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JASON LANCE NIEHAUS 
Identification and Characterization of CRIPlb: A Novel CB1 Cannabinoid Receptor 
Interacting Protein 
(Under the direction of DEBORAH LEWIS) 

G protein-coupled receptors. (GPCRs) transduce extracellular stimuli to 

intracellular signals. through their interaction with heterotrimeric G proteins. Signaling 

diversity and specificity is imparted primarily through variations of G protein subunits. 

Protein-protein interactions between intracellular accessory proteins and GPCRs also 

modify signaling by altering receptor activity or signaling pathways. The ability of 

intracellular proteins to interact with the CB 1 cannabinoid receptor was investigated to 

determine whether particular signaling properties of CB 1 resulted from interaction with 

specific CB 1 interacting proteins. A novel protein named CRIP 1 b was discovered· to 

interact with the C-terminal tail of CB 1 ~- The interaction between CRIP 1 b and CB 1 was 

characterized using the yeast two-hybrid assay. Functional consequences of the CRIPlb

CB 1 interaction were investigated by examining protein localization by confocal 

microscopy and measuring CB 1 mediated N-type Ca2
+ channel activity in the presence of 

CRIP 1 b by whole-cell patch clamp recordings. 

The ye_ast two-hybrid assay indicated that the last nine amino acids of the. CB 1 

C-terminal tail were required for interaction with CRIP 1 b. Heterologous expression of 

CRIP 1 b and CB 1 in HEK 293 cells did not reveal evidence of co localization, nor was 

CB 1 able to significantly traffic CRIP 1 b to the plasma membrane. However, CRIP 1 b and 

CB1 were found to colocalize in superior cervical ganglion (SCG) neurons. Whole-cell 

voltage-clamp recordings ofN-type Ca2
+ channels in SCG neurons indicated that CRIPlb 

had no.effect on agonist- or inverse agonist-induced modulation of Ca2
+ current by CB1. 



Furthefrr1:ore, the level of CB 1 constitutive activity was· not significantly altered by 

CRIP 1 b. The high affinity of CB 1 for G proteins, as demonstrated by the ability of CB 1 

to sequester G proteins from other Gu0 coupled receptors, was unaffected by expression 

ofCRIPlb. 

These results provide evidence that CRIP 1 b is a novel CB 1 accessory protein that 

interacts with the C-terminal tail of CB1. While CRIPlb and CB1 can apparently interact 

in a neuronal expression system, the ability of CRIP 1 b to modify CB 1 signaling was not 

detected in any of the pathways investigated. Thus, the distinctive signaling properties of 

CB1, such as constitutive activity and G protein seque.stration do not originate from nor 

are modified by CRIPlb. 

INDEX WORDS: G protein-coupled receptor, CB1 cannabinoid receptor, constitutive 
activity, interacting protein, calcium channel, yeast two-hybrid 



ACKNOWLEDGEMENTS 

I will be forever grateful to Dr. Deborah Lewis, my advisor and friend, for taking 

a chance in accepting me as a student-someone who had never heard of a cannabinoid 

receptor before joining the laboratory. The training and environment you patiently 

provided me furthered my enthusiasm for science. Leaming from you has been a deeply 

rewarding experience and I hope to emulate your scientific and personal success in my 

career and personal life. 

I would also like to thank my co-workers for making it a sincere joy to work in 

the lab together: Sheela Bhartur, for allowing me to carry on her exceptional work on this 

project and for showing me what can be accomplish~d with a clear goal; Jannie Jones for 

helping me learn so many basic techniques necessary to be productive in the lab; 

Kathleen Wallis for expert advise, assistance and discussions, as well as the much needed 

sugar boost from homemade goodies; Yunguang Liu for sharing in this graduate school 

journey with me-it would have been more difficult without your friendship along the 

way; Shanping Shi for always being willing to help me, regardless of the need or reason; 

Yue Shi for bringing a contagious smile and an inexhaustible supply of energy to the lab. 

This project was truly a team effort and I am grateful to my advisory committee 

Drs. Clare Bergson, Lynnette McCluskey, Nevin Lambert and Lori Redmond for their 

assistance and guidance. I am sure it felt like you took on an additional student in your 

V 



VI 

respective labs with all the time you set ·aside to help me troubleshoot techniques, discuss 

results and improve the overall quality of this project. I would also like to thank Drs. 

Scott Barman and Gregory Liou for serving as dissertation readers. 

Finally, I am most thankful to my parents Linda and David Niehaus, my sister 

Natalie Niehaus and my grandmother Victoria Brooks for their endless support, infinite 

patience and understanding during my time at the Medical College of Georgia. We were 

separated more by commitment rather than distance, but I always cherished the time we 

were able to spend together. I can not express to you how much all the things you have 

done to help and support me, both big and small, have meant to me. If I have 

accomplished anything in life, it is only because you were there to pick me up when I 

have fallen short and stood me on your shoulders to reach that which I could not on my 

own. 



TABLE OF CONTENTS 

Page 

ACKNOWLEDGMENTS ................................................................................................... v 

LIST OF FIGURES .......................................................................................................... viii 

· LIST OF TABLES ............................................................................................................... x 

INTRODUCTION .................................................................................. · ............................. l · 

MATERIALS AND METHODS ....................................................................................... 47 

RESULTS .......................................................................................................................... 57 

DISCUSSION ............................................................................................ :·····················101 

SUMMARY ..................................................................................................................... 136 

REFERENCES OF LITERATURE CITED .................................................................... 139 

APPENDIX A- SUPPLEMENTARY FIGURES .......................................................... 172 

APPENDIX B - IGOR PRO PROCEDURES .................................. · .............................. 176 

Vil 



LIST OF FIGURES 

Figure Page 

1 Domains ofthe CB, cannabinoid receptor involved in constitutive activity 

and G protein binding ............. ~ ......................................... : .................................... 58 

2 CB 1 cannabinoid receptor interacting protein 1 b (CRJP 1 b) protein and 

nucleotide sequence ............................................................................................... 59 

3 Amino acid alignment of human CRJP 1 b, human CRJP 1 a and rat CRJP 1 a 

sequences ............................................................................................................... 61 

4 Organization of human CRJP 1 gene ............................. ......................................... 62 

5 Amino acid alignment ofprimate CRIP 1 b sequences ............................................ 63 

6 Deletion mapping of CB, C-terminal tail ........................................................... ... 69 

7 CRIP 1 b expression detected in HEK 293 cell lysate ............................................. 73 

8 Nominal colocalization of CB, and CRJPlb detected in HEK 293 cells ............... 74 

9 CB 1 does not modi& CRJP 1 b expression pattern in HEK 293 cells ...................... 77 

10 CRIP 1 b cellular distribution pattern is not altered by various CB 1 constructs .... 80 

11 Membrane to intracellular ratio of EGFP-CRJP 1 b intensity is unaltered by 

expression of various CB 1 constructs ..................................................................... 81 

12 CB1 and CRJPlb colocalize in SCG neurons ......... : ............................................•. 83 

13 CRJP 1 b does not alter human CB 1 receptor constitutive activity ................... ....... 87 

14 CRIP 1 b does not alter rat CB 1 receptor constitutive activity ................................ 88 

vm 



IX 

15 Ca2
+ current facilitation ratio is not altered by CRIP 1 b ....................................... 93 

16 CB rmediated G protein sequestration is unaffected by CRJP 1 b .. ........................ 96 

17 Attenuation ofsomatostatin signalling by CB 1 is not modified by CRIP 1 b ........... 97 

S 1 CRJP 1 b interacts with CB, C-terminal tail in vitro ............ ~ ................................ 173 

S2. Deletion mappingofCRIPlb ............................................................................... 174 

S3 CRJP 1 b mRNA detected in human and macaque brain tissues ........................ ... 17 5 



LIST OF TABLES 

~~ ~~ 

I CB 1 C-terminal tail specifically interacts with CRIP 1 b in yeast two-hybrid 

assay ....................................................................................................................... 65 

II CB 1 agonist and inverse agonist modulation of Ca2
+ current is not changed 

by varying CRIPlb expression ............................................................................... 89 

III EGFP-CRIP 1 b does not affect CB, agonist-induced inhibition of Ca2
+ 

current .................................................................................................................. 100 

X 



I. INTRODUCTION 

A. Statement ofthe Problem 

Marijuana is the most widely abused illicit drug in the United States. According 

to the 2003 National Survey on Drug Use and Health, approximately 6 percent of 

Americans reported use of marijuana in 2003, with an estimated 1.3 perc~nt using 

marijuana daily. Short-term effects of marijuana use have been well-characterized and 

include euphoria, distortion of perception, increase in heart rate and impairment of 

short-term memory, attention, judgment, and motor coordination (Ameri, 1999). 

/19 -tetrahydrocannabinol (/19-THC), the primary psychoactive component in marijuana, 

binds to cannabinoid receptors present in both the central nervous system and the 

periphery to produce these physiological effects. The cannabinoid system consists of at 

least two receptor subtypes, endogenous ligands known as endocannabinoids, and 

enzy~es that transport and degrade endocannabinoids. Endocannabinoids, such as 

anandamide and 2-arachidonyl glycerol, mediate several physiological processes. Some 

studies have shown beneficial effects of endocannabinoids and that endocannabinoid 

levels are increased in response to pain, neuronal insult and a ·variety of other disorders 

(Pertwee, 2005a). However, the normal beneficial effects of endogenous activation of 

cannabinoid receptors are overwhelmed by exogenous cannabinoids such as /19 -THC, as 

the spatial and temporal resolution of endogenous activation is disrupted by ubiquitous 
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receptor activation. Indeed, it is likely that some of the reported therapeutic uses of 

marijuana result from overlap with the endogenous cannabinoid system. Currently 

119 -THC is approveq for use by the FDA for treatment of nausea and vomiting associated 

with cancer chemotherapy and to treat anorexia associated with weight loss in AIDS 

patients. The main disadvantage of using cannabinoids such as 119 -THC to treat these 

conditions is the side-effects induced by indiscriminate activation of cannabinoid 

receptors in the central nervous system. A more complete understanding of the 

regulation of cannabinoid signaling could assist in specific targeting of the 

endocannabinoid system to produce desired therapeutic effects without unwanted 

side-effects. 

An exciting recent development in G protein-coupled receptor (GPCR) signaling 

has been the discovery of interacting proteins that form signaling complexes with 

receptors. These interacting proteins have a wide variety of functions, from sorting and 

trafficking to anchoring and scaffolding interactions to modification of signaling 

properties of GPCRs (Pierce et al., 2002). The CB1 cannabinoid receptor, as a member of 

the GPCR superfamily, shares several common features with other GPCRs, including 

overall structure and signaling mechanisms. Previous studies indicated that the CB 1 

C-terminal tail affects the constitutive activity· of the receptor, as deletion of the tail 

enhanced CB1 activity (Nie and Lewis, 2001). Recently, the laboratory has cloned a 

novel protein, CRIP 1 b, which interacts with CB 1 at the C-terminal tail. Similar to other 

GPCRs, proteins interacting with CB1 at the C-terminal tail may regulate the activity of 

CB1. 
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The overall research go~l was to test the hypothesis that CRIP 1 b plays an 

important role in the signaling and function of the CB 1 cannabinoid receptor. The 

relevant domains for CRIPlb and CB1 interaction were determined by using the yeast 

two-hybrid assay. Colocalization and trafficking interactions between CRIPl b and CB1 

were examined by confocal microscopy and the impact of CRIP 1 b on CB 1 signaling was 

investigated by whole-cell voltage clamp recordings ofN-type Ca2
+ channels. 

The specific aims of this project were: 

1. To characterize the in vitro interaction between CRIPl b and CB1 and determine the 

relevant domains necessary for interaction. 

2. To test the hypothesis that CRIPlb colocalizes with CB1 and is trafficked by CB1. 

3. To test the hypothesis that CRIPlb modulates CB1 signaling, constitutive activity and 

G protein sequestration. 

B. Review of Related Literature 

Discovery and cloning of cannabinoid receptors 

The existence of a receptor for cannabinoid compounds, such as 8 9 -THC, was 

confirmed only in 1988 after the development of a high-affinity analog allowed for 

identification of a specific binding site in the brain (Devane et al., 1988). Unlike other 

plant-derived compounds such as morphine, 8 9 -THC is lipophilic and was not initially 

expected to bind to a specific receptor, but instead act by altering membrane fluidity. 

The first cannabinoid receptor, CB1, was cloned from rat brain in 1990 (Matsuda et al., 
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1990). and was soon followed by the identification and cloning of CB2 by sequence 

homology (Munro et al., 1993). Cannabinoid receptors belong to the same family of G 

protein-coupled receptors as rhodopsin and exhibit characteristic structural features 

including seven transinembrane spanning domains, an extracellular amino terminus and 

an intracellular carboxy terminus. Whereas CB 1 is primarily expressed in the central 

nervous system, CB2 is localized mainly to immune system cells, although recent studies 

indicate that CB2 is present in microglia and brain stem neurons (Van Sickle et al., 2~05; 

· Gong et al., 2006). 

Expression and distribution of CB1. cannabinoid receptors 

CB 1 cannabinoid receptors are highly expressed throughout the brain, in regions 

such as cortex, cerebellum, hippocampus, and striatum (Herkenham et al., 1991; Matsuda 

et al., 1993). More recently, the cellular distribution of CB 1 has been reported by several 

groups using immunohistochemistry methods (Pettit et al., 1998; Tsou et al., 1998; 

Egertova and Elphick, 2000) which 'confirm the earlier autoradiography and mRNA 

studies. The distribution pattern of CB I in the central nervous system supports the idea 

that the effects of cannabinoids (see below) are largely mediated by CB1• Strikingly, the 

subcellular distribution pattern was found to differ depending on whether an antibody to 

the N- or C-terminal tail was used for CB1 localization. CB1 was detected in neuronal 

processes but not in somata using the CB I antibody raised to the C-terminal tail (Egertova 

and Elphick, 2000), whereas the N-terminal antibody revealed CB 1 immunoreactivity in 

neuronal somata and processes (Tsou et al., 1998). The authors speculated that 
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differences in the methods used or the phosphorylation state of the C-terminal tail might 

account for the inconsistency of their results. It might also be imagined that the CB1 

C-terminal tail was not available for antibody binding in the soma due to differences in 

protein folding (i.e. a conformational change) or masking of the region by transport 

machinery or other interactions. 

CB1 · is targeted to axons and axon terminals and its polarized distribution is 

consistent with a presynaptic mechanism of action on neurotransmitter release. While 

CB1 is widely accepted to be expressed on inhibitory GABAergic neurons (Tsou et al., 

1998; Tsou et al., 1999; Egertova and Elphick, 2000), current investigations have also 

found supporting evidence for _ CB 1 localization on excitatory glutamatergic neurons 

(Kawamura et al., 2006; Takahashi and Castillo, 2006). 

Discovery of endogenous cannabinoids 

The discovery and cloning of CB 1 answered the question of where cannabinoid 

compounds were binding in the brain, but not why the brain should bother to produce 

large numbers of receptors for a plant-derived compound. Fortunately, such questions 

had been posed before regarding the binding of morphine to opioid receptors. and strongly 

implied that endogenous ligands for CB 1 were present in the brain. Arachidonyl 

ethanolamide (anandamide) was the first 'endocannabinoid' discovered to bind and 

activate CB1 (Devane et al., 1992). Subsequently, multiple lipid ligands- of CB1 were 

identified, with anandamide and 2-arachidonyl glycerol (Mechoulam et al., 1995; Sugiura 

et al., 1995) being the most widely accepted and characterized endocannabinoids. 
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Endocannabinoids are not stored in vesicles as is common with most 

neurotransmitters, but instead are synthesized on-demand at post-synaptic sites in a 

Ca2+ -dependent manner from precursors in the lipid membrane (Di Marzo et al., 1994; , 

Bisogno et al., 1997; Stella et al., 1997). Anandamide format~on has been proposed to 

occur in a two-step process beginning with transfer of an arachidonic acid group to 

phosphatidylethanolamine by a Ca2+-dependent trans-acylase. Hydrolysis of 

N-arachidonyl-phosphatidylethanolamine by phospholipase-D then yields anandamide 

and phosphatidic acid (Di Marzo et al., 1994; Sugiura et al., 1996; Cadas et al., 1997). 

The immediate precursor to anandamide, N-arachidonyl-phosphatidylethanolamine has 

not been found to be stored in high concentrations by cells, and is considered to be 

synthesized concurrently with anandamide. 

2-arachidonyl glycerol appears to be synthesized by two different pathways. The 

primary production pathway occurs by rapid phospholipase C hydrolysis of arachidonic 

acid-containing diacylglycerols followed by hydrolysis to 2-arachidonyl glycerol by 

diacylglycerol lipase (Farooqui et al., 1989). Alternatively, 2-arachidonyl glycerol can be 

synthesize1 through a 2-arachidonyl-lysophospholipid intermediate generated by 

phospholipase Al cleavage of phosphatidylinositol (Higgs and Glomset, 1994; Pete et al., 

1994). Hydrolysis of the lysophospholipid by lyso-phospholipase C would then generate 

2-arachidonyl glycerol. Similar to anandamide, production of 2-arachidonyl glycerol is 

Ca2
+ dependent. Interestingly, 2-arachidonyl glycerol is present in brain tissue at a higher 

concentration than anandamide (Sugiura et al., 1995; Stella et al., 1997) which has led to 

the proposal that the principal role of 2-arachidonyl glycerol is in lipid metabolism 
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functions with secondary functions m signaling via cannabinoid receptors (Piomelli, 

2003). 

Activity-dependent synthesis and release of endocannabinoids is generally 

acknowledged to be Ca2
+ dependent; however, evidence for GPCR-mediated mechanisms 

of endocannabinoid release independent of an increase in intracellular Ca2
+ levels by 

activation of metabotropic glutamate receptors (Maejima et al., 2001; Varma et al., 2001) 

and acetylcholine receptors (Kim et al., 2002) has been established. Differing 

endocannabinoid synthesis pathways could occur with varying requirements for Ca2+. As 

the activity of lipases involved in endocannabinoid synthesis are sensitive to Ca2
+ levels, 

the involvement of submicromolar levels of Ca2
+ in receptor driven release of 

endocannabinoids seems likely (Maejima et al., 2005). Previous findings suggesting 

Ca2
+ -independent endocannabinoid release may not have been sensitive enough to detect 

minor changes in Ca2
+ levels or may have overlooked Ca2

+ release from intracellular 

stores. While release of endocannabinoids from post-synaptic neurons is evident, the 

mechanism by which hydrophobic endocannabinoids are released and cross the synaptic 

cleft to reach their presynaptic cellular targets is not well-defined. Passive diffusion, 

endocytosis/exocytosis and carrier-mediated transport have all been hypothesized to 

explain trafficking . of endocannabinoids. Recent identification of an anandamide 

transporter binding site suggests that specific transport mechanisms exist for 

endocannabinoids (Moore et al., 2005). 
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Synaptic mechanisms mediated by endocannabinoids 

Once endocannabinoids are synthesized and released from postsynaptic neurons, 

what benefit are they to synaptic mechanisms? In 2001, a flurry of reports demonstrated 

that endocannabinoids could regulate synaptic transmission. Three groups identified 

endocannabinoids as the mysterious messenger responsible for depolarization-induced 

suppression of inhibition (DSI) (Kreitzer and Regehr, 2001; Ohno-Shosaku et al., 2001; 

Wilson and Nicoll, 2001 ). In this peculiar synaptic mechanism, depolarization of 

postsynaptic hippocampal or cerebellar neurons was found to transiently depress 

inhibitory synaptic currents mediated by GABA release and was hypothesized to involve 

a retrograde messenger (Llano et al., 1991; Pitier and Alger~ 1992). As a result of these 

riveting findings, exploration of the endocannabinoid system exploded. 

Retrograde inhibition of neurotransmitter release was conclusively demonstrated 

to occur via endocannabinoids, as the DSI effect was blocked by CB 1 antagonists, 

occluded by CB 1 agonists and mimicked by putative inhibitors . of endocannabinoid 

uptake. The most persuasive evidence for endocannabinoid-mediated synaptic plasticity 

was the absence of hippocampal and cerebellar DSI in CB 1 knockout mice (Varma et al., 

2001; Wilson et al., 2001; Yoshida et al., 2002). Shortly thereafter, endocannabinoids 

were implicated in a related effect on glutamatergic synapses termed depolarization

induced suppression of excitation (DSE) (Kreitzer and Regehr, 2001; Levenes et al., 2001; 

Maejima et al., 2001). Again, DSE was found to be Ca2+ dependent, bl9cked by CB1 

antagonists, occluded by CB1 agonists and absent in CB1 knockout mice (Ohno-Shosaku 

et al., 2002). By these retrograde pathways, endocannabinoids act to suppress 
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presynaptic neurotransmitter release at both inhibitory and excitatory synapses via 

activation of CB 1. Since CB 1 agonists not only inhibit GABA and glutamate release but 

also other neurotransmitters such as acetylcholine, serotonin and cholecystokinin 

(Schlicker and Kathmann, 2001), a general function of CB1 seems to be regulation of 

synaptic transmission. 

Indeed, the role of endocannabinoids in synaptic mechanisms is not limited to 

short-term processes such as DSI or DSE. Some persistent forms of synaptic plasticity 

also depend on endocannabinoids. For example, long-term depression (LTD) in the 

striatum is expressed as a decrease in glutamate release (Choi and Lovinger, 1997), 

reminiscent of the short-term decrease in probability of glutamate release during DSE. 

CB I involvement in LTD was insinuated by the fact that CB 1 activation inhibits 

glutamate release in striatum (Gerdeman and Lovinger, 2001; Huang et al., 2001). 

Endocannabinoids were confirmed to mediated striatal LTD when it was discovered that 

LTD was absent in CB1 knockout mice (Gerdeman et al., 2002). The deficiency in LTD 

was not due to developmental consequences of CB 1 genetic deletion because the CB 1 

inverse agonist SR141716 prevented LTD and CB1 agonists occluded LTD, consistent 

with mechanisms of CB 1-mediated DSI and DSE. 

A novel form of LTD produced at GABAergic inhibitory synapses, termed I-LTD 

or LTDi, further expands the ability of the endocannabinoid system to modulate synaptic 

plasticity. In the amygdala, extinction of aversive memory requires CB1 activation and is 

hypothesized to occur by decreasing the activity of inhibitory intemeurons (Marsicano et 

al., 2002). Extinction was impaired in CB 1 knockout mice and the impairment was 
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mimicked by the CB1 inverse agonist SR141716. Thus, CB1-mediated inhibition of 

GABAergic intemeurons decreased their subsequent inhibitory effects on other neurons 

in the amygdala to allow for memory extinction. An analogous mechanism in the 

hippocampus indicates that I-LTD primes nearby excitatory synapses for L TP induction 

by a disinhibition mechanism (Chevaleyre and Castillo, 2003, 2004). These findings 

bolstered a previous report that DSI could locally facilitate hippocampal LTP induction 

by similarly reducing inhibitory transmission (Carlson et al., 2002). A protocol that 

induces I-LTD (or DSI), without directly triggering LTP, effectively reduces the 

threshold for LTP induction. The priming effect, like I-LTD, is spatially-restricted and 

input-specific suggesting that I-LTD provides a mechanism to finely tune the induction of 

LTP. 

Widespread activation or blockade of CB I is likely to disrupt precision 

mechanisms such as I-LTD. d 9-THC (Nowicky et al., 1987), endocannabinoids 

(Terranova et al., 1995; Stella et al., 1997) and other CB1 agonists are well-known to 

inhibit LTP induction, whereas CB1 antagonists disinhibit LTP induction .(Collins et al., 

1995; Te!Tanova et al., 1995; Davies et al., 2002). In addition; CB 1 knockout mice 

exhibit enhanced hippocampal LTP (Bohme et al., 2000); however, this enhanced LTP 

could not be duplicated by CB 1 antagonists in the basolateral amygdala and could be due 

to either developmental alterations caused by deletion of CB I or differences in the brain 

regions examined (Marsicano et al., 2002). That endocannabinoids can facilitate 

hippocampal L TP induction by I-LTD and at the same time inhibit L TP induction seems 

contradictory at first, but is likely due to spatial differences in CB 1 activation. Exogenous 
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CB1 agonist application is likely to indiscriminately activate all CB1 receptors in a brain 

slice or region, unlike specific endocannabinoid release and CB 1 activation induced by 

I-LTD using stimulus protocols presumed to be more physiological. Location and 

strength of L TP induction stimuli are also critical for interpretation, as high frequency 

stimulation patterns for L TP induction were recently reported to be unaltered by CB 1 

blockade, while more moderate stimulation patterns were facilitated by CB1 antagonists 

(Slanina et al., 2005). Collectively, these studies demonstrate that the endocannabinoid 

system plays a major role in forms of synaptic plasticity by its ability to selectively 

modulate neurotransmission. 

Deactivation of endocannabinoid signaling 

What happens to endocannabinoids after they bind and activate CB 1? As with 

,- other neurotransmitters, fast synaptic transmission necessitates rapid clearance of 

endocannabinoids from the synaptic cleft by two primary mechanisms: reuptake and 

hydrolysis. Anandamide and 2-arachidonyl glycerol can easily partition into lipid 

membranes by passive diffusion as a consequence of their lipophilic nature. While this 

mechanism certainly contributes to clearance, a selective carrier-mediated transport 

system for endocannabinoids has been identified, but not yet cloned (Beltramo et al., 

1997; Hillard et al., 1997). Anandamide transport was determined to be saturable, 

substrate-specific and selectively inhibited by small molecule compounds. Inhibition of 

the putative transporter potentiates the biological effects of endocannabinoids, including 

forms of synaptic plasticity such as inhibition of neurotransmitter release in DSI (Wilson 
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and Nicoll, 2001) and striatal LTD (Ronesi et al., 2004). Unless a transporter is cloned, 

controversy over whether simple diffusion down a concentration gradient generated by 

degradative enzymes (Glaser et al., 2003) or a specific endocannabinoid carrier-mediated 

transport exists will continue (Moore et al., 2005). 

Intracellular hydrolysis of endooannabinoids by two distinct enzymes is 

well-established, though disagreement over specificity and appropriate localization of 

these enzymes has not been resolved. Prior to the identification of anandamide as an 

endocannabinoid, a membrane-associated serine hydrolase, now referred to as fatty acid 

amide hydro lase (F AAH), was discovered to break down fatty acid ethanolamines 

(Schmid et al., 1985). Later studies demonstrated that FAAH catalyzes the hydrolysis of 

anandamide into arachidonic acid and ethanolamine (Cravatt et al., 1996), in addition to 

other fatty amides that are classified as endocannabinoids. F AAH localizes to the soma 
r 

and dendrites of postsynaptic neurons juxtaposed with presynaptic neurons expressing 

CB 1 implying that endocannabinoids are degraded at postsynaptic sites. Knockout 

studies confirm the importance of F AAH in degrading endocannabinoids, as these mice 

exhibit an overall enhancement of anandamide concentrations in the brain and behavioral 

phenotypes characteristic of exogenous CB1 agonists (Cravatt et al., 2001). Intriguingly, 

F AAH activity appears to be fairly specific for anandamide as neither F AAH inhibitors 

(Kathuria et al., 2003) nor genetic deletion of FAAH (Lichtman et al., 2002) increased 

total levels of 2-arachidonyl glycerol, despite evidence that F AAH can hydrolyze 

2-arachinonoylglycerol (Di Marzo et al., 1998). However, 2-arachidonyl glycerol is 

known to be present in the brain at levels greatly exceeding that of anandamide due to its 
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occurrence in several routes of lipid metabolism (Stella et al., 1997). These data suggest 

that while F AAH is the primary degradation mechanism for anandamide, at least one 

other hydrolysis pathway for 2-arachidonyl glycerol exists. 

In parallel with the order of discovery of endocannabinoids, the enzyme chiefly 

responsible for degrading 2-arachidonyl glycerol was identified after F AAH was 

discovered to catalyze hydrolysis of anandamide. Monoacylglycerol lipase (MGL) is a 

cytosolic serine hydrolase that cleaves monoacylglycerols, including 2-arachidonyl 

glycerol, into their fatty acid and glycerol components (Goparaju et al., 1999; Dinh et al., 

2002). Unfortunately, no MGL specific inhibitors or knockout mice have been generated, 

though RNAi knockdown of MGL reduced 2-arachidonyl glycerol hydrolysis by an 

estimated 50% (Dinh et al., 2004). Interestingly, the cellular distribution of MGL differs 

in a complementary nature from that of F AAH. MGL is predominant in presynaptic axon 

terminals of various excitatory and inhibitory neurons, whereas F AAH is primarily 

localized to postsynaptic principal neurons (Dinh et al., 2002; Gulyas et al., 2004). The 

spatial separation of F AAH and MGL may permit differential signaling by 

endocannabinoids, as the degradation of 2-arachidonyl glycerol would be expected to 

occur more rapidly at the presynaptic neuron than anandamide. 

CB1 signal transduction pathways 

CB 1 cannabinoid receptors are included in Family A of the G protein-coupled 

receptor superfamily and couple primarily to Gu0 proteins to activate an assortment of 

signal transduction pathways. Upon activation of CB 1, heterotrimeric G protein subunits 
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dissociate to interact with and modify downstream effectors, such as ion channels and · 
( 

protein kinases. CB1 activation inhibits N- and P/Q-type Ca2
+ channels (Caulfield and 

Brown, 1992; Mackie and Hille, 1992; Mackie et al., 1995), via Gpy subunits (Ikeda, 

1996), while G protein-coupled inwardly rectifying K+ channels are activated by CB 1 

(Henry and Chavkin, 1995; Mackie et al., 1995) also via Gpy subunits (Logothetis et al., 

1987). Adenylyl cyclase activity was one of the first signal transduction pathways known 

to be affected by_ cannabinoids, even prior to cloning of CB 1 (Howlett, 1985). A 

breakthrough in the cannabinoid field was made when cannabinoid-induced inhibition of 

adenylyl cyclase was determined to be pertussis toxin-sensitive, implicating Guo proteins 

and the existence of a specific receptor for cannabinoids (Howlett et al., 1986). In 

addition, the activation of several protein kinase pathways occurs via CB1, including 

mitogen-activated protein (MAP) kinase (Bouaboula et al., 1995; Wartmann et al., 1995). 

In contrast to the standard view of CB 1 coupling to Gu0 proteins, a few studies 

reveal that CB 1 also couples to Gs or Gq proteins. Felder and Glass uncovered a stunning 

ability of coincident CB 1 and D2 activation to stimulate cAMP accumulation despite the 

ability of either receptor on its own to couple to Guo proteins and inhibit cAMP 

production (Glass and Felder, 1997). Furthermore, pertussis toxin silencing of Gi/o 

proteins revealed that CB 1, but not D2 activation, could stimulate cAMP accumulation to 

a similar extent as concurrent CB 1 and D2 activation. The authors hypothesized that CB 1 

stimulation of cAMP accumulation occurred as a consequence of Gs coupling after the 

Gi10 proteins that CB1 has a higher affinity for were eliminated. The stimulation of cAMP 

accumulation after pertussis toxin treatment was later confirmed to be CB 1 mediated 
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(Felder et al., 1998). Coincident activation of CB 1 and D2 to stimulate cAMP 

accumulation instead of reducing cAMP was puzzling. Interaction at the receptor level 

may have induced a conformational change in CB 1 favoring Gs coupling over Gi/o• 

Another group reported CB 1-mediated stimulation of cAMP accumulation under basal 

conditions, but inhibition of cAMP production by CB 1 during forskolin-stimulation 

(Maneuf and Brotchie, 1997). How forskolin would induce an apparent change in CB 1 G 

protein coupling is unknown, though CB 1 might represent a bidirectional regulator of 

adenylyl cyclase production to maintain homeostasis. 

