
THE CB 1 CANNABINOID RE.CEPTOR: 
RECEPTO~ STATES, ACTIVITY. 

·AND G PROTEIN SEQUESTRATION 

by 

Jingjiang Nie, 

Submitted to the Faculty of the School of Graduate Studies 
of the Medical ·college of Georgia in ·partial fulfillment 

of the Requirements.of the Degree of 
Doct.or of Philosophy 

2001 



THE CB 1 CANNABINOID RECEPTOR: 
RECEPTOR STATES, ACTIVITY 

AND G PROTEIN SEQUESTRATION 
. . 

. This dissertation is submitted by Jingjiang Nie and has been examined and approved 

by an appointed committee of the faculty of the School of Graduate Studies of the 

· Medical College of Georgia. 

The signatures which appear below verify the fact that all required changes have 

been incorporated and that the dissertation has received final approval with reference to 
. . . ' 

content, form and accuracy of presentation. · 

This dissertation is therefore in partial fulfillment of the requirements for the degree 

of Doctor of Philosophy. 

I Date ' 



IlNGJIANG NIE . , . 
THE CBI CANNABINOID RECEPTOR: RECEPTOR STATES, ACTIVITY AND G 
PROTEIN SEQUESTRATION· · · 
(Under the direction of DEBORAH L. LEWIS) 

The human CB I cannabinoid receptor is a member of the G prot~in coupled 
' . •,' . ' 

receptor family. Th~ CB I cannabinoid ~eceptor couples to pertussis toxin sensitive Gi/o 

proteins and ·inhibits ri~uronal voltage-gated Ca2+· channels. The. hCB I r~ceptor has two 
. . - - ,·' i 

unusual properties: I) it is constitutively active in the absence ofago~~st and 2) it can 

prevent other G protein coupled receptors from signaling by sequestering: a common pool 

of Gi/o proteins. The mechanism of consJitutive activity and G protein ~equestration by 

the hCB I receptor is unknown. In this ·.stud~, two Cijrboxyl terminal truncation mutants 

(hCBI-417 and ~CBI-400) were used to test the hypothesis that the pnj,ximal carboxyl. 
' ' ' 

terminal couples to G proteins while the distal ·carboxyl terminal modulates G protein 
j 

sequestration and constitutive activity. Additionally, mutation of a sing~e amino acid in 

the second transmembrane domain (rCB 1-D 164N) was used to test the: hypothesis that 

this amino acid plays a critical role in tlie structural basis of G protein coupling and 

constitutive activity: 

Receptor cDNA constructs were injected_ into the nucleus of s~perior cervical 

ganglion neurons. After an overnight incubation to allow for receptor expression, neurons 

were voltage clamped and Ca2
+ current were recorded. Inhibition of the; Ca2

+ current by 

the cannabinoid agonist WIN 55,212-2 was used as an index of C~l cannabinoid 

receptor G. protein coupling and activation. Ca2
+ channels are inhibited by Gfly subunits_ 

-released from· activated Gi/o proteins. In contrast to the wild type C.B 1 cannabinoid 

receptor, the mutant receptor in which the entire carboxyl terminal (amino acids 401-472) 

was deleted (hCB 1-400) failed to inhibit the Ca2
+ current. Deletion of only the distal 

carboxyl terminal ( amino acids 418-4 72; hCB 1-417) restored Ca2
+ current inhibition. 

These results demonstrate the critical role of the proximal domain (amino acids 401-417) 
' I 

of the carboxyl terminal of the hCB 1 receptor in coupling to G proteins. ; 

Truncation of the distal carboxyl terminal domain,· however, Ghanged the 

magnitude of Ca2
+ current inhibition. The hCB 1-417 receptor produced significantly less 

inhibition of the Ca2
+ current in the presence of WIN 55,212-2 c9~pared to the wild typ~- •. 

receptor (22.6±3.0% vs 43.7±6.5%, respectively). Thus, the distal c~rboxyl terminal 

domain is important in modulating the magnitude of Ca2
+ current inhib~tion. In addition\ 



. . 

to the change in the magnitude of Ca2
+ current inhibition, deletion of th¢ distal carboxyl 

terminal significantly slowed the kinetics of Ca2
+ current inhibition byi WIN 55,212-2 

(time to peak of effect: 146.0±8.7 second). The distal carboxyl terminal tail of the CBI 

canriabinoid receptor also played a· role in constitutive activity ~nd G protein 
: 

sequestration. The hCBI-417 receptor displayed. enhanced constitut~ve activity. In 

neurons injected with 50 ng/µl hCBI-417 cDNA the inverse agonist SR141716A 

increased the Ca2
+ .current 101.1±21.3%. The inverse agonist acts ~to reverse the·. 

constitutive activity of the receptor. The effect of SR141716A on the hCBl-417 receptor 

was significantly_ greater than the 42.9±7.6% Ca2+ current increase in neu;rons expressing 

the wild type hCBI receptor .. · 

G protein sequestration was also enhanced in neurons expressing the truncated 

hCBI-417 receptor. Wild type h~Bl cannabinoid receptors when expres:sed by injecting 

· 100 ng/µl cDNA completely abolish signa~ing by other G protein coupled receptors 

including a2-adrenergic receptors. Normally activation of a 2-adrenergic r~ceptors inhibits 

the Ca2
+ current 44.5±5.7%. In the presence of hCBI receptors activ~tion of the a 2.: 

adrenergic receptors by UK.14304 inhibited the Ca2
+ current only 1.5±4.2%. Signaling by 

a2-adrenergic receptors can be partially restored by injecting a lower concentration of 

hCBI cDNA. In neurons injected with 50 ng/µl hCBl cDNA the a2-adrenergic agonist 

UK.14304 inhibited the Ca2
+ current 20.0±3.7%. In neurons injected with: 50 ng/µl hCBI-

417 cDNA UK.14304 inhibited the Ca2
+ current 7.0±1.2%. Thus, sign~lilJ,g by the a 2-

_adrenergic receptor was abolished by the catboxyl terminal truncated hC~l-417 receptor. 

These results indica,te that deletion ~f the distal carboxyl terminal enhances the ability of 

the receptor to sequester· G proteins. 
! 

The aspartic acid residue in the s~cond transmembr~ne_ dom~in of G protein 
,.· ' . ; 

coupled receptors is highly conserved. -Mutation of this aspartic acid (r~Bl-D164N) had 

profound effects on the constitutive activity of the CBI receptor as well :as.on the ability

of the receptor to sequester G proteins. Both the constitutive activity mid the ability to 

sequester G proteins were abolished by the rCBI-D164N· ieceptor. The inverse agonist 

increased the Ca2
+ current only 11.6±6.9% in neurons expressing the mutant rCBl-

: 
D164N receptors. The mutant rCB1-D164N receptors failed to block signaling by the a 2-

adrengic receptor. UK.14304 inhibited the Ca2+ current 35.8±6.8% in neurons expressing 



the rCB l-Dl64N receptors and was not different from control neurons. Additionally, the 

D 164N mutation in the second transmembrane domain decreased the tim.e to peak of the 

WIN 55,212-2 inhibition of the Ca2
+ current to 24±4 seconds. 

These results demonstrate that 1) the proximal carboxyl terminal domain of the 

hCB 1 receptor is critical for G protein coupling, 2) the distal carboxyl tbrminal domain 

regulates constitutive activity, G protein coupling kinetics and G protein sequestration 

and _3) the aspartic acid in the second tra~smembrane domain plays a critical role in G 
. ' 1 . 

protein sequestration, G protein coupling_ kinetics and constitutive activ~ty of the hCB 1 

receptor. Taken together, the mutant receptors shift the CB 1 recept~r into different 

receptor states. The D164N-CB1 receptor exists primarily in an inactive'.state uncoupled 

from G proteins, the wild type CB 1 receptor e~sts in both active and inactive G protein 

coupled states and the carboxyl terminal truncated CB 1-417 receptor exists primarily in 

an active G protein coupled state. 

INDEX WORDS: Cannabinoid Re~eptor, Ca2+ Channel, G Prqtein Coupled Receptor, 

Sympathetic Neuron, WIN 55,2312-2, SR 141716A. 
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INTRODUCTION 

Statement of Problem and Specific Aims 

Marijuana is one of the oldest drugs with a long history of use for recr~ational as well 

as medicinal purposes. The discovery of the cannabinoid receptors and the 

·endocannabinoid system sparked a new era of research on the roles ofthe cannabinoid 

system in both physiol9gic _ and pathologic conditions. A high density; of cannabinoid 

receptors as well as high concentration of endogenous cannabinoids ha~e been found in 

the central nervous system, the immune system, the cardiovascular system and other 

systems. Progress in understanding the mechanisms of cannabinoid a~tion at both the 

cellular and molecular level has led to an understanding of the signals ?enerated by Jhe 

cannabinoid receptor. As a member of G protein coupled receptors, :the central type 

cannabinoid receptor (CB 1) shares many common features· with other d prqtein coupled 

receptors including structure of the receptor _and the signal transduction p~thways. 

In many G protein coupled receptors, the carboxyl terminal domains have important 

roles in regulating receptor functions such -as desensitization and' internalization, 

constitutive activity and receptor-G protein coupling. Previous studies ~ndicated that the 
• l I 

CB 1 receptor could be in 1a constitutively active state that could be rev~rsed by the CB 1 
' 

inverse agonist SR 141 716A. Although the structural basis of constitutive activity is 

unknown, a role of the carboxyl terminal in constitutive activity has b~en proposed for 

-other G protein coupled receptors. A comparison of the constitutive activity between the 
. ·, 

wild type CB 1 receptor and carboxyl terminal truncated mutants would help solve the 

question of whether the carboxyl terminal plays a role in the constitutive activity of the 

CB 1 cannabinoid receptor. 

The juxtamembrane carboxyl terminal domain of the CBI receptor h~s been shown to 

be important for G protein coupling. However the importance of thf juxtamembrane 

carboxyl terminal domain in G protein coupling has only been tested ~iochemically, not 

physiologically. Therefore, iris necessary to examine the role of carb~xyl terminal in G 

protein coupling by testing a physiological relevant fu11:ction. This app~oach will provide 

. r . 
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physiological information on the critical structural domains involved in receptor-G 

protein coupling. 

Another unusual feature of CB 1 receptor is its ability to sequester Gi/o, proteins and 

prevent other Gi/o protein ·c_oupled receptors from signaling. Thus, the CB 1 receptor 

engages in a new form of cross talk with other G protein coupled receptors. G protein 

sequestration may result from either an artificially high number of CB 1 receptor in a 

heterologous expression system (superior cervical ganglion ~eurons)l or an intrinsic 
• - , • l 

struGtural characteristic of the CBI rec~ptor. If the lat~r is true, then th~ significance of 

the G protein sequestration will be greatly increased. A good way to test th~s hypothesis 

is to alter the receptor structure and test for G protein sequestration. 

The spe_cific hypotheses to be tested are: 

1. Truncation of the carboxyl terminal domain of the CB 1 receptor will alter G protein 

coupling, constitutive activity and G protein sequestration. 

2. A point mutation in the second transmembrane _domain of the CB 1 receptor will alter 

constitutive activity and G protein sequestration. 

The overall research aim is to examine the structural foundation f ?r c;s 1 receptor G 

protein coupling, constitutive activity and G protein sequestration anq the relationship 

among these functions. 

The specific aims are: 

1. To determine the role of the carboxyl terminal domains of the CBI: receptor in G 

protein coupling. 

2. To determine the role of the carboxyl tem1inal domains in the reg~lation ofthe 

constitutive activity of the CB 1 receptor. 

3. To determine the functional change caused by the point mutation of the conserved 

aspartic acid in the 2nd transmembrane domain. 

4. To determine the structural and functional basis of G protein sequestration by the 

CB 1 receptor. 
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Review of Related Literature 

Cannabinoid Pharmacology 

Cannabis sativa or marijuana has been used for thousands of years· fqr both medicinal 

and recreational purposes (Maykut, 1984; Gold, 1989). Cannabis sativa contains many 

compounds and the identification of ~ 9-THC as the active compound w,as a critical first 

step in understanding the mechanism of action of the drug. The physiological effects of 

· ~
9-THC include euphoria, memory disruption and disruption of mo:tor coordination 

(Block et al., 1992; Chait and Perry, 1994; Heishman et al 1997; Court,: 1998). Although 

the effects of the cannabinoi~s on:, the central nervous system may be different between 

human being and animals, one consistently reported effect in both hum<;1,n and animals is 

the disruption in the free recall of previously learned items a·nd other m1emory processes. 

Some studies have shown that cannabinoid receptors iri the hippocampus may mediate the 

deficits in short-term memory caused by cannabinoids (Heyser et al., 19~3; Lichtman and 

Martin, 1996). In certain animal models, a tetrad of behavioral effects have been reported 

after administration of cannabinoids which include: a decrease in spontaneous locomotor 

- . 

activity, hypothermia, catalepsy and antinociception (Pertwee and Ross, :1991). 

Antinocieption is another well characterized biological effect of cannabinoids such as 

~
9 -THC. In a hot-plate test conducte~ in mice, certain compone~ts of marijuana 

(tetrahydrocannabinols) proved to have moderate analgesic activity (:Wilso~ and May, 

197 5). Later on, the antinociceptive properties of cannabinoids were al~o tested irt rodent · 

behavioral models by using tail-flick latencies as the pain index. The ?annabinoids have 

' . 
even stronger and longer antinociception effects in the tail-flick model and act at both 

_spinal and suprspinal levels (Lichtman and Martin, 1991, Martin ~t al., 1996). The 
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analgesic effect of cannabinoids is blocked by the CB 1 receptor antagonist' SRI 41716A. 
I 

Since SR 141716A has high affinity to the inactivated state of the receptor and convert the 

activated receptor to the inactivated state, it was called. inverse agonist i'ater on (Rinaldi

Carmona et al., 1994). The block of analgesic effect by SR 141716A ~trongly suggests 

that the cannabinoid-induced antinociception is mediated by the CB 1-~ype cannabinoid 
i 

receptor (Welch et al., 1995). Since opioids also produce their well-known antinociceptive 

effects through both spinal and supraspinal action, the interaction between the opioid 

system and the cannabinoid systems· has. been studied in several experiments. An additive 

antinociceptive effect was found with administration of fl.9-THC after a f>retreatment with 

morphine (Welch and Stevens, 1992; Welch et al., I 995). There is also, a cross tolerance 
i 

between cannabinoid and opioid induced antinociception in the tail-flick test (Smith et al. 

