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ABSTRACT 

Lawrence C. Blume 

CANNABINOID RECEPTOR INTERACTING PROTEIN 1A (CRIP1A):  
EFFECTS ON CB1 RECEPTOR FUNCTION AND CELLULAR REGULATION. 

 

Dissertation under the guidance of Allyn C. Howlett, PhD 

Professor, Department of Physiology and Pharmacology, and Director, Integrative 
Physiology & Pharmacology Graduate Program 

 

Cannabis, or marijuana, is the most commonly used illicit drug in the United States.  The 

CB1 cannabinoid receptor (CB1R) has been extensively studied since the initial characterization 

of its involvement in mediating the psychotropic effects of marijuana.  CB1R is one of the most 

abundantly expressed G protein coupled receptors (GPCR) in the CNS and has been targeted 

therapeutically for multiple diseases; however side effect profiles for CB1R have posed difficulty 

in the development of clinically successful CB1R drugs.  The identification of GPCR interacting 

proteins has provided additional insight into the fine-tuning and regulation of numerous GPCR’s.  

The Cannabinoid Receptor Interacting Protein 1a (CRIP1a) binds to the extreme carboxy 

terminus of CB1R, and has been shown to alter CB1R-mediated neuronal function.  The 

mechanisms by which CRIP1a regulates CB1R activity and trafficking have not yet been 

identified; therefore the focus of this dissertation is to examine the cellular effects of CRIP1a on 

CB1R function and cellular trafficking. 

In order to better understand the cellular mechanisms involved in the regulation of CB1R 

by CRIP1a, novel neuronal transgenic CRIP1a over-expressing and knockdown clones of the 

N18TG2 cell lines were developed.  CRIP1a over-expression significantly reduced basal levels of 

CB1R cell surface expression, which was conversely increased by CRIP1a knockdown, even 

though neither modification of CRIP1a expression altered CB1R mRNA or total protein levels.  

CB1 agonists CP55940 or WIN55212-2 promoted rapid (<5 min) internalization of CB1Rs in a 
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dynamin and clathrin-dependent mechanism, which was attenuated by over-expression of 

CRIP1a.  β-arrestin punctate staining following CB1R agonist treatment was reduced by CRIP1a 

over-expression and increased by CRIP1a knockdown, suggesting CRIP1a attenuates β-arrestin-

driven CB1R internalization.  Prolonged treatment with WIN55212-2 reduced CB1R cell surface 

levels.  However, CP55940-mediated internalization was followed by a recovery of surface 

receptors (30-120 min) that was sensitive to cycloheximide, suggesting that new protein synthesis 

was required for re-establishing CB1R cell surface levels.  CRIP1a knockdown reversed 

WIN55212-2-induced CB1R down-regulation, and blocking de novo protein synthesis prevented 

this effect.  These studies are the first to demonstrate a role for CRIP1a in the regulation of 

agonist-induced, β-arrestin-driven CB1R internalization, and in cell surface CB1R equilibrium 

levels.  

CB1Rs modulate many diverse neuronal functions related to synaptic plasticity and 

neurogenesis.  Activation of CB1R leads to inhibition of Ca2+ channels, activation of the 

ERK/MAPK pathway, and reductions in PKA activity via inhibition of adenylyl cyclase.  

Experiments investigating the role of CRIP1a in regulating CB1R signaling and cellular 

proliferation indicate that CB1R-mediated basal levels of phosphoERK are significantly reduced 

in cells over-expressing CRIP1a, but enhanced in cells depleted of CRIP1a.  CP55940-stimulated 

concentration-effect curves for ERK phosphorylation appeared to have similar EC50 and maxima 

in WT and CRIP1a over-expressing cells.  However, knockdown of CRIP1a induced a robust 

increase in CP55940-stimulated ERK phosphorylation compared to WT cells.  cAMP dose-

response curves revealed that CRIP1a depletion enhanced CB1R signaling, as indicated by a 

robust increase in CP55940 potency.  Both MAPK and cAMP pathways are known to play 

functional roles in regulating cellular proliferation.  CRIP1a over-expression reduced doubling 

times in N18TG2 cells; however, knockdown of CRIP1a increased the rate of cellular 

proliferation. These experiments suggest that CRIP1a may play a role in regulating cellular 

proliferation, which might be related to changes in basal and agonist-mediated CB1R signaling.  
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The role of the cannabinoid system in the motivational effects of drugs of abuse is well 

known, and it is believed that CB1Rs mediate the rewarding properties of these drugs, in part by 

modulating dopamine release in the brains reward system.  In rat dorsal striatum, studies 

examining the interactions between cannabinoid and dopamine receptor systems showed that 

chronic reductions in either CB1R or D2R resulted in deficits in the gene and protein expression 

for the alternative receptor.  A unique and novel finding was that reductions in either CB1R or 

D2R resulted in a substantial increase in the expression of the CRIP1a, suggesting a role for 

CRIP1a in dopaminergic systems.  The observed deficits in CB1R and D2R activity was 

associated with decreased striatal phosphoERK, which was mimicked by over-expression of 

CRIP1a.  These studies suggest that mechanisms intrinsic to striatal medium spiny neurons or 

extrinsic via the indirect pathway adjust for changes in CB1R or D2R levels by modifying the 

expression and signaling capabilities of the alternative receptor as well as CRIP1a and the delta 

opioid system. 

A systematic understanding of the endogenous cannabinoid system and the regulation of 

CB1Rs is crucial for identifying how this system can be leveraged to generate new leads in 

diseases where cannabinoids have been implicated (i.e. drug abuse, appetite, pain, spasticity, and 

cancer).  Overall, the data and ideas generated from this dissertation will serve to advance the 

cannabinoid research field and the cellular mechanisms involved in the regulation of CB1R by the 

novel accessory protein CRIP1a. 
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INTRACELLULAR SIGNALING AND REGULATION BY ACCESSORY 
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Portions of this Chapter were published in Chapter 2: Lawrence C. Blume, Khalil M. 

Eldeeb, Allyn C. Howlett. (2014) Cannabinoid Receptor Intracellular Signaling: the Long 

Journey from Binding Sites to Biological Effects. Cannabinoids: Fifty Years of Research. 

DiMarzo, V., Editor, Wiley-Blackwell Publications. 
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1.1.  CANNABINOIDS, RECEPTORS, AND THEIR ASSOCIATED LIGANDS 

The use of Cannabis sativa, often referred to as marijuana (herbal form) or hashish 

(resin), has been documented as early as 1200 B.C., where it was used for religious ceremonies.  

Today cannabis is the most commonly used illicit drug in the United States (Seely et al., 2011).  

The spiritual and recreational use of cannabis is most likely attributed to the drug’s ability to 

induce euphoria and alter sensory perception, which is collectively coined as the drugs 

psychoactive properties.  Human consumption of cannabis as a medicinal treatment for ailments 

encompassing malaria, seizures, cramping, and pain associated with childbirth can be linked to 

Chinese cultures living during 2600 B.C. (Di Marzo, 2006).  During the 19th and 20th centuries the 

medicinal use of cannabis spread throughout Europe and the Americas; however growing 

concerns regarding the abuse potential of cannabis led to the Harrison Act of 1914, which 

grouped cannabis with other illicit drugs like cocaine and heroin.  This Act and the discovery of 

more efficacious drugs led to a significant demise in the marketing and use of cannabis in medical 

formulations.  As medicinal uses tailored off, there was a surge in the drug’s recreational use and 

as a result, in 1937 the U.S. government enacted legislation to deter cannabis consumption by 

passing the Marijuana Tax Act.  Soon after, individual states put laws into effect that prevented 

the use, possession or distribution of cannabinoid compounds.  However, in the 1960’s and 

1970’s an explosion of mainstream cannabis use hit the U.S. culture.  Since then, cannabis use 

continues to be high with roughly 50% of the United States population having used it at least 

once (Seely at al., 2011). 

Up until 1960 few modern scientific studies had been conducted on cannabis 

pharmacology.  In 1964, the principle psychoactive constituent in cannabis, Δ9-

tetrahydrocannabinol (THC), was isolated and identified in the Israeli laboratory of Dr. Raphael 

Mechoulam (Gaoni and Mechoulam, 1964).  Following the discovery of THC, a renewed interest 

in cannabinoids began, and over the next several decades a host of new THC-related compounds 

were isolated and synthesized.  During this time the general consensus within the scientific 
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community was that THC exerted its biological affects by diffusing across the cellular membrane 

due to the high lipophilic nature of cannabinoid compounds (e.g. partition coefficient and 

corresponding Log P [octanol]/[water] values for AEA and 2-AG are 6.31 and 8.01, respectively 

(Stanton et al., 2005)).  However, in mid 1980’s the Howlett laboratory found that a series of 

cannabinoid compunds were capable of inhibiting Gs-stimulated adenylyl cyclase in a pertussis 

toxin sensitive manner in a neuronal cell line (Howlett, 1984), suggesting that cannabinoids 

functioned through binding to a yet to be identified G protein coupled receptor.  These results and 

data from radioligand binding experiments identified a molecular target in the brain for THC, 

which became know as the cannabinoid 1 receptor (CB1R) (Devane et al., 1988).  Since then two 

types of cannabinoid receptors have been cloned (Matsuda et al., 1990; Gerard et al., 1990) and 

characterized, although additional cannabinoid receptor splice variants hCB1a (Shire et al., 1995; 

Rinaldi-Carmona et al., 1996) and hCB1b (Ryberg et al., 2005; Xiao et al., 2008) have been 

reported in the scientific literature.  

CB1Rs are located throughout the body, with the highest expression in the hippocampus, 

cerebellum, and basal ganglia of the central nervous systems (CNS) (Eggan and Lewis, 2007; 

Herkenham et al., 1991; Sim et al., 1996).  CB1Rs are involved in numerous physiological 

processes, including but not limited to energy balance, neuroprotection, neuronal excitability, and 

cellular differentiation and proliferation (see review Pertwee, 2006).  CB1Rs can also be found 

outside the CNS including the heart, liver, lungs, and tissue from the gastrointestinal tract.  

Whereas CB1R expression is widely distributed throughout the body, cannabinoid 2 receptors 

(CB2R) are primarily located in immune tissue (e.g. spleen and thymus gland), the gastrointestinal 

system, and in microglia of the CNS (Sylvaine at al., 1995, Cabral et al., 2008). 

The cannabinoid system is comprised of cannabinoid receptors, the endogenous 

cannabinoids (endocannabinoids) that interact with these receptors, and the enzymes that 

synthesize and degrade endocannabinoids (see review Howlett et al., 2002).  Cannabinoid ligands 

encompass all substance capable of engaging with cannabinoid receptors.  The first identified 
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endogenous ligand for CB1R was N-arachidonoyl ethanolamine or anandamide (AEA) (Devane et 

al., 1992), followed shortly after by the discovery of a second endogenous cannabinoid ligand, 2-

arachidonoylglycerol (2-AG) (Mechoulam et al., 1995; Sugiura et al., 1995).  Anandamide acts as 

a partial agonist and displays moderate selectively for CB1Rs, whereas the full agonist 2-AG 

binds to CB1R and CB2R with similar affinities (see review Pertwee et al., 2010).  The canonical 

view for the retrograde actions of the endocannabiod system involves the Ca2+-dependent on 

demand synthesis of anandamide and 2-AG from membrane phospholipids upon activation and 

depolarization of post-synaptic neurons (Brown et al., 2004; Hampson et al., 2003).  Anandamide 

synthesis proceeds through the N-acyl phosphatidylethanolamine-selective phospholipase D 

(NAPE-PLD) pathway, and pre-synaptic degradation is mediated by fatty acid amide hydrolase 

(Cravatt et al., 2001).  2-AG synthesis occurs through activation of Gq coupled receptors (e.g. 

mGLUR1 and mGLUR5), which initiates cleavage of phosphatidylinositol (4,5)-bisphosphate 

(PIP2) to phosphatidylinositol (3,4,5)-triphosphate (PIP3) and diacylglycerol.  Diacylglycerol is 

then enzymatically cleaved by diacylglycerol lipase (DAGL) to form 2-AG, while the enzymatic 

breakdown of 2-AG results from the actions of monoacylglycerol lipase (MAGL) (Bisogno et al., 

2003; Dinh et al., 2002).       

  In general, cannabinoid receptor agonists can be classified according to their chemical 

structures into four main groups: 1) classical (e.g. Δ9-THC; 2) nonclassical (e.g. the bicyclic 

analog CP55940); 3) aminoalkylindoles (e.g. R-(+)-WIN55212-2); 4) eicosanoids (e.g. 

anandamide and 2-arachidonylglycerol (2-AG)) (see review Pertwee et al., 2010).  The CB1R 

antagonists include the competitive antagonist with inverse agonist activities (i.e. reversal of basal 

non-ligand dependent activation) diarylpyrazole SR141716A, and its analogs PIMSR and 

VCHSR1, which are neutral competitive antagonists that lack inverse agonism at CB1R when 

administered alone (Maitra et al., 2011; Seltzman et al., 2012).  In animals, cannabinoid agonists 

produce a well-characterized combination of four behavioral symptoms: hypothermia, 

hypoactivity, analgesia, and catalepsy, which are measured through a battery of behavioral tests 
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collectively termed as the “tetrad” (Chaperon et al., 1994; Little et al., 1988).  Because the 

endocannabinoid system is widely distributed in the nervous system and peripheral tissues, the 

endocannabinoid system provides a potentially promising therapeutic target for a diverse number 

of diseases and disorders (Seely et al., 2011).  Currently, the CB1R agonist dronabinol 

(Marinol®) is used for treating chronic pain and nausea/vomiting associated with cancer 

chemotherapy, while Sativex® is a cannabis derived oromucosal spray containing equal 

proportions of Δ9-THC, a partial CB1R agonist, and cannabidiol (CBD) a non-euphoriant, anti-

inflammatory analgesic with CB1R antagonist and endocannabinoid modulating effects. Sativex® 

has gained Canadian approval for the treatment of central neuropathic pain in multiple sclerosis 

(2005) and for intractable cancer pain (2007) (Grotenhermen et al., 2012; Russo et al., 2008).  

Unfortunately, as history has shown the vast majority of cannabinoid-based theraputics have been 

clinically unsucessful as therapeutically relevant doses produce unacceptable psychiatric effects.  

Furthermore, similar to other drug ligands, the chronic administration of cannabinoid agonists 

leads to the development of tolerance, which in part is related to receptor down-regulation 

(Rodriguez et al., 2001) and desentization (Sim et al., 1996).  Therefore, emerging opportunities 

for targeting the endocannabioid system have focused on peripherally restricted molecules and 

entities like FAAH and MAGL inhibitors to modulate the basal and/or constitutive activity of the 

receptor. 

  

1.2.  CB1R CELLULAR LOCALIZATION AND SIGNAL TRANSDUCTION 

CB1R expression in mammalian brains is much higher than other known GPCRs, and 

rivals density levels for well-known receptors such as glutamate (Greenamyre et al., 1984) and 

GABA  (Bowery et al., 1987).  Densitometry analysis of autoradiographs shows that CB1R 

expression is greatest in the globus pallidus, substantia nigra pars reticulate, cerebral cortex, and 

the molecular layers of the cerebellum and dente gyrus of the hippocampus (Herkenham, 1995).  

Additionally, it appears that within theses regions the expression density of CB1R’s are highly 
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conserved among humans and other species (i.e. monkey, rat, and dog), suggesting from and 

evolutionary standpoint that CB1Rs are important for proper functioning of these brain regions.  

In support of this and based on the location of CB1Rs in the CNS, it is no surprise that alterations 

in endocannabinoid functioning result in disorders associated with cognitive impairment, learning 

and memory, movement, and alterations in sensory perception and psychomotor skills (Ameri, 

1999; Hollister, 1986; Mechoulam, 1999). 

At the cellular level, immunocytochemistry studies show a predominant CB1R 

localization within axon terminals and neuritic extensions, implicating the presence of CB1Rs at 

presynaptic termini and providing support for the receptors established role in regulating 

presynaptic neurotransmitter release through hyperpolarization of terminal buttons (Pettit et al., 

1998).  Broadly, it appears the vast majority of CB1Rs in the brain are associated with 

GABAergic nerve endings, with a smaller percentage localized to glutamatergic cells (Marsicano 

et al., 1999); however, emerging data continue to change our knowledge of cell type specific 

CB1R distribution.  

As is the case with other GPCRs the cell surface exposure of CB1R to both endogenous 

and exogenous ligands is a fundamental component in determining the overall responsiveness and 

extent of receptor signaling in a given cell type.  One way receptor activity can be controlled is by 

the mechanism of endocytosis, whereby agonist-activated receptors are rapidly and reversibly 

silenced through removal from the cell surface.  Following endocytosis, individual receptors are 

targeted for sorting into divergent post-endocytic pathways that confer distinct effects on cell 

signaling.  It appears that the post-endocytic trafficking of CB1Rs is affected by the ligand’s 

structure and efficacy, as well as the duration of ligand exposure (see review Rozenfeld, 2011).  

For example, acute agonist stimulation (≤15 min) results in receptor internalization and the 

subsequent endosomal recycling and trafficking of the receptor back to the plasma membrane.  

This process serves to restore CB1R responsiveness.  Alternatively, chronic exposure to CB1R 

agonists (≥120 min) results in targeting of internalized receptors to the lysosomal sorting pathway 
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for receptor degradation.  Studies on CB1R trafficking has revealed that the delivery of receptors 

to these pathways is highly organized (see review Rozenfeld, 2011), and accumulating evidence 

suggests that complexities in CB1R sorting are regulated by a myriad of CB1R accessory proteins, 

which alter CB1R localization and activity, and consequently cellular responses (see reviews 

Howlett et al., 2010; Smith et al., 2010). 

 As discussed earlier CB1R is predominately expressed at the presynaptic cell membrane of 

axon terminals in the brain.  CB1R plasma membrane expression in primary neuronal cultures is 

associated with axonal processes (Coutts et al., 2001; Leterrier et al., 2006; McDonald et al., 

2007), which can also be observed in endogenously-expressing (McIntosh et al., 1998; Graham et 

al., 2006) and transfected (Rinaldi-Carmona et al., 1998; Hsieh et al., 1999; Leterrier et al., 2004) 

cell lines.  However, in the brain (Hanyaloglu et al., 2008; Pettit et al., 1998) as well as in each of 

these cell systems, a significant proportion of CB1R is located in ‘‘intracellular pools’’ in the 

cytoplasm.  In both transfected cells and those that endogenously express CB1R, this intracellular 

pool displays only minimal co-localization with protein synthesis-associated organelles (Leterrier 

et al., 2004; Rozenfeld and Devi, 2008).  This observation combined with the ability of the 

receptor to constitutively endocytose (Leterrier et al., 2004) correlates with results from studies 

that examined other GPCRs that exhibit similar phenotypes (Parent et al., 2001; Marion et al., 

2004).  Collectively these data suggest that intracellular pools of CB1Rs serve as a reservoir of 

constitutively internalized receptors.  This reservoir may function as a source from which surface 

CB1R is replenished to replace internalized receptor (Leterrier et al., 2004), suggesting that CB1R 

exhibits a recycling phenotype.   

CB1R cellular distribution during ligand-free as well as agonist and antagonist/inverse-

agonist conditions has been extensively studied.  Comparison of native vs. transfected CB1Rs in 

cultured hippocampal neurons using confocal microscopy revealed that both receptors displayed a 

predominant intracellular co-localization with immunopositive endosomal vesicles; however, 

CB1R localization in the axonal region revealed that the majority of immunostaining occured at 
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the plasma membrane (Leterrier et al., 2006).  Leterrier and colleagues provided additional 

evidence for the location specific discrepancies in CB1R staining, and demonstrated that the 

axonal targeting of CB1R was a consequence of constitutive internalization and trafficking of the 

receptors from the somatodendritic region.  Furthermore, the cell surface expression of CB1R has 

varied considerably among studies, and as such appears to be a result of multiple factors 

including, but not limited to, differences in cell types, the means of CB1R expression (native vs. 

transfected), and location of receptor tags (N versus C-terminus) (see review Rosenfeld, 2011).  

For example, in primary neurons endogenous CB1R is predominantly located intracellularly; 

however in cultured AtT20 and HEK293 cells, CB1R co-localizes at the plasma membrane as 

well as within intracellular vesicles (Rozenfeld and Devi, 2008; D’Antona et al., 2006).  Follow-

up work in HEK293 cells indicated that newly synthesized N-terminally tagged CB1Rs do not 

traffic to the plasma membrane, but are rather continuously degraded (Grimsey et al., 2010).  In 

contrast, de novo syntheses of CB1Rs with a C-terminal eGFP tag are targeted to the plasma 

membrane where they undergo constitutive internalization and membrane recycling.  These 

studies illustrate that the model system as well as the locational tag placement dramatically 

influences CB1R trafficking and cellular localization.  

CB1Rs utilize multiple mechanisms to exert changes in intracellular ion concentrations 

and the activation of various signal transduction pathways.  CB1Rs predominantly couple to 

pertussis toxin-sensitive Gi/o proteins leading to inhibition of adenylyl cyclase, activation of L, N, 

P and Q-type calcium channels, G protein-coupled inwardly-rectifying potassium channels 

(GIRKs), activation of focal adhesion kinase, adenylyl cyclase (AC), and mitogen-activated 

protein kinases (MAPK) including ERK1/2 (see reviews by Howlett, 2002 and 2005).  Within the 

Gi/o family of protein there are four subtypes: Gαi1, Gαi2, Gαi3, and Gαo (Albert and Robillard, 

2002).  Peptides mimicking specific regions of CB1R’s C-terminus or intracellular loop 3 have 

demonstrated a preference in binding of specific G proteins to different regions of CB1R; Gαi1 

and Gαi2 interact with the third intracellular loop of CB1R (Mukhopadhyay et al., 2000; 
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Mukhopadhyay and Howlett, 2001) and Gαi3 and Gαo interact within the C-tail domain  

(Mukhopadhyay et al., 2000).  Additionally, specificity in G protein activation appears to occur in 

a ligand-dependent manner.  Co-immunoprecipitated (Co-IP) experiments using detergent 

solubilized CHAPS (3-[3(-cholamindopropyl) dimethylammonio] propanesulfonate) membranes 

indicated that WIN55212-2 activates all three Gαi substypes to the same extent (i.e. Gαi1, Gαi2, 

Gαi3), but does not maximally activate Gαio (Mukhopadhyay and Howlett, 2005).  

Methanadamide (mAEA) stimulated Gαi3, but acted as an inverse agonist for Gαi1 and Gαi2, 

while the CB1R antagonist/inverse agonist SR141716A acted as an inverse agonist at all three G 

protein subtypes (Mukhopadhyay and Howlett, 2005).  In summary, it appears that upon binding, 

CB1R ligands can induce differences in receptor conformational changes, which leads to the 

coupling and activation of specific G protein molecules (Glass and Northup, 1999). 

Once activated, CB1Rs are able to mediate independent signaling through both the Gα 

and βγ subunit.  In neuroblastoma cells CB1R inhibition of voltage-gated Ca2+ channels, and 

activation of G protein coupled inwardly rectifying K+ channels (GIRK) is a result of βγ 

dissociation from activated Gαi/o proteins (see review Howlett, 2005; Guo et al., 2004; Pan et al., 

1996 and 1998).  CB1R’s are well know for their ability to reduce cyclic AMP accumulation 

through activation of Gαi/o proteins and inhibition of AC (types 1, 3, 6, and 8) activity (Glass and 

Northup, 1999); however, it has also been reported that CB1R can signal through βγ-mediated 

mechanisms to enhance the activity of certain AC isoforms (types 2, 4, and 7) (Rhee et al., 1998 

and 2000).  Another well characterized signaling affect of CB1Rs is the downstream activation of 

the MAPK pathway, which has been reported in both native and transfected CB1R model systems 

(Bouaboula et al., 1995; Guzman et al., 1999; Sanchez et al., 1998).  Extensive research into 

CB1R-mediated activation of extracellular signal-regulated kinase 1/2 (ERK1/2 or p42/p44 

MAPK) indicates a requirement for Gαi/o and the dissociation of the βγ subunit.  However, it 

appears that the Gα-βγ complex is capable of activating multiple downstream effectors including 

phosphatidylinositol-3-kinase (PI3K), protein kinase B (PKB or Akt), protein kinase C (PKC), 
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and transactivation of growth factor receptors to regulate MAPK signaling (see review Dalton et 

al., 2009).  Emerging evidence suggests a role for β-arrestin scaffolding to activated CB1Rs in the 

regulation of ERK1/2 signaling (see review Howlett et al., 2010).        

CB1R-mediated stimulation of nitric oxide production (NO) through neuronal and 

endothelial nitric oxide synthase (nNOS and eNOS, respectively) has been described for a variety 

of tissues and cells (Jones et al., 2008; Fimiani et al., 1999; Stefano et al., 1998).  In mouse 

neuroblastoma cells cannabinoid stimulation leads to cyclic GMP production and the activation 

and translocation of NO-sensitive guanylyl cyclase from the cytosol to plasma membrane (Jones 

et al., 2008).  However, other studies suggest that CB1R activation reduces NO production 

through inhibition of cyclic AMP and PKA, which has been hypothesized as a mechanism 

involved in CB1R-mediated neuroprotection following inflammatory responses (Jeon et al., 1996; 

Kim et al., 2006; Stefano et al., 1998). 
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Figure 1.1.  Schematic overview of CB1R-mediated regulation of signal transduction.  

CB1R’s utilize multiple mechanisms to mediated changes in intracellular ion concentrations and 

signal transduction pathways.  CB1R’s independently signaling through both the Gα and βγ 

subunit.  For example, activation of CB1R on pre-synaptic neurons leads to neuronal 

hyperpolarization through inhibition of voltage-gated Ca2+ channels, and activation of G protein 

coupled inwardly rectifying K+ channels, both activities result from βγ dissociation from activated 

Gαi/o proteins.  Agonist-mediated activation of CB1R’s reduces cyclic AMP accumulation through 

activation of Gαi/o proteins and inhibition of adenylyl cyclase (AC).  Furthermore, activated 

CB1R’s enhance the downstream activation of the extracellular signal-regulated kinase 1/2 

(ERK1/2 or p42/p44 MAPK) pathway, which appears to require Gαi/o and the dissociation of the 

βγ subunit (see pages 8-10 for complete signaling review). 
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1.3.  FUNCTIONAL ROLE OF CB1R ACCESSORY PROTEINS 

GPCR ligand activity induces receptor specific conformational changes that result in the 

initiation of specific effector signaling transduction pathways.  Although G protein binding is a 

key component in GPCR signaling, it is now well appreciated that other modulatory proteins are 

involved in receptor activity-dependent signaling.  GRKs and β-arrestins are the two most 

characterized protein families known to have a central role in the signaling and desensitization of 

activated GPCRs (Lefkowitz and Shenoy, 2005).  Dampening and attenuation of GPCR-mediated 

signaling starts as a result of agonist-promoted receptor phosphorylation on serine and threonine 

residues located predominantly on the C-terminus, and to a lesser extent on the receptor’s 

intracellular loop 3 (Shenoy and Lefkowitz, 2003).  To date, seven different vertebrate GRK 

kinases have been described, all having a similar mechanism of action in the rapid 

phosphorylation-dependent deactivation of GPCRs (reviewed in Gurevich et al., 2012).  GRK-

mediated homologous desensitization of GPCRs acts as a recruitment signal, targeting the 

activated GPCR for high affinity binding by β-arrestin 1 and 2.  Recruitment of β-arrestins 

occludes receptors from interacting with G proteins, and leads to the process of receptor 

desensitization.  Besides disrupting G protein binding, β-arrestins play an important role in 

ligand-mediated receptor endocytosis by functioning as a scaffold for the binding of the endocytic 

machinery proteins clathrin and adapter protein 2 (AP-2) (Lefkowitz and Shenoy, 2005).  