In addition to Gs coupling, CB 1 also appears capable of signaling through Gq 

proteins. Activation of CB1 slowly, but specifically, increased intracellular Ca2
+ levels 

via release from intracellular Ca2
+ stores (Lauckner et al., 2005). The increase m 

intracellular Ca2
+ occurred independently of Gi/o proteins and actually increased m 

magnitude with pertussis toxin treatment. Expression of a dominant negative Gaq 

suppressed the Ca2
+ increase, implying. Gq involvement. Taken together, these data 

indicate CB I can couple to and signal through various classes of G proteins, but CB 1 has 

greatest affinity for the Gi/o subtype. Whether the ability of CB 1 to signal via different G 

proteins is physiologically relevant for signal transduction or merely represents an 

example of receptor-effector promiscuity has not been resolved. 

Physiological response to CB1 activation 

Cannabinoid compounds including 11.9 -THC produce a variety of complex 

behavioral effects through activation of CB 1 in the central nervous system. The effects of 
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cannabinoids include psychomotor impairment, short-term memory impairment, appetite 

stimulation, anti-nociception and anti-nausea effects (Ameri, 1999). Localization of CB1 

in basal ganglia, cerebellum, hippocampus_ and spinal cord corresponds agreeably with 

behavioral responses elicited by cannabinoid administration. Behavioral responses in 

mice have been grouped into a 'cannabinoid tetrc1;d' test wherein cannabinoids produce 

four characteristic responses: reduced locomotor activity, hypothermi~, anti-nociception 

and catalepsy. While some cannabinoid-induced effects are undesirable from a medical 

perspective, the cannabinoid system does not exist simply to provide a binding site for 

plant-derived compounds. Exciting new research is gradually unveiling the biological 

purpose of the endocannabinoid system. 

One fashionable means to demonstrate the importance of a gene product of 

interest has been to specifically disrupt the gene in mouse embryonic stem cells to 

generate animals which lack tissue expression of the gene product. Accordingly, two 

groups independently generated viable CB 1 knockout mjce with no overt developmental 

defects, but a significantly increased mortality rate compared to wild-type or 

heterozygous mice (Ledent et al., 1999; Steiner et al., 1999; Zimmer et al., 1999). CB1 

knockout mice confirmed .the involvement of the receptor in pharmacological responses 

to CB1 agonists for catalepsy, hypothermia and analgesia. Interestingly, one of the first 

applications of the CB I knockout mice demonstrated that morphine self-administration 

and withdrawal symptoms were attenuated in CB 1 knockout mice suggesting an 

involvement of CB1 in the brain reward pathway and opioid dependence (Ledent et al., 

1999). 
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The value of an intact endocannabinoid system including CB 1 has been 

established by several exciting accounts. The role of CB 1 in endocannabinoid-mediated 

forms of synaptic plasticity has been strengthened by the use of knockout mice to confirm 

the specificity of effects produced by receptor antagonists, as previously described above. 

Moreover, a purported increase in the severity of neuronal. damage in an animal model of 

stroke experienced by CB 1 knockout mice has led to the hypothesis that endocannabinoid 

signaling pathways via CB1 are protective against ischemic stroke (Parmentier-Batteur et 

al., 2002). In this model, mortality rate and infarct size were· increased while blood flow 

was impaired in knockout animals, suggesting that CB 1 at both neuronal and vascular 

sites produces protective effects against ischemic insult. 

CB1 similarly shields the brain from damage in a kainic acid-induced seizure 

model, in which seizure severity was increased in knockout mice (Marsicano et al., 2003). 

Blockade of CB1 by inverse agonist SR141716 replicated the reduction in seizure 

threshold by deletion of CB 1 receptors. Conversely, an inhibitor of endocannabinoid 

reuptake appreciably protected wild-type mice from the kainic acid insult, substantiating 

the neuroprotective property of the endocannabinoid system. To further elucidate the 

neuroprotective mechanism, a conditional CB 1 knockout was generated to remove CB 1 

from principle fore brain neurons while leaving CB 1 expression in GABAergic neurons 

intact (Marsicano et al., 2003). Tissue-specific knockouts provide improved spatial 

resolution on the effect of gene deletion over a more localized region and potentially 

reduce developmental consequences of complete ablation. Indeed, results from the 

conditional knockout conflict with earlier reports indicating endocannabinoids increase 
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susceptibility to excitotoxic damage (Hansen et al., 2002; Clement et al.; 2003). Seizure 

severity in the conditional CB1 knockout was comparable to full knockout implying that 

presynaptic CB1 on glutamatergic nerve terminals was responsible for the observed 

protection against excitotoxicity, presumably by inhibition of glutamate release 

(Marsicano et al., 2003). Mo~ulating CB1 activity at glutamatergic neurons may be a 

practical route to guard the brain in disease states resulting from excitotoxicity. 

Regrettably, the ability to precisely control CB1 activity at specific synapses has not yet 

been developed and available cannabinoid-associated therapies languish. 

Current therapeutic us.es _ of 11.9 -THC include · amelioration of weight loss 

associated with AIDS wasting syndrome and anti-emesis for cancer patients enduring 

chemotherapy. Unfortunately, the use of 11.9 
- THC is hindered by its undesired 

psychotropic effects. Although 11.9 -THC and other cannabinoids are not approved for 

other medical uses, evidence supporting· beneficial use of .cannabinoids in other disease 

states is building. For instance, psychomotor response to cannabinoids suggested that 

they might be useful in treating muscle spasticity associated with multiple sclerosis. 

Anecdotal evidence in support of this hypothesis has been obtained in patient studies 

(Consroe et al., 1997), but also verified in animal models of multiple sclerosis (Baker et 

al., 2000; Arevalo-Martin et al., 2003) and more recently in a small preclinical trial 

(Wade et al., 2004). Modulation of pain pathways by cannabinoids is another promising 

area of research for the development of improved pharmacotherapeutic agents. Both 

acute and chronic pain models indicate the engagement of the endocannabinoid system 
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(Calignano et al., 1998; Pertwee, 2001; Scott et al., 2004) and exogenous cannabinoid 

administration is efficacious in human neuropathic pain (Rog et al., 2005). 

While these encouraging studies indicate a further role for cannabinoids in the 

treatment of diseases, they do not address the difficulty in balancing effective therapeutic 

use with negative side-effects. Hence, a comprehensive characterization of the 

endocannabinoid system could provide insight into the selection of small molecule drugs 

that specifically target desired effects modulated by the endocannabinoid system, while at 

the same time minimizing adverse effects. 

Classical receptor theory 

Development of theoretic_al models of receptor function offers a way to 

characterize and assemble established facts concerning GPCRs. While receptor model 

predictions· frequently precede experimental data, incongruent findings · compel 

refinement of existing models to more truthfully reflect available information. Classical 

models of receptor theory describe t:wo possible receptor states: active and. inactive. 

Agonist binding to an inactive receptor allows isomerization to the active state. This 

model was expanded for GPCRs to the ternary complex model by adapting the concept of 

allosterism to incorporate the interaction between ligand binding and G protein binding 

(De Lean et al., 1980). The ternary complex model proposed that G protein coupling 

followed agonist-induced activation of the receptor and the agonist-receptor-G protein 
I 

complex would produce a response through cellular effectors. Although the receptor 

model provided a structure to assist data interpretation, a disadvantage of linkage theory 



20 

models like the ternary complex model is its apparent rigidity in specifying only certain 

species and connection pathways. 

Discovery of inverse agonism refines receptor theory 

Within ten years of the development of the ternary complex model for GPCRs, 

experimental data hinting at defects in the model began to accumulate. The first instance 

of a GPCR ligand with negative efficacy was reported for the 8-opioid receptor 

antagonist ICI 174864 (Costa and Herz, 1989). Though antagonists with effects opposite 

to those of agonists had been previously reported for ligand-gated ion channels 

(Braestrup et al., 1982), Costa and Herz's observation was the first to suggest the effects 

of GPCR antagonists resulted from negative, rather than zero efficacy. Their discovery 

was initially viewed with skepticism because of the requirement for receptor constitutive 

activity, defined as agonist-independent activity produced by a spontaneous isomerization 

to the active state. At the time, constitutive activity was presumed to be a 

non-physiological consequence of recombinant systems. These observations of 

constitutive activity were not consistent with the ternary complex model and provided the 

basis for its revision to the extended ternary complex model (Samama et al., 1994). 

The extended ternary complex model explicitly provided for a spontaneously 

active receptor state, which could then couple to and activate G proteins. The reversal of 

this spontaneously active state by an antagonist is referred to as inverse agonism. The 

overall ligand efficacy can be modeled by two parameters: (1) the differential affinity of 

the ligand for the active versus inactive receptor state and (2) the differential affinity of 



21 

the ligand-bound receptor for G proteins versus the constitutively active receptor for G 

proteins. Ligands with greater affinity for the active receptor state will enrich the 

receptor population in the active state at the expense of the inactive state and thereby 

produce positive agonism. On the contrary, ligands with greater affinity for the inactive 

receptor state will enhance the receptor population in the inactive state at the expense of 

the active state (including any spontaneous constitutive receptor activity) and produce 

negative, or inverse agonism. The second parameter of ligand efficacy q1Jantifies the 

effect of the ligand on G protein coupling. If the ligand-bound receptor has a greater 

affinity for G proteins than the constitutively active receptor, net positive efficacy of the 

ligand will result. The case of the ligand-bound receptor having a lower affinity for G 

proteins than the constitutively active receptor is slightly more complex, where either a 

net negative or positive efficacy could result depending on the level of constitutive 

activity of the system. Thus, these two efficacy parameters can account for experimental 

observations of inverse agonism. 

The initial scarcity of inverse agonism resulted from the novelty of recombinant 

systems in which constitutive activity could occur. As the availability of experimental 

conditions favorable to constitutive activity increased, it became evident that most 

antagonists display a degree of negative efficacy and are actually inverse agonists 

(Kenakin, 2004). Importantly, the inability to detect inverse agonism for a given 

ligand-receptor complex does not automatically imply the absence of negative efficacy as 

· either ligand affinity for the inactive receptor state or the constitutive activity of the 

system may be insufficient for detection (Kenakin and Onaran, 2002). Constitutive 
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activity depends on intrinsic properties for a given receptor, such as the energy required 

for spontaneous isomerization to the active state and receptor number. For a given 

system, only a fraction of the total receptor number will be constitutively active. By 

increasing receptor expression, the fraction of constitutively active receptors remains 

constant, but the actual number of constitutively active receptors increases. 

Constitutive activity of CB1 was first identified in CB1 transfected Chinese 

hamster ovary (CHO) cells that exhibited a high basal level of MAPK activity, reversible 

by a CB 1 ligand SR141716 (Bouaboula et al., 1997; Landsman et al., 1997). SR141716 

was later confirmed to be an inverse agonist in SCG neurons where it increased Ca2
+ 

current above basal levels _by reversing CB 1 constitutive activity-dependent inhibition of 

the Ca2
+ current (Pan et al., 1998). Notably, the activity of SR141716 was not a 

consequence of competition with endogenous agonists in either CHO cells or SCG 

neurons (MacLennan et al., 1998; Pan et al., 1998), an important distinction that must be 

determined for any prospective inverse agonist since neutral antagonists can mimic the 

effects of inverse agonists by competing with endogenous agonists. Evidence that 

natively expressed CB 1 in N 18TG2 cells and rat brain membranes is constitutively active 

indicates that heterologous expression of CB 1 enhances the ability to detect constitutive 

activity, but does not artificially create a non-physiological receptor state (Meschler et al., 

2000; Sim-Selley et al., 2001). 

Since endocannabinoids are lipids synthesized from membrane components, it 

could be hypothesized that constitutive activity of CB 1 results from non-specific 

interactions of membrane lipids with the receptor that mimic activation by 
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endocannabinoids. However, molecular modeling studies . identifying important amino 

acids residues involved in endocannabinoid binding and receptor activation suggest that 

the inactive state of CB1 is stabilized by intramolecular interactions that are broken only 

upon activation by specific ligands (McAllister et al., 2004). Based on modeling studies 

of the P2-adrenergic receptor activation (Ballesteros et al., 2001), Reggio and colleagues 

hypothesize that the alkyl side chain of CB1 ligands interacts with a "hinge" region in the 

sixth transmembrane helix- of CB1 as part of a ligand recognition sequence which then 

induces a conformational change in the transmembrane barrel to break a "lock" between 

residues on adjacent transmembrane helices that permits the receptor to adopt an active 

conformation (Barnett-Norris et al., 2002). Functional analysis of receptor mutations 

identified distinct interaction sites for the different classes of cannabinoid receptor 

ligands suggesting that receptor activation occurs via specific mechanisms (McAllister et 

al., 2003). In addition, the lack of CB1 constitutive activity in some brain regions in vivo 

would suggest that non-specific lipid interactions are unlikely to activate CB 1 smce 

constitutive activity- is not evident in all locations where CB1 is expressed. The 

possibility that certain lipids or specific combinations of lipids in the membrane might 

differ among cell types or locations and lead to differences in observed CB 1 constitutive 

activity can not be discounted, as the activity- _of CB1 in· precisely controlled lipid 

environments has not been established. 

The significance of CB 1 constitutive activity is unknown; however, receptor 

theory proposes that the constitutively active receptor conformation would differ ~rom 

ligand-bound conformations. A different conformation may permit signaling dedicated 
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to a particular aspect of CB1 function. Alternatively, constitutive activity establishes a 

non-zero baseline for CB1 signaling that can be modified either positively or negatively. 

Perhaps signaling diversity by CB1 is increased by the ability to encode both magnitude 

and direction in receptor activity. 

A recent endeavor to determine a biological role for CB 1 constitutive activity 

proposes that axonal targeting of CB1 is entirely dependent on constitutive activity 

(Leterrier et al., 2006). Constitutive activity of CB1 results in endocytosis and eventual 

recycling of receptors back to the membrane. Endocytosis of CB 1 was conspicuously 

absent in axons of cultured hippocampal neurons, leading to an accumulation of surface 

receptors at the presynaptic terminal where CB 1 is primarily located. Indeed, the 

presynaptic localization of CB I is critical for its involvement in forms of synaptic 

plasticity. The apparent reduction in axonal CB 1 endocytosis might be explained by 

differences in machinery present in axons versus soma and dendrites; however, the 

trafficking of CB1 to axona1 segments required an initial cycle of constitutive-activity 

dependent endocytosis. Axonal CB1 localization was prevented in neurons treated with 

an inverse agonist, suggesting not only a mechanism to explain polarized surface 

distribution of CB1 but also a potential physiologically relevant role of CB1 constitutive 

activity, though an effect of endogenous agonists could not be completely excluded. 

Unambiguous verification of CB I constitutive activity in vivo is complicated by· 

the presence of endocannabinoids because a zero-activity reference point is not available 

m all situations. Antagonizing endogenous CB1 activation could reduce 

endocannabinoid-mediated effects to a quiescent (zero-activity) level or could produce a 
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reversal of endogenous activity depending on the signaling pathway. Nonetheless, 

effects of inverse agonists such as SRl 41716 have been reported to be opposite to that of 

agonists in vivo suggesting that c,B1 is constitutively active in some brain areas. Perhaps 

the most recently studied inverse effect is a reduction in appetite and food consumption 

upon treatment with SRl 41716, which has shown efficacy reducing body weight in 

human clinical trials (Van Gaal et al., 2005). This study is one of the first to specifically 

target the endocannabinoid system that has progressed to trials in humans and may prove 

to be a defining moment in drug development for other endocannabinoid related 

compounds, especially for safety-related concerns regarding inhibition of a constitutively 

active system. 

Modulation of pam 1s another clinically relevant application , for the 

endocannabinoid system where in vivo constitutive activity is uncertain. Some animal 

models of acute and chronic pain indicate that SRl 41716 induces a hyperalgesic response 

(Herzberg et al., 1997; Calignano et al., 1998; Strangman-et al., 1998) that is opposite in 

nature to the analgesic effect of exogenous and endogenous cannabinoids (Walker et al., 

1999; Pertwee, 2001). On the contrary, other investigations have failed to detect 

hyperalgesia induced by SR141716 (Richardson et al., 1998; Smith et al., 1998; Martin et 

al., 1999). Although differences in animals or noxious methods utilized may explain the 

discrepancy in the ability of SRl 41 716 to induce hyperalgesia, the question of whether 

endogenous or constitutive CB 1 ~ctivation ( or a combination) induces antinociception 

remains unknown. Studies with CB1 ~ockout mice indicate that endocannabinoid

mediated analgesia may not occur primarily through CB1, as one group reported normal 
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pain response (Ledent et al., 1999) while another group found hypoalgesia in their 

knockout animals (Zimmer et al., 1999). The use of_neutral antagonists or specific 

endocannabinoid inhibitors may resolve this mystery. If constitutively active receptors 

are responsible for analgesia, then neither neutral antagonists nor endocannabinoid 

inhibitors should alter analgesic responses, while an inverse agonist would produce 

hyperalgesia. In contrast, if endogenous agonists produce analgesia, then neutral 

antagonists, endocannabinoid inhibitors and inverse agonists would all decrease CB1 

activity and produce hyperalgesia. These results suggest that CB 1 might be constitutively 

active in certain brain regions, but not others. Different cell types and locations likely 

produce distinctive environments for CB I that contribute to the presence or absence of 

constitutive activity. 

While the question of in vivo CB1 constitutive activity provides ample opportunity 

for further investigation, the mechanism of inverse agonism by SR141716 at CB1 has 

been elegantly described by molecular modeling and binding studies with receptor 

mutants. Based on mutagenesis studies from other related GPCRs, a lysine residue 

(Kl 92) in the third transmembrane domain of CB 1 was mutated to alanine resulting in a 

drastic reduction in agonist efficacy for classical, non-classical and endogenous 

cannabinoids, but not aininoalkylindoles such as WIN 55,212-2 (Song and Bonner, 1996). 

When SR141716 was tested in SCG neurons with the K192A mutant receptor, no 

reversal of CB 1 constitutive activity was observed, suggesting that the lysine residue was 

critical for the inverse agonism of SR141716 (Pan et al., 1998). SR141716 was able to 

antagonize the agonist effect of WIN 55,212-2 but was unable to depopulate the 
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constitutively active receptor state. Molecular modeling and binding studies of the 

Kl 92A mutant receptor by Shim et al. led to the hypothesis that the carboxamide oxygen 

at the C3 position in the pyrazole ring of SRl 41716 was responsible for the observation 

of inverse agonism (Shim et al., 2002). This hypothesis was assessed by Hurst et_al. by 

creating a structural analog of SRl 41716 lacking the carboxamide oxygen. 

Astonishingly, the analog exhibited neutral antagonism at wild-type CB1 receptors in 

accord with the prediction that the interaction between Kl 92 and the carboxamide 

oxygen was critical for inverse agonist effects (Hurst et al., 2002). Molecular modeling 

indicated that a hydrogen bond between these two substituents was available in the 

inactive conformation of the receptor. These results provide a detailed explanation for 

the observation of inverse agonism at CB 1 by SR141716, wherein SR141716 has a higher 

, affinity for the inactive receptor state as a consequence of the additional hydrogen 

bonding opportunity unavailable to SRI 41716 in the active receptor conformation. Thus, 

SRl 41716 is able to depopulate the active receptor state, which is experimentally 

detected as inverse agonism. 

The therapeutic relevance of inverse agonism is unresolved, particularly because 

the existence and importance of in vivo receptor constitutive activity are currently 

inconclusive. With the recognition that most antagonists are inverse agonists (Kenakin, 

2004), certainly numerous medications prescribed to patients would now be categorized 

as inverse agonists. Whether the negative efficacy exhibited by inverse agonists is 

beneficial or detrimental to treatment of disease, as with most therapies, will depend on 

the specific disease state. The added complication of inverse agonists is that they will 
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depress constitutive activity, if present in the biological system. Constitutive activity 

leads to receptor internalization in certain receptor systems, such as serotonin (Westphal 

et al., 1995), a-adrenergic (McCune et al., 2000) and CB1 receptors (Leterrier et al., 

2006). Blocking receptor constitutive activity could have any number of effects on 

normal cellular processes. For example, an increase in receptor density at the cell 

membrane resulting from receptor up-regulation has been demonstrated for H2 hi~tamine 

inverse agonists, but not an apparent neutral antagonist (Smit et al., 1996). This 

upregulation could sensitize the system to agonist stimulation or produce tolerance to 

receptor blockade, which would be undesirable if the purpose of the pharmacological 

treatment was to inhibit receptor activity. However, inverse agonists could be 

exceptionally useful in other diseases caused by enhanced basal tone (Seifert · and 

Wenzel-Seifert, 2002). For example, receptor constitutive activity has been hypothesized 

to be involved in hyperthyroidism, autoimmune diseases and tumor growth (Kenakin, 

2001 ). In the · case of receptor overexpression, the number of constitutively active 

receptors is likely increased and could only be effectively antagonized by an inverse 

agonist. In addition to altering GPCR expression and activity, inverse agonists can 

regulate levels of G, proteins as another means to affect signaling (Berg et al., 1999; 

Nagaraja et al., 1999). The impact of such modifications in the cellular signal 

transduction pathway by inverse agonists in disease states is essentially unknown. 
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GPCR interaction and signaling with G proteins 

The ability of GPCRs to exhibit agonist-independent activity necessarily implies 

that the constitutively active receptor interacts with G proteins, as accounted for in the 

extended ternary complex model. In these models, G proteins are integral components of 

GPCR signaling that can modify receptor behavior and are not merely passive members 

waiting around to be activated by a receptor. This realization pron:ipted a revision in 

receptor theory to develop the cubic ternary complex model, which includes a 

non-signaling complex between the inactive receptor and G protein (Weiss et al., 1996). 

The inclusion of these states into the cubic ternary complex model suggests that G 

proteins exhibit an affinity for GPCRs, even in their inactive state. Furthermore, the 

model specifies another mechanism for the observation of inverse agonism, in which the 

ligand stabilizes the inactive receptor-G protein complex. 

While more convoluted, the cubic ternary complex model is relevant for some 

receptor systems, including CB1. CB1 has a high affinity for G proteins and is able to 

precouple to G proteins in both an ·inverse agonist bound state and an unliganded inactive 

state (Bouaboula et al., 1997; Vasquez and Lewis, 1999). The ability of CB1 to precouple 

to G ·proteins is supported by coimmunoprecipitation experiments that indicate a CB1 G 

protein complex exists in membrane extracts, in which an estimated 85% of Gao proteins 

were recovered with CB1 (Mukhopadhyay et al., 2000). As a consequence of stabilizing 

a G protein-bound inactive receptor complex, CB 1 can sequester G proteins by trapping 

them in an inactive complex to reduce the ability of other GPCRs to signal. The 

observation that constitutively active CB 1 sequesters G proteins indicates that another 
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function· of GPCR constitutive activity may be to form pre-assembled signaling 

complexes with faster activation kinetics than GPCRs not pre-associated with G proteins. 

Alternatively, CB1 may: simply serve· as a G protein ·anchoring site, either to reduce 

spurious signaling by other receptors or to provide a G protein reserve. Although a 

physiological function of G protein sequestration remains to be identified, both histamine 

H2 receptors (Monczor et al., 2003) and P2-adrenergic receptors (Vasquez and Lewis, 

2003) can sequester Gs proteins and impair the ability of other GPCRs to signal from the 

same G protein pool. Interestingly, H2 receptors attenuated P2-adrenergic receptor 

signaling in U-937 cells, while P2-adrenergic receptors attenuated vasoactive intestinal 

polypeptide (VIP) receptor signaling in SCG neurons. Though the model systems 

utilized in these experiments differed, the results are suggestive of a hierarchy of GPCR 

affinity for G proteins. However, establishing a definitive rank order for G protein 

affinity is doubtful as cell type and G protein complement are liable to alter G protein 

coupling. __ 

A potential consequence of G protein sequestration could be to coerce receptor 

coupling to certain G protein subtypes. Experimental evidence for both specificity and 

promiscuity of G protein coupling by GPCRs suggests that coupling to multiple G protein 

subtypes occurs depending on the receptor and its environment. While CB1 can couple to 

multiple G protein subtypes as previously discussed, neither sequestration of G proteins 

from CB 1 nor sequestration of G proteins by CB 1 has been shown to compel GPCRs to 

signal through specific G proteins. The ability of CB 1 to couple to certain G protein 

subtypes is determined by separate intracellular domains of the receptor. CB 1 association 
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with Gao and Gai3, but not Gan or Gai2, has ~een inferred to occur at the proximal segment 

of the CB1 C-terminal tail (amino acids 401-417) as peptide fragments of this region 

disrupted the association in coimmunoprecipitation experiments (Mukhopadhyay et al., 

2000). Correspondingly, CB1 association with Gait and Gai2, but not Gai3, occurs at the 

third intracellular loop of CB 1, as peptide fragments of the third loop reduced association 

between CB1 and Gait and Gai2 (Mukhopadhyay and Howlett, 2001). In these studies, 

CB 1 did not coimmunoprecipate with Gs or Gq, despite functional evidence for the ability 

of CB I to signal through these G protein subtypes. The discrepancy is probably due to 

differences in cell type and experimental conditions and suggests that CB 1 association 

with Gu0 proteins is predominant. 

Specific interaction domains on GPCRs can explain the ability of receptors to 

signal through various G proteins, but how does a receptor or a cell know when it ought 

to signal via a certain G protein pathway? One possible mechanism is agonist trafficking, 

where the decision of which pathway to activate is encoded in the ligand itself (Kenakin, 

1995a). An appealing aspect of this theory is that it suitably agrees with the notion that 

ligands provide information to a cell regarding its extracellular environment. By 

activating different pathways, different ligands provide particular qualitative, as well as 

quantitative, information that must be integrated by the cell. Several reports support the 

ability of ligands to select for certain signaling pathways or G proteins. For example, 

some ligands at serotonin 5-HT2A and 5-HT2c receptors exhibit agonist-selective 

signaling for inositol phosphate production versus arachidonic acid release (Berg et al., 

1998). At a2-adrenergic receptors, isoproterenol exhibited selectivity for Gs over Gi 
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signaling confirming that GPCR ligands can distinguish signaling pathways (Brink et al., 

2000). Differential selectivity of a ligand for a certain G protein in a system where a 

receptor is known to couple to multiple subtypes clearly demonstrates ligand-selective 

signaling, especially when rank order potency of an agonist is reversed. 

Recently, different cannabinoid ligands were shown to promote interaction 

between different G protein subtypes and CB1 (Mukhopadhyay and Howlett, 2005). 

Prototypical CB I ligands froin dissimilar structural groups were examined for their ability 

to alter CB I G protein complexes in membrane d~tergent-extracts. The aminoalkylindole 

agonist WIN 55,212-2 promoted dissociation of CB1 from all Gai subrypes, indicating its 

ability to activate CB I and signal through these G proteins. A classical cannabinoid 

ligand, desacetyllevonantradol (DALN), dissociated Gail and Gai2 from CB1, but had no 

effect on Gai3 suggesting that DALN selectively signals via Gail and Gai2• Anandamide, 

an endogenous agonist, promoted dissociation of CB1 Gai3 complexes, but not Gail or Gai2, 

indicating anandamide may selectively signal through Gai3 proteins. The inverse agonist 

SRI 41716 maintained CB I association with all three Gai subtypes indicating that 

SR141716 exhibits inverse agonism via all Gai subtypes. The discovery of 

ligand-selective signaling through CB I provides a mechanism for specificity and diversity 

of signaling. Thus, CB I signaling could be selectively targeted by drugs to select for 

certain therapeutically relevant CB1 signaling pathways, with the potential to avoid other 

pathways that induce undesired side effects. 
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Ligand-selective signaling and multiple receptor active states 

The theoretical proposal and experimental confirmations that ligands can select 

for certain signal transduction pathways provided the impetus for further revisions of 

receptor theory. An inherent assumption of early receptor models such as the ternary 

complex model was the concept of a single active receptor state. Even with the 

recognition of constitutive _receptor activity by its inclusion in the extended ternary 

complex model, the presumption was that the spontaneously active state merely 

mimicked the agonist bound active state. However, experimental findings such as 

ligand-selective signaling did not conform to the idea of a single active state. According 

to classical receptor models, an agonist that has effic~cy promotes an active receptor state 

to initiate signal transduction mechanisms and should be equally efficacious in activating 

all available pathways. On the contrary, ligand-selective signaling indicates that ligands 

can induce active receptor conformations that differ in their ability to activate certain 

signaling pathways. 

Ligand-selective receptor signaling is not limited to agonists, as some antagonists 

have been found to exhibit a tendency to inhibit certain signal transduction pathways 

more effectively than others. Antagonism at cholecystokinin receptors by L365260 was 

reportedly equivalent on inositol phosphate accumulation and arachidonic acid release, 

while another antagonist, RB213, antagonized inositol phosphate accumulation 

equivalent to L365260, but was nearly 1000 times less effective at inhibiting arachidonic 

acid release (Pommier et al., 1999). The effectiveness of the antagonist was dependent 

on the agonist utilized, suggesting that maximum antagonist efficacy will be attained by 
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matching signaling selectivity of the antagonist to the agonist. While interesting, this 

discovery perhaps is not surprising in light of recent advances in receptor theory, such as 

inverse agonism and ligand-selective signaling. Inverse agonism dispelled the idea that 

antagonism is a neutral process in which receptor states are unaffected by binding of 

antagonists. With convincing evidence for multiple active receptor states, true neutral 

antagonism is likely to be rare as it would have to recognize multiple active states as 

equivalent to avoid biasing receptor populations. From a thermodynamic perspective, the 

probability that an antagonist could bind various receptor conformations without 

producing a slight positive or negative effect is exceedingly small. In practice, neutral 

antagonists probably do bias receptor conformations but minimally impact the receptor 

states relevant to the pharmacological activity being measured. Thus if most antagonists 

are inverse agonists that exhibit some degree of negative efficacy, while agonists exhibit 

positive efficacy, then characteristics attributed to agonists should equally apply to 

antagonists, but will be opposite in direction. 

One possible explanation for ligand-selective signaling is that a more potent 

agonist can activate multiple signaling pathways of varying sensitivity, while a less 

potent agonist is only able to activate the single, most sensitive pathway. While this 

explanation may be correct in some circumstances, experimental data indicating reversal 

of rank order potency plainly contradict the existen~e of a single active receptor state. 