1994 ). Certain opioid receptor antagonists can reduce the antinocicep:tive effect of fl.9 
-

THC without affecting its other actions such as hypothermia, hypoactitity and catalepsy 

(Welch, 1993). The pharinacological separation of antinociceptiotl from the other 

·cannabinoid-induced actions also implies that nml_tiple mechanisms underlie the di~ferent 

effects of cannabinoids. In CB 1 recept~r knockout mice, the antihociceptive effects of fl.9 
-

THC tested by the hotplate · and formalin tests were reduce·d. ·, In contrast, the 

antinociceptive effect of fl.9-THC ·test~d by tail-flick test was not changed compared to 

wild type mice. These results indicate that the a~tinociceptive effect,s of fl.9-THC may 

have different mechanisms at supraspinal (hotplate test) and spinal level (tail-flick test) · 

(Zimmer et al., 1998). 

Cannabinoids also have peripher~l effects on the cardiovascular arnj immune systems. 

In marijuana smokers, the manife~tations of fl.9-THC were found to be- tachycardia, 
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orthostatic hypotension and decreased platelet aggregation (Clark et al., 1974; Schaefer et 

al., 1979). Marijuana changed the P and T waves and depressed the ST segment in the 

electrocardiogram indicating cardiac is~hemia (Johnson and Domino, 1971 ). Smoking of 

marijuana may worsen symptoms of the patients with congestive heart failure or angina. 

/J,.
9-THC transiently increased blood pressure which was followed by· hypotension and 

bradycardia (Dewey, 19~6). 

The effects of cannabinoids on the immune system are thought to he exerted through 

both cannabinoid receptors and non-receptors mech~nisms. High concentrati<?ns (in the 

millimolar range) of /J,.
9-THC suppress both lymphocyte function :and macrophage 

. ' 

function (Kaminski et al., 1992), whereas moderate doses of /J,. 9 
- THC suppress the 

production of antibodies, reduce the weight of the spleen and inhibit the yield of 

interferon (Friedman et al., 1994 ). 

Medical Applications 

Despite the analgesic and possible anti-inflammatory properties of cannabinoids, their 

clinical use for pain relief has been restricted by legislation due to the ·potential for drug 

-abuse. Recently, a cannabinoid, tetrahydrocannabinol was used to· reduce pain and 

inflammation in a patient with familial Mediterranean fever who presented with chronic 

relapsing pain and inflammation of gastrointestinal origin (Holdcraft et al., 1997). A 

positive result was obtained from this study which indicates that the future use of 

cannabinoids in pain relieve is promising. 

Cannabinoids have anticonvulsive effects that provide another. potential medical 

application. Cqmplex partial seizures are the most common type of s:eizures in humans. 

They are diffi~ult to stabilize by a. single ·anticonvulsant. Cannabidiol, one of the 
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\ 

cannabinoids that has minimal psychotropic actions, has been reported to have 

anticonvusant effects comparable· to those of phenytoin in mice with ele~troshock-induced 

convulsions (Karler and Turkanis, 1981 ). Another synthetic cannabinoid devoid of 

psychotropic effects, dexanabinol (HU-211 ), proved to be a good apticonvulsant for 

NMDA-induced tremor, sei:z;ures and lethality in mice (Feigenbaum et al., 1989). 

Dexanabinol also provides some protection against NMDA receptor mediated 
I 

neurotoxicit~ (Belayev et al., 1995). Recently, cannabinoids have beeij shown to reduce 

neuronal cell death caused by cerebral ischemia (Nagayama et al, 1999).; 

Other possible· uses for cannabinoid agonists include the suppression of muscle 

spasm/spasticity associated with multiple sclerosis or spinal cord injury, the management 

of glaucoma and treatment of cancer. In an autoimmune model of ~ultiple sclerosis, 

. i . 

cannabinoid receptor agonists such as R(+) WIN 55, 212, ~ 9-tetrahy~rocannabinol and 
I 

methanandamide quantitatively ameliorated both the tremor and spa_~ticity in diseased 

mice. The CB 1 cannabinoid receptor inverse agonist SR 141 716A exacerbated the tremor 

indicating that CB 1 receptors are tonically active (Baker et al, 2000). This study provided 

a rationale to use cannabinoids in controlling of the symptoms of :multiple sclerosis. 

Clinical studies with multiple sclerosis patients are underway. Cannabinoids lower 
' . 

• ' • 1 

intraocular pressure and ther_efore have a poten_tial therapeutic role tn the treatment of 

glaucoma. A nitrogen-containing _cann_abi~oid analogue is effe~tive in lowering 

intraocular pressure (Buchwald et al, 2000). There is some experimental evidence for the 

usefulness of cannabinoids in the tre~tment of tumors. Administration: of ~9 -THC and the 

i 

synthetic cannabinoid agonist WIN_ 55,212-2 directly )nto the: tumor induced a · 
• ' • l 

considerable regression of malignant gliomas (Galve-Roperh et al.~ 2000). In another 
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study, an endogenous cannabinoid agonist, anandamide, reduced human breast cancer cell 

proliferation (De Petrocellis et al., 1998). 

Cannabinoid Receptors and Signal Transduction.· 

'19-THC and other major active components of marijuana are Highly lipophilic 

molecules that can be easily dfssolved in cell membrane lipids. This is why the alteration 

of the membrane fluidity caused by non-specific interaction of capnabinoids with 

membrane lipids was believed to be the mechanism of the cannabinoids action at the 

cellular leveL The speculation remained unresolved until the functional inhibition of 

adenylyl cyclase was observed following ·the application of '19-THC to neuroblastoma 

cells (Howlett and Fleming, 1984 ). This study provided the first evidence for the 

existence of a cannabinoid receptor. Howlett and Fleming {1984) : s-howed that the 

inhibition of adenylyl cyclase was caused by psychoactive cann~binoids, not by 

cannabfool and cannabidiol. ·lrihibitio_n of adenylyl cyclase ·was als;o stereoselective; 

dextronantradol had no effect. Also, a-biphasic log dose-response curve was obtained for 

all the cannabinoids. Additional evidence for the existence of a specific cannabinoid 

~receptor wa~ frop1 a.study sh.owing specific bi_nding of a radiolabeled ag<;>nist to specific 

brain regions (Devane et al., 1988). Matsuda et al. (1990) ~loned the rat CB 1 cannabfooid 

receptor while cloning novel G protein coupled rec~pt?rs. Subsequently, the human CB 1 

cannabinoid receptor was cloned (Gerard et al., 1991). The rat and.human cannabi:~10id 

receptors are highly conserved in terms of the amino acid sequence (97% homology). The 

human CB 1 receptor gene is located on chromosome 6 (Caenazzo et aL, 1991) and the rat 

· CB 1 gene is on chromosome 4 (Onaivi et al., 1996). Three years· later, another type of 

cannabinoid receptor, the CB2 cannabinoid receptor, was cloned and localized to 
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macrophages (Munro et al~, 1993) .. The_ CB2 Teceptor_ is nm·ch small~r · than the CB 1 

receptor (3 60 amino acids for human CB2 receptor compared to 4 72 i amino acids for 

human CB 1 receptor). They only share 44% amino acid identity througpout the receptor 

: 

• protein. Besides these two receptors, a splice variant (CB 1 A) of the ~B 1 receptor was 

identified from a human lung cDNA library (Shire et al., 1995).The CB:lA receptor is 61 

amino acids shorter than the CB 1 receptor in its N-terminal domain. The first 28 amino 

acids in the N-terminal domain are significantly different from CB 1 receptor. The 

i 

functional differences between CB 1 A and CB 1 receptor have not been well defined. 

The CB 1 receptor. is also called the central type cannabinoid re:ceptor due to its 
. , . e 

distribution mainly in the central nervous system. The CB 1 receptor is ;thought to be one 

of the most abundantly expressed re~eptors in the brain. There are sev
1
eral brain regions 

with a high density CB 1 receptors including the hippocampus, basal ganglia and 

cerebellum (Herkenham et al.~ 1990, 1991a,b; Mailleux and Vanderha~ghen, 1992). The 

highest density of CB 1 receptor was found in the basal ganglion (subst~ntia nigra, globus 

pallidus, enteropeduncular nucleus and lateral caudate put~men) (Herkenham et al., 

1990). The, location of the CB 1 receptor correlates well with the effects of cannabinoids 

on brain functions such as the impairment of memory and locomotot disturbance. The 

CB2 receptor is exclusively a peripheral type cannabinoid receptor. The CB2 receptor has 
I 

been found in spleen, tonsils and immune cells (B cells, monocytes, :T cells) (Munro et 

al, 1993; S~hatz et al., 1997). The CB2 receptor is responsible: for the immuno-
., 

suppressive effects of cannabinoids (Kaminski et al., 1992, Friedman et al., 1994). 
• I 



Comparison of the cannabinoid CBI and CB2 receptor 

CBI. CB2 

Molecular weight 53kDa 40kDa 

· Localization Brain>>spleen and tonsils Various peripheral:tissues 
I 

( spleen>tonsils>immune cells) 

· Signal transduction Adenylyl cyclase -t_ Adenylyl cydase _J, 

Agonists· 

Inverse agonist 

I Antagonists · 

MAP kinase i MAP kinase f: 
Kir+ i 
KA+ t 
Ca2+ J, (N- and P/Q type) 

,D,,.9~ THC>anandamide> · 

cannabinol>cannabidiol 

SR 141716A 

LY 320135 

· ,D,,.9-THC>cannabinol> 
I 

cannabidiol >anandamide 
' 

SR 144528 · 

.9 

The CB 1 receptor is coupled to multiple signal transduction pathw~ys whi_ch include 

adenylyl cyclase, ion channels and mitogen-activated protein (MAP): kinase; whereas, 

l 

CB2 does not have the ion channels modulation effects but does inhibi_t a~enylyl cyclase 

and activate MAP kinase. Inhibition of adenylyl cyclase by ,D,,.
9-THC and other 

cannabinoids has been demonstrated in neuroblastoma cells, cultured cerebellar neurons 

and rat brain slices (Howlet and Fleming, 1984; Pacheco et al., 1993;: Bidaut-Russell et 

al., 1990). This inhibition can be blocked by pertussis t~xin (Ho~let et al., 1986; 
J 

Bouaboula et al., 1995a). Since pertusis toxin exerts its effect on Gi/o proteins by a 
i 

covalent ,ADP-ribosylation reaction which prevents the dissociation of the a and Bly 

subunits of Gi/o proteins, the inhibition of adenylyl cyclase by the capnabinoid receptor 

is mediated by Gi/o proteins. Cannabinoids and other cannabinoid receptor agonists have 



been reported to inhibit voltage dependent Ca2
+ channels in different cell lines (Caulfield 

and Brown, 1992; Mackie and Hille, 1992) as well as in primary cultured neurons (Pan et 

al., 1996; Twitchell et al., 1997) expressing the CB 1 receptor. Since this inhibition is 

pertussis toxin sensitive and not changed by analogs of cAMP, it is mediated directly by 

Gi/o proteins. Ca2
+ channel effectors are N type and P/Q type calcium channels because 

blockers 9f these calcium channels reduced the inhibitory effects of cannabinoids on the 

calcium current. The selective CB 1 receptor inverse agonist SRI 41716A reversed this 

inhibition confirming that the CB 1 receptor is responsible for inhibiting Ca2
+ channels. 

At high concentrations (>lµM), the CBI receptor agonist WIN 55,21~-2 also caused a 

nonspecific direct inhibitory action on calcium channels (Shen and Thayer, 1998). 

It is clear that CB 1 cannabinoid receptors mediate the inhibitory effects of 

cannabinoids on N and P/Q type calcium channels. Because these calcium channels are 

located presynaptically, they are thought to be important in modulating neurotransmitter 

release (Takahashi and Momiyma, 1993; Wheeler et al., 1994). Also, CBI cannabinoid 

receptors are distributed in high density in presynaptic terminal membranes (Herkenham 

et al., 1990, 1991 b; Twitchell et al., 1997). The inhibition of these calcium channels by 

cannabinoids suggests an important role of cannabinoids in the regulation of 

neurotransmitter release from CB I-expressing presynaptic terminals. Indeed, there is · 

abundant experimental evidence showing that cannabinoids inhibit neurotransmitter 

release through CB 1 receptor activation. So far the neurotransmitters which have been 

proven experimentally to be inhibited by cannabinoids include: 1) release of glutamate 

from both cultured hippocampal neurons (Shen et al., 1996) and cerebellar Purkinje cells 

(Levenes et al., 1998), 2) acetylcholine and noradrenaline release in hippocampal slices 
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(Gifford et al., 1997; Schlicker et al., 1997) and 3) noradrenaline and~ TP release pelvic 

ganglion nerves innervating the vas deferens (Pertwee and Griffin, 1995). 

Besides inhibition of Ca2
+ channels, cann·abinoids also modulate two types of 

potassium channels, the inwardly rectifying potassium channel and the voltage-dependent 

A-type potassium channel. Cannabinoids activate inwardly rectifying potassium channels 

expressed in Xenopus oocytes (Henry and Chavkin, 1995). In AtT-20 cells expressing 

CB 1 receptors cannabinoids activate inwardly rectifying K+ channels in a pertussis toxin

sensitive manner indicating coupling to Gi/o proteins (Mackie et al., 1 ~95). Deadwyler et 

al. (1993) have shown that the voltage dependence of inactivation of the rapidly 

inactivating potassium A current ·was shifted to more depolarized voltages by 

cannabinoid receptor agonists. InitiaHy, this stimulation of the A current by cannabinoids 

was thought to be a pure G protein dependent process. But later ori, there was evidence 

that the stimulation of A type potassium channels by caruiabinoids was cAMP-dependent 

and resulted from the inhibition of adenylyl cyclase (Hampson et al., 1995; Childers and 

Deadwyler, 1996). 