Furthermore, scaffolding of internalized GPCRs to β-arrestin appears to function as a 

“signalsome”, which serves to modulate the duration, intensity and specificity of cellular 

signaling to the MAPKs and JNK3 (reviewed in Shenoy and Lefkowitz, 2003).  This two-step 

paradigm of GPCR inactivation and desensitization of receptor signaling serves a critical role in 

regulating the cellular responses elicited by various GPCR ligands.  

1.3.1.  CB1R Association with GRKs and β-arrestins 

The cytoplasmic regions of GPCRs are involved in G protein binding, desensitization, 

and cellular trafficking.  The level and duration of GPCR signaling activity is regulated by the 
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two distinct processes of desensitization and endocytosis (Dromey et al., 2008).  GPCR 

desensitization begins within seconds of agonist exposure and involves phosphorylation of 

agonist-activated receptors by GPCR kinases (GRKs).  β-arrestin 1 and β-arrestin 2 immediately 

bind to the agonist-occupied, phosphorylated GPCR, which prevents G-protein-mediated signal 

transduction, while the GPCR-arrestin complex associates with clathrin to initiate GPCR 

endocytosis.  In addition to attenuating GPCR signaling to G proteins and mediating GPCR 

internalization, β-arrestins function as scaffolds in GPCR-mediated endosome-based signaling 

pathways. 

The distal C-terminus of CB1R has been implicated as a key regulator in CB1R 

desensitization and internalization (see Fig. 1).  In Xenopus laevis oocytes, the co-expression of 

GRK3 and β-arrestin 2 reduced CB1R-mediated desensitization of GIRK channels (Jin et al., 

1999).  In addition, transfection of dominant negative GRK2 and β-arrestin constructs into 

hippocampal neurons reduced desensitization of CB1R-mediated inhibition of glutamatergic 

neurotransmission (Kouznetsova et al., 2002).  In AtT20 cells, mutagenesis and truncation studies 

implicate serines 426 and 430 as essential in the agonist-promoted desensitization of the CB1R by 

β-arrestin 2 (Daigle et al., 2008b; Hsieh et al., 1999).  Interestingly, truncation of CB1Rs distal C-

terminus (V460Z), and subsequent removal of a cluster of six serine and threonine putative 

phosphorylation sites, prevented CB1R internalization in AtT20, but not HEK293 cells (Daigle et 

al., 2008b; Hsieh et al., 1999).  Inhibition of CB1R internalization in HEK293 cells required 

mutation of four or more of these putative phosphorylation sites (T461A through T466A), and 

was abolished when all six sites were mutated (T461A through S469A) (Daigle et al., 2008b).  

Additionally, confocal microscopy shows a rapid (1-5 min) and robust recruitment of β-arrestin 2 

to activated CB1Rs in CB1R internalization-competent AtT20 and HEK293 cells (Daigle et al., 

2008b).  However, the recruitment of β-arrestin 2 to internalization-competent mutant receptors 

(V460Z, T461A/S463A, S465A/T466A, T468A/S469A) was 3-6 times slower than full-length 
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wild-type receptors (Daigle et al., 2008b).  Based on differences in the kinetics of recruitment for 

β-arrestin 2 to truncated or mutated CB1Rs, Diagle and colleagues postulated that mutation in the 

distal C-terminus may induce conformational changes in CB1R that reduce β-arrestin 2 binding 

affinity, and/or β-arrestin 2 is being recruited not directly to the receptor but rather to the 

machinery required for endocytosis (i.e. clathrin or AP-2).  In addition, it was recently 

demonstrated in HeLa and Neuro-2A model systems, where using bioluminescence resonance 

energy transfer (BRET) and confocal microscopy, that agonist-promoted CB1R internalization 

was prevented with siRNA-mediated depletion of β-arrestin 2 and clathrin heavy chain 

(Gyombolai et al., 2013).  Furthermore, agonist-promoted CB1R endocytosis requires β-arrestin 2, 

but constitutive receptor internalization is dependent on expression of β-arrestin 1 (Gyombolai et 

al., 2013).  Therefore, it appears that β-arrestins 1 and 2 selectively serve differential roles in 

regulation of CB1R internalization. 

In vivo, the involvement of β-arrestin 2 in the desensitization and/or down-regulation of 

the CB1R in the brain appears region specific, as repeated ∆9-THC administration in brain 

sections from cerebellum, caudal periaqueductal gray, and spinal cord show deficits in 

desensitization of CP55940-stimulated GTPγS binding (Nguyen et al., 2012).  Likewise, 

induction of tolerance to cannabinoids through chronic ∆9-THC treatment enhanced the 

expression of GRK2 and 4, and β-arrestins 1 and 2 in certain mouse brain regions (Rubino et al., 

2006), thus offering support for GRKs and β-arrestins in the regulation of CB1Rs.  Moreover, the 

up-regulation of these GPCR accessory proteins by CB1R activation in the striatum and 

cerebellum were ERK-dependent; however, an ERK- independent up-regulation in GRK and β-

arrestin was shown in the hippocampus.  ∆9-THC-mediated behavioral effects of hypothermia 

and antinociception are robustly enhanced in β-arrestin 2 knockout mice (Breivogel et al., 2008; 

Nguyen et al., 2012); however, treatment with CP55940 or methanandamide showed no effect of 

β-arrestin 2 knockout on hypothermia or antinociception, suggesting ligand specificity of β-

arrestin 2 in modulating acute CB1R signaling (Breivogel et al., 2008). 
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Although the studies referenced above strongly indicate a function for GRKs and β-

arrestin 2 in agonist-mediated CB1R desensitization and internalization, little evidence exists for 

direct binding (e.g. co-immunoprecipitation) of these proteins to the CB1R.  Utilizing NMR 

techniques, Bakshi et al. reported binding of β-arrestin 2 with a synthetic peptide mimicking 

residues 419-439 of CB1R (Bakshi et al., 2007).  More recently, BRET analysis, which provides 

direct evidence of close proximity, found only weak interaction between green fluorescent protein 

(GFP)-β-arrestin 2 and CB1R-Rluc labeled proteins, indicating that β-arrestin 2 and CB1R may 

form a transient and low affinity interaction (Vrecl et al., 2009). However, careful consideration 

of these studies should be taken as tagging CB1R on its N or C-terminus has significant impact on 

receptor function and may not represent the true physiological behavior of the receptor (see 

review Rozenfeld, 2011).  Ultimately, in-depth studies will be needed in native CB1R-expression 

systems to identify the phosphorylation-dependent residues and structural motifs required for 

constitutive and agonist-mediated CB1R internalization. 

1.3.2.  Regulation of CB1R Lysosomal Sorting: Emerging Roles for AP-3 and GASP1 

The post-endocytic sorting and trafficking of GPCRs serves a critical role in mediating 

cellular responses to external stimuli. Vesicle sorting is primary controlled by the expression of 

the adaptor proteins (AP), which directly interact with clathrin-coated vesicles to facilitate vesicle 

budding and the compartmentalization of endocytic cargo complexes (reviewed in Ohno, 2006).  

Adaptor protein complexes are heterotetrameric proteins consisting of two large subunits (β and 

one of γ, α, δ, or ε), a medium subunit (µ), and a small subunit (σ).  Currently, there are four 

characterized adaptor proteins (AP1-4) in eukaryotes, each of which mediates a distinct step in 

membrane trafficking (Robinson and Bonifacino, 2001).  Although each AP complex appears to 

have a distinct sub-cellular localization and function in vesicle trafficking, all of the AP 

complexes are involved in the trafficking of vesicles from the trans-Golgi network (Robinson and 

Bonifacino, 2001). 
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CB1R co-localization with lysosomes has been reported in the past (Grimsey et al., 2010; 

Rozenfeld and Devi, 2008), but the mechanisms responsible for the trafficking and accumulation 

of CB1Rs within lysosomes has remained largely elusive.  To date, only AP-3δ has been 

implicated in the trafficking and lysosomal targeting of CB1Rs (Rozenfeld and Devi, 2008).  In 

mouse Neuro2A cells, confocal imaging revealed that CB1R predominantly localize to 

intracellular compartments where they exhibit partial co-localization with AP-3δ, a protein 

important in the clathrin-dependent endocytosis and trafficking of internalized vesicles to early 

endosomes, but not AP-2 (Rozenfeld and Devi 2008).  Co-immunoprecipitation studies with an 

anti-CB1R N-terminal antibody revealed the presence of both immunoreactive CB1R and AP-3δ 

in Western blots of CB1R immunoprecipitants.  This co-immunoprecipitation could be abolished 

with siRNA-mediated knockdown of CB1R, suggesting that these proteins interact in cultured 

neuronal cells (Rozenfeld and Devi, 2008).  Furthermore, in primary hippocampal neurons and 

Neuro2A cells, CB1R and AP-3δ co-localize with the lysosomal marker Lysotracker (Rozenfeld 

and Devi, 2008).  These data suggest a function for AP-3δ in regulating CB1R sorting from 

endosomal to lysosomal organelles. 

CB1R down-regulation and the development of tolerance result in the progressive 

decrease in the analgesic effects of cannabinoid therapeutics (De Vry J. et al., 2004; Rubino et al., 

2005; Gonzalez et al., 2005).  Loss in CB1R protein levels, particularly at the cell surface, is a key 

underlying cellular change responsible for the development of tolerance.  The majority of 

cannabinoid agonists when administered over continuous periods of time reduce the number of 

available CB1Rs (Gonzalez et al., 2005; Sim-Selley et al., 2006).  Moreover, both constitutive and 

agonist-mediated CB1R internalization can divert the surface recycling of CB1Rs into the 

degradation pathway (Grimsey et al., 2010).  Because GPCR synthesis is an energy intensive 

process, it was previously thought that down-regulation and proteasome degradation of CB1Rs 

were mainly a consequence of prolonged agonist exposure.  However, the molecular mechanisms 

controlling CB1R down-regulation and the development of tolerance following prolonged agonist 
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exposure appear to involve a complex network of regulatory proteins.  In 2002, Whistler and 

colleagues reported the discovery of a protein named GPCR-associated sorting protein (GASP), 

and showed it to be involved in sorting δ-opioid receptors to lysosomes (Whistler et al., 2002).  

GASPs are large proteins (~170 kDa) containing 10 family members (GASP-1 to GASP-10) 

(Simonin et al., 2004), which have since been characterized to participate in the post-endocytic 

sorting of multiple GPCRs through binding to the receptor’s C-terminus (Bartlett et al., 2005; 

Heydorn et al., 2004; Simonin et al., 2004). 

CB1R and GASP1 co-immunoprecipitate together from rat brain lysates and HEK293 

membrane homogenates (Tappe-Theodor et al., 2007; Martini et al., 2007). The CB1R-GASP1 

association has also been confirmed with pull-down assays using a glutathione-S-transferase 

(GST)-CB1R-Helix 8 peptide fusion protein (Martini et al., 2007).  Although there is direct 

evidence for the CB1R-GASP1 interaction, attempts to define the key binding residues have been 

unsuccessful. GST pull-down assays using peptides mimicking the last 14 amino acids of the 

CB1R co-isolated GASP1 in vitro (Martini et al., 2007); however, GASP1 was found to co-

immunoprecipitate with a CB1R mutant lacking the last 13 residues (Tappe-Theodor et al., 2007), 

suggesting that the last 14 residues of CB1R are sufficient, but not necessary for GASP1 binding.  

In HEK293 cells, truncation of CB1R residues within the predicted GASP1 binding motif (V460Z 

or V464Z) attenuates agonist-promoted CB1R internalization (Hsieh et al., 1999).  Because 

experiments using these same mutants in HA-epitope-tagged CB1R co-immunoprecipitations 

results in GASP1 binding (Tappe-Theodor et al., 2007), it appears that GASP1 is not involved in 

CB1R internalization.  In support of this, introduction of a dominant-negative GASP1 into CB1R-

stably transfected HEK293 cells or primary spinal neurons did not alter basal surface expression 

or WIN55212-2-induced internalization rates for CB1R (Tappe-Theodor et al., 2007). 

Initial studies indicate that GASP1 functions as a molecular adaptor that facilitates the 

post-endocytic sorting of agonist-internalized CB1Rs to the lysosomal degradation pathway. 

Confocal microscopy studies in HEK293 cells stably expressing EGFP-CB1Rs reveal that 
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prolonged (>60 min) WIN55212-2 stimulation caused a co-localization of CB1R with lysosomal-

positive vesicles (Tappe-Theodor et al., 2007).  A viral vector-induced dominant-negative GASP1 

completely abolished the accumulation of CB1R into lysosomes following prolonged WIN55212-

2 treatment, and enhanced the membrane recycling of the CB1R (Tappe-Theodor et al., 2007).  

Furthermore, in cultured neonatal rat spinal cord neurons, a loss of CB1R in the soma and neuritic 

extensions was detected only after 6 hours of continuous exposure to a relatively high 

concentration of WIN55212-2 (1.5 µM).  Although the time course for WIN55212-2-promoted 

CB1R cell surface loss differed between HEK293 and spinal neurons, the viral delivery of a 

dominant-negative GASP1 reduced the co-localization of CB1R with lysosomes, demonstrating a 

role for GASP1 in the down-regulation of CB1Rs from their plasma membrane compartments 

under conditions of prolonged receptor activation (Tappe-Theodor et al., 2007). 

In vivo, GASP1 knock-out mice show attenuation in CB1R down-regulation after 

repeated dosing of WIN55212-2, which appears to manifest itself through reductions in the 

development of tolerance (Martini et al., 2007).  Moreover, in the dorsal horn of mouse spinal 

cord, a seven day treatment with WIN55212-2 requires GASP1 for the down-regulation of CB1R, 

as a viral-delivered GASP1 inactive mutant increased CP55940 autoradiographic density by 

~35%, when compared to wild-type neurons (Tappe-Theodor et al., 2007).  Although the majority 

of work to date points to a role for GASP1 in lysosome targeting of GPCRs, recent studies in 

GASP1 knock-out mice have challenged this hypothesis by implicating GASP1 in the acute and 

chronic behavioral responses induced by cocaine, suggesting GASP1 may serve a more diverse 

role in cellular function (Boeuf et al., 2009).  Experiments in C57Bl/6 GASP1 knock-out mice 

have shown that genetic deletion of GASP1 reduces Bmax binding values for D1R and D2R 

dopamine receptors in animal paradigms of cocaine self-administration, but no notable 

differences were observed from wild-type in control or animals exposed to a cocaine-sensitization 

protocol (Boeuf et al., 2009).  Based on the current understanding of GASP1 function, these 
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studies raise into question the possibility that GASP1 serves a more diverse cellular function than 

simply regulating delivery of GPCRs to the lysosomes for degradation. 

1.3.3.  CB1R Interaction with the Cannabinoid Receptor Interacting Proteins (CRIP1a and b) 

Studies investigating the role of the CB1R C-terminus in constitutive activity were 

responsible for the identification of the CB1R accessory proteins CRIP1a and b.  Nie and Lewis 

reported that removal of the last 55 residues of CB1R enhanced tonic-inhibition of Ca2+ influx via 

voltage-gated channels in superior cervical ganglion (SCG) neurons (Nie and Lewis, 2001).  The 

authors hypothesized that these residues were important in maintaining the CB1R in an inactive 

conformation through the binding of yet identified proteins (Nie and Lewis, 2001).  Utilizing the 

last 55 residues of the human CB1R (418-472) as bait, a yeast two-hybrid screening assay from a 

human brain cDNA library was employed to identify potential CB1R binding proteins.  This led 

to the discovery of the Cnrip1 gene located on human chromosome 2 and the identification of two 

novel proteins termed cannabinoid receptor interacting protein 1a and 1b (CRIP1a and CRIP1b) 

(Niehaus et al., 2007).  The Cnrip1 gene encodes 3 exons that undergo alternative splicing in the 

3rd exon to generate the 164 and 128 amino acids proteins CRIP1a and CRIP1b, respectively 

(Niehaus et al., 2007).  Sequence analysis of Cnrip1 in human, rat, and mouse suggest that 

CRIP1a is highly conserved among vertebrate species.  Whereas, CRIP1b appears to be a recently 

evolutionary emergence as it appears only in primates. 

Isolation of CRIP1a and b using a GST-CB1R C-terminus fusion protein, and co-

immunoprecipitation with CB1R from CHAPS solubilized rat membrane fractions, demonstrates 

a direct binding between the CRIP1a proteins and the CB1R (Niehaus et al., 2007) (see Fig. 1).  

Additionally, pull-down assays employing deletion mapping of the CB1R’s C-terminus revealed 

the last 9 residues of the C-terminus as the minimum required for CRIP1a/b binding (Niehaus et 

al., 2007).  Furthermore, amino and C-terminal truncation studies indicate that both CRIP1 

isoforms require amino acids 34–110 (comprising exons 1 and 2) to interact with the CB1R 

(Niehaus et al., 2007).  Microinjection of plasmids containing HA-CB1R and FLAG-CRIP1b 
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cDNA in SCG neurons show that CB1R and CRIP1a co-localize at the plasma membrane, and 

appear to traffic to the same sub-cellular compartment (Niehaus et al., 2007). 

A major distinction between the CRIP1 isoforms is the ability of CRIP1a to reverse CB1R 

receptor-mediated constitutive inhibition of N-type Ca2+ channels in SCGs, which was not 

observed with CRIP1b (Niehaus et al., 2007).  Co-expression of CRIP1a with the CB1R 

attenuated SR141716A-stimulated, but not WIN55212-2-mediated inhibition of Ca2+ current 

traces in HEK293 and CHO cells, suggesting that CRIP1a functions as a negative modulator of 

CB1R constitutive activity.   

The first investigation into CRIP1a function in human brain involved analysis of 

endocannabinoid expression in post-mortem human epileptic patients, where Ludanyi and 

colleagues (Ludanyi et al., 2008) hypothesized that alterations in the endocannabinoid system 

might serve a role in epilepsy pathology.  Comparison of human post-mortem hippocampal tissue 

from healthy and epileptic patients revealed reductions in the transcript levels of CB1R in both 

sclerotic and non-sclerotic epileptic tissue, whereas CRIP1a reductions were only observed in 

sclerotic tissue (Ludanyi et al., 2008).  Of interest is the finding that the transcript levels of 

CRIP1b were unchanged in epileptic tissue, therefore it is possible that the pathogenesis or 

response to epilepsy might involve alterations between CB1Rand CRIP1a, but not CRIP1b 

(Ludanyi et al., 2008).  In line with a possible anticonvulsive role for CRIP1a in CB1R-mediated 

neuroprotection, lentiviral-mediated over-expression of CRIP1a in primary neuronal cortical 

cultures switched CB1R neuroprotection from an agonist- to antagonist-driven mechanism in an 

assay of glutamate neurotoxicity (Stauffer et al., 2011).  Initial characterization of CRIP1a 

distribution in mouse brain revealed co-expression with CB1Rs in excitatory glutamatergic 

neurons, but not in inhibitory GABAergic interneurons (Elphick et al., 2004; Ludanyi et al., 

2008).  However, using immunohistochemistry techniques Blume and colleagues reported the 

detection of CRIP1a and CB1R in medium spiny neurons of rat dorsal striatum (Blume et al., 

2013), suggesting CRIP1a and CB1R co-localize in GABAergic neurons of the indirect 
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striatopallidal pathway.  Taking these data into consideration, it will be interesting to investigate 

CRIP1a’s biological function in the neuroprotection and pathology of epilepsy and other 

neurodegenerative disorders.  Although detailed studies are beginning to emerge for the 

biochemical and cellular functions of CRIP1a on CB1R physiology in the CNS, additional work 

on the physiological relevance of CRIP1a outside the CNS (i.e. heart, liver, testes, spleen) 

(Niehaus et al., 2007), where CRIP1a expression is relatively high, still needs to be conducted. To 

address this, Selley and colleagues have recently reported the development and characterization 

of CRIP1a knock-out mice, which will be important in assessing the relevance of CRIP1a in 

CB1R-mediated behavioral responses (Selley et al., 2013). 
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Figure 1.2.  Schematic overview of CB1R accessory proteins and regions involved in 

regulating receptor function.  CB1R’s C-terminus and intracellular loop three interact with a 

number of proteins involved in modulating CB1R activity.  Agonist-mediated G protein binding 

for members of the Gαi/o family occurs in a region specific manner.  Within the distal C-terminus 

β-arrestin 1/2 and GASP1 bind and regulate CB1R internalization and downregulation, 

respectively.  Additionally, the C-terminus contains two separate sequence motifs required for 

CB1R desentization and internalization.  CRIP1a, the most recently identified CB1R accessory 

protein, binds to the last nine amino acids of CB1R.  Because CRIP1a binds to the C-terminus of 

CB1R, a region that has been characterized to regulate receptor internalization and G protein 

coupling, CRIP1a may be involved in modulation agonist-mediated CB1R internalization, 

trafficking and/or signaling.  Thus, CRIP1a may also serve to selectively fine-tune CB1R surface 

expression, trafficking, and signaling by altering the association between CB1R and a specific 

population of CB1R accessory proteins and/or Gαi/0 proteins. 



	   23	  

1.4.  RESEARCH OBJECTIVES 

The CB1R has been extensively studied since its involvement in mediating the 

psychotropic effects of marijuana.  Because CB1Rs have been implemented in a wide host of 

pathological diseases, coupled with the fact that they are on of the most abundantly expressed 

GPCR in the CNS, has made CB1Rs targets of interest for pharmacotherapeutics.  Currently, the 

CB1R agonist Δ9-THC, dronabinol (Marinol) in the therapeutic form, is used for treating chronic 

pain and nausea/vomiting associated with cancer chemotherapy.  Despite the recent 

advancements in knowledge of the endocannabinoid system, there has been little interest in 

developing drugs aimed at CB1Rs due to the inability to differentially separate the therapeutic 

versus undesired effects.  However, the recent discovery of CRIP1a, a protein that was found to 

modulate the constitutive activity of the CB1R, has provided a new avenue of research for 

therapeutically targeting CB1Rs.  Because CRIP1a binds to the last nine residues of CB1R’s C-

terminus, the potential for modulating the CB1R’s activity and function is the primary objective 

of this dissertation.  This research proposal will utilize a mouse neuroblastoma cell line 

(N18TG2) as the primary model system.  This model system endogenously expresses both CB1R 

and CRIP1a.  Furthermore, N18TG2 cells possess many neuronal properties (e.g. they form 

neurite extensions and possesses D1 and D4 dopamine receptors and mu opioid receptors), and do 

not express CB2Rs.  Furthermore, the Howlett laboratory has extensive experience studying 

agonist-mediated CB1R signaling (e.g. cAMP, MAPK, NO production) in N18TG2 cells.  This 

dissertation employs a variety of biochemical and molecular techniques to identify the functional 

mechanism by which CRIP1a exerts effects on CB1R physiology and pharmacology.  

Broadly, I hypothesize that CRIP1a reprograms CB1R trafficking to distinct sub-cellular 

locations, resulting in the spatial and temporal compartmentalization of receptor-mediated signal 

transduction. Specific aims to test this hypothesis are: 

CHAPTER 3: Determine the effects of CRIP1a over-expression and knockdown on 

CB1R transcript and protein levels, and receptor trafficking.  Regulation of protein 
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expression is required for the proper functioning of signal transduction and maintaining cellular 

homeostasis.  However, no studies have directly examined the effects of the novel protein 

CRIP1a in regulating CB1R transcript and protein levels.  To investigate the affects of CRIP1a on 

CB1R proteins levels and intracellular trafficking, stable CRIP1a transgenic over-expression and 

knockdown clones will be generated in N18TG2 cells.  qPCR analysis and Western blotting 

procedures to evaluate changes in transcript and protein levels in CRIP1a over-expressing and 

knockdown clones will be performed.  Moreover, CRIP1a clones will also be subjected to On-

cell-Western assays to determine if CRIP1a alters CB1R plasma membrane density during agonist 

and antagonist exposure.  Results from these experiments will be used to investigate if CRIP1a 

alters or disrupts the binding between CB1R and other accessory proteins (i.e. β-arrestins).  These 

novel studies will provide fundamental information on how CRIP1a regulates CB1R function and 

trafficking. 

CHAPTER 4:  Determine the consequences of modification of CRIP1a levels on 

CB1R-mediated G protein activation and signaling to Gi/o-protein-dependent adenylyl 

cyclase regulation and extracellular-signal regulated kinase (ERK1/2) phosphorylation.  

CB1Rs predominantly couple to the Gi/o family of G proteins to inhibit adenylyl cyclase and 

voltage-gated Ca2+ channels and activate mitogen-activated protein kinase (MAPK) and ERK1/2.  

Regulation of cAMP levels by CB1Rs is predominantly a pertussis-toxin sensitive event, whereas 

CB1R activation of the ERK1/2 pathway involves multiple ser/thr protein kinases and receptor 

tyrosine kinases.  Aim 2 will investigate G protein activation using [35S]GTPγS binding assays, 

and then extend these studies with immunoprecipitation of CB1R’s and Western blotting  to 

identify which specific subset(s) of G proteins are being activated and how CRIP1a regulates the 

CB1R-G protein interaction.  The functional consequences of CRIP1a over-expression and 

knockdown on downstream signaling to cAMP and phosphoERK levels will be analyzed in the 

neuronal cell model.  Data from this study will determine if CRIP1a alters or differentially 

regulates CB1R coupling to G proteins and its effects on downstream signaling pathways.      
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CHAPTER 4:  Investigate the role of CRIP1a in the regulation of CB1R-mediated 

cellular growth and differentiation.  The major purpose of signal transduction is to induce 

changes in gene and protein expression in order to maintain cellular homeostasis.  The regulation 

of gene expression can occur through a variety of signal transduction pathways including MAPK, 

CREB, JNK and NF-kB.  For example, JNK activity is responsible for controlling the expression 

of mammalian genes involved in cell cycle, and cellular proliferation and differentiation.  CB1R 

effectors modulate many important intracellular signaling pathways that control gene expression 

and the growth of neuronal cones and dendritic extensions.  Activation of the p38 MAPK 

pathways, and the subsequent phosphorylation of JNK is one means by which CB1Rs alter gene 

transcription.  The focus of this aim is to investigate if CRIP1a-mediated changes in CB1R 

signaling pathways affect downstream cellular processes, including cellular proliferation and 

neuronal differentiation.  This aim will use a combination of techniques including; In-cell-

Western assays, immunocytochemistry, and confocal microscopy.  Data obtained from these 

experiments will help in better understanding any long-term consequences that CRIP1a over-

expression or knockdown might have on cellular physiology.  