Studies of serotonin receptor agonists indicate that certain agonists exhibit a proclivity 

toward arachidonic acid release or inositol phosphate accumulation that is not predictable 

based on the order of agonist potency (Berg et al., 1998; Kurrasch-Orbaugh et al., 2003). 
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A highly potent agonist exhibiting full agonism on inositol phosphate accumulation and 

partial agonism on arachidonic acid release was surprisingly less efficacious OI?

arachidonic acid release than a less potent agonist which exhibited a greater efficacy on 

arachidonic acid release · than on inositol phosphate accumulation. This reversal of 

maximum response by a less potent agonist can not be accounted for by potency at a 

single active receptor state. 

A fascinati;ng reversal of drug efficacy as predicted from receptor theory has 

recently been experimentally confirmed. Protean agonism was theorized to reflect the 

ability of a ligand to exhibit either positive or negative efficacy, based on the level of 

receptor constitutive activity (Kenakin, 1995b ). If a ligand produces an active receptor 

conformation that is less efficacious than a constitutively active conformation, then such 

a ligand would appear to be an inverse agonist in a constitutively active system because it 

would depopulate the constitutively active state by competing for non-ligand bound 

Teceptors (both active and ina~tive ). However, in a non-constitutively active system the 

ligand would appear to be a partial agonist because it would promote an active receptor 

conformation at the expense of inactive conformations. This peculiar type of ligand was 

unexpectedly identified for the ~2-adrenergic receptor system (Chidiac et al., 1996) and 

later confirmed in other receptor systems. Partial positive agonism in non-constitutively 

active receptor systems and inverse agonism in constitutively active systems unavoidably 

lead to the conclusion that the constitutively active states are distinct from agonist

induced active states. In fact, differences in signaling between constitutively active and 

ligand-bound GPCRs have been demonstrated for ~2-adrenergic (Zhou et al., 1999) and 
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µ-opioid receptors (Liu et al., 2001). Unfortunately antagonist-selective signaling, 

protean agonism or differences in constitutive versus agonist signaling have not been 

established for CB1. 

Experimental evidence for multiple active receptor states illustrates an inherent 

weakness in the linkage models of receptor theory. Since all relevant receptor species are 

predefined and connected to other species in the model, flexibility of the model is limited 

and requires revision when additional species or links are identified. A more versatile 

model of receptor theory is protein ensemble theory (Kenakin, 2002; Kenakin and 

Onarari, 2002), which describes a probability distribution of receptor conformations 

based on the numerous small-scale folding, twisting and rotating motions experienced by 

a receptor, according to thermal energy available in the system. The distribution in 

receptor conformations of an unliganded receptor is then affected by ligands, G proteins 

or other interacting molecules or proteins. Random motion of the receptor exposes or 

conceals certain domains relevant to receptor function, such as ligand or G protein 

binding. A subset of conformations that share a common function, such as Gai3 binding 

or anandamide binding, is referred to as an ensemble. Ligand binding is described as the 

process by which a ligand binds to a particular conformation for which it has high affinity. 

The random movement of other less-preferred conformations eventually shifts the 

distribution of conformations toward the favored conformation, creating a bias in 

conformational space corresponding to a ligand bound ensemble. This process can occur 

for other agonists, antagonists, G proteins or other intracellular proteins, all of which will 

produce a collection of conformations unique to that particular molecule or protein. An 
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advantage to this theoretical model of receptor function is that many more receptor 

functions can easily be incorporated into a new ensemble. For example, some 

conformations may be relevant to dimerization, phosphorylation, internalization, 

desensitization, G protein coupling or interaction with an intracellular protein. 

In protein ensemble theory, a ligand that produces conformations coincident with 

G protein binding would be considered an agonist, while a ligand that prevents overlap of 

conformations with G protein binding acts as an antagonist. Constitut~ve activity is 

therefore the probability that the unbound receptor ensemble overlaps with the G protein 

binding ensemble. Ligand- and G protein-specific signaling, which identified the 

existence of multiple active receptor states, emanate from the ability of ligands to induce 

their own unique conformations. Direct evidence for ligand-induced changes in receptor 

conformations was demonstrated for ·the P2-adrenergic recept?r using fluorescence 

lifetii;ne imaging microscopy (Ghanouni et al., 2001). Not only did the addition of an 

agonist alter the distribution of fluorescence lifetime, but surprisingly, different agonists 

produced different distributions. The observation of distinct receptor conformations can 

account for variations in measured efficacies among ligands. 

The concept of efficacy is less restricted in protein ensemble theory because the 

model can include types of receptor behavior that are not necessarily related or causally 

linked. Receptor activities secondary to or independent from G protein activation that are 

not specified in linkage theory models can be · straightforwardly applied to protein 

ensemble theory. Improvements in technology and methods have allowed for detection 

and· dissociation of some receptor behaviors. While receptor activation and 
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internalization are often associated, some ligands have been identified which can induce 

one effect without necessarily producing the other. Enkephalines and morphine behave 

as agonists at 8- and µ-opioid receptors to inhibit adenylyl cyclase; however, morphine 

does not rapidly induce internalization of 8- or µ-opioid receptors, unlike enkephalines 

(Keith et al., 1996). T,he difference in internalization may result from a differing ability 

of the agonists to induce phosphorylation of µ-opioid receptors (Chakrabarti et al., 1998). 

An angiotensin II receptor agonist demonstrates further dissociation of receptor activation 

from other receptor processes, as phosphorylation can be induced by an angiotensin II 

analog without activation or internalization (Thomas et al., 2000). Protein ensemble 

theory can account for all of these diverse receptor functions by t~e overlap of specific 

ligand-bound ensembles with receptor conformations corresponding to various processes 

such as phosphorylation and internalization. The advantage of this conceptual model lies . 

in its predictive ability to describe various receptor parameters that are difficult to model 

independently. GPCR signaling has become even more complex with the identification 

of additional receptor behaviors, such as oligomerization (Angers et al., 2002) and 

association with other membrane proteins (Brady and Limbird, 2002) that can alter 

sig1_1aling properties via changes in receptor conformation. 

GPCR interacting proteins 

The first interacting proteins discovered for receptors later to be named GPCRs 

were naturally the guanine nucleotide binding proteins. The allosteric effect of G 

proteins on agonist binding led to the development of the ternary complex model 
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(De Lean et al., 1980). As they evolved, receptor theory models proved to be an effective 

instrument in comprehending GPCR signaling; however, knowledge of the diversity in 

GPCR signaling has increased to the point where these simplistic models can not 

adequately describe GPCR function. A principal limitation of the linkage theory models 

is that only ligand and G protein binding to receptors is incorporated into the models. 

Identification of innumerable receptor-protein interactions suggests that accessory 

proteins have the potential to impact every aspect of receptor function. GPCR accessory 

proteins not only provide signaling diversity and specificity, but also influence trafficking, 

complex formation, desensitization, internalization and other responses by modifying 

receptor conformations. 

A basic example ci GPCR protein-protein interaction is receptor oligomerization. 

The early presumption that GPCRs are present in cells and function as single monomers 

has slowly succumbed to the idea that GPCR homodimers, heterodimers and oligomers 

are genuine physiological phenomenon. Two outstanding examples that convincingly 

reveal GPCR dimerization are the essential dimerization of GABA-B receptor subunits 

for functional expression of the receptor (Jones et al., 1998; Kaupmann et al., 1998; 

White et al., 1998) and the crystalline arrays of rhodopsin observed in rod outer segments 

(Fotiadis et al., 2003). Detection of GPCR dimers in the ER-Golgi complex suggests that 

dimers may be necessary for proper biosynthesis of receptors (White et al., 1998; 

Terrillon et al., 2003). The question of whether receptor dimers produce a receptor 

construct that is pharmacologically distinct from monomers has not been decisively 

answered, due in part to the deficiency in identifying ligands with selectivity for GPCR 
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dimers (Milligan, 2004). CB1 has been suggested to form homodimers based on Western 

blot identification of high molecular_ wei~ht bands at integer multiples of presumed 

monomers (Mtikhopadhyay et al., 2000; Wager-Miller et al., 2002; Lopez De Jesus et al., 

2006). In addition, colocalization and pharmacological data have provided weak 

evidence that CB1 may form heterodimers ~ith D2 dopamine (Glass and Felder, 1997) 

and µ-opioid receptors (Welch and Stevens, 1992). The ~evelopment of bivalent 

cannabinoid ligands may improve the ability to detect CB 1 dimers (Thomas, 2004) or 

other CB1 oligomers. 

Receptor oligomerization permits a vast increase in signaling diversity, yet it is 

only one example of possible protein-protein interactions with GPCRs. Intracellular 

proteins can potentially interact with GPCRs at any of the three intracellular loops or the 

C-terminal tail domains, though the C-terminal tail is currently the most widely explored 

region for GPCR interacting proteins. The fact that amino acid sequence, length and . 

binding motifs are highly variable in the C-terminal tail, even among related receptor 

subtypes, and that post-translational modification occurs at the C-terminal tail all suggest 

that it is an ideal interaction site for proteins to regulate GPCR function (Bockaert et al., 

2004). The ability of intracellular proteins to bind to GPCRs appears to be conferred by 

the presence of certain structural recognition domains in the receptor sequence. While 

some proteins have well-defined binding domains, exemplified by the PDZ domain, other 

proteins do not appear to require such highly-conserved motifs for interaction. 

Once recognized and bound to a GPCR, an accessory protein may influence any 

number of receptor functions during a receptor's life cycle, from synthesis to degradation. 
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An example of a GPCR accessory protein involved in ER export and trafficking is 

DRiP78, which regulates D1 dopamine receptor expression (Bermak et al., 2001). 

DRiP78 interacts with the D 1 C-terminal tail through a binding motif (FxxxFxxxF) that 

appears to be conserved across many GPCRs, suggesting that DRiP78 may function as a 

common transporter of some receptors. However, DRiP78-dependent export of other 

GPCRs has not been independently confirmed. Interestingly, the endogenous 

stoichiometry of DRiP78 and D1 was critical for D1 export and ligand binding, as either 

overexpression of DRiP78 or interference of the interaction by decoy peptides 

significantly impeded normal trafficking of D 1. These findings indicate that GPCR 

export and trafficking are exquisitely controlled by GPCR accessory proteins in cells, 

such that even slight changes in trafficking partners can disturb native processes. 

Following export, compartment-specific delivery of GPCRs to the cell surface is 

vital to appropriate functioning of receptors and is mediated by some accessory proteins. 

The Homer protein family regulates cell surface expression and trafficking of group I 

metabotropic glutamate receptors (mGluRs) through a PDZ domain interaction at the 

C-terminal tail of the receptor. Constitutively expressed Homer 1 b causes retention of 

mGluRs in the ER to prevent surface expression, while expression of an immediate early 

gene splice variant, Homer la, inhibits the effect of Homer lb and permits mGluR 

surface expression (Roche et al., 1999). Similar to Homer 1 a, Homer 1 c increased 

dendritic trafficking, clustering and surface expression of mGluRs (Ciruela et al., 2000). 

Regulation of expression by Homer proteins could provide an activity-dependent 

mechanism to control function of mGluRs. 
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Once trafficked to the proper subcellular domain, GPCRs are often stabilized at 

the membrane by interaction with proteins that serve as specific scaffolds to cluster 

proteins including GPCRs at their appropriate site of action. Besides their trafficking role, 

Homer proteins also participate in stabilization of mGluRs through scaffolding 

interactions. Removal of membrane-localized mGluRl over time was decreased in the 

presence of Homer 1 c, suggesting a stabilization of the receptor at the membrane by 

Homer le (Ciruela et al., 2000). Homer proteins are likely to facilitate mGluR retention 

at the cell surface through association with other proteins via a coiled-coil domain and an 

Ena/Vasp homology 1 (EVHl) domain. The coiled-coil domain is alpha-helical in 

structure and permits Homer proteins to form oligomeric complexes (Xiao et al., 1998), 

while the EVH 1 domain allows Homers to interact through a conserved site with mGluRs 

and other proteins such as IP3 receptors (Tu et al., 1998) and ryanodine receptors (Feng 

et al., 2002). Furthermore, the ·ability of Homer proteins to interact with the postsynaptic 

protein family·_ Shank (Tu et al., 1999) is likely to create substantial scaffolding 

complexes that stabilize mGluRs at postsynaptic sites. These Homer-based complexes 

that physically link various receptors strongly suggest Homer proteins shape the signaling 

properties of mGluRs. 

Another prominent scaffolding· protein · containing a PDZ domain, PSD-95, 

stabilizes P1-adrenergic _receptors at the cell surface (Hu et al., 2000). Expression of 

PSD-95 reduced agonist-induced internalization of P1-adrenergic receptors, but had no 

effect on p I signaling as measured by cAMP accumulation or receptor desensitization. 

The attenuation of P1 internalization was specific, as PSD-95 had no effect on 
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agonist-induced internalization of B2-adrenergic receptors. PSD-95 may inhibit 

internalization by the formation of large protein complexes, similar to Homer proteins. 

Alternatively, PSD-95 may simply act as an additional anchor for B1-adrenergic receptors 

at the cell membrane, which might serve as a barrier to the recruitment of internalization 

machinery. The hypothesis that GPCR accessory proteins also function to promote 

protein complexes is supported by the finding that B 1-adrenergic receptors 

coimmunoprecipitated· with NMDA receptors in the presence, but not absence, of PSD-95. 

Thus, GPCR accessory proteins can act as protein-protein interaction scaffolds as an 

alternative mechanism to direct receptor interactions by oligomerization. 

Since GPCR accessory proteins can form large protein complexes via scaffolding 

interactions, receptors and signaling components might be compartmentalized into 

preassembled functional microdomains within a cell. As previously mentioned, Homer 

proteins associate mGluRs with other receptors such as IP3 and ryanodine, providing an 

association between mGluRs and intracellular Ca2
+ stores relevant to signaling pathways 

(Tu et al., 1998; Feng et al., 2002). Homer proteins also bind transient receptor potential 

channels TRPCl and TRPC4·(Yuan et al., 2003) and reduce mGluR-mediated inhibition 

of N-type Ca2
+ channels (Kammermeier et al., 2000). The localization of receptors and 

effectors by Homer proteins implies that _Homers can regulate signaling of mGluRs. 

Indeed, Homer proteins have been found to control the constitutive activity of group I 

mGluRs (Ango et al., 2001). While constitutively active mGluRla/5 receptors were 

detected in transfected HEK 293 cells, no constitutive activity was apparent with native 

mGluRla or overexpressed mGluR5 receptors in cerebellar granule neurons. 
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Remarkably, antisense knock-down of endogenous Homer 3 or activity-driven expression 

of Homer la resulted in constituti_ve activity of mGluRla/5. These results indicated that 

endogenous Homer3 expression silenced the ability ofmGluRla/5 to exhibit constitutive 

activity, which was revealed when Homer la competed with Homer 3 for binding to the 

receptor. As Homer 1 a lacks the coiled-coil domain present in other Homer proteins, 

mGluRla/5 constitutive activity may have been uncovered because Homer la disrupted 

protein-protein interactions, bridged by Homer 3, which constrained the receptor 

conformation in an inactive state. 

Besides directly modifying receptor activity, GPCR accessory proteins might also 

influence signaling by directing receptors to activate certain G protein subtypes. Note 

that this hypothesis is analogous to ligand-selective signaling, except that accessory 

proteins are responsible for specifying the signaling pathway. Selection by GPCR 

accessory proteins might be determined by the accessory protein acting as a direct 

scaffold between the receptor and G protein or perhaps merely increases the probability 

of signaling via an enrichment of certain G proteins within a complex formed by the 

accessory protein. A candidate protein named 'coupling cofactor' exhibits selectivity for 

certain Ga subunits and inhibits the ability of guanine nucleotides to disrupt A1 adenosine 

receptor-G protein complexes (Nanoff et al., 1997). ·increasing concentrations of Gait, 

and to a lesser extent Gai3 and Gaiz, suppressed the ability of GTPyS to dissociate high 

affinity agonist binding from A 1-G protein complexes in the presence of coupling 

cofactor; however, the ability of GTPyS to dissociate A1-Gao was unaffected by coupling 

cofactor. The authors hypothesized that the selectivity of coupling cofactor for G protein 
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subunits allowed for specific assembly of receptor-G protein complexes (Nanoff et al., 

1997). 

After signaling, many GPCRs are endocytosed and sorted either to endosomes for 

degradation or recycled back to the membrane. A well-characterized receptor 

endocytosis pathway involves phosphorylation by G protein-coupled receptor kinases and 

binding of P-arrestins · (Mukherjee et al., 1997). Because the majority of GPCRs are 

linked to endocytic machinery by P-arrestin binding, the ubiquitous nature of this 

pathway suggests that P-arrestins do not require a highly-conserved motif, in contrast to 

some of the specific GPCR-accessory protein interactions described above. However, the 

general nature of endocytosis does not preclude the involvement of specialized receptor 

trafficking pathways. A family of related GPCR sorting proteins, GASPs, has been 

shown to differentially regulate opioid receptor endocytosis (Whistler et al., 2002). 

While agonist-induced endocytosis of µ-opioid receptors typically resulted in recycling, 

endocytosis of 8-opioid receptors led to endosomal degradation. In an elegant 

experiment with chimeric opioid receptors, the degradation of µ-opioid receptors 

expressing a 8-opioid receptor C-terminal tail was enhanced, whereas recycling of 

8-opioid receptors expressing a µ-opioid receptor C-terminal tail was enhanced. These 

results indicated that a 'degradation' signal was present in the C-terminal tail of 8-opioid 

receptors that was not present in µ-opioid receptors. Two conserved residues in an 

alpha-helical structure of the C-terminal tails of several GPCRs have been proposed to 

comprise part of a GASP binding site (Simonin et al., 2004). In vitro binding assays 

indicated that GASP interaction with the C-terminal tail of µ-opioid receptors was 
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significantly less than that of 8- or K-opioid receptors. GASP was also found to bind to 

the C-terminal tails of other GPCRs, suggesting GASPs could selectively target other 

GPCRs for degradation. Signaling and now endocytosis of GPCRs are becoming 

increasingly complex as various accessory proteins are identified that initiate specific 

effects on an assortment of GPCR functions. 

To date, only one protein has been identified to functionally couple to CB1 

cannabinoid receptors, with the obvious exception of G proteins. The adaptor protein 

FAN (factor associated with neutral sphingomyelinase activation) couples to CB1 by a 

G protein independe11t pathway to hydrolyze sphingomyelin in astrocytes (Sanchez et al., 

2001 ). CB I agonists stimulate sphingomyelin hydrolysis by acting through the receptor, 

as CB I blockade by SRI 41716 prevents sphingomyelin breakdown. An association 

between CB1 and FAN was detected by imm.unoprecipitation and was enhanced by CB1 

. . 
agonists. The interaction between CB I and FAN was proposed to occur at amino acids 

431-435, as this sequence is most similar.to a motifidentified in TNFa receptors for FAN 

binding. Interestingly, CB1 induced sphingomyelin hydrolysis in primary astrocytes but 
I 

not in neurons, an astrocytoma cell line or transfected CHO cells suggesting that 

specialized machinery present in astrocytes, but not other cells is necessary for functional 

coupling of CB I to FAN. This study is the first to identify an accessory protein for CB 1. 

CB I interaction with FAN specifies unique receptor signaling properties and allows 

signaling independent of G proteins. Thus, CB1 can be expected to interact with other 

GPCR accessory proteins to modulate any number of the fascinating functions of CB 1 

receptors. 



II. MATERIALS AND METHODS 

Yeast two-hybrid assay 

The Matchmaker Two-Hybrid System (Clontech Laboratories, Inc.) was used to 

screen a human brain cDNA library (Clontech Laboratories, Inc.) using a bait protein 

corresponding to the C-terminal tail of CB1 (last 55 amino acids, 418-472, of human CB1). 

The positive clone with the highest P-galactosidase activity as determined by filter-lift 

assay (i.e. CRIPlb) was isolated and co-transformed with bait (CB1 C-terminal tail) into 

yeast to confirm the interaction. 

A plasmid encoding rat CB1 was kindly provided by Dr. Ken Mackie (University 
. . ' 

of Washington) for use as a template in generating CB1 truncation mutants. CB1 mutants 

were subcloned into the yeast expression vector pGBKT7 (Clontech Laboratories, Inc.) 

and sequences were verified by automated DNA sequencing (MCG Genomics Core 

Facility). Yeast Yl90 cells were co-transformed with vectors encoding CB1 mutants 

(pGBKT7 vector) and CRiflb (pACT2 vector) and grown on Leu-/Trp-/His-/Ura

selection plates. Yl90 cells were grown on selection plates containing 2.5 mM 

3-aminotriazole to inhibit leaky expression of the H/S3 protein and reduce the potential 

for false positive interactions. Protein-protein interactions between CB1 mutants and 

CRIPlb were determined by a P-galactosidase filter-lift assay. Activity of 

P-galactosidase produced in yeast was revealed by hydrolysis of exogenously applied 

47 
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X-gal (5-bromo-4-chloro-3-indolyl-P-o-galactopyranoside) to form an insoluble indigo 

precipitate. CB1 mutants were tested for self-activation of reporter genes using 

appropriate selection plates. Empty pGBKT7 vector and human CB2 C-terminal tail 

(amino acids 310-360) were used as negative controls. 

Cloning of full-length CRIPl b 

Full-length CRIPlb was cloned from a human brain RACE-Ready cDNA library 

(Ambion, Inc.) using the following PCR primers: 5' primer -GGA TTC GCC ACC 

ATG GGG GAC CTG CCG GGC CT; 3' primer -CG GAA TTC TTA TAG TGT TTT 

CCC AAA CTT. A Kozak sequence (Kozak, 1987) was included in the 5' primer for 

subcloning into pcDNA3.1(+) vector (Invitrogen Corp.) between BamH I and EcoR I 

restriction sites. 

In vitro binding assay 

The GST Gene Fusion System (Amersham Biosciences) was used to construct 

GST-CB1 (C-terminal tail) fusion proteins using the pQEX-4T-1 vector. CRIPlb was 

subcloned into pET30c vector (EMD Biosciences, Inc.) for expression of S-tagged 

CRIPlb. GST-CB1 and S-tag CRIPlb were separately expressed in E. coli BL21 (DE3). 

GST-CB 1 was isolated with glutathione-sepharose beads and incubated with CRIPlb 

bacterial lysate. Proteins eluted from GST-CB1 beads· were resolved by SOS-PAGE, 

transferred onto PVDF membrane and visualized with S-protein alkaline phosphatase 

conjugate (1 :2000). 
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CRIPlb reverse transcriptase polymerase chain reaction (RT-PCR) 

RNA was extracted froin tissue culture cells (HEK 293, N18TG2, AtT20), 

primary neurons ( cerebellar granule cells and SCG) and human and rhesus macaque brain 

tissue (provided by the MCG Brain Bank) using the Ultraspec RNA isolation system 

according to manufacture's instructions (Biotecx Laboratories, Inc.). Extracted RNA was 

treated with DNase I (Worthington Biochemical Corp.) for 30 min at room temperature. 

Reverse transcription was performed using the RETROscript kit (Ambion, Inc.) on 2 µg 

RNA with 2.7 µM random decamer primers. A fraction of DNase treated RNA was 

retained as a control for reverse transcription reaction. cDNA generated by reverse 

transcription was used as template for PCR to detect CB1, CRIPl b and a positive control 

protein (rig/S15 or GAPDH). PCR products were run on agarose gels and visualized by 

ethidium bromide staining. 

Cell culture and Western blotting 

HEK 293 cells were grown in Dulbecco's Modified Eagle's Medium (DMEM; 

Mediatech, Inc.) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Inc.) 

and 1 % penicillin-streptomycin (Mediatech, Inc.). Cells were transfected using either 

Effectene transfection reagent (Qiagen, Inc.) or calcium phosphate methods. For Western 

blotting, cells were collected 24 h after transfection by enzymatic digestion with trypsin 

(Mediatech, Inc.). Cells were resuspended in lysis buffer containing 25 mM HEPES, 150 

mM NaCl, 0.5% NP-40 and 10% glycerol with protease inhibitors (Mini Complete, 

EDTA-free; Roche Diagnostics, Corp.) and lysed by sonication. Protein concentrations 
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were determined by BCA assay (Sigma-Aldrich Co.). Protein samples (50 µg) were 

separated by SD~-PAGE and transferred to· PVDF membrane. Membranes were blocked 

in 10% non-fat dry milk, 5% no.rmal goat serum (Jackson ImmunoResearch Laboratories, 

Inc.) in PBS for 1-2 h at room temperature. Primary FLAG M2_ antibody incubation 

(1 :2000; Sigma-Ald~ich Co.) w~s _performed in blocking reagent for ·1-2 h at room 

temperature. Excess antibody was removed by several washes with PBS containing 0.1 % 

Tween-20 (Sigma-Al~ich Co.). Secondary goat anti-mouse HRP conjugated antibody 

incubation (1 :8000; Sigma-Aldrich Co.) was performed in blocking reagent for 1 h at 

room temperature. Bound antibodies were revealed by probing membrane with enhanced 
. . 

chemiluminescent reagents (ECL Plus; Amersham Biosciences, Inc.). 

lmmunocytochemistry 

HEK 293 cells or SCG neurons were plated onto poly-L-lysine coated glass 

coverslips (Carolina Biological Supply Co. or BD Biosciences) and transfected using 

calcium phosphate (HEK 293 cells) or microinjection (SCG neurons). Cells were 

processed for immunocytochemistry 16-24 h after transfection or microinjection. All 

incubations were performed at room temperature, unless otherwise specified. Coverslips 

were rinsed once with PBS prior to fixing cells with 4% paraformaldehyde and 4% 

sucrose in PBS for 30 min. Excess fixation solution was removed by washing three times 

with PBS for 5 min each. Cells were incubated in blocking reagent containing 5% 

non-fat dry milk, 5% normal goat serum (Jackson ImmunoResearch Laboratories, Inc.)· 

and 0.1% Triton X-100 (Sigma-Aldrich Co.) in PBS for 1 h. Cells were incubated with 
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primary anti-HA and/or anti-FLAG M2 antibodies (Sigma-Aldrich Co.) for 1 h in 

blocking reagent. Excess primary antibody was removed by washing four times with 

PBS for 10 min each. Cells were incubated with Alexa Fluor 488 and/or 568 fluorescent 

secondary antibodies (Molecular Probes) for 1 h. Nuclei were counterstained by 

incubating cells with 300 nM DAPI (Molecular Probes) for 2-5 min. Cells were washed 

four times with PBS for 10 min each prior to mounting on glass slides with Aqua-Mount 

(Lerner Laboratories) or ProLong Gold antifade reagent (Molecular Probes). Coverslips 

were sealed with nail polish to reduce oxidation of fluorescent antibodies. 

Confocal microscopy 

Antibody labeling was visualized usmg a Zeiss Axiovert LSM 510 META 

confocal microscope and documented using LSM510 software. Quantification of 

staining intensity was performed using I~ageJ software (NIH) by measuring the pixel 

intensity in arbitrary digitization units ( e.g. 1 to 256 for an 8-bit setting) of a rectangular 

region of interest across the membrane. A normalized inten,sity profile across the 

membrane was plotted and an average of the pixel intensity near the membrane and 

within the intracellular space was calculated to determine an intensity ratio between 

membrane and cytosol. Laser and photomultiplier settings were optimized to ensure that 

intensity was within the dynamic range and images were taken with the same settings 

(e.g., gain, zoom, scan speed, pinhole size, frame size and laser intensity). 
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SCG neuron preparation and microinjection 

. Superior cervical ganglion (SCG) neurons were isolated from adult male Wistar 

rats (8-12 weeks old; 350-375 g) following methods previously described (Nie and Lewis, 

2001) in accordance with NIH Guidelines for the Care and Use of Laboratory Animals in 

Research and the Committee on Animal Use for Research and Education (IACUC) at the 

Medical College of Georgia. Neurons. were enzymatically digested with 0.32 mg/ml 

trypsin (Worthington Biochemical Corp.) and 0.52 mg/ml collagenase D (Boehringer 

Mannheim) in Earl's balanced salt solution for 1 hr at 35°C in a~shaking water bath. 

During the last 10 min of incubation, 15U (,...,7-8 µl) of DNase I (Worthington 

Biochemical Corp.) was added.· Neurons were mechanically dissociated by vigorously 

shaking the flask for 10 s and then plated on poly-L-lysine coated 35 mm culture dishes 

using glass cloning cylinders. Culture medium consisted of Minimal Essential Medium 

(MEM; Invitrogen Corp.) supplemented with 10% fetal bovine serum (HyClone) 1 % 

penicillin-streptomycin (Mediatech, Inc.) and 1 % glutamihe (Mediatech, Inc.). Neurons 

were placed in a humidified incubator at 37°C in a 5% CO2 environment for 3-4 h to 

allow neurons to attach to culture dishes prior to microinjection. 

Nuclei· of isolated SCG neurons were microinj.ected with plasmids encoding 

human or rat CB1 (100 ng/µl) with or without CRIPl b (85, 170, or 340 ng/µl). A plasmid 

encoding enhanced green fluorescent protein, pEGFP-Nl (10 ng/µl; Clontech 

Laboratories, Inc.), was coinjected to identify successfully injected neurons. The plasmid 

solution was diluted to a final volume of 20 µl with water, heated at 50°C for 10 min and 

centrifuged in nonheparinized hematocrit glass tubes at 16,000 x g for 30 min to sediment . 
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any particulates in the solution. Approximately 2 µl of plasmid solution was loaded into 

a microinjection pipette pulled from fiber-filled capillary glass (1B120F-4; World 

Precision Instruments, Inc.) on a P-97 Flaming-Brown micropipette puller (Sutter 

Instrument Co.). SCG neurons were microinjected using an Eppendorf 5246 transjector 

and a 5171 micromanipulator system with an injection pressure of 75-100 hPa and an 

injection time of 0.3-0.4 s. 

Electrophys~ological recording of Ca2
+ currents 

Ca2
+ currents from SCG neurons were recorded at room temperature (22-26°C) 16 

to 20 h after microinjection using the whole-cell variant of the patch-clamp technique 

(Hamill et al., 1981) with an AxoPatch 200A patch-clamp amplifier (Axon Instruments). 

Pipettes for patch recording were pulled from borosilicate glass capillaries (Coming 7052; 

Gamer Glass), coated with Sylgard 184 (Dow Coming Corp.) and fire-polished on a 

microforge (Narishige Co.) Pipette resistances ranged from 2 to 5 MQ when filled with 

internal solution. Cell membrane capacitance and series resistance were electronically 

compensated to> 80%. Whole-cell currents were low-pass filtered at 5 kHz using the 

Bessel filter of the patch clamp amplifier. 

Voltage-clamp protocols were generated using a Macintosh computer (Apple 

Computer, Inc.) equipped with a PCI-16 Host Interface card connected to an ITC-16 Data 

Acquisition Interface (In~trutech Corp.) using Pulse Control XOPs version 5.0al 

developed ·by-·Richard J. Bookman, Jack· D. Herrington and Kenneth R. Newton 

(University of Miami) for use with Igor Pro software (WaveMetrics, Inc.). Ca2
+ currents 
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were elicited by voltage steps from a holding potential of -80 m V to 0 m V and digitized 

at 180 µs per point. A double-pulse protocol consisting of two 25 ms steps to 0 mV was 

used to elicit Ca2
+ currents. The first step to 0 m V elicited control current, while the 

second step to 0 mV elicited test current that was preceded by a 50 ms step to 80 mV. 