The third signal transduction pathway for the CB 1 cannabinoid receptor is the 

stimulation of MAP kinase (Bouaboula et al., 1995b ). Due to its pertussis toxin 

sensitivity, it is a Gi/o protein mediated· reaction·. It is. independent from the inhibitory 

effects of cannabinoids on adenylyl cyclase. Since the activation of MAP kinase has only 

been studied in cell lines, it is still too early to talk about the real significance of this 

pathway in the functions of the central nervous system. 
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Structural Features of CBl Receptor 

More than 1000 G protein coupled receptors (GPCRs) exist in mammals, making it 

one of the largest protein families (Watson and Arkinstall, 1994). Most of the GPCRs 

share key structural features with the rhodopsin receptor. All GPCRs have seven a 

helically arranged transmembrane domains which are connected with three extra- and 

intracellular peptide loops. The global structure of all GPCR is similar despite the low 

homology of primary amino acid sequence. There are only a few critical amino acids that 

were preserved during the evolution of GPCRs. Two cysteine residues in the first and 

second extracellular loops are found in almost all GPCRs (Hausdorff et al., 1990). Direct 

chemical evidence has been obtained for a disulfide linkage between .these two cysteine 

residues in some receptors. This disulfide linkage helps the receptor to achieve a certain 

tertiary structure (Karnik and Khorana, 1990). In the second transmembrane domain, a 

highly· conserved aspartic acid residue is important for ligand binding (Strader et al., 

-1987; Chung et al., 1988; Ho et al., 1992; Chanda et al., 1993; Brodbeck et al., 1995; 

Parent et al., 1996; Chakrabarti et al., 1997). There are afao a number of highly conserved 

amino acids in other transmembrane domains of the G protein coupled receptors. These 

amino acids include: an Asp/ Arg/Tyr motif in the third transmembrane domain and 

second intracellular loop transition, a Tyr in the seventh transmembrane domain and a 

Pro in the sixth transmembrane domain (Strader et al., 1994; Wess, 1997). Generally 

speaking, the transmembrane domains are important sites for ligand binding. For small 

molecular weight ligands, such as adrenaline, the binding pocket is located within the 
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transmembrane d?mains_; whereas, for larger ligands such as Sll}all peptides and 

glycolipid hormones, the extracellular region of the ·receptor also plays a role in ligand 

binding (Reichert et al., 1991; Fong et al, 19~3). 

Highly conserved amino acids in rhodopsin-Iike GPCRs 

_(Figure is adapted from Sc~oneberg et al., 1999) 

Nearly all the GPCRs have one or more asparagine residues : in the N terminal 

extracellular domain which are located in a glycosylation consensus sequence. Direct 

evidence for glycosylation has been obtaif!,ed for many re~eptors in which 

endoglycosidase treatment decreases its molecular weight (Ben9vic, et al., 1987). 

Glycosylation of receptors has little to do· with ligand binding but m
1

ay be important for · 

receptor distribution (O'Dowd, et al., 1989). Failure of receptor glyc9sylation may cause 
i 

certain pathological conditions including the retinal degenerative disease-retinitis 
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transmembrane domains; whereas, for larger ligands such as small peptides and 

glycolipid hom1ones, the extracellular region of the receptor also plays a role in ligand 

binding (Reichert et al., 1991; Fong ~t al, 1993). 

Highly conserved amino acids in rhodopsin-like GPCRs 

(Figure is adapted from Schoneberg et al., 1999) 

I 

Nearly all the GPCRs have one or more asparagine residues; in the N terminal 

extracellular domain which are located in a glycosylation consens~s sequence. Direct 

evidence for glycosylation has been obtained for many re'.ceptors in which 

endoglycosidase treatment decreases its molecular weight (Ben<;lVic, et al., 1987). 

Glycosylation of receptors has 'little· to do w·ith ligand binding but 111-ay be important for 
• , , . • • I 

.receptor d~stribution (O'Dowd, et al., 1989). Failure of receptor glyc.bsylation may cause 

certain pathological conditions including the retinal. de~enerat~ve disease-retinitis 



14 

pigmentosa (Sung, et al., 1991 ). Another typical structure of GPCRs is the palmitoylation 

of the cysteine residues in the C-terminal tail domain. Palmitoylation is thought to be 

important in receptor expression and G protein coupling (Zhu ~t al., 1995, O'Dowd, et al., 

1989). 

As members of G protein coupled receptors, cannabinoid receptors share some 

common structural features of GPCRs. Cannabinoid receptors have seven transmembrane 

domains, three extracellular and intracellular loops, an extracellular N-terminal and an 

intracellular C-terminal tail. The human CB 1 cannabinoid recepto~ (hCB 1) has 4 72 

amino acids and can be glycosylated (Song and Howlett, 1995). Like other GPCRs 

certain amino acid residues in the transmembrane domains are important for ligand 

binding. A lysine in the third transmembrane domain of the CB 1 receptor is critical for 

the binding of some agonists (Song and Bonner, 1996; Chin et al., 1998). Unlike other 

GPCRs, the conserved aspartate residue in the second transmembrane domain of the CB I 

receptor is minimally important for the ligand binding. Mutation ?f the aspartic acid 

residue in the second transmembrane domain of the CB 1 receptor does not change the 

binding affinity of most of the agonists of the receptor (Tao and Abood, 1998; Roche.et 

al., 1999).· Unlike most other GPCRs, cannabinoid receptors lack the two highly 

conserved cysteines in the second and third extracellular loops that can form a disulfide 

bond. Instead, there are two cystei11es in the third extracellular loop (Matsuda, 1997). 

This change may result in a different tertiary conformation including the rearrangement 

of the transmemrane domains. These stru'ctural changes of the CB 1 receptor may 

influence G protein coupling. 
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The domains of the CB 1 . receptor which interact with G proteins have been studied 

(Howlett et al., 1998; Mu~hopadhyay ~f al., 1999). The juxtamembrane carboxyl 

' ' 

· terminus and the amino side of intr~celluar loop 3 are. important: for Gi/o protein 

activation by the CB 1 receptor~ A · synthetic peptide derived from t~e juxtamembrane 

carboxyl terminus (amino acids 401-417) was able to activate Gi/o an~ compete with the 

wild type CB 1 receptor for specific types of Gi/o (Ga0 and Ga\3) binding. These 

experiments suggest that the juxtamembrane carboxyl terminus of th~ CB 1 receptor not 

only plays a critical role in G protein activation, but also determines the selectivity of the 

G protein interaction. In addition to G protein activation, the carboxyl terminus is also 

important for internalization and desensitization of GPCRs (Trapaidze '.et al., 1996; Cvejic 

et al., 1996; Faussner et al., 1998). In a carboxyl terminal domain trµncation study, the 

last ten amino acids of this domain were found to be important for CB 1 cannabinoid 
- • l 

receptor internalization (Hsieh et al., 1999). Another truncation of the CB 1 cannabinoid 

receptor carboxyl terminus (at amino acid 418) abolished receptbr desensitization. 
/ 

Desensitization is dependent on receptor phosphorylation, because niutation of either of 
I 

two possible phosphorylation sites (S426A or S430A) signi(icantly attenuated 

desensitization (Jin et al., 1999). 

The carboxyl terminal domain is really a versatile part in terms of its regulatory 

functions. From research on the carboxyl terminal domain of the other GPCRs, addition 

I 

or truncation of the carboxyl terminus ·changed receptor expressioni and ligand binding 

(Lin et al., 1998; Blomenrohr et al., 1999). The carbo~yl terminus of several GPCRs has. 

also been shown to be involved in the regulation of the constitutive activity of ~2 

adrenergic receptors (Parker and Ross, 1990), dopamine D5 receptors (Demchyshyn et 
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al., 2000) and histamine receptors (Morisset et al., 2000; Claeysen et ~I., 1999). The so 

called "constitutive activity" of receptors is defined as the spontaneous activity of the 

receptor without agonist binding (C(?sta et al., 1992; Lefkowitz et al., 1993). The reason 

for this constitutive activity was thought to be d:ue to the transiti~n of the r~ceptor 

structure to a conformation which 'can ]?ind and activate G prote.ins automatically 

(Lefkowitz· et al., 1993). There is evidence to show that the constitut.ive activity of 

receptors exists in physiological conditions (Berg et al., 1999) and may be important in 
. ' 

causing certain human diseases (Parma et al., 1993; Spiegel 1996). Several studies have 

provided clear evidence to show that CB 1 receptors are also constituti;vely active (Pan et 

al., 1996; Maclennan et al., 1998; Bouaboula et al., 1997)~ 

Constitutive Activity and Inverse Agonist 
~ . 

The constitutive activity of a receptor can be reversed by an ir:iverse agonist. An 

_ inverse agonist can bind and stabilize the inactive state of the receptor and subsequently 

convert the population of constitutive active re<;eptors into the inactive state. The degree 

of co·nstitutive activity of receptors can be measured by the magnitude of the effects of 

-inverse agonists. For example, the constitutive activity of the CB 1 receptor can be 
I 

accurately measured by the effect of its inverse agonist SR 141 716A. In superior cervical 

ganglion neurons,expressing hCBl receptors, SR141716A reversed the tonic inhibition of 

the N-type calcium ·current by constitutively activated hCB 1 receptors (Pan et al., 1996). 

CBl receptor inverse agonist, SR141716A, increased blood pressur·e:ii-1 rats subjected to 

haemorrhagic shock but not in normotensive rats (Wagner et al., 1997). These results 

suggested that the CB 1 receptor ~as tonically active. during haem~rrhagic shock. This 

tonic activity could be due t·o either release of the endogenous cannabinoid agonists or to 
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constituitively active receptors .. Administration of SR 141716A to the intact animal also 

·caused several other functional changes related to its ability to reverse the tonic activity 

of the cannabinoid system. These functional changes incl1:1de memory improvement . 

· (Lichtman et al., 1996; Terranova et al., 1996; Collins et al., 1995) · ::tnd an increase in 
. ' 

pain sensation (Calignano et al.~ 1998). 

Three-State Model and G Protein Seques~ratiotj 

The high constitutive activity of the CB 1 receptor may partly acfount for its rather 

unique functional feature: the sequestration of G proteins. The CBl receptor can prev.ent 
I 

signaling by other GPCRs by sequestration of their common Gi/o proteins (Vasquez and 

1:,ewis, 1999; Bouaboula et al., 1997). The degree of .G protein seque~tration appeared to 

be dependent o~ the density of CB 1 receptors. Due to the high qensity of the CB 1 · 
\ i 

receptor in certain brain areas the ability of the CB I receptor to seqµester Gi/o proteins 

may be very important in terms of its possible regulatory effects on the functions of other 

receptors. Although the detailed mechanisms for G protein sequestration are not clear, 

there are some clues that may be helpful in explaining this interesting phenomenon. For 

.~example, there is evidence about the high affinity between CB I :receptors and Gi/o 
I 

proteins (Mukhopadhyay et al., 2000; Rubino et al., 1997, 1998). Gif o proteins were co-
. ' 

immunoprecipetated with CB 1 receptor in rat brain (Mukhopadhyay et al., 2000). The 

high affinity for G proteins plus the high constitutive activity of the ¢B 1 receptor as well 
. . . 

as its high density may all contribute to the ability of the CB I rec~ptor to sequester G 

proteins. A three-state model has been proposed to explain G protein: sequestration by the 

CB I receptor (Vasquez and Lewis, 1999; Bouaboula et al., 1997). Ini this model, the CB 1 

I 

receptor can exist in three states, an inactive R state uncoupled ·:'vith G proteins, an 
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inactive state precoupled to Gi/o in its GDP-bound form RGaoP apd an active state 

coupled to Gi/o·in its OTP-bound form R*GaTP· The CBI re~eptor agonist WIN55,212-2 

binds with high affinity to the active st~te (R *GaTP ); whereas, the C~ I receptor inverse 

agonist SRI 41716A has c1: high affinity for the inactive RGaor state. ~ neutral antagonist 

will bind with equal affinity to all receptor states. The two G pro;tein coupled state 

(RGaor and R * GTP) are able to sequester G protein. 

Three-state model 

hCBl 

SR 141716A WIN 55,212-2 

R-◄-- ► 
l 

RGGDP ,-◄---► 
L! 
RGcTP 

Prec~upled Active; 

(Figure is adapted from Vasquez and Lewis, 1999) 
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MATERIALS AND METHODS 

Molecular Biology 

The human brain cannabinoid receptor hCBl cDNA (from Dr.' Tom I. Bonner, 

Laboratory of Cell biology, Nationat Institiute of Mental Health, B;ethesda, MD) was 

subcloned into the mammalian · e·xpressioa vector pCI (Promega,; Madison, WI) as 

previously described (Pan et al., 1996). Two C-terminal truncated hGB 1 receptors were 
I 

constructed: 1) hCB 1-41 7 coding for amino acids 1-417 and 2) hCB 1-400 coding for 

amino acids 1-400. In order to truncate hCBl receptor cDNA, a D~A segment from a 

restriction site (StuI) in the middle of the coding sequence ~f hCB 1 t~ the truncation site 

was amplified by PCR using Taq polymerase (Promega, Madison, WI). The PCR 

primers were designed to include both the StuI site and the truncation site. A stop codon 

was added in the downstream primer. Primers: hCBl-417 up: GTG CGT CAT CCT CCA 

CTC, hCBl-417 down: CGA GAT CTCGTC AGC CTT CAC-AAG AGG GAA AC; 
' ! 

hCBl-400 up: GTG CGT CAT CCT CCA CTC, hCBl-400 down: TCA CCT CAG AGC 

AT A GAT GAT. The PCR conditions were 30 cycles of denatur~tion (95°C, lmin), 
I 

annealing (50°C, lmin), extensiqn (72°C, 1.5min) in a thermal cycler;(MJ Research). The 

PCR products were then subcloned into pGEM-T vector (Pr:omega). Both pCI-hCBl and 

the PCR products in pGEM-T were digested by StuI and Notl. !he PCR fragment 

_excised from pGEM-T was ligated back into pCI-hCB 1 to replace the original excised 

segment and transformed into JM109 High Efficiency Competent Cells (Promega). 