CHAPTER 5:  Generate recombinant AAV vectors containing CRIP1a over-

expressing transgenes to determine effects of CRIP1a modulation on CNS 

neuropharmacology.  The ability of GPCRs to form functional homodimer and heterodimer 

complexes is an emerging paradigm that is speculated to enhance the diversity and specificity of 

ligand-dependent GPCR signaling.  Experimental approaches using resonance energy transfer 

(FRET/BRET) microscopy techniques indicate that CB1Rs form homodimers and functional 

heterodimers with mu opioid receptors (MOR1) and dopamine 2 receptors (D2R) (see review 

Holwett et al., 2010).  Furthermore, studies using pharmacologic ablation of the CB1R using 

antagonists and genetic ablation using CB1R knockout mice have demonstrated a role for CB1R in 

the regulation of opioid and dopamine neurotransmitter systems in the rat striatum (Gerald et al., 

2006).  Therefore, this aim utilizes Adeno-Associated Viral (AAV) delivery of transgenes 
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designed to over-express CRIP1a, or shRNA designed to knockdown CB1R and D2R.  These 

viruses will enable specific knockdown of receptors in a circumscribed brain region of adult rats 

to investigate the interactions of CB1R and CRIP1a, as well as the interplay between cannabinoid, 

dopamine and opioid neurotransmitter systems in vivo.   

 

1.5.  DISSERTATION SUMMARY 

The primary research objective of this dissertation is to determine if the Cannabinoid Receptor 

Interaction Protein 1a (CRIP1a) is directly involved in modulating CB1R function.  Specifically, 

by employing gain and loss of function studies in a mouse neuroblastoma cell line, the non-ligand 

and ligand dependent affects on CB1R activity and trafficking during over-expression and 

knockdown of CRIP1a will be explored.  
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2.1.  CHEMICALS 

The National Institute of Drug Abuse drug supply program kindly provided CP55940 ((-

)-cis-3R-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4R-3(3-hydroxypropyl)-1R 

cyclohexanol) and SR141716A (N-(piperidin-1yl)-5-(4-chlorophenyl)- 1-(2,4-dichlorophenyl)-4-

methyl-H-pyrazole-3-carboxamide).  WIN55212-2 and Tetrahydrolipstatin (THL, Orlistat) was 

purchased from Cayman Chemical (Ann Arbor, MI).  mAEA, (R)-N-(2-Hydroxy-1-methylethyl)-

5Z,8Z,11Z,14Z-eicosatetraenamide and Dynasore (3-Hydroxynaphthalene-2-carboxylic acid (3,4-

dihydroxybenzylidene)hydrazide) were purchased from Tocris Biosciences (Minneapolis, MN).  

Lipofectamine reagent 2000 and Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased 

from Life Technologies (Grans Island, NY).  The GRK2 inhibitor (methyl 5-[2-(5-nitro- 2-

furyl)vinyl]-2-furoate) was purchased from EMD Millipore (Billerica, MA).  [35S]GTPγS (1393 

Ci/mmol; 1 Ci = 37 GBq) was purchased from Perkin-Elmer.  Nitrocellulose membranes, 

Odyssey blocking buffer, and secondary IRDye-conjugated antibodies (800CW goat anti-rabbit, 

800CW goat anti-mouse, 800CW donkey anti-goat, 680CW donkey anti-rabbit, 680CW donkey 

anti-goat, 680CW goat anti-mouse, and 680CW donkey anti-mouse) were from LI-COR 

Biosciences (Lincoln, NE).  The following antibodies were obtained from Santa Cruz 

Biotechnology (Santa Cruz, CA): anti-β-actin (C4), anti-β-arrestin 1/2 (A1, H290), anti-beta-

tubulin (H235), anti-caveolin-1 (7C8), anti-CB1R (N-15), anti-CRIP1a (K-12), D2 dopamine 

receptor (D2DR), D1 dopamine receptor (D1DR), delta opioid receptor 1 (DOR1), anti-ERK2 (K-

23), anti-p-ERK (Thr 202, Tyr 204), anti-gapdh (A-14) mu opioid receptor 1 (MOR1), and anti-

Na+/K+-ATPase α (H-300).  The generation and specificity of the rabbit CRIP1a polyclonal 

antibody (D20), developed against amino acids D20-F32 of human CRIP1a, is described in detail 

below.  Total CREB (CREB), phosphoCREB (p-CREB), and DRAQ5 (1,5-bis{[2-(di-

methylamino) ethyl]amino}-4, 8-dihydroxyanthracene-9,10-dione) were from Cell Signaling 

(Danvers, MA). RNeasy Mini Kit was obtained from Qiagen (Valencia, CA).  High-Capacity 

cDNA Archive Kit, and TaqMan Universal PCR Master Mix and specific TaqMan primer-probe 
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MGB assay sets for the following genes were purchased from Applied Biosystems (Foster City, 

CA): 18s ribosomal RNA, neuron-specific enolase 2 (eno2), CB1 cannabinoid receptor (cnr1), 

CRIP1a (cnrip1), delta opioid receptor (Oprd1), D2 dopamine receptor (drd2), mu opioid receptor 

(Oprm1), pro-enkephalin (PENK), prodynorphin (PDYN).  Alexa Fluor 350 goat anti-mouse IgG 

(A-11045), Alexa Fluor 405 goat anti-rabbit, Texas Red goat ant-rabbit,  and Prolong Gold 

Antifade reagent were from Life Technologies (Grand Island, NY).  BD Falcon 6-well multiwell 

plates were from VWR International (Suwanee, GA, USA).  Chlorpromazine, cycloheximide, 

nystatin, N-propylnorapomorphine (NPA), [D-Ala2, NMe-Phe4, Gly-ol5]-enkephalin (DAMGO) 

and [D-Pen2, D-Pen5]-enkephalin (DPDPE), Rp-Adenosine 3′,5′-cyclic monophosphorothioate 

triethylammonium salt, Sp-cAMP Sp-Adenosine 3′,5′-cyclic monophosphorothioate 

triethylammonium salt hydrate, and all other reagent grade chemicals were purchased from Sigma 

Chemical Company (St. Louis, MO) or specialized suppliers as indicated. 

 

2.2.  CELL CULTURE  

N18TG2 neuroblastoma cells (passage numbers 25–50) were maintained at 37°C under a 

5% CO2 atmosphere in Dulbecco's Modified Eagle's Medium (DMEM):Ham's F-12 (1:1) 

complete with GlutaMax, sodium bicarbonate, and pyridoxine–HCl, supplemented with penicillin 

(100units/ml) and streptomycin (100µg/ml) (Gibco Life Technologies, Gaithersburg, MD, USA) 

and 10% heat-inactivated bovine serum (HIBS) (JRH Biosciences, Lenexa, KS, USA).  Upon 

reaching 80-100% confluency (approximately every 3-4 days) in a 75 cm2 flask, N18TG2 cells 

were incubated for 2-3 min with 7 ml PBS-EDTA (2.7 mM KCl, 138 mM NaCl, 10.4 mM 

glucose, 1.5 mM KH2PO4, 8 mM Na2HPO4, 0.625 mM EDTA, pH 7.4) and then sub-cultured into 

fresh media with a split of not more than 1:10.  Cryogenically frozen cell stocks were stored for 

the long-term preservation of cells at low passage numbers (i.e. P20-P32).  Fresh cells were 

thawed periodically to avoid experiments being influenced by potential changes in cell phenotype 

over time. 
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To create frozen stocks, cells were collected, re-suspended in supplemented media, 

pelleted at 150 x g for 5 min and re-suspended in ice-cold freezing media (70% DMEM:Ham's F-

12 (1:1) with 20% HIBS and 10% dimethylsulfoxide (DMSO)). Re-suspended cells at a 

concentration of 1-2 million cells/mL were transferred to cryovials and stored at -80°C for 1- 3 

days prior to long-term storage in liquid nitrogen.  Frozen stocks were revived by thawing rapidly 

to 37°C in a waterbath, re-suspending in supplemented media, pelleting the cells (to remove 

residual DMSO), re-suspending again in media, and transferring to a culture flask for 

maintenance.  Media was changed and selective antibiotics added approximately 24 hr later. 

2.2.1  Cell plating for experiments 

Following harvesting with PBS-EDTA, a small aliquot of cells diluted in trypan blue 

(0.4%; Invitrogen) was counted in a haemocytometer. Cells were diluted appropriately in 

supplemented media and seeded into a culture vessel at an appropriate density (25,000-100,000 

cells/mL) to reach 70-80% confluency by day three, on which experiments were conducted.  For 

N18TG2 cells a plating density of 26,000 to 30,000 cells per well in a 96-well plate would 

produce a confluency of 70-80% 48 h after seeding.   

Because N18TG2 cells can produce 2-AG (Bisogno et al., 1997), cells at 90% confluency 

were serum-starved (20-24 h) and pretreated with the diacylglycerol lipase (DAGL) inhibitor 

THL (1 µM, 2 h) prior to stimulation with cannabinoid agonists.  For drug treatment assays, an 

aliquot of cannabinoid drug stocks (stored at -20°C as 10 mM solutions in ethanol) or ethanol 

(control) were air-dried under sterile conditions in trimethylsilyl-coated glass test tubes and taken 

up in 100 volumes of 5 mg/ml fatty acid-free bovine serum albumin (BSA) and serially diluted 

before being added to cells. Where indicated, N18TG2 or CRIP1a transgenic clones were 

pretreated with receptor antagonists or other inhibitors prior to addition of CB1R agonists.  
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2.3.  MOLECULAR BIOLOGY CLONING TECHNIQUES 

To propagate DNA for transfection or cloning, DNA was transformed into P-10 

ultracompetent bacterial cells (Stratagene, La Jolla, CA).  Transformed bacteria were spread onto 

20 g/L LB Broth / 20 g/L Agar (both GE Healthcare, Buckinghamshire, UK) with appropriate 

selection antibiotics (50 µg/mL ampicillin; 30 µg/mL kanamycin, both Sigma-Aldrich, St Louis, 

MO).  Isolated single colonies were picked from transformation plates and incubated in LB Broth 

with appropriate selection antibiotics for 16 h at 37°C with shaking to promote aeration.  DNA 

was isolated and purified with Mini-Prep (Qiagen, Hilden, Germany), or Purelink HiPure Midi-

Prep (Invitrogen, Carlsbad, CA) kits.  Bacterial cultures were 8 mL for Mini-Prep or 50 mL 

inoculated with 50 µL from an 8 mL starter culture for Midi-Prep. As required, DNA was 

visualised by agarose gel electrophoresis.  DNA concentrations were quantified with a 

NanoDropTM 1000 spectrophotometer (Thermo Scientific, Waltham, MA).  DNA constructs 

were sequence-verified using “universal” primers that aligned with sequences in the flanking 

regions of the plasmid multiple cloning site (Genewiz, La Jolla, CA).  

2.3.1.  Generation of Stable neuronal CRIP1a transgenic clones 

For creation of stable CRIP1a over-expressing and knockdown clones, N18TG2 cells 

(passage 23) were maintained in DMEM:Ham's F-12 (1:1) with GlutaMax, sodium bicarbonate, 

and pyridoxine–HCl, supplemented with penicillin (100 units/ml) and streptomycin (100 µg/ml) 

and 10% HIBS and incubated at 37°C in a humidified atmosphere containing 95% air and 5% 

CO2.  Cells were grown to 90% confluency and then transfected with either pcDNA3.1-CRIP1a 

mouse cDNA plasmid for over-expression, or an siRNA-CRIP1a expression vector for creation of 

CRIP1a knockdown cells.  The siRNA-CRIP1a target sequences were selected by the siRNA 

target finder program on the GenScript website (https://www.genscript.com/ssl-bin/app/rnai) 

using the mRNA sequences NM_012784 (mouse Cnrp1 mRNA). Two different siRNA-CRIP1a 

vectors were created, and each was individually tested for knockdown efficiency. An empty 

pcDNA3.1 or pRNATIN-H1.1 vector was used as a control for either CRIP1a over-expression or 
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siRNA-CRIP1a knockdown, respectively.  CRIP1a over-expression and knockdown constructs 

were stably expressed in N18TG2 cells using Lipofectamine 2000 (Invitrogen, Grand Island, 

NY).  Briefly, 2 µL LipofectamineTM 2000 per 100 µL Opti-MEM (Invitrogen, Grand Island, 

NY) was mixed and incubated at room temperature (RT) for 5 min, and 8 ng/µL DNA was mixed 

with Opti-MEM.  Cells were incubated with the Lipofectamine 2000 and DNA complex for 4 hr 

under normal cell culture conditions.  Media were removed and replaced with complete culture 

media specific to the untransfected cell type.  Post-transfection (24 hr), cells were transferred to a 

6-well plate.  The following day, transfected cells were selected using standard media containing 

600 µg/ml G418 (Gibco Like Technologies) and grown for 1 week with selection media being 

replaced every 4 days.  G418-resistent cells were plated at one cell/well into a 96-well plate 

containing 400 µg/ml G418 selection medium.  Well-separated antibiotic-resistant clones were 

transferred to 24-well plates in selection medium and upon confluency cells were transferred to 

larger culture vessels and aliquots of early passage cells were frozen in liquid nitrogen.  CRIP1a 

over-expression was verified using qPCR and standard Western blotting procedures.  From 

twelve N18TG2 CRIP1a over-expressing clones we selected two stable clones that expressed 

12:1 (Clone 1) and 1:1 (Clone 5) {CRIP1a:CB1R} cDNA ratios, as compared with a 1:7 ratio in 

wild-type cells (determined by qPCR using ribosomal 18S and ENO2 as standards).  

2.3.2.  Cloning of adeno-associated viral (AAV) plasmids and generation of viruses   

For viruses designed for RNA interference-directed knockdown of the expression of 

CB1Rs and D2Rs, oligos encoding short hairpin RNA (shRNA) sequences were cloned into an 

AAV plasmid, EGFP-U6-pACP, described previously (Sadri-Vakili et al. 2010) .  In this plasmid, 

the cytomegalovirus (CMV) promoter drives expression of the enhanced green fluorescent 

protein (EGFP) gene, which is cloned with an intron/polyA sequence derived from SV40.  

shRNA expression is driven by a murine U6 pol III promoter which is located downstream of the 

EGFP cassette.  The entire EGFP and U6 transgenes are flanked by AAV2 inverted terminal 

repeats. Each of the synthetic oligos, encoding the shRNA and its respective complement (Sigma-
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Aldrich), were annealed and ligated into unique BbsI and NheI sites after the U6 promoter.  The 

target sequences were selected by the siRNA target finder program on the GenScript website 

(https://www.genscript.com/ssl-bin/app/rnai) using the mRNA sequences NM_012784 (rat Cnr1 

mRNA) and NM_012547 (rat Drd2 mRNA).  Three different AAV-shCB1R and AAV-shD2R 

viruses were created, and each was individually tested for knockdown efficiency.  A control 

vector consisted of an identical EGFP transgene but encoded a scrambled shRNA that does not 

correspond to any known rat mRNA sequence (determined from a BLAST search). 

For the virus designed to over-express mouse CRIP1a, total mRNA from mouse cortex 

was isolated and converted to cDNA using a High-Capacity cDNA Archive Kit (Applied 

Biosystems), and CRIP1a cDNA was amplified by reverse transcriptase polymerase chain 

reaction (PCR). The forward primer 5’-aatttctagaGCCACCATGGGGGACCTACCC-3’ and the 

reverse primer 5’-ggccaagcttTCAGAGGAAGGACTCCTTATTCACCCA-3’ provided an XbaI 

restriction site upstream of the translation initiation codon, a Kozak sequence and a HindIII site 

downstream of the translation stop codon of the CRIP1a fragment. The 0.5 kb PCR product was 

verified by sequence analysis, and sub-cloned into pACP at the XbaI and HindIII sites.  This 

plasmid (CRIP1a-pACP) consists of two AAV2 inverted terminal repeats flanking the CMV 

promoter, CRIP1a cDNA, and an intron and polyadenylation signal sequence derived from SV40.  

Packaging of all recombinant AAVs was carried out according to a standard triple 

transfection protocol to create pseudotyped AAV2/10 virus (Xiao et al. 1998).  The AAV2/10 

rep/cap plasmid provides the AAV2 replicase and AAV10 capsid genes (Gao et al. 2002;De et al. 

2006), and adenoviral helper functions were provided by the pHelper plasmid (Stratagene).   

AAV-293 cells were transfected with 10 µg of pHelper and 1.15 pmol each of AAV2/10 and 

AAV vector plasmids to be used in this study.  The cells were harvested 48 h later, and clarified 

viral lysates were isolated from the cell pellets. The virus was pooled, aliquoted, and stored at -

80°C.  AAV-vector stocks were titered by real-time quantitative PCR (qPCR) (Eppendorf 

Realplex) using primers and probe sets designed to amplify a sequence in the SV40 intron.  
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2.4.  CO-IMMUNOPRECIPITATION AND PULL-DOWN PROCEDURES  

N18TG2 WT cells were grown to 80% confluency, harvested in PBS-EDTA, and cell 

pellets were resuspended in IP Lysis Buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM 

EDTA, 0.25 mM NP-40 and 5% glycerol with a protease inhibitor cocktail) on ice for 30 min.  

Whole cell detergent lysates were collected following centrifugation at 2,500 x g at 4°C for 5 

min, and protein concentrations were determined using the BCA assay (Smith et al., 1995).  Each 

protein sample (500 µg protein) was diluted into IP buffer (2.7 mM KCl, 100 mM NaCl, 1.5 mM 

KH2PO4, 8 mM Na2HPO4, 0.1 mM EDTA, 0.01 mM NP-40, pH 7.0) and immunoprecipitated 

with antibodies (1-2 µg) specific for CB1R, CRIP1a, or β-arrestin-1/2 at 4°C for 18 hr.  Immuno-

bound proteins were collected with protein A/G PLUS-Agarose beads (Santa Cruz 

Biotechnology), sedimented at 10,000 x g for 5 min at 4°C, washed three times with ice-cold IP 

wash buffer (IP Buffer with an NP-40 concentration below the cmc (~0.01 mM), and boiled in 

Laemmli's sample buffer.  Eluted proteins were separated from agarose beads by centrifugation at 

10,000 x g for 5 min at 4°C, and supernatants were analyzed by Western blotting. 

       Peptides representing the last 16 residues (149-164) of the C-terminal of CRIP1a, the last 

14 residues (460-473) of the C-terminal of CB1R, or the CB1R C-terminal 14-mer peptide 

phosphorylated at threonine 468 (pT468) were each synthesized with an amine-terminal cysteine 

residue (purity ≥ 98%) (GenScript), and immobilized onto agarose beads through irreversible 

thioether bonds (Pierce SulfoLink Immobilization kit).  Immobilized peptide beads were 

incubated overnight with whole cell NP-40 detergent lysates (500 µg protein) from N18TG2 WT 

cells.  The agarose-peptide complex was then centrifuged at 1,000 x g for 5 min at 4°C, and was 

washed four times with PBS.  Proteins were eluted with 0.1 M glycine-HCl (pH 2.8), 

immediately neutralized on ice with 1 M Tris-HCl (pH 9), and centrifuged at 10,000 x g for 5 min 

at 4°C.  Eluted proteins (supernatant) were then subjected to Western blotting.  
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2.5.  IMMUNOFLUORESCENCE ANALYSIS 

  N18TG2 WT, control vector, CRIP1a XS, and CRIP1a knockdown cells were seeded at a 

density of 20,000 cells per well on 4-well Nunc Lab-Tek II glass chamber slides, grown to ~40% 

confluency.  Cells were washed twice with 1x PBS (1.5 mM KH2PO4, 2.7 mM KCl, 8 mM 

Na2HPO4, 150 mM NaCl, pH 7.4), then fixed with 4% formaldehyde for 15 min at RT, washed 

with 1x PBS, and permeabilized for 15 min with 0.1% Triton X-100.  Cells were incubated in 

blocking buffer (1x PBS, 5% normal goat serum, 1% BSA, 0.1% Triton X-100) for 30 min at RT.  

Immunostaining was performed with an anti-β-tubulin (1:200) antibody overnight at 4°C.  Cells 

were then washed three times with 1x PBS, incubated with a Texas Red-conjugated goat anti-

rabbit (1:500) secondary antibody for 45 min at RT, followed by three washes with 1x PBS.  

Cells were then mounted with Prolong Gold Antifade reagent containing DAPI (Life 

Technologies, Grand Island, NY, USA).  Imaging was performed 48 hr post-mounting using an 

Olympus IX718 inverted research microscope and a Hamamatsu ORCA-03G digital CCD camera 

(Model C8484- 03G02) controlled by cellSens Dimension 1.6 microscopy imaging software 

(Olympus Corporation, Tokyo, Japan).  Images for figures were prepared using Adobe 

Photoshop. 

2.5.1.  Confocal microscopy of β-arrestin and GFP-CB1R 

N18TG2 WT, control vector, and CRIP1a XS cells were seeded at a density of 20,000 

cells per well onto 4-well Nunc Lab-Tek II glass chamber slides. Cells were grown to ~30% 

confluency, the medium was replaced with serum and antibiotic-free DMEM:F-12 media (400 µl) 

prior to transfection with 1 µg of a transcript for the full-length CB1R N-terminally tagged with 

GFP and a signal sequence from human growth hormone, in a pcDNA1 vector (SS-GFP–CB1R) 

(10) using Lipofectamine 2000.  Transient transfections were incubated at 37°C in a humidified 

atmosphere containing 95% air and 5% CO2 for 6 h, then washed twice with serum-free media, 

and grown for 32 h.  SS-GFP-CB1R transfected cells were then serum-starved overnight (16 hr), 

and pretreated with THL (1 µM, 2 h) prior to challenge with CP55940 (10 nM) for 15 min.  
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Immediately following drug exposure, cells were fixed with 4% phosphate-buffered formalin (1.5 

mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl; 4% formaldehyde (v/v), pH 7.4) for 

15 min at 21-23°C, washed four times with PBS, once with ultra-pure water, and then mounted 

with Prolong Gold Antifade.       

2.5.2.  Confocal microscopy of β-arrestin and GFP-CB1R 

For immunofluorescence of β-arrestin N18TG2 WT, control vector, CRIP1a XS and 

CRIP1a KD cells were seeded at a density of 30,000 cells per well onto 4-well Nunc Lab-Tek II 

glass chamber slides. Cells were grown to ~40% confluency, serum-starved overnight (16 h), and 

pretreated with THL (1 µM, 2 hr) prior to challenge with either vehicle or the CB1R agonist 

CP55940 (10 nM) for 5 min.  Immediately following drug exposure, cells were fixed with 4% 

formaldehyde (1.5 mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl; 4% 

paraformaldehyde (v/v), pH 7.4) for 15 min at 21-23°C, washed twice with PBS, and once for 5 

min with PBSG (PBS containing 0.3% glycine), and then permeabilized for 10 min with 0.3% 

Triton X-100.  Slides were then incubated in blocking buffer (PBS, 1% BSA, 5% normal goat 

serum, 0.1% Triton X-100) for 30 min at 21-23°C, followed by anti-β-arrestin-1/2 (1:200) or a 

rabbit anti-IgG isotype antibody overnight at 4°C.  Slides were washed four times with PBS, 

incubated with Alexa Fluor 405 rabbit anti-mouse IgG (1:500) for 45 min at 21-23°C, washed 

five times with PBS, one time with ultra-pure water, and then mounted with Prolong Gold 

Antifade.   

Neuronal cells from all experimental conditions were imaged under identical imaging 

parameters, which were performed below saturation limits for fluorescence signal.  GFP-CB1R 

and β-arrestin images were acquired with Carl Zeiss (Jena, Germany) laser scanning confocal 

imaging systems LSM710 (63x objective; λ= 488 nm) and LSM700 (64x objective; λ= 405 nm), 

respectively.  For analysis of GFP-CB1R and β-arrestin redistribution and accumulation in 

punctate vesicles, ImageJ was utilized to identify the punctate fluorescence that represents 

aggregated GFP-CB1R or β-arrestin, respectively.  Aggregation creates enhanced pixel intensity 
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relative to diffuse staining; therefore, total GFP-CB1R or β-arrestin levels were quantified by 

determining the average intensity value for each individual cell.  Briefly, punctate fluorescence 

was quantified by setting a minimal threshold intensity value of 23,322 (GFP-CB1R), or 1,200 (β-

arrestin) and determining the average intensity above the defined threshold for each individual 

cell.  Changes in agonist-induced redistribution of GFP-CB1R or β-arrestin were calculated by 

taking the ratio of punctate:total fluorescence, and then ratios within an experimental group were 

averaged.  The means from each experiment were used in the analysis.  Following analysis, the 

image intensity was enhanced in Photoshop to improve visibility of the images; each image was 

enhanced equally.   

2.5.3  Immunofluorescence of β-tubulin neurite extensions 

N18TG2 WT, control vector, CRIP1a XS, and CRIP1a knockdown cells were seeded at a 

density of 20,000 cells per well on 4-well Nunc Lab-Tek II glass chamber slides, grown to ~40% 

confluency.  Cells were washed twice with 1x PBS, then fixed with 4% formaldehyde for 15 min 

at RT, washed with 1x PBS, and permeabilized for 15 min with 0.1% Triton X-100.  Cells were 

incubated in blocking buffer (1x PBS, 5% normal goat serum, 1% BSA, 0.1% Triton X-100) for 

30 min at RT.  Immunostaining was performed with an anti-β-tubulin (1:200) antibody overnight 

at 4°C.  Cells were then washed three times with 1x PBS, incubated with a Texas Red-conjugated 

goat anti-rabbit (1:500) secondary antibody for 45 min at RT, followed by three washes with 1x 

PBS.  Cells were then mounted with Prolong Gold Antifade reagent containing DAPI (Life 

Technologies, Grand Island, NY, USA).  Imaging was performed 48 hr post-mounting using an 

Olympus IX718 inverted research microscope and a Hamamatsu ORCA-03G digital CCD camera 

(Model C8484- 03G02) controlled by cellSens Dimension 1.6 microscopy imaging software 

(Olympus Corporation, Tokyo, Japan).  Neuronal cells from all experimental conditions were 

imaged under identical imaging parameters, which were performed below saturation limits for 

fluorescence signal.  A total of 12 fields were captured for each N18TG2 clone.  Quantification of 

the percentage of cells expressing neurite extensions (i.e. cells expressing neurite extensions 
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twice the length of the soma body) was performed with ImageJ software.  The means from each 

experiment were used in the analysis.  Following quantification the image intensity was enhanced 

in Photoshop to improve visibility of the neurite extensions; each image was enhanced equally.   

 

2.6.  GENERATION OF CRIP1A RABBIT ANTIBODY 

 We designed and generated two polyclonal antibodies against rat CRIP1a in rabbit. 

CRIP1a AbD20 and CRIP1a AbE118 were generated using peptides corresponding to amino 

acids D20-F32 and E118-H129 of the rat sequence, respectively.  Peptides were synthesized with 

a cysteine at the carboxy terminus (>85% purity) and conjugated by disulfide formation with 

keyhole limpet hemocyanine (KLH) (GenScript).  Rabbits were immunized twice with the KLH-

peptides in Freund’s adjuvant, and bleeds 

were collected 3 weeks following each 

immunization.  Each antibody was affinity 

purified, and antibody avidity was 

determined using an ELISA (GenScript).  

