TG-2 aiid NG108-15, which contain 

endogenous cannabinoid receptors (Howlett and Fleming, 1984; Devane et al., 1986)0 

This. effect is_concentration-dependent and can be blocked by pertussis toxin pretreatment 

indicating that the cannabinoid receptor is coupled to the Gi or Go -subtypes of the 

heterotrimeric G proteins (Howlett et al., 1986). The inhibition of forskolin stimulated 

cAMP level by cannabinoids was also seen with Chinese hamster ovary cells transfected ·· 
r 

with rat or human cannabinoid receptor cDNA (Matsuda et al., 1990; Gerard et al., 1991; 

Felder et al., 1992). Activation of the endogenous cannabinoid receptor in neuroblastoma 

cells was shown to inhibit N-type voltage-dependent Ca2+ channels through a pertussis 

toxin sensitive G protein mediated pathway (Caulfield and Brown, 1992; Mackie and 

Hille, 1992). The existence of a brain cannabinoid receptor:led to a search for endogenous 

cannabinoid receptor ligands, and arachidonyl ethanolamide (ananda~de) was identified 
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as a possible endogenous ligand for cannabinoid receptors (Devane et al., 1992). A study 

on the inhibition of Ca2+ currents by cannabinoid receptor agonists in N18 neuroblastoma 

cells revealed that anandamide appeared to be a partial agonist (Mackie et al., 1993). This 

is because anandamide did not have the maximum effect of a full agonist such as WIN 

55,212-2 and also because anandamide reversed the maximum effect that was obtained 

by WIN 55,212-2 when it was applied following application of WIN 55,212-2. 

Since the N-type channel plays a role in neurotransmitter release from some neurons 

such as sympathetic ganglion neurons (Lipscombe et al., 1989; Riming et al., 1988) these 

results suggest a physiological role for the cannabinoid receptor in the modulation of · 

neurotransmitter release. It has been suggested that inhibition of neurotransmitter release 

may contribute to _the psychoactive effects of cannabinoids (Pertwee, 1988). In agreement 

with this hypothesis, cannabinoid receptors have been located on presynaptic neurons 

.based on the results of selective chemical lesion studies-demonstrating that cannabinoid 

receptors in the basal ganglia are_ localized on efferent projection neurons including their 

terminals but not on afferent neurons (Herkenham et · al., 1991 ). Also, cannabinoids 

attenuate the electrically evoked twitch contraction of the vas deferens presumably by 

decreasing the release of excitatory neurotransmitters from the presynaptic 

neuroterminals (Pacheco et al., 1991; Pertwee et al., 1992; -Pertwee and Griffin, 1995). · 

Other ion channel targets of cannabinoid recepto.rs have also been reported. 

Cannabinoid receptor activation in hippocampal slices. has been shown to decrease the 

inactivation of a rapidly inactivating K+ current, the A current, which may alter neuronal 

excitability and change neurotransmitter release (Deadwyler et al., 1993). Also, co

expression of the cannabinoid receptor with GIRKl cRNA, which encodes an inwardly 

rectifying K+ channel, in Xenopus oocytes resulted enhancement of inward current· 

through this K+ channel upon application of cannabinoids (Henry and Chavkin, 1995). 

Since this channel also participates in setting the resting membrane potential, it may be an 

additional effector of cannabinoid receptors. 
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Ever since cannabinoids were correlated with memory deficits, there have been 

studies on effect of cannabinoids on long-term potentiation, the model mechanism for the 

learning and memory process. A9-THC produced a biphasic effect on the duration of 

long-term potentiation in rat hippocampal slices. A9-THC increased the duration of long

term potentiation at low doses and decreased it at high doses (Nowicky et al., 1987). A 

later study showed that a synthetic psychotropic cannabinoid, HU-210, obstructed the 

formation of the long-term potentiation but its nonpsychoactive enantiomer, HU-211 had 

no effect on long-term potentiation (Collins et al., 1994). This has further indicated that 

the effect of cannabinoids on long-term potentiation is receptor mediated and is correlated ' 

to the psychoactivity of cannabinoid receptor agonists. 

The discovery of the selective CBI receptor antagonist, SR 141716A (Sanofi 

Recherche), provides a useful tool to further study the physiological properties of the 

receptor. It has been shown that this compound antagonises the ef~ects of cannabinoid 
. . 

agonists ori both mouse vas deferens contractions and adenylyl cyclase activity (Rinaldi-

Cartnona et al., 1994; Pertwee et al.,· 1995). SR 141716A also reversed the inhibition .of 

long-term potentiation in. rat hippocampal slices induced by cannabinoid receptor 

agonists WIN 55,212-2 and anandamide (Terranova _et al, 1995). However, the effect of 

SR 141716.A on the functional coupling of the CBl cannabinoid receptor to Ca2+ 

channels is-unknown. Recently, another cannabinoid receptor antagonist, LY 320135 was 

synthesized by Lilly Research Laboratories .(Indianapolis, IN). This compound was found 

to block the effects of cannabinoids on N-type Ca2+ channels. and inward rectifying K+ 

channels (Fahey et al., 1995). 

2. Modulation of voltage-dependent calcium and potassium channels by G 

protein-coupled receptors in sympathetic neurons 

The G protein-coupled receptors are integral membrane proteins that transduce the 

extracellular stimuli to intracellular effectors. They are. characterized by a guanine 

nucleotide-binding regulatory protein, or G protein, that is coupled to both the receptor 
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and its effector. They are found in a wide range of organisms and are responsive to 

diverse extracellular signals such as neurotransmitters, peptide hormones, light, and 

odorants (Gilman, 1987). 
. ' 

At least seventy distinct· a protein-coupled receptor sequences have been cloned. 

They all share a similar. topological motif consisting of seven hydrophobic domains of 

20-25 amino acids in length that span the cell membrane. Each receptor has an 

extracellular N-terminal sequence which can vary in length from as few as seven amino 

acid residues to over 300 amino acid residues, followed by three sets of alternate· 

intracellular and extracellular loops and a final intracellular C-terminal sequence (Probst 

et al., 1992; Strader et. al., 1995). A schematic drawing of CBl cannabinoid receptor is 

shown below. 

fITIIT 
!U!U 

rrrrr 
!!U!! 

COOH 

CB 1 cannabinoid receptor 

(Figure is adapted from The G-protein Linked Receptor FactsBook; S. Watson and S. 

Arkinstall; Academic Press, 1994) 

The effectors of G protein-coupled. receptors include various intracellular enzymes 

and ion ch~nelsin cell membranes (Johnson and Dhanasekaran, 1989; Birnbaumer et al., 
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1990). Several enzymes, including adenylyl cyclase, cGMP phosphodiesterase and 

phospholipase C, are well established as effectors directly regulated by G-proteins. Other 

enzymes such as phospholipase A2 and phospholipase D are considered as G-protein 

effectors, too. G proteins can also modulate cellular functions by presumably direct 

regulation of channels to alter the flow of ions through the plasma membrane. 

Ion channels are macromolecular pores in the cell -membrane. When channels are 

ope_n, they allow certain types of ions to flow across cell membrane down their 

concentration gradient. Ion channels are named after the ions that selectively pass through 

_.them such as Na+ channel, K+ channel or Ca2+ channel. They are also named by their 

gating properties such as ligand-gated channels, if they are activated by 

neurotransmitters, or voltage-gated channels if ch~nnels are opened by depolarizing 

voltages. Modulation of ion channel function by various mechanisms regulates cellular 

activities such as membrane excitability, secretion and gene transcription. For example, 

there.-are-various K+ currents which contribute to the resting membrane potential of the 

cell and repolarize the cell membrane after. depolarization. These currents include the 

transient outward I(+ current or A current, the delayed outward rectifying K+ current,-the 

inward rectifying K+ current and M current, etc. In .neurons, modulation of voltage

dependent Ca2+ channels has been studied extensively and the N-type Ca2+- channel is · 

thought to play an important role in control of neurotransmitter release (Riming et al., 

1988; Hille, 1991; Dunlap et al., 1995). 

The voltage-dependent Ca2+ channel was first discovered in crustacean muscle fibres 

(Fatt and Katz, 1953). Subsequent studies have provided considerable information in this 

field especially during the last ten years. It is now known that there are six classes of 

. voltage-dependent Ca2+ channels. They are termed L, N, P, T, R and Q types. Molecular 

cloning has revealed that voltage-dependent Ca2+ ·channel are multisubunit complexes 

including a channel pore forming a 1 subunit and several auxiliary subunits, ~' 'Y and a2-

o. There are six a1 genes that have been cloned. They are <llA, arn, a1c, a10, am and 
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a IS., each of them has several splice variants making up a total of 19 structurally distinct 

a1 subunits. There are four f3 subunits genes, 131, to f34, with a total 9 of different splice 

products. And there is one a2-o subunit with 5 splice variants and one 'Y subunit 

(Godfraind and Govoni, 1995; Varadi et al., 1995). 

The L-type channels are encoded by a1c, a10 and a1s depending on where they are 
i' 

predominantly expressed. The L~type channel is predominantly expressed in smooth 
\-

-muscle·cells and cardiac muscle cells. It is one of the most well characterized of the Ca2+ 

channels. The L-type channel in smooth muscle cells has five subunits: a1c, 13, 'Y and a2-

. 6. It is a dihydropyridine-sensitive channel and the binding site for Ca2+ channel blockers 

is on the a 1 subunit. The N-type channel is expressed specifically in neurons and 

neuroendocrine tissues. It consists of arn, f3, a2-o and a 95 kDa subunit instead of the 'Y 

subunit. It is resistant to dihydropyridines and blocked by ro-CTX GVIA. The P-type and . 

possibly the Q-type are encoded by <XIA, the R-type is encoded by arn and the T-type is 

encoded by an unknown a1 subtype (Isom et al., 1994; Dunlap et. al., 1995; Tsien et. al., 

1995). 

It is well established that presynaptic depolarization opens voltage-gated Ca2+ 

channels in the plasma membrane and that Ca2+ influx through Ca2+ channels triggers 

- neurotransmitter release (Smith and Augustine, 1988). Thus, modulation of voltage~gated 

Ca2+ channels by various. G-protein-coupled receptors ·can· directly control Ca2+ entry and 

thus regulate ~euronal function· (Dunlap et al., i 995). There are multiple Ca2+ channels 

types expressed in nerve terminals. They are N, P and Q type. Among them, the 

modulation of N-type channels via a pertussis toxin-sensitive G-protein is the best 

characterized pathway in mammalian sympathetic neurons (Hille, 1994; Ikeda, 1996) . 

. The adult rat superior cervical ganglion neurons are frequently used as the study model 

because they are a readily isolated homogenous neuronal population. Thus far, there are 

five modulatory pathways converging on N-type Ca2+ channel and one pathway going 

through L-type Ca2+ channel or M-type K+ channel in SCG neurons (Hille, 1994). 
) 
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Among them, the major pathway for inhibition of the N-type Ca2+ channel is ~ough the 

PTX-sensitive G protein pathway. 

The N-type Ca 2+ channel has been found to play a dominant role in evoked release of 

norepinephrine from sympathetic neurons (Hi.ming et al., 1988). It also mediates the 

synaptic transmission between hippocampal CA3 and CAI neurons (Wheeler et al., 

1994). There have been extentive studies on modulation of N-type Ca2+ channel by 
! 

various neurotransmitters. N-type Ca2+ channels are inhibited by activation of 

presynaptic a2 adrenergic receptors and this is considered as the mechanism for the 

autoinhibitory feedback at the sympathetic neurons (Lipscom~e et al., 1989). -The specific 

venom peptide toxin, co-conotoxin-GVIA, selectively blocks the N-type Ca2+ channel 

presumably by blocking the ion channel pores (Ellinor et. al., 1994). This makes ro

conotoxin-GVIA a useful tool to identify the N-type Ca2+ channels. Inhibition of N-type 

Ca2+ channels has also been revealed by activations of other receptors such as M4 

muscarinic, somatostatin, prostaglandin E2, adenosine and pancreatic polypeptide 

receptors, etc (Wanke et al., 1987; Plummer ·et al., 1991; Ikeda and Schofield, 1989; 

Ikeda, 1992; Zhu and Ikeda, 1993). All these receptors share the same pathway, a G0 

protein mediated pathway (Hille, 1994). The inhibition of Ca2+ channels through this 

pathway is a membrane de-limited effect with no diffusible messenger involved. The 

inhibition can be mimicked by intracellular application of GTPyS, a non-hydrolysable 

OTP analogue (Holz et al., 1986), and iLcan be prevented by the pertussis toxin which 

inactivates G-proteins (Holz et al., 1986; Lewis et al., 1986). the general assumption of 

the mechanism for the inhibition of N-type Ca2+ channel~ is that an activated G protein 

component interacts directly with the N-type Ca2+ channels and produces a gating shift · 

on the channel opening (Bean, 1989; Ikeda, 1991; Hille, 1994). The activated G proteins 

bind reversibly to Ca2+ channels. When G proteins bind the channel, they stabilize a 

"reluctant" mode of channel gating so the channels open much more slowly (Bean, 1989). 

The binding of G protein to channels shifts the voltage-dependent gating to the 
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depolarizing direction and the inhibition is called the voltage-dependent inhibition. This 

"reluctant" mode of channel gating can be reversed to "willing" mode of channel gating 

by large depolarizing voltage pulses. The recovery of the current by the large 

depolarizing voltage pulses is also called the facilitation of the current (Elmslie et al., 

1990). Since heterotrimeric G protein consists of Ga and GJ3y subunits and Ga subunit 

can be altered by pertussis toxin or cholera toxin, it was_ assumed that Ga was the effector 

for Ca2+ channel modulation. However, recent studies have shown that it is G~y, not Ga, 

that mediates the voltage dependent inhibition of N-type Ca2+ channels in mammalian 

sympathetic neurons (Ikeda, 1996; Herlitze et al., 1996). Nevertheless, it is still not 

known whether the GJ3y binds directly to the Ca2+ channels. Besides the G0 protein 

mediated pathway, _other pathways through non-pertussis toxin sensitive G proteins are 

also linked to modulation of N-fype Ca2+ channels. The vasoactive intestinal polypeptide 

inhibits N-t)'pe Ca2+ channels via a cholera toxin-sensitive 0 8 protein mediated pathway 

(Zhu and Ikeda, 1994 ). Muscarinic agonists use a Gq/11 protein mediated pathway to 

inhibit N-type Ca2+ channels (Bernheim et al., 1991). 

GVo coupled receptors usually target two other effectors independent of inhibition of 

Ca2+ channels. One is inhibition of adenylyl cyclase and the other is activation of 

inwardly rectifying K+ channels. GIRKl and the cardiac inward rectifier (CIR) are 

members of gene family encoding inwardly rectifying K+ channels. The combination of 

GIRKl with CIR is belie~ed .to form the acetylcholine-dependent cardiac K+ channel · 

(IKACh), which plays a physiological role in reducing heart rate (Krapivinsky et al.7 

- 1995). 