Colonies we're screened for ligation of the PCR fragment by size: restriction analysis 

using StuI and Notl. The PCR product for carboxyl terminal peptide (aa418-472) was 

also subcloned into pCI vector with addition of a start code and Kozak sequence. aa418-

472 up primer: GCA CGC GTA CCA TGA CTG CGC AGC CTC TQG ATA ACA GCA 
I 

T; aa418-472 down primer: ACA AAT AAG CAA TAG CAT CACAAA T. The correct 

sequence of the construct was confirmed .by sequencing (seque11cing facility of the 

· Medical College of Georgia). The rCB1-D164N in pcDNA3 was a g
1
1ft from Dr. Kenneth 

Mackie (University of Washington, Seattle, WA). Preparation of plasmid DNA was 

accomplished with a plasmid prep kit (Qiagen, Santa Clarita, CA). 
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Neuron Preparation and Microinjection 
·I 

. . I . 
· Superior cervical ganglion (SCG) neurons were isolated fr~m adult male Wistar rats 

(350-375 g) in accordance with the National Institutes of Health Guid:elines for the Care 

and Use of Laboratory Animals in Research and approved by the Con1mittee on Animal 

Use for Research arid Education at the Medical College of Georgia. All efforts were 
. : 

made to minimize animal suffering and to use only the number of animals necessary to 

produce reliable scientific data. Isolated superior cervical ganglia w9re treated with 0.3 

mg/ml trypsin, 0.5 mg/ml collegenase D (Boehringer Mannheim, Indianapolis, IN) and 

0.lmg/ml DNase in Earle's Bal_anced Salt solution for 1hr at 35°C and shaken vigorously 

for 10 sec to dissociate neurons. Dissociated neurons were plated onto poly-L..:lysine

coated 35 mm culture dishes in Minimum Essential Medium (GibcoBRL) with 10% fetal 

calf serum, 1 % glutamine and 1 % penicillin-streptomycin. Neurons were incubated in a 

· humidified incubator at 3 7°C in 5% CO2• After 4-5 hrs to allow neurons to attach to the 

culture dishes, hCBl, hCBl-417, hCBl-400 or rCB1-D164N plasmid cDNA- was 

microinjected directly into the nucleus of single SCG neurons in concentrations of 50, 

100 oi; 200 ng/µl in water. The pEGFP-Nl plasmid (10 ng/µl) containing the coding 
• i 

sequence of t~e enhanced green fluorescent protein (Clontech, Palo ;Alto, CA) was used 
I 

as a co-injection marker. The plasmid solution was centrifug~d (16,000 x g) in 

nonheparinized hematocrit tubes for 20 min to remove suspended! particles~ Injection 

pipettes were pulled from fiber-filled capillary glass (1 B 120F-4; World Precision 

Instruments, Sarasota, FL) on a P-97 Flaming-Brown micropipette puller (Sutter 

Instrument Co., Novato, CA). SCG neurons were microinjected with an Eppendorf 5246 
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transjector and 5171 micromanipulator (Madison, WI) using an injection pressure of 75-

100 hPa and an injection time of 0.3-0.4 sec. · 

' 

Electrophysiological Recording of Ca2
+ Current!s 

i . 

Ca2
+ currents from rat SCG neurons were recorded at room temperature (22-26 °C) 

16-20 hr after injection using the whole-cell variant of the patch-clamr; technique (Hamill 

et al., 1981) with an Axopatch 200A patch-clamp amplifier (Axon I~struments, Foster 

City, CA). The pipettes for p~tch recording were pulled f~om borosilic;te glass capillaries 

(Corning 7052; Garner Gl<:1ss Co., Claremont,. CA) on a P-97 Flaming-Brown 

micropip~tte puller (Sutter. Instrument _Co.). The patch electrodes: were coated with 

Sylgard ·184 (Dow Coming, Midland, Ml) and fire-polished on a n~icirnforge (Narishige, 

. ' 

Tokyo, Japan). Pipette resistances ranged from 2.8-3.5 MQ when filled with the internal 

solution described below. Th~ cell membrane capacitance and series resistance were 

electronically compensated to >80%. Whole-cell currents were low-p~ss filtered at 5 kHz 

using the Bessel filter of the clamp amplifier .. 

Voltage-clamp protocols were generated· with a Power Macint_osh; 8600/200 computer 

(Apple Computer,' Cupertino, CA) equipped with a PCI-16 Host Interface card connected 

to an ITC-16 Data Acquisition Interface (lnstrutech Corp, Port Wa~hington, NY) using 

Pulse Control 5.o· XOPs (Richard J. Bookman, Ja~k D. Herringtbn, and Kenneth R. 

Newton, University of Miami, Miami, FL) with Igor software (WaveMetrics, Lake 

Oswego, OR). Ca2
+ currents were elicited by voltage steps from a ;holding potential of 

-80 mV and digitized at 180 µsec per point. A double pulse protocoI:consisting of two 25 

msec steps to +5 m V was used to elicit Ca2
+ currents. The first step, to +5 m V elicits the 

. ' 
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,· 

control Ca2
+ current. The second step to +5 m V was preceded by a 50 msec step to +80 

i 

m V. The current elicited by the second voltage step to +5 m V is facilitated compared to 

the control current elicited by the first voltage step. Current amplitu~es were measured 

isochronally 10 msec after the first voltage step to +Sm V. 
. , ' 

In order to isolate Ca2
+ currents for whole-cell recording, cells were bathed in an 

_ external solution that contained (in mM): 140 tetraethylammonium m~thanesulfonate,-10 

HEPEs,-·1s gl~cose, 10 CaCh, 0.0001 tetrodotoxin, pH 7.4 (adjusted with 

methanesulfonic acid). The intracellular solution consisted of (in mM): 120 N-methyl-D-
... ' r ,. • I 

glucamine, 20 tetraethylammonium chloride, 10 HEPES, 11 EGTA, 1 CaCh, 4 MgATP, 

0.1 Na2GTP, _and 14 phosphocreatine, pH7.2 (adjusted with methanesulfonic acid). 

The SF-77B Perfusion Fast-Step device (Warner Instrument Corporation, Hamden, 

CT) was used to apply the cannabinoid receptor agonist WIN 55, 212-2 mesylate 

(RBI/Sigma), inverse agonist SR 141716A (a gift from Sanofi Rechefche, France) and a2 

adrenergic agonist UK 14304 (RBI/Sigma). Stock solutions of 10 m~ WIN 55,212-2, SR 

141716A and UK 14304 were prepared_ in dimethylsufoxide. On the day of the 

experiment, the stock solution of WIN 55,212-2, SR 141716A ap.d UK 14304 were 

diluted to 1 µM in external solution and briefly sonicated (20 sec) to facilitate dispersion. 

Results are presented as means± SEM where appropriate. Statistical significance was 

determined by Student's t test. The differences were considered sign(ficant at p<0.05. 

_WIN 55,212-2 Binding 

In order to compare the affinity of WIN 55,212-2 to the wild type and carboxyl 

terminal truncated hCB 1-417 receptors, both the wild type and: hCB 1-417 receptor 

cDNAs were transfected into HeLa cells. A binding assay was performed by using 3H-



23 

WIN 55,212-2 (New Engl~md Nuclear). There was no difference ;in WIN 55,212-2 

binding between HeLa cells transfected with either wild type hCB 1 or hCB 1-417 

receptor cDNAs and the non-transfected HeLa cells. The binding eiperiment was also 
I 

tried in HEK293 cells and CHO cells; however, problems with cell a~herence caused the 

failure of this assay. 

· Measurement of Surface Expression 

HEK 293 cells were cultured in Dulbecco's Modified: Eagle's Med_ium 

(BioWhittaker) with 10% fetal bovine serum in 100mm culture dishes in a humidified 

incubator with 5% CO2 at 37°C. HEK 293 cells were transfect~d: using Effectene™ 

Transfection Reagent (Qiagen, Valencia, CA) following the product protocol with 2µg of 

hCBl, hCBl-417 or hCBl-4.00 cDNA. Twenty-four hours. followi~g transfection, the 

cells were washed with phosphate buffered saline (PBS, pH 7.0),
1 

removed from the 

plates with 2ml of o·.02% EDTA, concentrated, washed twice with wash solution (PBS 

plus 2% goat serum) and incubated with a polyclonal antibody raised against the N

terminus of the CBI, cannabinoid receptor (from Dr. Kenneth Mackie, University of 
I 

Washington, Seattle, WA). The ceUs were incubated with the anti-CBI antibody (diluted 
I 

1 :500) for 45 min on ice. Control cells were run in parallel by omitting the primary anti-

CB I antibody. Then the cells were washed twice and incubated with FITC-labeled goat 

anti-rabbit secondary antibody (diluted I :400) (Santa Cruz Biotech,i Santa Cruz, CA) for 

45 tnin on ice. Finally, the cells were washed three times and the cell number was 

adjus~ed to 105-106/ml in PBS. For flow cytometry, cell counts and; fluorescent intensity 

events were acquired using a FACScalibur flow cytometer (Be~ton Dickinson, San 

Diego, CA). Dead cells were excluded on the basis of forward and side light. scatter. Data 
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were analyzed using CELLQuest (Becton Dickinson). For confocal microscopy, the cells 

were pipetted onto a glass slide, covered with cover glass and examined on a confocal 

. ' 

microscope (Molecular Dynamics). Fluorescence was low in transfected cells in which 

both antibodies were omitted or when incubated with only the secondary FITC-labeled 

antibody. 
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RESULTS 

The Proximal Domain of the C~terminal T:an of hCBl 

Cannabinoid Receptor is Critical for G Prot¢in Signaling 

While the Distal C-terminal Tail Plays a Modulato.ry Role 

To study the region of the C-terminal tail of the hCB 1 cannabinqid receptor critical 

for G protein coupling and signal transduction, two different trunc~ted hCB 1 receptor 

constructs were generated·(Fig 1). Previous work by Howlett and coll~agues showed that 

a synthetic peptide fragment of amino adds 401-417 from the juxtam~mbrane C-terminal 

· tail of the mouse CB 1 receptor, containing a cysteine to serine substitution, could activate 
i 

GTPyS binding and compete for G protein binding to immunoprecipitated rat CB 1 

receptors (Howlett et al., 1998; Mukhopadhyay et al., 1999, 2000). Two domains of the 

hCB 1 receptor, a proximal domain and a distal domain of the C-terminal tail, were tested 

for interaction with G proteins by deletion mutations of the human CB 1 cannabinoid 

receptor. Two receptor constructs were generated: 1) · hCB 1-400 in :which the entire C-

-terminal tall was deleted and 2) hCB 1-417 in which the distal amino acids 418-4 72 was 

deleted. A functional assay, Ca2
+ cu_rrent inhibition by Gu0 pro:teins, was used to 

determine the functional coupling of the CB 1 cannabinoid receptor tq Gilo proteins within 

a neuronal expression··system. -Jruncation of the entire G-terminal ~ail in the hCB 1-400 

receptor was predicted to abolish Ca2
+ current inhibition due to deletion of the proximal, 

juxtamembrane C-terminal tail domain. Deletion of the distal C-ter:minal tail domain in 

the hCB 1-417 receptor was predicted to have no effect on Gi1o protein coupling measured 

as Ca2
: current inhibition. Both the wild type and the two C-tenrtinal truncated hCB 1 
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receptors were heterologously expressed in SCG neurons by injection of receptor cDNA 

into the nucleus. The cannabinoid agonist WIN 55,212-2 (1 µM) :elicited a robust 

43. 7±6.5% (n=7) inhibition of the voltage-dependen_t Ca2
+ current in SCG neurons 

expressing wild type hCB 1 receptor (F1g. 2). Ca2
+ current inhibition by: the CB 1 receptor 

I 

is medi&ted by activation of Gu0 proteins in SCG neurons (Pan et al., 1996) through the 

direct interaction of the G~y subunit with the N-type Ca2
+ channels (Herlitze et al., 1996; 

Ikeda 1996). Deletion of the entire C-terminal tail ( amino acids 40 l-fl-72) of the hCB 1 

receptor (hCB 1-400) abolished (p<0.0 1) the ability of the receptor t? inhibit the Ca2
+ 

i 

current (Fig. 2). WIN 55,212-2 reduced the Ca2
+ current only 4.1±2.9% (n=7) in neurons 

expressing the C-terminai truncated hCB 1-400 receptor. 

Surprisingly, deletion of the distal C-terminal domain (amino a'cid 418-472) of the 

. hCB 1 receptor (hCB 1-417) had· a profound effect on the ability of thei hCB 1 receptor to 

signal through G proteins. Inhibi~ion of the Ca2
+ current by W~N 55,212-2 was 

significantly reduced (p<0.05) by truncation of the distal C-terminal tf1il. Application of 

WIN 55,212~2 i!].hibited the Ca2
+ current 22 .. 6±3.1 % (n=5) in SCG n:eurons expressing 

hCB 1-417 C-terminal truncated receptors. Thus, restoration ?f the proximal, 

juxtamembrane domain (amino acids 401-417) proved to be critical for Gi/o protein 

coupling. These results. confirm in vitro biochemical studies that identified this region as 

a key domain in G protein coupling (Howlett et al., 1998; Mukhopadhyay et al., 1999, 

2000). However, our results also demonstrate that the distal C-terminal domain of amino 

acids 418-4 72 profoundly modulates the ability of the receptor to coup_le to Gu0 proteins. 



Fig 1. Receptors and peptide used in this study. 

A. Wild type hCB 1 receptor. B. hCB 1-417 receptor. C. hCB 1-400 receptor. 

D. rCBl-D164-N receptor. E. Carboxyl terminal tail peptide (amino acids 418-472). 
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Fig 2. The human CBl cannabinoid receptor C-terminal tail is critical for G protein 

signaling. 