Lyophilized antibodies were reconstituted in ultrapure water containing 0.1% sodium azide.  To 

verify avidity and specificity for CRIP1a/b, we compared these novel antibodies with a 

previously characterized CRIP1a antibody, CRIP1a AbK148, which recognizes the last 17 amino 

acids of CRIP1a (K148-L164) (Elphick et al., 2004; Niehaus et al., 2007).  ELISA analysis 

(Genscript) and standard dot blot procedures (Blume and Howlett, data not shown) revealed that 

CRIP1a AbD20 exhibited a higher titer and greater avidity for its respective immunizing peptide 

as compared to CRIP1a AbE118.  Western blot analyses of striatal crude homogenates displayed 

a greater band intensity for CRIP1a with AbD20 when compared to AbE118 (data not shown).  

B,C,D, show expression of CRIP1a in rat dorsal striatum.  Total homogenates (20 µg protein) 

from rat striatum were subjected to SDS-PAGE on a 4-20% acrylamide gradient gel and probed 

Figure 2.1.  Generation of CRIP1a Antibody   
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for CRIP1a using pre-immune rabbit serum (B), antibody against peptide D20-F32 (C), or a 

previously described CRIP1a antibody (Niehaus et al., 2007) raised against the C-terminal 17 

residues (K148-L164) (D).  The left lane shows Precision Plus Protein standards (BioRad) (red), 

and the right lane shows CRIP1a (green).  AbD20 was slightly less effective in detecting CRIP1a 

than the carboxy terminus CRIP1a antibody, AbK148 (C, D).  We were able to identify a band at 

the same mobility at various antibody dilution factors (1:50, 1:100, 1:300, 1:1000) using either 

CRIP1a AbD20 or AbK148 (data not shown).  Therefore, CRIP1a antibody AbD20 was used for 

the immunodetection of CRIP1a through this body of work. 

 

2.7.  STEREOTAXIC INTRACRANIAL INJECTIONS OF AAV-VIRUSES 

Adult male Sprague-Dawley rats weighing 280-310 g (Harlan Laboratories) were used, 

and experimental procedures were approved by the Wake Forest University Institutional Animal 

Care and Use Committee and followed the ARRIVE guidelines (Kilkenny et al. 2010).  Prior to 

surgery, animals were anesthetized with a combination of ketamine (100 mg/kg) and xylazine 

(8 mg/kg, i.p.).  Rats were placed into a stereotaxic frame (Kopf), 1 mm holes were drilled into 

the skull, and a 10 µl Hamilton syringe fitted within a 30 gauge needle was used for viral 

delivery.  All injections were made into the dorsal striatum using the following anteroposterior 

(AP), mediolateral (ML), and dorsoventral (DV) coordinates relative to bregma, with the tooth 

bar set to + 0.5 mm:  AP:+0.5 mm, ML:+/-2.8 mm, DV:+4.4 mm relative to stereotaxic zero 

(Paxinos and Watson 1997) (see Fig. 5.S1).  AAV-scramble, a mixture of three AAV-shCB1R, a 

mixture of three AAV-shD2R, or AAV-CRIP1a (4 µl) was unilaterally injected at a rate of 0.5 

µl/min.  To reduce back-flow of viral solution, the needle remained in place ten min post-

injection before being slowly removed.  To avoid issues of lateralization, injections of AAV were 

made in either the left or right hemispheres with equal frequency within each experimental group 

of rats.  Animals were sutured, and revived on a heating pad before being returned to their home 

cages (2 animals per cage).  
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2.8.  IMMUNOCYTOCHEMISTRY  

2.8.1.  Determination of CB1R internalization using the On-cell-Western assay  

CB1R cell surface density was quantified using a 96-well format “On-cell-Western” 

immunocytochemistry technique.  Cells were plated and grown until 90% confluent, serum-

starved for 16 h, and then treated for 2 hr with 1 µM THL to attenuate the production of 2-AG. 

For experiments performed in the presence of 80 µM Dynasore, 25 µM nystatin, 25 µM 

chlorpromazine, or 50 µM cyclohexamide, the inhibitors were added 30 min prior to drug 

exposure, and for studies using the GRK2 inhibitor (1 µM), the inhibitor was added 15 min prior 

to drug treatment.  Cannabinoid drugs (stocks stored at 10 mM in ethanol) or ethanol (control) 

were blown dry under nitrogen gas in trimethylsilyl-coated glass test tubes, resuspended in 

serum-free DMEM:F-12 containing 5 mg/ml fatty acid-free bovine serum albumin (BSA), and 

serially diluted prior to cell treatment.  Cells were treated with vehicle, 10 nM CP55940, 10 nM 

WIN55212-2 or 10 nM SR141716A at 37°C for the indicated times, media was poured off, and 

plates were placed on ice.  Cells were fixed with ice-cold 1.2% phosphate-buffered formalin (1.5 

mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl; 1.2% formaldehyde (v/v), pH 7.4) 

and incubated for 15 min at 21-23°C, with elimination of the permeabilization step.  For technical 

controls, the effects of various concentrations of formaldehyde were assessed to determine a 

concentration capable of fixing the cells without altering plasma membrane permeability.  

LAMP2, a luminal endosomal marker, was used as a positive control for determining the extent 

of cell permeabilization.  Plates were washed three times for 5 min with PBS, blocked for 90 min 

in blocking buffer, and incubated with gentle rocking at 4°C for 18 hr with a primary antibody 

against the amino-terminus of CB1R (1:800).  Plates were then washed in PBST, and incubated 

simultaneously for 1 h with a secondary IRDye 800CW donkey anti-goat (1:1,500) and the 

nuclear stain DRAQ5 (Cell Signaling) (1:5,000) to normalize for well-to-well variations in cell 

density.  Plates were washed four times with PBST, and immunofluorescence was imaged using 

the LI-COR Odyssey (169µ resolution, 5 sensitivity, 4.01235 mm offset, medium quality).  
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Immunoreactive CB1R fluorescence intensity was first normalized to DRAQ5, and then receptor 

internalization values were quantified as percent loss of cell surface immunoreactive CB1R, 

relative to time at 0 min expressed as 100%.  CB1R cell surface expression was analyzed using 

Microsoft Excel and GraphPad Prism V software.  

2.8.2.  Determination of protein levels in N18TG2 and CRIP1a clones using In-cell-Western 

analysis 

CB1R, CRIP1a, ERK1/2, and phosphoERK1/2 levels were quantified using a 96-well 

format “In-cell-Western” immunocytochemistry technique.  N18TG2 WT, control vector, 

CRIP1a XS and CRIP1a KD cells were seeded at a density of 30,000 cells per well, grown until 

90% confluent, serum-starved for 16 h, and then treated for 2 hr with 1 µM THL to attenuate the 

production of 2-AG.  For experiments performed in the presence of 80 µM dynasore, the inhibitor 

was added 30 min prior to drug exposure.  Cannabinoid drugs (stocks stored at 10 mM in ethanol) 

or ethanol (control) were blown dry under nitrogen gas in trimethylsilyl-coated glass test tubes, 

resuspended in serum-free DMEM:F-12 containing 5 mg/ml fatty acid-free bovine serum albumin 

(BSA), and serially diluted prior to cell treatment.  Cells were treated with vehicle, 10 nM 

CP55940, 10 nM WIN55212-2, 10 nM mAEA, or 10 nM SR141716A at 37°C for the indicated 

times.  Drug-containing media was immediately poured off, and plates were placed on ice. Cells 

were fixed with ice-cold 4% phosphate-buffered formalin (1.5 mM KH2PO4, 2.7 mM KCl, 8 mM 

Na2HPO4, 150 mM NaCl; 4% formaldehyde (v/v), pH 7.4) and incubated for 15 min at 21-23°C, 

permeabilized with PBS-T (PBS containing 0.3% Triton X-100) for 15 min, and blocked for 90 

min in Odyssey blocking buffer.  Plates were incubated with gentle rocking at 4°C for 18 h with a 

primary antibody: CB1R (1:800), CRIP1a D20 (1:500), CRIP1a K-12 (1:500), GAPDH (1:500), 

ERK2 (1:500), phosphoERK (Thr 202, Tyr 204; 1:300).  Plates were washed in PBST, and 

incubated simultaneously for 1 hr with a secondary IRDye 800CW donkey anti-goat (1:800), 

IRDye 800CW goat anti-rabbit (1:800), or IRDye 800CW donkey anti-mouse (1:800), and the 

nuclear stain DRAQ5 (Cell Signaling) (1:5,000) to normalize for well-to-well variations in cell 
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density.  Plates were washed four times with PBST, and immunofluorescence was imaged using 

the LI-COR Odyssey (169µ resolution, 5 sensitivity, 4.01235 mm offset, medium quality).  Basal 

expression for CB1R, CRIP1a, and phosphoERK was calculated as the ratio of immunoreactive 

CB1R:DRAQ5, CRIP1a:DRAQ5, or phosphoERK1/2:total ERK, respectively.  CPP55940-

stimulated log dose response curves for CB1R-mediated phosphoERK were determined as the 

ratio of phosphoERK1/2:total ERK, and then phosphoERK values were quantified as percent 

change relative to basal expressed as 100% for WT cells.  Changes in CB1R, CRIP1a, ERK1/2, 

and phosphoERK protein expression were analyzed using Microsoft Excel and GraphPad Prism 

V software.  

2.8.3.  Determination of protein levels in brain slices using In-cell-Western analysis 

 The effects of shCB1R and shD2R knockdown, and CRIP1a over-expression on total 

protein levels of CB1R, CRIP1a, D1R, DOR1, MOR1, CREB, phospho-CREB, ERK and 

phospho-ERK were quantitated using a modified immunohistochemistry technique (Kearn 2004).  

Anesthetized animals were decapitated, brains were dissected, snap-frozen in isopentane cooled 

by dry ice, and stored at -80oC.  Frozen brains were sectioned at 40 µm using a cryostat 

microtome, slices were placed into a 24-well plate containing frozen phosphate-buffered formalin 

(1.5 mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl; 30% sucrose (w/v); 3% 

formaldehyde (v/v), pH 7.4), and stored at 4°C. Slices were washed in Tris-buffered saline (TBS) 

(20 mM Tris-HCl, pH 8.0, 150 mM NaCl), blocked and permeabilized overnight at 4°C in 

Odyssey Blocking Buffer (LI-COR Biosciences) containing 0.1% Tween-20 and 1mM sodium 

orthovanadate.  Slices were incubated at 4°C for 18 hr with primary antibodies: CB1 cannabinoid 

receptor (CB1R, Santa Cruz; 1:750), CRIP1a (AbK148; 1:300; AbD20; 1:300), D2 dopamine 

receptor (D2DR, Santa Cruz; 1:500), D1 dopamine receptor (D1DR, Santa Cruz; 1:300), delta 

opioid receptor 1 (DOR1, Santa Cruz; 1:500), mu opioid receptor 1(MOR1, Santa Cruz; 1:500), 

total ERK1/2 (ERK2, Santa Cruz; 1:1,000), phosphoERK1/2 (p-ERK, Santa Cruz; 1:500), total 

CREB (CREB, Cell Signaling; 1:1,000), phosphoCREB (p-CREB, Cell Signaling; 1:500).  Slices 
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were washed in TBS containing 0.1% Tween 20 (TBS-T), and incubated for 2 h with a secondary 

goat anti-rabbit [1:1,500] or goat anti-mouse antibody (1:1,500) conjugated to infrared dyes, 

washed in TBS-T and allowed to dry overnight.  The fluorescent immunocomplexes were 

detected using the LI-COR Odyssey imaging system and software program (LI-COR 

Biosciences), and integrated densities from gray-scale images were determined for demarcated 

regions of interest (dorsal striatum, globus pallidus, entopeduncular nucleus) using Image J 

software.  Changes in protein levels were determined by comparing the integrated densities 

between the AAV-treated and the untreated contralateral hemisphere.  For phospho-CREB and 

phospho-ERK levels, normalization was established to total CREB or ERK, respectively. 

 

2.9.  REAL-TIME QUANTITATIVE PCR 

Total RNA was isolated from each punch with an RNeasy Mini Kit (Qiagen, Hilden, 

Germany), eluted with 50 µl of ribonuclease-free water and stored at −80 °C.  RNA quantification 

and purity was determined with purity set at a 260/280 ≥ 2.0 and 260/230 ≥ 1.8 (NanoDrop 1000 

Spectrophotometer, Thermo Scientific, DE, USA).  Total RNA (1µg) was reverse transcribed into 

cDNA using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA, USA) 

according to the manufactures instructions.  Real-time qPCR was performed in triplicate for each 

sample using Eppendorf Realplex2 mastercycler (Eppendorf, NY, USA) in order to determine 

gene expression.  Gene expression quantification was analyzed using commercially purchased 

TaqMan® based primer-probe assays (Applied Biosystems, CA, USA).  The stably expressing 

housekeeping gene ribosomal 18s served as an endogenous control and Enoloase 2 (Eno2) was 

used as a reference gene and relative quantification of gene expression levels was assessed using 

the comparative CT method (2−ΔΔCT method) (Livak and Schmittgen, 2001).  The difference 

between the means was evaluated by Student's t test using GraphPad InStat statistical software 

(GraphPad Software Inc., CA, USA).  Differences at the P < 0.05 level were considered 

significant. 



	   52	  

2.9.1.  Analysis of gene expression in N18TG2 clones 

N18TG2 wild-type or N18TG2 CRIP1a over-expressing clones 1 and 5 were grown to 

90% confluency and cells were harvested with PBS-EDTA. Cells were collected and spun at 

1,000 x g at 4°C for 5 min and total RNA was isolated and purified using an RNeasy Mini Kit 

(Qiagen).  Total RNA (1 µg) was reverse transcribed into cDNA using a High-Capacity cDNA 

Archive Kit (Applied Biosystems).  Real-time qPCR was performed using TaqMan Universal 

PCR Master Mix and specific TaqMan primer-probe MGB assay sets (Applied Biosystems) for 

the following genes: 18s ribosomal RNA, neuron-specific enolase 2 (eno2), CB1 cannabinoid 

receptor (cnr1), CRIP1a (cnrip1).  Data were analyzed using the ΔΔCT method and eno2 served 

as the reference standard. 

2.9.2.  Analysis of gene expression in AAV-injected brains 

Rats were sacrificed at 3, 5, 10, 17, 21, 30 or 56 days post-injection of AAV, and brains 

were dissected and placed in an ice-cold brain matrix.  Coronal brain slices (2 mm) were taken at 

the site of injection, placed on a chilled dissecting block, and 2 mm-diameter circular brain 

punches were collected ipsilaterally (treated) and contralaterally (control).  Total RNA was 

isolated and purified using an RNeasy Mini Kit (Qiagen).  Total RNA (1 µg) was reverse 

transcribed into cDNA using a High-Capacity cDNA Archive Kit (Applied Biosystems).  Real-

time qPCR was performed using TaqMan Universal PCR Master Mix and specific TaqMan 

primer-probe MGB assay sets (Applied Biosystems) for the following genes: 18s ribosomal 

RNA, neuron-specific enolase 2 (eno2), CB1 cannabinoid receptor (cnr1), CRIP1a (cnrip1), delta 

opioid receptor (Oprd1), D2 dopamine receptor (drd2), mu opioid receptor (Oprm1), pro-

enkephalin (PENK), prodynorphin (PDYN).  Data were analyzed using the ΔΔCT method 

comparing the ipsilateral to the contralateral side (Gerald et al. 2006), and eno2 on the side 

contralateral to the injection served as the reference standard. 
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2.10.  WESTERN IMMUNOBLOTTING PROCEDURES 

Cells that reached 90% confluency were harvested with PBS-EDTA and spun at 1,000 x 

g at 4°C for 5 min.  Cell pellets were resuspended for 20 min on ice in cold lysis buffer (50 mM 

Tris-HCl, pH 7.2, 2 mM EDTA, 1 mM sodium orthovanadate, 8 mM sodium fluoride, 1% NP-40, 

and a protease inhibitor cocktail (EMD Biosciences)).  Whole cell lysates were obtained by 

centrifugation at 2,500 x g at 4°C and supernatants were transferred to new tubes.  Analysis of 

total protein was determined using a standard BCA assay (Pierce, Thermo Scientific), in 

accordance to manufactures instructions.  Samples were denatured and reduced in Laemmli 

sample buffer  (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 0.002% bromophenol blue, 

710 mM β-mercaptoethanol; 65 °C for 10 min), and then resolved on 4-20% gradient SDS-PAGE 

gels (Bio-Rad) at 150 volts for 1 hr at 21-23°C.  Proteins were transferred to nitrocellulose 

membranes in Towbin's buffer at 85 volts for 45 min at 4°C using a BioRad Trans-Blot Cell with 

an ice pack.  Blots were rinsed for 5 min with PBS, blocked for 1 hr with blocking buffer 

(Odyssey), and then incubated with primary antibodies at 4°C for 18 hr: CB1R (1:750), CRIP1a 

D20 (1:500), CRIP1a K-12 (1:500), β-actin (1:600), β-arrestin-1/2 (1:500), caveolin-1 (1:500), 

GAPDH (1:500), ERK2 (1:500), p-ERK (Thr 202, Tyr 204; 1:300), and anti-Na+/K+-ATPase α 

(H-300).  Blots were washed four times with PBST (PBS containing 0.1% Tween-20), incubated 

with an appropriate IRDye-conjugated secondary antibody (1:10,000) for 1 h at 21-23°C, and 

washed three times with PBST followed by one wash with PBS.  Bands on immunoblots were 

imaged and quantified by densitometry using Odyssey Infrared Imaging System software (LI-

COR Biosciences).  

 

2.11.  WHOLE CELL LYSATE AND NP-40-SOLUBLE AND INSOLUBLE MEMBRANE 

FRACTIONS 

For whole cell protein analyses of N18TG2 clones, cells were harvested with PBS-EDTA 

and cell pellets were resuspended for 30 min on ice in cold Lysis Buffer (50 mM Tris-HCl, pH 
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7.2, 2 mM EDTA, 0.35 mM NP-40, and a protease inhibitor cocktail (Roche)).  Whole cell 

detergent lysates were centrifuged at 2,500 x g at 4°C for 5 min to remove debris, and the 

supernatants were collected for protein determinations (BCA assay, Pierce).  To prepare 

detergent-solubilized membrane fractions, cells grown to sub-confluency (~80%) were harvested 

with PBS-EDTA, and cell pellets were resuspended for 20 min on ice in cold hypotonic swelling 

buffer (20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 

mM dithiothreitol and a protease inhibitor cocktail (Roche)).  Cells were subjected to 20 strokes 

with a dounce homogenizer, and homogenates were centrifuged at 1,000 x g for 10 min at 4°C to 

remove cellular debris and unbroken cells.  Supernatants were centrifuged at 40,000 x g for 1h at 

4°C, and the membrane pellet was resuspended with a 25 G needle in ice cold Lysis Buffer, and 

incubated on ice for 20 min. NP-40-solubilized membranes were centrifuged at 2,500 x g for 10 

min at 4°C, and NP-40-soluble membranes (supernatant) were used to determine protein using 

the BCA assay.  The NP-40-resistant fractions (pellets) were resuspended in the same volume of 

Laemmli buffer to allow for volume to volume equivalence in the Western blot analysis.  

 

2.12.  cAMP ASSAY 

The assay was performed as previously described (Howlett and Fleming, 1984).  Briefly, 

N18TG2 WT, control vector, CRIP1a XS, and CRIP1a knockdown cells were seeded in a 24-well 

plate at a density of 120,000 cells per well and grown to 90% confluency.  Cell media was 

removed and washed with warm (37oC) PSS-HEPES-BSA (10 mM NaHEPES, pH 7.4; 1 mM 

CaCl2; 0.5 mg/ml BSA) then incubated with 100 µM IBMX and 100 µM rolpiram (IBMX and 

rolipram, Caymen) and either vehicle or varying concentrations (1, 3, 10, 30, 100, 300 nM) of 

mAEA, WIN55212-2, or CP55940 for 15 min.  Plates were incubated with 1 µM forskolin 

(Tocris Bioscience) for 4 min.  Reactions were terminated by dropping the pH to 4.5 with 50 mM 

NaAcetate (pH 4.5, heated to 90oC) and boiling.  Cells were disrupted by a freeze-thaw cycle, 

sedimented, and stored at -80oC until assayed.  cAMP accumulation was quantitated in the cell-
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free supernatants using a radioligand displacement assay based upon [3H]-cAMP (Perkin Elmer) 

binding to protein kinase A regulatory proteins.  Bound proteins were aggregated, harvested on a 

UniFilter and quantitated using a Top Count scintillation counter (Packard).  The data for each 

assay were normalized to forskolin-stimulated cAMP accumulation as 100%, and statistical 

differences were determined by one-way analysis of variance (ANOVA) followed by Dunnett's 

Multiple Comparison post hoc test. 

 

2.13.  [35S]GTPγS-BINDING AND G-PROTEIN SCINTILLATION PROXIMITY ASSAY 

Cultured N18TG2 clones were collected, pelleted and homogenized in 10 volumes of an 

ice-cold buffer (50 mM HEPES, pH 7.4, 1 mM EDTA and 1 mM EGTA and protease inhibitors; 

Roche, Mannheim, Germany) using a glass-teflon dounce homogenizer.  Homogenates were 

centrifuged at 10,000 x g for 20 minutes at 4°C.  The supernatant was discarded and the pellet 

resuspended in 20 ml of the same buffer without protease inhibitors and incubated on ice for 30 

minutes followed by centrifugation at 20,000 x g for 15 minutes at 4°C.  This pellet was 

resuspended in 10 volumes of 50 mM HEPES, pH 7.4, and aliquots were stored at -80°C until 

used for GTP-binding assays.  Protein concentration was determined using the Pierce BCA Kit 

according to the manufacturer’s protocol (Rockford, IL).  N18TG2 clones were subjected to 

GTPγS-binding reactions in triplicate in 96-well Opti-plates (PerkinElmer, Waltham, MA, USA), 

as previously described (Calipari et al., 2014).  The reaction was started by the adition of 5 µg’s 

of membrane protein to assay buffer (20  mM NaHepes, pH 7.4, 100 mM NaCl, 5  mM MgCl2, and 

1  mM DTT) containing 500  pM [35S]GTPγS (PerkinElmer, Billerica, MA, USA), 10  µM GDP 

and cannabinoid  ligands for 1  hr at 30  °C.  Membranes were then placed on ice (4  °C), lysed with 

3% IGEPAL CA-630 for 30  min, incubated with primary antibodies anti-Gαo, anti-Gαi3 or anti-

Gαq/11 (Santa Cruz) for 1  hr.  Anti-IgG-coated scintillation proximity assay beads coated with the 

secondary anti-rabbit or anti-mouse antibodies (PerkinElmer) were added for 30  min, and the 

plates were then centrifuged at 1,000 x  g for 5  min.  The radioactivity was detected on a Top-
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Count microplate scintillation counter (PerkinElmer).  The non-specific binding was determined 

in the presence of unlabeled 10  µM GTPγS.  Basal values were in the absence of the ligands.  

Specific GTPγS-binding (counts per minute; CPM) was determined by subtracting non-specific 

activity.  Agonist-stimulated values were transformed to “percent over basal” [% = (stimulated-

basal)/(basal)*100].  GTP-binding parameters were analyzed using GraphPad Prism 5 (La Jolla, 

CA).   

 

2.14.  CELLULAR PROLIFERATION ASSAY 

N18TG2 clones were cultured at a density of 60,000 cells per well in a 24-well plate.  

This cell density enabled the exponential growth of each cell line during the entire course of the 

experiment (0-72 hr).  For experiments using the PKA activator Sp-cAMP (1 M) or inhibitor Rp-

cAMP (1 M), cells were incubated at 12 hr post-plating.  Cells were grown for 36 hr before being 

treated with the MEK inhibitor 100 µM PD98059 (Sigma Aldrich).  In each experiment, cells 

were collected every 12 hr with PBS-EDTA.  The cells were pelleted in a microfuge at 1,000 x g 

for 5 min at room temperature, and the cell pellet was resuspended in 300 µl PBS.  Cells were 

diluted 1:10 in Trypan blue (0.4% in PBS) and counted using a hemocytometer. 

 

2.15.  [35S]GTPγS BINDING IN BRAIN SLICES 

Male Sprague-Dawley rats from AAV-injection studies were sacrificed by decapitation. 

The brains were removed and immediately immersed in isopentane at -35°C.  Coronal or 

horizontal sections (20 µm) were cut on a cryostat at -20°C and thaw-mounted onto gelatin-

coated slides.  Slides were dried under a vacuum and stored desiccated at -80°C until use. 

Agonist-induced G protein activation by CB1R, D2R, MOR1 and DOR1 was quantitated by 

[35S]GTPγS, binding assays (Sim et al., 1995).  Thawed rat brain sections were preincubated for 

10 min in TME buffer (50 mM Tris-HCl, 3 mM MgCl2, 0.2 mM EGTA, 100 mM NaCl, pH 7.4), 

then 15 min with 1 mM GDP and 1 µM DPCPX at 25°C.  Agonist-stimulated activity was 
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determined by incubating in [35S]GTPγS (0.04 nM) with the appropriate agonist and GDP 

concentrations in assay buffer at 25°C for 2 hr.  Agonists included: 1 µM WIN 55212-2 (CB1R); 

3 µM NPA (D2R), 3 µM DAMGO (mu opioid), and 3 µM DPDPE (delta opioid).  In each 

experiment, basal activity was assessed with GDP in the absence of agonist, and nonspecific 

binding was assessed in the presence of 10 µM unlabeled GTPγS without GDP.   The sections 

were then rinsed twice in ice-cold Tris buffer (50mM Tris HCl, pH 7.0 at 25°C) and rinsed once 

briefly in deionized water.  Slides were dried overnight and exposed to X-ray film for 24 hr.  

Films were digitized with a Sony XC-77 video camera and analyzed using ImageJ software 

(NIH).  Quantification of images was determined by densitometry analysis using 14C standards.  

Agonist-stimulated activity was calculated by subtracting the optical density in basal sections 

(GDP only) from that of agonist-stimulated sections and results are expressed as percent 

stimulation over basal activity. 

 

2.16.  STATISTICAL ANALYSIS 

Statistical differences were determined using Student’s t-test or one-way ANOVA and 

the post-hoc Bonferroni test for experiments comparing two or more sets of independent 

variables.  For brain slice studies, data from treated (ipsilateral) sides of the brain were compared 

to untreated control tissue isolated from the same region on the contraleral side of the brain, such 

that each animal served as its own control.  Statistical differences were determined by paired 

comparisons between treated and untreated tissue using Student’s paired two-sided t-test analyses 

on Prism 4 or InStat software (Graphpad).  EC50 values were determined by non-linear regression 

analysis.  All data herein are shown as the mean ± SEM, and was considered significant when the 

p value ≤ 0.05.  
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CHAPTER III 

 

 

CANNABINOID RECEPTOR INTERACTING PROTEIN (CRIP1A) 

REGULATES CELL SURFACE EQUILIBRIUM AND INTERNALIZATION OF 

THE CB1 CANNABINOID RECEPTOR 
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ABSTRACT      

  Agonist-mediated internalization of the CB1 receptor (CB1R) has been well documented, 

but the cellular mechanisms governing CB1R surface expression are not completely understood.  