3. The rat major pelvic ganglian neurons as a potential target for cannabinoids 

The rat major pelvic _ganglia consist of both sympathetic and parasympathetic 

postganglionic neurons (Dail, 1992). Neurons of the male rat major pelvic ganglia 

innervate the vas deferens (Langworthy, 1965). Electrical stimulation of ~ympathetic 
( 

nerve terminals has been shown to evoke a contractile twitch response in the vas deferens 
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(Stjame and Astrand, 1985; von Kilgelgen .et al., 1-989). This contractile response of the 

vas deferens was inhibited by cannabinoids and the mouse vas deferens is frequently used 

to study the pharmacology of cannabinoids (Pertwee et al., 1992; 1993). The mechanism 

of the effect is presumably through inhibition of noradrenaline and ATP release from 

sympathetic nerve terminals (Pertwee and Griffin, 1995; Stjarne and Astrand, 1985; von 

Kilgelgen et al., 1989). These results indicate that sympathetic neurons of male major 

pelvic ganglia most likely express native cannabinoid receptors. A recent study has 

. shown that those neurons from the major pelvic ganglia with a low threshold, T-type 

Ca2+ current, are tyrosine hydroxylase immunopositive sympathetic neurons (Zhu et al., 

1995). Thus, sympathetic neurons of the male rat major-pelvic ganglia can be easily 

identified by the presence of the low threshold, T-type Ca2+ current. 

4. The two-state model .of receptor activation 

-In the ciassical model of ligand receptor interaction, the receptor agonist binds the 

receptor and induces a conformational change in the receptor. The activated receptor then 

couple to the down stream effectors. On the other hand, antagonists are able to bind the 

receptors without inducing a conformational change. So, the effect of the antagonists is to 

inhibit activation of the receptors. This model was originally proposed by del Castillo and 

Katz who studied the effect of acetylcholine on nicotinic receptors (Del Castillo and Katz, 

1957). 

In the case of the G protein-coupled receptors, the activation involves a ternary 

complex formed by the receptor agonist, the receptor and -the G protein. The activation of 

_ the receptor by receptor agonists will then stimulate the G proteins and further down 

stream effectors. However, several recent studies have found that some G protein-coupled 

receptors can stimulate the effectors in the absence of a ligand. This was first 

demonstrated with mutagenesis studies on adrenergic receptors. The mutation of 

Threonine348 of the a2c10 receptor into Lysine led to an agonist-independent inhibition. 

of adenylyl cyclase (Ren et al., 1993). The mutation of the carboxy-terminal segment of 
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the third cytoplasmic loop of the a.rn receptor led to agonist-independent activation of 

phospholipase C activity (Kjelsberg et al., 1992). Similar phenomenon was also seen with 

the the wild type receptors. Overexpression of myocardial ~2 adrenoceptor in transgenic 

-mice produced a three-fold increase of the baseline left atrial tension (Milano et al., 

1994 ). There are also several examples of disease states that are linked to receptor 

mutations. For example, a mutation of Aspartate to Glycine at the sixth transmembrane 

segment of the luteinizing hormone receptor produced an increase ofcyclic AMP level in 

the absence. of agonists and was related to the familial male precocious puberty (Shenker 

et al., 1993). Also, Mutations of the carboxy-terminal of the third cytoplasmic loop of the 

thyrotropin receptor were linked to hyperfunctioning thyroid adenomas (Parma et al., 

1993). 

Based on studies on the adrenergic receptors, Lefkowitz et al. proposed that there is· 

an isomerization of the receptors from an inactive conformational state to an active 

conformational state. A constrained inactive form is transformed to relaxed active form 

either spontaneously or induced by the ligand binding or by specific mutations of the 

receptor (Lefkowitz et al., 1993). A two state model of receptor activation has been 

. introduced to explain receptor activatioQ in the absence of agonists (Lefkowitz et al., 

1993; Leff, 1995). In the two state model, an active state of the receptor is introduced into 

the model. There is an equilibrium between an inactive state (R) and an active state (R *). 

In the new model, the role of the agonists is not to activate the receptors but to bind and 

stabilize the already activated receptors, the R * state. Thus, agonists drive the equilibrium 

towards the active state of the receptor. Those ligands that drive the equilibrium towards 

the inactive state of the receptor ate termed inverse agonist. Neutral antagonists have an 

equal preference for both R * and R state and will not change equilibrium between the R * 
state and R state. 
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L L 
+ + 
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KR 

JR* When L is an agonist ► 
◄ 

LR◄ ►LR* 

When Lis anjnverse agonist 

LR* 
(Figure is adapted from Bond et al., 1995) 

So, in the model shown above, the relative steady state between the R state and the 

R * state in the absence of ligands may dependent on the KR. Since the KR may vary from 

one system to another, it is possible to see a ligand acting as an agonist in one system 

while acting as a partial agonist or even antagonist in other systems (Kenakin, 1995). A 

recent study has shown that classical opioid antagonists such as naloxone and naltrexone 

could act like an agonist and inhibit forskolin-stimulated adenylyl cyclase activity in 

CHO cells expressing a mutant opioid receptor (Claude et al., 1996). Besides the two

state model of the receptor activation, Terry Kenakin has also proposed that receptors 

may exist in multiple active conformations (Kenakin, 1996). A spetrum of different active 

states of the receptors form a frequency histogram. One agonist may stabilize a certain 

spectrum of active states while another agonist may stabilize a different spectrum of 

active states. 



MATERIALS AND METHODS 

Animals and Che~ical Agents 

Adult male or female Wistar rats were purchased from Harlan Sprague Dawley, Inc. 

(Indianapolis, IN). Guidelines for the use of laboratory animals were followed according 

to the Handbook for the Care and Use of Laboratory Animals (Medical College of 

Georgia). 

Chemicals and solutions that were purchased from GIBCO BRL Life Tec~nologies, 

Inc. (Grand Island, NY) were: Hank's Balanced Salt Solution (HBSS), Minimum 

Essential Medium (MEM), fetal bovine ~erum, penicillin-s·tr~ptomycin and glutamine. 

Chemicals and
1 

solutions that wer,e purchased from _Sigma Chemical Company (Sto 

Louis, MO) were: Earle's Balanced Salt solution (EBSS), 4-(2-hydroxyethyl)-l

piperazineethane-sulfonic acid (HEPES) buffer, EGTA, K4BAPTA, poly-L-lysine, 

DNAase type I, MgATP, Na2GTP, phosphocreatine, GDP-{3-S, GppNHp. 

Trypsin (from bovine pancrease, lot# 13596225-85) and collagenase type D were 

purchased from Boehringer Mannheim Biochemicals (Germany). 

Methanesulfonate acid (CH3S03H) and tetraethylammonium hydroxide (TEA) were 

purchased from Aldrich Chemical Company, Inc. (Milwaukee, WI). 

Tetrodotoxin (TIX) was purchased from Calbiochem Corporation (San Diego, CA) .. 

Pertussis toxin (PTX) was purchased from List Biological Laboratories, Inc. 

(Campbell, CA). 

ro-Conotoxin GVIA (ro-CgTX GVIA) was purchased from Bachem Inc. (Torrance, 

CA). 

ro-conotoxin MVIIC (ro-CgTX MVIIC) was purchased from Peptides International 

(Louisville, KY) 

17 
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WIN 55,212-2 Mesylate was purchased from Research Biochemicals International 

(Natick, MA). 

Anandamide was pur(?hased from Cayman Chemical Company (Ann Arbor, MI) and 

Biomol Research Laboratories (Plymouth Meeting, PA). 

CP 55,940 was a gift from Pfizer (Groton, CT). SR 141716A was a gift from Sanofi 

Recherche (France). LY 320135 was a gift from Lilly Research Laboratories 

(Indianapolis, IN). ( +) 202-791 was a gift from Sandoz. 

Single SCG Neuron Preparation, 

Single SCG neurons were isolated from adult rats using methods decribed by Ikeda 

(Ikeda and Schofield 1989). Wistar rats were decapitated using a laboratory guillotine. 

The superior cervical ganglia were dissected from carotid bifurcation, desheathed and cut 

into small pieces. The ganglia were maintained in cold Hank's Balanced Salt Solution 

(HBSS) during these procedures. The tissue· pieces were then incubated in modified 

Earle's Balanced Salt solution (EBSS) containing 0.9 mg/ml collagenase type D, 0.3 

mg/ml trypsin and 0.1 mg/ml DNAase type I at 35°C for 1 h in a shaking water bath. 

After incubation, neurons were dissociated by vigorous shaking of the flask for 10 

seconds. Then, they were centrifuged and washed twice with Minimum Essential 

Medium (i\IBM). After the second centrifugation, neurons. were plated onto 35 mm poly

L-lysine.:.coated polystyrene dishes (Corning, NY) with MEM containing 10% fetal 

bovine serum, 1 %-penicilHn-streptomycin and 1 % glutamine. Neurons were maintained 

at a 37°C incubator in a humidified atmosphere containing 5% C(h in air. 

Single MPG Neuron Preparation· 

Male rat major pelvic ganglion neurons were dissociated usi~g" similar methods as 
'\! 

described for SCG neuron preparation (Zhu et al., 1995). The male rat major pelvic 

ganglia were dissected from the lateral surface of prostate gland. Instead of 0.3 mg/ml 

trypsin, 0.1 nig/ml trypsin was added into the modified EBSS solution. 
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cDNA and cRNA Preparation 

The rat brain cannabinoid receptor cDNA (SKR6-14 p2 in pSP72 vector) was kindly 

provided by Dr. Tom I. ~onner (Laboratory of Cell Biology, National Institute of Mental 

Health, Bethesda, MD). Small-scale preparation of plasmid DNA was accomplished 
~ 

· using a mini-prep kit (QIAGEN Inc., Chatsworth, CA). Plasmid DNA was linearized 

with restriction enzyme BamHI (New England Biolabs Inc., Beverly, MA). Run-off 

cRNA transcriptfon was accomplished using the MEGAscript kit with the addition of 

m7G(5')ppp(5')G or the mNIESSAGEmMACHINE kit (A.mbion Inc., Austin, TX). The 

SP6 kit was used to make rat CBl. ·cannabinoid receptor cRNA and T7 kit was used to 

- _make human CBl cannabinoid receptor cRNA. The cRNA was stored in RNAas~-free 

water at -80°C. 

The mGluR2 metabotropic glutamate receptor cDNA (in pBluescript II KS+) was 

provided by Dr. S. Nakanishi (Nakanishi, 1994). Plasmid DNA was linearized with Saeli, 

(New England Biolabs) artd the mMESSAGEmMACHINE T3 kit was used to make 

cRNA. 

Plasmids containing the human CBl caµnabinoid receptor and the K192A mutation of 

the cannabinoid receptor were also provided by Dr. Bonner. The receptor coding 

sequences are in the Rc/CMV vector. Plasmid DNAs were linearized with Xbal (New 

England Biolabs) and the mMESSAGEmMACHINE T7 kit (Ambion) was used for 

cRNA transcription. 
•. t 

The K192A receptor was not expressed successfully by cytoplasmic microinjection of

cRNA as determined by the functional assay of Ca2+ channel modulation. The nucleus 

injections of plasmids containing cDNAs encoding the human CBl receptor and its 

K192A mutant into SCG neurons were performed. The receptor cDNAs were moved 

from original pRc/CMV vector to pCI vector (Promega Corporation, Madison, WI). The 

pCI mammalian expression vector is designed for high level, constitutive expression of 

genes in mammalian cells. The vector contains an extra feature for high level gene 
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expression that the pRc/CMV. does not have. That is the chimeric intron composed of the 

5' splice site from the ~-globin intron and the 3' splice site from an IgG intron for 

increased expression levels. In order to move the cDNAs from the pRc/CMV vector to 

pCI vector, a 2.2 Kb fragment of cDNA containing hCBl or K192A coding sequence was 

cut out by MluI and Xbal (New England Biolabs) and recovered from agarose gel using 

QIAquick Gel Extraction kit (QIAGEN). The pCI vector was also cut by MluI and Xbal 

and extracted from agarose gel. Finally, the cDNA insert was annealed to the cut' pCI 

vector using T4 ligase (Promega). Epicurian Coli XLl-Blue Subcloning-Grade 

Competent cells (Stratagene, La Jolla, CA) were used for bacterial transformation and 

plasmids were prepared with QIAGEN midi-prep kit. The cDNAs were stored in TE 

buffer (10 mM Tris, 1 mM EDTA, pH 7.4). Then, the pCI vectors containing hCBl or 

Kl 92A cDNA were used for nucleus microinjection. 

GIRKl cDNA (in pBluescript SK-) was provided by Dr. Lily Y. Jan (University of 

California, San Francisco, CA). Plasmid DNAs were linearized with BamHI and the 

MEGAscript T7 kit (Ambion) were used for cRNA transcription. The cDNA of Cardiac 

Inward Rectifier (CIR; in pBluescript SK-) was provided by Dr. David Clapham (Mayo 

Clinic). The CIR plasmid was propagated in DH5a bacteria because cRNA could not be 

made from plasmid obtained from XL-1 Blue bacteria (as discovered by Dr. Stephen 

Ikeda). cRNA was made by linearizing the vector ·with Xhol (New England Biolabs) and 

using mMESSAGEmMACHINE T3 kit. GIRKl cRNA and CIR cRNA were coinjected 

to study the inwardly rectifying current. 

Microinjection of cDNA or cRNA into SCG Neurons 

Microinjection of cRNA was· performed using methods decribed by Ikeda et' al. 

(.1995) with an Eppendorf 5242 microinjector and 517 l · micr9manipulator system 

(Madison, WI)(Ikeda et al., 1995). RNA was mixed with 0.1 % fluorescein dextran 

(10,000 MW, Molecular Probes, Eugene, OR) to give a final injection concentration of 

approximately 1.5-3 µg/µl. The cRNNdextran solution was centrifuged at 16,000 X g for 
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15-20 minutes to remove particulates. About 1 µl of the supernatant was then loaded into 

an injection pipette pulled from a fiber-filled glass capillary (type lBBL glass, World 

Precision Instruments, Inc., Sarasota, FL). The glass capillary blanks were previously 

washed with acetone and methanol and baked overnight at 250°C. Cells were .visualized 

on a Nikon inverted microscope a~ 200-400x with phase contrast optics and a video 

system. Cytoplasmic injections were carried 01:1t by settin~ the Z-axis (the vertical limit of 

penetration) 5µm above the bottom of the dish. The injection pressure was set at 150-200 

hPa and the injection duration was 0.3-0.5 sec. Successful injectio~s were indicated by a 

transient increase in cell volume. Approximately 30-50 cells per dish will be injected. 

- Injections were subsequently confirmed by observing the cells for fluorescence (Nikon· 

B2A filter, excitation filter wavelength: 450-490 nm, barrier filter wavelength: 520 nm). 

Dishes were removed from the incubator, injected at room temperature and then returned 

to the incubator. It took approximately 10-15 min to inject one dish. Neurons were 

injected 4-6 hours after plating. Expression of the rat brain CB 1 cannabinoid receptor ·was 

reproducible as long as the RNA was carefully handled (e.g., wearing gloves during 

injection). No expression occurred if the RNA concentration in the injection pipette was 

less than approximat~ly 0.5 µg/µl. 