The second step to 0 m V was facilitated in comparison to the control current elicited by 

the first voltage step. Current amplitudes were measured isochronally 10 ms after the 

first voltage step to 0 m V. Custom designed procedures written for Igor Pro were used to 

facilitate data analysis (see Appendix B). 

To isolate Ca2
+ currents for whole-cell voltage clamp recording, neurons were 

bathed in an external · solution containi~g methanesulfonic acid (140 mM), 

tetraethylammonium hydroxide (140 mM), HEPES (10 mM), glucose (15 mM), CaCh 

(10 mM) and tetrodotoxin (0.1 µM) at pH 7.4, adjusted with tetraethylammonium 

hydroxide. The intracellular solution loaded into the patch pipette consisted ofN-methyl

D-glucamine (120 mM), tetraethylammonium chloride (10 mM), HEPES (10 mM), 

EGTA (10 mM), CaCh (1 mM), Mg-ATP (4 mM), Na2-GTP (0.1 mM) and 

phosphocreatine (14 mM) at pH 7 .2, adjusted with methanesulfonic acid. 

A SF-77B Perfusion Fast-Step device (Warner Instrument Corp.) was used to 

apply drug solutions or control external solution. WIN 55,212-2 (Tocris Bioscience), 

SR141716 (NIDA Drug Supply Program), and somatostatin (Sigma-Aldrich Co.) were 

diluted fresh on the day of the experiment from stock solutions with external solution and 

were briefly sonicated in a water-bath sonicator for 30 s to facilitate dispersion. Stock 

solutions of WIN 55, 212-2 (10 mM) and SR141716 (10 mM) were prepared in 
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dimethylsulfoxide, whereas somatostatin (1 mM) was prepared in water. All ·stock 

solutions were stored at -20 to -50 °C in 20 µl aliquots. 

Statistical analyses 

Statistical analyses were performed using_ GraphPad Prism software. A two-tailed, 

unpaired Student's t-test was used when two groups were compared. ANOV A was used 

with Dunnett' s or Bonferroni' s post test comparisons when pi.ore than two groups were 

compared, in order to maintain an overall significance level of the test at a = 0.05. Post 

test comparisons were computed only when the overall test was significant. 

To determine whether expression of CB 1 modified the CRIP 1 b expression pattern, 

the Student's t-test was utilized to compare the CRIP 1 b membrane to intracellular 

fluorescence intensity ratio. between groups (Fig. 91). Because three t-test comparisons 

were performed, a Bonferroni correction factor was applied to preserve the overall 

significance level at a.= 0.05. ANOVA with Dunnett's post test comparison was utilized 

when comparing CRIPlb or CB1 fluorescence intensity ratios in cells expressing CRIPlb 

alone or CRIPlb and one of three different CB1 constructs (Fig. 11). To compare the 

CRIPlb ratios (Fig. 1 lA), cells transfected with CRIPlb alone (control) were selected as 

the control group for comparisons. To compare CB1 ratios (Fig. 1 lB), cells transfected 

with CRIPlb alone (no CB1) were selected as the control group for comparisons. As 

expected, all CB1 expressing groups wer~ significantly different from control (no CB1). 

ANOVA of the three CB1 groups indicated no significant difference in the CB1 ratios. 
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For electrophysiology results, the Student's t-test was utilized to compare Ca2
+ 

current change during WIN 55,212-2 or SR141716 application for SOC neurons 

expressing human (Fig. 13) or rat (Fig. 14) CB1. Note that uninjected controls were 

shown for comparison (Fig. 13E,F; 14E,F), but were not used for analysis. ANOVA with 

Dunnett's post test comparison was utiHzed when the CRIPlb microinjection 

concentration was increased, to determine whether the lack of an effect of CRIP 1 b on 

CB1-mediated Ca2
+ current signaling was due to expression levels (Table II). Human and 

rat CB1 groups were considered independent groups for analysis. Neurons expressing 

only CB1 (human or rat) were used respectively as the control group for Dunnett's post 

test comparison. ANOVA with Dunnett's post test comparison was similarly used to 

analyze facilitation ratio data (Fig. 15). G protein sequestration data was analyzed by 

ANOVA with Dunnett's post test comparison (Fig. 16) using uninjected SCG neurons as 

the control group for either somatostatin or WIN 55,212-2 Ca2
+ current inhibition. 

ANOV A, with Bo~erroni' s ·post test comparison .was utilized to compare the effect of an 

EGFP or untagged CRIPlb construct on Ca2
+ current inhibition by WIN 55,212-2 in 

neurons expressing CB1 alone or CB1 and either CRIPl b construct (Table III). 



III. RESULTS -

Discovery and cloning of CRIPl b 

The search for CB1 interacting proteins began in 1999 with the diligent efforts of 

Sheela Bhartur. Data generated previously in the laboratory indicated that the 

intracellular C-terminal- tail: of CB 1 was involved in constitutive activity and G-protein 

sequestration (Nie and Lewis, 2001 ), perhaps serving as an autoinhibitory domain or a 

binding site for regulatory proteins. Based on these findings, the C-terminal tail of the 

human ortholog of CB1 (amino acids 418-472) was used to screen a human brain cDNA 

library (Clontech) for potential interacting partners (Fig. 1 ). The region of the C-terminal 

tail selected was just distal to the G-protein binding region (amino acids 401-417), where 

Howlett and colleagues showed that Gai3 and Ga0 bind to CB1 (Mukhopadhyay et al., 

2000). Among a few positive interactions detected in the yeast two-hybrid screen was a 

candidate clone encoding an uncharacterized protein 128 amino acids in length, 

consisting of 3 exons: 60, 50 and 18 amino acids, respectively (Fig. 2A). The plasmid 

was isolated from positive yeast colonies and subcloned by PCR. 

Following isolation and purification of this novel clone, now designated CRIPlb 

for CB 1 fannabinoid receptor interacting Qrotein 1 b, the protein and nucleotide sequences 

(Fig. 2B,C) were used to search sequence databases using the Basic Local Alignment 

Search Tool (Altschul et al., 1990). BLAST searches indicated that CRIPlb was a 
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Figure 1. Domains of the CB 1 can.nabinoid .receptor involved in constitutive activity 

and G protein· binding. Region ·bounded by amino acids 418-472 functions in CB1 

constitutive activity. ancj. was subsequently utilized in yeast two-hybrid screen. G protein 

coupling occurs at the third intracellular loop (amino acids 301-344) and at the proximal 

C-terminal tail (amino acids 40q-4J 7). Amino acids are numbered according to the 

human CB 1 sequence. 
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Figure 2. CB1 cannabinoid receptor interacting protein lb (CRIPlb) protein and 

nucleotide sequence. (A) Schematic representation of the exon structure of CRIP 1 b. 

Exons 1, 2 and 3 correspond to amino acids 1-60, 61-110 and 111-128, respectively. (B) 

Protein sequence of CRIP 1 b separated into individual exons. (C) Nucleotide sequence of 

CRIP 1 b corresponding to coding region. 
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Exon 1 MGDLP GLVRL SIALR IQPND GPVFY KVDGQ RFGQN 
RTIKL LTGSS YKVEV KIKPS TLQVE 

Exon·2 NISIG GVLVP LELKS KEPDG DRVVY TGTYD TEGVT 
PTKSG ERQPI QITMP 

Exon 3 ECLEQ RPQEI SLTYE CEE 
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ATGGGGGACC TGCCGGGCCT CGTGCGCCTC TCCATCGCGC 
TGCGCATCCA GCCTAATGAC GGCCCGGTCT TTTACAAGGT 
GGACGGGC~G CGCTTCGGCC AGAACCGCAC CATCAAGCTG 
CTCACCGGCT CCTCCTACAA GGTTGAGGTG AAGATTAAGC 
CCAGCACGCT GCAGGTCGAG AATATTTCCA TTGGTGGTGT 
GCTTGTCCCA CTGGAACTGA AGTCTAAAGA GCCTGATGGG 
GACAGAGTTG TTTATACGGG TACATATGAC ACAGAAGGTG 
TGACCCCAAC GAAGAGTGGA GAACGGCAAC CCATCCAGAT 
CACCATGCCG GAGTGCCTGG .Al-\CAACGACC CCAAGAGATC 
TCTCTTACAT ATGAATGTGA AGAATAA 
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previously uncharacterized protein with unknown function. Partial segments of CRIP 1 b 

sequence matched nucleotide or protein sequences across numerous species, while 

matches to the entire CRIP 1 b sequence were restricted to primate genomes. Using 

primers to homologous regions of CRIPlb, Kathleen Wallis cloned a rat ortholog of 

CRIP 1 b, named CRIP 1 a. Rat CRIP 1 a exhibited homology with CRIP 1 b throughout 

exons 1 and 2; however, exon 3 was divergent (Fig. 3). The sequence of rat CRIPla, 

including the divergent third exon, was found in human database searches. Human and 

rat orthologs of CRIPla differ by seven amino acids within exons 1 and 2, of which four 

of those differences are conservative mutations. Human CRIPla and CRIPlb are 

identical over these two exons (Fig. 3). Based on BLAST searches of the human genome, 

CRIP 1 a and CRIP 1 b appear to belong to the same protein family and are encoded by 

cDNAs generated ·by alternative splicing of the human CRIPl gene located on human 

chromosome 2 (Fig. 4). Complete protein sequence matches for CRIPlb (i.e. those that 

include exon 3b) have only been found in human, chimpanzee and macaque genome 

databases (Fig. 5), suggesting that CRIP 1 b may be unique to a subset of primates. In 

contrast, CRIP 1 a has been found in a wide variety of genome databases, including human, 

rat, mouse, chick, and puffer fish. 

CRIPlb interacts with CB1 C-terminal tail in vitro 

The interaction of CRIP 1 b with the C-terminal tail of CB 1 was verified by 

cotransforming CRIP 1 b and CB I plasmids into yeast cells. In the yeast two-hybrid assay 

performed, two reporter genes (H1S3 and lacZ) under the control of GAL4 promoter were 



Figure 3. Amino acid alignment of human CRIPlb, human CRIPla and rat CRIPla 

sequences. Human CRIP 1 b and CRJP 1 a sequences are identical over exons 1 and 2 

(amino acids 1-110), but diverge at exon 3 (amino acids 111-128 in CRIPlb; amino 

acids 111-164. in CRIP 1 a). Human CRIP 1 a and rat CRJP 1 a differ by seven amino acids 

over exons 1 and 2, but are identical at exon 3. Amino acids that are identical in all 

sequences are indicated by an asterisk (*) in t~e consensus line. Differences in amino 

aci~ sequences are denoted by a period () in the consensus line. 
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1 MGDLPGLVRLSIALRIQPNDG·PVFYKVDGQRFGQN 
.. 't MGDLPGLVRLSIALRIQPNDGPVFYKVDGQRFGQN 

1 MGDLPGIVRLSIALRIQPNDGPVFFKVDGQRFGQN 

******·*****************·********** 

36 RTIKLLTGSSYKVEVKIKPSTLQVENISIGGVLVP 
36 RTIKLLTGSSYKVEVKIKPSTLQVENISIGGVLVP 
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Figure 4. Organization of human CR/Pl gene. The human CRJPl gene localizes to 

chromosome 2 and is alternatively spliced to yield mRNAs encoding CRIP 1 a (top) and 

CRIP 1 b (bottom). Scale bar in lower right represents 180 bp. Scale breaks in human 

chromosome 2 correspond to 1.91, 23.13 and 8.53 kb spans, respectively. Shaded boxes 

correspond to exons _], 2 and.3. Dashed boxes indicate untranslated regions. 
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Figure 5. Amino acid alignment of primate CRiPlb sequences. CRIPJb· sequence 

alignment for human (HuCRIP I b), chimpanzee (ChCRIP I b) and macaque (MaCRIP I b) 

orthologs. While human and chimpanzee sequence$. are identical, macaque CRIP I b 

differs by three amino acids in exon 3. Amino acids that are identical in all sequences 

are indicated by an asterisk (*) in the consensus line. Differences in amino acid 

sequences are denoted by a period () in the consensus line. 
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HuCRIPlb 1 MGDLPGLVRLSIALRIQPNDGPVFYKVDGQRFGQN 
ChCRIPlb 1 MGDLPGLVRLSIALRIQPNDGPVFYKVDGQRFGQN 
MaCRIPlb 1 MGDLPGLVRLSIALRIQPNDGPVFYKVDGQRFGQN 
consensus *********************************** 

HuCRIPlb 36 RTIKLLTGSSYKVEVKIKPSTLQVENISIGGVLVP 
ChCRIPlb 36 RTIKLLTGSSYKVEVKIKPSTLQVENISIGGVLVP 
MaCRIPlb 36 RTIKLLTGSSYKVEVKIKPSTLQVENISIGGVLVP 
consensus *********************************** 

HuCRIPlb 71 LELKSKEPDGDRVVYTGTYDTEGVTPTKSGERQPI 
ChCRIPlb 71 LELKSKEPDGDRVVYTGTYDTEGVTPTKSGERQPI 
MaCRIPlb 71 LELKSKEPDGDRVVYTGTYDTEGVTPTKSGERQPI 
consensus *********************************** 

HuCRIPlb 106 QITMPECLEQRPQEISLTYECEE 
ChCRIPlb 106 QITMPECLEQRPQEISLTYECEE 
MaCRIPlb 106 QITMPECLEQRPRGISLTCECEE 
consensus ************ ****·**** 
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expressed upon interaction of CB I and CRIP 1 b. Expression of H/S3 protein permitted 

growth of cotransformed yeast colonies on selection plates lacking histidine in the 

medium, while expression of lacZ allowed for detection of p-galactosidase to confirm 

interaction_ between CB1 and CRIPlb in the yeast colonies rather" than permissive leaky 

expression of H/S3 protein. Y190 cells will grow on selection plates lacking histidine, 

due to leaky expression of the H/S3 reporter gene; therefore, 2.5 mM 3-aminotriazole 

was added to the medium to suppress background growth of yeast colonies on selection 

plates lacking histidine. While an empty GAL4 DNA-binding domain vector (pGBKT7) 

or the C-terminal tail of CB2 did not interact with CRIP 1 b, the C-terminal tail of CB I was 

able to interact with CRIP 1 b, confirming the specificity of the interaction in yeast 

(Table I). 

CRIP 1 b interaction with CB I was further investigated by Kathleen Wallis using a 

GST binding assay. The C-terminal tail of CB1 and a later construct lacking the last nine 

amino acids of the C-terminal tail were expressed in bacteria as fusion proteins with GST 

and immobilized onto glutathione sepharose beads. Purified, bacterially-expressed 

CRIP 1 b was added to GST-CB I beads and bound proteins were eluted. CRIP 1 b, as 

verified by S-tag probe, specifically bound to GST-CB1, but not GST-CB1~465 lacking 

the last nine amino acids of the C-terminal tail, GST alone or agarose beads (Fig. S1 -

see Appendix A). Taken together, these results indicate that CRIPlb specifically binds to 

the C-terminal tail of CB1 in vitro. 
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Table I 

CB1 C-terminal tail specifically interacts with CRIP1 b in yeast two-hybrid assay 

Bait Interaction with CRIP1 b 

hCB1 (418-472) +++ 

rCB1 (419-473) +++ 

Empty vector -
hCB2 (310-360) -
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Combination of CRIPl b exons 1 and 2 necessary for binding to CB1 

The CRIP 1 b protein sequence was analyzed for known consensus motifs that 

could indicate its localization or function. The expression of CRIP 1 b is predicted to be 

cytoplasmic as it contains no transmembrane domains, nuclear localization or 

mitochondrial targeting signals. In addition, CRIP 1 b appears to lack myristoylation and 

prenylation patterns, dileucine motifs and coiled-coil domains. As CRIP 1 b did not seem 

to contain any known interaction motifs, such as PDZ sites, zinc finger or proline rich 

domains, the region -Of CRIP 1 b necessary for interaction with CB 1 was determined by 

testing the ability of the CB1 C-terminal tail to interact with step-wise truncations of 

CRIPlb in the yeast two-hybrid assay. 

To determine which regions of CRIPlb were necessary for interaction with the 

C-terminal tail of CB 1, CRIP 1 b was truncated into individual exons and combinations of 

neighboring exons by Kathle~n Wallis. At this time, the entire coding sequence (128 

amino acids) of. CRIP 1 b had not been cloned. An incomplete exon 1 consisted of amino 

acids 34-60, while complete exons 2 and 3 consisted of amino acids 61-110 and 110-128, 

respectively. These individual exons were cotransformed with the C-terminal tail of CB1 

into yeast to map the interaction sites of CRIP 1 b with CB 1• No single exon segment of 

CRIPlb was sufficient to interact with CB1 in the yeast two-hybrid assay (Fig. S2); 

however, a combination of exons 1 and 2 was able to interact with CB1, at. a level 

indistinguishable from that of full length CRIPlb. This region of CRIPlb, amino acids 

34-110, was the minimal domain tested that was able to interact with CB1• After the 

entire CRIP 1 b coding sequence was cloned, the complete CRIP 1 b sequence was tested 
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for interaction with the C-terminal tail of CB1 in the yeast two-hybrid assay (Table I). 

The partial and complete CRIPlb sequences did not differ in thei.r interaction with CB1, 

though the ability of the entire exon 1 sequence (amino acids 1-60) to interact with CB1 

was not later examined. 

Last nine amino acids of CB1 C-terminal tail required for interaction with CRIPl b 

A complementary experiment designed to determine the domain of the CB 1 

C-terminal tail necessary for interaction with CRIPlb was performed by creating several 

truncation mutants progressively deleting portions of the C-terminal tail. The CB1 

C-terminal tail deletions were constructed taking into consideration data from Ken 

Mackie' s laboratory that assigned distinct functions to certain domains of the CB 1 

C-terminal tail. CB1 desensitization mediated by GRK3 and ~-arrestin 2 was shown to 

require a 20 amino acid section between amino acids 419 and 438 (Jin et al., 1999). 

Internalization of CB 1 requires cl: separate domain of the C-terminal tail from amino acids 

460 to 463 (Hsieh et al., 1999). Deletion mutants were intentionally created to contain or 

lack the desensitization and internalization regions (Fig. 6A). In their studies, Mackie 

and colleagues utilized the rat ortholog of CB1, which contains an additional amino acid 

at residue 74, shifting amino acid numbering of human CB1 by one at the C-terminal tail. 

The CB1 C-terminal tail exhibits high homology between the human and rat orthologs; 

however there are two differences out of fifty-five residues in the C-terminal tail at 439 

(A ➔ T) and 442 (V ➔ M), corresponding to numbering of the human ortholog of CB 1. 



68 

No difference between the human and rat orthologs of the wild type CB1 C-terminal tail 

was detected in their ability to interact with CRIP 1 b (Fig. 6B). 

CB1 mutant 439-473 lacking the desensitization region, while retaining the 

remainder of the C-terminal tail, interacted with CRIPlb. CB1 mutant 460-473 lacking 

the desensitization domain and the region between the desensitization and internalization 

domains, while retaining the internalization domain and the distal ten residues of the 

C-terminal tail was also able to interact with CRIPlb .. The interaction of a very short 

CB1 mutant, 460-463, containing only the internalization region with CB1 was strongly 

att~nuated, as compared to the wild type C-terminal tail or the deletion mutants 

mentioned above. A weak interaction was indicated by reporter gene expression that was 

considerably less than the positive control (wild type CB1 C-terminal tail), but slightly 

greater than the negative control(~mpty pGBKT7 vector). Since this mutant consisted of 

only four amino acids, the region responsible for the reduced interaction with CRIP 1 b 

could have ·been either proximal or distal to the internalization region. Two more 

mutants were constructed to examine these possibilities. CB I mutant 419-459 lacking the 

internalization domain and residues distal to it was also impaired in its ability to interact 

with CRIPlb, suggesting that the last several residues of the CB1 C-terminal tail were 

necessary for the interaction. A construct consisting of the last nine amino acids of the 

CB1 C-terminal tail, 465-473, was found to interact with CRIPlb at a level 

indistinguishable from that of the wild type C-terminal tail, confirming that the region of 

the CB1 C-terminal tail necessary for interaction with CRIPlb is confined to the very 

distal end of the C-terminal tail (Fig. 6B). The importance of this region for CRIPlb 



Figure 6. Deletion mapping of CB 1 C-terminal tail. (A) Amino acid sequences of CB 1 

truncation mutants used in yeast two-hybrid screens with CRJP 1 b. CB 1 C-terminal tail 

domains involved in desensitization (amino acids 419-438) and internalization (amino 

acids 460-463) are underlined. (B) Interaction ofCB1 C-terminal tail mutants (bait) with 

CRIP 1 b (prey) was determined by /3-galactosidase activity from yeast colonies grown on 

Leu-;Trp-;His-;Ura- selection plates containing 2.5 mM 3-aminotriazole. Amino acids 

465-473 of the CB1 C-terminal tail comprised the minimal domain tested that was 

' . 

necessary for interaction with CRJP 1 b. Desensitization (D) and internalization (I) 

domains are diagrammed as grey rectangles. Rapid development' of intensely blue 

colonies suggestive of a strong positive interaction are indicated by +++, while slightly 

blue colonies suggestive of a weak interaction are indicated by +. 
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binding was confirmed by an in vitro binding assay which demonstrated that CRIP 1 b did 

not bind to a GST-CB1~465 fusion protein lacking the last nine amino acids of the CB1 

C-terminal tail (Fig. S1). Intriguingly, the last nine amino acids of CB1 are highly 

conserved across numerous species, including humans, rat, mouse and puffer fish, 

suggesting that this region has evolved at a slower rate than other regions of the receptor, 

perhaps due to an important association with CB I function. 

CRIPl b ·expr~ssion in cell lines, primar·y neurons and brain tissue 

Since CRIP 1 b appeared to be a novel, uncharacterized protein,. its region of 

expression was unknown, other than being present in a human brain cDNA library. The 

possible expression of CRIPl b in various cell lines and primary neurons was investigated 

by reverse transcription-polymerase chain reaction (RT-PCR). Kathleen Wallis extracted 

total RNA, which was then reverse transcribed to cDNA, from freshly prepared AtT20, 

HEK 293 and N 18TG2 cell lines in addition to cerebellar granule neurons and superior 

cervical ganglion neurons. PCR primers designed to amplify the third exon of CRIP 1 b 

were used to determine the presence of CRIP 1 b in the cells lines or neurons. A 

housekeeping gene, rig/S15, encoding a ribosomal subunit was amplified by PCR primers 

as a control for RNA quality and reverse transcription. A sample of RNA untreated with 

the reverse transcriptase was included as a control to verify that no genomic DNA 

contamination was responsible for any positive bands detected by PCR. As CRIP 1 b had 

only been found in primate genome databases, it was unlikely that CRIP 1 b mRNA would 

be detected in AtT20 (a mouse pituitary cell line), N18TG2 (a mouse neuroblastoma cell 
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line), rat cerebellar granule neurons or rat superior cervical ganglion neurons. HEK 293 

cells ( a human embryonic kidney cell line) were the only potential positive result. Indeed, 

none of these cell lines or tissues was found to express CRIPlb mRNA (Fig. S3A). 

To determine if CRIP 1 b was present in primate brain tissue, samples of human 

and macaque brain tissue were obtained from the MCG Brain Bank. RT-PCR analysis 

was again performed by Kathleen Wallis on tissue samples from cerebellum, cortex, 

hippocampus, striatum and thalamus. These brain regions were selected, in part, because 

CB1 is known to be expressed in these areas (Pettit et al., 1998; Tsou et al., 1998; 

Egertova and Elphick, 2000). CB1 mRNA, detected using PCR primers to the C-terminal 

tail, was indeed present in human (Fig. S3B) and macaque (Fig. S3C) brain tissue in all 

of the selected regions. A sample of RNA from each brain region not treated with 

reverse transcriptase indicated that samples were not contaminated by genomic DNA. In 

general, CRIPlb mRNA was also detected in the same brain regions that expressed CB1 

mRNA, although variable levels in the GAPDH housekeeping gene suggest that some 

degradation of tissue may have occurred prior to storage of the tissue. For example, 

GAPDH expression in human thalamic tissue was faint, though both CB1 and CRIPlb 

mRNA were detected.· In contrast, expression of GAPDH, CB1 and CRIPlb mRNA was 

faint in human hippocampal tissue. Similar tissue quality concerns were also noted for 

the macaque brain tissue (Fig. S3C). GAPDH expression in the striatum and thalamus 

were nearly undetectable, making it difficult to draw conclusions about the lack of 

detection of CB1 and CRIPlb in these tissues. Cerebellar tissue contained CB1 mRNA; 

however, CRIP 1 b mRNA could not be confirmed. Hippocampal tissue was an exception, 
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as all three mRNAs were present as a robust PCR fragment was amplified from the 

cDNA generated from the tissue. Again, CRIP 1 b mRNA was generally detected in the 

same brain region with CB 1 mRNA, suggesting that CB 1 and CRIP 1 b could potentially 

be co-expressed at the protein level in human and macaque brain. The lack of coinciding 

expression of CB1 and CRIPlb mRNA in certain brain regions (e.g. cerebellum) could 

reflect differential expression within the brain, but the possibility of RNA degradation in 

the tissue can not be eliminated. 

CB1 and CRIPl b are not highly colocalized in HEK 293 cells 

To test the hypothesis that CB1 and CRIPlb are present in the same subcellular 

compartment a~d thereby. have the potential to interact in a heterologous expression 

sys_te·m~ HEK 293 cells transiently transfected with HA-tagg~d rat CB1 and FLAG

CRIPl b were imaged by confocal microscopy. Western blot analysis confirmed that the 

FLAG-CRIP 1 b construct was efficiently expressed in HEK 293 cells as a complete 

fusion prot~in near the . preqicted molecular weight of -15 kDa (Fig. 7). FLAG M2 

antibody detection of FLA9-CRIP 1 b was specific, as it detected FLAG-CRIP 1 b in cell 

lysate of HEK 293 cells transiently transfected with FLAG-CRIPlb, but not in 

untransfected or CB1 transfected HEK 293 cell lysate samples (Fig. 7). 

CRIP 1 b visualization revealed a relatively homogeneous cytosolic expression 

pattern (Fig. 8A,D). CRIPlb staining in the nucleus was insignificant and did not appear 

highly enriched at the cell membrane. In contrast, CB1 was primarily expressed at the 

membrane with minor cytosolic staining and no significant nuclear staining (Fig. 8B,G). 



Figure 7. CRIPlh expression detected in HEK 293- cell lysate. Western blot analysis 

detected FLAG-CRIP 1 b in cell lysate ·of transiently transfected HEK 293 cells. FLAG

CRIP 1 b was not detected in cell lysatefrom CB1 transfected or untransfected HEK 293 

cells. Predicted molecular weight of CRIP 1 b is 15 kDa. 
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Expression patterns were similar when HEK 293 cells were transfected with CRIP 1 b 

alone (Fig. 8H) or CBi alone (Fig. 81). HEK 293 cells expressing both CB1 and CRIPlb 

displayed a consistent pattern of juxtaposed, minimally-overlapping signals. CB 1 was 

almost always detected on the cell membrane as a thick band following the cell boundary, 

while CRIPlb appeared just inside of the CB1 positive staining. Slight overlap of CB1 

and CRIPlb staining patterns was detected but in most cases an abrupt transition from 

CB1 to CRIPl b staining was observed (Fig. 8C). To ensure that fluorescent artifacts were 

not present in the overlay image due to spectral overlap of the fluorescent dyes, HE_K 293 

· cells cotransfected with HA-CB1 and FLAG-CRIPlb and stained with a single primary

secondary antibody pair were imaged for possible channel bleedthrough. At the same 

acquisition settings, CRIPlb staining with FLAG M2-Alexa Fluor 568 (Fig. 8D) was not 

detected in the CB1 channel (Fig. 8E). Neither was CB1 staining with HA-Alexa Fluor 

488 (Fig. 8G) detected in the CRIP 1 b channel (Fig. 8F). Thus, channel bleedthrough was 

not a concern for the slight CB 1-CRIP 1 b co localization observed in the overlay image of 

HEK 293 cells. 

CB1 expression does not disrupt CRIPl b expression pattern 
. ' . 

Although CB1 and CRIPlb colocalization in .IIEK 293 cells is unimpressive, the 

interaction may be sufficiently transitory such that only the effects of interaction and not 

the physical association itself can be observed. To test the hypothesis that a CB1-CRIP1b 

interaction alters the cellular distribution pattern of the primarily cytosolic CRIP 1 b, the 

expression pattern:· of EGFP-CRIP 1 b was analyzed using -confocal images of HEK 293 
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cells transiently transfected with EGFP-CRIPlb or EGFP-CRIPlb and rat HA-CB1• A 

ratio of membrane to intracellular EGFP-CRIP 1 b intensity was calculated using analysis 

capabilities of ImageJ software (National Institutes of Health). A rectangular region of 

interest (5.0 µm x 0.5 µm) was positioned perpendicular and centered across a section of 

membrane on an image selected from a z-stack series, such that the image sliced through 

each cell at approximately half-height. An intensity profile generated from ImageJ was 

normalized to the maximum intensity of each individual cell and two arbitrary ranges 

were selected for calculation of average membrane intensity (2.5 - 3.0 µm) and 

intracellular intensity ( 4.5 - 5.0 µm). The ratio of membrane to intracellular intensity of 

EGFP-CRIP 1 b was compared between HEK 293 cells expressing EGFP-CRIP 1 b alone 

and those co-expressing EGFP-CRIPlb and HA-CB1. A membrane to intracellular ratio 

equal to one corresponds to equivalent CRIP 1 b intensity within the pre-selected 

membrane and intracellular ranges. A ratio greater than one indicates enriched 

expression at the membrane, while a ratio of less than one indicates preferential cytosolic 

expression. 

HEK 293 cells were transfected with EGFP-CRIP 1 b at three different 

concentrations (30, 60 and 100 ng) to determine an approximate detection limit of 

EGFP-CRIP 1 b and to use that minimal amount of EGFP-CRIP 1 b for co-expression with 

CB 1 in order to maximize the probability of detecting any change in CRIP 1 b cellular 

distribution. No difference in EGFP-CRIPlb distribution was apparent upon visual 

inspection of HEK 293 cells expressing EGFP-CRIPlb with or without CB1 (Fig. 9). 