We investigated CB1R regulation by its associated protein, CB1R interacting protein (CRIP1a), 

using N18TG2 neuroblastoma cells which endogenously express both proteins.  We observed a 

significantly reduced plasma membrane density of CB1R following CRIP1a over-expression, 

which was conversely increased by CRIP1a knockdown, even though neither modification of 

CRIP1a expression altered CB1R mRNA or protein levels.  CB1R agonists CP55940 or 

WIN55212-2 promoted rapid (<5 min) internalization of CB1Rs, which was attenuated by over-

expression of CRIP1a.  Confocal microscopy showed agonist-induced GFP-CB1R punctate 

fluorescence was reduced by CRIP1a over-expression.  Both dynasore and chlorpromazine 

precluded the actions of CRIP1a, suggesting CRIP1a influences a dynamin and clathrin-

dependent mechanism. β-arrestin punctate staining following CB1R agonist treatment was 

reduced by CRIP1a over-expression and increased by CRIP1a knockdown, suggesting CRIP1a 

attenuates β-arrestin-driven CB1R internalization.  Prolonged treatment with WIN55212-2 

reduced CB1R cell surface levels.  However, CP55940-mediated internalization was followed by 

a recovery of surface receptors (30-120 min) that was sensitive to cycloheximide, suggesting that 

new protein synthesis was required for re-establishing CB1R cell surface levels.  CRIP1a 

knockdown reversed WIN55212-2-induced CB1R down-regulation, and blocking de novo protein 

synthesis prevented this effect.  Altering CRIP1a levels did not affect the transient SR141716A-

mediated increase in cell surface expression of CB1R postulated to be due to blocking constitutive 

internalization.  These studies demonstrate a role for CRIP1a in the regulation of agonist-induced, 

β-arrestin-driven CB1R internalization, and in cell surface CB1R equilibrium levels.  
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3.1.  INTRODUCTION 

The CB1 cannabinoid receptor (CB1R) is one of the most abundantly expressed seven-

transmembrane receptors in the brain.  In the central nervous system CB1Rs are predominately 

expressed on pre-synaptic neurons and respond to the endocannabinoids 2-arachidonoylglycerol 

(2-AG) and anandamide to suppress neurotransmitter release (Pertwee, 2006; Turu et al., 2010).  

CB1R activation leads to coupling of pertussis toxin-sensitive Gi/o proteins to inhibit 

voltage-sensitive Ca2+ channels and adenylyl cyclase, and activate inwardly rectifying K+ 

channels and mitogen-activated protein kinases (MAPK) including extracellular signal-regulated 

kinase 1 and 2 (ERK1/2) (Turu et al., 2010).  Clinically, targeted pharmacotherapies at CB1R 

have been of considerable interest in the treatment of nausea, obesity, cancer, substance abuse 

and neurodegenerative disorders (Pertwee, 2006).  However, the clinical success of these 

compounds has been limited by untoward psychoactive side effect profiles, abuse liability, and 

the development of tolerance.  Thus a better understanding of the underlying mechanisms and 

proteins involved in regulating CB1R activity is needed.  

       The majority of experiments centered on G-protein coupled receptor (GPCR) functioning 

have used agonist-mediated activity as the primary means to study receptor signal transduction.  

However, the emergence of GPCR interacting proteins as important modulators of GPCR ligand 

specificity, signaling, cell surface expression, and trafficking has opened up a new avenue of 

investigation in GPCR regulation.  As such, insights into CB1R accessory proteins may help to 

uncover novel mechanisms involved in the regulation of CB1R signaling.  To date, numerous C-

terminus interacting proteins for CB1R exist including GRKs, β-arrestin’s, AP-3, and GPCR-

associated sorting protein1 (GASP1) (Howlett et al., 2010; Smith et al., 2010). These accessory 

proteins appear to be involved in the regulation of CB1R protein expression, trafficking, cellular 

Background: CRIP1a is an accessory protein for the CB1R, yet little is known regarding 
the biological function and mechanisms governing the CB1R-CRIP1a interaction.  
Results: CRIP1a reduces CB1R plasma membrane expression, attenuates agonist-mediated 
β-arrestin recruitment, and internalization of CB1R’s. 
Conclusion: CRIP1a modulates CB1R cell surface expression.  
Significance: The novel function for CRIP1a in CB1R internalization expands the repertoire 
and diversity of CB1R regulation. 
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localization, and signaling (Howlett et al., 2010; Smith et al., 2010).   

       Two novel proteins termed Cannabinoid Receptor Interacting Proteins 1a and b (CRIP1a 

and CRIP1b) were shown to selectively bind to the last nine C-terminal residues of CB1R, but not 

CB2R (Niehaus et al., 2007).  In superior cervical ganglion neurons, CRIP1a was capable of 

suppressing CB1R-mediated tonic inhibition of voltage-gated Ca2+ channels, and as such was 

suggested to function as an inhibitor of CB1R constitutive activity (Niehaus et al., 2007).  We 

recently reported the immunohistochemical detection of CB1R and CRIP1a in striatal neurons, 

and showed that over-expression of CRIP1a markedly reduced CB1R-stimulated phosphorylation 

of the mitogen-activated protein kinases ERK1/2 (Blume et al., 2013).  Over-expression of 

CRIP1a has been reported to switch CB1R-mediated neuroprotection from an agonist to 

antagonist-mediated mechanism in a model of glutamate neurotoxicity in primary neuronal 

cortical cultures (Stauffer et al., 2011).  Gene expression analyses of human epileptic post-

mortem hippocampal tissue revealed that CRIP1a and CB1R were depleted in sclerotic tissue, but 

only CB1R was observed to be down-regulated in non-sclerotic hippocampal tissue, leading the 

authors to postulate a role for CRIP1a in the pathogenesis of epilepsy (Ludanyi et al., 2008).  

Although these studies appear to point to diverse roles for CRIP1a in CB1R regulation, the exact 

underlying mechanisms involved in the modulation of CB1R-mediated neuroprotection and 

constitutive inhibition of N-type Ca2+ channels by CRIP1a is still unknown.  

       To date, all CRIP1a studies have utilized gain-of-function expression models to 

investigate the functional relevance of CRIP1a, but experiments involving CRIP1a loss-of-

function have yet to be carried out.  Therefore, in the present study, both CRIP1a over-expression 

and RNA interference-induced CRIP1a knockdown were examined in stably-transfected clones of 

the N18TG2 neuronal cell line, which endogenously expresses both CB1R and CRIP1a.  Our 

primary focus was to determine the effects of CRIP1a on the regulation of CB1R plasma 

membrane expression and internalization during agonist and antagonist occupancy of the 

receptor.  We found that agonist-mediated CB1R internalization was profoundly inhibited by the 
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over-expression of CRIP1a.  Immunofluorescence confocal microscopy revealed that the ability 

of CB1R agonists to induce a redistribution of β-arrestin to activated CB1Rs was significantly 

altered by modulating the endogenous levels of CRIP1a.  These studies are the first to identify a 

function for the CB1R accessory protein CRIP1a in the regulation of CB1R internalization through 

alterations in β-arrestin recruitment to activated CB1Rs.   

 

3.2.  EXPERIMENTAL PROCEDURES 

3.2.1.  Materials 

       The National Institute of Drug Abuse drug supply program kindly provided CP55940 ((-

)-cis-3R-[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-trans-4R-3(3-hydroxypropyl)-1R 

cyclohexanol) and SR141716A (N-(piperidin-1yl)-5-(4-chlorophenyl)- 1-(2,4-dichlorophenyl)-4-

methyl-H-pyrazole-3-carboxamide). WIN55212-2, and tetrahydrolipstatin (THL, Orlistat) were 

purchased from Cayman Chemical (Ann Arbor, MI).  Dynasore (3-Hydroxynaphthalene-2-

carboxylic acid (3,4-dihydroxybenzylidene)hydrazide) was purchased from Tocris Biosciences 

(Minneapolis, MN).  Chlorpromazine, cycloheximide and nystatin were purchased from Sigma-

Aldrich (St. Louis, MO), and the GRK2 inhibitor (methyl 5-[2-(5-nitro- 2-furyl)vinyl]-2-furoate) 

was purchased from EMD Millipore (Billerica, MA).  The following antibodies were obtained 

from Santa Cruz Biotechnology (Santa Cruz, CA): anti-β-actin (C4), anti-β-arrestin 1/2 (A1, 

H290), anti-caveolin-1 (7C8); anti-CB1R (N-15), anti-CRIP1a (K-12), anti-Na+/K+-ATPase α (H-

300).  We previously reported the generation and specificity of a rabbit CRIP1a polyclonal 

antibody (D20) developed against amino acids D20-F32 of human CRIP1a (Blume et al., 2013).  

Nitrocellulose membranes, Odyssey blocking buffer, and secondary IRDye-conjugated antibodies 

(800CW goat anti-rabbit, 800CW goat anti-mouse, 800CW donkey anti-goat, 680CW donkey 

anti-rabbit, 680CW donkey anti-goat, and 680CW donkey anti-mouse) were from LI-COR 

Biosciences (Lincoln, NE).  Alexa Fluor 350 goat anti-mouse IgG (A-11045) and Prolong Gold 

Antifade reagent were from Life Technologies (Grand Island, NY).   
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3.2.2.  Cell culture and generation of stable neuronal CRIP1a transgenic clones 

       N18TG2 neuroblastoma cells and stable clones were cultured and maintained in 

Dulbecco's Modified Eagle's Medium (DMEM):Ham's F-12 (1:1) with GlutaMax, sodium 

bicarbonate, and pyridoxine-HCl, supplemented with penicillin (100 units/ml) and streptomycin 

(100 µg/ml) (Gibco Life Technologies) and 10% heat-inactivated bovine serum (JRH 

Biosciences) and incubated at 37°C in a humidified atmosphere containing 95% air and 5% 

carbon dioxide.  

       For creation of stable CRIP1a over-expressing and knock-down clones, mouse N18TG2 

cells (passage 23) were grown to 90% confluency and then transfected with either pcDNA3.1-

CRIP1a mouse cDNA plasmid for over-expression, or an siRNA-CRIP1a expression vector for 

knockdown.  CRIP1a constructs were stably expressed in N18TG2 cells using Lipofectamine 

2000 (Invitrogen).  The siRNA-CRIP1a target sequences were selected by the siRNA target 

finder program on the GenScript website (https://www.genscript.com/ssl-bin/app/rnai) using the 

mRNA sequence NM_029861 (mouse Cnrp1 mRNA).  Two different siRNA-CRIP1a vectors 

were created (pRNATin-H1.2-GGATCCCATTTCCATT GGT GGTGTC CTTACTCGAGA; 

pRNATin-H1.2-GGATCCCATTACCA CAAGCGAGAC CATTAC TCGAGA), and each was 

individually tested for knockdown efficiency.  An empty pcDNA3.1 or pRNATin-H1.2 vector 

was used as a control for CRIP1a over-expression or siRNA-CRIP1a knockdown, respectively.  

To generate stable CRIP1a N18TG2 cell lines, G418-resistent single colonies were isolated and 

expanded in selection media containing 600 µg/ml G418 (Gibco Life Technologies), and were 

maintained in 200 µg/ml G418. 

CRIP1a and CB1R expression in transgenic clones was determined using quantitative 

real-time polymerase chain reaction (qPCR).  N18TG2 wild-type (WT) and CRIP1a over-

expressing (XS) and knockdown (KD) clones were grown to 90% confluency and harvested with 

PBS-EDTA (2.7 mM KCl, 138 mM NaCl, 10.4 mM glucose, 1.5 mM KH2PO4, 8 mM Na2HPO4, 

0.625 mM EDTA, pH 7.4).  Cells were pelleted at 1,000 x g at 4°C for 5 min and total RNA was 
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isolated and purified using an RNeasy Mini Kit (Qiagen).  RNA quantification and purity was 

determined with a 260/280 ≥ 2.0 and 260/230 ≥ 1.8 (NanoDrop 1000 Spectrophotometer, Thermo 

Scientific).  Total RNA (1 µg) was reverse transcribed into cDNA using a High-Capacity cDNA 

Archive Kit (Applied Biosystems).  Real-time qPCR was performed in triplicate for each sample 

using TaqMan Universal PCR Master Mix and specific TaqMan primer-probe MGB assay sets 

(Applied Biosystems) for the following genes: 18s ribosomal RNA, neuron-specific enolase 2 

(eno2), CB1 cannabinoid receptor (cnr1), and CRIP1a (cnrip1).  Data were analyzed using the 

ΔΔCT method and eno2 served as the reference standard (Livak et al., 2001). 

3.2.3.  Whole cell lysates and NP-40-soluble and insoluble membrane fractions 

       For whole cell protein analyses of N18TG2 clones, cells were harvested with PBS-EDTA 

and cell pellets were resuspended for 30 min on ice in cold Lysis Buffer (50 mM Tris-HCl, pH 

7.2, 2 mM EDTA, 0.35 mM NP-40, and a protease inhibitor cocktail (Roche)).  Whole cell 

detergent lysates were centrifuged at 2,500 x g at 4°C for 5 min to remove debris, and the 

supernatants were collected for protein determinations (BCA assay, Pierce).   

       To prepare detergent-solubilized membrane fractions, cells grown to sub-confluency 

(~80%) were harvested with PBS-EDTA, and cell pellets were resuspended for 20 min on ice in 

cold hypotonic swelling buffer (20 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM 

EDTA, 1 mM EGTA, 1 mM dithiothreitol and a protease inhibitor cocktail (Roche)).  Cells were 

subjected to 20 strokes with a dounce homogenizer, and homogenates were centrifuged at 1,000 x 

g for 10 min at 4°C to remove cellular debris and unbroken cells.  Supernatants were centrifuged 

at 40,000 x g for 1hr at 4°C, and the membrane pellet was resuspended with a 25 G needle in ice 

cold Lysis Buffer, and incubated on ice for 20 min. NP-40-solubilized membranes were 

centrifuged at 2,500 x g for 10 min at 4°C, and NP-40-soluble membranes (supernatant) were 

used to determine protein using the BCA assay.  The NP-40-resistant fractions (pellets) were 

resuspended in the same volume of Laemmli buffer to allow for volume to volume equivalence in 

the Western blot analysis.  
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3.2.4.  Western immunoblotting procedures 

       Samples were denatured and reduced in Laemmli sample buffer  (62.5 mM Tris-HCl, pH 

6.8, 2% SDS, 10% glycerol, 0.002% bromophenol blue, 710 mM β-mercaptoethanol; 65 °C for 

10 min), and then resolved on 4-20% gradient SDS-PAGE gels (Bio-Rad) at 150 volts for 1 hr at 

21-23°C.  Proteins were transferred to nitrocellulose membranes in Towbin's buffer at 85 volts for 

45 min at 4°C using a BioRad Trans-Blot Cell with an ice pack.  Blots were rinsed for 5 min with 

phosphate-buffered saline (PBS: 1.5 mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl, 

pH 7.4), blocked for 60 min with blocking buffer (Odyssey), and then incubated with primary 

antibodies at 4°C for 18 hr: CB1R (1:750), CRIP1a D20 (1:500), CRIP1a K-12 (1:500), β-actin 

(1:600), β-arrestin-1/2 (1:500), caveolin-1 (1:500), Na+/K+-ATPase (1:500).  Blots were washed 

four times with PBST (PBS containing 0.1% Tween-20), incubated with an appropriate IRDye-

conjugated secondary antibody (1:10,000) for 1 h at 21-23°C, and washed three times with PBST 

followed by one wash with PBS.  Bands on immunoblots were imaged and quantified by 

densitometry using Odyssey Infrared Imaging System software (LI-COR Biosciences).  

3.2.5.  Co-immunoprecipitation and pull-down procedures  

       N18TG2 WT cells were grown to 80% confluency, harvested in PBS-EDTA, and cell 

pellets were resuspended in IP Lysis Buffer (25 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM 

EDTA, 0.25 mM NP-40 and 5% glycerol with a protease inhibitor cocktail) on ice for 30 min.  

Whole cell detergent lysates were collected following centrifugation at 2,500 x g at 4°C for 5 

min, and protein concentrations were determined using the BCA assay.  Each protein sample (500 

µg protein) was diluted into IP buffer (2.7 mM KCl, 100 mM NaCl, 1.5 mM KH2PO4, 8 mM 

Na2HPO4, 0.1 mM EDTA, 0.01 mM NP-40, pH 7.0) and immunoprecipitated with antibodies (1-2 

µg) specific for CB1R, CRIP1a, or β-arrestin 1/2 at 4°C for 18 hr.  Immuno-bound proteins were 

collected with protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology), sedimented at 

10,000 x g for 5 min at 4°C, washed three times with ice-cold IP buffer, and boiled in Laemmli's 
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sample buffer.  Eluted proteins were separated from agarose beads by centrifugation at 10,000 x g 

for 5 min at 4°C, and supernatants were analyzed by Western blotting. 

       Peptides representing the last 16 residues (149-164) of the C-terminal of CRIP1a, the last 

14 residues (460-473) of the C-terminal of CB1R, or the CB1R C-terminal 14-mer peptide 

phosphorylated at threonine 468 (pT468) were each synthesized with an amine-terminal cysteine 

residue (purity ≥ 98%) (GenScript), and immobilized onto agarose beads through irreversible 

thioether bonds (Pierce SulfoLink Immobilization kit).  Immobilized peptide beads were 

incubated overnight with whole cell NP-40 detergent lysates (500 µg protein) from N18TG2 WT 

cells.  The agarose-peptide complex was then centrifuged at 1,000 x g for 5 min at 4°C, and was 

washed four times with PBS.  Proteins were eluted with 0.1 M glycine-HCl (pH 2.8), 

immediately neutralized on ice with 1 M Tris-HCl (pH 9), and centrifuged at 10,000 x g for 5 min 

at 4°C.  Eluted proteins (supernatant) were then subjected to Western blotting.  

3.2.6.  Immunocytochemistry determination of CB1R internalization 

       CB1R cell surface density was quantified using a 96-well format “On-cell-Western” 

immunocytochemistry technique.  Cells were plated and grown until 90% confluent, serum-

starved for 16 h, and then treated for 2 hr with 1 µM THL to attenuate the production of 2-AG. 

For experiments performed in the presence of 80 µM dynasore, 25 µM nystatin, 25 µM 

chlorpromazine, or 50 µM cyclohexamide, the inhibitors were added 30 min prior to drug 

exposure, and for studies using the GRK2 inhibitor (1 µM), the inhibitor was added 15 min prior 

to drug treatment.  Cannabinoid drugs (stocks stored at 10 mM in ethanol) or ethanol (control) 

were blown dry under N2 gas in trimethylsilyl-coated glass test tubes, resuspended in serum-free 

DMEM:F-12 containing 5 mg/ml fatty acid-free bovine serum albumin (BSA), and serially 

diluted prior to cell treatment.  Cells were treated with vehicle, 10 nM CP55940, 10 nM 

WIN55212-2 or 10 nM SR141716A at 37°C for the indicated times, media was poured off, and 

plates were placed on ice. Cells were fixed with ice-cold 1.2% phosphate-buffered formalin (1.5 

mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl; 1.2% formaldehyde (v/v), pH 7.4) 
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and incubated for 15 min at 21-23°C, with elimination of the permeabilization step.  For technical 

controls, the effects of various concentrations of paraformaldehyde were assessed to determine a 

concentration capable of fixing the cells without altering plasma membrane permeability.  

LAMP2, a luminal endosomal marker, was used as a positive control for determining the extent 

of cell permeabilization.  Plates were washed three times for 5 min with PBS, blocked for 90 min 

in blocking buffer, and incubated with gentle rocking at 4°C for 18 hr with a primary antibody 

against the amino-terminus of CB1R (1:800).  Plates were then washed in PBST, and incubated 

simultaneously for 1 hr with a secondary IRDye 800CW donkey anti-goat (1:1,500) and the 

nuclear stain DRAQ5 (Cell Signaling) (1:5,000) to normalize for well-to-well variations in cell 

density.  Plates were washed four times with PBST, and immunofluorescence was imaged using 

the LI-COR Odyssey (169µ resolution, 5 sensitivity, 4.01235 mm offset, medium quality).  

Immunoreactive CB1R fluorescence intensity was first normalized to DRAQ5, and then receptor 

internalization values were quantified as percent loss of cell surface immunoreactive CB1R, 

relative to time at 0 min expressed as 100%.  CB1R cell surface expression was analyzed using 

Microsoft Excel and GraphPad Prism V software.  

3.2.7.  Confocal microscopy of β-arrestin and GFP-CB1R 

      N18TG2 WT, control vector, and CRIP1a XS cells were seeded at a density of 20,000 

cells per well onto 4-well Nunc Lab-Tek II glass chamber slides. Cells were grown to ~30% 

confluency, the medium was replaced with serum and antibiotic-free DMEM:F-12 media (400 

µl’s) prior to transfection with 1 µg of the full-length CB1R N-terminally tagged with GFP and a 

signal sequence from human growth hormone, in a pcDNA1 vector (SS-GFP–CB1R) (MacDonald 

et al., 2007a) using Lipofectamine 2000.  Transient transfections were incubated at 37°C in a 

humidified atmosphere containing 95% air and 5% carbon dioxide for 6 hr, then washed twice 

with serum-free media, and grown for 32 hr.  SS-GFP-CB1R transfected cells were then serum-

starved overnight (16 hr), and pretreated with THL (1 µM, 2 hr) prior to challenge with CP55940 

(10 nM) for 15 min.  Immediately following drug exposure, cells were fixed with 4% phosphate-
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buffered formalin (1.5 mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl; 4% 

formaldehyde (v/v), pH 7.4) for 15 min at 21-23°C, washed four times with PBS, once with ultra-

pure water, and then mounted with Prolong Gold Antifade.       

      For immunofluorescence of β-arrestin N18TG2 WT, control vector, CRIP1a XS and 

CRIP1a KD cells were seeded at a density of 30,000 cells per well onto 4-well Nunc Lab-Tek II 

glass chamber slides. Cells were grown to ~40% confluency, serum-starved overnight (16 hr), 

and pretreated with THL (1 µM, 2 hr) prior to challenge with either vehicle or the CB1R agonist 

CP55940 (10 nM) for 5 min.  Immediately following drug exposure, cells were fixed with 4% 

phosphate-buffered formalin for 15 min at 21-23°C, washed twice with PBS, and once for 5 min 

with PBSG (PBS containing 0.3% glycine), and then permeabilized for 10 min with 0.3% Triton 

X-100.  Slides were then incubated in blocking buffer (PBS, 1% BSA, 5% normal goat serum, 

0.1% Triton X-100) for 30 min at 21-23°C, followed by anti-β-arrestin 1/2 (1:200) or a rabbit 

anti-IgG isotype antibody overnight at 4°C.  Slides were washed four times with PBS, incubated 

with Alexa Fluor 405 rabbit anti-mouse IgG (1:500) for 45 min at 21-23°C, washed five times 

with PBS, one time with ultra-pure water, and then mounted with Prolong Gold Antifade.   

      Neuronal cells from all experimental conditions were imaged under identical imaging 

parameters, which were performed below saturation limits for fluorescence signal.  GFP-CB1R 

and β-arrestin images were acquired with Carl Zeiss (Jena, Germany) laser scanning confocal 

imaging systems LSM710 (63x objective; λ= 488 nm) and LSM700 (64x objective; λ= 405 nm), 

respectively.  For analysis of GFP-CB1R and β-arrestin redistribution and accumulation in 

punctate vesicles, ImageJ was utilized to identify the punctate fluorescence that represents 

aggregated GFP-CB1R or β-arrestin, respectively.  Aggregation creates enhanced pixel intensity 

relative to diffuse staining; therefore, total GFP-CB1R or β-arrestin levels were quantified by 

determining the average intensity value for each individual cell.  Briefly, punctate fluorescence 

was quantified by setting a minimal threshold intensity value of 23,322 (GFP-CB1R), or 1,200 (β-

arrestin) and determining the average intensity above the defined threshold for each individual 
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cell.  Changes in agonist-induced redistribution of GFP-CB1R or β-arrestin were calculated by 

taking the ratio of punctate:total fluorescence, and then ratios within an experimental group were 

averaged.  The means from each experiment were used in the analysis.  Following analysis the 

image intensity was enhanced in Photoshop to improve visibility of the images; each image was 

enhanced equally.   

3.2.8.  Statistical analyses 

      Statistical differences were determined using Student’s t-test or one-way ANOVA and 

the post-hoc Bonferroni test for experiments comparing two or more sets of independent 

variables.  Statistical analyses were conducted using GraphPad Prism VI (GraphPad Software).  

Data shown are mean ± SEM values, and were considered significant when the p value ≤ 0.05.  

 

3.3.  RESULTS 

3.3.1.  CRIP1a influences CB1R cell surface equilibrium but not mRNA or total protein levels 

       In order to better understand the cellular mechanisms involved in the regulation of CB1R 

by CRIP1a, we developed stable neuronal transgenic CRIP1a over-expressing (XS) and 

knockdown (KD) clones in the N18TG2 cell line.  Based on their CRIP1a mRNA and protein 

expression, two different CRIP1a XS and KD clones were selected for the present investigations.  

CRIP1a XS clones 1 and 5 express CRIP1a:CB1R mRNA levels that are 12:1 (XS 1) and 7:1 (XS 

5), compared with a 1:7 ratio in WT cells (Fig. 3.1 A).  qPCR analysis of N18TG2 CRIP1a 

knockdown clones shows that these cells have a significant depletion in the mRNA levels of 

CRIP1a (KD 2C: 61% ± 6; KD 2F: 70% ± 6) relative to control and N18TG2 WT cells (Fig. 3.1 

C).  N18TG2 cells stably transfected with either an empty pcDNA3.1 expression plasmid (XS 

Control) or the siRNA expression vector pRNATin-H1.2 (KD Control) did not show any 

significant changes in the mRNA levels of CRIP1a.  Western blot analysis using a CRIP1a 

antibody, recognizing an internal (D20) or a C-terminus (data not shown) epitope, confirmed that 
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these transgenic CRIP1a clones have significant alterations in CRIP1a protein levels, relative to 

WT controls (Fig. 3.1 B, D). 

       To determine whether alterations in CRIP1a expression could change CB1R mRNA or 

total protein levels we performed qPCR and immunoblotting in CRIP1a XS and KD clones.  

Results from CB1R gene expression experiments revealed that over-expression (Fig. 3.1 E) and 

knockdown (Fig. 3.1 G) of CRIP1a failed to alter CB1R mRNA levels.  Furthermore, comparison 

of immunoblotting band densities between WT and CRIP1a XS (Fig. 3.1 F) or KD (Fig. 3.1 H) 

cells show that variation in cellular CRIP1a levels did not influence total CB1R protein levels.  

These findings support work from several recent publications using stable and transient over-

expression of CRIP1a, which indicated that CRIP1a had no effect on total CB1R protein 

expression (Blume et al., 2013; Niehaus et al., 2007; Stauffer et al., 2011).   

      We next investigated the influence of CRIP1a in regulation of CB1R cell surface density.  