The technique of microinjection of cDNA into the nucleus of SCG neurons ·was 

developed by Dr. Stephen Ikeda. It was similar to the procedures of cytoplasmic cRNA 

injection (Ikeda, 1996). The receptor cDNA was diluted with water to a final injection 

concentration of approximately 0.1 µg/µl. To identify the successfully injected neurons, a 

plasmid encoding the S65T mutant (in pCI) of the jellyfish green fluorescent protein 

(GFP) (Heim et al., 1995) was coinjected with receptor cDNA. Successful injections were 

subsequently confirmed by observing the cells for fluorescence that produced by S65T 

GFP 14-24 hours later. 
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Electro_physiological Recording and -Data Analysis 

_Whole-cell currents from SCG neurons were recorded at room temperature (22-26°C) 

16-25 hours after injection using the whole-cell variant of the patch clamp techinique 

(Hamill et al., 1981) with an Axopatch-lD patch-clamp amplifier (Axon Instruments, 

Inc., Foster City, CA). Patch electrode pipettes were pulled from borosilicate glass 

capillaries (l.65 mm OD, 1.2 mm ID, C~tning 7052, Garner Glass Co., Claremont, CA) 

on a P-87 Flaming-Brown micropipette puller (Sutter Instrument Co., San Rafael, CA). 

The patch electrodes were coated with Sylgard 184 (Dow Corning, Midland, MI) and 

fire-polished on a microforge (Narishige, Japan). The diameter of pipette tip was about 3-_ 

4 µm and the resistances ranged from 2 to 4 MQ when filled with the internal solutions 

described below. The cell dishes were placed on the stage of an inverted microscope 

(Nikon) and superfused with external solution at a flow rate of approximately 1-2 ml/min 

driven by gravity. Injected neurons were identified by fluorescence. After a patch pipette 

sealed to the cell membrane, the patch was ruptured by a s~eady suction and a whole-cell · 

configuration was formed. The cell membrane capacitance and series resistance were 

electronically compensated to >80%. The whole-cell currents were low-pass filtered at 2 -

5 kHz (-3 dB) using the 4-pole Bessel filter of the clamp amplifier.· Current traces were 

corrected for linear leakage current as determined from command pulses before the onset 

of high-voltage activated Ca2+ currents. Only those cells with minimum leak current were 

used for these experiments. Ca2+ currents from MPG· neurons were recorded using 

similar method described above with 24 hours after plating. 

Voltage-clamp protocols· · 

Voltage-clamp protocols were generated by, a Macintosh Ilci computer· (Apple · 

Computer) equipped with a MacAdios II data acquisition .~card (GW Instr~ments Inc.) 

using software written by Dr. Stephen Ikeda (Department of Pharmacology and 

Toxicology, Medical College of Georgia). Current data were stored in the hard drive of 

the computer and analyzed using the computer program Igor (WaveMetrics, Inc., Lake 
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Oswego, OR). Results are presented as means ± SEM where appropriate. Statistical 

significance was determined by unpaired Student's t test or by One-way Analysis of 

Variance (ANOV A) as needed. The differences were considered significant if p < 0.05. 

The Hill equation was fit to the data of concentration response curve, 
I 

[LR]=[L]n[LR]max/Kdn+[L]n, where [L] is the ligand concentration, [LRlmax is the 

maximum effect, Kd is the ECso and n is the Hill coefficient 

• Ca2+ current 1-V protocol. 

80mV 

40mV 

0mV 

-40mV 

-80mV 
0 

-120mV 

◄ ► 70ms 

Ca2+ currents were.elicit~d from a h~lding potential of -80 mV to a series of 70. ~s 

test potentials from -120 mV to +80 mV at every 10 mV (-120 mV to -40 mV and +40 

m V to +80 m V) or 5 m V (-40 m V to +40 m V) increment. The sample period was 200 · 

µsec and the interval was 3. sec. The amplitude of each step current was measured at 10-

15 ms after onset of the test pulse and the average current amplitudes were plotted against 

step voltage to obtain an current/voltage (1-V) curve. 
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• Ca2+ current step protocol. 

+SmV 

1 ◄ 70ms ►1 
-80mV 

Ca2+ currents were elicited from a holding potential of -80 m V to· a. 70 ms test 

potential of 5 mV. The sample period was 200 µsec and the interval was_ 10 sec. The 

amplitude of step current was measured at 10-15 ms after onset of the test.pulse and the 

average current amplitude was plotted against time to obtain a time course of the 

experiment. Drug effects were determined as percentage change of current amplitudes 

before and after drug applications ([postdrug-predrug]/predrug*lOO). 

• Ca2+ current double pulse facilitation protocol. 

+80mV 

SO ms 

~mV ~mV 

2Sms 2Sms 
◄ ► 

:.8omv--

Ca2+ current double pulse facilitation protocol was discribed by Elmslie et al., 1990._ · 

_Ca2+ currents were elicited by a voltage pulse protocol consisting of two .depolarizing test 

potentials. Cells were voltage clamped to a holding potential of -80 mV, stepped to a test 

potential of +S mV for 25 ms, then to- +80 mV for 50 ms, then to -80 mV for 10 nis, 

stepped to a second test potential of +5 m V for 25 ms followed by returning to the 

holding potential. Facilitation of the Ca 2+ current to the second test potential occurs as 

the depolarizing prepulse to +80 mV relieves the G protein dependent inhibition of the 
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Ca2+ current. Ca2+ current facilitation was measured as the ratio of the facilitated second 

pulse current to the control first pulse current. The ratio equals 1 when there is no 

facilitation. The sample period was 200 µsec and the interval was 10-20 sec. The 

amplitude of step current was measured at 9-11 ms after onset of the test pulse and the 
- ' J, 'i 

average current amplitude was plotted against time to obtain a time. course of the 

experiment. 

• Ca 2+ tail current protocol. · 

+5mV 

-80mV 

_______.I◄ 
30ms 

-40mV 

Ca2+ currents were elicited from a holding potential of -80 m V to a 30 ms test 

· potential of 5 m V followed by a 10 ms repolarizing pulse to -40 m V. The sample period 

for tail current elicited by the repolarizing pulse to -40 m V was 10 µsec and the interval 

was 10 sec. The amplitude of the tail current was measured at 0.5 ms after onset of the 

repolarizing pulse and the average tail current amplitude was plotted against time to 

obtain a time course of the experiment. 

• Ca2+ current ramp protocol. 

-80mV 

-lO0mV 

◄ 

+80mV 

160ms 
► 
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An instant current-voltage relationship was obtained using a continuous voltage ramp 

from -100 m V to +80 m V over 160 ms. Cells were voltage clamp,ed to a holding potential 
I 

of -80 m V. The sample period was 400 µsec and the interval was 10 sec. 

• K+ A current inactivation protocol. 

-30mV 

-50mV -6oms 
-50mV 

-140mV 

A series of 1 sec hyperpolarizing prepulses from -140 m V to -50 m V a( 10 m V 

increment were applied to S CG neuron~. This ~as followed by a 60 ms step potential to 

-30 m V to elicit transient outward current. Cells were voltage clamped to a holding 

potential of -50 mV ... The sample period was 50 µsec and the interval was 5 sec. Peak 

outward current amplitudes. were plotted against prepulse voltages and fit to a. Boltzmann 

function to determine the half inactivation potential and slope-factor. 

• M-type K+ current protocol. 

-30 m V 7:◄::::::50:0:m:s:::::~►:I 
-60mV 

M-type K+ current protocol was similar to the protocol discribed by Brown and 

Adams (Brown and Adams, 1980). The M current was activated· at a holding potential of 

-30·mV and deactivated during a 500 ms voltage step to -60 mV. M current amplitudes 
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were measured as th~ difference -between the current amplitudes at ~e beginning and the 

end of the voltage step to -60 mV. The sample period was 2 ms and the interval was 10 

sec. 

• The inwardly rectifying K+ current protocol. 

-80mV 

-160mV 

◄ 
160ms 

+50mV 

► 

· An instant current-voltage relationship was obtained using a continuous voltage ramp 

from -160 mV to +50 mV over 160 ms. Cells were voltage clamped to a holding potential 

of -80 mV. The sample period was 400 µsec and the interval was 10 sec. ·The current 

amplitudes were measured at -140 mV aO:d.plotted against time _to obtain a time course of 

the experiment. 

Recording Solutions 

HBSS solution was made from. the powder to which 42 mM NaHCO3 was added and 
. . . 

t~e pH was adju~.ted to 7.4 with NaOH. EBSS solution was made from lOX concentrat~ 

liquid with 10 mM HEPES Buffer, 20 mM glucose and 2.6 mM NaHCO3 with. the pH 

adjusted to 7.4 with 1 M N aOH. 

To isolate Ca2+ currents for whole-cell recording, cells were bathed in an external 

~olution that contained (in mM) (Ikeda ·and Schofield, 1989): 140 tetraethylammonium 

methanesulfonate (TEA-CH3SO3), 10 HEPES, 15 glucose, 10 CaCl2, 0.0001 

tetrodotoxin (TTX), pH 7.4 (adjusted with methanesulfonic acid). The intracellular 



28 

solution for recording the Ca2+ curr~-nts consisted of (in mM) (Ikeda and Schofield, 

1989): 120 N-methyl-D-glucamine, 20 tetraethylammonium chloride, 10 HEPES, 11 

EGTA, 1 CaCl2, 4 magnesium adenosine s•~· trip.hosphate (MgATP), 0.1 sodium 

guanosine 5'-triphosphate (Na2GTP), 14 phosphocreatine, pH 7.2 (adjusted with 

methanesulfonic acid). 

The external and internal solutions for recording the M~type K+ current were similar 

to those discribed in Brown and Adams, 1980. The external solution for ·recording the M

type K+ current contained (in mM): 150 NaCl, 2.5 KCl, 10 HEPES, 1 MgC!i, 15 glucose, 
( 

2 CaCh, -0.0001 TIX, pH 7.4 (adjusted with NaOH). The internal solution for recording 

M-type K+ current contained (in mM): 150 KCl, 10 HEPES, 0.1 K4BAPTA, 4 MgATP, 

0.1 Na2GTP, pH 7.2 (adjusted with KOH). 

The external and internal solutions for recording the A current were similar to those 

discribed in Schofield and Ikeda, 1989. The external solution for recording the A current 

contained (in mM) 130 Na isethionate, 5.4 K isethionate, 10 HEPES, 10 MgCh, 15 

glucose, 0.000lTTX, pH 7.4 (adjusted with NaOH). The internal solution-for recording 

A current contained (in mM) 100 K isethionate, 15 KCl, 10 HEPES, 11 EGTA, 1 CaCh, 

4 MgA TP, 0.1 N a2GTP, pH 7.4 (adjusted with KOH). 

The external solution for recording the GIRKl current contained (in mM) 140 NaCl, 

5.4 KCl, 10 HEPES, 10 MgCl2, 15 glucose, 0.0001 TTX, pH 7.4 (adjusted with NaOH). 

_ The internal solution for recording A current contained (in mM) 100 K isethionate, 15 

KCl, 10 HEPES, 11 EGTA, 1 CaCh, 4 MgATP, 0.1 Na2GTP, pH 7.4 (adjusted with 

KOH). 

In experiments designed to study G protein-mediat~ effects, N a2GTP was replaced 

with 2 mM trilithium guanosine-5'-O-(2-thiodiphosphate) (GDP-~-S). In experime_nts · 
. ' 

with pertussis toxin (PTX), neurons were incubated overnight with 500 ng/ml PTX after 

cRNA injection. In experiments with GppNHp, GppNHp was added to the internal 

solution to a final concentration of 500 µM. 
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Drug Applications 

Drug solutions were applied to isolated neurons under study, from a macropipette (10 

- 15 µm tip diameter, type N51A glass; Garner Glass Co.). Drug application was 

terminated by removing the ~acropipette from the bath which was superfused with 

external solution at a rate of 1-2 ml/miri. All compounds were diluted into the external .. · 

solution from concentrated stock solutions to theµ--,final concentrations just before use. ro~ 

Conotoxin GVIA (ro-CgTX GVIA) and ro-conotoxin MVIIC (ro-CgTX MVIIC) were 

made in H20 as stock concentrations of lmM and lOOµM, respectively. Stock solutions 

of 10 mM (+) 202-791 were made in ethanol. Stock solutions of 10 mM WIN 55,212-2 

Mesylate, 10 mM CP 55,940, 10 mM SR 141716A and 10 mM LY 3.20135 were made in 

• DMSO. Final concentratipns of DMSO were equal or below 0.01 %, less than 0~1 %, the 

concentration at which DMSO produced a- small ·increase in Ca2+ current. Anandamide 

was dissolved in ethanol at a stock concentration of 10 mM. To test the quality of 

anandamide, thin layer chromatography plates were run using a solvent consisting of 

petroleum ether:ether:methanol in a ratio of 6:40:4 and visualized using · nitric acid 

vapors. The anandamide samples had Rf values of approximately 0.5. Bovine serum 

albumin (3 µM, fatty acid free, Sigma) was added to solutions to prevent non-specific 

binding. All stock solutions were stored at -20°C or -50°C. 



RESULTS 

Effect of WIN 55,212-2 on Ca2+ currents in SCG neurons injected with rat 

brain CB1 cannabinoid receptor cRNA 

Single SCG neurons that had been injected· with the rat brain CBI cannabinoid 

receptor cRNA mixed with 0.1 % fluorescein dextran 16-25 hours previously were 

identified using epifluorescent optics. Ca2+ currents were recorded from injected neurons 

using the whole-cell variant of the patch-clamp technique (Hamill et al., 1981). Ca2+ 

current traces were elicited by 70 ms depolarizing pulses from a holding potential of -80 

m V to step potentials from -120 m V to +80 m V (Fig. lA). Activation of the 

heterologously expressed rat brain CB 1 cannabinoid receptor with 0.1 ·µM WIN 55,212-2 

reduced the Ca2+ current amplitude and slowed the rising_phase of the current in SCG 

neurons injected with receptor cRNA (Fig. lB). This inhibition was voltage-dependent 

and was reversible. The maximal inhibition of the Ca2+ currents occurred over the 

voltage range -5-+5 mV or at the peak of the current-voltage (1-V) relationship (Fig. lC, 

1D). 

Figure 2 illustrates the time course and voltage-dependence of Ca2+ current 

inhibition. Ca2+ currents were elicited by a double pulse protocol from a holding 

potential of -80 m V in an SCG neuron that had been previously_ injected with rat brain 

CB 1 cannabinoid receptor cRNA. The voltage protocol consisted of two 25 ms steps to 

+5 mV. The first step to +5 mV elicited the control Ca2+ current (Fig. 2A and B, open 

circles). The second step to +5 mV was preceeded by a 50 ms ste_p to +80 mV (Fig. 2A 

and B, filled circles). The current elicited by the second voltage step is ~acilitated (Fig. 