EGFP-C~IP 1 b intensity appeared to be reduced in cotransfected HEK 293 cells 



Figure 9. CB1 does not modify CRIPlb expression pattern in HEK 293 cells. HEK 293 

cells were transfected with EGFP-CRIP 1 b at 30 ng (A, B), 60 ng (C,D) or 100 ng (E,F) 

levels and either empty pcDNA3.J(+) vector (A,C,E) or rat HA-CB1 (B,D,F) to a total of 

300 ng. Red rectangle (5.0 x 0.5 µm) on cells in panels A and B indicates region of 

interest analyzed using ImageJ software. Scale bar: 5 µm. All images were captured 

using identical acquisition settings. (G,H) Normalized EGFP-CRIP 1 b pixel intensity plot 

for five cells (scatter plot data) and average (solid green line) for HEK 293 cells 

transfected with EGFP-CRIPlb (G) or EGFP-CRIPlb and HA-CB1 (H). Light yellow 

shaded box indicates. range (2.5 - 3.0 µm) averaged for membrane intensity of EGFP

CRIPlb. Light blue shaded box indicates range (4.5 - 5.0 µm) averaged for intracellular 

intensity of EGFP-CRIP 1 b. Note that EGFP-CRIP 1 b intensity increases rapidly near the 

presumed cell membrane and remains at a constant level at intracellular regions. (I) 

Average EGFP-CRIP 1 b membrane to intracellular intensity ratios were not significantly 

different for HEK 293 cells transfected with EGFP-CRIP 1 b or EGFP-CRIP 1 b and 

HA-CB1. p > 0.05, Student's t-test. 
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30 ng 60ng 100 ng 

0.0 T"--...---r----,--...... ----. 
1.0 2.0 3.0 4.0 5.0 0.0 1.0 2.0 3.0 4.0 5.0 

Distance (µm) Distance (µm) 

30 ng 60 ng 100 ng 

Transfected n Membrane to Membrane to 
EGFP· Intracellular Intracellular 

CRIP1b Ratio Ratio 
CRIP1b CRIP1b+ CB, 

30 ng 5 0.80 :1: 0.11 0.73 :1: 0.04 
60 ng 3 0.99 :1: 0.05 0.87 :1: 0.03 
100 ng 3 0.78 :1: 0.07 0.96 :1: 0.07 
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compared to cells transfected with only EGFP-CRIP 1 b partially due to using identical 

acquisition settings for all images and also as a consequence of cotransfection. While 

most cotransfected HEK 293 cells were intensely stained for CB1, only a fraction of those' 

cells also expressed detectable EGFP-CRIPl b, likely due to transfection of CB1 in excess 

of EGFP-CRIP 1 b. The decrease in EGFP-CRIP 1 b intensity was observed for 

cotransfected HEK 293 cells regardless of the identity of the second protein (see Fig. 10 

and results below). Ratiometric analysis indicated that CRIPlb is primarily cytosolic 

(membrane to intracellular ratio < 1), not highly enriched at the membrane and is not 

significantly enriched at the membrane by co-expression with CB1. Intensity plot profiles 

for EGFP-CRIPlb expressing cells (Fig. 9G) and EGFP-CRIPlb + HA-CB1 (Fig. 9H) 

co-expressing cells illustrate a rise in EGFP-CRIPlb intensity near the membrane 

reaching a plateau at the intracellular region, as expected for a homogeneously expressed 

cytosolic protein. Membrane to intracellular intensity ratios between EGFP-CRIP 1 b and 

EGFP-CRIPlb + HA-CB1 groups were not significantly different at any of the 

EGFP-CRIPlb transfection levels (Fig. 91). These results _suggest that the CRIPlb 

expression pattern is not modified by trafficking to the membrane by CB I• 

To further investigate potential trafficking of CRIPlb by CB1, ratiometric analysis 

of EGFP-CRIPlb intensity was explored with two CB1 variants, a signal sequence CB1 

construct (hGHssHA-CB1) which exhibits enhanced overall expression, and a CB1 

truncation mutant (HA-CB1L\465) lacking the CRIPlb binding site. If CB1 and CRIPlb 

traffic to the membrane together, the membrane to intracellular EGFP-CRIPlb ratio 

would be expected to increase with the signal sequence CB 1 construct as overall CB 1 
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expression is enhanced. Conversely, the EGFP-CRIPlb ratio would be expected to 

decrease with the CB 1 truncation mutant as the interaction would be abolished, in 

accordance with the finding that CRIP 1 b was unable to interact with the mutant in an in 

vitro binding assay (Fig. S 1 ). Similar to previous findings, no significant difference in 

EGFP-CRIP 1 b membrane to intracellular ratio was observed when comparing 

EGFP-CRIPlb expressing cells (Fig. lOA-C, llA) to EGFP-CRIPlb + HA-CB1 

expressing cells (Fig. 10D-F, llA). In HEK 293 cells expressing hGHssHA-CB1 

(Fig. lOG-1), the overall intensity of CB1 staining appeared to be slightly greater than 

wild-type (Fig. 1 OE), but the signal sequence d*d not selectively increase the fraction of 

CB1 on the membrane (Fig. llB). As signal sequences are thought to primarily affect 

translocation of the N-terminus in the ER (Guan et al., 1992), it is not surprising that 

inclusion of a cleavable signal sequence increases overall CB1 expression, but does not 

affect the propensity of CB 1 to be enriched at the membrane. The ratio of membrane to 

intracellular EGFP-CRIPlb was not altered by co-expression with hGHssHA-CB1, 

indicating that enhanced CB1 expression does not affect CRIPlb distribution (Fig. 1 lA). 

The CB 1 membrane to intracellular ratio of the CB 1 truncation mutant was not 

1 significantly different from wild-type HA-CB1, though it demonstrated a trend toward a 

decrease in the ratio that was not evident based on visual inspection (Fig. lOJ-L, llB). 

The EGFP-CRIPlb membrane to intracellular ratio when expressed· with HA-CB1~465 

was not significantly different from cells expressing EGFP-CRIPlb alone (Fig. 1 lA). As 

the distribution pattern of EGFP-CRIP 1 b was not affected by loss of the interaction site 

on CB 1, the possibility that CRIP 1 b is trafficked by CB 1 seems unlikely. Furthermore, 



Figure 10. CJUP 1 b cellular distribution pattern is not altered by various CB 1 

constructs. HEK 293 cells were transfected with 30 ng EGFP-CRIP 1 b and 470 ng of 

empty pcDNA3.l(+) (A-C), HA-CB1 (D-F), signal sequence hGHssHA-CB1 (G-1), or 

truncation mutant HA-CB 1L1465 (J-L). Neither the CRJP 1 b expression pattern nor the 

extent of CB 1-CRJP 1 b co localization was drastically altered by ~ignal sequence or 

truncated CB 1 constructs. All images were captured using identical acquisition settings. 

Scale bar: 5 µm. 
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Figure 11. Membrane to intracellular ratio of EGFP-CRIPlb intensity is unaltered by 

expr~ssion of various CB 1 constructs. (A) Average membrane to intracellular ratio of 

EGFP-CRIP 1 b . int.ensity in HEK 293 cells· transfected with EGFP-C!?f P 1 ~ ·alone 
.· . . ' 

(control), wild-typ~ CB1 (HA-CB1), signal sequence CB1 construct (hGHssHA-CB1) or~ 
.. , 

CB1 truncation mutant lacking CRIPlb interaction site (HA-CBJL1465). The ·CRIPlb 

ratio was not significantly altered by CB,1 expression (p > 0;05, ANOVA). (B) Average 
. . 

membrane to intracellular ratio of.CB1 intensity in HEK 293 cells noi transfected with 

CB1 (control), wild-type CB1 (HA-CB1), signal sequence CB1 construct (hGHssHA-CB1) 

or a CB1 truncation mutant lacking CRIPlb interaction site (HA-CB1A465). As expected, 

the CB 1 ratio for all CB1 expressing groups· was significantly different from control 

(no CB1). ANO VA of the three CB1 groups indicated no significant difference in the CB1 

ratio (p > 0.05). 
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n Membrane to 
Intracellular Ratio 

CRIP1b 
5 0.78:1:0.06 
5 0.85 :t 0.10 
5 0.73:1:0.05 
5 0.68 :t 0.05 

n Membrane to 
Intracellular Ratio 

CB1 
5 0.74 :t 0.09 
5 2.03:t 0.23 
5 2.15:t 0.28 
5 1.46 :t 0.13 
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interaction between CB1 and CRIPlb is expected to be transient, if it occurs in HEK 293 

cells at all, as the lack of robust co localization was not noticeably different with either the 

signal sequence CB1 construct or the CB1 truncation mutant (Fig. lOF,I,L). 

CB1 and CRIPt b colocalize in SCG neur·ons 

The potential for co localization of CB 1 and CRIP 1 b in SCG neurons was 

examined to determine if CRIP 1 b and CB 1 ·differed in their subcellular localization from 

that in HEK 293 cells, since SCG neurons might provide a more physiologically relevant 

expression system. SCG neurons microinjected with CB1 and CRIPlb .cDNA were 

imaged by confocal microscopy. In c~ntrast to expression in HEK 293 cells, CB1 and 

CRIP 1 b expression patterns in SCG neurons overlapped, suggesting they were localized 

to the same subcellular compartment (Fig. 12C). To ensure that fluorescent artifacts were 

not present in the overlay image due to spectral overlap of the fluorescent dyes, SCG 

neurons microinjected with HA-CB1 and FLAG-CRIPlb were stained with a single 

primary-secondary antibody pair and analyzed for possible channel bleedthrough. At the 

same acquisition settings, CRIPlb staining with FLAG M2-Alexa Fluor 568 (Fig. 12D) 

was not detected in the CB1 channel (Fig. 12E). Neither was CB1 staining with 

HA-Alexa Fluor 488 (Fig. 12G) detected in the CRIPlb channel (Fig. 12F). Interestingly, 

CRIPlb distribution in SCG neurons (Fig. 12A) noticeably differed from the 

homogeneous cytosolic expression observed in HEK 293 cells (Fig. 8A). In SCG 

neurons, CRIP 1 b expression was primarily near the membrane with little intracellular 



Figure 12. CB 1 and CRIP 1 b colocalize in SCG neurons. SCG neurons were 

microinjected with rat HA-CB1 (JOO ng/µl) and/or FLAG-CRJPlb (170 ng/µl) and 

imaged by confocal microscopy (n = 26, from 4 separate microinjection exp~riments) (A) 

FLAG-CRJPlb (red) expression was detected near cell membrane. (B) HA-CB1 (green) 

was also expressed predominantly at the cell membrane. (C) Overlay of panels A and B 

indicates co localization (yellow) of HA-CB 1 and FLA G-CRIP 1 b. Cell nucleus is 

identified by an asterisk. · (D) Detection of FLAG-CRIP 1 b in coinjected neuron 

immunostained only for FLAG-CRIP 1 b. (E) FLAG-CRJP 1 b signal detected in panel D 

does not bleed-through into HA-CB1 channel. (F) HA-CB1 signal detected in panel G 

does not bleed-through into FLAG-CRIPlb channel. (G) Detection of HA-CB1 in 

coinjected neuron immunostained only for HA-CB1. (H) FLAG-CRIPlb is expressed 

near the membrane when injected without CB1. (I) HA-CB1 is primarily expressed at the 

cell membrane in neurons singly injected with HA-CB1. Images in panels A-G were 

captured using identical acquisition settings. Scale bars: 5 µm. 
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staining, unlike HEK 293 cells where CRIP 1 b was uniformly distributed throughout the 

cytosol. The expression pattern of CRIPlb was similar in SCG neurons microinjected 

with CRIPl b alone (Fig. 12H) or coinjected (Fig. 12A,D). The considerable difference in 

CRIP 1 b localization suggests that additional cofactors or cellular machinery present in 

SCG neurons, but not HEK 293 cells, may be necessary for proper trafficking of CRIP 1 b. 

CRIPl b does not alt~~ CBrrit~diated Ca2
+ channel modulation 

· CRIP 1 b · interacts with CB 1 in vitro (Table I, Fig. 6B, S 1) and is . potentially 

expressed with CB1 in brain tissue (Fig. S3). Moreover, colocalization ·of CB1 and 

CRIP 1 b in SCG neurons suggests the potential for a functional interaction. In order to 

explore the hypothesis that CRIP 1 b-CB 1 interaction has a · functional consequence, 

CRIP 1 b was included in whole-cell voltage clamp electrophysiology experiments using 

I • 

SCG neurons microinjected with cDNA encoding CB1. SCG neurons primarily express 

N-type Ca2
+ channels, which are inhibited by activation of CB 1 with agonists such as 

WIN 55,212-2 (Pan et al., 1996). In the SCG neuron expression system, CB1 exhibits 

constitutive activity, such that CB1 can spontaneously adopt an active conformational 

state in the absence of agonist (Pan et al., 1998). Because a fraction of CB1 receptors are 

constitutively active in SCG neurons, application of the CB1 inverse agonist SR141716 

results in a facilitation of Ca2
+ current as the inverse agonist reverses constitutive activity 

of CB1 by depopulating the active state of the receptor. 

Ca2
+ current is elicited by a pre-pulse voltage step paradigm administered every 

10 s during an experiment (Fig. 13A, 14A), in which the SCG neurons are depolarized 
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from a resting state at -80 m V to an initial step at 0 m V to elicit control, or pre-pulse, 

Ca2
+ current. An intermediate depolarizing step to +80 mV relieves G-protein dependent 

icllibition of Ca2
+ channels and is followed by a brief return to resting .membrane 

potential. A second voltage step to 0 m V elicits a facilitated Ca2
+ current, as c6mpared to 

the initial 0 m V voltage step. In agreement with previous results, neurons microinjected 

with 100 ng/µl CB1 cDNA and 10 ng/µl EGFP cDNA (to identify successfully 

microinjected neurons) exhibit an inhibition of Ca2
+ current upon application of 1 µM 

WIN 55,212-2 (Fig. 13B, 14B). Ca2
+ current returns to basal levels after washout of CB 1 

· agonist. Application of 1 µM SR141716 elicits an increase in Ca2
+ current (Fig. 13B, 

14B) as a result of reducing the fraction of constitutively active CB1 receptors that would 

otherwise maintain a basal inhibitory tone on Ca2
+ channels in SCG neurons. Change in 

Ca2
+ current was calculated by measuring the current recorded 10 ms into the first voltage 

step to 0 mV, both before and after drug application. The same pre-drug level of Ca2
+ 

current was used in calculations of perc.etit 9urrent change for both WIN 55,212-2 and 
. '., 

SR141716. WIN 55,212-2 decreased Ca2+ current in SCG ne11;rons expressing either 

human CB1 (Fig. 13E) or rat CB1 (Fig. 14E), but had no effect .on· uninjected neurons. 

SR141716 facilitated Ca2
+ current in SCG neurons expressing either human CB 1 

(Fig. 13F) or rat CB1 (Fig. 14F), but again had no effect on, uninjected neurons. The 

agonist or inverse agonist response of· the human and rat orthologs of CB1 were not 

significantly different from each other (Table II), suggesting that the fraction of 

constitutively active receptors was likely the same in both groups. 
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To investigate the potential role of CRIPlb in regulating CB1 signaling via 

modulation of N-type Ca2
+ channels, CRIPlb cDNA was microinjected with CB1 and 

EGFP into SCG neu,rons. Initially, CRIPlb was microinjected with rat CB1 at a 1:1 

molar ratio (85 ng/µl CRIPlb and l00ng/µl CB1). At this injection concentration, neither 

the agonist nor the inverse agonist responses were significantly different from neurons 

expressing only CB1 (Table II). The lack of an effect of CRIPlb on CB1 Ca2
+ channel 

modulation could have resulted from insufficient expression, as the stoichiometry of 

CRIPlb-CB1 binding is unknown. Accordingly, the amount of CRIPlb cDNA 

microinjected into SCG neurons was increased to a 1:2 molar ratio of CB1 to CRIPlb. At 

170 ng/µl CRIPlb, the WIN 55,212-2 and SR141716 responses were not significantly 

different with or without CRIPlb (Fig. 14E,F; Table 11). Neither agonist nor inverse 

agonist induced changes in Ca2
+ current were altered by co-expression of CRIP 1 b. 

The SCG neurons in the electrophysiology recordings -described above were 

microinjected with the rat ortholog of CB1. Although the region of CRIPlb required for 

interaction with CB1 was determined to be the last nine amino acids of CB1, which are 

identical in rat and human orthologs, the possibility that CRIP 1 b might functionally 

interact with the human but not the rat ortholog could not be eliminated. For that reason, 

SCG neurons were microinjected with the human ortholog of CB1 and CRIPlb at 1:2 and 

1 :4 molar ratios. A maximum injection concentration of 340 ng/µl CRIPl b {1 :4 molar 

ratio) was tested in SCG neurons to increase the chance of detecting a difference in CB 1 

signaling with CRfPlb. SCG neurons expressing human CB1 and CRIPlb (1:2 molar 

ratio) dem~nstrated an inhibition of Ca2
+ current upon WIN 55,212-2 application and 



Figure 13. CRIPlh does not alter human CB1 receptor constitutive activity. SCG 

neurons were micro injected with CB 1 (1 00ng/µl) with or withou"t CRIP 1 b (340 ng/µl) 

(A) Top, Voltage-step protocol utilized to elicit Ca2+ current. Bottom, Superimposed 

Ca~+ current traces during perfusion of control solution (middle trace), 1 µM WIN 

55,212-2 (top trace) or 1 µM SR141716 (bottom trace) for a representative SCG neuron 

expressing CB1. (B) Ca2+ current amplitude from the same SCG neuron in panel A 

expressing CB 1 plotted over the time course of a typical experiment. Application of the 

CB1 agonist WIN 55,212-2 decreased Ca2+ current, whereas the CB1 inverse agonist 

SRJ 41716 increased Ca2+ current. (C) Superimposed Ca2+ current traces from a 

representative SCG neuron co-expressing CB 1 and CRJP 1 b. (D) Ca2+ current amplitude 

from the same SCG neuron in panel C co-expressing CB 1 and CRJP 1 b plotted over the 

time course of a typical experiment. (E) Average inhibition of Ca2+ current by WIN 

55,212-2 plotted for SCG ne_urons expressing CB1 alone or CB1 and CRJPlb. The ability 

of the· CB 1 agonist WIN 55,212-2 to inhibit Ca2+ currents is unaffected by CRIP 1 b. (F) 

Average facilitation of Ca2+ current by SR] 41716 plotted for SCG neurons expressing 

CB 1 alone or CB 1 and CRJP 1 b. CRIP 1 b failed to affect CB rmediated enhancement of 

Ca2+ current by inverse agonist SR141716 (p = 0.13). Scale bars in A and C: 500 pA,·25 

ms. Error bars show s.e.m. Numbers in parentheses indicate number of neurons tested. 
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Figure 14. CRIP 1 b does not alter rat CB 1 receptor constitutive activity. SCG neurons 

were micro injected with CB 1 (1 00ng/µl) with or without CRIP 1 b (170 ng/µl) (A) Top, 

Voltage-step protocol utilized to elicit Ca2
+ current. Bottom, Superimposed Ca2

+ current 

traces during perfusion of control solutio_n (middle trace), 1 µMWIN 55,212-2 (top trace) 

or 1 µM SRI 41716 (bottom trace) for a representative SCG neuron expressing CB 1• (B) 

Ca2
+ current amplitude from the same SCG neuron in panel A expressing CB 1 plotted 

over the time course of a typical experiment. Applicatio~ of the CB 1 agonist 

WIN 55,212-2 decreased Ca2
+ current, whereas the CB1 inverse agonist SR141716 

increased Ca2
+ current. (C) Superimposed Ca2

+ current traces from a representative 

SCG neuron co-expressing CB 1 and CRIP 1 b. (D) Ca2
+ current amplitude from the same 

SCG neuron in panel C co-expressing CB 1 and CRIP 1 b plotted over the time course of a 

typical experiment. (E) Average inhibition of Ca2
+ current by WIN 55,212-2 plotted for 

SCG neurons expressing CB 1 alone or CB 1 and CRIP 1 b. The ability of the CB 1 agonist 

WIN 55,212-2 to inhibit Ca2
+ currents is unaffected by CRIPlb. (F) Average facilitation 

of Ca2
+ current by SRI 41716 plotted for SCG neurons expressing CB 1 alone or CB 1 and 

CRIP 1 b. CRIP 1 b failed to affect CB 1-mediated enhancement ~f Ca2
+ current by inverse 

agonist SRI 41716. Scale bars in A and C: 500 pA, 25 ms. Error bars show s.e.m. 

Numbers in parentheses indicate number of neurons tested. 
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Table II 

CB1 agonist and inverse agonist modulation of ca2+ current is not·.changed by 
varying CRIP1b expression 

n WIN 55,212-2 SR 141716 

(
0k ~hange) (% change) 

Un injected 7 7.5 ± 1.7a,c 1.4 ± 1.1 b,
d 

rCB1 12 -53.2 ± 4.2a 57.5 ± 12.5° 

rCB1 + CRIP1 b 1 :1 6 -56.0 ± 3.1 33.5 ± 13.6 

rCB1 + CRIP1 b 1 :2 9 -57.4 ± 3.48 60.8 ± 17.5° 

hCB1 7 -42.2 ± 6.0c 54.7 ± 8.8° 

hCB1 + CRIP1 b 1 :2 3 -52.1 ± 3.3 60.6 ± 15.5 

hCB1 + CRIP1 b 1 :4 6 -42.6 ± 6.6c 35.9 ± 6.7d 

a . • D • • C • • a . Figure 14E, Figure 14F, Figure 13E, Figure 13F 
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facilitation of Ca2
+ current by SRI 41716 treatment that were not significantly different 

from neurons expressing only human CB1. Similarly, SCG neurons microinjected with 

CB1 and CRIPlb at a 1:4 molar ratio exhibited WIN 55,212-2 induced Ca2
+ current 

inhibition (Fig. 13E), whereas SR141716 facilitated ca2~ current (Fig. 13F). A 

non..:significant trend (p = 0.13) towards a decreased SR141716 response was observed in 

the· presence of CRIPl b; however, neither agonist nor inverse agonist modulation of Ca2
+ 

current by CB1 in SCG neurons was ~ignificantly affected by CRIPlb (Table II). These 

results suggest that neither the orth6log of CBi utilized in the electrophysiology 

experiments nor the microinjection concentration of CRIPlb had any bearing on the 

inability of CRIPlb to alter CB1 signaling via modulation of Ca2
+ channels. 

CB1 constitu~ive activity unaffected by CRIPl b 

In SCG neurons, CB 1 is constitutively active in the aqsence of ligand, including 

endogenous cannabinoids, which are not responsible for the observed spontaneous 

activity of CB1 in these neurons (Pan et al., 1998). As a result of its constitutive activity, 

CB 1 produces a basal inhibition of Ca2
+ channels that can be observed and quantified by 

use of the CB1 inverse agonist SRI 41716. SRI 41716 preferentially binds to the inactive 

state of CB1, due to an additional hydrogen bonding opportunity that is not available in 

the active conformational state of CB 1 (Hurst et al., 2002). Ca2
+ current exceeds pre-drug 

\ 

control levels upon application of SR141716 as the constitutively active state is 

depopulated and fewer dissociated Gpy subunits are available to inhibit Ca2
+ channels. In 

the SCG heterologous expression system, SRI 41 716 imparts information on the level of 
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CB 1 constitutive activity in existence before application of the compound. Since the 

facilitation of Ca2
+ current by SR141716 was not significantly increased or decreased 

when CRIPlb was co-expressed with CB1 (Table II), CRIPlb does not affect the 

consti.tutive activity observed in SCG neurons. 

Ca2
+ current facilitation ratio unaffected by CRIPl b ~ 

Further evidence demonstrating a lack of an effect of CRIP 1 b on Ca2
+ current 

modulation by CB I is provided by the Ca2
+ current facilitation ratio. In the pre-pulse 

voltage step protocol used to elicit Ca2
+ current in SCG neurons, the amplitude of Ca2

+ 

current during the second voltage step (test-pulse) to 0 mV is facilitated following a 

conditioning depolarization to +80 mV, as compared to the first voltage step (pre-pulse) 
. . 

to 0 mV (Fig. 15A). This facilitation of Ca2
+ current" occurs because the strong 

depolarization step to +80 m V reli~ves · a voltage-dependent inhibition of Ca.2+ current by 

G~y subunits (Herlitze et al., 1996; Ikeda, 1996). Facilitation is observed in SCG neurons 

as a result of a basal )_evel of·G protein actiyatiori_. (I~eda,- 1991). The CB1 agonist 
•,. ,-. . . 

WIN 55,212-2 inhibited the pre-pulse Ca2
+ current amplitude to a greater extent than the 

test-pulse amplitude (Fig. 15A) because the inhibition mediated by CB1 occurs through G 

proteins and is relieved by the depolarizing step to +80 mV. The CB1 inverse agonist 

SRl 41716 increased both the pre-pulse and test-pulse Ca2
+ current amplitude, but again 

affected the pre-pulse amplitude to a greater extent than the test-pulse. The difference 

between the pre- and test-pulse Ca2+ current amplitudes was increased by WIN 55,212-2, 

whereas SR141716 greatly reduced the difference in amplitude (Fig. 15B). Facilitation is 
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calculated as the ratio of test-pulse to pre-pulse Ca2
+ current amplitude, where a ratio 

equal to 1 indicates no facilitation. Changes in the Ca2
+ current amplitude and facilitation 

ratio over the time course of an experiment show qualitatively similar changes; however, 

the change in facilitation ratio by WIN 55,212-2 is amplified compared to the change in 

absolute Ca2
+ current due to the differing inhibition of pre- and test-pulse Ca2

+ current 

amplitudes. In contrast, the change in facilitation ratio by SRl 41716 appears diminished 

compared to its effect on Ca2
+ current amplitude because the inverse agonist can only 

eliminate facilitation, not produce a negative facilitation (~.e. ratio less than 1) (Fig. l 5C). 

Use of the facilitation ratio has the potential to reduce variability in agonist and inverse 

agonist responses caused by ch.ang~s in basal Ca2
+ current over the time course of an 

experiment, such as current rundown since pre- and test-pulse Ca2
+ currents at a single 

time point are equally affected by rundown. The facilitation ratio was calculated as an 

additional means of determining a potential effect of CRIPl b on CB1 modulation of Ca2
+ 

current. SCG neurons expressing CB 1 exhibit a basal facilitation resulting from 

constitutive G protein signaling, due· in part to constitutive activity of CB1. The 

facilitation ratio is significantly increased in. each group compared to basal levels upon 

application of WIN 55,212-2 as the inhibition of pre-pulse Ca2
+ current is affected to a 

greater extent than test-pulse current. SRl 41716 eliminated facilitation by increasing 

both pr~- and- test-pulse Ca2
+ current amplitudes to the same absolute level of Ca2

+ 

current. Basal, agonist and inverse agonist facilitation ratios were compared between 

neurons expressing CB1 alone and CB 1 with CRIPlb for both human (Fig. 15D) and rat 

(Fig. 15E) orthologs to determine whether CRIP 1 b altered the facilitation ratio measured 



Figure 15. Ca2
+ current facilitation ratio is not altered by CRIP 1 b. (A) Top, voltage 

step protocol utilized to elicit Ca2
+ current. Bottom, superimposed pre-pulse ( o) and 

test-pulse (•) Ca2
+ current traces during perfusion of control solution (middle trace), 

1 µM WIN 55,212-2 (top trace) or 1 µM SRJ41716 (bottofr! trace) for a representative 

SCG neuron expressing CB 1• (B) Ca2
+ current amplitude from the same SCG neuron in 

pqnel A expressing CB 1 plotted over the time course of a typical experiment. (C) 

Facilitation calculated from panel B as a ratio of test-pulse to pre-pulse Ca2
+ current 

amplitude. (D) Average facilitation ratio for SCG neurons expressing human CB 1 with 

or without CRIP 1 b during perfusion of control solution, 1 µM WIN 55,212-2 or 

1 µM SR141716. Inhibition of Ca2+ ~urrent by WIN 55,212-2 resulted in an increase in 

facilitation ratio, as compared to control, while facilitation of Ca2
+ current by SRI 41716 

resulted in a decrease in the facilitation ratio (p < 0. 05; student's t-test for individual 

groups). CRIP 1 b did not significantly affect facilitation ratios measured during 

WIN 55,212-2 or SRI 41716 perfusion. (E) Average facilitation ratio for SCG neurons 

expressing rat CB 1 with or without CRIP 1 b during perfusion of control solution, 

1 µM WIN 55,212-2 or 1 µM SR1417{6. Facilitation ratio increased during 

WIN 55,212-2 perfusion and decreased during SR141716 perfusion, as compared to 

control (p < 0. 05, student's t-test for individual groups). CRIP 1 b did not significantly 

affect facilitation ratios measured during WIN 55,212-2 or SR141716 perfusion. 
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m the presence and absence of WIN 55,212-2 or SR141716. In agreement with 

calculations of change in Ca2
+ current (Fig. 13, 14), CRIPlb did not significantly affect 

the basal facilitation ratio or the facilitation ratio measured in the presence of 

WIN 55,212-2 or SR141716. These results indicate that CB1 modulation of Ca2
+ current 

· was not altered by expression of CRIP 1 b. 

CRIPlb does not alter CB1 sequestration of G proteins 

A portion of the C-terminal tail of CB 1 ( amino acids 401-417) serves as a binding 

site for certain G protein subtypes (Mukhopadhyay et al., 2000). Previous results in the 

laboratory revealed that CB1 has a high affinity for G proteins and was able to prevent 

signaling of other receptors sharing a common pool of Gu0 proteins (Vasquez and Lewis, 

1999). Extending these findings, it was found that truncation of the C-terminal tail of 

CB1 enhanced the ability of CB1 to sequester G proteins (Nie and Lewis, 2001). 

Together, the previous data suggest that the affinity of CB1 to bind G proteins could be 

regulated by acce·ssory proteins binding to the CB1 C-terminal tail. To determine if 

CRIP 1 b might play a role in CB 1 sequestration of G proteins, the ability of the 

somatostatin receptor to signal, as measured by the inhibition of Ca2
+ channels in SCG 

neurons, was investigated in the presence CB1 and CRIPlb. 

Confirming previous findings, injection of 100 ng/µl CB 1 cDNA into SCG 

neurons significantly attenuated the ability of somatostatin (0.1 µM) to inhibit Ca2+ 

current. In uninjected SCG neurons, somatostatin inhibited Ca2
+ current (Fig. 16A,B); 

however, somatostatin only nominally inhibited Ca2
+ current in SCG neurons expressing ~ 
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CB1 (Fig. 16C,D). As expected, WIN 55,212-2 robustly inhibited Ca2
+ current in SCG 

neurons expressing CB1 (Fig. 16C,D) but had no significant effect on Ca2
+ current in 

uninjected neurons (Fig. 16A,B). 

CRIPlb was microinjected into. SCG neurons with CB1 at a 1:4 molar ratio 

(100 ng/µl CB1 to 340 ng/µl CRIPlb) as this concentration was the highest amount of 

CRIPlb tested that had no effect on• Ca2
+ channel signaling by CB1 (Fig. 13E,F). 