Endogenous 2-AG has been reported to modulate internalization of cell surface CB1Rs (Leterrier 

et al., 2004; McDonald et al., 2007b; Rinaldi-Carmona et al., 1998).  Therefore, to diminish 

contributions of endocannabinoid tone, we serum-starved the cells for 16 h to remove any 

endocannabinoids that may be present in the serum (Marazzi et al., 2011), and then treated the 

cells with the diacylglycerol lipase inhibitor THL for 2 h to attenuate the production of 2-AG.  

Cells were fixed with a concentration of formaldehyde (1.2%) that was capable of maintaining 

cell attachment, but not cellular permeabilization, as determined via immunodetection of the 

intracellular lysosome-associated membrane protein 1 (data not shown).  Utilizing an antibody 

directed at the N-terminal domain of CB1R, we demonstrate that CB1R cell surface 

immunoreactivity is significantly reduced in cells that stably over-expressed CRIP1a (XS 1: 29% 

± 6.1; XS 5: 24% ± 6) (Fig. 3.2 A).  In contrast, Fig. 3.2 B shows that knockdown of CRIP1a 

leads to an augmentation of CB1R surface density (KD 2C: 14% ± 4; KD 2F: 22% ± 5).  

Additionally, a 2 hr pre-treatment with the protein synthesis inhibitor cycloheximide failed to 

alter the observed effects on CB1R plasma membrane density in CRIP1a XS or KD cells, 
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suggesting that CRIP1a does not change the rates of CB1R de novo synthesis and translocation to 

the plasma membrane (data not shown).  We did not observe any significant differences in 

surface immunoreactive CB1R between WT and empty vector control cells (Fig. 3.2 A and B).  

 

 

 

 

 

Figure 3.1.  Stable transgenic CRIP1a over-expressing (XS) and knockdown (KD) clones do 

not alter CB1 receptor expression.  N18TG2 WT, empty vector (Control), CRIP1a XS (A, E), 

and CRIP1a KD cells (C, G) were subjected to qPCR to quantitate mRNA levels of CRIP1a (A, 

C) and CB1R (E, G). ΔΔCt values are expressed as the fold-difference from WT, represented as 1.  

Protein levels were determined by Western blots of whole cell lysates from N18TG2 WT, empty 

vector (Control), CRIP1a XS (B, F), and CRIP1a KD cells (D, H).  The band density ratio of 

CRIP1a:β-actin (B, D) or CB1R:β-actin (F, H) were calculated for each individual clone, and 

normalized to WT as 100%.  Data are expressed as the mean ± S.E.M. from six independent 

experiments.  # p<0.01, $ p<0.001 indicates significant difference from WT using Student’s t test.  
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Figure 3.2.  CRIP1a alters CB1R cell surface equilibrium.  N18TG2 WT, empty vector 

(Control), CRIP1a XS (A) and CRIP1a KD (B) cells were serum-starved for 16 h, pretreated for 2 

h with 1 µM THL, and quantitated for cell surface expression using the On-cell-Western assay, as 

described in the Experimental Procedures.  Calculation of CB1R surface expression was 

determined as the ratio of immunoreactive CB1R to DRAQ5, and compared to WT set as 100%.  

Representative Western blots of NP-40 soluble (C) and NP-40-resistant (D) membranes were 

probed for Na+K+-ATPase and caveolin to identify fractions containing plasma membrane and 

lipid rafts, respectively.  Data are expressed as the mean ± S.E.M. from four (A and B) and three 

(C and D) independent experiments.  * p<0.05, # p<0.01 indicates significant difference from WT 

using Student’s t test.
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Although CRIP1a is a soluble protein, its co-localization with CB1R at the plasma 

membrane has been reported in HEK293 cells (Niehaus et al., 2007).  We followed the observed 

changes in CB1R basal surface expression by CRIP1a, and investigated whether CRIP1a over-

expression or knockdown might sequester CB1R membrane proteins into different plasma 

membrane microdomains (i.e. caveolar lipid rafts), by preparing NP-40 soluble and NP-40-

resistant membrane fractions for Western blotting.  In Fig. 3.2 C, the prominent staining for the 

plasma membrane marker Na+K+-ATPase in the NP-40 soluble fraction suggests that this fraction 

contains the majority of plasma membrane, and that both CRIP1a and CB1R can be found in this 

fraction.  Both over-expression and knockdown of CRIP1a can be observed in the NP-40-soluble 

membrane fractions.  Membrane lipid raft fractions, defined by their NP-40-resistance, the 

presence of caveolin-1, and deficiency of Na+K+-ATPase, contained much less CB1R and CRIP1a 

relative to NP-40 soluble fractions (Fig. 3.2 D).   

3.3.2.  CRIP1a attenuates agonist-mediated internalization of CB1R 

       In cell model systems, exogenously expressed CB1R can undergo rapid (5 min) 

internalization and recycling back to the plasma membrane following agonist treatment (Coutts et 

al., 2001; Daigle et al., 2008; Hsieh et al., 1999).  Based on these findings, we tested whether 

CRIP1a was involved in regulating agonist driven internalization of CB1R.  As seen in Fig. 3.3 A 

and B, following a 5 min treatment with CP55940 (10 nM), a rapid internalization and significant 

loss of CB1R immunoreactivity was observed in WT (32% ± 3) and empty vector control cells 

(33% ± 6) (Phase 1).  CP55940-mediated reduction in CB1R surface density plateaqued at 5 to 30 

min in both WT (27% ± 3) and control cells (28% ± 4) (Phase 2).  After 30 min of CP55940 

exposure, a gradual and complete recovery of CB1R surface expression was observed for WT 

cells (Phase 3).   

      CRIP1a XS cells initially exhibited a cell surface level that was 70-75% of WT.  A 5 min 

treatment with CP55940 resulted in a minimal loss in CB1R cell surface levels (XS 1: 11% ± 4; 

XS 5: 7% ± 5), which remained the same during phase 2 (XS 1: 13% ± 4;XS 5: 10% ± 5) and 
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phase 3 (Fig. 3.3 A).  At 15-120 min, CP55940-induced changes in net CB1R surface density 

significantly differed between WT and CRIP1a XS cells.  In WT cells a return to pre-agonist 

steady-state levels (100%) was observed; however, CRIP1a XS cells only recovered to 70% of 

WT levels.  The limited reduction in CB1R surface levels suggests that a component of CB1R 

internalization is resistant to CRIP1a expression levels.   

      Fig. 3.3 B shows that CP55940-promoted loss of CB1R surface expression in CRIP1a KD 

cells was not different from WT during phase 1 (KD 2C: 35% ± 5;KD 2F: 34% ± 5), phase 2 (KD 

2C: 29% ± 6;KD 2F: 26% ± 5).  However, during the re-establishment of CB1R cell surface 

density in phase 3, CRIP1a KD cells showed a modest enhancement in CB1R surface levels at 

120 min, relative to WT (120 min, WT: 96% ± 3; KD 2C: 109% ± 4;KD 2F: 116% ± 7).    

      In Figs. 3.3 C and D, we examined the time course for WIN55212-2-mediated 

internalization of CB1R in WT cells, and observed a robust loss of membrane CB1Rs in phase 1 

(35% ± 5), and a reduced phase 2 equilibrium in CB1R membrane expression (31% ± 5) from 5 to 

30 min.  Unlike WT cells treated with CP55940, cells exposed to WIN55212-2 do not re-establish 

pre-agonist surface levels following a 30-120 min treatment.  Over-expression of CRIP1a reduced 

the extent of receptor internalization evoked by WIN55212-2 during phase 1 (1-5 min, XS 1: 10% 

± 6; XS 5: 13% ± 6) and phase 2 (5-30 min, XS 1: 18% ± 5; XS 5: 16% ± 6) (Fig. 3.3 C).  Similar 

to WT cells, CB1R membrane expression failed to return back to baseline levels in CRIP1a XS 

cells following a 30-120 min exposure to WIN55212-2, and displayed a significant difference 

from WT cells in immunoreactive CB1R membrane levels during this same time period (30-120 

min, WT: 75% ± 5; XS 1: 50% ± 6; XS 5: 56% ± 5).  CRIP1a KD cells did not behave differently 

from WT during WIN55212-2 treatment phase 1 (1-5 min, KD 2C: 23% ± 5; KD 2F: 25% ± 6) or 

phase 2 (5-30 min, KD 2C: 25% ± 4; KD 2F: 23% ± 5) (Fig. 3.3 D).  However, unlike the net 

losses observed in WT cells during phase 3 of WIN55212-2 treatment, CB1R membrane 

expression returned to pre-agonist values in CRIP1a KD cells.  Final steady-state CB1R surface 

levels were significantly different between WT cells (45-120 min, WT: 80% ± 5) and CRIP1a KD 
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cells (KD 2C: 101% ± 6; KD 2F: 104% ± 5).  Together, these studies indicate that CB1Rs 

establish a lower steady-state cell surface level in cells that over-express CRIP1a compared with 

WT cells.  However, those CB1Rs that remained on the cell surface of CRIP1a XS cells were 

unable to internalize in response to agonist treatment.  These data suggest that CRIP1a can 

suppress agonist-driven internalization, and CP55940 and WIN55212-2 differentially induce 

sustained alterations in CB1R membrane density levels following a 30-120 min exposure to these 

agonists.   

To confirm our immunocytochemistry data on the ability of CRIP1a to suppress agonist-

mediated CB1R internalization, we transiently transfected WT, control and CRIP1a XS cells with 

N-terminally tagged green fluorescent protein (GFP) CB1R fusion proteins (GFP-CB1R). Under 

basal conditions, GFP-CB1R fluorescence was associated with the plasma membrane and was 

also present in intracellular vesicular-like structures in WT and control cells (Fig. 4A, top panel).  

This distribution is consistent with constitutive endocytosis of CB1R, resulting in an intracellular 

pool of receptors (Leterrier et al., 2004; McDonald et al., 2007).  A similar fluorescence pattern 

for GFP-CB1R in CRIP1a XS cells was observed; however, it is important to note that CRIP1a 

XS cells showed a prominent intracellular punctae fluorescence (p=0.13) for GFP-CB1R relative 

to WT or control cells (Fig. 3.4 A, top panel).  A 15 min CP55940 exposure resulted in a 

redistribution of GFP-CB1R fluorescence into discrete aggregates of punctate in WT and control 

cells (Fig. 3.4 A, bottom panel).  Following a 15 min exposure to CP55940, CRIP1a XS cells had 

a modest accumulation in GFP-CB1R fluorescent punctae (Fig. 3.4 A, bottom panel).  Fig. 3.4 B 

shows quantification of punctate GFP-CB1R fluorescence and demonstrates that CRIP1a over-

expression significantly reduced the ability of a CB1R agonist to redistribute GFP-CB1R into 

discrete punctate regions, relative to WT and control cells.
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Figure 3.3.  CRIP1a regulates agonist-mediated CB1R internalization and surface 

equilibrium.  Time course for CP55940- (A and B) or WIN55212-2- (C and D) mediated 

internalization of CB1R in N18TG2 WT, empty vector (Control), CRIP1a XS (A and C) and 

CRIP1a KD (B and D) clones.  Cells were serum-starved for 16 h, pretreated with 1 µM THL for 

2 h, and treated with 10 nM of the CB1R agonist CP55940 or WIN55212-2 for the indicated 

times.  CB1R cell surface expression was determined using the On-cell-Western assay, and 

normalized to DRAQ5 as described in Experimental Procedures.  CB1R surface expression was 

determined as the ratio of immunoreactive CB1R to DRAQ5.  Time courses for individual 

transgenic clones were calculated independently by normalizing to time 0, and expressed as 100% 

for WT at time 0.  Data are presented as the mean ± S.E.M. from three independent experiments 

performed in triplicate, and shown as the mean ± S.E.M.  * p<0.05, the solid line above WT and 

control (A, C), and WT, control, and CRIP1a KD cells (B, D) indicates that data points 

significantly differ from time 0 for each clone; no significant differences from time 0 were 

observed for CRIP1a XS clones.  # p<0.05, indicates significant difference between CRIP1a XS 

and WT (A, C) or CRIP1a KD and WT (B, D) at the same time point, using Student’s t test. 
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Figure 3.4.  Agonist-induced internalization is attenuated by CRIP1a in GFP-CB1R 

transfected cells.  A, Visualization of the redistribution of GFP-CB1R by confocal microscopy.  

N18TG2 WT, empty vector Control, and CRIP1a XS cells were transiently transfected as 

described in Experimental Procedures, and treated for 15 min with CP55940 (10 nM).  The scale 

bar for confocal microscopy images is 10 µm.  B, Quantification of punctate GFP-CB1R 

following 15 min treatment with vehicle or CP55940 (10 nM).  The ratio of GFP-CB1R punctate 

density to total GFP-CB1R was calculated as described in Experimental Procedures.  Data were 

calculated from 4 different fields obtained from three independent experiments, and represent the 

mean ± S.E.M.  * p<0.05 indicates a significant difference between vehicle and CP55940-treated; 
# p<0.05 indicates a significant difference from CP55940-treated WT, using a one-way ANOVA 

with Dunnett’s post-hoc test.
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3.3.3.  CRIP1a affects agonist-mediated internalization through dynamin and clathrin-mediated 

mechanisms 

       Internalization of surface receptors occurs mainly through two well-characterized 

pathways, clathrin and caveolin, which are both mediated by dynamin (Drake et al., 2006).  To 

elucidate the internalization mechanism that CRIP1a suppresses, we blocked dynamin with the 

inhibitor dynasore and examined net cell surface CB1Rs.  Fig. 3.5 shows that after treatment with 

dynasore, the average reduction in CB1R cell surface expression over the course of a 120 min 

treatment with CP55940 was 8 ± 5% for WT cells and 7 ± 6% for control cells.  During dynamin 

blockade, there were no significant differences in the internalization of CB1R between WT and 

CRIP1a XS (Fig. 3.5 A) or CRIP1a KD clones (Fig. 3.5 B).  These experiments indicate that the 

majority of CB1Rs that internalize from the plasma membrane in response to agonist treatment 

require dynamin.  However, a pool of dynamin-independent internalized receptors was not 

different between WT or CRIP1a clones.  These data implicate CRIP1a in the dynamin-mediated 

CB1R internalization, but not dynamin-independent cell surface CB1R loss. 

       To ascertain which internalization mechanism plays a role in the effects of CRIP1a on 

agonist-promoted internalization of CB1R in N18TG2 cells, we used chlorpromazine and nystatin 

to disrupt internalization mediated by clathrin and caveolae, respectively.  In Fig. 3.6 A, cells 

pretreated with chlorpromazine, an effective inhibitor of clathrin-mediated internalization 

(Rejman et al., 2005; Wang et al., 1993), prior to an acute CP55940 challenge revealed that 

membrane levels of CB1R in WT cells were only marginally reduced (11% ± 4.2 at 5 min).  The 

level of CRIP1a had no significant influence on CP55940-mediated CB1R surface loss during 

inhibition by chlorpromazine (1-5 min: XS 5, 9% ± 5.2; KD 2C, 13% ± 6.1).  Cells pre-incubated 

with nystatin (Cuitino et al., 2005), which sequesters cholesterol to disrupt lipid rafts, and acutely 

(5 min) treated with CP55940, displayed a prominent loss in cell surface CB1Rs (WT: 35% ± 5; 

Control: 32% ± 6%; CRIP1a KD: 40% ± 7).  The ability of CRIP1a over-expression to attenuate 

CP55940-mediated internalization of CB1Rs was observed in nystatin-treated cells (5 min, 14% ± 
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4).  This uninterrupted internalization supports the data from Fig. 3.2 D, where CB1R and CRIP1a 

did not localize in the lipid raft fraction with caveolin1, and suggests that CRIP1a suppresses 

CB1R endocytosis through a clathrin-mediated mechanism. 

 

 

Figure 3.5.  Agonist-promoted CB1R internalization requires dynamin.  N18TG2 WT and 

empty vector (Control) cells (A, C) and CRIP1a XS and CRIP1a KD clones (B, D) were 

pretreated for 30 min with vehicle or the dynamin inhibitor dynasore (80 µM), and challenged 

with the CB1R agonists CP55940 (10 nM) (A, B) or WIN55212-2 (10 nM) (C, D) for the 

indicated times.  CB1R cell surface density was quantitated using the On-cell-Western assay, and 

CB1R surface expression was determined as the ratio of immunoreactive CB1R to DRAQ5, 

represented as 100% at time 0 for WT.  B and D, No significant differences from time 0 were 

detected in time course data for dynasore-treated cells.  Time course data for each transgenic 

clone were compared independently to time 0 for each clone.  Data are presented as the mean ± 

S.E.M. from four independent experiments performed in duplicate.  * p<0.05, # p<0.01 indicates 

significant difference from WT using Student’s t test.
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Figure 3.6.  Agonist-mediated internalization of CB1R occurs through a clathrin-mediated 

mechanism.  Cells were pre-treated for 30 min with vehicle (DMSO), 25 µM chlorpromazine (A) 

or 25 µM nystatin (B), and challenged for the indicated times with CP55940 (10 nM).  On-cell-

Western analysis of CB1R cell surface expression was quantitated as described in Experimental 

Procedures.  Time courses for individual transgenic clones were calculated independently by 

normalizing to time 0, and expressed as 100% for WT at time 0.  Data are presented as the mean 

± S.E.M. calculated from three independent experiments performed in triplicate.  * p<0.05, the 

solid line above WT, control, and CRIP1a KD cells (B) indicates that data points significantly 

differ from time 0 for each clone, using Student’s t test.  No significant differences from time 0 

were observed for CRIP1a XS clones. 
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3.3.4.  CRIP1a suppresses recruitment of β-arrestin 

       Investigation of peptides mimicking the last 19-20 residues of CB1R have demonstrated 

that phosphorylation of the distal terminus of CB1R results in β-arrestin 2 binding (Sing et al., 

2011), supporting the contention that β-arrestin 2 binding is a key step in agonist-mediated 

receptor internalization (Daigle et al., 2008; Gyombolai et al., 2013; Nguyen et al., 2012).  We 

examined the possibility that the ability of CRIP1a to alter agonist-promoted CB1R plasma 

membrane expression and internalization could be a result of changes in the interaction between 

CB1R and β-arrestin.  To determine whether CRIP1a could affect agonist-promoted recruitment 

of β-arrestin to activated CB1R’s, we utilized a β-arrestin antibody previously characterized for 

the detection of β-arrestin in confocal immunofluorescence microscopy (Malik and Marchese, 

2010).  We found that under basal conditions (16 hr serum-starvation and 2 hr blockade of 2-AG 

biosynthesis), the total level and cellular distribution of β-arrestin was not altered in cells 

expressing different levels of CRIP1a, as we observed a diffuse immunofluorescence staining 

pattern in all cell lines (Fig. 3.7 A, top panel).  A 5 min exposure to CP55940 (10 nM) induced a 

redistribution of β-arrestin resulting in discrete punctate staining in WT and empty-vector control 

N18TG2 clones (Fig. 3.7 A, bottom panel).  CRIP1a XS clones displayed a significantly reduced 

redistribution of β-arrestin promoted by agonist stimulation compared with WT or control cells.  

In contrast, CRIP1a KD clones exhibited a pronounced increase in β-arrestin punctate staining 

relative to WT cells (Fig 3.7 A, bottom panel).  Quantification of punctate β-arrestin 

immunofluorescence demonstrated that CRIP1a over-expression significantly reduced the ability 

of a CB1R agonist to redistribute β-arrestin into discrete punctate regions, whereas CRIP1a 

depletion augmented the redistribution of β-arrestin to activated CB1R’s (Fig. 3.7 B).  As a 

control, WT cells transiently transfected with enhanced-GFP (eGFP), a soluble protein, showed 

diffuse cellular staining as does β-arrestin in untreated cells; however, in contrast to β-arrestin the 

eGFP was not responsive to agonist treatment by forming the characteristic punctae associated 

with β-arrestin translocation (data not shown). 
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To further investigate the interactions of CRIP1a with β-arrestin, we performed 

immunoprecipitations to determine if CRIP1a associates with β-arrestin.  CB1R, β-arrestin and 

CRIP1a were immunoprecipitated from N18TG2 whole cell lysates and identified with Western 

blotting. We observed immuno-staining for CB1R and CRIP1a in immunoprecipitates from both a 

CB1R and CRIP1a immunoprecipitation (Fig. 3.7 C, top and bottom panels).  CB1R and β-arrestin 

were able to co-immunoprecipitate from N18TG2 detergent lysates.  Immunoprecipitation 

experiments using a CRIP1a antibody failed to show an immune-staining band for β-arrestin (Fig. 

3.7 C, bottom panel).  Furthermore, we were unable to successfully co-immunoprecipitate 

CRIP1a with an antibody directed against β-arrestin (Fig. 3.7 C, middle panel).  The lack of β-

arrestin and CRIP1a co-immunoprecipitation suggests that these two proteins do not exist 

together in the same complex with CB1R in N18TG2 neuronal cells.  As a note, multiple bands 

that are immunoreactive for CRIP1a appear in Fig. 3.7 C (bottom panel).  We have observed 

multiple immunoreactive bands for CRIP1a using three distinct antibodies that recognize 

different CRIP1a epitopes.  Thus we speculate that these bands are either degradation products 

from CRIP1a proteolysis or alternative splice variants of the Cnrip1 gene (Niehaus et al., 2007).  

Control immunoprecipitations with IgG isotype control antibodies failed to interact with either of 

the proteins examined.  Ultimately, these results point to a role for CRIP1a in modulating the 

internalization of CB1R by reducing the ability of CB1R to interact with β-arrestin. 

       GPCR kinases (GRKs) phosphorylate and subsequently target GPCRs for binding by β-

arrestin, which initiates receptor endocytosis and recycling or lysosomal degradation (reviewed in 

(Drake et al., 2006; Shenoy and Lefkowitz, 2003).  Recent evidence suggests that GRK2-

mediated phosphorylation and β-arrestin recruitment to activated GPCRs are essential for 

clathrin-dependent internalization (Penela et al., 2010).  We hypothesized that GRK2 

phosphorylation of CB1R might alter the influence of CRIP1a on CB1R internalization.  We tested 

this concept by comparing CB1R internalization rates in the presence and absence of a GRK2 

inhibitor (Fig. 3.8).  In WT and control cells, we observed a significant reduction in CP55940 (10 
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nM)-stimulated CB1R internalization as a result of GRK2 inhibition (Fig. 3.8 A and B).  

Interestingly, CRIP1a XS cells displayed a further reduction in agonist mediated receptor 

internalization, suggesting that the effects of the two different processes may be additive.  

However, depletion of CRIP1a in KD cells rescued the inhibition of CP55940-mediated CB1R 

cell surface loss incurred by inhibiting GRK2 (Fig. 3.8 B).  These experiments provide evidence 

for a role for GRK2 in agonist-promoted internalization of CB1R in neuronal cells.  Agonist-

promoted internalization appears to be attenuated by excess CRIP1a whether CB1R is 

phosphorylated by GRK2 or not.  However, CRIP1a depletion appears to have no influence on 

agonist-driven CB1R internalization if GRK2 is fully active (see Fig. 3.3).  These data suggest 

that CB1R phosphorylation by GRK2 and CB1R association with CRIP1a (at levels endogenously 

expressed by the cell) are acting as opposing influences in the regulation of CB1R internalization. 

 The distal C-terminus of the CB1R has been implicated as a region critical for regulating 

agonist-mediated receptor internalization.  Mutation of CB1R putative phosphorylation sites, or 

truncation of the distal C-terminus at V459 resulted in attenuation of agonist-mediated receptor 

internalization in AtT20 cells (Daigle et al., 2008; Hsieh et al, 1999).  Deletion mapping of the 

distal C-terminus of CB1R identified the last nine residues of the receptor, as the minimal needed 

to bind CRIP1a (Niehaus et al., 2007).  We successfully co-immunoprecipitated endogenously 

expressed CB1R and CRIP1a from whole cell lysates of N18TG2 WT cells with an antibody 

recognizing the N-terminus of CB1R (Fig. 3.9 A, lane 3) as well as with a CRIP1a antibody 

recognizing an epitope proximal to a region proposed to interact with CB1R (Fig. 3.9 A (lane 5).  

Pull-down assays indicate that CRIP1a from whole cell lysates of N18TG2 WT cells binds to a 

CB1R distal C-terminal (residues 460-473) peptide (Fig. 3.9 B, lane 2).  The C-terminus of 

CRIP1a (149-164) was unable to bind to CB1R or CRIP1a (Fig. 3.9 B, lane 3), indicating that the 

distal C-terminus of CRIP1a is not required for its interaction with CB1R, nor capable of 

interacting with CRIP1a proteins.  
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       It is possible that GRK family proteins serve as kinases for the CB1R distal C-terminal 

serine and threonine residues involved in internalization (Daigle et al., 2008; Hsieh et al., 1999).  

In addition, consensus sequence and protein structural analyses (NetPhosK1.0, NetPhos2.0) 

predict that the distal C-terminus has a 94.8% probability of being phosphorylated at threonine 

468 by PKC (Blom et al., 1999; Blom et al., 2004).  Because threonine 468 lies within the CB1R 

region required for association with CRIP1a, pull-down assays were employed to establish 

whether phosphorylation of the CB1R at threonine 468 could impact the association with CRIP1a.  

We found that the pull-down of CRIP1a by phosphorylated peptide pT468 was reduced by 66% ± 

14 compared with the non-phosphorylated peptide (Fig. 3.9 B, C).  It appears that CB1R 

phosphorylation at the CRIP1a binding site governs the interaction between CB1R and CRIP1a, 

suggesting that the CB1R-CRIP1a interaction can be dynamically regulated. 
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Figure 3.7.  CB1R agonist-mediated recruitment of β-arrestin is regulated by CRIP1a.  A, 
Visualization of the redistribution of β-arrestin by immunofluorescence confocal microscopy.  
N18TG2 WT, empty vector (Control), CRIP1a XS and CRIP1a KD cells were grown in 4-well 
glass chamber slides, and then treated for 5 min with vehicle or CP55940 (10 nM).  The scale bar 
for pseudocolored confocal microscopy images is 10 µm.  B, Quantification of punctate β-arrestin 
staining after 5 min treatment with vehicle or CP55940 (10 nM).  The ratio of β-arrestin punctate 
density to total β-arrestin was calculated as described in Experimental Procedures, and used to 
express changes in β-arrestin recruitment in each cell line.  Data were calculated from 24 different 
fields obtained from six independent experiments, and represent the mean ± S.E.M (* p<0.05 
indicates a significant difference from CP55940-treated WT using a one-way ANOVA with 
Dunnett’s post-hoc test; no significant differences in vehicle-treated cells were observed between 
WT, control, CRIP1a XS, and CRIP1a KD clones.  C, Representative Western blot of an 
immunoprecipitation (IP) from N18TG2 WT whole cell lysates using antibodies against the N-
terminus of CB1R or β-arrestin, or recognizing an internal region of CRIP1a, or an IgG isotype (-
).  Immunocomplexes were resolved and immunoblotted (IB) as described in Experimental 
Procedures.  The input shows the relative abundance of 5% of whole cell lysate used for each 
immunoprecipitation, and serves as a reference to determine the relative amount of each protein 
in the complex.  Each experiment was performed in triplicate and represents the mean ± S.E.M 
where *p<0.05 indicates a significant difference from CP55940 treated WT using a one-way 
ANOVA with Dunnetts post-hoc test.  
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Figure 3.8.  Inhibition of GRK2 reduces CB1R internalization: Effects of CRIP1a levels.  