2A, point 3 and Fig. 2B, trace 3) compared to the control current elicited by the first 

voltage step (Fig. 2A, point 1 and Fig. 2B, trace 1). G protein-dependent inhibition of the 

30 
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N-type Ca2+ currents can be relieved (facilitated) by a depolarizing prepulse (Bean~ 

1989; Ikeda, 1991; Kasai, 1992; Elmslie and Jones, 1994) and facilitation of the Ca2+ 

current in the absence of an agonist arises from a tonic level of G protein activation in 

SCG neurons (Ikeda, 1991). Application of O. lµM WIN 55,212-2 (Fig. 2A, shaded bar) 

resulted in a slow decrease in the Ca2+ current amplitude. The control Ca2+ current was 

inhibited to a greater extent than the facilitated current (Fig. 2A, points 2 and 4; Fig. 2B, 

traces 2 and 4). Control, noninjected SCG neurons lack endogenous cannabinoid 

.receptors as indicated_ by the absence of Ca2+ current modulation in the presence of WIN 

55,212-2 (Fig. 2C). In summary, WIN 55,212-2 (0.1 µM) inhibited the control Ca2+ 

current· in neurons injected with rat brain CB 1 cannabin9id receptor cRNA 44.3±6.4% 

(n=8) (Fig. 2D, open column) compared to 1.5±0.9% (n=7) in noninjected neurons (Fig. 

2D, filled column). This inhibition was characteristic of a G protein-mediated block 

because it could be relieved by a depolarizing prepulse. WIN 55,212-2 (0.lµM) inhibited 

the control Ca2+ curre~t 45.0±2.8% (n=lO) but only inhibited the facilitated Ca2+ current 

15.6±1.3% (n=lO). During washout of WIN 55,212·-2 both the cop.trol and facilitated 

Ca2+ currents slowly increased to amplitudes even greater than before WIN 55,212-2 

exposure (Fig. 2A). 
I 

A rebound "overrecov~ry" of the Ca2+ currents was seen in SCG neurons injected 

with rat brain CBI cannabinoid receptor upon washout of WIN 55,212-2 in about half pf 

the neurons. This phenomenon was similar ,..to the enhancement or" the .. Ca2+ current 

amplitude in NG108~15 cells during washout of opiate agonist (Kasai, 1991). Both the 

control and the facilitated Ca2+ current amplitudes were enhanced during "overrecovery". 

This was different from the effect of cannabinoid receptor antagonist, SR 141716A, in 

which the current amplitude of the control test pulse approached the amplitude of the 

facilitated test pulse indicating that SR 141716A reversed a tonic G protein-dependent 

Ca2+ current inhibition. The effect of cannabinoid receptor antagonist, SR 141716A, will 

be shown later. 
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Concentration-effect curves of WIN 55,212-2 and CP 55,940 

Ca2+ currents wer~ recorded from neurons injected with rat brain CBI cannabinoid 

receptor cRNA. One or two concentrations of WIN 55,212-2-were tested on each neuron. 

When two concentrations of WIN 55,212-2 were tested on a single-neuron, the lower 

concentration was tested first an~ the higher concentration was tested after the current 

had returned to the initial control ampli~ude. Because of poor reversibility only one 

concentration of CP 55,940 was tested on each neuron. Normalized Ca2+ current 

inhibition is plott~ in Fig. 3 as a function of agonist concentration. The continuous lines 

in Fig. 3 represent the best fit of the data to a single binding .site model as determined 

from nonlinear regression analysis. The half-maximal inhibitory concentration (ICso) and 

the maximal block for WIN 55,212-2 was 47 nM and 73%, respectively. The ICso and 

the maximal block for CP 55,940 was 7 nM and 38%, respectively. 

Functional expression of the cannabinoid receptor was detected in every neuron 

properly injected with rat brain CBI cannabinoid receptor cRNA. Cannabinoid receptor 

agonist, WIN 55,212-:2, produced a voltage-dependent and concentration-dependent 

inhibition of Ca2+ current in neurons injected with rat brain CB 1 cannabinoid receptor 

cRNA but not in control uninjected neurons. CP 55940 appeared to be a partial agonist on 

the CBI cannabinoid receptor in this functional assay. 



Fig. I. 

WIN 55212-2 inhibited Ca2+ currents in a superior cervical ganglion (SCG) neuron 

injected with rat brain CBI cannabinoid receptor cRNA. A. Control Ca2+ current traces 

elicited_ by 70 ms depolarizing pulses from a holding potential of -80 m V to the indicated 

potentials. Dashed line indicates zero current level. B. Ca2+ current traces recorded in 

the presence of the cannabimimetic agonist WIN 55,212-2 (0.1 µM) for the 

corresponding step potentials indicated in A'. C. Superimposed current-voltage (I-V) 

curves of control Ca2+ currents before the application of WIN 55,212-2 (filled circles)» 

Ca2+ currents recorded in the presence ofO.lµM WIN 55212-2 (open circles), and Ca2+ _ 

currents recorded after a 3 min washout of WIN 55,212-2 (filled triangles)o Current 

traces shown in A and B and the i-V curves were from the same neuron. D. Voltage

dependent inhibition of Ca2+ current by O.lµM WIN 55~212-2. Percentage 'inhibition of 

Ca2+ step current amplitudes were plotted vs. step potentials (daia were expressed as 

mean±SEM from 6 neurons). 

) 
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_Fig.2. 

WIN 55,212-2-inhibited Ca2+ current in SCG neurons injected with rat brain CBJ 

cannabinoid receptor cRNA but not in unirtjected neurons. A. A prepulse depolarization 

to +80 mV partially relieves the inhibition of the Cq,2 + current induced by activation of,

the cannabinoid receptor. A double pulse protocol ( as- shown in B) was used to elicit 

control (open circles) and facilitated (filled circles) Ca2+ currents in an SCG neuron 

injected with rat brain CBJ cannabinoid receptor cRNA. The double pulse protocol was 

repeated every 20 sec and the current amplitudes are plotted over the time course of the 

experiment. Tonic inhibition of the control Ca2+ current (point 1) was relieve/by a so· 

ms depolarizing prepulse to +80 mV (point 3). Applic~tion of 0~1 µM" WIN 55,212-2 

( shaded bar) resulted in an inhibition of the control Ca2 + current (p9int 2) which was 

partially relieved by a depolarizing prepulse (point 4 ). B. The double pulse protocol (top) 

used to elicit control -( open circle) and facilitated (filled circle) Ca2+ currentso 

Superimposed .current traces (bottom) elicited by the double pulse paradigm are shown in 

the absence ( 1,3) and presence (2 ,4) of 0 .1 µM WIN 55;212-2 at the time points indicated 

in A. C. SCG neurons lack endogenous cannabinoid receptors. Ca2+ currents were 

elicited by the double pulse protocol in a noninjected SCG neuron. Application of0.1 µM 

WIN 55,212-2 (shaded bar) had no effect on the amplitude of the Ca2+ currents. D. WIN 

55,212-2 (0.1 µM) significantly inhibited (*, p<0.001) the Ca2+ currents in neurons 

injected with cannabinoid receptor cRNA (open column; 44.2±5.3%) compared to 

noninjected neurons (filled column; 1.4±0.9%). Number of neurons tested is indicated 

above columns. 
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Fig.3. · 

WIN 55,212-2 and CP 55,940 inhibit the Ca2+ current in a concentration-dependent 

manner. Ca2+ currents were half-maximally inhibited (IC50) by47 nM WIN 55,212-2 and 

7 nM CP 55,940. The maximal block of the Ca2+ current for WIN 55,212-2 and CP 

55,940 were 73% and 38%, respectively. 
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Effects of GDP-~-S and pertussis toxin pretreatment 

Dialysis of neurons with pipette solutions containing GDP-~-S, a nonhydrolysable 

analogue of GDP, has been shown to abolish the G-protein-mediated effects of 

neurotransmitters (Holz et al., 1986). Intracellular dialysis of SCG neurons injected with 

rat brain cannabinoid receptor cRNA with an internal solution containing 2 mM GDP-~-S 

completely abolished the effect of WIN 55,212-2 on the Ca2+ current. WIN 55,212-2 

(O.lµM) was applied 5 min after the whole-cell patch was formed to allow sufficient time 

for GDP-~-S to ~alyze the cell. Controls without-GDP-~-S in the patch pipette-were run 

on alternate dishes of neurons. WIN 55,212-2 inhibited the Ca2+ current in the absence of 

GDP-~-S by 44.2±5.3% (n=6) (Fig. 4, upper open bar) and in the presence of GDP-~-S by 

1.4±1.0% (n=8) (Fig. 4, upper filled bar). These results suggest th3:t the heterologously 

expressed rat brain cannabinoid receptor inhibits Ca2+ currents in SCG neurons through a 

G-protein-dependent coupling process. To test whether this G protein was sensitive to 
- ' 

pertussis toxin, SCG neurons injected with the rat brain cannabinoid receptor cRNA were 
' I 

treated overnight with 500 ng/ml pertussis toxin. Pertussis toxin pretreatment abolished 

the effect of WIN 55,212-2 in neurons injected with the rat brain cannabinoid receptor 

cRNA. Controls without pertussis toxin were run on alternate dishes of neurons. WIN 

55,212-2 (O.lµM) inhibited the Ca2+ current by 44.3~6.4% (n=8) in control neurons (Figo 

4, lower open bar) and by 2.6±1.7% (n=8) in neurons pretreated ·with pertussis toxin (Figo 

4, lower filled bar). These results demonstrate that the rat brain CB 1 cannabinoid receptor 

inhibits Ca2+ currents through pertussis toxin-sensitive G proteins in SCG neurons. 



Fig.4. 

The rat CBI cannabinoid receptor inhibits the Ca2 + current by coup.lirzg to· G 

proteins which are pertussis toxin-sensitive. Inclusion of 2 mM GDP-/3-S, in the patch 

pipette significantly reduced(*, p<0.001) the inhibition of the Ca2+ current by WIN 

55,2,12-2. In SCG neurons injected with CBI cRNA, O.lµM WIN 55,212-2 inhibited the 

Ca2+ current 44.2±5.3% (upper open bar) compared to 1.4±1.0% with GDP-/3-S in the 

patch pipette (upper filled bar). Overnight incubation of neurons injected with CBI cRNA 

with PTX (500 ng!ml) significantly inhibited(*, p<0.001) the effect of WIN 55,212-2 on 

the Ca2+ current. The Ca2+ current was inhibited 44.3±6.4% in control neurons (lower 

open bar) but only 2 .6±1.7% in neurons pretreated with PTX (lower filled bar). Number 

of neurons tested is indicated beside bars. 
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Effect of WIN 55,212-2 on ro-CgTX GVIA sensitive N-type Ca2+ current 
J 

The Ca2+ channel target of cannabinoid receptor modulation was identified using the 

N-type· Ca2+ channel antagonist ro-CgTX GVIA. Figure SA illustrates the time course of 

an experiment on an SCG neuron injected with rat brain CBl cannabinoid receptor cRNA 

and challenged with WIN 55,212-2 before and after treatment with 10 µM ro-CgTX 

GVIA. Application of 0. lµM WIN 55,212-2 before the appli~ation of ro-CgTX GVIA 

decreased .the Ca2+ current amplitude. Application of lOµM ro-CgTX GVIA produced .a 

rapid and irreversible reduction of the Ca2+ current amplitude. A subsequent application 

of 0.lµM WIN 55,212-2 had only a small inhibitory effect on the remaining Ca2+ current. 

When Ca2+ current inhibition was normalized to the control value before ro-CgTX GVIA, 

the average current inhibition by 0. lµM WIN 55,212-2 before ro-CgTX GVIA was 

40.9±5.8% (n=8) (Fig. SC, open bar) and after ro-CgTX GVIA was 6.3±1.2% (n=8) (Fig. 

SC, filled bar). The effect of WIN 55,212-2 was significantly reduced after ro-CgTX 

GVIA application. These results suggest that. agonist activation of the rat brain CBl 

cannabinoid receptor inhibits primarily ro:.CgTX GVIA sensitive N-type· Ca2+ currents in 

SCG neurons. ro-conotoxin MVIIC has been shown to inhibit a Q-type Ca2+ channel in 

cerebellar granule neurons (Wheeler et al., 1994). To determine if the small block by 

WIN 55,212-2 in the presence of ro-CgTX GVIA could be due to inhibition of a-Q-type 

Ca2+ channel in SCG neurons, 5 µM ro-conotoxin MVIIC ~as applied after ro-conotoxin

GVIA. ro-Conotoxin MVIIC had no effect on the Ca2+ current and WIN 55,212-2 still 

produced a small block in 2 cells (Fig. 6). There might be an unknown type of Ca2+ 

current involved in this small current,. inhibition. 



Fig.5. 

The rat brain CBI cannabinoid receptor inhibited the (J)-conotoxin GVIA-sensitive N-

type Ca2+ channel. A. A double pulse protocol was used to elicit Ca2+ currents in an 

SCG neuron injected with cannabinoid receptor cRNA. The current amplitudes of the first 

pulse are plotted over the time course. Application 0.1 µM WIN 55,2,12-2 (shaded bar) 

decreased the Ca2+ current amplitude. Application of 10 µM 0>-CgTX GV[A (open bar) 

irreversibly decreased the Ca2+ current amplitude. A subsequent application of O.lµM 

WIN 55,212-2 had only a small effect on the Ca2+ current. B. Current traces labeled with 

numbers corresponding to the time points indicated in A. C. The percentage of the total 

Ca2+ current inhibited by 0.1 µM WIN 55,212-2 before application of m-CgTX GVIA 

(open bar; 40.9±5.8%) was significantly decreased(*, p<0.001) after application of 10 

µM (J)-CgTX GVIA (filled bar; 6_.3±1.2%). Data were n_ormalized to the control value 

before 0>-CgTX application. Number of neurons tested is indic~e'd beside bars. · 
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Fig. 6. 

The rat brain CBI caimabinoid receptor inhibited both ro-conotoxin GVIA sensitive 

and ro-conotoxin MVI/C insensitive Ca2+ current types. Ca2+ current traces were elicited 
. . . ' . . . 

by 70 ms depolarizing voltage steps/tom a holding potential of-80 mV to +5 mV. The 

current amplitudes are plotted over the time course of the experiment. Application 0.1 

µM WIN 55,212-2 (shaded bar) decreased the Ca2+ current a_mplitude (point 2) which 

"overrecovered" during washout (point 3). Application of 10 µM (J)-CgTX GVIA (open 

bar) irreversibly decreased the Ca2+ current amplitude (point 4). A subsequent 

application of 0.lµM WIN 55,212-2 had a small effect on the Ca2+ current (point 6). A 

subsequent application of 5µM (J)-CgTX MVI/C (diagonal bar) had no effect on the Ca2+ 

current and WIN 55,212-2 had a similar effect before and after application of m-CgTX · 

MVI/C (points 6 and 8). Current traces below are labeled with numbers which 

correspond to the time points indicated. 
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Effect of WIN 55,212-2 on L-type Ca2+ current 

To determine if the cannabinoid receptor could affect the L-type Ca2+ current present 

in SCG neurons, tail currents were studied in the presence of a dihydropyridine agonist 

(Fig. 7). Ca2+ currents were evoked with a 30 ms test pulse to +5 m V from a holding 

potential of -80 m V followed by a repolarizing pulse to -40 m V. In order to study the L

type Ca2+ channel, tail current was prolonged by 2 µM ( +) 202-791, a dihydropyridine L

type Ca2+ channel agonist. Tail current amplitudes were measur~d before and after 

application of 0.1 µM WIN 55,212-2 in SCG neurons injected with rat brain CB 1 

cannabinoid receptor cRNA. There was no significant change in the tail current 

amplitudes between applications of ( +) io2-791 alone a~d the· subsequent_ application of 

both (+) 202-791 and WIN 55,212-2 (n=6). The step current was inhibited by WIN 

55,212-2 in all neurons tested indicating that cannabin~id receptor was expressed and 

activated. This indicates that.activation of cannabinoid receptors has no significant effect 

on the L~type, dihydropyridine-sensitiv~ Ca2+ Cll!fent in SCG neurons. 