Somatostatin-induced inhibition of Ca2
+ current was attenuated in SCG neurons 

expressing CB 1 and CRIP 1 b (Fig. 16E,F), but not significantly different from the 

attenuated somatostatin response in SCG neurons solely expressing· CB 1 (Fig. 17 A). In 

agreement with results from Ca2
+ channel modulation by CB1 (Fig. 13E, 14E), co

expression of CRIPlb with CB1 did not alter the ability of WIN 55,212-2 to inhibit Ca2+ 

current (Fig. 17B). To account for a possible direct effect of CRIPlb on somatostatin 

signaling, SCG neurons were microinjected with CRIPlb (340 ng/µl) without CB 1• In 

SCG neurons expressing only CRIP 1 b, application of somatostatin inhibited Ca2+ current 

(Fig. 16G,H), which was comparable to the somatostatin response in uninjected neurons. 

As expected, WIN 55,212-2 had no effect on Ca2
+ current in these neurons (Fig. 16G,H). 

Since somatostatin signaling was attenuated only in the .presence of CB1 and was 

unaffected by CRIPlb (Fig. 17), the ability of CB 1 to sequester G proteins is unlikely to 

be regulated by CRIPlb. 



Figure 16. CBrmediated G protein sequestration is unaffected by CRIPlb. (A) Top, 

Voltage-step protocol utilized to elicit Ca2
+ current. JJottom, Superimposed Ca2

+ current 

traces during perfusion of control solution (middle trace), l ·µM WIN 55,212-2 or 0.1 µM 

somatostatin (top trace) for a typical uninjected SCG neuron. (B) Ca2
+ current 

amplitude from the same SCG neuron in panel A plotted over the time course of a typical 

experiment. Application of somatostatin decreased· Ca2
+ current, whereas the CB1 

agonist WIN 55,212-2 had no effect. (C) Superimposed Ca2
.+· current traces from a 

representative SCG neuron expressing human CB1 (100 ng/µl). (D) Ca2
+ current 

amplitude from the same SCG neuron in panel C expressing CB 1 plotted over the time 

course of a typical experiment. Somatostatin inhibition of Ca2
+ current was attenuated, 

while the CB 1 agonist WIN 55,212-2 robustly inhibited Ca2
+ current. (E) Superimposed 

Ca2+ current traces from a representative SCG neuron expressing CB1 (JOO ng/µl) and 

CRIP 1 b (340 ng/µl). (F) Ca2
+ current amplitude from the same SCG neuron in panel E 

expressing CB 1 and CRIP 1 b plotted over fhe time course of a typical experiment. 

Attenuation of somatostatin response was not altered by CRIP 1 b. (G) Superimposed 

Ca2
+ current traces from a representative SCG neuron expressing only CRIP 1 b 

(340 ng/µl). (H) Ca2+ current amplitude from the same SCG neuron in panel G 

expressing CRIP 1 b plotted over the time course of a typical experiment. Somatostatin 

inhibited Ca2
+ current, while the CB1 agonist WIN 55,212-2 had no effect. Scale bars in 

A, C, E and G: 500 pA, 25 ms. 
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Figure 17. Attenuation of somatostatin signalling by CB 1 is not modified by CRIP 1 b. 

(A) Average inhibition of Ca2
+ current by somatostatin (0.1 µM) in SCG neurons not 

micro injected or microinjected with CB 1, CB 1 and CRIP 1 b or CRIP 1 b alone. (B) 

Average inhibition of Ca2
+ current by WIN 55,212-2 in SCG neurons not microinjected 

or micro injected with CB 1, CB 1 and CRIP 1 b or CRIP 1 b alone. ~ < 0. 05 compared to 

uninjected, ANO VA. 
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EGFP-CRIPl b does not alter CB1 agonist inhibition of Ca2
+ current in SCG 

neurons 

For these experiments, the expression of CRIP 1 b in SCG neurons could not be 

conclusively verified because an antibody to CRIP 1 b has not successfully been 

developed. A tagged CRIP 1 b construct could have been utilized, though the presence of 

the tag itself would introduce possible confounds. To address the concern that CRIPlb 

may not have been expressed in SCG neurons, an EGFP-CRIP 1 b construct (EGFP at the 

N-terminus of CRIPl.b) was microinjected into SCG neurons.with CB1 at a 1:4 molar 

ratio. No separate reporter plasmid was necessary, as the EGFP-CRIPlb construct 

indicated which neurons were successfully microinjected. CB 1 mediated inhibition of 

Ca2
+ current by WIN 55,212-2 (1 µM) was examined in neurons expressing 

EGFP-CRIPlb. WIN 55,212-2 inhibition of Ca2
+ current ·induced by application of 

WIN 55,212-2 was not significantly different (p = 0.11) between SCG neurons 

expressing CB1 alone or CB1 and EGFP-CRIPlb (Table III). Inhibition of Ca2
+ current 

by WIN 55,212-2 with the untagged CRIPlb construct in Ca2
+ channel modulation or 

G protein sequestration studies was not significantly different from EGFP-CRIPlb 

(Table III). 

Although these results do not demonstrate that untagged CRIP 1 b was properly 

expressed in SCG neurons, indications are that the CRIP 1 b nucleotide sequence 

subcloned into the pEGFP-C2 vector produces a GFP fusion protein in SCG neurons. In 

addition, expression of FLAG-CRIP 1 b was detected by Western blot analysis in HEK 

293 cells (Fig. 7) and by immunocytochemistry in both HEK 293 cells and SCG neurons 
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(Fig. 8, 12). The differential trafficking pattern of CRIPlb and colocalization of CB1 and 

CRIPlb in SCG neurons suggests that the failure of CRIPlb to modify CB1 Ca2
+ channel 

signaling was not due to overt compartmentalization. CRIP 1 b is consequently unlikely to 

modulate Ca2
+ channel signaling by CB1 in SCG neurons. 
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Table Ill 

EGFP-CRIP1b does not affect CB1 agonist-induced inhibition of Ca2
+ current 

n WIN 55,212-2 

(% change) 

hCB1 8 22 -40.2 ± 3.5 

hCB1 + CRIP1 b8 25 -42.6 ± 4.4 

hCB1 7 -37.1 ± 4.7 

hCB1 + EGFP-CRIP1 b 8 -55.1 ± 8.8 

~+ aPooled data from Ca current modulation (Table II) and G protein sequestration (Fig. 178) 



IV. DISCUSSION 

This study reports the discovery and characterization of a novel CB1 cannabinoid 

receptor interacting protein, CRIPl b. A yeast two-hybrid screen of a human brain cDNA 

library provided the· initial finding. thai CRIPl b binds to the C-terminal tail of CB1. 

Subsequent in vitro binding assays in yeast and bacterial systems confirmed the 

interaction and defined the complementary interaction sites. Colocalization experiments 

in SCG neurons demonstrated the potential for-functional interaction of CB1 and CRIPlb. 

Electrophysiology recordings revealed that CRIPl b does not modulate CB1 signaling via 

Ca2
+ channels or G protein sequestration. Trafficking- of CRIP 1 b was not noticeably 

different in the presence of CB1. Taken together, these data indicate that CRIPlb is a 

CB1 accessory protein,. albeit with an unknown function. Proteins that interact with 

GPCRs could be involved in any aspect of GPCR activity, such as ligand binding, G 

protein coupling, receptor sorting and trafficking, anchoring, oligomerization, 

desensitization or internalization. The identification and characterization of CB1 protein

protein interactions will provide a more complet_e understanding of CB 1 function. 

Interaction of CRIPlb with CB1 at the C-terminal tail - a common GPCR accessory 

protein interaction site 

Two-hybrid screens in yeast and other systems have been enormously useful in 

101 
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generating leads for potential protein-protein interactions involving GPCRs. As with all 

GPCRs, the three intracellular loops and C-terminal tail comprise the available 

interaction sites with cytosolic proteins. Of these, the C-terminal tail is the most widely 

studied location for protein-protein interactions, as this region is often highly diverse 

even among related GPCRs and is the site of numerous import3:nt post-translational 

modifications (Bockaert et al. 2004). In this study, CRIPlb was discovered in a yeast 

two-hybrid a_ssay using the C-terminal tail of CB1 as bait to screen a human brain cDNA 

library. Though the yeast two-hybrid assay is a sensitive_ method for detecting weak or 

transient interactions, one of the main disadvantages is the occurrence of false positives. 

Due to leaky expression of the H!S3 reporter gene in Y190 cells, 3-aminotriazole was 

added to suppress the low background growth of yeast colonies on selection plates 

lacking histidine. A more stringent characterization of the CB 1-CRIP 1 b interaction could 

have heen performed by increasing the concentration of 3-aminotriazole in the medium. 

A strong two-hybrid interaction would not be expected to be eliminated by an increase in 

the amount of 3-aminotriazole, provided that the same concentration did not kill all yeast 

cells on selection plates containing histidine. Since some cells present on Leu-/Trp-/His

/Ura- selection plates might have leaky H!S3 protein expression, use of the 

~-galactosidase filter lift assay provides an additional means to confirm a positive 

interaction that is not dependent on nutritional selection. While a positive interaction in 

the two-hybrid system does not guarantee that the two proteins interact when natively 

expressed, neither does a failure to detect an interaction exclude the possibility that such 

an interaction may occur. Protein expression, folding, the potential for intrinsic DNA 
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binding or transcriptional activation, possible occlusion of the interaction site and 

necessity of posttranslational modifications are all factors that can be responsible for both 

false positives and false negatives. Additionally, the binary nature of the yeast screen 

may preclude the detection of multi-protein complexes, if secondary or tertiary partners 

are critical for interaction. The limitations of the assay necessitate that positive 

interactions be verified using other methodologies, such as a GST pull-down assay, 

coimmunoprecipitation or fluorescence/bioluminescence resonance energy transfer, when 

searching for GPCR accessory proteins. 

The domain of the CB1 C-terminal tail necessary for interaction with CRIPlb in 

the yeast two-hybrid assay is the last nine amino acids of CB 1 (Fig. 6). These last nine 

residues are highly conserved across species and the exact sequence is unique to CB 1 

receptors, suggesting that CB I an& CRIP 1 b may have co-evolved and selective genetic 

pressure may be responsible for the retention of this interaction site. Other regions of the 

CB 1 C-terminal tail have been correlated with specific functions, such as desensitization 

(Jin et al. 1999), internalization (Hsieh et al. 1999) and G protein binding 

(Mukhopadhyay et al. 2000; Mukhopadhyay and Howlett 2001). Thus, the CRIPlb 

binding region is an additional feature of the CB1 C-terminal tail. 

As many GPCR interacting proteins interact at the C-terminal tail, some 

consensus sites have been identified in C-terminal tails of various GPCRs that may 

indicate which proteins are apt to bind. The most common type is a PDZ lig;:tnd 

expressed at the distal end of the C-terminal tail, which permits PDZ domain-containing 

proteins to bind. Proteins that interact with GPCRs via a PDZ site vary widely in the 
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consequence of interaction. For example, PSD-95 (Xia et al. 2003), PICKl (Boudin et al. 

2000) and GRIP (Dong et al. 1997) act as scaffolds to cluster GPCRs, while 

NHERF1/EBP50 is involved in endocytic receptor sorting (Cao et al. 1999). GPCR 

interacting proteins can modulate these and numerous other receptor prop~rties and are 

not necessarily limited to a single function. In addition to regulating mGluR 7 clustering, 

PICKl has also been shown to modify mGluR7 signaling via P/Q-type Ca2
+ channels by 

bridging the receptor to PKC (Perroy et al. 2002; Pagni et al. 2004). 

While CB 1 has not been widely considered to contain a PDZ ligand, the last three 

amino acids of CB1, E-A-L, match the [acidic]-[x]-[hydrophobic] pattern characteristic of 

class III PDZ ligands. Searches of CRIP 1 b sequence for common motifs indicate that 

CRIP 1 b does not contain a PDZ domain. Of course, not all GPCR interacting proteins 

contain PDZ domains, but can nonetheless regulate similar processes in other receptor 

systems. For example, DRiP 78 interacts with a conserved hydrophobic region 

(FxxxFxxxF) of helix 8 in D 1 receptors to regulate ER export and trafficking (Bermak et 

al. 2001). A different interaction site present in the C-terminal tail of 5-HT2A receptors 

(NPxx Y) allows ARF 1 interaction and imparts signaling specificity by coupling 5-HT 2A 

receptors to PLD (Robertson et al. 2003). Given the diversity of functions of GPCR 

interacting proteins and the potentially unique interaction site with CB1, CRIJ> lb could 

have any number of differ~nt effects on th_e CB 1 cannabinoid system. 
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Interaction and localization of CB1 and CRIPl b 

Subcellular colocalization of proteins demonstrated to interact in various in vitro 

and in vivo experiments is often used as supporting evidence to indicate an interaction is 

spatially relevant. The extent of CB 1 and CRIP 1 b co localization differed in HEK 293 

cells and SCG neurons (Fig. 8, 12). In HEK 293 cells, CB1 and CRIPlb staining patterns 

were often non-overlapping, with CB 1 presumably on the plasma membrane and CRIP 1 b 

adjacent to the CB1 band. While CB1 fluorescence in HEK 293 cells was primarily 

detected at or near the membrane with less intense intracellular staining, CRIPlb 

fluorescence was relativ~ly homogeneous throughout the cytosol. Neither CB1 nor 

CRIP 1 b intensity in the nucleus was considerable. 

The hypothesis that CRIP 1 b is trafficked by interaction with CB 1 in HEK 293 

cells was tested by calculation of a fluorescence intensity ratio to estimate the fraction of 

CRIPlb near the membrane as compared to intracellular sites. A redistribution of 

CRIP 1 b to the membrane by CB 1 would res1:1lt in an increase in the ratio, whereas a 

decrease of CRIP 1 b near the membrane would decrease the ratio in comparison to. cells 

expressing only CRIPl b. Visual inspection of the distribution pattern of CRIPl b did not 

reveal any obvious difference in localization or increase in overlap with CB1 (Fig. 8, 9). 

The amount of CRIP 1 b transfected in HEK 293 cells was decreased to near detection 

limits while CB1 was transfected at up to 10-fold greater than CRIPlb in order ·to 

maximize the chance o_f detecting a change in CRIP 1 b expression. As the membrane to 

intracellular ratio of CRIP 1 b did not change with CB I expression, the interaction between 

CB 1 and CRIP 1 b must be quite transient, if significant at all in HEK 293 cells. 
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Neither _a signal sequence CB1 construct ·-expected to improve overall CB1 • 

expression nor a CB I truncation mutant lacking the CRIP 1 b interaction site ·significantly 

altered the CRIP 1 b subcellular distributio~ (Fig. 10, 11 ). In all of the groups tested, 

CRIP 1 b fluorescence increased at or slightly inside of the membrane and maintained a 

relatively const~nt level throughout the _cytoplasm._: A limitation in the interpretation of 

the data is the assumption that CB1 is a definitive marker for the cell membrane. Hence 

a subtle change in the localization of CB1, perhaps as a consequence of interaction with 

CRIPlb, might be overlooked without an independent membrane marker. Based on 

intensity plots of CRIPlb with various CB1 constructs, it is unlikely that a physiologically 

relevant change in CRIPlb distribution occurs by interaction with CB1, at least in 

HEK 293 cells. Since the CRIP 1 b intensity at intracellular regions was relatively 

constant and did not appear to decrease, the greatest possible effect of CB I to traffic 

CRIP 1 b would be to increase CRIP 1 b membrane expression to the level of intracellular 

expression (i.e. a ratio of 1). As the CRIPlb intensity profiles never reached a peak, but 

simply reached a plateau (Fig. 9G,H) it is unlikely that a more precisely defined 

membrane window would demonstrate a membrane enrichment of CRIP 1 b. 

The mutant CB I receptor lacking the CRIP 1 b interaction site might be trafficked 

differently than wild-type CB1, either as a result of the truncation or loss of interaction 

with CRIPlb. An independent membrane marker could confirm whether the distribution 

of various CB1 constructs was subtly altered by modification or interaction with CRIPlb. 

While still a potential confound, a similar CB I truncation mutant lacking the last ten 

amino acids of the C-terminal tail was not reported to differ from wild-type CB1 in 
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targeting of the receptor to the membrane (Hsieh et al. 1999). Taken together, these 

results do not strongly support the notion of a strong interaction between CB 1 and 

CRIP 1 b in HEK 293 cells. 

Agonist activation of GPCRs initiates a number of diverse processes in addition to 

signal transduction, such as desensitization, internalization, endocytosis, and 

phosphorylation. Receptor activity can also drive the association with accessory proteins, 

as recently demonstrated for ~-arrestin binding to 8-opioid receptors (Zhang et al. 2005). 

A requirement for agonist-depen_dent interaction could explain why CB 1 and CRIP 1 b 

were not found to extensively co localize in HEK 293 cells. CB 1 expressed in HEK 293 

cells has been reported to exhibit constitutive activity responsible for a significant 

intracellular localization of CB1 {Leterrier et al. 2004). If CB1 was constitutively active 

I 

in the present study, it would be expected that an activity-dependent association with 

CRIP 1 b could have been detected. However, the inability to observe activity-dependent 

interaction does not conclusively prove that it does not occur. 

According to receptor· theory, the constitutively active conformational state is 

likely distinct from a conformational state induced by an agonist. Differences in agonist

induced versus constitutively active signaling have been demonstrated for D2 dopamine 

receptors (Wiens et al. 1998) and µ-opioid receptors {Liu et al. 2001 ). The particular 

conformation of CB1 in HEK 293 cells, whether constitutively active or inactive, may not 

be favorable for interaction with CRIP 1 b. In this case, the use of several CB 1 ligands 

from distinct classes ( classical, non-classical, aminoalkylindole or endogenous) could 

determine whether agonist-dependent interaction occurs, though a biochemical assay 
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might be more sensitive to ligand-induced changes in CB1 and CRIPlb association. 

Other cofactors or cellular mechanisms not present in HEK 293 cells may be necessary 

for interaction of CB 1 and CRIP 1 b, even in the presence of CB I ligands, as suggested by 

SCG colocalization data (see below). 

Conversely, CB1 constitutive activity or activation by a~ agonist might be a 

termination signal for interaction with CRIPlb. Here, constitutive activity of CB1 in 

HEK 293 cells could be responsible for the scarcity of interaction. Incubating cells 

expressing CB1 with inverse agonist inhibits the constitutive endocytic cycling of CB1 

and promotes accumulation at the ,membrane of HEK 293 cells (Leterrier et al. 2004). 

Although CRIPlb expression was not highly enriched at the membrane, blockade of CB1 

constitutive activity may allow for a more pronounced interac_tion if the inverse agonist

stabilized conformation provides a more favorable environment for CRIP 1 b binding. 

Unlike HEK 293 cells, SCG neurons microinjected with CB1 and CRIPlb 

exhibited a more pronounced colocalization pattern. Most remarkably, the expression 

pattern of CRIP 1 b was nearer the membrane and not as homogeneously distributed 

throughout the intracellular compartment as it was in HEK 293 cells. A fraction of CB1 

receptors expressed in SCG neurons are constitutively active, suggesting that activity is 

unlikely to be responsible for the difference in the ability of CB1 and CRIPlb to associate 

in SCG neurons, but not HEK 293 cells, since constitutive activity was detected in both 

. expression systems. It is possible that the fraction of constitutively active CB1 receptors 

is greater in SCG neurons than in HEK 293 cells; however, similar EC50 values have been 

reported for SRI 41716 in SCG neurons (Pan et al. 1998) and AM281, an analog of 
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SR141716, in HEK 293 cells (Leterrier et al. 2004). The similar EC50 values suggest that 

receptor number, or in this case the number of constitutively active receptors, is not 

drastically different in SCG neurons and HEK 293 cells, as an increase in receptor 

number would be expected to increase the ECso value. The most parsimonious 

explanation for the difference in CRIP 1 b distribution is variation in the expression system 

utilized. Perhaps specialized cellular machinery or other accessory proteins are available 

in SCG neurons for CRIP 1 b expression and trafficking that are absent in HEK 293 cells. 

The ideal system to investigate colocalization would be a neuron natively expressing both 

CB1 and CRIPlb. Native expression of CB1 and CRIPlb is expected to be restricted to 

primate tissue and consequently knowledge of specific cellular distribution of CRIPl b is 

lacking. Nonetheless, co localization of CB I and CRIP 1 b in SCG neurons suggests that 

their proximity is sufficient for interaction in the electrophysiology experiments and 

indicates that the lack of an effect of CRIP 1 b on CB I signaling was unlikely to be due to 

overt compartmentalization. 

CB.-mediated ion channel regulation 

As a novel CB I interacting protein, CRIP 1 b was examined for its potential to 

selectively alter CB 1 signaling. CB 1 couples to pertussis-toxin sensitive Gi/o proteins 

(Caulfield and Brown 1992) to inhibit N-type voltage-gated Ca2
+ channels in SCG 

neurons (Pan et al. 1996). CB1 agonist- and inverse agonist-induced modulation of Ca2
+ 

current was measured in SCG neurons microinjected with CB1 alone or CB 1 and CRIPlb. 

Activation of CB1 by WIN 55,212-2 inhibited Ca2
+ current, while SR141716 reversed 
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constitutively active CB1 receptors to facilitate Ca2
+ current (Fig. 13, 14). No significant 

change in agonist or inverse agonist respons'e was detected when CRIP 1 b was co

expressed in SCG neurons (Table II). Furthermore, the Ca2
+ current facilitation ratio 

measured during application of WIN 55,212-2 or SR141716 was not significantly 

different between neurons expressing CB1 alone or CB1 and CRIPlb (Fig. 15). The 

complementary nature of Ca2
+ current amplitude and facilitation data strongly support the 

hypothesis that CRIPlb does not modulate CB1 signaling via N-type Ca2
+ channels in 

SCG neurons. 

A single concentration of 1 µM WIN 55,212-2 and SR141716 was used in these 

experiments to maximally affect Ca2+ current. However, the possibility that CRIP 1 b may 

alter agonist or inverse agonist response at a sub-maximal concentration can not be 

excluded. N-type Ca2
+ channel current was the sole downstream target of CB1 

investigated in SCG neurons. While SCG express M-type K+ channels, CB1 was not 

found to modulate this type of K+ current (Pan et al. 1996). Alternatively, CB 1 activates 

GIRK channels (Henry and Chavkin 1995; Mackie et al. 1995), but GIRK channels are 

not endogenous to SCG neurons and would need to be microinjected along with CB1 

(Guo and Ikeda 2004). Examining other effectors downstream from CB1, such as GIRK 

current or a completely different signaling modality such as cAMP production, has the 

potential to demonstrate a functional consequence of CB 1-CRIP 1 b interaction as CRIP 1 b 

may impact any of the nu~erous signaling targets of CB 1 other than Ca2
+ channels. A 

point mutation in the second . transmembrane domain of CB 1 (D 164N) was found to 

reduce the ability of CB1 to activate Gr'RK current while haying no effect on Ca2+ current 
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modulation by CB 1 (Roche et al. 1999). This mutation diq. not alter agonist binding and 

the inability of CB1 to activate GIRK. current was not agonist-specific, leading the authors 

to suggest that a change in functional coupling or localization occurred as a consequence 

of the mutation. If CRIP 1 b could induce a similar change in the conformation of CB 1 as 

the D164N mutant, it might be possible for CRIPlb_ to direct CB1 signaling to select 

pathways. At least for the specific case of the SCG model system investigated, current 

findings do not support the hypothesis that CRIP 1 b modulates CB 1 signaling. 

Ligand-selective signaling of CB1 

In light of ligand-selective signaling, CRIPl b might disproportionately alt~r the 

specificity of some ligands, perhaps by biasing receptor conformations. The interaction 

_ of CRIP 1 b with CB 1 could alter ligand binding pockets in the transmembrane barrel 

structure, either favorably or unfavorably toward binding of a specific ligand, thereby 

modifying the efficacy or maximum response of that ligand. Ligand-occupied receptor 

states have been directly visualized for ~2-adrenergic receptors using fluorescence 

lifetime imaging microscopy of a fluorescent molecule covalently attached to the receptor 

at a site involved in receptor activation (Ghanouni et al. 2001). Agonists were found to 

promote two distinct fluorescence lifetimes hypothesized to c9rrespond to two different 

receptor conformational states. Amazingly, different agonists produced significantly 

different distribution patterns of fluorescence lifetimes, suggesting that each ligand was 

inducing a distinctive conformation. If this method could be translated for use with CB1, 

not only could CB1 ligand-selective signaling be confirmed but these ligand-selective 
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states could be compared in the presence of CRIP 1 b to demonstrate a refinement of 

agonist-induced conformations by CRIP 1 b. 

Different classes of CB1 agonists are known to bind distinct sites within the 

transmembrane bundle. The aminoalkylindole agonist WIN 55,212-2 binds an aromatic 

microdomain created by residues from transmembrane helices 3-4-5-6, discrete from the 

nonclassical cannabinoid CP 55,940 or the endogenous agonist anandamide (McAllister 

et al. 2003). These researchers also reported that the biaryl pyrazole inverse agonist, 

SR141716, shares a similar binding site with WIN 55,212-2. As the response to either 

ligand was unaltered by CRIP 1 b, the simplest explanation of the data is that CRIP 1 b did 

not drastically change the overlapping binding pocket for WIN 55,212-2 and SR141716. 

Examining several agonists and antagonists of different classes to determine IC50/EC50 

values would more thoroughly establish whether CRIP 1 b affects CB 1-mediated inhibition · 

of Ca2+ current in SCG neurons. 

G protein-specific signaling of CB1 

Interestingly, recent data indicate that different CB1 agonists signal by promoting 

interaction with select G protein subtypes. WIN 55,212-2 activation of CB1 stimulated 

partial dissociation of CB1 from all three Gai subunits in a detergent extract of N18TG2 

membranes, while SRI 41716 maintained CB I association with all three Gai subtypes. In 

contrast, the cannabinoid compound desacetyllevonantradol dissociated CB I from Gai3, 

but had no effect on CB1 association with Gail and Gai2, whereas the endogenous 

eicosanoid anandamide evoked dissociation of CB1 Gail and Gai2 complexes, but had no 
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effect on CB 1 association with Gai3 (Mukhopadhyay and Howlett 2005). The 

investigators concluded that multiple active states of CB1 were promoted by different 

ligands, which regulate the G protein subtype that CB 1 utilizes to signal. These findings 

could explain a lack of effect of CRIP 1 b on CB 1 signaling through Gi proteins when 

WIN 55,212-2 or SR141716 was applied because neither of these ligands favors a 

particular Gai subtype. If CRIPlb were· to alter CB1 receptor conformation to 

preferentially select for a certain Gai subunit, the Ca2
+ channel measurement would not be 

affected since CB 1 can signal through any of the subtypes in the presence of 

WIN 55,212-2 or SR141716. However, it has not been demonstrated that CRIPlb can 

actually alter which G proteins CB 1 utilizes to signal. Only by determining that CB 1 

signaling was impaired with an agonist known to utilize a particular G protein subtype, 

such as anandamide through- Gai3, would conclusively show that CRIPlb alters CB1 

receptor conformation to favor a specific· G protein pathway. This observation would 

require that CRIP 1 b and a given · ligand select distinct, non-overlapping G protein 

subtypes for signaling. 

-· 
Accessory proteins such as CRIP.1 b might specify the ability of CB1 to signal by 

different G proteins. While CB I is thought to couple primarily to Gu0 , studies have 

shown that CB1 is able to signal through Gs and Gq (Glass and Felder 1997; Lauckner et 

al. 2005). In fact, WIN 55,212-2 is the only CB1 agonist discovered to enable Gq 

signaling (Lauckner et al. 2005). Expression of CRIPlb in a system where CB1 is able to 

couple to multiple G protein subfamilies would be ideal to determine whether CRIP 1 b 

can select which G proteins CB1 uses to signal. In such ·a case, CRIPlb could 
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substantiate the idea that CB1 signaling through multiple G proteins is physiologically 

relevant and not an artifact of receptor or G protein overexpression. A switch-mutation 

of two amino acids in the third intracellular loop of CB1 (L341A/A342L) was reported to 

enhance the ability of CB I to couple to Gs without affecting the ability of CB 1 to couple 

to Gi (Abadji et al. 1999). If CRIPlb were able to induce a similar change in CB1 

conformation as this switch-mutation, CRIP 1 b may be able to improve the ability of 

wild-type CB1 to couple and signal through Gs. Here too, considering different categories 

of CB 1 signaling (ion channel modulation, cAMP production, MAPK activation, etc.) 

would be advantageous to determine whether CRIP 1 b regulates signaling through a 

particular G protein subtype. The hypothesis that CRIP 1 b can alter ligand-selective or 

G protein-selective signaling of CB I is an intriguing idea that remains to be tested. 

CB1 ligand-selective antagonism 

A fascinating phenomenon related to ligand-selective signaling is that of ligand

selective antagonism. Some antagonists can differentiate downstream effector pathways 

resulting in selective antagonism of a given signal. For example, the CCK8 antagonist 

RB213 was found to selectively antagonize inositol phosphate formation, while the 

ability to inhibit arachidonic acid release was approximately 1000 times less efficacious 

than another antagonist which was able to inhibit both inositol phosphate formation and 

arachidonic acid release (Pommier et al. 1999). Similar results have been identified for 

5-HTIA (Dunlop et al. 1998) and ~1-adrenergic receptors (Konkar et al. 2000) and support 

the idea that receptors can populate multiple active states, depending on the conformation 
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favored by a particular ligand. A single receptor active state is insufficient to account for 

antagonist-selective inhibition of transduction-pathways and suggests that antagonists can 

distinguish different receptor conformations, just like agonists. 

Indeed, the ability of antagonists to differentiate receptor conformations fits 

agreeably with the recent awareness that most antagonists are actually inverse agonists 

since they exhibit negative efficacy (Kenakin 2004). The realization that GPCRs do not 

adopt a single active state that identically activates all downstream effectors further 

supports reclassification of most antagonists as inverse agonists. A neutral antagonist 

would have to recognize multiple active states as identical ( exhibit equal efficacy) in 

order to prevent a change in receptor populations, as required by the definition of neutral 

antagonism. Since ligands induce different receptor conformational states, it is more 

probable from a thermodynamic perspective that an antagonist would demonstrate a 

slight positive efficacy (partial agonism) or a slight negative efficacy (partial inverse 

agonism) toward a particular receptor state rather than exactly the same (zero-efficacy) 

for all receptor states. 