N18TG2 WT, empty vector (control) (A), or CRIP1a XS and CRIP1a KD clones (B) were pre-

treated for 15 min with the GRK2 inhibitor (1 µM), and challenged with the CB1R agonist 

CP55940 (10 nM) for the indicated times.  Quantification of CB1R cell surface expression was 

determined using an On-cell-Western as described in Experimental Procedures.  CB1R surface 

expression was determined as the ratio of immunoreactive CB1R to DRAQ5, which was 

expressed as a 100% for WT at time 0.  Data are presented as the mean ± S.E.M. from three 

independent experiments performed in duplicate.  * p<0.05 indicates significant difference from 

WT at the same time point using Student’s t-test.



	   88	  

3.3.5.  CRIP1a involvement in CB1R cell surface equilibrium 

       After 30-120 min of prolonged exposure to CP55940, a recovery of cell surface CB1R 

was observed, returning to the pre-agonist values (phase 3, Fig. 3.10).  In contrast to what was 

observed with CP55940, after prolonged treatment with WIN55212-2, CB1R surface expression 

failed to recover, remaining at 25% ± 6 below the initial level in WT cells (Fig. 3.10 D) as well as 

in CRIP1a XS cells (XS 1: 23% ± 6; XS 5: 22% ± 5) (Fig. 3.10 E).  Interestingly, knockdown of 

CRIP1a could overcome the WIN55212-2-induced reduction in CB1R surface expression during 

phase 3, and instead promoted the return of CB1R to pre-agonist steady-state surface levels (30-

120 min, KD 2C: 7% ± 5; KD 2F: 3% ± 5) (Fig. 3.10 F).  We determined whether new protein 

synthesis was required for recovering CB1R cell surface expression after prolonged agonist 

treatment.  In WT and empty-vector control cells, the re-establishment of CB1R surface density 

following prolonged CP55940 treatment (60-120 min) was significantly blocked in the presence 

of the protein synthesis inhibitor cycloheximide (Fig. 3.10 A).  In CP55940-treated cells, a 

significant loss in CB1R density at the cell surface was observed from 60-120 min in CRIP1a XS 

(Fig. 3.10 B) and CRIP1a KD (Fig. 3.10 C) cells treated with cycloheximide.  This demonstrates 

that de novo protein synthesis is required to re-establish pre-CP55940 levels of CB1R membrane 

expression, independent of CRIP1a levels.  In figure 3.10 D and E, blocking new protein 

synthesis did not change the ability of WIN55212-2 to maintain low CB1R surface density in 

either WT, control (Fig. 3.10 D) or CRIP1a XS cells (Fig. 3.10 E).  Cycloheximide abolished 

CB1R cell surface re-population following 60-120 min WIN55212-2 exposure in CRIP1a KD 

cells (Fig. 3.10 F).  Cycloheximide by itself did not alter basal CB1R cell surface expression (Fig. 

3.10 D, E, F), or total CB1R protein expression (data not shown), or prevent CB1R internalization 

in any experiments performed.  These studies would be consistent with a mechanism by which 

the ability of CP55940 to promote internalization was lost after 30-60 min exposure, allowing the 

accumulation of newly-synthesized receptors.  In contrast, WIN55212-2 apparently continues to 

promote internalization for a prolonged period of time, which maintains the steady-state of CB1R 
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at a lower level.  Therefore, it appears CRIP1a must have a function in either the persistent 

internalization or the delivery of newly synthesized CB1Rs.   

       The CB1R antagonist/inverse-agonist SR141716A has been reported to promote and 

stabilize CB1R cell surface expression by blocking constitutive internalization of CB1Rs 

(Leterrier et al., 2004; Rinaldi-Carmona et al., 1998).  In WT cells, a 5 min treatment with 

SR141716A (10 nM) caused a rapid increase in CB1R surface expression over basal (WT:14% ± 

5), which reached its peak at 15 min (33% ± 6), before gradually returning back to baseline levels 

at 60 min (6% ± 6) (Fig. 3.11 A and B).  An increase in CB1R surface expression was also 

observed following 5 min SR141716A treatment for CRIP1a XS (Fig. 4.11 A, XS 1: 20% ± 5; XS 

5: 18% ± 6) and KD cells (Fig. 3.11 B, KD 2C: 18% ± 4; KD 2F: 17% ± 5).  Maximal CB1R 

surface expression occurred at 15 min for both CRIP1a XS (Fig. 3.11 A, XS 1: 37% ± 5; XS 5: 

27% ± 8) and KD cells (Fig. 3.11 B, KD 2C: 42% ± 5; KD 2F: 46% ± 6).  Additionally, we 

observed in WT cells that CB1R surface expression returned back to steady-state levels after 120 

min treatment with SR141716A; whereas, CRIP1a XS clones displayed an enhancement (~26%) 

in CB1R surface expression (Fig. 3.11 A).  The measurable differences in CB1R surface 

expression between WT and CRIP1a XS cells at 120 min suggests that, in the presence of 

SR141716A, CRIP1a plays a role in the re-establishment of CB1R to pre-drug steady-state levels. 
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Figure 3.9.  Phosphorylation of the carboxy terminus of CB1R disrupts its association with 

CRIP1a.  A, Representative Western blot of an immunoprecipitation (IP) experiment performed 

on whole cell NP-40 lysates from N18TG2 cells, using antibodies targeting the N-terminus of 

CB1R, an internal region of CRIP1a (D20-F32), or an IgG isotype (-).  Immunocomplexes were 

resolved and immunoblotting (IB) was performed as described in Experimental Procedures.  The 

input shows an aliquot of 5% of whole cell lysate used for each experiment, and serves as a 

reference to determine the relative amount of each immunoprecipitated complex.  B, Immunoblot 

analysis of pull-down assays using peptides corresponding to the CB1R’s C-terminus, CB1R’s C-

terminus phosphorylated at threonine 468, or CRIP1a C-terminus.  Bound proteins were washed, 

eluted, and subjected to Western blot analysis as described in Experimental Procedures.  C, 

Quantification of CRIP1a immunoblot band densities pulled down by non-phosphorylated and 

phosphorylated CB1R C-terminus peptides.  Data are represented as a fraction of binding to non-

phosphorylated CB1R, expressed as 100%.  Data are calculated from three independent 

experiments, and are expressed as the mean ± S.E.M.  * p<0.001 indicates significant difference 

from non-phosphorylated peptide using Student’s t test.  
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Figure 3.10.  De Novo CB1R synthesis is required for re-establishing membrane receptor 

density following prolonged agonist exposure.  A-F, On-cell-Western analysis of N18TG2 WT, 

empty vector (Control), CRIP1a XS (B and E) and CRIP1a KD (C and F) clones pre-treated for 

30 min with vehicle or the protein synthesis inhibitor cycloheximide (HEX) (1 µM), and then 

challenged for the indicated times with the CB1R agonist CP55940 (10 nM) (A-C) or WIN55212-

2 (10 nM) (D-E).  Agonist-mediated internalization of CB1R was determined as % CB1R as 

measured from time 0, which was expressed as 100% for each clone individually at time 0.  Data 

are calculated from three independent experiments performed in triplicate, and represented as the 

mean ± S.E.M.  * p<0.05 indicates time points at which cycloheximide treated (HEX) were 

significantly different from non-treated using Student’s t test. 
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Figure 3.11.  CRIP1a does not alter antagonist-promoted enhancement of CB1R cell surface 

equilibrium.  A and B, Time course for SR141716A-mediated changes in CB1R cell surface 

expression. N18TG2 WT, empty vector (Control), CRIP1 XS (A), and CRIP1a KD clones (B) 

were pre-treated with 1 µM THL for 2 hr, and then challenged with the CB1R antagonist 

SR141716A (10 nM) for the indicated times.  Quantification of CB1R cell surface expression was 

determined using the On-cell-Western assay, as described in Experimental Procedures.  No 

significant differences were observed between WT, CRIP1a XS, and CRIP1a KD clones at any 

time point, except time 0 (see Fig. 2).  Each time point was normalized to time 0 for each clone, 

but expressed at 100% for WT at time 0.  The mean ± S.E.M. were calculated from 4 independent 

experiments performed in triplicate.
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3.4.  DISCUSSION 

Upon activation, GPCRs undergo internalization and trafficking to distinct intracellular 

compartments.  Once internalized receptors are directed into the recycling pathway for re-

sensitization, or to lysosomes for termination of receptor signaling via degradation (Ferguson, 

2001).  In general, the mechanisms responsible for agonist-dependent CB1R internalization 

appear to involve a sequence of events leading to the activation of GRKs, and the subsequent 

phosphorylation and recruitment of β-arrestin 2 to the C-terminus (Stadel et al., 2011).  The 

importance of CB1R internalization is demonstrated by reports showing that deficits in GPCR 

internalization affect receptor signaling, and can contribute to the development of tolerance and 

drug dependence (Hanyaloglu and von Zastrow, 2008).  

       CB1Rs have been reported to rapidly internalize following a short (5 min) exposure to a 

CB1R agonist in AtT20 cells (Jin et al., 1999; Hsieh et al., 1999), HEK293 (Leterrier et al., 2004), 

and hippocampal neurons (Coutts et al., 2001; Leterrier et al., 2006).  Work investigating 

prolonged treatment with cannabinoid agonists in rodent brains suggests that CB1Rs are down-

regulated, as evidenced by decreases in CB1R immunoblotting and [3H]SR141716A Bmax values 

(Sim-Selley et al., 2006).  The mechanisms responsible for GPCR down-regulation and 

degradation have been proposed to involve the GRK/β-arrestin pathway (Pitcher et al., 2008).  In 

agreement with this concept, THC-induced down-regulation of CB1Rs was attenuated in the 

cerebellum and spinal cord of β-arrestin 2 knockout mice relative to wild-type littermates 

(Nguyen et al., 2012).  GPCR-interacting proteins can direct post-endocytic sorting of CB1Rs.  

For example, Martini and colleagues reported that binding of GASP1 to CB1R resulted in CB1R 

trafficking to lysosomes and receptor degradation following prolonged treatment with 

WIN55212-2 (Martini et al., 2007).  Experiments also suggest a role for lipid rafts in trafficking 

of anandamide-activated CB1Rs to the lysosomal sorting pathway in human breast cancer MDA-

MB-231 cells (Sarnataro et al., 2005), or in constitutive CB1R recycling in C6 glioma cells (Bari 

et al., 2005).  
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       CB1R cell surface expression is modulated by both ligand-independent (i.e. constitutive) 

and ligand-dependent mechanisms.  In AtT20 and HEK293 cells short exposure (5-30 min) to 

CB1R agonists WIN55212-2 or CP55940 resulted in a rapid loss in CB1R cell surface expression 

(Coutts et al., 2001; Hsieh et al., 1999).  In line with these findings, we report that in N18TG2 

cells, a substantial loss in CB1R membrane density occurs as a result of agonist stimulation (1-5 

min) with CP55940 or WIN55212-2.  Similar to most GPCRs, agonist-induced internalization of 

CB1R involves a highly dynamic and regulated series of events, which leads to receptor 

phosphorylation, β-arrestin recruitment, and the subsequent endocytosis and post-endocytic 

sorting of the receptor.  It has been reported that β-arrestin plays a prominent role in CB1R 

desensitization and internalization (Daigle et al., 2008; Gyombolai et al., 2013; Jin et al., 1999; 

Nguyen et al., 2012); however direct evidence for a physical interaction between a full-length 

CB1R and β-arrestin has not been clearly demonstrated.  Therefore, our co-immunoprecipitation 

data are the first to show that CB1R and β-arrestin 1/2 directly interact in a native expression 

system.  Furthermore, the observed discrete and punctate β-arrestin staining following a short (5 

min) exposure to CP55940 indicates that receptor activation results in a redistribution of β-

arrestin.  

       Our results show that over-expression of the CB1R accessory protein CRIP1a robustly 

attenuated agonist-promoted losses in CB1R cell surface expression.  Further support for 

CRIP1a’s ability to block agonist-promoted receptor internalization is evident from experiments 

using transiently transfected GFP-CB1R, where over-expression of CRIP1a prevented GFP-CB1R 

from aggregating into distinct punctate vesicles following acute CP55940 exposure.  Upon 

CRIP1a over-expression, reductions in β-arrestin translocation to agonist-bound CB1Rs coincided 

with the attenuation of agonist-promoted CB1R internalization.  Therefore, we propose that losses 

in agonist-promoted CB1R internalization by CRIP1a stem from a disruption in the coupling 

between β-arrestin and CB1R (see Fig. 4.12 B).  These are the first studies to implicate a role for 

CRIP1a in agonist-mediated CB1R internalization and β-arrestin recruitment, and as such 
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represents a novel function for CRIP1a.   

       Phosphorylation of serine and threonine residues in the CB1R C-terminus (Daigle et al., 

2008; Hsieh et al., 1999) serves as an important regulatory component responsible for the 

recruitment and co-localization of β-arrestin 2 with CB1R following agonist exposure (van der 

Lee et al., 2009).  Specifically, mutation of 4 or more of the 6 putative phosphorylation sites 

within the distal C-terminus of CB1R (460-473) prevented receptor internalization and 

recruitment of β-arrestin 2 to activated CB1Rs during stimulation with WIN55212-2 or CP55940 

in HEK293 and AtT20 cells (Daigle et al., 2008).  Work from our laboratory using N18TG2 cells 

suggests that inhibition of GRK2 significantly reduces WIN55212-2-mediated activation of 

ERK1/2, a process that required CB1R internalization (Dalton and Howlett, unpublished data).  

Of particular interest is our finding that knock-down of CRIP1a enhances CP55940-mediated 

CB1R internalization relative to WT cells during GRK2 inhibition, suggesting that binding of 

CRIP1a to the distal C-terminus of CB1R might occlude CB1R residues important for 

phosphorylation by GRKs.  Moreover, our finding that phosphorylation of T468 reduces the 

association between CB1R and CRIP1a indicates that there is phospho-selectivity in the CB1R-

CRIP1a interaction.  

      It has been reported that removal of potential GRK phosphorylation sites within the 

middle of the C-terminus failed to prevent CB1R internalization but allowed desensitization (Jin 

et al., 1999), implicating that β-arrestin binding could occur independently of receptor 

phosphorylation at that site.  Indeed, Diagle et al. reported that β-arrestin 2 could interact with 

two different regions within the C-terminus of CB1R (Daigle et al., 2008).  Furthermore, Bakshi 

et al. reported a conformational change in a non-phosphorylated, CB1R middle C-terminus 

peptide following β-arrestin 1 binding (Bakshi et al., 2007).  Data indicate that GRK3 

phosphorylation is an important requirement for CB1R internalization by β-arrestin 2 in AtT20 

cells (Hsieh et al., 1999; Jin et al., 1999).  Our immunoblotting studies of N18TG2 WT cells 

indicate the expression of multiple GRKs (data not shown).  Given that different GRKs create 
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distinct patterns of receptor phosphorylation, which appear to regulate specificity in β-arrestin 

subtype binding (Kim et al., 2005; Ren et al., 2005), it is plausible that differential GRKs and 

phosphorylation sites might be important regulators of CB1R internalization and/or CRIP1a 

binding.   

       An important component of the removal of activated GPCRs from the plasma membrane 

is the GTPase enzyme dynamin, which functions in both clathrin and caveolae-mediated 

endocytosis by regulating coated vesicle formation (Gold et al., 1999; Mayor and Pagano, 2007).  

CB1R internalization requires dynamin as evidenced by the impairment of receptor endocytosis in 

cultured hippocampal neurons expressing dominant-negative dynamin isoforms (Leterrier et al., 

2006).  Hsieh et al. were among the first to report clathrin-mediated endocytosis as the main route 

for agonist-promoted removal of cell surface CB1Rs (Hsieh et al., 1999).  However, this 

hypothesis has been challenged by reports suggesting that agonist-promoted CB1R internalization 

occurs via both clathrin and caveolin pathways, which together were reported to account for 

~40% of receptor endocytosis (Keren and Sarne, 2003; Wu et al., 2008).  By applying 

pharmacologic manipulations to selectively disrupt distinct endocytic pathways, we provide 

support for the requirement of dynamin and clathrin in the effects of CRIP1a on agonist-mediated 

internalization of CB1Rs.  The pool of dynamin-independent internalized receptors was no 

different in WT or CRIP1a clones, indicating that dynamin-independent regulation of CB1R cell 

surface levels does not directly involve CRIP1a.   

       It appears that the mechanisms governing the constitutive internalization of CB1R might 

require CRIP1a.  In support of this idea, we uncovered differences in CB1R surface expression 

between WT and CRIP1a XS clones following a 2 hr treatment with the inverse-agonist 

SR141716A.  Using siRNA interference techniques, Gyombolai et al. recently reported that 

clathrin is required for both agonist and constitutive internalization of CB1R in Neuro2A and 

HeLa cells, whereas β-arrestin 2 is only required for agonist-induced, but not constitutive 

internalization of CB1R (Gyombolai et al., 2013).  Because β-arrestin 2 interacts with the distal C-
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terminus of CB1R, the same region required for CRIP1a binding, it’s reasonable to propose that 

CRIP1a competes for the interaction between β-arrestin 2 and CB1R (Fig. 3.12).  Although 

CRIP1a over-expression might occlude agonist-driven β-arrestin 2 binding by competitive 

effects, CRIP1a might allow β-arrestin 1 binding if it occurs at an alternative site (Fig. 3.12).  

Promotion by CRIP1a of CB1R constitutive internalization might explain the observed reductions 

in CB1R surface expression levels.  Regardless of endogenous CRIP1a expression levels the 

maximal observed loss in CB1R surface density following agonist exposure and the acute (5-15 

min) net gain in CB1R membrane levels after antagonist/inverse agonist treatment was no 

different.  This suggests the presence of a CB1R pool that is resistant to CRIP1a and raises the 

possibility of an intrinsic mechanism(s) that regulate steady state CB1R plasma membrane 

expression levels.  

       The cellular mechanisms governing the recovery of CB1R surface expression following 

agonist stimulation are not as clearly understood as those for receptor internalization.  It has been 

reported that agonist-promoted CB1R down-regulation is a result of protein degradation, and that 

receptor recovery requires new protein synthesis in AtT20 cells and the striatum of ICR mice 

(Hsieh et al., 1999; Sim-Selley et al., 2006).  In line with previous work performed in HEK293 

and primary cultured neurons (Martini et al., 2007), we uncovered agonist-specific differences in 

the return of cell surface CB1Rs to steady-state levels.  CB1R surface expression returned to pre-

agonist levels following a 120 min treatment with CP55940; however, prolonged (60-120 min) 

WIN55212-2 treatment resulted in a sustained loss and a re-establishment to lower steady-state 

plasma membrane levels of CB1R.  Interestingly, diminished levels of CRIP1a could overcome 

the persistent changes in CB1R surface expression following prolonged WIN55212-2 treatment.  

In addition, the observed surface recovery of CB1R in WT and CRIP1a clones following 

prolonged agonist treatment was prevented by inhibiting new protein synthesis with 

cycloheximide.  Thus, CRIP1a may either suppress the trafficking of nascent CB1R pools to the 

plasma membrane or increase the rate of degradation of membrane receptors.  Observing a 
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similar time course in HEK293 cell, Martini et al. identified that agonist-promoted down-

regulation of CB1R was mediated by the association of CB1R with GASP1, resulting in targeting 

of the receptor to the lysosomal degradation pathway (Martini et al., 2007).  GASP1 binding to 

CB1R has been proposed to involve the proximal region of the C-terminus (Martini et al., 2007), 

suggesting that CRIP1a and GASP1 binding to CB1R require different domains.  Because 

diminished levels of either GASP1 (Martini et al., 2007) or CRIP1a (data herein) rescued the 

decline in surface receptor levels, it is reasonable to speculate that the underlying cellular 

mechanisms responsible for promoting CB1R down-regulation may involve a dynamic interplay 

between CRIP1a and GASP1.  

     Overall these findings identify a novel function for CRIP1a in regulating agonist-

promoted CB1R internalization.  We propose that CRIP1a counters CB1R internalization by 

interfering with β-arrestin 2 recruitment to agonist-activated CB1Rs.  In Fig. 3.12, our proposed 

model leaves open the possibility that CRIP1a may also play a role in CB1R trafficking under 

basal conditions.  Drug development using CB1R agonists and antagonists has had limited success 

due to untoward side effects.  Currently, a shift in cannabinoid drug design has occurred to 

peripherally restricted molecules and endocannabinoid enzymatic modulators.  The ability of 

CRIP1a to selectively modulate CB1R cell surface levels offers an alternative and potentially 

promising approach to the development of new CB1R pharmacotherapies.
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Figure 3.12.  Proposed model for the differential effects of CRIP1a on constitutive and 

agonist-promoted CB1R internalization and cell surface equilibrium.  We propose that 

distinct mechanisms regulate multiple steps of the internalization process, which serves to fine-

tune the extent of CB1R internalization and cell surface expression.  A, The association of CRIP1a 

with the C-terminus of CB1R reduces receptor cell surface equilibrium levels by allowing 

constitutive internalization, perhaps through β-arrestin binding to a CB1R region proximal to the 

CRIP1a binding site.  SR141716A blocks CB1R constitutive internalization, and the re-

establishment in net receptor surface accumulation is amplified by CRIP1a, possibly through 

augmentations in recycling of constitutively internalized receptors.  B, CRIP1a attenuates agonist-

promoted internalization of CB1R by occluding β-arrestin recruitment to agonist-stimulated 

CB1R’s.  We hypothesize that agonist-mediated phosphorylation of CB1Rs carboxy terminus 

disrupts CRIP1a binding, and facilitates the CB1R association with β-arrestin to promote 

internalization.  β-arrestin bound internalized receptors can serve as a scaffold to regulate CB1R 

signaling via the ERK phosphorylation pathway (Ahn et al., 2013) leading to regulation at the 

CB1R promoter site (Lim et al., 2003).
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ABSTRACT 

In N18TG2 neuronal transgenic CRIP1a over-expression and knockdown clones, no 

changes were detected in total levels of CB1R.  CB1R-mediated phosphorylation of p42/p44 MAP 

kinase (ERK1/2) required internalization, and was reduced by SR141716A.  When compared to 

WT cells, CRIP1a over-expression reduced basal phosphoERK levels, whereas depletion of 

CRIP1a augmented basal phosphoERK levels.  Stimulation of phosphoERK by the CB1R 

agonists WIN55212-2, CP55940 or methanandamide was unaltered in CRIP1a over-expressing 

clones compared with WT.  However, CRIP1a knockdown clones exhibited enhanced ERK 

phosphorylation efficacy in response to CP55940.  CRIP1a knockdown clones exhibited a 

leftward shift in CP55940-mediated inhibition of forskolin-stimulated cAMP accumulation.  

CB1R-mediated Gi3 and Go activation by CP99540 was attenuated by CRIP1a over-expression, 

but robustly enhanced in cells depleted of CRIP1a.  Changes in cellular proliferation and neuronal 

morphology were observed as a result of modulating CRIP1a expression.  These studies provide 

insight into the mechanisms involved in CRIP1a modulation of CB1R-mediated signal 

transduction in neuronal cells. 
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4.1.  INTRODUCTION 

The CB1 cannabinoid receptor (CB1R) belongs to the class A rhodopsin-like G protein 

coupled receptor (GPCR) family.  CB1Rs display highest expression in the nervous systems 

(Eggan and Lewis, 2007; Herkenham et al., 1991; Sim et al., 1996), where they have been 

implicated in numerous physiological processes, including but not limited to energy balance, 

neuroprotection, pain, and cellular differentiation and proliferation (see review Pertwee, 2006).  

Based on the location and function of CB1Rs in the CNS, it is no surprise that CB1Rs provide a 

potentially promising therapeutic target for a diverse number of diseases and disorders (Seely et 

al., 2011); however, the clinical utility and success of CB1R therapeutic agents has been impeded 

as a result of untoward side-effect profiles.    

CB1R signaling is mediated by pertussis toxin-sensitive Gi/o proteins, and leads to 

inhibition of adenylyl cyclase (AC), regulation of ion channels, induction of immediate early 

gene expression, and activation of members of the mitogen-activated protein kinase (MAPK) 

family including extra-cellular regulated kinase 1/2 (ERK1/2) (Howlett, 2005).  Studies using 

peptides mimicking specific regions of CB1R’s C-terminus or intracellular loop 3 have 

demonstrated a preference in binding of specific G proteins to different regions of the CB1R.  

Gαi1 and Gαi2 are believed to interact with the third intracellular loop of CB1R (Mukhopadhyay et 

al., 2000; Mukhopadhyay and Howlett, 2001), and Gαi3 and Gαo with the juxtamembrane C-tail 

domain (Mukhopadhyay et al., 2000).  Additionally, specificity in G protein activation appears to 

occur in a ligand-dependent manner, suggesting that upon binding, CB1R ligands can induce 

differences in receptor conformational changes, which can lead to the coupling and activation of 

specific G protein molecules. 

The GPCR C-terminal tail is a major site for protein-protein interactions, and although G 

protein binding is a key component in GPCR signaling, it is now well appreciated that other 

modulatory proteins are involved in receptor activity-dependent and G protein selective signaling 

(reviewed in Smith et al., 2010; Howlett et al., 2010).  The cannabinoid receptor interacting 



	   108	  

protein (CRIP1a), which binds to the distal C-terminal tail of CB1R, was initially characterized 

for its ability to reverse CB1R-mediated tonic inhibition of Ca2+ channels in cervical ganglion 

neurons (Niehaus et al., 2007).  Studies using a model of glutamate neurotoxicity, showed 

intracranial lentiviral over-expression of CRIP1a reversed CB1R-mediated neuroprotection from 

an agonist- to antagonist-driven mechanism (Stauffer et al., 2011).  However, the underlying 

mechanism responsible for this modification of CB1R ligand-mediated neuroprotection is 

unknown.  Using CRIP1a gain and loss of function transgenic neuronal clones, our laboratory 

reported the attenuation of agonist-promoted CB1R internalization by CRIP1a (Blume et al., 

2014).  Furthermore, depletion of CRIP1a significantly enhanced the translocation of β-arrestin to 

activated CB1R’s (Blume et al., 2014).  Given the emerging roles of CRIP1a in regulating 

constitutive and ligand-dependent intracellular trafficking of CB1R, it is important to determine 

the effect of CRIP1a on CB1R signaling and the associated downstream consequences on cellular 

function. 

The focus of the present study was to investigate the effects of the CRIP1a on CB1R-

mediated signaling pathways that regulate Gαi/o-mediated inhibition of cAMP production and 

Gβγ-mediated MAPK activity in neuronal N18TG2 cells that endogenously express CB1Rs and 

CRIP1a.  Immunocytochemistry and molecular biology techniques were employed to assess 

changes in CB1R coupling to Gi/o proteins and subsequent regulation of downstream signaling.  