Effect of WIN 55,212-2 on the M-typ~ K+ current and the transient outw~rd 

K+ or A current 

To test whether the cannabinoid, receptor can modulate K+ channels, the effect of 

WIN 55,212-2 was tested on both the M current and the A current, _two types of K+ 

currents found in SCG neurons. WIN 55,212-2 had no effect on the M current in SCG 

neurons injected with the rat brain CB 1 cannabinoid receptor cRNA.- The amplitude of 

.the M current in the presence of WIN 55,212-2 decreased 0.8±6.0% ·(n=4) compared to a 

decr~ase of 84.3±9 .1 % (n=3) induced by · the activation of endogenous muscarinic 

acetylcholine receptors by 10 µM muscarine (Fig. 8). 

A voltage-dependent depolarizing shift in the inactivation of the transient outward JC+ 

current, the A current, in rat hippocampal neurons by cannabinoid agonists has been 

reported (Deadwyler et al., 1993). To test whether .the A current in rat SCG neurons could 
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be similarly modulated inactivation of the A current was studied in SCG neurons injected 

with rat brain CB 1 cannabinoid receptor cRN A. A series of 1000 ms hyperpolarizing 

prepulses from -140 mV to -50 mV were followed by a 60 ms step to a test potential of 

-30 m V (Fig. 9A). The voltage step to -30 m V elicited a transient outward current which 

was half-inactivated by a prepulse_ potential of -87.3±4.3 mV (n=6) similar to that 

previously reported in SCG neurons (Schofield and Ikeda, 1989). In the presence of 

0.iµM WIN 55,212-2 the potential of half-inactivation was -89.4±3.5 mV (n=6) which · 

was not significantly different from control. A concentration of lµM WIN 55,212-2 was 

also tested on 2 cells. This higher concentration of WIN 55,,212-2 did not produce a 

depolarizing shift in the half-inactivation potential either (Fig. 9B). However, WIN 

55,212-2 (0.lµM) produced a small enhancement of the transient outward current 

amplitude of 13.6±7.3% in 6 of 11 neurons measured at a prepulse potential of -120 mV. 

These results indicates that activation of cannabinoid receptors has no significant effect 

on the M current and the A current in SCG neurons .. 



Fig .. 7.· 

WIN 55,212-2 did not inhibit the L-type Ca2+ current. Ca2+ currents were evoked 

with a 30 ms test pulse to + 5 m V from a holding potential of -80 m V followed by a 10 ms 
' ' 

repolarizing pulse to -40 mV in order to elicit tail currents. A. The tail current amplitudes 

were plotted over the time course of the experiment. The tail current amplitude increased 

,(point 2) in the presence of2 µM (+) 202-791 (open bar). A subsequent application of0.1 

µM WIN 55,212-2 together with 2 µM (+) 202-791 (shaded bar) also increased the tail 

. current amplitude (point 3 ). B. Time course of the step current amplitudes corresponding 

to the tail current in the same cell illustrated in A. WIN 55,212-2 inhibited the step 

current (point 6). 2 µM (+) 202-791 produced a small increase of the step current 

amplitude. C. Corresponding current traces to the points indicated in the time course. D. 

The(+) 202-791 increased the Ca2 + tail currents (open bar; 118.9±34.5%) which was 

not significantly different from the increase by(+) 202-791 plus WIN 55,212-2 (diagonal 

striped bar; 124.1±162%). 
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Fig. 8. 

WIN 55,212-2 does not inhibit the M-type K+ current. The M current was-activated at 

a h(Jlding potential of-30 mV and deactivated during a 500 ms voltage step to -60 mV. M 

current amplitudes were measured as the difference between the current amplitudes at 

the beginning and the end-of the voltage step to -60 mV. A. Superimposed M current 

traces recorded in the presence (arrow) and absence of 10 µM muscarine. B. 

Superimposed M current traces recorded in the presence (arrow) and absence of 1 µM 

WIN55,212-2. C. There is a significant difference(*, p<0.001) between the inhibition of 

the M current by muscarine (open bar; 84.3±9.1%) and by WIN 55,212-2 (filled bar; 

0.8±6.0% ). Number of neurons tested is indicated beside bars. 
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Fig. 9. 

WIN 55,2,12-2 had no effect on the inactivation of the transient outward K+ current or 

A current. A. Supperimposed transient outward K+ current traces recorded from an SCG 

neuron injected with rat CBI cRNA. Dashed line indicates zero current level. The 

paradigm to study transient outward K+ current inactivation is a series of 1000 ms 

hyperpolarizing prepulses from -140 mV to -50 mV followed by a 60 ms step to a test 

potential of -30 mV. B. Peak current amplitudes plotted against prepulse potential are 

shown before the application of WIN 55,212-2 (filled circles) and after 1 µM WIN 

55,212-2 was applied to the neuron (open circle). WIN 55,212-2 had no effect on the 

inactivation of the A current. 
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Effect of the cannabinoid receptor antagonist SR 141716A 

Figure lOA illustrates_. the time course of the effec.ts of WIN. 55,212-2 and SR 

141716A on the Ca2+ currents. Ca2+ curren~s were elicited by 70 ms depolarizing voltage 

steps to +5 m V from a holding potentiai of ~8~ 1:11 V every 10 sec in an SCG neuron that 

had been previously injected with CBI cRNA. Application of O.lµM WIN 55,212-2 (Fig. 

lOA, shaded bar) decreased the Ca2+. current amplitude. The current slowly recovered 

after washout of the drug. Application of 0. lµM SR 141716A alone (Fig. 1 OA, open bar) 

slightly increased the Ca2+ current amplitude. Subsequent applications of O. lµM WIN 

55,212-2 together with,O.lµM SR 141716A or O.lµM WIN alone had no effect on the 

Ca2+ current amplitude. SR 141716A significantly -inhibited the effect of O.lµM WIN 

55,212-2. WIN 55,212-2 decreased the Ca2+ current 48.4:f;:4.9% in the absence of SR 

141716A (Fig. lOB, open column, n=5), but only 3.5±1.4% after treatment with 0.1 µM 

SR 141716A (Fig. lOB, filled column, n=5). 

To study the competition between WIN 55,212-2 and SR 141716A, another time 

course is shown in fi~e 11. Ca2+ currents were elicited by a double-pulse protocol from 

a holding potential of -80 mV. Application of lµM WIN 55,212-2 resulted in a rapid 

inhibition of the control Ca2+ current to an extent greater than the facilitated Ca2+ current 

in an SCG neuron injected with cannabinoid receptor cRNA. After removal of the drug 

pipette _both the control and facilitated Ca2+ currents slowly recoverd. A subsequent 

_ application of WIN 55,212-2 resulted in about the same level of Ca2+ current inhibition 

as the first WIN 55,212-2 application; Application of O. lµM SR 141716A near the 

maximum inhibition of the Ca2+ current quickly reversed the inhibition induced by WIN 

55,212-2. The reversal of the Ca2+ current inhibition by SR 141716A was much faster 

than the recovery of the current upon washout of the first application of WIN 55,212-2. 

This was not seen with the application of external solution to the cell as a control 

condition. This result indicates that SR 141716A can compete for the agonist site on the 

CB 1 receptor and probably prevent the WIN 55,212-2 from rebinding the receptor. In the_ 
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presense of SR 141716A, the difference between the control and facilitated current 

amplitudes collapsed to zero, an effect not seen upon washout of WIN 55,212-2 alone. 

This result indicated that the cannabinoid receptor antagonist SR 141716A may have 

additional effects. 



Fig. JO. 

SR 141716A abolished the WIN 55,212-2-induced inhibition of the Ca2+ current in 

SCG neurons expressing CBI receptors. A. Ga2+ currents were elicited by 70 ms 

depolarizing pulses to +5 mV from a holding potential of -80 mV every 10 sec. Current 

amplitudes were ploted over the time course of.experiment. Application of 0.1 µM WIN 

55,212-2 (shaded bar) inhibited the Ca2+ current (trace 2). Application of O.lµM SR 

141716A alone (open bar) slightly increased the Ca2+ c~rrent amplitude (trace 3). A 

subsequent application of O.lµM WIN 55,212-2 with O.lµM SR 141716A (trace 4) or 

O.lµM WIN alone (trace 5) had no effect on the Ca2+ current. Current traces are 

labelled with numbers corresponding to the time points -indicated in A.· B. The percentage 

of the total Ca2+ current inhibited by 0.1 µM WIN 55,212-2 before application of 0.1 µM 

SR 141716A (open column; 48.4±4.9%) was significantly decreased(*, p<0.01) after . 

application of 0.1 µM SR 141716A (filled .column;. 3 .5±1.4%). Number of neurons· tested 

is indicated above columns. 
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Fig.11 . 

. -SR 141716A competitively reversed the effect of WIN 55),12-2 on the Ca2+ current. A 

double pulse protocol was used to elicit control ( open circles) and facilitated (filled 

circles) Ca2+ currents in an SCG neuron expressing CBI receptors. Ca2 + current 

amplitudes were plotted over the time .course of the experiment. Application of 1 µM WIN 

55,212-2 inhibited the Ca2+ current. Up.on washout of WIN 55,212-2 the Ca2+ current 

slowly recoverd. A second application of WIN 55,212-2 again resulted in about the same 

level of Ca2+ current block as the first application. Application of O.lµM SR 141716A 

following the second WIN application facilitated the re_covery of the Ca2 + current 

compared to the· washout of the first application of WIN 55,212-2. SR 141716A also 

collapsed the difference between control and facilitated current amplitudes. 
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SR 141716A reversed an enhanced tonic inhibition of the Ca2+ current in 

neurons expressing the CB1 cannabinoid receptor:· 

50 

In neurons injected with rat CBl receptor cRNA ·in·:whfoh Ca2+ currents were elicited 

by the double pulse protocol, application of O.lµM SR 141716A alone unexpectedly 

increased the control Ca2+ current amplitude (Fig. 12A, open circles) while having a 

minimal effect on the facilitated Ca2+ current amplitude (Fig. 12A, filled circles). The 

difference between the amplitudes of the control current and the facilitated current was 

greatly reduced after SR 141716A application. SR 141716A (0.lµM) increased the control 

Ca2+ current 32.9±2.9% in neurons injected with rat CBl receptor cRNA ~ig. 12B, open 

bar, n=lO). In contrast, SR 1417 l~A changed the Ca2+ current by only 0.95±0.9%_ in 

uninjected neurons (Fig. 12B, filled bar, n=5). This indicates that the effect of SR 

141716A is mediated by the CB 1 cannabinoid receptor. To further test the idea that the 

enhancement of the Ca2+ current by SR 141716A is mediated through a G protein-coupled 

receptor, SCG neurons injected with rat CB 1 receptor cRNA were pretreated overnight 

with 500 ng/ml pertussis toxin. PTX pretreatment completely abolished the enhancement 

of the Ca2+ current by SR 141716A (Fig. 12B, shaded bar, n=5; 0.76±1.0%). To 

determine whether the effect of SR 141716A is specific for the CBl cannabinoid receptor 

another PTX-sensitive G protein-coupled receptor, the mGluR2 metabotropic glutamate 

receptor, was heterologously expressed in SCG neurons by microinjection of mGluR2 

cRNA. Expression of mGluR2 receptors was determined by Ca2+ current inhibition in 

response to an application of 100 µML-glutamate (Ikeda et al., 1995). SR 141716A-had 

no effect in neurons expressing the mGluR2 receptors (Fig. 12B, bar labeled mGluR2, 

n=5; 0.27±0.9%). These'results demonstrate that SR 141716A increased the Ca2+ current 

in neurons expressing the CB 1 receptor and the effect was specific to the CB 1 cannabinoid 

receptor and was mediated through a PTX-sensitive· G protein process. 

To assess the effect of antagonist concentration, increasing concentrations of SR 

141716A were applied to single neurons injected with CB 1. receptor cRNA (Fig. 13A). 
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The mean percentage increase in the Ca2+ current during the application of SR 141716A 

was plotted against the concentration of SR 141716A (Fig. 13B). The continuous line 

represents the best fit of the data to a single binding site model as determined from 

nonlinear regression analysis. The ECso of SR 141716A was 32 nM and the maximal 

current increase by SR 141716A was 41 % at 1 µM. 

G · protein-dependent inhibition of N-type Ca2t channels has been shown to be 

relieved or facilitated by depolarizing voltages (Bean, 1989; Ikeda, 1991; Kasai, 1992; 

Ehrlich and Elmslie, 1995). Since the depolarizing voltage step· relieves most of the 

inhibition of the Ca2+ current, the ratio of the facilitated current ( elicited after the 

prepulse to +80 mV) ·to the control current (without a prepulse) increases with the 

magnitude of tonic Ca2+ current inhibition (Ehrlich and Elmslie, 1995). The ratio of 

facilitated to control Ca2+ current in uninjected SCG neurons ~as 1.17±o.01 (Fig. 14, 

filled bar, n=l 1), but in neurons microinjected with CB 1 cRNA, the ratio significantly 

increased. to 1.51±0.05 (Fig. 14, open bar, n=25). The facilitation ratio in SCG neurons 

heterologously expressing the mGluR2 receptor was 1.14±0.05 (Fig. 14, dot bar, n=5), 

similar to uninjected SCG neurons. Thus, in SCG neurons expressing the CBI 

cannabinoid receptor there is an enhanced tonic inhibition of the Ca2+ current. This 

increase in the facilitation ratio in neurons injected with CB 1 cRNA was abolished by 

pretreating the neurons overnight with PTX (Fig. 14, shaded bar, n=9; 1.16±0.02). These · 

results suggest that the enhanced facilitation. ratio: was specific to expression of CB r 
cannabinoid · receptor and was mediated by a population of active· receptors coupled to 

PTX-sensitive G proteins. SR 141716A significantly reduced the facilitation in neurons 

microinjected CBl receptor cRNA (Fig. 14, bar labled. CBI/SR; 1.lo±o.03). To test 

whether the effect of SR 141716A was an artifact of enhanced facilitation, uninjected 

neurons were recorded with a patch _pipette· containing 500 µM guanylyl

imidodiphosphate (GppNHp), a non-hydrolysable analogue of GTP. Although GppNHp 

enhanced the facilitation ratio in, uninjected neurons (Fig. 14, diagonal bar, n=5; 
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2.55±o.15), SR 141716A had no effect on the Ca2+ current in these neurons (Fig. 12B
7 

diagonal bar, n=5; l.2±o.8%). 

Thus, SR 141716A increased Ca2+ current in a concent:Iitio.n-dependent manner in 

SCG neurons expressing the CB 1 cannabinoid receptors presumably by reversing an 

enhanced tonic inhibition of the Ca2+ current. 