A. Inhibition of Ca2
+ currents in SCG neurons by 1 µM WIN 55,212-2 (WIN) was 

significantly reduced(* p<0.05) by deletion of amino acids 418-472 from the distal C

terminal tail of the hCB 1 receptor (hCB 1-417) compared to the wild type hCB 1 receptor. 

Deletion of the entire C-terminal tail of the hCB 1 cannabinoid receptor (hCB 1-400) 

abolished the ability of the receptor to inhibit the Ca2
+ current. (** p<0.01). B. 

Superimposed current traces elicited by a double pulse voltage paradigm from SCG 

neurons injected with 100 ng/µl hCBl, hCBl-417, and hCBl-400 cDNA in the absence 

and presence. of WIN 55,212-2 (WIN). 
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Disruption .of Signaling by Deletion of the Distal C-terminal 

Tail· (amino acids 418-472) ~f the hCBl ;Receptor is.-

' ' 

Independent of Differences in Receptor Expression 

To test whether the ability to activate Gi/o proteins by the distal C;~terminal truncated 

cannabinoid hCB 1-417 receptor was due to differences. in rec.eptor expression we 

compared neurons microinjected with three different receptor cDNA 'concentrations (50, 

· 100 and 200 ng/µl). Ca2
+ current inhibition in ·the presence of WIN 55,212-2 was 

significantly reduced in n.eurons microinjected with all three hCB 1-417 receptor cDNA 

concentrations when compared to neurons injected with these concen~rations of wild type 

hCBl receptor cDNA (Fig. 3). WIN 55,212-2 inhibited the Ca2
+ curr~nt 13.5±3.6% (n=5) 

in neurons injected with 50 ng/µl hCBl-417 cDNA compared to ~2.2±4.7% (n=4) in 

neurons injected with 50 ng/µl wild type hCB 1 cDNA. In neurons injected with 100 

ng/µl cDNA, the wild type hCB 1 receptor inhibited the Ca2
+ current 43. 7±6.5% (n=7) 

while the truncated hCBl-417 receptor inhibited the current only 22.'.6±3.0% (n=5). With 

the highest concentration of cDNA injected (200 ng/µl), the wild type hCBl ·receptor 

inhibited the Ca2
+ current 43.4±3.7% (n=5) while the truncated ;hCBl-417 receptor 

I 

inhibited the current only 18.8±2.4% (n=5). Thus, at all ~DNA concentrations injected 

the effect of WIN 55,21_2-2 was significantly reduced by the distal C-terminal truncated 

hCBl-417 receptor. These results indicate that it is unlikely that the difference· in the 
' i 

effect of WIN 55,212-2 between the wild type hCBl receptor~ and the C-terminal 

• truncated hCB 1-41 7· receptor is due to differences in receptor expres;sion. 



Fig 3. The difference between the effect of WIN 55,212-2 on the wild type hCBl and 

the distal C-terminal truncated hCBl-417 receptor is not due to differences in 

surf ace expression. 

A, ·Bar graph of Ca2
+ current inhibition by 1 µM WIN 55,212-2 in S.CG n~urons injected 

with wild type hCBl cDNA (open bar) or with hCBl-417 cDNA (shaded bar). Three 
I 

different cDNA concentrations (50 ng/µl, 100 ng/µl and 200 ng/µl) were *sed for nuclear 

. injection of hCBl and hCBl-417 cDNA. The inhibition of the Ca2
+ c~rrent by WIN 

55,212-2 was significantly reduced in neurons injected with hCBl-417 cPNA compared 

to neurons injected with wild type hCBl cDNA irrespective of the cDNA concentration 

injected (p<0.05). B, Superimposed current traces from neurons injected:with 50, 100 or 

200 ng/µl hCB 1 and hCB 1-417 cDNA in the absence and presence of WIN 55,212-2 

(WIN). 
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Both C-terminal Truncated hCBl-417 and hCBl-400 

Receptors Successfully Traffic to the Cell Surface: 
• I 

The C-termini of some G-protein-coupled receptors play a role in trafficking of 

receptors to the membrane. For example, the mammalian.GnRH receptor does not have a 

C-terminal tail and gets trafficked to the cell surface. In contrast; the catfish GnRH 

receptor has a C-terminal tail and its deletion decreased surfac~ expression of the 

receptor (Lin et al., 1998). Deletion of the C-terminal of the mGluR 7 metabotropic 

glutamate receptor prevents trafficking to the cell membrane (McCarthy et al., 2001 ). To 
I • 

address the possibility that the C-termiri.al truncated hCB 1 receptors are not expressed on 

the cell surface and that this difference may account for the differep.ces in the effect of 

WIN 55,212-2 on the. Ca2
+ current, the cell surface expression of h~Bl, hCBl-417 and. 

hCB 1-400 were measured by using confocal microscopy and flow cytometry (F ACS) 

techniques. 

An affinity purified antibody raised against the extracellular: amino terminus 77 

amino acid resi_dues of the rat CB 1 receptor (Twitchell et al., 1997) (provided by Dr. 

Kenneth Mackie, University of Washington) was used to detect surface expression. This 

antibody was purified over a GST-CB 1: 1-77 affinity- column. 'The specificity was 

determined by Western blots and by blocking peptide (Twitchell e~ al., 1997). HEK 293 

cells transiently transfected with hCB 1, hCB 1-417 or hCB 1-400: cDNA (2µg/100mm 

dish) were collected, incubated with the CB 1 receptor antibody, washed and incubated 

with an FITC-labeled secondary antibody. The live cells were th~n detached from the 

dish and examined for surface expression by flow cytometry (F ACS) and confocal 

microscopy. Wild type hCBl, hCBl-417 and hCBl-400 rece,Ptors were similarly 
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distributed in patches on the membrane surface of HEK 293 cells as shown by confocal 

microscopy (Fig 4 ). Flow cytometry was used _to quantify the number .of cells expressing. 

the CB 1 receptors on their cell surface. ~ontrol cells in which the primary antibody was 

omitted showed low fluorescence intensity (Fig. 5 A-D, thin lines) and were clearly 

separated from cells expressing hCB 1 and the C-terminal truncated hCB 1-417 and hCB 1-

400 receptors (Fig. 5 A-D, thick lines). The fluorescence intensity of cells expressing all 

three receptor types was .identical as shown by the overlay of the flow cytometry data 

(Fig. 5D). Thus, both flow cytometry and confocal imaging demonstrate that the C

terminal truncated hCB 1 receptors are trafficked to the cell surface and have a pattern of-

. expression similar to the wild type hCB 1 cannabinoid receptor. 



Fig. 4. C-terminal truncations of the hCBl receptor did not prevent cell surface 

expression. 

Confocal photo~icrographs of resuspended, living HEK293 cells transfe~ted with wild 

type hCBl, hCBl-417 or hCBl-400 C-terrninal truncated receptors and label~d with an 

N-terrninal anti-CB I antibody. 
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Fig 5. Surface expression of the truncated hCBl-417 and ·hCBl-400 :receptors was 

identical to the surf ace expression of the wild type hCBl receptors. 

Histograms of the number of cells vs. their fluorescent intensity from flow cytometry 

experiments. lIEK293 cells transfected with A, wild type hCB 1 B, hCB 1-417 or C, 

. hCB 1-400 receptors and labeled with an FITC-coupled secondary: antibody after 

exposure to the primary N-terminal anti-CBI receptor antibody (thick line) showed a 

greater fluorescent int~nsity compared to cells in which the anti-CB I receptor antibody 

was omitted (thin line). D, Overlay of all three receptor types (dotted lines) indicating 

identical surface expression. 
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Role of C-terminal Domain of hCBl Rec~ptor in the 

Constitutive Activity of the CBl Receptor 

The. carboxyl terminal domain of several receptors has been shown to regulate 
., 

constitutive activity (Parker and Ross,- 1991; Prezeau et al., 1996; Demchyshyn et al., 

2000). The carboxyl terminal domain of CB I receptor has been studied and implicated in 

receptor desensitization (Jin et al., 1999), internalization (Hsieh, e~ al., 1999) and G 

protein coupling and activation (Howlett et al., 1998; Mukhopadhyay .et al., 2000). Since 

the CB I receptor has a relatively long carboxyl tail (72 amino acids), it may also be 

important in the modulation of the constitutive activity of the receptor. 

In order to test the role of the distal carboxyl tern1inal domain of the hCB I receptor in 

the regulation of constitutive activity, a C-terminal truncation mutant _(hCBI-417) was 

analyzed for constitutive activity and compared t~ the wild type hCB I receptor (hCB I). 

CB I receptors are constitutively active and produce a tonic inhibition of N-type Ca2
+ 

channels in SCG neurons. The inverse agonist SR 141716A reverses the constitutive 

a~tivity and produces an increase in the Ca2
+ current. Th~ enhan~ement of the ·ca2

+ 

-current in the presence of the CB 1 receptor inverse agonist SR 141 716A was used as the 

index of constitutive activity of the receptor (Pan et al., 1996). A double pulse protocol 

was employed to record the Ca2
+ current in SCG neurons (Fig 6). Application of 1 µM SR 

141 716A increased the Ca2
+ current. The difference between the amplitude of the control 

Ca2
+ current and the a!11plitude in the presence of SR 141 716A represents the constitutive 

activity of the CBI receptor in SCG neurons. Fig. 6 shows the effects of WIN 55,212-2 

( I µM) and SR 141 716A ( I µM) in SCG neurons expressing wild type hCB I receptors or 
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C-terminal truncated hCB 1-417 receptors. SR 141716A produced a greater increase in 

the Ca2
+ current in the neuron expressing hCB 1-417 receptors. 

To determine whether the hCB 1-417 receptor has a greater degree of tonic activity 

two concentrations (100 ng/µl and 50 ng/µl) of cDNA were injected into the nucleus of 

SCG neurons. In neurons injected with 100 ng/µl wild type hCBl cDNA, SR 141716A 

in~reased the Ca2
+ current 60.2±13.7% (n=l0) compared to 110.0~23.0% (n=l0) in 

neurons injected with 100 ng/µl hCB 1-417 cDNA (Fig 7 A). Although the difference 

between these two groups tends to show a greater enhancement of the Ca2
+ current with 

SR 141716A for the C-terminal truncated hCBl-417 receptor, the difference was not 

statistically significant (p=0.08). However, in neurons injected with 50 ng/µl cDNA, the 

increase in the Ca2
+ current by SR 141716A was significantly greater in neurons 

expressing the C-terminal truncated hCBl-417 receptor (101.1±18.9%, n=5) C0{1!pared to 

the wild type hCBl receptor (43.1±7.5%, n=4) (p<0.05) (Fig 7B). These· results 

demonstrate that deletion of the distal carboxylterminal domain ( amino acids 418-4 72) 
! 

of hCB 1 receptor enhances the constitutive activity of the receptor. 

Since the success rate of microinjection is low, the selection of SCG neurons for 

recording was detem1ined by the result of injection. In order to compare the neurons 

chosen for the hCB 1 and hCB 1-41 7 experiments, the capacitance of the neurons, which is 

an index of the neuron size, was measured for statistical analysis: between these two 

groups. The capacitance between the hCBl group (46.5±5.3pF, n=l0) and hCBl-417 

group (43.9±5.4pF, n=l0) was similar (p=0.74) (Fig 8B). The capacitance data suggested 

that the size of the neurons chosen for both the hCB 1 and hCB 1-4'1 7 experiments was 

comparable. 
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i 
In the double pulse recording protocol, the second Ca2

+ current was'. elicited following 

a prepulse to +80 m V. The depolarizing prepulse reverses a,.G .protein ~ediated inhibition 
I 

of the Ca2
+ current and results in a facilitated Ca2

+ current (Bean, 1 ~89; Ikeda, 1991; 
! . 

Ehrlich and Elmslie, 1995). The facilitation rat~o is. the ratio of th~ amplitude of the 
,l. 

second C.a2
+ current (facilitated) to· the first Ca2

+ current (withopt a prepulse, no 

facilitation). The facilitation ratio is thus a measure of the tonic inhlbition of the Ca2
+ · 

current. The facilitation ratio was measured for both the hCB 1 group (50.3±11.6%, n=l 0) 

and hCBl-417 group (65.0±12.8%, n=l0) (Fig 8A). Although the me~n fadlitation ratio 
I 

in neurons· expressing hCB-417 was higher than the hCB 1 gr9up, no statistical 

.significance was found (p=0.40). This ·is consistent with the SR 141i716A data and the 
I 

facilitation ratio is no better than the effect of SR 141 716A as the itidex of constitutive 
I 

activity. 



Fig 6. Modulation of the Ca2
+ current by the wild type human c~'t cannabinoid 

receptor and the carboxyl terminal truncated hCBl-417 receptor expressed in SCG 

neurons. 

Ca2
+ curren~ traces were elicited by a double pulse protocol (top, right) c~nsisting of two 

25 msec steps to +Sm V. The first step to +Sm V elicits the control Ca2
+ current ( open 

circle). The second step to +5mV was preceded by a 50 msec step t~ +80mV (filled 

·, 

circle). The current elicited by the second voltage step to +5mV is facilitated compared to 

the control current elicited by the first voltage step. A. In an SCG neuron expressing wild 

type hCB I receptors application of the cannabinoid agonist WIN 55,212-2 ( open bar) 

decreased the Ca2
+ current. Application of the CBI inverse agonist SR: 141716A (filled 

bar) increased the ca.2+ current. Right, Superimposed current traces in the absence 

(control) and presence of WIN 55,212-2 (WIN) or SR 141716A (SR). B. In an SCG 

neuron expressing the carboxyl terminal truncated hCBl-417 receptor WIN 55,212-2 

slowly inhibited the Ca2
+ current. SR 141716A greatly enhanced the Ca2

+ current. Right, 

Superimposed current traces in the absence (control) and presence ~f WIN 55,212-2 

_ (WIN) or SR 141716A (SR). 
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Fig 7. Truncation of the carboxyl terminal tail of the CBl receptor enhanced the 

constitutive activity of the receptor. 