Although inverse agonists have been identified for CB1, none have yet been 

reported to selectively antagonize a certain signal transduction pathway of CB 1• 

SRI 41716 was the only CB 1 inverse agonist used in the electrophysiology experiments of 

this study, which leaves open the question of whether CRIPlb might specifically affect a 

particular inverse agonist, similar to the idea of CRIP 1 b altering agonist-selective 

signaling. The second most commonly used CB 1 inverse agonist is AM251, a structural 

analog of SR141716 designed to permit [1251] labeling ·by substitution for a chloride 
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group on the phenyl ring. The structural similarity of AM251 and SRl 41716 suggests 

that they share a common binding pocket, as few reports have identified different efficacy 

of these compounds. An earlier report indicated that AM25 l could selectively 

antagonize a putative "CB3" receptor at excitatory hippocampal' synapses, while 

SR141716 could not (Hajos and Freund 2002); however, recent data do not support the 

idea that ex.citatory transmission can be differentially affected by these inverse agonists 

(Hoffman et al. 2005; Kawamura et al. 2006). Thus, a structurally dissimilar inverse 

agonist with a different binding site would need to be utilized to determine whether 

CRIP 1 b could differentially affect inverse agonist effects. CRIP 1 b could bias CB 1 

receptor conformations to alter the binding site of inverse agonists or preferentially select 

for antagonism of a certain G protein subtype-specific pathway. Examining inverse 

agonist responses in a system where CB1 can couple to multiple G protein subtypes may 

uncover evidence for ligand-selective antagonism or determine whether CRIP 1 b alters 

ligand and G protein selectivity for CB1• 

An alternate approach to resolve the question of whether CRIP 1 b affects ligand

selective signaling of CB1 would be to measure agonist, antagonist, or GTPyS binding in 

the presence of CRIP 1 b. While affinity and efficacy are not necessarily correlated 

(Kenakin and Onaran 2002), discovering a difference in affinity would provide a 

plausible lead for functional testing. If CRIP 1 b induces a conformational change in CB 1 

that translates to a change in the binding site for ligands, the binding affinity could be 

altered such that a particular ligand is more or less likely to activate CB1• [3H]SR141716 

binding data from Dana Selley (Virginia Commonwealth University) indicates no change 
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in inverse agonist binding to CB1 in the presence of CRIPl b in transiently transfected 

CHO cells (data not shown). Moreover, these findings imply that the total CB1 

expression level, as determined by calculation of Bmax, is not altered by expression of 

CRIP 1 b. Whether agonist binding is likewise unaffected by CRIP 1 b has not been 

determined. GPCR accessory proteins such as CRIP 1 b could provide a basis for 

experimental findings that agonist efficacy differs with cell type, if the interacting protein 

is differentially expressed and can promote receptor conformations that are more 

favorable for certain ligands. 

CB1 species-specific differences with CRIPl b 

_ The lack of an effect of CRIPlb on CB1 regulation of N-type Ca2
+ channels was 

not influenced by different orthologs of CB1 (Table II). Neither human nor rat CB1 

orthologs differed in their response to WIN 55,212-2 or SR141716 in the presence of 

CRIP 1 b. This finding is not unexpected as the orthologs are 97% homologous based on 

overall amino acid sequence, with thirteen substitutions ( of those five are conservative) 

and one insertion in the rat sequence. At the C-terminal tail, two amino acids differ ( one 

conservative) between human and rat sequences. As previously noted these mutations 

occur proximal to the binding site for CRIP 1 b and did not affect the ability of CRIP 1 b to 

interact with CB1 in the yeast two-hybrid assay (Fig. 6). Because CRIPlb has only been 

found in primate genome databases, it might have been anticipated that human CB 1 

would be more likely to :(unctionally interact with CRIP 1 b; however, the considerable 

homology between the orthologs and the identical binding site for CRIP 1 b may explain 
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why no differential effect of CRIP 1 b was detected. Although ligand binding and 

inhibition of Ca2
+ currents are generally similar between rat and human CB 1 (Pertwee 

1997; Pan et al. 1998), no attempt has been made to directly compare orthologs in these 

assays. 

CRIPl b expression in SCG neurons 

Because CRIPlb had no detectible effect on CB1-mediated Ca2
+ channel 

modulation in SCG neurons, it was unknown whether the negative data was evidence of a 

truly negative effect or instead resulted from improper or inadequate expression of 

CRIP 1 b. In an attempt to address this confound, the concentration of CRIP 1 b 

microinjected into SCG neurons was increased, while keeping the CB1 concentration 

constant. Though the concentration of cDNA microinjected into SCG neurons has not 

been directly related to receptor number or amount of protein expression, a decrease in 

the concentration of CB1 microinjected was presumed to decrease receptor expression as 

G protein sequestration and inverse agonist responses were reduced by a lower 

concentration of microinjected CB1 cDNA (Vasquez and Lewis 1999). A similar study 

found the efficacy of anandamide-induced inhibition of Ca2
+ current was reduced when 

the concentration of CB1 cDNA microinjected into SCG neurons was decreased, 

suggesting that a reduced microinjection concentration. corresponded to reduced CB1 

expression (Guo and Ikeda 2004). Increasing the concentration of microinjected CRIPlb 

cDNA to augment protein expression had no bearing on CB1 agonist or inverse agonist 
\ 

responses (Table II). Because the in vivo stoichiometry of CB I to CRIP 1 b binding is 
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unknown, it is possible that the physiological ratio was not attained in SCG neurons. The 

wide range of CRIPlb concentrations used for microinjection (85-340 ng/µl) would seem 

to indicate that the ratio of CRIP 1 b to CB 1 was not a factor in the lack of effect of 

CRIPlb. 

Without a specific antibody to CRIP 1 b, the expression of untagged CRIP 1 b could 

not be positively confirmed in SCG neurons. As an alternative, an EGFP-CRIP 1 b 

construct was microinjected to visually confirm expression. Inhibition of Ca2
+ current by 

WIN 55,212-2 was not significantly different among neurons expressing CB1 alone, CB1 

and untagged CRIPlb or CB1 and EGFP-CRIPlb (Table III). While the addition of an 

EGFP tag to CRIP 1 b provides evidence of expression, the possibility that the tag 

interferes with CRIP 1 b-CB 1 interaction can not be excluded. If a tagged CRIP 1 b 

construct had revealed a functional difference in Ca2
+ channel modulation, use of a 

smaller tag (HA or FLAG) and switching the tag to the carboxyl terminus of CRIPlb 

would have been necessary controls to verify the specificity of an effect of CRIP 1 b. As 

with electrophysiology recordings using untagged CRIP 1 b, only a single concentration of 

WIN 55,212-2 was tested with EGFP-CRIPlb,.so the data interpretation is subject to the 

same caveat that a sub-maximal concentration might have resulted in a detectable 

difference. These results indicate that EGFP-CRIP 1 b was properly expressed in SCG 

neurons and by resemblance to previous data suggest, but do not prove, that untagged 

CRIP 1 b was also properly expressed. 

SCG neurons have been used as an expression system for studying CB 1 signaling 

because they lack endogenous CB1 and are therefore suitable for investigating mutant 
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receptors. Also, G ·protein signaling pathways involving ion channels have been well

characterized in _these neurons (Hille 1994). ~ potential shortcoming of the use of SCG 

neurons to study CB 1 interacting proteins is precisely the same noted benefit: that they do 

not natively express CB 1• Other cellular machinery, accessory proteins or signaling 

complexes normally present with endogenous CB 1 may not be available in SCG neurons 

for CRIP 1 b to detectibly alter CB1 · signaling. It is interesting that expression of CRIP 1 b 

in SCG neurons differed from that of HEK 293 cells, yet no functional interaction of 

CRIP 1 b with CB 1 was detected in SCG neurons. These findings suggest that CRIP 1 b can 

be properly expressed and trafficked in SCG neurons, but either does not functionally 

interact with CB 1 in the signaling mechanisms examined or is unable to interact with CB1 

in SCG. As other interacting part~ers for CRIPlb have not been identified, the simplest 

explanation of the data is that CRIPlb does not functionally interact with CB 1 in the 

signaling pathways tested. The cell type used as a model system can affect signaling 

properties since agonist efficacies (Mackie et al. 1993; Mackie et al. 1995; Twitchell et al. 

1997), signaling pathways (Glass and Felder 1997; Lauckner et al. 2005) and even 

detection of constitutive activity differ by cell type. SCG neurons may not be the ideal 

model system for studying the functional consequences of CB 1-CRIP 1 b interaction. 

Regrettably, studying CRIPlb in native tissue, especially by electrophysiology, is 

hampered by the limited availability and difficulty of working with primate brain tissue. 

Taken as a whole, the available data show a lack of an effect of CRIP 1 b on CB 1 signaling 

through N-type Ca2
+ channels and indicate that CRIPlb does not play a role in mediating 

this type of CB 1 signal transduction. 
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Modulation of CB1 constitutive activity 

Constitutive activity of GPCRs has gradually been recognized to be a 

physiologically relevant phenomenon and not simply an artifact of a heterologous 

expression system. For instance, the discovery of agouti-related peptide (AGRP) acting 

as an endogenous inverse agonist at the melanocortin receptor MC4 (Haskell-Luevano 

and Monck 200 l; Nijenhuis et al. 2001) strongly supports the hypothesis that constitutive 

activity and inverse agonism ·are biologically relevant. Similarly, 11-cis. retinal can be 

considered an inverse agonist for rhodopsin as it holds the receptor in an inactive state 

until photon-induced isomerization of r~tinal from the 11-cis to all-trans conformation 

allows for activation of rhodopsin. Accessory proteins interacting with GPCRs have 

been shown to control receptor constitutive activity in the case of mGluRla/5 (Ango et al. 

2001). Interestingly, their revelation resulted from a difference in receptor activity in a 

heterologous expression system compared to its native expression. Constitutive activity 

of mGluRla/5 was observed in HEK 293 cells, but not in cerebellar granule neurons, 

where endogenous Homer 3 expression muted the constitutive activity of the receptors. 

Knockdown of Homer 3 or activity-driven induction of Homer 1 c1; expression revealed 

mGluRla/5 constitutive activity in neurons. 

CB 1 exhibits agonist-independent constitutive activity not only when 

heterologously expressed (Bouaboula et al. 1997; Pan et al. 1998) but also when natively 

expressed (Meschler et al. 2000; Sim-Selley et al. 2001 ). The inverse agonist SRl 41716 

produces reversed effects in vivo, compared to CB1 agonist responses for a variety of 

measures, including locomotor activity, nociception, food consumption and memory 
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tasks (Pertwee 2005a). Also in opposition to CB1 agonism, SR141716 evokes release of 

neurotransmitters such as acetylcholine, norepinephrine, GABA and glutamate in vitro 

(Schlicker and Kathmann 2001; Pertwee 2005a). As previously reported, SR141716 

facilitates Ca2
+ current in SCG neurons expressing CB 1 by depopulating the 

constitutively active receptor state. In SCG neurons coexpressing CB1 and CRIPlb, the 

level of CB 1 constitutive activity was not significantly altered by CRIP 1 b, even at several 

microinjection concentrations of CRIPlb. 

Alternatively, decreasing the CB1 microinjection concentration might reveal a 

subtle difference in CB1 constitutive activity in the presence of CJµPlb. CB1 constitutive 

activity, as determined by SR141716 facilitation of Ca2+ current, is dependent on receptor 

number. A decrease in the number of constitutively active receptors by decreasing the 

concentration of CB1 cDNA microinjected into SCG neuron.s (from 100 ng/µl to 50 ng/µl) 

was found to decrease the facilitation of Ca2
+ current by SRI 41716 {Vasquez and Lewis 

1999). If facilitation of Ca2
+ current by SR141716 was maximal at a CB1 microinjection 

concentration of 100 ng/µl, a small effect on constitutive activity by CRIPlb might be 

occluded. However, _.overexpression 9f CR.JP.lb at ·a microinjection concentration of 

340 ng/µl would be expected to compensate for the level of constitutive activity of CB1 

obtained at a microinjection concentration of 100 ng/µl as effectively as a lower 

microinjection concentration at the same molar ratio of CRIPlb to CB1 (such as 

170 ng/µl CRIPlb and 50 ng/µl CB 1). 

The fraction of constitutively active CB1 receptors has been estimated to be 

approximately 30% of the total receptor population, based on agonist and inverse agonist 
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binding assays (Houston and Howlett 1998; Kearn et al. 1999). Thus the limiting factor 

in detecting inverse agonism by SR141716 is not at the G protein level where CB1 can 

completely sequester G proteins from other Gito coupled receptors (see discussion below). · 

Rather, the probability of CB1 adopting a constitutively active conformational state is the 

limiting factor in detection of constitutive activity. As SCG neurons are a heterologous 

expression system, it is possible that other currently unknown interacting proteins 

natively expressed with CB1 are necessary to modulate CB.1 constitutive activity, perhaps 

in concert with CRIP 1 b. Overall, these data indicate that unlike some GPCR interacting 

proteins, such as the long-form Homer family members, CRIPlb does not silence the 

constitutive activity of CB 1. 

GPCR signaling from a common pool of G proteins 

The mechanism by which SRl 41 716 exhibits inverse agonist activity at CB 1 has 

been proposed by modeling studies to occur as a result of additional hydrogen bonding 

between SR141716 -~md CB1 available only in the inactive receptor state (Hurst et al. 

2002). These -results . ~upport the hypothesis from Bouaboula et al. that SRl 41716 

stabilizes CB1 in a receptor-G protein co~plex that is unable to activate the G protein 

(Bouaboula et al. 1997). In terms of receptor theory, SR141716 reduces the probability 

that CB 1 will adopt a conformational state that is able to induce a conformation change in 

the G protein and allow for dissociation of GDP. The stabilization of a CB1-Gu0 protein 

complex by SR141716 can thereby reduce the pool of G proteins available to other 

GPCRs that signal through the same G protein subtype. 
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As CRIPl b interacts with CB1 at the C-terminal tail, distal to G protein binding 

sites, CRIP 1 b may alter the ability of CB 1 to complex with and sequester G proteins. 

Sequestration of G proteins from somatostatin receptors by CB I was investigated in the 

presence and absence of CRIPlb. Expression of CB1 in SCG neurons reduced 

somatostatin signaling (Fig. 9; Table III) by decreasing the available pool of G proteins; 

however, co-expression of CRIPlb neither enhanced nor inhibited the ability of CB1 to 

sequester G proteins. Furthermore, SCG neurons expressing only CRIP 1 b did not differ 

in the ability of somatostatin to inhibit Ca2
+ current as compared to uninjected neurons 

indicating that CRIP 1 b does not directly affect somatostatin signaling nor it is likely t_o 

directly sequeste~ Gu0 proteins from other GPCRs. These results suggest that CB 1 

coupling to G proteins is unaffected by CRIP 1 b because inhibition of Ca2
+ current by 

WIN 55,212-2 was not significantly different with or without CRIPlb at a time when few 

G proteins were available to somatostatin receptors, as indicated by the attenuation of 

somatostatin signaling. 

Unlike the previous study, signaling via somatostatin receptors was not 

completely abolished when SCG neurons were microinjected with 100 ng/µl CB1 cDNA. 

Vasquez and Lewis reported that the magnitude of the inhibition of somatostatin 

signaling was dependent upon the abundance of CB 1 receptors, as decreasing the 

microinjection concentration of CB1 to 50 ng/µl resulted in an attenuated, but not 

completely abolished, Ca2
+ current inhibition by somatostatin (Vasquez and Lewis 1999). 

In the present study where somatostatin signaling was not completely abolished, the most 

logical explanation is that the concentration of CB1 microinjected into SCG neurons was 
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slightly less than the 100 ng/µl concentration reported by Vasquez and Lewis. The 

incomplete blockade of somatostatin signaling can nof be attributed to CRIP 1 b, as 

neurons expressing only CB 1 exhibited an identical level of somc1:tostatin inhibition of 

Ca2
+ curient as neurons expressing CB 1 and CRIP 1 b. 

Because the magnitude of the disruption in somatostatin signaling is dependent on 

CB 1 expression levels, it ··is possible th~t a very ~ubtle effect· of CRIP 1 b on G protein 

sequestration may have been overlooked by testing only one iuicroinjection concentration 

of CB 1• Generating a CB 1 concentration versus Ca2
+ current inhibition curve could 

indicate that CRIP 1 b slightly increases or decreases the _amount of CB 1 necessary to 

attenuate somatostatin-induced Ca2
+ current inhibition. A Seq50 value could be calculated 

for the concentration of CB1 at which 50% of available G proteins were sequestered from 

a given receptor ( defined as 50% of the maximum response in the absence of CB 1). 

However in the current study, somatostatin signaling was not completely attenuated at 

100 ng/µl CB 1 which suggests that the inhibit19n of Ca2
+ current was still within the 

dynamic range of the system. 

The likeliho<?d of detecting a change in G protein sequestration with CRIP 1 b is 

greater if the Ca2
+ current inhibition is not completely attenuated by CB1, similar to the 

use of ECso/ICso values to compare efficacy rather than maximum response. If a 

difference in G protein sequestration were found in the presence of CRIP 1 b, it would be 

necessary to demonstrate specificity of the effect by injecting an unrelated protein or a 

CB 1 truncation mutant lacking the CRIP 1 b interaction domain. The usefulness of the 

latter experiment would depend upon the CB 1 mutant exhibiting a normal sequestration 
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phenotype when compared to wild-type CB 1. The mutant receptor would not necessarily 

be expected to exhibit identical properties to that of wild-type CB1, as deletion of nearly 

the entire C-terminal tail of CB1 (amino acids 418-472) resulted in enhanced G protein 

sequestration (Nie and Lewis 2001 ). 

While attenuation of somatostatin signaling by CB 1 sequestration of G proteins 

was not significantly altered by CRIPlb, other Gi/o coupled receptors could be 

differentially affected by CRIP 1 b depending on their affinity for G proteins. Vasquez 

and Lewis tested sequestration of G proteins from a2-adrenergic and somatostatin 

receptors and although not directly assessed, they did not observe an apparent difference 

in receptor affinity for G proteins. Again, it is conceivable that a subtle difference in the 

ability of CRIP 1 b to alter G protein sequestration could be found for GPCRs with a lower 

affinity for Gila proteins than a2-adrenergic or somatostatin receptors. Such findings 

would need to be c·onfirmed for specificity of the effect of CRIP 1 b with unrelated 

proteins or mutant CB 1 receptors not expected to interact with CRIP 1 b, subject to the 

same caveats described previously. 

An interesting possibility for G protein sequestration by CB 1 could be tested if 

CRIPlb were found to switch the probability of CB1 signaling via other G protein 

subtypes. In such a case, CRIP 1 b could allow CB 1 to switch its sequestration profile 

from Gila to Gs or Gq depending on the known signal transduction pathways available to 

CB 1 in a given model system. The ~2-adrenergic receptor, another constitutively active 

GPCR (Chidiac et al. 1994; Samama et al. 1994), switches from Gs to Gu0 coupling 

following Gs activation that leads to protein· kinase A activation and phosphorylation of 
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P2-adrenergic receptors (Daaka et al. 1997). Recently, P2-adrenergic receptors were 

found to sequester Gs proteins and prevent other Gs coupled receptors from signaling, but 

were not able to sequester Gi/o proteins even though functional signaling through Gi/o 

occurred (Vasquez and Lewis 2003). Whether CRIPlb could regulate G protein subtype 

specificity of CB 1 by a mechanism similar to that of P2-adrenergic receptors is unknown. 

The importance of sequestration in vivo has not yet been determined. The role of 

CB I sequestration in neurons where it is normally expressed may be to act as a buff er for 

G proteins to improve the signal-to-noise ratio ,for other receptors by decreasing basal, 

perhaps constitutive, signaling or to act as an on-demand supply for G proteins. 

Temporally-correlated activation of CB1 and another GPCR could locally provide 

specific G proteins upon dissociation from CB I and reassociation with other receptors for 

precisely regulated signaling. 

The stabilization of an inactive CB 1-G protein complex depends on the fraction of 

CB I that is constitutively active, which in tum is dependent on the receptor number or 

concentration of CB1 injected (Vasquez and Lewis 1999). By interacting with CB1, 

CRIP 1 b could modify the population of receptors in the precoupled inactive state by 

changing the probability of SR141716 or G protein binding. Since CRIPlb was not 

found to affect G protein sequestration or constitutive activity, the ability of SR141716 to 

trap G proteins in an inactive complex with CB1 is not altered by CRIPlb. Thus, any 

potential change in receptor conformation by CRIP 1 b would be expected to be unrelated 

to conformations in which CB I binds and activates G proteins. These results do not 
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support the hypothesis that CRIP 1 b is able to enhance or impair the ability of CB 1 to · 

precouple and sequester G proteins. 

Allosteric modulation of GPCRs 

Although allosteric models for enzymes and ion channels have been well 

established, the application of allosterism to GPCRs has progressed slowly since its 

initial use in the ternary complex model to explain the relationship between ligand 

binding and receptor coupling to G proteins (De Lean et al. 1980). Allosteric ligands 

bind to sites on the receptor distinct from the classical agonist/antagonist sites and alter 

receptor conformational states to modulate receptor activity (Christopoulos 2002). 

Perhaps the best-known examples of allosteric ligands are benzodiazepines, which 

positively modulate GABAA receptors (Pritchett et al. 1989). In addition to ligand-gated 

ion channels, allosteric modulators have also been identified for several GPCRs; however, 

only recently has an allosteric binding site been identified for CB1 (Price et al. 2005). 

Certain ligands are known to bind to allosteric sites on receptors, but proteins 

might also interact with allosteric binding sites. Thus, CRIP 1 b could act as an allosteric 

modulator of CB 1. Allosteric modulators share several conventional characteristics, such 

as enhancement of agonist binding or inhibition of antagonist binding, slowing of agonist 

dissociation rate constant and noncompetitive antagonism of agonist efficacy. While 

binding assays would ultimately confirm or disprove whether CRIP 1 b is an allosteric 

modulator of CB1, results in the current study do not support such a hypothesis. 

CB1-mediated modulation of Ca2
+ current by WIN 55,212-2 or SR141716 was not 
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significantly different in the presence of CRIPlb (Fig. 13, 14). Though the data can not 

address potential changes in ligand binding, no antagonism of efficacy by CRIP 1 b was 

observed with WIN 55,212-2 or SR141716. · In .-addition, washout of WIN 55,212-2 

inhibition of Ca2
+ current was not overtly delayed in SCG neurons co-expressing CB1 and 

CRIP 1 b. Although the electrophysiology experiments were not intended to measure 

kinetics of agonist responses, an extreme prolongation of agonist response was not 

apparent. As discussed previously, the use of different classes and concentrations of 

ligands might indicate a specialized role of CRIP 1 b in CB 1 signaling; therefore, the 

possibility that CRIP 1 b serves as an endogenous allosteric modulator of CB 1 can not be 

discounted by this study. 

A place for CRIPl b in models of CB1 receptor theory 

The classical view of GPCR signaling envisioned a linear process in which the 

process of an agonist binding to an inactive receptor isomerized the receptor to an active 

state. This somewhat simplistic model was nonetheless practical, as it succinctly 

explained the available experimental data and allowed for future modeling and 

refinement of receptor theory. Even this straightforward model can accommodate 

CRIP 1 b within the equilibrium association constant for ligand binding (Eqn. J; A -

agonist, R- receptor). Though the data obtained in this study are insufficient to conclude 

whether CRIPlb affects ligand binding to CB1, results provided by Dana Selley (Virginia 

Commonwealth University) indicate that at the least CRIPlb does not influence the 
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ability of SRi'41716 to bind CB1. Additional binding experiments could determine 

whether CRIP 1 b alters binding constants for other agohists and inverse agonists. 

A+R~AR (I) 

Following the discovery of the GPCR ternary complex ( agonist-receptor

G protein),- receptor models incorporated an additional step for G protein binding 

subsequent to activation of the receptor. Since N-type Ca2
+ channel activity was the 

downstream effector measured for CB1 activation, the electrophysiology data can not 

discern between a potential effect of CRIPlb on ligand-induced isomerization of the 

receptor (Eqn. II; Ri - inactive state, Ra -:- active state) and an effect of CRIP 1 b on 

G protein binding to the activated receptor (Eqn. III; G- G protein). 

ARi~ARa (II) 

-ARa + G ~ ARaG (III) 

Ca2
+ current inhibition by WIN 55,212-2 was not significantly different in the 

presence of C:RIPl b; whi-ch suggests: that CRIPl b did not alter the differential affinity of 

WIN 55,212-2 for the active versus inactive receptor states (Eqn. II). If CRIPlb had 

biased ligand affinity for receptor states, either an enhanced WIN 55,212-2 response 

(CRIPlb agonism) or an impaired WIN 55,212-2 response (CRIPlb antagonism) might 

have been detected. Similarly, CRIPlb did not appear_ to alter the association between 

the receptor and G proteins (Eqn. 111). A change in G protein affinity would likewise 

have been detected as either an enhanced or impaired agonist response. Because these 

two processes are not distinguishable by measuring Ca2
+ current, it is possible, though 

seemingly unlikely, that CRIP 1 b could have equally affected both processes, but in 
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opposite directions. Furthermore, the inability to detect a change in efficacy does not 

automatically imply that no change occurred. Rather, the experimental conditions may 

not have been sensitive enough to detect the change in efficacy. While the data do not 

support the idea that CRIP 1 b altered the receptor active state or the receptor-G protein 

bound state, it can not be concluded that it is impossible for CRIP 1 b to do so. 

The discovery of receptor constitutive activity further modified receptor theory to 