Effect of another cannabinoid receptor antagonis~ l V 320135 

Another cannabinoid receptor antagonist LY 320135 had an effect similar to the· 

effect of SR 141716A. As shown in Figure 15, Ca2+ current traces were elicited by the 

double pulse protocol in an SCG neuron injected with CB 1 receptor cRNA. Application 

of 0.1 µM WIN 55,212-2 (shaded bar) inhibited Ca2+ current. Upon recovery of the 

current after washout of WIN 55,212-2, 1 µM LY 320135 (diagonal bar) increased the 

Ca2+ current. A subsequent application of WIN 55,212-2 slightly increased the Ca2+ 

current. A subsequent application of 0.lµM SR 141716A increased the current and also 

blocked the effect of WIN 55,212-2. Thus, two cannabinoid receptor antagonists can 

enhance the voltage-dependent Ca2+ current in SCG neurons expressing rat CB 1 

cannabinoid receptors. The mechanism appeared to be that these two antagonists reversed 

a tonic inhibition of Ca2+ current in SCG neurons injected with CB 1 receptor cRNA . 

. Neurons expressing the cannabinoid receptor produced an enhanced tonic inhibition of 

Ca2+ current shown as an increase in the facilitation ratio. These results demonstrated that 

a population of the cannabinoid receptors were i~ an active state ·and this tonic receptor 

activity could be abolished by SR 141716A and LY 320135. The receptors could be in an 

active state by two mechanisms: (1) by an endogenous agonist, (2) by adopting an active 

conformational state in the absence of an agonist. If (1) js true, the SR 141716A and LY 

320135 were inhibiting the effect of an endogenous agonist. If (2). is true, the SR 

141716A and LY 320135 were acting as apparent inverse agonists. 



Fig.12. 

SR 141716A increased the Ca2 + current in SCG neurons expressing -CBJ 

· cannabinoid receptors. A. The double pulse protocol was used to elicit control (open 

circles) andfacilitated (filled circles) Ca2+ currents in an SCG neuron expressing CBJ 

receptors. The double pulse protocol was repeated every 10 sec and the current 

amplitudes were plotted over the time course of the experiment. Tonic inhibition of the 

control Ca2+ current (point 1) was relieved by a _50 ms depolarizinQ prepulse to +80 m V 

(point 2). Application of 0.1 µM SR 141716A (open bar) resulted in an increC;ZSe of the 

control Ca2+ current (point 3) to a level c!ose to the facilitated current (point 4). Inset: 

Above, the double pulse protocol used to elicit control (open circle) andfacilitated (filled 

circle) Ca2+ currents. Below, superimposed current traces elicited by the double pulse 

proto9ol are shown in the absence (1,2) and presence (3,f) of0.lµM SR 141716A at the 

time points indicated in timecourse. B. SR 141716A (0.J. µM) significantly increased(*, 

ANOVA, p<0.01) the Ca2+ currents in SCG neurons injected with cannabinoid receptor 

cRNA (open bar; 32.9±2.9%) compared to uninjected neurons (filled bar; 0.95±0.9%), 

neurons pretreated with PTX (shaded bar; 0.76±1.0%), neurons expressing mGluR2 

metabotropic glutamate receptors (bar labeled mGluR2; 0.27±0.9%) or uninjected 

neurons recorded with an intracellular solution containing 500 µM GppNHp ( diagonal 

bar; 12±0.8%). There was no significant difference between the groups of uninjected, 

PTX pretreatment, mGluR2 and the GppNHp treatment. Number of neurons tested is 

indicated. 
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F,ig. 13. 

SR I417I6A increased the Ca2+ currents in SCG neurons injected with CBI receptor 

cRNA in a concentration-dependent manner. A. Ca2+ currents were elicited by the 

double pulse protocol from a ne1:1-ron injected with CBI receptor cRNA. Current 

amplitudes were plotted over the time course. Increasing concentrations of SR I417I6A 

were applied to the cell demonstrating a cumulative concentration-dependent effect of SR 

I4I7I6A. B. The mean percentage increase (filled circles) in the Ca2+ current during the 

application of SR I4I7I6A was plotted against the concentration of SR I417I6A. The 

. continf us line rep~rsents the best fit of the data t~ a Hill equation. SR I 4 I 7 l 6A 

increased Ca2+ current with an ECso of 32 nM and a maximal current increase of 41% 

at I µM (n=2-5). The Hill coefficient was 0.6. 
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Fig.14. 

Heterologous express[on of the rat brain CBJ cannabinoid receptor resulted in an 

enhanced tonic inhibition of ~he Ca2+ current in SCG neurons. Ca2+ current facilitation 

was measured as the ratio of the facilitated current to· the control current. (The ratio 

equals 1 when there is no facilitation.) The ratio in cells injected with cannabinoid 

receptor cRNA was significantly greater (open bar; 151±o.05; *, ANOVA, p<0.01) than 

in uninjecte4 neurons (filled bar; 1.17±o.0l) or in neurons injected with mGluR2 

metabotropic glutamate receptor cRNA (dot bar; 1.14±o~05) or in neurons injected with 

CBJ receptor cRNA and pretreated overnight with PTX (shaded bar; 1.16±o.02). SR 

141716A significantly reduced the facilitation ( bar labled CBJ/SR; 1.J0±o.03). The 

maximum.facilitation ratio in SCG neurons was obtained with intracellular application of 

.GppNHp (diagonal bar; 255±o.15) which was significantly differentfrom all other four 

treatments (ANOVA, p<0.01). There was no significant difference between the groups of 

uninjccted neuron, mGluR2 and the PTX pretreatment. Number of neurons tested is 

indicated. 
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· Fig.15. 

LY 320135 increased Ca2+ current in a SCG neuron injected with CBI receptor 

cRNA. Ca2+ currents were elicited by the double pulse protocol and current .amplitudes 

wereplotted over the time course of the experiment. Application of0.1 µM WIN 55,2,12-2 

(shaded bar) inhibited the Ca2+ current. Upon recovery of the current after washout of 

WIN 55,2,12-2, 1 µM LY 320135 (diagonal bar) increased the Ca2+ current. A subsequent 

application of WIN 55,212-2 slightly increased the Ca2+ current .. A subsequent 

..... application of 0 .1 µM SR 141716A increased the _current and also blocked the effect of a 

subsequent application of WIN 55,2,12-2. 
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Effect of anandamide on Ca2+ current 

Anandamide, arachidonyl ethanolamide, is an endogenous ligand for the cannabinoid 

receptor (Devane et al., 1992) which acts as a partial agonist to inhibit the Ca2+ current in 

N18 neuroblastoma cells (Mackie et al., 1993). Therefore, the ability of anandamide to 

inhibit the Ca2+ current was tested on the cloned rat brain cannabinoid receptor. Of 33 

SCG neurons injected with the rat brain CBl cannabinoid receptor cRNA, anandamide 

(0.1 µM) decreased the Ca2+ current in 2 cells by 40%, in 6 cells by approximately 10% 

and in 25 cells anandamide had no effect. Compared to WIN 55,212-2, which always 

produced a reliable Ca2+ current inhibition, anandamide did not change the current 

amplitude in the majority of neurons. We tested whether the inconsistency of the effect of 

anandamide on the Ca2+ current could be due to the purity of anandamide. The purity of 

anandamide was checked by thin layer chromatography. Anandamide from two different 

suppliers migrated as a single spot with an Rp value of approximately 0.5 indicating that 

these samples were pure. Another possibility for the inconsistency of the effect of 

anandamide may be due to degradation of anandamide. To prevent degradation of 

anandamide, the serine protease inhibitor phenylmethylstilfonyl fluoride -(PMSF~ 50~M) 

was- ~dded to the culture medium and to the external recording solution. In the presence 

of PMSF, anandamide (0.lµM) still had no effect on the Ca2+ current in 7 neurons 

inject~ with the rat brain CB 1 cannabinoid receptor cRNA. 

However, in one cell, Ca2+ current was clearly inhibited by anandamide ·when -

_ anandamide was applied to the cell following the application of SR 141716A which 

significantly increased Ca2+ currents (Fig. 16). This suggested that the effect of 

anandamide may have been occluded by the tonic activities of the CBl cannabinoid 

receptor. 



Fig. I 6. 

Anandamide inhibited the Ca2+ currents after the tonic CBI receptor activity was 

, abolished by SR I4I7I6A. Ca2+ currents were elicited by the double pulse protocol in a 

SCG neuron injected with CBI cannabinoid receptor cRNA and current amplitudes were 

plotted over the time course of the experiment. SR I 4 I 7 I 6A reversed a tonic inhibition of 

Ca2+ current. A subsequent appl(cation of IµM anandq,mide opposed the effect of SR 

I4I716A and brought the current amplitude back to the level where the recording 

.started. A subsequent application of IµM WIN 55,2I2-2further inhibited current. 
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Modulation of Ca2+ current by cannabinoids in male rat pelvic ganglion 

neurons 

59 

To determine whether the enhancement of the voltage-dependent Ca2+ current by SR 

141716A was an artifact of heterologous expression, the.ef(ect of SR 141716A on native 

cannabinoid receptors in male rat major pelvi~ ganglion neurons was studied. The rat 

major pelvic ganglia consist of both sympathetic and parasympathetic postganglionic 

neurons (Dail, 1992). Electrical stimulation of sympathetic nerve terminals has been 

shown to evoke a contractile response in the vas deferens (Stjarne and Astrand, 1985; von 

KUgelgen et al., 1989). The contractile response of the vas deferens was inhibited by 

cannabinoids probably via inhibition of noradrenaline and ATP release from sympatheti~ 
I 

nerve terminals (Pertwee and Griffin, 1995; Stjarne and Astrand, 1985; von Kiigelgen et 

al., 1989). These results indicate that sympathetic neurons of male major pelvic ganglia 

most likely express native cannabinoid receptors. Zhu et al. (1995) found that all neurons 

from the major pelvic ganglia which express a low threshold, T-type Ca2+ current _are 

tyrosine hydroxylase immunopositive sympathetic neurons. Thus, sympathetic neurons of 

the male rat major pelvic ganglia could be easily identified by the presence of the low 

threshold, T-type Ca2+ current. Current-voltage. curves were elicited either by voltage 

steps .from -100 to +80 m V from a holding potential of -80 m V or by 160 ms voltage 

ramps from -100 to +80 mV. Neurons with T-type Ca2+ currents were identified by the 

presence of low threshold currents (Fig. 17). Neurons identified as having low threshold, 
' . 

· T-type Ca2+ currents were then stimulated by the double pulse protocol to elicit high 

threshold Ca2+ currents. Application of 1 µM WIN 55,212-2 reversibly inhibited the the 

high threshold Ca2+ current (Fig. 18A). In 6 of 23 pelvic ganglion neurons with low 

threshold, T-type Ca2+ currents, 1 µM WIN 55,212-2 inhibited the high threshold Ca2+ 

current 26.1±1.8% (Fig 19C, open bar, n=6). Application of 1 µM SR 141716A enhanced 

the control Ca2+ current amplitude but had little effect on the facilitated Ca2+ current in 

another pelvic ganglion neuron recorded with.the double-pulse protqcol .(Fig. 18B). The 



difference between the control and facilitated current amplitudes was reduced after SR 

141716A application. SR 141716A (1 µM) increased the control Ca2+ current by 

27.4±6.9% (Fig 19C, filled bar, n=5) in 5 of 20 pelvic ganglion neurons. These results 

indicated that a subpopulation of the rat major pelvic ganglian neurons have native 

cannabinoid receptors that can modulate voltage-dependent Ca2+ channels in a manner 

similar to the cloned rat brain CB 1 cannabihoid receptor heterologously expressed in 

SCG neurons. 



Fig.17. 

T-type Ca2+ currents were recorded from a subpopulation of neurons of the male rat 

major pelvic ganglioa. A. Ca2+ currents were elicited by voltage steps from -100 to +80 

mV from a holdir_zg potential of ~80 mV. Current amplitudes were plotted against step 

voltages and current-voltage curve was obtained. The shoulder on the 1-V curve 

··represents the low-threshold T-type Ca2+ current. B. Superimposed Ca2+ current traces 

between -40 mV and -20 mV showing rapid inactivating T-typ~ Ca2+ currents. 
'. 
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Fig.18. 

WIN 55,2,12-2 and SR 141716A modulate the Ca2+ current in male rat major pelvic 

ganglion neurons. A. The double pulse voltage protocol was used to elicit Ca2+ currents 

and current amplitud~s were plotted over the time course of the experiment. Application 

of 1 µM WIN 55,212-2 (shaded bar) decreased the Ca2+ current amplitude which slowly 

recovered following washout. Inset, the current-voltage relationship obtained from a 

continuous voltage ramp protocol (from -100 mV to +80 mV over 160 ms from a holding 

potential of -80 m VJ B. Application of 1 µM SR 141716A ( open bar) increased the 

control Ca2+ current (open circles) in another pelvic ganglion neuron. C. The percentage 

change of the Ca2+ current by I µM WIN 55,212-2 (inhibited current, -26.1±1.8%, open 

bar, n=6) and by 1 µM SR 141716A (increased current, 27.4±6.9%,filled bar, n=5) in 

male rat major pelvic ganglion neurons. 
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Modulation of Ca2+ current in SCG neurons expressing the human CB1 or 

hCB1-K192A mutant receptors by WIN 55,2~2-2 and SR 141716A 

As a member of the G protein coupled receptor family, cannabinoid receptors share 

some similar structural characteristics with other rhodopsin/~-adrenergic subfamily 

receptors. Mutagenesis studies of several of these group of receptors have indicated that 

amino acid residues especially the charged ones within the transmembrane domains are 

often critical for the binding of small molecules (Baldwin, 1994; Strader et al., 1995). 

The same is true for the cloned human cannabinoid receptor. A recent study has shown 

that a mutation of .lysine to alanine (K192A) in the third transmembrane domain of the 

human CB 1 receptor caused the mutant receptor to be less responsive to some agonists 

such as anandamide and CP 55940 while the response to WIN 55,212-2 was not 

significantly changed. When the K192A mutant receptor was expressed in HEK 293 

cells, it had no effect on the binding of WIN 55,212-2 or its inhibition of cAMP levels but 

caused about a 100-fold increase in the ECso of anandamide-induced cAMP inhibition 

(Song and Bonner, 1996). The mutation did not alter the binding affinity of SR 141716A 

(Bonner, personal communication). This study demonstrated that the lysine 192 is critical 

for receptor binding by anandamide and CP 55940 but not important for receptor binding 

by WIN 55,212-2. There are possible multiple points of interacti9n between the 

cannabinoid receptor and its ligands and these points may not be the same for each 

ligand. 

The tonic inhibition of Ca2+ current by the CB 1 cannabinoid receptor expressed in rat 

SCG neurons could be due to activation of the CB 1 rec~ptor by an_ endogenous ligand. 

Anandamide has been identified as a possible endogenous ligand for cannabinoid 

receptors _(Devane et al., 1992). To test whether the cannabinoid receptor is activated by 

anandamide, the mutant K192A cannabinoid receptor was tested. Since anandamide 

cannot activate the mutant K192A receptor, SR 141716Awould be less likely to increase 
. . 

the Ca2+ current as it did in wild type cannabinoid_receptor if endogenous anandamide · 



64 

was responsible for receptor activation. On the other hand, the receptor activity could rbe 

due to the ability of some receptors adopting an active conformational state in the absence 

of agonist, as proposed in the two state recept?r model (Leff, 1995}, then ·the effe~t_of SR 
'• 

141716A should not be altered. So, the human CBl receptor (hCBl) and its K192A 

mutant (K192A) were expressed in SCG neurons and the modul_ations· of Ca2+ currentby 

WIN 55,212-2 and SR 141716A by these receptors were st~died. 