The increase in the Ca2
+ curren~ by the CBI receptor inverse agonist SR 141716A was 

used as an indicator of the constitutiye_activity of the receptor. A. In neurons injected 

with 100 ng/ µI wild type hCB 1, SR 141 716A increased the Ca2
+ ._current 60 .2± 13. 7% 

(n=IO) compared to 110.0±23.0% (n=IO) in neurons injected with 100·-nglµl hCBl-417 

cDNA. There was no statistically significant difference between these two groups 

(p~0.08). B. In neurons injected with so' ng/µl cDNA, the enhancement of Ca2
+ current 

by SR 141716A was significan~ly greater for hCBl-417 receptprs (101.1±18.9%, n=S) 

compared to hCBl 'receptors (43.1±7.5%, n=4) (p<0.05). 
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Fig 8. Facilitation ratio and capacitance of SCG neurons injected with hCBl and· 

hCBl-417 receptor cDNA. 

A. Two depolarizing voltage steps to +5m V were used to elicit Ca2+ currents. The 

second step to +5m V was preceded by a 50 msec step to +80 m V. The amplitude of the 

second Ca2
+ current was facilitated by the.prepulse to +80mV. The facilitation ratio is the . 

ratio of the amplitude of the second Ca2
+ current (facilitated) to the first Ca2

+ current . 

(without a prepulse, no facilitation). The facilitation ratio of neurons expressing hCBl-

417 receptors was 65 .0± 12.8 (n=l 0) which was not significantly different (p=0.40) from 

neurons expressing l;lCBl receptors (50.3±11.6, n=I0). B. Measurement of the 

capacitance of the neuron can be used· as an indicator of cell size. The capacitance of 

neurons expressing hCBl receptors was 46.5±5.3pF,(n=l0) and 43.9±5.4pF, (n=IO) for 

neurons expressing hCB 1-417 receptor. There was no significant difference between 

these two groups indicating that the sizes of the neurons in each group are similar. 
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The Role of the ·Carboxyl Terminal Domain in G Protein 

Sequestration 

One of unusual features of the CB 1 cannabinoid receptor is its ability to sequester 

Gi/o proteins and prevent other Gi/o coupled receptors from signaling (Vasquez and 

Lewis, 1999). Since the truncated hCB 1-417 receptor has enhanced constitutive activity, 

this means that more receptors are precoupled to G proteins in their active GaTP state. 

Therefore, we predicted the hCB 1-41 7 receptor would have an enhanced ability to · 

sequester G proteins. SCG neurons have endogenous a.2 adrenergic receptors that couple 

to Gi/o proteins and inhibit N-type Ca2
+ channels. Previous work has shown that 

expression of wild type hCB 1 receptors in SCG neurons abolished the inhibition of the 

Ca2
+. current by a.2 adrenergic receptors by the sequestration of Gi/o proteins (Vasquez 

and Lewis, 1999). In order to test the hypothesis that the truncated hCB 1-417 receptor 

has a greater ability to s·equester G proteins compared to the wild type hCB 1 receptor, we 

tested a.2 adrenergic receptor signaling in SCG neurons injected with either hCB 1 or 

hCB 1-417 receptor cDNA (Fig 9 and Fig 10). Ca2
+ current inhibition by the a.2 

adrenergic agonist UK 14304 was used as an index of G protein sequestration by hCB 1 

or hCB 1-417 receptors. A larger UK 14304 effect indicates a lower degree of G protein 

sequestration and a smaller UK 14304 effect indicates a higher degree of G protein 

sequestration. 

Application of 1 µM of UK 14304 has little effect on Ca2
+ current in SCG neurons 

injected with 100 ng/µl of either hCBl (1.5±4.2%, n=4) or hCBl-417 (0.2±2.0%, n=5) 

receptor cDNA (Fig 15). There was no significant difference between these two groups 

(p=0. 7 6). These results indicate that both hCB 1 and hCB 1-41 7 receptors sequester G 
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·proteins at this level of receptor expression. To find the possible differences in G protein 

sequestration by these two receptors, a reduced cDNA concentration (50 ng/µl) was used 

for SCG neuron injection. At this inj~ction concentration, a difference between these two 

receptor types was apparent. In neurons expressing wild type hCB 1 receptors, UK 14304 

inhibited the Ca2
+ current before the application of SR 141716A (Fig 9); whereas, UK 

14304 had no effect on the Ca2
+ current in neurons expressing hCB 1-417 receptors (Fig 

10). UK 14304 inhibited the Ca2
+ current 20.0±3.6% (n=4) in neurons injected with 50 

ng/µl of hCBl receptor cDNA but only 0.6±1.2% (n=5) in neurons injected with hCBl-

417 receptor cPNA (p<0.01) (Fig 1 lA). This difference was eliminated by a subsequent 

application of 1 µM of the CB 1 receptor inverse agonist SR 141 716A. A second UK 

14304 application (after SR 141716A) only inhibited the Ca2
+ current 6.7±3.0% (n=4) in 

the hCBl group compared to 0.6±1.0% (n=5) in the hCBl-417 group. There was no 

difference between these two groups (p=0.096) (Fig 11 B). Thus, the hCB 1-417 receptor 

has a greater ability to sequester G proteins. 



Fig 9. The wild type hCBl receptor can sequester G proteins. 

A. Current amplitudes were plotted over the time course of the experiment in an SCG 

neuron injected with 50 ng/µl wild type hCB 1 cDNA. The first application of the a2 

adrenergic agonist UK 14304 (lµM) reversibly inhibited the Ca2+_current. A subsequent 

application of SR 141716A (lµM) increased the Ca2_+ current. Following the application 

of SR 141716A a second application of UK 14304 had no effect on the amplitude of the 

Ca2+ current. B. Superimposed Ca2+ current traces elicited by a double pulse protocol in 

the absence (control) and presence of UK 14304 (UK) or SR 141716A (SR) for the 

neuron shown in A. 
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Fig·to. The carboxyl terminal truncated hCBl-417 receptor has a greater ability to 

sequester G protein. 

A. Application of the a2 adrenergic agonist UK 14304 (1 µM) did not inhibit the Ca2
+ 

current inan SCG neuron injected with 50 ng/µl hCBl-417 receptor cDNA. A 

subsequent application of lµM SR 141716A increased the Ca2
+ current and a second 

application of UK 14304 after SR 141716A still had no effect on the Ca2
+ current. B. 

Superimposed Ca2
+ current traces elicited by a double pul~e protocol for the SCG neuron 

shown in A in the absence (control) and presence of UK 14304 (UK) or SR 141716A 

(SR). 
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Fig ll. Inhibitio~ of Ca2
+ current by the a2 adrenergic agonist UK-14304 in SCG 

neurons injected with wild type hCBl and hCBl-417 receptor cDNA. 

A. UK 14304 decreased the Ca2
+ current 20.0±3.6% (n=4) in SCG neurons injected ·with 

50 ng/µl wild type hCB 1 receptor cDNA. Uk 14304 had no effect (0.6±1.2%, n=5) on 

the Ca2
+ current in SCG neurons injected with 50ng/µl hCBl-417 receptor cDNA 

(p<0.01). B. A second application of UK 14304 after an application of lµM SR 141716A 

produced little inhibition of the Ca2
+ current in SCG neurons injected with either wild 

type hCBl receptor cDNA (6.7±3.0%, n=4) or hCBl-417 receptor cDNA (0.6±1.0%, 

n=5) (p=0.096). 
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The Functional Changes Caused by the Aspartic Acid 

Mutation in 2nd Transmembrane Domain 

The wild type hCB 1 · receptor has an aspartic acid (D) residue in the second 

transmembrane domain· that is highly conserved among G protein coupled receptors. 

Mutation of this aspartic acid to asparagine (N), rCB 1-D 164N, disrupted G protein 

activation of inwardly rectifyi~g potassium channels while leaving Ci+ channel 

modulation intact (Roche et al., · 1999). We hypothesized that the D 164N mutation· 

destabilizes the receptor such that more of the receptors are uncoupled from Gi/o 

proteins. Thus, we predicted that the tCB1-D164N receptor would not be constitutively 

active and would not sequester Gifo proteins. 

In a S~G neuron injected with 100 ng/µl rCB1-D164N cDNA, WIN 55,212-2 (lµM) 

rapidly inhibited the Ca2
+ current which quic~ly desensitized to half of the peak 

inhibition (Fig 12). Upon washout the Ca2
+ current recovered. A subsequent application 

of UK 14304 (1 µM) inhibited the Ca2
+ current. In another neuron injected with 100 ng/µl 

rCB1-D164N cDNA, SR 141716A (lµM) slightly increased the Ca2
+ current and 

-subsequent application of UK 14304 inhibited the Ca2
+ current (Fig 13). In summery, 

WIN 55,212-2 inhibited the Ca2
+ current 34.2±4.8% (n=6) in neurons expressing rCBl

D 164N receptors which was no different (p=0.28) from the wild type hCB 1 receptor 

(43.7±6.5%, n=7) (Fig 14A). SR141716A increased the Ca2
+ current 11.6±6.9% (n=5) in 

neurons expressing rCB 1-D 164N receptors which was significantly different (p<0.05) 

from neurons expressing. the wild type hCB 1 receptor which increased the ca?+ current 

60.2±13.7 (n=l0) (Fig 14B). Unlike the wild type hCBl receptor, the effect of UK 14304 

was not abolished b.y the rCB 1-D-·164N receptor. UK 14304 inhibited the Ca2+ current 
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35.8±6.8% (n=5) which was no different (p=0.15) from effect of UK 14304 on uninjected 

neurons (44.5±5.7, n=l2) (Fig 15). In neurons expressing the wild type hCBl receptor 

UK 14304 inhibited the Ca2
+ current 1.5±4.2% (n=4). These results demonstrate that SR 

141716A has no effect on the rCB1-D164N receptor suggesting that this receptor has 

little constitutive activity. In neurons injected with 50 ng/µl wild type hCBl ·receptor 

cDNA UK 14304 inhibited the Ca2
+ current 20.0±3.6% (n=4) but after SR 141716A the 

inhibition was reduced to 6.7±3.0% (n=4) (Fig 16A). In neurons expressing rCB1-D164N 

receptors UK 14304 inhibited the Ca2
+ current 35.8±6.8% (n=5) which was no different 

(p=0.35) from the effect of UK 14304 after the application of SR 141716A (44.7±5.0, 

n=4) (Fig 1 ~B). These results demonstrate that SR 141716A could not stabilize the 

receptor in its GGoP couple state because SR 141716A did not decrease the effect of UK 

14304. These results support the hypothesis that the D 164N mutation destabilizes the 

interaction between the receptor and Gi/o proteins such that mor~ of the receptors are in 

the R state unc~upled from G proteins. 



Fig 12. The mutated rCB1-D164N receptor does not sequester G proteins. 

In an SCGneuron injected with rCBl-D164N receptor cDNA (l00ng/µl) WIN 141716A 

(1 µM). rapidly inhibited the Ca2
+ current which partially desensitized. A subsequent 

application of the a2 adrenergic agonist UK 14304 (lµM) also inhibited the Ca2
+ current. 

B. Superimposed Ca2
+ current traces in the presence of WIN 55,212-2 (WIN) and UK 

14304 (UK) for the same neuron shown in A. 
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·Fig 13. The mutated rCB1-D164N receptor is not constitutively .active. 

A. In an SCG neuron injected with rCB1-D164N receptor cDNA (l00ng/µl) SR 141716A 

(1 µM) slightly increased the C~2
+ current. Appltcation of the a2 adrenergic agonist ~ 

14304{1µM) inhibited the Ca2
+ current. B. Superimposed Ca2

+ current traces from the 

neuron shown in A in the presence of SR 141716A(SR) and·UK 14304 (UK). 
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Fig 14. Effects of WIN 55,212-2 and SR 141716A on SCG neurons injected with 100 

ng/µI wild type hCBl, hCBl-417 and rCB1-D164N receptor cDNA. 

A. The cannabinoid agonist WIN 55,212-2 inhibited the Ca2
+ current 34.2±4.8% (n=6) in 

SCG neurons injected with 100 ng/µl rCB1-D164N receptor cDNA. The inhibition of 

Ca2
+ current by WIN 55,212-2 was 43.7±6.5% (n=7) in SCG neurons injected with wild 

type hCBl receptor cDNA (100 ng/µl). There was no difference between these two 

groups (p=0.28). However, in neurons injected with hCBl-417 receptor cDNA (100 

_ng/µl) the effect of WIN 55,212-2 was significantly reduced (22.6±3.0, n=5, p<0.05) 

compared to the wild type hCBl receptor. B. SR 141716A had little effect on the Ca2
+· 

current in SCG neurons injected with rCBI-D164N recep.tor cDNA (11.6±6.9%, n=5) 

· compared to a 60.2±13.7% (n=IO) (p<0.05). increase in the Ca2
+ current in neurons 

injected with wild type hCB 1 receptor cDNA. In SCG neurons expressing hCB 1-41 7 

receptors SR 141716A increased the Ca2
+ current 110.0±23.0% (n=lO) which was 

significantly greater (p<0: 05) than in neurons expressing rCB 1-D 164N receptor. 
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Fig 15. Both wild type hCBl receptor and mutant hCBl-417 receptor abolished 

signaling by t~e a2 adrenergic receptor. 

In uninjected SCG neurons the a 2 adrenergic agonist UK 14304 inhibite.d the- Ca2
+ 

current 44.5±5.7% (n=12). UK 14304 inhibited the Ca2
+ current 35.8±6.8% (n=5) in 

neurons expressing rCB1-D164N receptors. There was no significant difference between 

these two groups (p=9.15). UK 14304 had no effect in neurons injected with wild type 

hCBl receptor cDNA (1.5±4.2%, n=4) or hCBl-417 receptor cDI~A (0.2±2.0%, n=5). 

The concentration of receptor cDNA injected was 100 ng/µ1 for all receptors (** p<0.01 

compared to uninjected neurons and neurons injected with rCB1-D164N receptor 

cDNA). 
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Fig 16. SR 141716A causes the wild type hCBl receptor, but not the rCB1-D164N 

receptor to sequester G proteins. 