incorporate a spontaneously active state capable of signaling through G proteins 

(Eqn. IV). 

~~~ O~-

ca2+ currenf facilitation by SR141716 did not differ significantly in the presence of 

CRIPlb, suggesting that CRIPlb had no ·effect.on CB1 constitutive activity.· Again, the 

limitations in the methods employed do not allow for dissociation of the ability of 

CRIPlb to alter the :receptor's tendency to adopt a' spontaneously active state (Eqn. IV) 

from CRIP 1 b altering the G protein ~inding ability of the spontaneously active state 

(Eqn. V). 

(V) 

As CB1 constitutive activity is measured by response of the system to SR141716, and 

SR141716 binding was not altered by CRIPlb, it is reasonable to conclude that CRIPlb 

does not modulate constitutive activity, though its specific effects on formation of a 

spontaneously active receptor state and G protein binding are unknown. 

The cubic ternary complex model includes a G protein bound-inactive receptor 

state as a non-signaling complex. This state has been hypothesized to underlie the ability 
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of CB1 to bind and sequester G proteins from other receptors. The finding that CRIPlb 

did not alter the ability of CB 1 to s~quester G proteins suggests that CRIP 1 b did not 

enhance or impair the ability of CB1 to bind G proteins, whether sequestration occurred 

in the active or inactive receptor state (Eqn. VI). 

R+G~RG (VI) 

The inverse agonist SR141716 can stabilize CB1 in a G protein bound state as it reverses 

constitutively active receptors, indicating that both inactive and active CB1 can sequester 

G proteins (Vasquez and Lewis 1999). Since CB1 constitutive activity was not altered by 

CRIPlb, it is unlikely that sequestration of G proteins by constitutively active CB1 was 

altered (Eqn. VII), though the ability of SRl 41716 to trap G proteins bound to inactive 

CB 1 (Eqn. VIII; I- inverse agonist) was not tested. 

Ra+G~RaG 

I+RG~IRG 

(VII) 

(VIII) 

As overall G protein sequestration was not affected by CRIP 1 b expression, a simple 

explanation of the data is that CB 1 sequestration either in the inactive or active states was 

not affected by CRIPlb. 

Multiple active states for CB1 

Implicit in all early models of receptor theory was the assumption that a given 

agonist would· equally i~pact all functional properties · of art active receptor, such as 

signaling through G proteins, desensitization, internalization, oligomerization or 

endocytic trafficking. Of course different agonists were known to exhibit differing 
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abilities to activate a given receptor and produce a physiological response; however, 

experimental evidence from a variety of GPCRs indicated that a given agonist did not 

necessarily produce the same degree of efficacy on different downstream effectors. 

Different agonists create different active receptor states not included in the original 

receptor models, which assumed a single universal active state. 

In cells where CB1 can functionally couple to both Gs and Gi/o proteins, CB1 

agonists differed in their relative ability to inhibit or stimulate cAMP production, 

although no reversal in the rank order of potency was found (Bonhaus et al. 1998). These 

data support the existence of multiple active states for CB1, as certain ligands exhibited 

an inclination to signal more efficaciously through a particular G protein. The current 

study can neither support nor refute the existence of multiple CB1 active states in SCG 

neurons, as different CB 1 coupled G protein pathways were not investigated. While CB 1 

has not been found to couple to Gs in SCG neurons to activate N-type Ca2
+ channels, 

P2-adrenergic receptors expressed in SCG neurons are able to couple to both Gi/o and Gs 

proteins to modulate Ca2
+ channels (Vasquez and Lewis 2003). Because only a single 

agonist, inverse agonist and response were measured, the possibility that different CB1 

agonists might exhibit reversal of potency when comparing different G protein signaling 

pathways in SCG neurons remains unknown. CRIP 1 b could still influence a particular 

active state of CB1 or signaling via a particular G protein pathway; however, the active 

state involved in Ca2
+ current nfodulation by Gi/o proteins does not appear to be affected 

by CRIPl b. Probing CB1 signaling with several classes of CB1 ligands in a system where 
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CB1 is able to couple to multiple G proteins could uncover a role for CRIPlb in ligand

selective signaling or in permitting CB 1 signaling through less favored G proteins. 

A more complete model of ligand-selective signaling necessarily includes 

accessory proteins binding to GPCRs. Interaction of GPCRs with intracellular proteins 

can provide more specific receptor conformations that might function to precisely alter 

signaling pathways, trafficking, oligomerization, desensitization or provide alternate 

transduction pathways. Just as ligands can select for certain signaling pathways, so might 

GPCR interacting proteins select for certain receptor conformations to bias receptor 

signaling via a certain pathway. By influencing receptor conformation, accessory 

proteins could affect which ligands or G proteins are favored to bind the receptor. Thus 

accessory proteins can add to both the diversity of GPCR signaling, which at first might 

seem limited by the number of combina~ions of G protein heterotrimers., and GPCR 

specificity, by inducing certain receptor conformations and serving as scaffolds or 

adaptors for signaling complexes. 

Significance of CB1 accessory proteins 

Numerous preclinical and animal studies suggest that di:,;ectly or indirectly 

modulating cannabinoid receptor activity could be therapeutically useful for modifying 

certain behaviors or diseases. Therapeutic agents that target the cannabinoid system are 

generally derived from or related to plant-based cannabinoids. Unfortunately, the 

psychoactive properties of these compounds often preclude their therapeutic use. Though 

the only approved use for synthetic Li9-THC in the United States is for treatment of 
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nausea associated with chemotherapy and appetite stimulation to combat AIDS wasting 

syndrome, recent studies indicate additional potential therapeutic uses for compounds 

modulating the cannabinoid system. In clinical trials, the CB 1 antagonist SRl 41 716 

(Acomplia®) demonstrated effectiveness in producing sustained weight loss in obese 

patients (Van Gaal et al. 2005). Other encouraging studies with CB 1 antagonists indicate 

efficacy in models of drug abuse, where CB 1 blockade attenuates heroin reinstatement 

(De Vries et al. 2003; Solinas et al. 2003), reduces alcohol consumption (Arnone et al. 

1997; Gallate and McGregor 1999), and nicotine consumption (Cohen et al. 2002; 

Valjent et al. 2002; Cohen et al. 2005). Models of chronic or neuropathic pain suggest 

, that CB 1 and CB2 agonists and FAAH inhibitors may be clinically useful (Pertwee 2001; 

Berman et al. 2004; Lichtman et al. 2004). While current strategies involve drug 

targeting of cannabinoid receptors and endocannabinoid synthesis or degradation 

enzymes, CB 1 accessory proteins are an unexplored opportunity. Thus, a more complete 

understanding of the cannabinoid system, including CB 1 cannabinoid receptor interacting 

proteins, may expand the possibilities for novel drug development to improve clinical 

outcome in these and other disease states. 



V. SUMMARY 

1. CRIP 1 b is a 128 amino acid protein, comprised of 3 exons, encoded by a single gene 

localized to human chromosome 2. CRIP 1 b has only been identified in human, 

chimpanzee and macaque genome databases. 

2. CRIP 1 b specifically binds to the C-terminal tail of CB 1 in both yeast and bacterial in 

vitro systems. 

3. The last nine amino acids of the C-terminal tail of CB 1 are necessary for interaction 

with CRIP 1 b. This exact sequence is unique to CB 1 and _is highly conserved across 

numerous species. The interaction domain is distinct from G protein binding, 

receptor desensitization and internalization domains of the CB 1 C-terminal tail. 

4. CB1 and CRIPlb did not highly colocalize in transiently transfected HEK 293 cells. 

CRIP 1 b exhibited a relatively homogeneous cytosolic expression pattern, while CB 1 

was primarily expressed at the plasma membrane. 

5. CB 1 did not significantly enrich CRIP 1 b expr~ssion near the plasma membrane in 

HEK 293 cells transfected with excess CB1• CRIPlb expression was not altered by 

either a signal sequence CB1 construct or a CB 1 truncation mutant lacking the 

CRIP 1 b interaction domain. 

136 
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6. CB1 and CRIPlb colocalized in microinjected SCG neurons near the plasma 

membrane. CRIP 1 b expression was membrane associated, unlike the uniform 

cytosolic distribution in HEK 293 cells._ As in HEK 293 cells, the expression of CB1 

was primarily at the plasma membrane. 

7. The ability of the CB I agonist WIN_ 5 5 ,212-2 to inhibit Ca2
+ current in SCG neurons 

expressing CB I and CRIP 1 b was not significantly different from neurons expressing 

only CBi. 

8. The ability of the CB1 inverse agonist SR141716 to facilitate Ca2
+ current in SCG 

neurons expressing CB 1 and CRIP 1 b was not significantly different from neurons 

expressing only CB 1. 

9. Increasing the microinjection concentration of CRIPlb, while keeping the CB1 

concentration constant, did not reveal an effect of CRIP 1 b on CB 1 agonist or inverse 

agonist modulation of Ca2
+ current. 

10. The lack of an effect of CRIPlb on CB1 modulation of Ca2+ current was not 

reflective of a species-specific bias of CRIP 1 b, as neither rat nor human CB1 

signaling was affected by CRIP 1 b. 

11. The level of CB 1 constitutive activity in SCG neurons, as measured by SRI 41716 

response, was not significantly altered by CRIP 1 b. The human and rat orthologs of 

CB1 did not exhibit differing levels of constitutive activity. 

12. The Ca2
+ current facilitation ratio was not significantly different between SCG 

neurons expressing only CB1 ·and neurons expressing CB1 and CRIPlb during control, 

WIN 55,212-2 or SR14171~ perfusions. 
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13. The ability of CB 1 to sequester Gito proteins from somatostatin receptors · was not 

affected by CRIPlb. 

14. CRIP 1 b did not -directly impact so~atostatin~-induced inhibition of Ca2
+ current in 

SCG neurons. 

In conclusion, CRIP 1 b is a novel CB 1 interacting protein that binds to the distal 

part of the C-terminal tail. CB1 and CRIPlb col9calize near the plasma membrane; 

however, CRIPlb does not alter the CB1 signaling pathways investigated in this study, 

the level of CB 1 constitutive activity or the ability of CB 1 to sequester G proteins. 

CRIP 1 b does not function in these diverse CB 1 signaling properties. 
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APPENDIX A- SUPPLEMENTARY FIGURES 

Three supplementary figures are included to provide additional information on the 

in vitro interaction between CRIPlb and CB1 in a bacterial pull-down assay (Fig. S1), the 

domains of CRIPlb necessary for interaction with CB1 (Fig. S2) and the localization of 

CRIP 1 b mRNA in cell lines, rat primary neurons and human and macaque brain tissues 

(Fig. S3). The majority of the data for these figures was generated by Kathleen Wallis in 

the laboratory of Deborah Lewis at the Medical College of Georgia. 
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Supplementary Figure SJ. CRIPlb interacts with CB1 C-terminal tail in vitro. 

Bacterially expressed S-tag CRIP 1 b bound spedfically to immobilized ~B 1-GST, but not 

to CB 1L1465-GST lacking the CRIP 1 b interaction site, GST alone, or agarose beads (no 

GST) in Western blot probed with S-protein alkaline phosphatase conjugate. Lysate 

sample of CRIP 1 b indicates apparent molecular weight. · 
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APPENDIX B - IGOR PRO PROCEDURES 

The following customized programming procedures were written to expedite 

analysis of electrophysiology data acquired using Igor Pro (Wavemetrics, Inc.). 

Procedures were written in Igor's programming language for use within the Igor software 

program itself. A modular programming style was adopted to organize the analysis into 

logical chunks, each designated with a single purpose, such that an individual section of 

the analysis can easily be modified independent of other sections. Each procedure is 

named according to 'its purpose and saved as a separate Igor Procedure File (the file 

extension is ".ipf'). To use these procedures for data analysis the Igor procedure files, or 

a shortcut/alias to the files, must be placed within the User Procedures folder originally 

installed with Igor Pro. For a Windows-compatible computer, this location is usually 

"C:\Program Files\WaveMetrics\Igor Pro Folder\User Procedures", while an Apple 

computer would rtoimally b~ "Macintosh HD:.· Applications: Igor Pro Folder: User 

Procedures". The procedures should automatically load when the Igor Pro is launched 

and can be utilized by selecting the desired procedure from the Macros menu, under the 

submenu Wave Analysis. In most cases, the procedure DoAnalysis should be run first, as 

this procedure in tum will run each of the individual analysis functions.· Afterwards if 

individual analyses are needed, these can be run by selecting the desired function in the 

same submenu as DoAnalysis. Each procedure in the Igor programming language is 

176 



177 

listed below with a description a°:d explanation of the overall purpose. These procedures 

were designed for the explicit purpose of analyzing pre-pulse Ca2
+ current data acquired 

using Pulse Control XOPs for Igor Pro developed by Richard J. Bookman, Jack D. 

Harrington and Kenneth R. Newton from the University of Miami. However, these 

procedures may be modified for use in analyzing other electrophysiology data as 

suggested in the descriptions below. 

The overall purpose of these procedures is to: 

1. Calculate the Ca2
+ current at each prepulse and test pulse recorded. 

2. Plot the calculated Ca2
+ current over the time course of the experiment. 

3. Calculate the percent change in Ca2
+ current between two user-specified time points. 

4. Plot individual Ca2
+ current traces for user specified time points. 

5. Calculate Ca2
+ current facilitation ratio for a user-specified time point. 

Procedure: DoAnalysis.ipf 

Purpose: DoAnalysis creates a submenu in Igor Pro from where the analysis programs 

can be selected. The entire set of data analysis is called in turn by this procedure. 

#pragma rtGlobals=l 
#include "GetinfoFromUser" 
#include "MakeVavgWave" 
#include "MakeSecondVavgWave" 
#include "GraphVavgWave" 
#include "AddTagstoGraph" 
#include "GraphTraces" 

// Use modern global access method. 

#include "CalculatePercentChange" 
#include "CalculateFacilitation" 
#include "StrMatch" 
#include "MakeLayout" 

Menu "Macros" //creates a submenu under the Macros menu of Igor 
Submenu "Wave Analysis" 

"DoAnalysis" 
"AddTagstoGraph" . 
"GraphTraces" 
"CalculatePercentChange", CalculatePercentChange(VavgWave) 
"CalculateFacilitation", CalculateFacilitation(VavgWave, VavgWave2) 
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"RampMin" 
end 
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Function DoAnalysis() 

GetinfoFromUser() 
MakeVavgWave ( "w", VavgWave) 
MakeSecondVavgWave ( "w", VavgWave2) 
GraphVavgWave ( ) 

End 

DoUpdate 

Variable dotags = NumVarOrDefault("dotags", 1) //asks if user wants to add tags 
to time-course graph 

Prompt dotags, "Do you want to add tags to the graph? (Yes= 1, No= 0)" 
DoPrompt "Add tags to graph?", dotags 

if (dotags == 1) 
Add Tags toGraph ( ) 

endif 

Variable dotraces = NumVarOrDefault("dotraces", 1) //asks if user wants to make a 
graph of prepulse data 

Prompt dotraces, "Do you want to graph waves of prepulse data? 
(Yes= 1, No= 0)" 

DoPrompt "Graph Traces?", dotraces 
if (dotraces == 1) 

GraphTraces ( ) 
endif 

Variable dopercentchange = NumVarOrDefault("dopercentchange", 1) 
//asks if user wants to calculate percent change between two prepulse waves 

Prompt dopercentchange, "Do you want to calculate percent change in 
calcium current? (Yes= 1, No= 0)" 

DoPrompt "Calculate percent change?", dopercentchange 
if (dopercentchange == 1) 

CalculatePercentChange(VavgWave) 
endif 

Variable dofacilitation = NumVarOrDefault("dofacilitation", 1) 
//asks if user wants to calculate facilitation ratio 

Prompt dofacilitation, "Do you want to calculate facilitation ratio? 
(Yes= 1, No= 0)" 

DoPrompt "Calculate facilitation?", dofacilitation 
if (dofacilitation == 1) 

CalculateFacilitation(VavgWave, VavgWave2) 
endif 

MakeLayou t ( ) 

Description: The #include statements at the beginning of this procedure instructs Igor to 

load the later procedures necessary for the actual analysis. The Menu command creates 

the submenu under the Macros heading in the Igor Pro program so the user can easily 

access the analysis procedure without needing to type in commands in the Igor command 

window. The Function statement begins the DoAnalysis procedure and calls the modular 

components to be run in the appropriate order. The DoAnalysis procedure first runs the 
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GetlnfoFromU ser procedure so the user can tell the analysis program which Igor wave 

files to analyze. Then the next procedure, Make VavgWave, is called to create a new 

wave file containing the prepulse C 2+ a . current measurements followed by 

MakeSecondVavgWave which creates a separate wave file containing the test pulse Ca2
+ 

current measurements. These two waves are then graphed by the Graph VavgWave 

procedure. The next four procedures are. within if-then statements to allow the user to 

choose whether to run those analyses. Each of the procedures is listed below with 

additional information. 

Procedure: GetlnfoFromUser.ipf 

Purpose: GetinfoFromUser prompts the user to input the range of wave files that are to 

be analyzed. 

#pragma rtGlobals=l // Use modern global access method. 
Function GetinfoFromUser() //procedure modified from Igor Manual (v4) III-108 

Variable numl = NumVarOrDefault("gStartindex", 1) 
Prompt numl, "Enter number of first wave of prepulse data" 
Variable num2 = NumVarOrDefault("gEndindex", 70) 
Prompt num2, "Enter number of last wave of prepulse data" 
DoPrompt "Enter range of prepulse waves",numl,num2 

Variable/G gStartindex = numl // Saves starting wave number as global variable 
Variable/G gEndindex = num2 

End 

//This function prompts the user for the wave numbers corresponding to the start and end 
//of the prepulse wave data (ex. wl to w70) 

Des~ription: The data acquisition XOP, Pulse Control, collects prepulse voltage step data 

every 10 sand creates a new wave file labeled wl, w2, w3,; .. w[n]. Thus, the user enters 

the first and last number of the wave to be analyzed. For example, if 50 waves of 

prepulse data were collected starting with wl, the user would enter 1 and 50 into the 
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prompt. Note that a smaller range can be entered for analysis or wave files that do not 

include prepulse data can be excluded from analysis ( example: w 1 is a Ca2
+ ramp, w2-50 

are prepulse data. The user enters 2 and 5 0 into the prompt.) The range is defined as 

global variables so that any subsequent analysis procedure knows the range of data points 

the user wants analyzed. 

Procedure: Makey avgWave.ipf 
·. -

Purpose: MakeVavgWave calculates the Ca2
+ current from each Ca2

+ prepulse over the 

range entered by the user and stores the data as a new wave file called VavgWave. 

#pragma rtGlobals=l // Use modern global access method. 
Function MakeVavgWave(baseName, VavgWave) 

Wave VavgWave 
String baseName 

NVAR gStartindex,gEndindex //-allows access to global variables created in 
GetinfoFromUser function 

Variable index= gStartindex 
Variable waveindex = 0 

Make/N=(gEndindex-gStartindex+l)/O VavgWave 
do 

Wave w = $ (baseName + num2istr (index)) 
WaveStats/Q/R=[163,172] w 
VavgWave[waveindex] = V_avg/1000 //converts current to nanoamps 

//Printf "Wave: %s; average: %g\r", NameOfWave(w), V_avg //can be used to 
view each calculation in command line history 

index+= 1 
waveindex +=l 

while (index<= gEndindex) 

End 

//This program creates a wave named VavgWave that is equal in length to the number of 
//waves to be analyzed; computes statistics on each wave over the X-axis range of 163-172 
//and stores the average Y value over this range into the new VavgWave 

Description: MakeVavgWave creates a new wave file called VavgWave to store the Ca2
+ 

current during the prepulse over the range supplied by the user. The average Ca2
+ current 

is calculated from the x-axis range of 163-172, which corresponds to 10 data points 

collected over 1.62 ms within the 25 ms prepulse voltage step to O mV (Fig. 13A). Note' 
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that this time window can be adjusted for use with other data sets using different voltage 

step protocols to return an average current over a specified x-axis range. Indeed, the 

desired time window could be left undefined as a variable which the user could enter 

immediately before performing the analysis. This would be best accomplished by 

creating a separate procedure designed to prompt the user for the desired time window 

over which to calculate an average current. 

Procedure: MakeSecondVavgWave.ipf 

Purpose: MakeSecondVavgWave calculates the Ca2
+ current from each Ca2

+ test pulse 

over the range entered by the user and stores the data as a new wave file called 

VavgWave2. 

#pragma rtGlobals=l // Use modern global access method. 
Function MakeSecondVavgWave(baseName, VavgWave2) 

Wave VavgWave2 
String baseName 

NVAR gStartindex,gEndindex 
Variable index .= gStartindex 
Variable waveindex=0 ·: 

Make/N=(gEndindex-gStartindex+i°)/0 VavgWave2 
do· 

Wave w = $(baseName + num2istr(index)) 
WaveStats/Q/R=[636,645] w 
VavgWave2[waveindex] = V_avg/1000 //converts current to nanoamps 

//Printf "Wave: %s; average: %g\r", NameOfWave(w), V_avg 
index+= 1 
waveindex +=1 

while (index<= gEndindex) 
End 

//This function is nearly identical to MakeVavgWave, except that it calculates the 
//average for the second pulse in the prepulse data (i.e. the test pulse), which is 
//necessary to later calculate facilitation ratio. 

Description: MakeSecondVavgWave illustrates the modular programming design that 

could be incorporated by creating a separate procedure to prompt the user for the time 

window to calculate an average current. The difference between this procedure and 
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MakeVavgWave is only the range of the time window and the separate file called 

VavgWave2 used to store the test pulse Ca2
+ current from the x-axis range of 636-645, 

which corresponds to 10 data points collected over 1.62 ms within the 25 ms test pulse 

voltage step to O mV. Note that for both MakeVavgWave and MakeSecondVavgWave, 

the name of the new wave file is explicitly specified within the DoAnalysis procedure. If 

the DoAnalysis procedure is run a second time the previous wave files created (i.e. 

VavgWave and- VavgWave2) will be overwritten unless the exact same data range is 

entered by the user. 

Procedure: Graph VavgWaves.ipf 

Purpose: GraphVavgWaves creates a graph of the pre- and test pulse Ca2+ current data 

over the time course of the experiment. 

#pragma rtGlobals=l 
Function GraphVavgWave(} 

NVAR gStartindex, gEndindex 
Wave Timepts 

// Use modern global access method. 

Make/N=(gEndindex-gStartindex +l}/O Timepts 
Timepts=x*l0 //makes a wave for the x-axis corresponding to the 10 second 

interval between prepulse data waves 
Display VavgWave vs Timepts as "Calcium Current Amplitudes for"+ Igorinfo(l} 
AppendToGraph VavgWave2 vs Timepts 
Label left "Current (nA}" 
Label bottom "Time (s}" 
ModifyGraph mode=4,marker=8, rgb(VavgWave2}=(0,0,65535} 
SetAxis /A/E=l left 
Legend/C/N=legend0/J/F=2/A=RT "\\s(VavgWave} Prepulse\r\\s(VavgWave2) TestPulse" 

End 

//This function graphs the average current calculated from the prepulse data over the 
//time course of the experiment 

Description: GraphVavgWave plots the average pre and test pulse Ca2
+ current data over 

time, based on the knowledge that data acquisition occurs every 10 s when using the 
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prepulse voltage step paradigm. Note that the graph is customized from within the 

procedure to produce uniform graphs with the same axes, labels, legend, colors, etc. 

Procedure: AddTagstoGraph.ipf 

Purpose: AddTagstoGraph allows the user to identify selected points with a label to 

indicate information about the time course of the experiment, such as when a drug 

solution was applied. 

#pragma rtGlobals=l 
Function AddTagstoGraph() 

// Use modern global access method. 

End 

Variable tagnum 
NVAR gStartindex 

do 
String str = StrVarOrDefault ( "str", "Unlabeled Tag") 
Prompt str, "Enter name of tag" 
Variable num = NumVarOrDefault("num", 1) 
Prompt num, "Enter number of wave to tag" 
DoPrompt "Enter tag info",num,str 
if (V_Flag) 

break// If user presses cancel, exits loop 
endif 
tagnum = num-gStartindex //Corrects for prepulse data not starting at wave 1 
Tag/C/N=$("tag" + num2istr(num)) VavgWave, tagnum, str 

while (1) 

//This function allows the user to create tags for points on the time-cou~se graph 
//corresponding to events such as the switching on/off of drug solutions. The user ends 
//the function by pressing the ESC key or clicking the "Cancel" button at the prompt. 

Description: AddTagstoGraph adds a label to a user-selected data point for documenting 

important events over the course of the experiment. Note that the program creates a label 

based on the user-supplied information and can not verify the accuracy of the labeled 

information. Due to the numbering system inherit to Igor Pro, the first data point on any 

graph is referred to as point 0, not 1. Thus, this procedure accounts for any difference in 

the start of numbering data points, as well as correcting for the possibility that the first 

prepulse wave entered by the user may not be wl ( example: wl is a Ca2
+ ramp, w2-50 are 
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prepulse data. The user entered 2 and 50 as the range of prepulse data. In this example, 

w2 becomes point O on the graph). 

Procedure: StrMatch.ipf 

Purpose: StrMatch co~pares two strings to determine if they are equivalent and returns 

the result of the comparison. 

#pragma rtGlobals=l // Use modern.global access method. 

Function StrMatch(matchStr,str) //modified version of function downloaded from 
www.wavemetrics.com 

String matchStr,str 
Variable match= 1 
Variable startcount 0 
Variable endcount = strlen(str) - 1 
Variable starPos = strsearch(matchStr, 

if (starPos >= 0) // 
if (starPos == 0) 

matchStr[0,0] = 
else 

matchStr[starPos,999999] 
endif 

II* II 0) 
if a star is 
II at start 

II remove 
II at end 

II remove 

Variable length strlen(matchStr) 

if (length > 0) 

present in string 

star at start 

star and rest of pattern 

if (starPos == 0) // star at start, match must be at end 

End 

startcount = endcount - length+ 1 
else 

endcount 
endif 

else 
str 

endif 
endif 

length - 1 // star at end, match at start 

II so that "*" matches anything 

match= CmpStr(matchStr, str[startcount,endcount]) == 0 
// 1 if match; 0 if no match 

return match 

//This function compares two strings to decide if they are equal. An"*" is used as a 
//wildcard. This function is called by GraphTraces so that waves that start with the 
//same description are color-coded. 

Description: StrMatch is used by the procedure GraphTraces to determine if text entered 

by the user matches a predefined string, such as WIN or SR. This allows for color-
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coding of Ca2
+ current traces, such that any description entered by the user that starts with 

the characters in a predefined string are considered equivalent for labeling. 

Procedure: GraphTraces.ipf 

Purpose: GraphTraces allows the user to specify s~lect Ca2
+ current prepulse traces to be 

graphed for comparison. 

#pragma rtGlobals=l 
Function GraphTraces() 

// Use modern global access method. 

Variable loopindex=0 
Variable tagindex=140 
String Legendtextstring 

Make/O/T textwave 
do 

Variable num = NumVarOrDefault("num", 1) 
Prompt num, "Enter number of wave cq.rresponding to desired trace" 
String str = StrVarOrDefault("str", "control") . 
Prompt str, "Enter a description for trace" 
DoPrompt. "Enter traces for graphing",num,str 
textwave[loopindex] = str 
if (V_Flag) 

break// If user presses cancel, exits loop 
endif 

wave tempwave = $("w" + num2istr(num)) //creates a duplicate wave of the 
trace to be graphed 

tempwave = tempwave/1000 //converts units from picoamps to nanoamps 
rename tempwave, $("w" + num2istr(num) + "nA") //renames wave (ex. w7nA) 

if (loopindex==0) //graph is created for first trace 
Display $ ( "w" + num2istr (num) + "nA") as "Calcium Current Traces for" + 

Igorinfo(l) 
Tag/C/N=$("tagwave" .+ num2istr(num))/G=(65535,0,0) $("w" + num2istr(num) + "nA"), 

pnt2x ( $ ( "w" + num2istr (num) + "nA") , tagindex), str 
Legendtextstring 11 \s (w" + num2.istr (num) + "nA) w" + num2istr (num) + " " + str 

+ II \r" 
else //subsequent traces are appended to graph 

if (StrMatch("WIN*", str) == 1) 
AppendToGraph/C= ( 0, 0, 65280) $ ( "w" + num2istr (num) + "nA") / /color for WIN is 

blue 
Tag/C/N=$("tagwave" + num2istr(num))/G=(0,0,65280) $("w" + num2istr(num) + 

"nA"), pnt2x ( $ ( "w" + num2istr (num) + "nA") , tagindex), str 
Legendtextstring Legendtextstring + 11 \s(w" + num2istr(num) + "nA) w 11 + 

num2istr (num) + " " + str + "\r" 
else 

if (StrMatch("SR*", str) == 1) 
AppendToGraph/C=(0,39168,0) $("w" + num2istr(num) + "nA") //color for SR 

is green 
Tag/C/N=$( 11 tagwave" + num2istr(num))/G=(0,39168,0) $("w" + num2istr(num) + 

"nA"), pnt2x($ ( "w" + num2istr(num) + "nA"), tagindex), str 
Legendtextstring Legendtextstring + "\s(w" + num2istr(num) + "nA) w" + 

num2istr (num) + " " + str + "\r" 
else 
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if (StrMatch( 11 somat* 11
, str) == 1) 

AppendToGraph/C= (39168, 39168, 0) $ ( 11 w" + num2istr (num) + "nA") 
//color for somatostatin is gold 

Tag/C/N=$( 11 tagwave 11 + num2istr(num)) /G=(39168,39168,0) $("w 11 + 
num2istr (num) + "nA 11

), pnt2x ( $ ( "w 11 + num2istr (num) + "nA"), 
tagindex), str 

Legendtextstring = Legendtextstring + 11 \s(w 11 + num2istr(num) + "nA) w 11 

+ num2istr (num) + 11 
" + str + "\r 11 

else 
AppendtoGraph/C=(0,0,0) $( 11 w 11 + num2istr(num) + 11 nA") 

//all other descriptions are colored black 
Tag/C/N=$("tagwave" + num2istr(num)) $("w" + num2istr(num) + "nA"), 

pnt2x ( $ ( "w" + num2istr (num) + 11 nA") , tagindex), str 
Legendtextstring Legendtextstring + "\s(w 11 + num2istr(num) + "nA) w" 

+ num2istr (num) + " 11 + str + "\r 11 

endif 
endif 

endif 
endif 

loopindex +=1 
tagindex +=10 

while (1) 

End 

Label left "\\u#2Current (nA)" 
Label bottom "Time (s) 11 

Legend/C/N=textlegend/A=RC legendtextstring 

//This function graphs prepulse waves as input by user. The color of the trace and tag 
//of the wave will be altered depending on the descripton entered by the user. Control 
//is red; WIN is blue, SR is green, somatostatin is gold, anything else is black 

Description: GraphTraces prompts the user to input the desired prepulse waves to be 

graphed. For e_xample, if w5 corresponds to a predrug Ca2
+ current trace, wlO 

corresponds to a Ca2
+ current trace during WIN application and w 15 corresponds to a 

Ca2
+ current trace during SR application, then the user can enter these numbers with a 

brief description and the traces will be automatically graphed, color-coded and labeled. 

Note that the procedure can not verify the accuracy of the information entered by the user. 

If color-coding of additional drugs·(other than WIN, SR and somatostatin) is desired, the 

procedure must be edited to include the additional drug name and color. 
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Procedure: C_alculatePercentChange.ipf 

Purpose:. CalculatePercentChange calculates the perceri.t change in prepulse Ca2
+ current 

from two user-supplied time points. 

#pragma rtGlobals=l // Use modern global access method. 
Function CalculatePercentChange(VavgWave) 

Wave VavgWave 

NVAR gStartindex 
variable PercentChange, loopindex=0 
Wave tempwave 
String WaveNameString 

do 
Variable numl = NumVarOrDefault("wavel", 1) 
Prompt numl, "Enter number of the first wave for calculation of percent change" 
String strl = StrVarOrDefault("descriptionl", "control") 
Prompt strl, "Enter description for first wave" 
Variable num2 = NumVarOrDefault("wave2", 6) 
Prompt num2, "Enter number of the second wave for calculation of percent change" 
String str2 = StrVarOrDefault ( "description2", "WIN") 
Prompt str2, "Enter description for second wave" 
DoPrompt "Enter wave info for calculation",numl, strl, num2, str2 
if (V_Flag) . 

break// If user presses cancel, exits loop 
endif 

numl -= gStartindex 
num2 -= gStartindex 
PercentChange = (VavgWave[num2] - VavgWave[numl]) / VavgWave[numl] * 100 
WaveNameString = strl +"vs "+ str2 
Make/N=l/O $WaveNameString 
Wave tempwave = $WaveNameString 
tempwave[0] = PercentChange 
Print "Percent change of calcium current from wave",numl+gStartindex, 

" (", strl, ") to wave", num2+gStartindex, " (", str2, ") is", PercentChange, "%" 
if (loopindex == 0) 

Make/T descriptiontextwave 
descriptiontextwave[0] = Igorinfo(l) 
Edit descriptiontextwave, tempwave as "Calcium Current Percent Change" 

else 
AppendtoTable tempwave 

endif 
loopindex +=1 

while (1) 
End 

//This function prompts the user to enter two waves that the percent change is calculated 
//from. The resulting calculation is printed to the command history and copied to a 
//table. 

Description: CalculatePercentChange uses the average prepulse Ca2
+ current generated 

by Make VavgWave to calculate the percent change in Ca2
+ current between two points 

supplied by the user. For example, to calculate the percent change in Ca2
+ current by 
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WIN the user enters a wave corresponding to predrug levels of Ca current and a wave 

corresponding to Ca2
+ current during WIN application. The numerical data is stored as a 

separate wave, displayed in a table and copied into the history of the Command Window. 

Again, the procedure can not verify that the points selected by the user are appropriate. 

Note that as a consequence of the modular design employed, this procedure with slight 

modifications can be used to calculate the percent difference between any two data values 

within a wave file. 

Procedure: CalculateFacilitationRatio.ipf 

Purpose: CalculateFacilitationRatio calculates the ratio between the test pulse Ca2
+ 

current and the prepulse Ca2
+ current (i.e. facilitation ratio) for a user-supplied time point. 

#pragma rtGlobals=l // Use modern global access method. 
Function CalculateFacilitation(VavgWave, VavgWave2) 

Wave VavgWave, VavgWave2 

NVAR gStartindex 
Variable FacilitationRatio, loopindex=0 
Wave tempwave 
String WaveNameString 

do 
Variable num = NumVarOrDefault("wavel", 1) 
Prompt num, "Enter wave number for calculation of facilitation ratio" 
String str = StrVarOrDefault ( "descriptionl", "control") 
Prompt str, · "Enter description for first wave" 
DoPrompt "Enter wave info for calculation",num, str 
if (V_Flag) 

break// If user presses cancel, exits loop 
endif 

num -= gStartindex //Corrects for prepulse data not starting at wave 1 
FacilitationRatio = VavgWave2[num] / VavgWave[num] 
Print "Facilitation ratio at wave", num+gStartindex, " (", str, ") is", 

FacilitationRatio 
WaveNameString.= "Facilitation"+ str + "w" + num2istr(num+gStartindex) 
Make/N=l/O $WaveNameString 
Wave tempwave = $WaveNameString 
tempwave[0] = FacilitationRatio 
AppendtoTable tempwave //Adds facilitation calculation to table 
loopindex +=1 

while (1) · 
End 
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//This function calculates the facilitation ratio of a wave entered by the user, prints 
//the result to the command history window and adds it to the table containing percent 
//change calculations. 

Description: CalculateFacilitationRatio utilizes the average Ca2
+ current waves generated 

by MakeVavgWave and MakeSecondVavgWave to calculate the facilitation ratio at a 

given time point. The numerical data is stored as a separate wave, displayed in a table 

and copied into the history of the Command Window. With slight modifications, this 

procedure can be used to calculate the ratio between any two corresponding data points 

from two separate waves. 

Procedure: MakeLayout.ipf 

Purpose: MakeLayout automates the construction of a layout window ( for printing) 

containing analyzed dc.1ta and graphs generated by the DoAnalysis procedure. 

#pragma rtGlobals=l 

Function MakeLayout() 
String textboxstr 

// Use modern global access method. 

String layoutstr = StrVarOrDefault("layoutstr", "example: CBl control") 
Prompt layoutstr, "Enter title for layout" 
DoPrompt "Enter cell description for layout title", layoutstr 
textboxstr = Igorinfo(l) + "\r\t" + layoutstr 
NewLayout 
AppendLayoutObject graph Graph0 
AppendLayoutObject graph Graphl 
AppendLayoutObject table Table0 
TextBox/C/N=text0/A=MT textboxstr 

End 

//This function creates a layout for the graphs and tables generated during analysis. A 
//textbox is created for the layout containing the cell number (ex. 010101-A) and a 
//description provided.by the user. 

Description: MakeLayout creates a layout of the first and second graphs and the first 

table in the experiment file. Note that if DoAnalysis is started with pre-existing graphs or 

tables, these will be appended to the layout instead of the time course graph, Ca2
+ current 



190 

traces graph and table containing percent change and facilitation ratio data that is 

generated by DoAnalysis. 

Further information regarding the use of Igor Pro procedures and the specific 

built-in functions supplied with Igor Pro used in some of the preceding procedures can be 

found in the Igor Pro manual. 