Like the rat CBl receptor, the human CBl receptor was also expressed in rat SCG. 

neurons by microinjection of the receptor·cRNf\ ... 0.1 µM ~IN 55,212-2, inhibited the 

Ca2+ current and a subsequent application of 0.1 µM ~R-141716A increa~ed Ca2+ current 

amplitude in these SCG neurons in a manner similar to previous experiments using rat 

CBl receptors (Fig. 19A). However, the K192A mutant of hCBl receptor was not 

expressed successfully by cytoplasmic cRNA microinjection with equivalent 

concentrations of K192A cRNA compared to wild type hCBl receptor cRNA. Neither 

WIN 55,212-2 nor SR 141716A had an effect on the Ca2+ current in those SCG neurons 

injected with K192A mutant receptor cRNA (Fig. 19B). 

To investigate the possibility that the Kl 92A mutant receptor did express from cRNA 

microinjection but did not couple to the Ca2+ current, an inwardly rectifying K + current 

which is a target of PTX-sensitive :Q proteins was studied. GIRKl and the cardiac inward 

rectifier (CIR) are members of a gene family encoding inwardly rectifying K+ channeis. 

The combination of GIRKl with CIR is needed to produce an inwardly rectifying K+ 

current that can be modulated by PTX-sensitive G proteins (Krapivinsky et al., 1995). It 

has been reported that coexpression of the cannabinoid receptor cRNA with GIRKl 

cRNA in Xenopus oocytes resulted in enhancement of inward current through this K+ 
I 

channel upon application of cannabinoids (Henry and Chavkin, 1995). GIRKl and CIR 
I 

were coexpressed with hCBI or K192A mutant cannabinoid receptor by microinjection 

of cRNA. A voltage ramp protocol was used to record the inwardly rectifying K+ current. 

The current was increased about 3 fold by 1 µM WIN 55,212-2 in neurons expressing 
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hCB 1 receptors which was significantly greater than in neurons injected with Kl 92A 

mutant cRNA (Fig. 20). Thus, expression of the K 192A mutant cannabinoid receptor by 

cRNA microinjection was not readily detected by expression of the inwardly rectifying 

K+ channels a1RK1 and CIR as an eff~ctor target. Thus, the K192A mutant cannabinoid 

receptor appeared not to be expressed as well as the wild type cannabinoid receptor. 

Since successful expres_sion can be accomplished by microinject_i_on of plasmid cDNA 
- : 

directly into the nucleus of sea neurons (Ikeda, 1996), this technique was used to 

express hCB 1 and K192A mutant receptors. The expression of hCB 1 by cDNA 

microinjection was ~imilar_ to previous cRNA microinjection except the optimal cDNA 

concentration was approximately 0.1 µg/µl. 1 µM WIN 55,212-2 inhibited and 1 µM SR 

141716A increased Ca2+ current in SCG neurons that had been microinjected hCBl 

receptor cDNA (Fig. 21). In neurons microinjected with K192A mutant receptor cDNA, 1 

µM WIN 55,212-2 inhibited the Ca2+ current in these sea neurons, but SR 141716A did 

not increase the Ca2+ current (Fig. 22A). However, SR 141716A still inhibited the effect 

of WIN 55,212-2 in neurons expressing the K192A mutant receptor (Fig. 22B). This 

suggests that SR 141716A can bind to the mutant receptor._ 

In summary, among neurons injected with hCB 1 receptor cRNA, 0.1 µM WIN 

55,212-2 inhibited Ca2+ current by 47.9±5.7% (Fig. 23A, n=4) and 0.lµM SR 141716A 

increased Ca2+ current by 28.8±5.5% (Fig. 23A, n=4). In neurons injected with K192A 

receptor cRNA, 1 µM WIN 55,212.;.2 and 1 µM SR141716A had no effect on Ca2+ 

current. lµM WIN 55,212-2 inhibited Ca2+ current by 3.6±1.2% (Fig. 23A, n=6), 1 µM 

SR 141716A inhibited current by 1.5±0.8% (Fig. 23A, n=6). Among neurons 

microinjected with hCB 1 receptor cDNA (Fig. 23B), 1 µM WIN 55,212""2 inhibited Ca2+ 

current 55±3.6% (n=3) and 1 µM SR141716A increased Ca2+ current 32±6.7% (n=3). 

Finally, in neurons injected with K192A cDNA (Fig. 23B), lµM WIN 55,212-2 inhibited 

Ca2+ current by 43.5±5.7% (n=4) but lµM SR 141716A did not increase Ca2+ current 

(2.8±2.6%, n=6). 



Fig.19. 

Modulation of Ca2+ current in SCG neurons microinjected with cRNA of the hCBl or 

K192A_receptor by WIN 55,212-2 and SR 141716A. Ca2+ current traces were elicited by 

the double pulse protocol. Current amplitudes were plotted over the time course. A. In an 

SCG neuron injected with hCBl receptor cRNA, 0.1 µM WIN 55,212;.2 (shaded bar) 

· inhibited the Ca2+ current. After the current-recovered by washout of WIN 55,212-2, 0.1 

µM SR 141716A (open bar) increased the current. B. In an SCG neuron injected with 

K192A mutant receptor cRNA, 1 µM WIN 55,212-2 (shaded bar) and 1 µM SR 141716A 

(open bar) had no effect on the Ca2+ current. 
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Fig.20. 

The hCBJ receptor activated an inwardly rectifying K+ current. A. A continuous 

voltage ramp was applied tQ a SCG neuron injected with hCBJ receptor, GIRKJ and CIR 

cRNA. The current-voltage relationship (between -150mV and 40 mV) was plotted. lµM 

WIN 55,212-2 (as indicated) increased the current. B. Peak current amplitudes from the 

ramp protocol were plotted over time. The inwardly·tectifying current was increased by 

lµM WIN 55,212-2 (shaded bar) and later recovered during washout of WIN 55,212-2. A 

and B were from the same neuron. C. Summary of the increase (fold) of the inwardly 

rectifying current by 1 µM .WIN 55,212.-2 in neurons injected with GIRKJ +CIR cRNA 

together with either hCBJ (2.9±o.4, open bar) or K192A (0.7±o.3, filled bar) cRNA. 

Number of neurons tested is indicated beside bars(*, p<0.01). 
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Fig.21. 

-Modulation of Ca2+ current in SCG neurons microinjected with hCBJ receptor 

cDNA. · Ca2 + current traces were elicited by the double pulse protocol. Current 

amplitudes were plotted over the time course. A. 1 µM WIN 55,212-2 inhibited Ca2+ 

current. B.1 µM SR 141716A increased Ca2+ current. 



A 

-
0.0 

-0.2 
-0.4 

1,-0.6 -E -0.8 
Q) 
~ -1.0 
::J 

(.) -1.2 

-1.4 

1µM WIN -

-1.6 ~~~£...,..--------,.--------.-----------

B 

-
0.0 

-0.2 
-0.4 

< -0 6 C . 

:::- -0.8 
C 
~ -1.0 
'-8 -1.2 

-1.4 

0 

0 

2 

2 

4 6 
Time (min) 

4 6 
Time (min) 

8 

1µMSR 
CJ 

8 

10 

10 

68 



Fig. 22. 

SR 141716A attenuated the WIN 55 ,212-2 induced inhibition of C a2 + current but did 

not increase Ca2+ current in neurons injected with K192A receptor cDNA. A. In an SCG 

neuron injected with K192A mutant receptor cDNA, 1 µM WIN 55,212-2 (shaded bar) 

inhibited Ca2+ current. Application of 1 µM SR 141716A alone (open bar) had no effect

on Ca2+ current. B. In another SCG neuron injected with K192A mutant receptor cDNA, 

1 µM WIN 55,212-2 (shaded bar) inhibited Ca2 + current. Application of T µM SR. 

141716A alone (open bar) had no effecf on Ca2+ current. A subsequent application of 

lµM WIN 55,212-2 had only small effe_ct on_the Ca2+ current. 
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Fig. 23. 

Summary of effects of WIN 55;212-2 and SR 141716A on Ca2+ currents in SCG 

neurons expressing the hC,Bl and K192A receptors by either cRNA injection or cDNA 

· injection. A. With hCBl cRNA injection, 0.1, µM WIN 55,212-2 inhibited Ca2+ current by 

47.9±5.7% and O.lµM SR 141716A increased Ca2+ current by 28.8±5.5%. In neurons 

injected with K192A receptor cRNA, 1 µM WIN 55,212-2 (3.6±1.2%) and 1 µM 

SR141716A (15±0.8%) had no effect on Ca2+ current. B. With hCBl cDNA injection, 1 

µM WIN 55,212-2 inhibited Ca2+ current by 55±3.6% and 1 µM SR141716A increased 

Ca2+ current by 32±6.7%. In neurons injected with K192A cDNA, lµM WIN 55,212-2 

inhibited Ca2+ current by 43.5±5.7% but lµM SR 141716A did not increase Ca2+ 

current (2.8±2.6%). Number of neurons tested is indicated. 
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DISCUSSION 

The four specific aims in this study are: 

1. To determine whether the voltage-dependent calcium and potassium channels are 

modulated by rat cannabinoid -CB 1 receptors heterologously expressed in adult rat 

superior cervical ganglion neurons. -

2. To determine whether cannabinoid recepto~s exist _in an active state that can be 

reversed by receptor antagonist. 

3. To determine whether the active state of the cannabinoid receptor is produced by 

an endogenous ligand or by the adoption of an active state in the absense of a ligand. 

4. To determine whether the Voltage-dependent calcium chanqels are modulated by 

cannabinoid receptor agonist and antagonist i~ male rat major pelvic ganglion- neurons. 

A. Cannabinoid receptor agonists inhibit N-type Ca2+ channels in neurons expressing· 

the CBI receptor. 

The cloned rat brain CB 1 cannabinoid receptor was heterologourly expressed in rat 

SCG neurons. The synthetic cannabinoid receptor agonists, WIN 55,212-2 and CP 55940, 

inhibited the voltage-dependent calcium current in SCG neurons expressing CB 1 

receptors. The inhibition was voltage- and concentration-dependent and N-type Ca2+ 

channels were the effector target of the cloned cannabinoid receptor. The heterologously 

expressed cannabinoid receptor coupled to a pertussis toxin-sensitive G protein. 

These results on the identified rat brain CB 1 cannabinoid receptor are similar to 

inhibition of N-type Ca2+ channels by cannabinoids in NG108-15 cells (Mackie and 

Hille, 1992). WIN 55,212-2 inhibited the Ca2+ current with an ICso of 10 nM in NG108-

15 cells (Mackie and Hille, 1992) and 47 nM in SCG neurons expressing the rat brain 

71 
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CB 1 cannabinoid receptor. The potency of CB 1 cannabinoid receptor-mediated Ca2+ 

current inhibition was similar to the inhibition of forskolin-stimulated cAMP 

accumulation by WIN 55,212-2 (ICso=24 nM) in CHO cells transfected with the rat brain 

CB 1 cannabinoid receptor (Felder et al., 1992). The synthetic cannabinoid analog CP 

55,940 also inhibited Ca2+ currents in SCG neurons expressing the rat brain CBI 
1 

cannabinoid receptor with a maximal inhibition of 38% and an ICso of 7 nM. The 

maximal effect of CP 55,940 was about half the maximal effect of 73% induced by WIN 

55,212-2 in the SCG neurons. CP 55,940 was also reported to have a lower efficacy 

compared to WIN 55,212-2 in the inhibition of glutamatergic synaptic transmission 

between cultured hippocampal neurons (Shen et al., 1995). 

ro-Conotoxin GVIA, an irreversible blocker of the N-type Ca2+ channel, blocked the 

majority of Ca2+ current inhibitiol} by WIN 55,212-2 suggesting that the primary target 

of the rat brain CB 1 cannabinoid receptor heterologously expressed in SCG neurons is 

the N-type Ca2+ channel. The N-type Ca2+ channel was also found to be the target of 

endogenous cannabinoid receptors in neuroblastoma cells ( Caulfield and Brown, 1992; 

Mackie and Hille, 1992). Since the N-type channel plays a role in neurotransmitter 

. release from many-neurons (Riming et al., 1988; Lipscombe et _al., 1989; Dunlap et al., 

1995) cannabinoids may function to inhibit_ neurotransmitter release. It has been 

suggested that inhibition of neurotransmitter release may contribute to the psychoactive 

effects of cannabinoids (Pertwee, 1988). In agreement with this hypothesis cannabinoid 

receptors have been located on presynaptic neurons (Herkenham et al, 1990; 1991) and 

cannabinoids attenuate the electrically evoked twitch contraction of vas deferens at the 

nerve terminal (Pacheco et al., 1991; Pertwee et al., 1992; Pertwee and Griffin, 1995). 

In SCG n~urons, the N-type Ca2+ channels carry the majority of the Ca2+ current with 

a small contribution from the L-type channel (Plummer et al., 1989). T- and P-type 

channels are not found in SCG neurons (Ikeda and Schofield, 1989; Zhu and Ikeda, 1993) 

and no evidence for aQ-type channel sensitive to ro-CgTx MVIIC after block of the N-
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type channel with ro-CgTx GVIA was found in this· study. Mackie et al. (Mackie et al., 

1995) have reported that the CBl cannabinoid receptor can inhibit an ro-CgTx MVIIC

sensitive Q-type Ca2+ current in transfected AtT-20 cells. Thus, the cannabinoid receptor 

can inhibit both N- and Q-type Ca2+ channels. Inhibition of these two types of voltage

gated Ca2+ channels may block neurotransmitter release in specific neurons in whic~ both 

receptor and channels are expressed. Activation of the cannabinoid receptor did not 

modulate the L-type Ca2+ channel. 

In cultured rat hippocampal neurons, activation of the endogenous cannabinoid 

receptor was shown to enhance the rapidly inactivating K+ A current by a shift in the 

voltage-dependence of channel inactivation (Deadwyler et al., 1993). Activation of the rat 

brain CB 1 cannabinoid receptor heterologously expressed in rat SCG neurons did not 

shift the voltage-dependence of inactivation of a rapidly inactivating K + A current found 

in these neurons. However, a small increase in the A current amplitude was seen in 6 of 

11 neurons. The differences in the effects of cannabinoids on the A current may arise 

from differences in the subtypes of A current expressed in hippocampal and SCG 

neurons. Additionally, since the cannabinoid effects in hippocampal neurons are mediated 

through a cAMP-dependent second messenger pathway (Deadwyler et al., 1995) the

conditions of our experiments may not have been optimal for the effective operation of 

this second messenger system. 

_M type K+ current is modulated by receptors coupled to Gq111 proteins in rat 

sympathetic neurons (Caulfield et al., 1994). Activation of the CB 1 receptor did not _ 

modulate the M type K+ current in this study. This suggests that CB 1 receptor does not 

couple to Gq111 proteins. This further indicates that modulation of Ca2+ channels through 

Gifo proteins is the major pat~way used by cannabinoid receptor to regulate neuronal 

excitability. 
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B. Cannabinoid receptor antagonists increase Ca2+ current in neurons expressing the 

CB 1 receptor. 