A. In SCG neurons ·injected with 50ng/µl wild type hCB 1 receptor cDNA the a2 

adrenergic agonist UK 14304 inhibited the Ca2
+ current 20.0±3.6% (n=4). An application 

of lµM SR 141716A significantly (p<0.05) reduced the effect of a subsequent 

application of UK 14304 to 6.7±3.0% (n=4). B: In neurons injected with rCB1-D164N 

receptor cDNA (100 ng/µl) UK· 14304 inhibited the Ca2
+ current 35.8±6.8% (n~5). 

Application of SR 14.1716~ had no effect .on a subsequent application of UK 14304 

(44.7±5.0, n=4). 
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Both the Carboxyl Terminal Domain Truncation (hCBl

. 417) and the Point Mutation in the 2nd Transmembrane 

Domain (rCB1-D164N) Changed the Kinetics of G Protein 

Coupling 

Both_ the carboxyl terminal domain deletion and the mutation· of aspartic acid in the 
. ' 

2nd transmembrane domain changed-tl{e kinetics ·of G protein activatipn. Truncation of 

the distal carboxyl terminal domain ··dramatically slowed the effect of the cannabinoid 

agonist WIN 55,212-2. In contrast, the onset ()f th_e effect of WIN 55,212-2 in neurons 

expressing rCB1-D164N receptors was very fast (Fig 17). The inhibition of the Ca2
+ 

current in the presence of WIN 55,212-2 in 2 neurons out of 5 expressing rCB1-D164N 

receptors showed a rapid desensitization to a plateau level. The time to peak Ca2
+ current 

inhibition in the presence of WIN 55,212-2 was measured in all three groups of neurons 

(those expressing wild type hCBl, hCBl-417 and rCB1-D164N receptors) (Fig 18). In 

neurons expressing wild type hCB 1 receptors the time to peak of Ca2
+ current inhibition 

.by WIN 55,212-2 was 51.5±5.5 seconds (n=7). In neurons expressing hCBl-417 

receptors the time to peak of the effect of WIN 55,212-2 was prolonged to 146.2±8.7 
l 

seconds (n=5) which is much longer than the wild type hCB 1 receptor group (p<0.0 1 ). 

The slow onset of_ the effect of WIN 55,212-2 was sometimes accompanied by a slow 

washout of WIN 55,212-2 effect. In neurons expressing rCB1-D164N receptors the time 

to peak of the effect of WIN 55,212-2 was 24± 4 second (n=6) which is significantly 

shorter than the wild type hCB 1 receptor (p<0.0 1 ). 



Fig.17. Time course of the effect of WIN 55,212-2 on SCG neurons injected with 

hCBl, hCBl-417 and rCB1-D164N receptor cDNA (100 ng/µJ). 

A. An application of lµM WIN 55,212-2 on a SCG neuron injected with wild type hCBl 

receptor cDNA induced a fast inhibition of the Ca2
+ current. Upon washout, the Ca2

+ 

cu~rent complete~y recovered. B. In a SCG neuron injected with hCB 1-417 receptor 

cDNA the onset of the inhibition_ of the C~2
+ current in the presence.of WIN 55,212-2 

was slow. The recovery of Ca2
+ current after washout was small. C. The fastest effect of 

WIN 55,212-2 was obtained from neurons injected with rCB1-D164N receptor cDNA. In 

this SCG neuron, WIN 55,212-2 rapidly inhibited the Ca2
+ current. The effect of WIN 

55,212-2 quickly desensitized. 
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Fig 18. The kinetics of Ca2
+ current inhibition were altered in opposite ways i~ the 

CBl D164N and the carboxyl terminal truncated hCBl-417 receptors. 

The time from the beginning of the application of WIN 55,212-2 to the peak of Ca2
+ 

current inhibition was 51.5±5:5 (n=7) second in neurons injected with wild type hCB 1 

receptor cDNA. The time to peak was i46.0±8.7 (n=5) second in neurons expressing 

hCBl-417 receptors. The time to peak was shortened to 24±4 (n=6) second in neurons 

injected with rCB1_-D164N receptor cDNA. Both hCBl-417 and rCBI-D164N receptors 

were significantly different from the wild type hCBI receptor. (p<0.01). 
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Coinjection of Plasmid cDNA Encoding the Carboxyl 

Terminal Domairi (Amino Acids 418-472) Did Not Change the 

Function of Wild Type hCBl Receptor 

The carboxyl terminal domain could interact with other proteins to constrain the 

constitutive activity of the receptor. If the carboxyl tail can interact with other proteins 

then a peptide composed of the carboxyl domain of the receptor should compete with the 

interacting proteins and increase the.constitutive activity. To test this hypothesis, the wild

type hCBl cDNA (100 ng/µl) was coinjected with the plasmid cDNA encoding the distal 

carboxyl terminal domain peptide (amino acids 418-472). The effects of the cannabinoid 

agonist WIN 55,212-2 and the inverse agonist SR 141716A on the ·ca2
+ current in the 

neurons coinjected with the wild type hCB 1 receptor and carboxyl terminal peptide 

cDNA were not different from neurons injected only with the wild hCB 1 receptor cDNA 

(Fig 19). 



Fig 19. Co-injection of the hCBl carboxyl terminal cDNA (amino acids 418-472) had 

no effect on the function of the wild type hCBl receptor. 

A. Ca2
+ current plotted over the time course of an experiment in a neuron co-injected with 

hCBl and the cDNA encoding amino acids 418-472 of the hCBl receptor (lOOng/µl). No 

obvious difference was found in the amplitude and kinetics of the effect of WIN 55,212-2 

or the effect of SR 141716A. B. Superimposed Ca2
+ current traces in the absence 

(control) and presence of WIN 55,212-2 (WIN) and SR 141716A (SR) for the neuron 

shown in A. 
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DISCUSSION 

Truncation of Carboxyl Terminal Domain Alters G .Protein 

Coupling 

Two major findings from the study of carboxyl terminal truncated hCB 1 receptors 

are: 1) the proximal domain of the C-terminal tail of the CB 1 cannabinoid receptor is 

critical for G protein coup°Iing and 2) the distal. C-terminal tail profoundly alters G 

protein-coupling. Expression of the wild type CB 1 cannabinoid receptor activates Gu0 

proteins that, in tum, inhibit voltage-dependent Ca2
+ currents in SCG neurons. Deletion 

of the entire C-terminal tail of the CB 1 cannabinoid r_eceptor (hCB 1-400) abolished the 

ability of the cannabinoid agonist WIN 55,212-2 to inhibit the Ca2
+ current. This 

destruction of receptor signaling was not from failure of the truncated hCB 1-400 receptor 

to traffic to the cell surface because an N-terminal antibody detected surface labeling 

similar to wil~ type receptors. Removal of amino acids 418-4 72 from the distal C

terminal tail (hCB 1-41 7) slowed the kinetics and reduced the magnitude of ca:2+ curre~t 

inhibition by the CB 1 cannabinoid receptor. Again, cell surface labeling of the hCB 1-417 

cannabinoid receptor indicated that it was trafficked to the cell surface. There was no 

difference between cell· surface expression of the wild type hCB 1 receptor: and either of 

the truncated hC_B 1 receptors (hCB 1-400 and hCB 1-417). Thus, a;mino acids 401-417 

located In-the proximal region of the C-terminal tail are critical for G protein-coupling to 

the CB 1 cannabinoid receptor. This result provides physiological confirmation of 

biochemical stu,dies that demonstrated that a p~ptide from this region activated G proteins 
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and competed for Gu0 protein binding to the CB 1 cannabinoid receptor (Howlett et al., 

1998; Mukhopadhyay et al., 1999, 2000). 

In addition, the present study pr~vides evidence that the _distal C-terminal tail (amino• 

acids 418-472) of the hCBl cannabinoid receptor plays a modulatory role in receptor G 

protein-coupling. WIN 55,212-2 had a smaller effect on the Ca2
+ current in neurons 

expressing hCB 1-417 receptors. Similar results can be seen in the paper by Jin et al 

(1999). In the Jin et al. (1999) paper a C-terminal truncated ~418 mutant rat CB 1 

receptor activated inwardly rectifying currents of smaller amplitude compared to wild 

type CB 1 receptors: 

There are several possible mechanisms whereby the distal C-terminal domain could 

influence G protein coupling. First, the distal C-terminal tail could influence G protein 

binding by direct interaction with the G protein. Second, the C-terminal tail could interact 

with other proteins or other parts of the CB 1 receptor that could influence G protein 

coupling. Third, the C-terminal tail might constrain the CB 1 receptor to an inactive state. 

Fourth, if CB 1 cannabinoid receptor dimers (Mackie et al., 2000) form through C

terminal tail interactions then deletion of the C.:.termipal tail could prevent the optimal G 

protein binding conformation of the receptor. Fifth, the truncation of the C-terminal tail 

may change the binding of WIN 55,'212-2 and cause a small WIN 55,212-2 effect. In 

addition to coupling to Gi/o, the CB 1 receptor is known to couple to (Glass and Felder, 

1997). The C-terminal ,of the CB 1 · receptor coul_d· possibly influence ·a protein 

recognition. 

One or more of these possible changes caused by the deletion of the distal carboxyl 

tem1inal domain (amino acids 418-4 72) of the hCB 1 receptor_ could have resulted from a 
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change in the tertiary-structure of the receptor. The affinity between the receptor and Gi/o 

protein was increased followed by a higher receptor constitutive activity and increased G 

protein sequestration ( discussed below). The tight binding of hCB 1-417 receptor with _ 

Gi/o proteins made it more difficult to dissociate from an activated Ga subunit and bind 

to the next Gi/o protein. Thus, few Gi/o proteins would be activated in a certain amount 

, of time. The low speed of G protein activation by the hCB 1-417 receptor would be 

manifested as a low and slow effect of WIN 55,212-2. 

Partial Truncation of Carboxyl Terminal Domain (hCBl-

417) Increased Constitutive Activity and G Protein 

Sequestration 

Tonic activity of the hCB 1 receptor can result from either the presence of an 

endogenous agonist or from a spontaneous conversion to an active receptor confonnation 

in the absence of agonists. The CB 1 cannabinoid receptor has a certain degree of activity 

without the administration of extra agonists. For example, the CB 1 inverse agonist SR 

141716A can improve memory (Lichtman et al., 1996; Terranova et al., 1996; Collins et 

al., 1995), exaggerate pain sensation (Calignano et al., 1998) and change blood pressure 

-(Varga et al., 1995; Wagner et al., 1997). The endogenous cannabinoids, anandamide and 

2-arachidonylglycerol (2-AG), are probably responsible for, at least in part, these 

physiologic functions maintained by the basal activity of cannabinoid system inside the 

body (Calignano et al., 1998). Anandarriide wasisolated from both central nervous and 

peripheral tissue (Felder et al., 1993, 1996). Its distribution in the brain is consistent with 

the distribution of the CB 1 recepto~ with high~st levels in areas with high density of CB 1 
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receptor such as hippocampus, striatum, cerebellum and cortex. Anandamide behaves as . 

a partial agonist for both CB 1. and CB2 receptors (Felder et al., 1995). Anandamide is a 

highly hydrophobic molecule that is abl_e to get into or pass though plasma membranes 

easily (Axelrod and Felder, 1998). 

It is reasonable to consider that the endogenous cannabinoid agonist anandamide may 

be responsible for constitutive activity of the CB 1 receptor. One can imagine that 

anandamide or 2-AG within the plasma membrane may activate the CB 1 receptor in SCG 

neurons and cause a basal inhibition of Ca2
+ current. But from previous studies, this 

seems unlikely. If anandamide was present then SR 141716A would be a competitive 

· antagonist. If SR 141716A is competing with anandamide · then adding exogenous 

anandamide to SCG neurons would result in an enhanced effect of SR 141716A. 

However, the effect of SR 141716A was not significantly different in the presence of 300 

nM anandamide (Pan et al., 1996). Thus, SR 141716A is an inverse agonist, not 8: 

competitive antagonist. MacLennan et al. ( 1998) also proved that endogenous 

cannabinoid receptor agonists are not a confounding factor for the inverse agonist action 

of SR141716A on the CBl receptor. In this study, they used CHO-Kl cells expressing 

hCBl receptors to measure the change in [35S]-GTPyS binding in the presence of various 

CBI ligands. The cannabinoid agonist WIN 55,212-2 increased and SR 141716A 

decreased GTPyS binding. Cannabinol had no effect on ·GTPyS binding. Cannabinol 

-acted like a· neutral antagonist. This result was the key finding .. A neutral antagonist 

should compete with any endogenous agonist; therefore, this was strong evidence that no 

endogenous ago°:ist was present. The mutation of aspartic acid in the 2nd tr~nsmembrane 

domain to asparagine did not_ change the binding of anahdamide (Tao and Abood, 1998). 
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Both wild type hCB 1 and mutant receptor bind anandamide equally; however, the wild 

·type hCB 1 receptor was constitutively active but rCB 1-D 164N receptor had a 

significantly lower constitutive activity. This provides additional evidence that 

anandamide is not responsible for the constitutive activity of the hCB 1 receptor. 

Therefore, SR 141 716A is an inverse agonist and the constitutive activity is ~ue to the 

ability of the re_ceptor to undergo structural conformation changes in the absence of 

agonists. 

The role of carboxyl domain in the regulation of constitutive activity of other GPCRs, 

including the ~2-adrenergic receptor, the dopamine D5 receptor and the Histamine H3 

receptor, has .been studied (Parker and Ross, 1990; Demchyshyn et al., 2000; Morisset S 

et al., 2000). In these receptors, the carboxyl terminal domain acted as an inhibitory 

domain to constrain constitutive activity. Deletion of the carboxyl domain caused an 

increase in constitutive activity. The· hCB 1 receptor belongs to the same class of G 

protein coupled receptors and also has a relatively long carboxyl terminal domain with 

multiple functions (Jin et al., 1999; Mukhopadhyay et al., 2000). The truncation site of 

amino acid 417 (deletion of amino acids 417-472) was chosen to preserve the ability of 

the receptor to couple to G proteins. With i 00 ng/µl cDNA injections, both hCB 1 and 

hCB 1-417 receptors have si~ilar expression levels and high constitutive ·activity. Though 

the hCB 1-41 7 receptor tends to have a higher constitutive activity than the hCB 1 receptor 

no statistically significant difference was found between these two receptors (Fig 7 A). 