The pharmacological effects of the CB 1 cannabinoid receptor antagonist, SR 

141716A, were studied in adult neurons which expressed the cloned CBI cannabinoid 

receptors. SR 141716A antagonised the inhibitory effect of the cannabinoid receptor 

agonist WIN 55,212-2 on the voltage-dependent Ca2+ current in neurons heterologously 

expressing the rat brain CBI cannabinoid receptor. Unexpectedly, SR 141716A when 

given alone increased the Ca2+ curr~nt in neurons expressing CB 1 cannabinoid receptors, 

an effect opposite that of receptor activation by an agonist. Since there is an enhanced 

tonic inhibition of Ca2+ current in neurons expressing the CB 1 receptors, this has led to 

the conclution that the heterologously expressed CB 1 receptors are in a tonically active 

state. This tonically active state could be due to two mechanisms: (1) The cannabinoid 

receptors might be activated by an endogenous agonist, such as the putative endogenous 

cannabinoid receptor agonist anandamide, or (2) The cannabinoid receptor may adopt a 

spontaneously active state. In the first mechanism, the active state of the cannabinoid 

receptor is ligand-dependent. If the receptor is activated by an endogenous cannabinoid 

receptor agonist, the effect of SR 141716A would be that of an antagonist. In the second 

mechanism, the cannabinoid receptor is active by adopting an active state in the absence 

of an agonist. The effect of SR 141716A would be that of an inverse agonist. In another 

words, SR 141716A stabilizes the inactive state- of the receptor. 

The endogenous cannabinoid receptor ligand, anandamide, was inconsistently 

effective as a cannabinoid agonist compared to WIN 55,212-2. WIN 55,212-2 was always 

effective in inhibiting the Ca2+ current in S CG neurons expressing the rat brain CB 1 

cannabinoid receptor. Anandamide, on the other hand, was not as reliable; 75% of cells 

injected with cannabinoid receptor cRNA did not respond to anandamide. Mackie et al. 
u 

(1993) reported that_ anandamide is a partial ag_onist. Perhaps the absence of an 

anandamide effect in some experiments was because a population of the receptors are 
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activated in this study model by endogenous anandamide. This is supported by the 

phenomenon that when the tonic inhibition of the Ca2+ currents were reversed by SR 

141716A, anandamide was shown to inhibit the Ca2+ currents. 

Since there is a strong possibility that the active state of the cannabinoid receptor is 

induced by an endogenous cannabinoid receptor agonist that may be present in the 

dissociated neuronal cultures, a mutant human CB~ ·receptor, K192A receptor, was 

studied. The K192A mutant of the human CBI cannabinoid receptor has reduced affinity 

for the endogenous cannabinoid receptor agonist anandamide (Song and Bonner, 1996). 

Both the human CB 1 receptor and its Kl 92A mutant were expressed_ in SCG neurons. In 

the human Kl 92A mutant receptor, the· mutation of lysine to alanine at the third · 

transmembrane domain of the human CB 1 receptor greatly reduced the potencies of some 

agonists such as anandamide and CP 55940. When the K 192A receptor was expressed in 

HEK 293 cells, there was only slight change in binding of WIN 55,212-2 or its inhibition 

of cAMP level but the ECso of Anandamide and CP 55940 increased more than 100 fold 

(Song and Bonner, 1996). In SCG neurons expressing the hCB 1 receptors, WIN 55,212-2 

and SR 141716A produced similar effects in neurons expressing hCB 1 receptors as witfr 

rat CB 1 receptors .. While in neurons expressing the Kl 92A mutant receptors, WIN 

55,212-2 still inhibited Ca2+ currents, but SR 141716A alone did not increase Ca2+ 

current. However, SR 141716A was still acting like an antagonist by blocking the effect 

of WIN 55,212-2 in neurons expressing the K192A receptor. These results suggest that 

the ability of SR 141716A to increase the Ca2+ current may be due to an endogenous 

cannabinoid agonist which is possibly anandamide or its related eicosanoid derivatives. 

These results support, but do not prove, the conclusion that an endogenous ligand is 

responsible for the activity of the cannabinoid receptors. On the other hand, both the 

receptor isomerization to an active state and the endogenous ligands may have 

participated in this process of receptor activation. 
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If the receptor activation is not due to the endogenous agonist, an alternative 

explanation for the apparent activity of the cannabinoid receptor is that receptors were 

active by adopting an active conformational state. Classical antagonists will have no 

effect in the absence of receptor activation by a ligand. However, an antagonist that has 

the ability to switch off the activity of an active receptor will have physiological effects 

on its own. This type ·of antagonist is known as a inverse agonist in a two state receptor 

model. In a two state receptor model (L~ff, 1995), receptors maintain an equilibrium 

between an inactive state (R) and an active state (R *).· Agonists st~bilize the R * state, 

inverse agonists stabilize the R.state and antagonists have an. equal preference for both R 

and R * state. Thus, for an antagonist to be an inverse agonist some receptors must be in 

an R* or active state. Site-directed mutage~esis has been us~d to produce receptors, 

notably adrenergic receptors, which are active in the absence of agonist (Kjelsberg et al.~ 

1992; Samama et al., 1993; Ren et al., 1993) and similar results have been achieved with 

wild-type receptors overexpressed in transgenic mice (Milano et al., 1994; Bond et al., 

1995). In this study, the ability of SR 141716A to enhance the Ca2+ current in neurons 

heterologously expressing the rat CB 1 cannabinoid receptor·was blocked by pertussis 

toxin pretreatment. Pertussis toxin stabilizes the G protein in its heterotrimeric state 

(Kataka et al., 1984; Wreggett, 1986) and thus blocks the ability of Gi/o protein-coupled 

receptors to activate their downstream effector targets. The ability of SR 141716A .to act 

as an inverse agonist implies that a subpopulation of cannabinoid receptors must be in an 

active R* state. Pertussis toxin would apparently abolish the active R* state by disrupting 

G protein activity. Thus, SR 141716A would not be predicted to act as an inverse agoni_st 

after pretreatment with pertussis toxin. The observation that SR 141716A failed to 

enhance the Ca2+ current in neurons pretreated with pertussis toxin is consistent with the 

prediction of that a subpopulation of cannabinoid receptors are in active state. 

The active R * state can be assessed in SCG neurons by the ratio of the facilitated to 

the control Ca2+ current amplitudes. The voltage prepulse used to elicit the facilitated 
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current is thought to be closely related to the reversal of G protein-mediated Ca2+ current 

inhibition (Ikeda, 1991; Ehrlich and Elmslie, 1995). Therefore, the amplitude of the 

facilitated Ca2+ current is assumed to be the maximum current amplitude in the absence of 

G protein-mediated inhibition. Thus, if the cannabinoid receptor is in the active R * state, 

two predictions can be made: 1) the ratio of facilitated to control Ca2+ current amplitudes 

would be predicted to be larger in neurons expressing the cannabinoid receptor than in 

neurons without the receptor, and "2) an inverse agonist would be predicted to enhance the 

control Ca2+ current to a level equal to the maximal amplitude that can be obtained using 

voltage to reverse the G protein-dependent Ca2+ channel inhibition. Consistent with the 

first prediction, the ratio of facilitated to control Ca2+ current amplitudes was higher in 

SCG neurons expressing CB 1 cannabinoid receptors than in uninjected neurons devoid of 

cannabinoid receptors or in SCG neurons heterologously expressing another G protein

coupled receptor, the mGluR2 metabotropic glutamate receptor. SR 141716A consistently 

collapsed the difference between the control and f~cilitated Ca2+ current amplitudes? 

consistent with the second prediction, in both SCG neurons heterologously expressing 

CB 1 cannabinoid receptors as well as in a sub-population of male pelvic ganglion neurons 

expressing native cannabinoid receptors. These results are consistent with the ability of the 

cannabinoid receptor to adopt an active or R * state. 

These results show that the cannabinoid receptor antagonist ·SR 141716A can enhance 

voltage-dependent Ca2+ currents in neurons expressing cloned rat brain CB 1 cannabinoid , 

receptors. That an antagonist can have an effect opposite to an agonist suggests that the 

antagonist can act as an inyerse agonist a~ the cannabinoid recepto~. These results ~e 

consistent with a recent study showing .that SR -141716A potentiated the electric'ally 

evoked acetylcholine release from hippocampal slices (Gifford and Ashby~ 1996}._ The 

ability of SR 141716A to act as an apparent inverse agonist is consistent with the two

state model of receptor activation which states that a receptor can adopt an active 

conformational. state in the absence of agonists (Samama et al., 1993; Leff, 1995). 
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C. The Cannabinoid receptor agonist inhibited Ca2+ current and the antagonist 

increased Ca2+ current in a subpopulation of male rat major pelvic neQrons. 

Neurons of the male rat major pelvic ganglia innervate the vas deferens (Langworthy, 

1965). Electrical stimul?,tion of sympathetic nerve terminals has been shown to evoke a 

contractile twitch response in the vas defe~ens (Stjarne and Astrand, 1985; von Kiigelgen . 
et al., 1989). This contractile response of the vas deferens was inhibited by cannabinoids 

and the mouse vas deferens•i.s frequently used to study the pharmacology of cannabinoids 

(Pertwee et al., 1992; 1993). The mechanism of the effect is presumably through 

inhibition of noradrenaline and ATP release from sympathetic nerve terminals (Pertwee 

and Griffin, 1995; Stjarne and Astrand, 1985; von Kiigelgen et al., 1989). These results 

indicate that sympathetic neurons of male rat major pelvic ganglia are likely to be a 

model for studying the native cannabinoid receptors. 

The effects of cannabinoid receptor agonist and antagonist on male rat major pelvic 

ganglion neurons were studied. WIN 55,212-2 inhibited and SR 141716A increased 

currents in a subpopulation of the pelvic ganglion neurons. These results indicate that 

sympathetic neurons of the rat -major· pelvic ganglia have native cannabinoid receptors 

that can modulate voltage-dependent Ca2+ channels in a manner similar to the cloned rat 

brain CB 1 cannabinoid receptor heterologously expressed in SCG neurons. The rat major 

pelvic ganglia may serve as a model for in vivo study of the c_annabinoid receptor in the 

future. 

In summary, the expression and functional coupling of the cloned rat brain 

~annabinoid receptor was studied in a fully differentiated, mammalian neuron. Expression 

of the rat brain CB 1 cannabinoid receptor in rat SCG rieuron_s was· both rapid and •highly 

reproducible. The cannabinoid receptor agonists WIN 55,212-2 and CP 55940 produced a 

voltage- and concentration-dependent inhibition of whole cell Ca2+ current. The · 

inhibition was mediated by a pertussis toxin sensitive G protein and the N-type Ca2+ 
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channels are the targets. The L-type Ca2+ channels, the M-type K+ current and the rapidly 

inactivating A current were not modulated by WIN 55,212-2. An inwardly rectifying 

current was activated by WIN 55,212~2. The_ selective CBl. receptor antagonist SR 

141716A and LY 320135 abolished the inhibition of the Ca2+ currents by WIN 55,212-2. 

However, when given alone, SR 141716A and LY 320135 increased the Ca2+ current in 

SCG neurons expressing the CBl receptor but not in control neurons or in neurons 

expressing the metabotropic glutamate receptor. ~n enhanced level of tonic inhibition of 

the Ca2+ current was seen in neurons expressing the CB 1 cartnabinoid receptor. The 
, ' ' 

increase of Ca2+ current by SR 141716A was a reveratof this tonic inhibition of Ca2+ 

current.· Anandamide is a possible endogenous agonist of the cannabinoid receptor. To 

determine whether anandamide was responsible for the tonic inhibition of Ca2+ currents, 

a K192A mutant of the human CB 1 receptor was tested because this receptor has reduced 

affinity for anandamide. In neurons expressing the Kl 92A receptors, WIN 55,212-2 

inhibited Ca2+ currents, but SR 141716A did not increase Ca2+ currents. However, SR 

141716A inhibited the effect of WIN 55,212-2. Ca2+ currents from male rat major pelvic 

ganglion neurons were examined for modulation by native cannabinoid receptors. WIN 

55,212-2 inhibited and SR 141716A increased the voltage-dependent Ca2+ currents in a 

subpopulation of the rat major pelvic ganglion neurons indicating that there are native 

cannabinoid receptors on these neurons. 

These findings indicate that both the heterolously expressed CB 1 receptors and the 

native neuronal cannabinoid receptor can modulate Ca2+ channels. There is a tonic 

activation of both the heterologously expressed rat and human CBl receptor and the 

native rat cannabinoid receptor. Two possible mechanisms may be responsible for the 

tonic receptor activation: an endogenous agonist may exist or the cannabinoid receptor 

can adopt an active conformational state so that SR 141716A may act as an inverse 

agonist 



SUMM'ARV 

1. The cloned rat brain CB 1 cannabinoid receptor was .heterologously expressed by 

microinjection cRNA or cDNA into the enzymatically dissociated adult rat superior 

cervical ganglion neurons. 

2. The cannabinoid agonists WIN 55,212-2 and ~p 55940.inhibited whole cell Ca2+ 

currents. The maximal block of the Ca2+-current for WIN 55,212-2 and CP 55,940 were 

73% and 38%, respectively. The ECso of WIN 55,212-2 was 47 nM and the ECso of CP 

55940 was 7 nM. 

3. The inhibition was mediated by PTX sensitive G protein and the N-type Ca2+ 

channels are a target of cannabinoid action. The L-type Ca2+ channels, M type K+ current 

and the A current were not modulated by WIN 55,212-2. A inwardly rectifying current 

was activated by WIN 55,212-2. 

4. The selectiv~ CB 1 cannabinoid receptor antagonist SR 141716A and LY 320135 

not only abolished the inhibition of the voltage-dependent Ca2+ currents by the 

_ cannabinoid receptor agonist WIN 55,212-2 but also increased the Ca2+ current. SR 

141716A increased Ca2+ current with an ECso of 32 nM and a maximal current increase . \ 

of 41 % at 1 µM. 

5. There is an enhanced tonic inhibition in neurons expressing the cannabinoid 

receptors. The facilitation ratio in cells injected with cannabinoid receptor cRNA was 

1.51±0.05. 

6. Ca2+ currents of a subpopulation of male rat major pelvic ganglion neurons were 

also modulated by WIN 55,212-2 and SR 141716A. 1 µM WIN 55,212-2 inhibited 

current by 26.1±1.8% and 1 ~tM SR 141716A increased current by 27.4±6.9%. 

80 
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7. The human CB 1 receptors were also expressed in rat SCG neurons and modulated 

by WIN 55,212-2 and SR 141716A. SR 141716A did not increase Ca2+ current in 

neurons injected with a mutant human CBl receptor, K192A, cDNA. 

8. These results suggest that both heterologously expressed CB 1 cannabinoid 

receptors and the presumed native neuronal cannabinoid rec·eptors can inhibit voltage

dependent Ca2+ channels. There is a tonic receptor activation of the heterologously 

expressed CB l receptors and the native cannabinoid receptor. An endogenous 

cannabinoid receptor agonist may exist and/or the cannabinoid receptor antagonist SR 

141716A may act as an inverse agonist. 
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