The population of constitutively active receptors is related to the total number of 

receptors. In a previous study, injection of 50 ng/µl produced fewer tonically active 

receptors compared to the injection of 100 ng/µl hCB 1 cDN A (Vasquez and Lewis, 
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1999). When the injection cDNA concentration was reduced from 100 ng/µl to 50 ng/µ·1, 

the difference in the constitutive activity betwee~ h~B I and hCB 1-417 receptors was 

apparent (Fig 7B). The carboxyl terminal truncated hCBJ:..417 receptor had a greater. 

constitutive activity· than the wild type hCB I. receptor. · This higher constitutive activity 

can be easily visualized at an optimum receptor expression leveL Similar to some other 

receptors, the carboxyl terminal domain (amino acids 418-472) of the hCBI receptor is 

an inhibitory domain for the highly constitutively active CB 1 receptor. 

The carboxyl terminal domain could interact with other proteins fo constrain the 

constitutive activity of the receptor. If the carboxyl tail can interact with other proteins 

then a peptide composed of the carboxyl domain of the receptor should compete with the 

interacting proteins and increase the constitutive activity. However~ coinjection of the 

wild type _hCBl receptor cDNA with the cDNA encoding the carboxyl terminal domain 

(amino acids 418-472) did not enhance the constitutive activity of the receptor as shown 

by the effect of SR 141716A (Fig 19). This result indicates that there may not be an 

interacting protein that controls G protein coupling. However, the peptide may not be 

expressed properly or may not traffic to the vicinity of the carboxyl terminal domain of 

the hCB 1 receptor. 

Previous work has shown that wild type hCBl receptors can sequester Gi/o proteins . 

. Expression of hCB 1 receptors in SCG neuron_s abolished the signaling by both a.2 

adrenergic and somatostatin receptors. Unlike many other receptors, the hCB 1 receptors 

can precouple to Gi/o proteins in their inactive GaoP state. Both the active R *GaTP and 

inactive RGaoP states of hCBl receptor are responsible for the sequestration of Gi/o 

proteins (Vasquez and Lewis, 1999). Howlett and colleagues found that the CB I • 
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receptor is coupled to Gi/o proteins m the absence of agonists. They used 

immunoprecipitation techniques to isolate the CB 1 receptor protein and found that Ga0 

and Gai3 proteins. were_ associated: with the. receptor (Mukhopadhyay et al., 2000). Taken 

together, tI?-ese studies show that the CB 1 receptor h~s a high affinity for Gi/o proteins. 

The ~arboxyl terminal truncated hCB 1-4 i 7 receptor had a greater ability to sequester 

G proteins. This indicates the distal carboxyl terminus (amino acids 418-472) keeps the 

receptor from constantly binding to G proteins. The carboxyl terminal truncated receptor 

has. both a greater ability to sequester G,proteins and a higher constitutive activity. This 

means that there is a higher proportion of hCB 1-41 7 receptors in the. active· R *GaTP state, 

some receptors in inactive RGaor state and far fewer receptors in the uncoupled R state. 

The Point Mutation in .the second Transmembrane Domain 

(D164N) Decreased Constitutive Activity and G Protein 

Sequestration 

The mutation of the aspartic acid in the second transmembrane domain resulted in a 

receptor that has little constitutive activity and no ability to sequester G proteins. Lack of 

constitutive activity was demonstrated by the smaller effect of SR 141 716A on the Ca2
+ 

current compared to the wild type hCB 1 receptor. It has been reported that the aspartic · 

acid to asparagine mutation in 2nd transmembrane domain of the hCB 1 receptor did not 

change the affinity of SR 141716A (Tao and Abood, 1998). The rCB1-D164N receptor 

failed to sequester G proteins as shown by the ability of a2 adrenergic. agonist UK 14304 

to inhibit the Ca2
+ current normally. SR 141716A failed to sequester _G protei~s as shown 

by its inability to block the effect o(UK 14304. This demonstrates that there are few 
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rCB 1-D 164N receptors in the inactive RGaor state. This indicates the association of Gi/o 

proteins with the rCB1-D164N receptor is not as tight as with the wild type hCBl 

receptor. These results indicated the majority of the rCB1-D164N receptor population is 

in the uncoupled R state. 

In other G protein coupled receptors mutation of the highly conserved aspartic acid in 

the second transmembrane domain decreases agonist affinity (Strader et al., 1987; Chung 

et al., 1988; Ho et al., 1992; Chanda et al., 1993; Brodbeck et al., 1995; Parent et al., 

1996; Chakrabarti et al., 1997). WIN 55,212-2 binding was not changed for the rCB1-

D164N receptor (Roche et al., 1999). Different results were obtained in another study. 

The affinity of WIN 55,212-2 was decreased in the hCB1-D163N receptor (Tao and 

Abood, 1998). Mutation of the aspartic acid in the second transmembrane domain of both 

a2 adrenergic and CB 1 receptors blocked the modulation of inwardly rectifying 

potassium channels while leaving Ca2
+ channel modulation intact (Surprenant et al., 

1992; Roche et al., 1999). This could be due to: 1) altering the binding to specific Gi/o 

proteins, 2) decreasing of efficiency of activation of all Gi/o proteins or 3) altering the 

kinetics of Gi/o protein turnover. 

The mutation could alter the binding of the receptor to specific Gi/o proteins. The G 

protein py subunits are responsible for both Ca2
+ channel inhibition and activation of 

inwardly rectifying potassium channels. The CB 1 receptor couples to two different G 

proteins, Ga0 and Gai3 (Mukhopadhyay et al., 2000). To differentially affect potassium 

and Ca2
+ channels two different Gpy proteins with channel specificity would be required 

associate with Ga0 and Gai3. While it is possible that different subtypes of Gpy proteins 
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cause4 a similar inhibitory effect in neurons injected with the rCB 1-D 164 or wild type 

hCB 1 receptor cDNA, the turnover of rCB 1-D 164N receptor activation must be greater 

than the wild type hCB 1 receptor in order to maintain this comparable WIN 55,212-2 

effect. A fast turnover between the inactive and active receptor states would result in a 

fast turnover between the dissociation and association of Ga and Gpy subunits. With the 

same number of G proteins activated, a fast turnover means that the association time 

between a specific Gpy subunit and an ion channel will be decreased. This decreased 

association time may be enough for an inhibitory action on an ion channel like the Ca2+ 

channel in which the Gpy subunit slows the kinetics of activation. However, activation 

of an ion channel such as the inwardly rectifying potassium channel by Gpy may need a 

longer association time during which the Gpy subunit may help to change the tertiary 

. conformation of the ion channel protein. 

The kinetics of the receptor G protein interaction was also changed in the carboxyl 

terminal domain truncated receptor (hCB 1-417). The. time to peak of the effect of WIN 
. . 

55,212-2 in neurons expressing hCBl-417 receptor was significantly prolonged 

(146.0±8.7 second, n=6) compared to wild type hCBl receptors (51.5±5.5, n=7) 

(p<0.01). This slow onset of the effect of WTN 55212-2 on the hCBl-417 receptor is 

consistent with its high constitutive activity and G protein sequestration i.n the three-state 

model. According to the three-state receptor model, the receptors can be· in an inactive R 

state, a precoupled inactive RGaoP state, or an active R *GaTP state. The distribution of 

receptors among these three states may be changed ~y the receptor structure. Truncation 

of the carboxyl terminal tail of the hCB 1 receptor may alter the conformation of the 

receptor such that more receptors are in the active R *GarP state. Application of an agonist 
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or an inverse agonist will change the balance of receptor distribution among these three 

states. For example, SR 141716A can stabilize the hCB 1 and hCB 1-41 7 receptors in the 

precoupled inactive RGGoP state and draw the receptors from the other two states. The 

cannabinoid agonist WIN 55,212-2 has a high affinity for the active R *GGTP state and 

will· draw· more receptors into this state from the other states. Since the hCB 1-417 

receptor has a higher constitutive· activity then more receptors are already in the active 

R *GGTP state; therefore, it will take a longer time for WIN 55,212-2 to trap more 

receptors from the other states into the R *GGTP state. 
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Models for Receptor-G protein Coupling 

wild type hC B 1 

R Ga~y GDP ... _ - R * GaGTP + ~y--+ ~')' __ .,. Channels 

l + -
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SUMMARY 

I. Truncation of the entire carboxy 1 terminal domain ( amino acids 401-4 72) resulted 

in the complete loss of CB 1 cannabinoid receptor -signaling. Truncation of the distal 

carboxyl terminal domain (amino acids 418-472) decreased the inhibition of the Ca2
+ 

current by the cannabinoid agonist WIN 55,212-2. These results suggest that the C

.terminal tail of the human CB 1 cannabinoid receptor contains two functional domains for 

G protein coupling and signaling. 1) A proximal C-terminal domain that is critical for 

coupling to Gila proteins and 2) A distal C-terminal domain that profoundly modulates the 

ability of the human CB 1 cannabinoid receptor to couple to Gi1o proteins. 

2. Truncation of either the entire carboxyl terminal domain or the distal carboxyl 

terminal of hCB 1 receptor did not change the expression of the receptors. Unlike some 

other receptors, such as the ~2 adrenergic receptor, the carboxyl ter?linal domain of the 

hCB 1 receptor plays little role in regulation of surface expression of hCB 1 receptors. 

3. Truncation of the distal C-terminal domain resulted in a receptor with a higher 

constitutive activity than the wild type hCB 1 receptor. Constitutive activity of the wild 

type hCB 1 receptor results in a tonic inhibition of the voltage-dependent Ca2
+ current. 

This tonic inhibition is reversed by the inverse agonist SR 141 716A resulting in an 

increase in the Ca2
+ current. SR 141 716A increased the Ca2

+ current 101.1 ± i 8. 9% in 

neurons expressing truncated hCB 1-41 7 receptor which was significantly greater than the 

43.1±7 .5% in the Ca2
+ current ii:i, neurons expressing wild type hCB 1 receptor. The 
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increased constitutive activity in carboxyl tem1inal truncated hCB 1 receptor indicates that 

the distal C-terminal domain constrains the ability of the receptor to couple to G proteins. 

4. The aspartic acid in the second transmembrane domain is_ a highly conserved amino 

acid in many G protein coupled receptors. Mutation of the aspartic acid to asparagine, the 

D 164N mutant CB 1 receptor, decreased the ~onstitutive activity of the CB 1 receptor. The 

inverse agonist SR 141 716A had no significant effect on the Ca2
+ current in neurons 

expressing the D 164N mutant CB 1 receptor. The D 164N mutant CB 1 receptor also failed 

to sequester G proteins. The reduced constitutive activity of the b 164N mutant CB 1 

receptor may partly contribute to its inability to sequester G proteins. 
" ' 

5. Truncation of the distal carboxyl terminal domain slowed the kinetics of receptor 

activation and G protein coupling by the cannabinoid agonist WIN 55,212,2. The time to 

peak of the effect of WIN 55,212-2 was significantly prolonged in neurons expressing the 

carboxyl terminal truncated hCBl-417 receptors (146.0±8.7 seconds) compared to wild 

type hCB 1 receptor (51.5±5.5 seconds). Together with the high constitutive activity of 

the hCB 1-417, the slow kinetics of this receptor indicates that the affinity between the 

receptor and G protein may be increased due to a change in tertiary structure. 

· 6. The mutant rCB 1-D 164N receptor showed faster kinetics of G protein coupling 

and signaling than the wild type hCB 1 receptor. In contrast to the carboxyl terminal 

truncated hCB 1-41 7 receptor, mutation of the aspartic acid in the second transmembrane 

domain actually shortened the time to peak of the effect of WIN 55,212-2. This indicates 

that the dissociation of G protein a subunit form the activated receptor is easier in the 

rCB1-Dl64N receptor. This easy dissociation enables the activated rCB1-Dl64N 

receptor to activate all the available G proteins in a short time. Therefore, the time to 
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peak of the effect of WIN 55,212-2 was greatly decreased in neurons expressing rCBl

D 164N receptors. 

7. The ·carboxyl terminal truncate.d hCBI-417 receptor ·has a greater ability to 

sequester G proteins than the wild type hCB I receptor. The greater ability to sequester G 

proteins may result from both the increased constitutive activity of the receptor and the 

longer association time between the activated receptor and the G protein a subunit. 

8. The rCB 1-D 164N receptor does not sequester G proteins compared to the wild type 

hCB I receptor. Similar to the carboxyl truncated CB 1 receptor, the inability of the rCB I

D 164N receptor to sequester G proteins is likely due to its low level of constitutive 

· activity and the ability of the activated receptor to rapidly dissociate from G proteins. 

9. The hypothesis that the carboxyl terminal of the CB 1 cannabinoid receptor 

prevents the receptor form activating G proteins by interacting with another intracellular 

protein was tested. If the CB I receptor interacts with another protein then a carboxyl 

terminal peptide should interfere with the wild type CBI receptor and mimic the carboxyl 

terminal truncated receptor. Co-injection of a plasmid cDNA encoding the carboxyl 

terminal peptide (amino acids 418-472) together with the wild type hCBl cDNA did not 

change the behavior of the receptor. This indicates that an interacting protein does not 

play a role in receptor G protein coupling. However, a negative result may simply be due 

to a failure of the carboxyl terminal peptide to be expressed or to traffic to the site of 

protein interaction with the CB 1 receptor. 

In summary, th~ G protein sequestration by CB I cannabinoid receptor is not only 

related to the expression level" of the receptor but is also related to the con~ormation of the 
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tertiary structure of the receptor. The -later may be of more importance in terms of the 

physiologic roles the hCB 1 in regulation of other receptor systems. 
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