Herein we demonstrate that CRIP1a functions as a negative modulator of CB1R activity, as 

depletion of CRIP1a increased the potency of CB1R agonists to inhibit forskolin-stimulated 

cAMP accumulation and increased the efficacy of CB1R agonist-stimulated ERK 

phosphorylation.  These studies suggest a role for CRIP1a in CB1R signaling pathways leading to 

cellular proliferation and neuronal differentiation. 
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4.2.  MATERIALS AND METHODS 

4.2.1.  Cell culture 

We previously reported the generation and characterization of stable CRIP1a over-

expression (XS 1 and XS 5) and knockdown (KD 2C and KD 2F) N18TG2 neuroblastoma clones 

(passage numbers 30–38) (Blume et al., 2014).  WT and transgenic clones were maintained at 

37°C under a 5% CO2 atmosphere in Dulbecco's Modified Eagle's Medium (DMEM):Ham's F-12 

(1:1) complete with GlutaMax, sodium bicarbonate, and pyridoxine-HCl, supplemented with 

penicillin (100units/ml) and streptomycin (100 µg/ml) (Gibco Life Technologies, Gaithersburg, 

MD) and 10% heat-inactivated bovine serum (HIBS) (JRH Biosciences, Lenexa, KS).   

Because N18TG2 cells can produce 2-arachidonoylglycerol (2-AG) (Bisogno et al., 

1997), cells at 90% confluency were serum-starved (18 hr) and pretreated with the diacylglycerol 

lipase (DAGL) inhibitor THL (1 µM, 2 hr) prior to stimulation with cannabinoid agonists.  For 

drug treatment assays, an aliquot of cannabinoid drug stocks (stored at -20°C as 10 mM solutions 

in ethanol) or ethanol (control) were air-dried under sterile conditions in trimethylsilyl-coated 

glass test tubes and taken up in 100 volumes of 5 mg/ml fatty acid-free bovine serum albumin 

(BSA) and serially diluted before being added to cells.  Where indicated, N18TG2 WT or CRIP1a 

XS or CRIP1a KD cells were pretreated with receptor antagonists or other inhibitors prior to 

addition of CB1R agonists.  

4.2.3.  Determination of protein levels in N18TG2 and CRIP1a clones using In-cell-Western 

analysis 

CB1R, CRIP1a, ERK1/2, and phosphoERK1/2 levels were quantified using a 96-well 

format “In-cell-Western” immunocytochemistry technique.  N18TG2 WT, control vector, 

CRIP1a XS and CRIP1a KD cells were seeded at a density of 30,000 cells per well, grown until 

90% confluent, serum-starved for 16 hr, and then treated for 2 hr with 1 µM THL.  For 

experiments performed in the presence of 80 µM Dynasore, the inhibitor was added 30 min prior 

to drug exposure.  Cannabinoid drugs (stocks stored at 10 mM in ethanol) or ethanol (control) 
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were blown dry under nitrogen gas in trimethylsilyl-coated glass test tubes, resuspended in 

serum-free DMEM:F-12 containing 5 mg/ml fatty acid-free bovine serum albumin (BSA), and 

serially diluted prior to cell treatment.  Cells were treated with vehicle, 10 nM CP55940, 10 nM 

WIN55212-2, 10 nM mAEA, or 10 nM SR141716A at 37°C for the indicated times.  Drug-

containing media was immediately poured off, and plates were placed on ice. Cells were fixed 

with ice-cold 4% formaldehyde (1.5 mM KH2PO4, 2.7 mM KCl, 8 mM Na2HPO4, 150 mM NaCl; 

4% formaldehyde (v/v), pH 7.4) and incubated for 15 min at 21-23°C, permeabilized with PBST 

(PBS containing 0.3% Triton X-100) for 15 min, and blocked for 90 min in Odyssey blocking 

buffer.  Plates were incubated with gentle rocking at 4°C for 18 hr with a primary antibody: CB1R 

(1:800), CRIP1a D20 (1:500), CRIP1a K-12 (1:500), GAPDH (1:500), ERK2 (1:500), 

phosphoERK (Thr 202, Tyr 204; 1:300).  Plates were washed in PBST, and incubated 

simultaneously for 1 hr with a secondary IRDye 800CW donkey anti-goat (1:800), IRDye 

800CW goat anti-rabbit (1:800), or IRDye 800CW donkey anti-mouse (1:800), and the nuclear 

stain DRAQ5 (Cell Signaling) (1:5,000) to normalize for well-to-well variations in cell density.  

Plates were washed four times with PBST, and immunofluorescence was imaged using the LI-

COR Odyssey (169 µm resolution, 5 sensitivity, 4.01235 mm offset, medium quality).  Basal 

expression for CB1R, CRIP1a, and phosphoERK was calculated as the ratio of immunoreactive 

CB1R:DRAQ5, CRIP1a:DRAQ5, or phosphoERK1/2:total ERK, respectively.  CP55940-

stimulated concentration-effect curves for CB1R-mediated phosphoERK was determined as the 

ratio of phosphoERK1/2:total ERK, and then phosphoERK values were quantified as percent 

change relative to basal expressed as 100% for WT cells.  Changes in CB1R, CRIP1a, ERK1/2, 

and phosphoERK protein expression were analyzed using Microsoft Excel and GraphPad Prism 

V software.  

4.2.4.  Immunofluorescence of β-tubulin neurite extensions 

N18TG2 WT, control vector, CRIP1a XS, and CRIP1a knockdown cells were seeded at a 

density of 20,000 cells per well on 4-well Nunc Lab-Tek II glass chamber slides, grown to ~40% 
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confluency.  Cells were washed twice with 1x PBS, then fixed with 4% formaldehyde for 15 min 

at room temperature, washed with PBS, and permeabilized for 15 min with 0.1% Triton X-100.  

Cells were incubated in blocking buffer (PBS, 5% normal goat serum, 1% BSA, 0.1% Triton X-

100) for 30 min at room temperature.  Immunostaining was performed with an anti-β-tubulin 

(1:200) antibody overnight at 4°C.  Cells were then washed three times with PBS, incubated with 

a Texas Red-conjugated goat anti-rabbit (1:500) secondary antibody for 45 min at room 

temperature, followed by three washes with PBS.  Cells were then mounted with Prolong Gold 

Antifade reagent containing DAPI (Life Technologies, Grand Island, NY).  Imaging was 

performed 48 h post-mounting using an Olympus IX718 inverted research microscope and a 

Hamamatsu ORCA-03G digital CCD camera (Model C8484- 03G02) controlled by cellSens 

Dimension 1.6 microscopy imaging software (Olympus Corporation, Tokyo, Japan).  Neuronal 

cells from all experimental conditions were imaged under identical imaging parameters, which 

were performed below saturation limits for fluorescence signal.  A total of 12 fields were 

captured for each N18TG2 clone.  Quantification of the percentage of cells expressing neurite 

extensions (i.e. cells expressing neurite extensions twice the length of the soma body) was 

performed with ImageJ software.  The means from each experiment were used in the analysis.  

Following quantification the image intensity was enhanced in Photoshop to improve visibility of 

the neurite extensions; each image was enhanced equally.   

4.2.5.  cAMP assay  

The assay was performed as previously described (Howlett and Fleming, 1984).  Briefly, 

N18TG2 WT, control vector, CRIP1a XS, and CRIP1a knockdown cells were seeded in a 24-well 

plate at a density of 120,000 cells per well and grown to 90% confluency.  Cell media was 

removed and washed with warm (37oC) PSS-HEPES-BSA (10 mM NaHEPES, pH 7.4; 1 mM 

CaCl2; 0.5mg/ml BSA) then incubated with 100 µM IBMX and 100 µM rolpiram (IBMX and 

rolipram, Caymen) plus either vehicle or varying concentrations  (1, 3, 10, 30, 100, 300 nM) of 

mAEA, WIN55212-2, or CP55940 for 15 min.  The assay was initiated by adding 1 µM forskolin 
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(Tocris Bioscience) for 4 min to each well.  Reactions were terminated by dropping the pH to 4.5 

with 50 mM NaAcetate (pH 4.5, heated to 90oC) and boiling.  Cells were disrupted by a freeze-

thaw cycle, sedimented, and stored at -80oC until assayed.  cAMP accumulation was quantitated 

in the cell-free supernatants using a radioligand displacement assay based upon [3H]-cAMP 

(Perkin Elmer) binding to protein kinase A regulatory proteins.  Bound proteins were aggregated, 

harvested on a UniFilter and quantitated using a Top Count scintillation counter (Packard).  The 

data for each assay were normalized to forskolin-stimulated cAMP accumulation as 100%, and 

statistical differences were determined by one-way analysis of variance (ANOVA) followed by 

Dunnett's Multiple Comparison post hoc test. 

4.2.6.  GTPγS-Binding Scintillation Proximity Assay 

N18TG2 clones were subjected to GTPγS-binding reactions in triplicate in 96-well Opti-

plates (PerkinElmer, Waltham, MA, USA), as previously described (Calipari et al., 2014).  The 

assay was initiated by the addition of 5 ug’s of membranes to assay buffer (20  mM NaHepes, pH 

7.4, 100  mM NaCl, 5  mM MgCl2, and 1  mM DTT) containing 500  pM [35S]GTPγS (PerkinElmer, 

Billerica, MA, USA), 10  µM GDP and cannabinoid  ligands for 1  hr at 30  °C.  Membranes were 

then placed on ice (4°C), lysed with 3% IGEPAL CA-630 for 30  min, incubated with primary 

antibodies anti-Gαo, anti-Gαi3 or anti-Gαq/11 (Santa Cruz) for 1  hr.  Anti-IgG-coated scintillation 

proximity assay beads coated with the secondary anti-rabbit or anti-mouse antibodies 

(PerkinElmer) were added for 30  min, and the plates were then centrifuged at 1,000 x  g for 5  min.  

The radioactivity was detected on a Top-Count microplate scintillation counter (PerkinElmer).  

The non-specific binding was determined in the presence of unlabeled 10  µM GTPγS.  Basal 

values were in the absence of the ligands.  Specific GTPγS-binding (counts per minute; CPM) 

was determined by subtracting non-specific activity.  Agonist-stimulated values were transformed 

to “percent over basal” [% = (stimulated-basal)/(basal)*100].  GTP-binding parameters were 

analyzed using GraphPad Prism 5 (La Jolla, CA).   
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4.2.7.  Cellular growth assay 

N18TG2 clones were cultured at a density of 60,000 cells per well in a 24-well plate.  

This cell density enabled the exponential growth of each cell line during the entire course of the 

experiment (0-72 hr).  For experiments using the PKA activator Sp-cAMP (1 M) or inhibitor Rp-

cAMP (1 M), cells were incubated at 12 hr post-plating.  Cells were grown for 36 hr before being 

treated with the MEK inhibitor 100 µM PD98059 (Sigma Aldrich).  In each experiment, cells 

were collected every 12 hr with PBS-EDTA.  The cells were pelleted in a microfuge at 1,000 x g 

for 5 min at room temperature, and the cell pellet was resuspended in 300 µl PBS.  Cells were 

diluted 1:10 in Trypan blue (0.4% in PBS) and counted using a hemocytometer. 

4.2.8.  Gene Expression Arrays 

For array detection of gene expression differences between WT and CRIP1a XS and KD 

clones, qRT-PCR analyses was performed using a Mouse G-Protein-Coupled Receptor Signaling 

PathwayFinder™ PCR Array and RT2 SYBER Green qPCR Mastermix (PAMM-014, 

SABiosciences).  All data were normalized to the average of three housekeeping genes: beta-actin 

(Actb), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), and hypoxanthine guanine 

phosphoribosyl transferase (Hprtr).  All data were analyzed using the ΔΔCT method with a cycle 

time cutoff value of 34.  Fold changes are reported relative to WT.   

4.2.9.  Statistical analysis 

Graphs and statistical analyses were generated using GraphPad Prism VI software (La 

Jolla, CA, USA).  Data were compared using the unpaired Student’s t-test.  For dose-response 

experiments EC50 values were determined by non-linear regression analysis.  All data are 

expressed as the mean ± SEM, and were considered significant when the p value ≤ 0.05. 
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4.3.  RESULTS 

4.3.1.  CB1R-mediated basal ERK phosphorylation is altered by CRIP1a 

We recently reported that viral-mediated over-expression of CRIP1a in rat dorsal striatum 

did not influence CB1R gene or protein expression, but was capable of altering basal ganglia 

functionality including gene expression of opioid peptide mediators in the medium spiny neurons 

and cellular signaling at the outflow nuclei where the CB1R are localized to the presynaptic 

termini (Blume et al., 2013).  Therefore, we first examined the effects of stable CRIP1a over-

expression and knockdown on CB1R protein levels in N18TG2 cells using the In-cell-Western 

immunocytochemical technique.  As seen in Fig. 4.1 A, no significant alterations in total CB1R 

protein expression were observed as a result of modulating endogenous CRIP1a expression.  

Because CRIP1a was previously reported to modulate the constitutive activity of CB1R to release 

Gβγ and inhibit Ca2+ channels (Niehaus et al., 2007), we assessed CRIP1a-related changes in 

basal (non-ligand dependent) phosphoERK1/2 (Thr202, Tyr204) after blocking endogenous 2-AG 

production.  In WT and control cells, basal phosphoERK1/2 levels were modestly reduced by a 5 

min treatment with the antagonist/inverse agonist SR141716A (10 nM), consistent with the 

notion of CB1R-mediated constitutive signaling (WT, -17±4%; Control, -20±6%) (Fig. 4.1 B).  In 

CRIP1a XS clones basal levels of ERK1/2 phosphorylation were significantly reduced (XS 1, -

16±5%; XS 5, -20±6%) compared to WT cells (Fig. 4.1 C).  Furthermore, CRIP1a XS clones 

were insensitive to SR141716A (10 nM), suggesting the absence of non-ligand dependent CB1R 

constitutively activity.  In contrast, Fig. 4.1 D shows that knockdown of CRIP1a augmented basal 

phosphoERK1/2 levels (KD 2C, 13±5%; KD 2F, 27±8%), which was reversed by incubation with 

SR141716A, such that the magnitude of SR141716A-mediated inhibition was greater in CRIP1a 

KD than in WT and control cells.  
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Figure 4.1.  CRIP1a modulates CB1R-mediated non-ligand dependent constitutive 

phosphoERK1/2.  (A) N18TG2 WT, empty vector (Control), CRIP1a XS, and CRIP1a KD cells 

were subjected to Western blotting to determine total protein levels for CRIP1a and CB1R. 

Calculation of protein expression was determined as the ratio of immunoreactive CRIP1a or 

CB1R to GAPDH, and compared to WT set as 100%.  (B) Cells were serum-starved for 16 hr, 

pretreated for 2 hr with 1 µM THL, and treated with either vehicle or 10 nM of the CB1R 

antagonist SR141716A for 5 min.  PhosphoERK1/2 (at threonine 202 and tyrosine 204) was 

determined using the In-cell-Western assay, as described in the Materials and Methods.  

Quantitation of phosphoERK1/2 was calculated as the ratio of immunoreactive phosphoERK1/2 

to total ERK.  PhosphoERK1/2 levels for individual CRIP1a transgenic clones were calculated 

independently by normalizing to basal, and expressed as 100% for WT at time 0.  (C and D) Cells 

were serum-starved for 16 h, pretreated for 2 h with 1 µM THL, and quantitated for basal CRIP1a 

levels, and non-ligand mediated CB1R constitutive phosphoERK1/2 using the In-cell-Western 

assay as described in Materials and Methods.  CRIP1a protein levels were determined as the ratio 

of immunoreactive CRIP1a to the nuclear stain DRAQ5.  PhosphoERK1/2 was calculated as the 

ratio of phosphoERK1/2 to total ERK, and compared to WT set as 100%.  Data are expressed as 

the mean ± S.E.M. from four independent experiments performed in duplicate. & p<0.05 

indicates significantly different from vehicle, and * p<0.05, # p<0.01 indicates significantly 

different from WT using Student’s t test.  
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4.3.2.  CRIP1a depletion enhances CB1R-mediated ERK1/2 phosphorylation 

Given the observed changes in CB1R-mediated constitutive ERK phosphorylation, we 

examined the potential of CRIP1a regulation on agonist-mediated ERK phosphorylation.  As seen 

in Fig. 4.2, a 5 min incubation with the CB1 full agonist WIN55212-2 or CP55940 resulted in a 

robust enhancement in phosphoERK1/2 levels in WT cells (WIN55212-2, 36±5%; CP55940, 

45±6%).  mAEA, a CB1R partial agonist, modestly increased (12±2%) ERK phosphorylation to a 

level that was ~30% of the response observed with a CB1 full agonist (Fig. 4.2).  Under these 

same agonist-stimulated conditions, no differences were noted between control cells and cells 

over-expressing CRIP1a (Fig. 4.2 A).  However, depletion of CRIP1a caused a significant 

increase in CP55940-stimulated maximal ERK1/2 phosphorylation when compared with WT 

cells (CP55940: KD 2C, 63±8%; KD 2F, 59±4%) (Fig. 4.2 B).  This increase was ligand-

selective, as it was not observed with WIN55212-2 or mAEA. 

To identify the mechanism for the influence of CRIP1a on agonist activity, we examined 

CP55940 concentration-response curves.  In WT and control cells, incubated with CP55940 led to 

rapid (2-5 min), robust and dose-dependent increase in phosphoERK1/2 levels (Fig. 4.3 A and B).  

This effect was mediated by the CB1R, as it was completely abolished by concurrent treatment 

with 1 µM SR141716A (Fig. 4.3 C and D).  We determined how CRIP1a modulated the response 

of CB1R to CP55940-stimulation by utilizing CRIP1a XS and KD clones.  CRIP1a XS cells 

exhibited a comparable concentration-dependent increase in CP55940-stimulated 

phosphoERK1/2, which was completely blocked by SR141716A (Fig. 4.3 A and C).  In contrast, 

CRIP1a KD cells showed a concentration-dependent enhancement in the maximal activity of 

CP55940-stimulated ERK1/2 phosphorylation (10 nM Emax, KD 2C = 68±4%; KD 2F = 73±5%: 

100 nM Emax, KD 2C = 58±5%; KD 2F = 62±6%) compared with WT (10 nM Emax , 45±6%) 

(Fig. 4.3 B).  Pretreatment with SR141716A eliminated CP55940-induced phosphoERK1/2, 

confirming that a CB1R-mediated signaling mechanism was involved (Fig. 4.3 D).  
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Figure 4.2.  Knockdown of CRIP1a augments agonist-mediated CB1R phosphoERK1/2.   

(A and B) N18TG2 WT, empty vector (Control), CRIP1a XS (A), and CRIP1a KD (B) cells were 

serum-starved for 16 hr, pretreated for 2 hr with 1 µM THL, and treated with either vehicle, the 

CB1R full agonist WIN55212-2 (10 nM), CP55940 (10 nM), or the CB1R partial agonist mAEA 

(10 nM) for 5 min.  Immunoreactive phosphoERK1/2 (at threonine 202 and tyrosine 204) was 

determined using the In-cell-Western assay as described in the Materials and Methods.  

Quantitation of phosphoERK1/2 was calculated as the ratio of immunoreactive phosphoERK1/2 

to total ERK, and compared to WT basal set as 100%.  * p<0.05 indicates significantly different 

from WT CP-55940 treated using Student’s t test.  
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Figure 4.3.  Efficacy of CB1R agonist-stimulated phosphoERK1/2 is enhanced by depletion 

of CRIP1a.  N18TG2 WT, empty vector (Control), CRIP1a XS (A, C), and CRIP1a KD (B, D) 

cells were serum-starved for 16 hr, pretreated for 2 hr with 1 µM THL, and treated with varying 

concentrations of CP55940 (A, B), or CP55940 in the presence of 1 µM SR141716A (C, D) for 5 

min.  In-cell-Western analysis of phosphoERK1/2 was determined as the ratio of 

phosphoERK1/2:total ERK, and then phosphoERK values were quantified as percent change 

relative to basal for WT cells.  Data are presented as the mean ± S.E.M. calculated from three 

independent experiments performed in duplicate.  #p<0.05 indicates that data points significantly 

differ from WT, using Student’s t test.  *A significant differences from basal was observed for 

CRIP1a XS and KD clones, as indicated in Fig. 1C and D, respectively.  
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4.3.3.  Agonist-promoted internalization is required for CB1R-mediated ERK phosphorylation 

Next we examined the requirement of internalization on CB1R-mediated ERK1/2 

phosphorylation, as we have previously shown that CRIP1a levels exert a significant influence on 

cell surface CB1R internalization as determined using a modified version of the On-cell-Western 

(Blume et al., 2014).  WT and control cells exposed to 10 nM CP55940 showed a rapid increase 

in the levels of phosphoERK1/2 within 5 min, before declining and reaching a sustained plateau 

level just above basal (Fig. 4.4 A and B).  This 3-phase response is in alignment with previously 

published reports (Dalton and Howlett, 2011 and 2013).  Preincubation with the dynamin 

inhibitor Dynasore completely blocked CP55940-stimulated phosphorylation of ERK1/2 by the 

CB1R (Fig. 4.4 A and B).  This indicates that CB1R internalization is required for agonist-

promoted CB1R-mediated phosphorylation of ERK1/2.  We previously reported that agonist-

promoted CB1R internalization is attenuated in CRIP1a XS cells (Blume et al., 2014).  Therefore, 

we hypothesized that CRIP1a XS clones would display an altered ERK phosphorylation profile.  

However, as shown in Fig. 4.4 A no discernable differences in CP55940-promoted ERK1/2 

phosphorylation were detected over the entire time-course.  Additionally, we were unable to 

uncover any differences in internalization-independent signaling to ERK1/2 by cells over-

expressing CRIP1a (Fig. 4.4 A), suggesting that the fraction of receptors that were constitutively 

internalized in CRIP1a XS cells might be sufficient to account for maximal EKR1/2 

phosphorylation.  In Fig. 4.4 B, CRIP1a KD cells displayed a time-dependent enhancement in 

CP55940-stimulated phosphoERK1/2 levels (at 5, 10, and 15 min), a process that required CB1R 

internalization.  Together, these data indicate that CB1R signaling leading to ERK1/2 

phosphorylation is modulated by CRIP1a. 
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Figure 4.4.  Agonist-promoted ERK1/2 phosphorylation requires CB1R internalization.  

N18TG2 WT and CRIP1a XS (A) and N18TG2 WT and CRIP1a KD clones (B) were pretreated 

for 30 min with the dynamin inhibitor Dynasore (80 µM), and challenged with the CB1R agonist 

CP55940 (10 nM) for the indicated times.  CB1R cell surface density was quantitated using the 

In-cell-Western assay, and phosphoERK1/2 levels were determined as the ratio of 

immunoreactive phosphoERK1/2:DRAQ5.  PhosphoERK values were represented as a percent 

change relative to basal, expressed as 100% for WT cells.  No significant differences in total ERK 

levels from time 0 were detected in time course data for Dynasore-treated cells.  Data are 

presented as the mean ± S.E.M. from four independent experiments performed in duplicate.   

* p<0.05 indicates significant difference from WT using Student’s t test.  
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4.3.4.  CRIP1a modulates CB1R-promoted G protein signaling 

To further assess the physiological relevance of the interaction between CRIP1a and 

CB1R, we tested the effect of CRIP1a over-expression and knockdown on CB1R agonist-

promoted G protein activation.  Using a scintillation proximity assay for [35S]GTPγS-binding, we 

determined the coupling of CB1R with different Gα subunits in cell membranes treated with 

either 100 nM CP55940, SR141716A, or co-incubation with CP55940 plus SR141716A.  

CP55940-stimulated [35S]GTPγS binding to Gαi3 in WT (79±18% over basal) and control clones 

(62±21% over basal) (Fig. 4.5 A).  CP55940-stimulated [35S]GTPγS binding to Gαi3 was absent 

during co-incubation with SR141716A (Fig. 4.5 A), providing support for a CB1R-mediated 

mechanism.  SR141716A-treatment by itself reversed constitutive CB1R-mediated Gαi3 activation 

in WT (-41±6% relative to basal) and control cells (-43±8%) (Fig. 4.5 A), a finding that is 

consistent with the notion of constitutively active receptors.  Over-expression of CRIP1a 

attenuated CP55940-stimulated [35S]GTPγS binding to Gαi3 (10±12% over basal), whereas 

depletion of CRIP1a significantly increased CB1R-mediated activation of Gαi3 (103±22% over 

basal) (Fig. 4.5 A).  There was a trend for increased enhancement in SR141716A attenuation of 

constitutive activation of Gαi3 by CB1R in CRIP1a KD cells (54±7% below basal).  However, 

CRIP1a XS cells were resistant to SR141716A-mediated attenuation of the Gαi3 activation by 

CB1R (Fig. 4.5 A).  

WT cell membranes treated with CP55940 showed a modest enhancement in [35S]GTPγS 

binding to Gαo (49±9% over basal) (Fig. 4.5 B), although to a lesser extent than that observed for 

Gαi3.  This effect was blocked in CRIP1a XS cells (4±3% over basal), and significantly 

augmented in CRIP1a KD cells (79±21% over basal) (Fig. 4.5 B).  CP55940-promoted coupling 

between Gαo and CB1R was attenuated by SR141716A, and SR141716A alone decreased binding 

of Gαo to CB1R in WT (30±5% below basal) and control cells (17±13% below basal) (Fig. 4.5 B).  

As observed with Gαi3, knockdown of CRIP1a further augmented SR141716A-mediated 

reductions in CB1R binding to Gαo (43±5% below basal). 
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Figure 4.5.  Effects of CRIP1a on agonist-promoted [35S]GTPγS G protein binding to Gi/o 

proteins.  Membranes from N18TG2 WT, empty vector (Control), CRIP1a XS, or CRIP1a KD 

cells were incubated with 100 mM NaCl, 10 µM GDP, 500 pM [35S]GTPγS and either 100 nM 

CP55940, 100 nM SR141716A, or co-incubated with 100 nM CP55940 and SR141716A.  

Membranes were then subjected to immunoselective scintillation proximity assay to quantitate 

ligand-mediated coupling to either Gαi3 (A), Gαo (B), or Gαq/11 (C) as described in Materials and 

Methods.  Ligand-stimulated values were transformed to “percent over basal” [% = (stimulated-

basal)/(basal)*100].  Data are shown as the mean ± S.E.M. values of five or more independent 

experiments performed in duplicate.  * p<0.05 indicates significant difference from WT using 

Student’s t test.  
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One explanation for the changes in Gαi/o binding to CB1R by CRIP1a could be that 

CRIP1a promotes G protein coupling in a promiscuous manner.  To test the idea that CRIP1a 

might alter G protein bias toward a non-Gi/o mechanism, we examined the ability of CP55940 to 

induce [35S]GTPγS binding to Gαq/11, a G protein that is not strongly associated with CB1R 

activity.  In Fig. 4.5 C, CB1R activation of Gαq/11 was modestly enhanced by CP55940 in all cell 

clones tested (~30% above basal).  Although not statistically significant, CRIP1a XS cells had 

lower levels of Gαq/11 activation (4±12% above basal) by CB1Rs.  However, unlike Gαi/o 

experiments, SR141716A-mediated reductions in Gαq/11 were not blocked by CRIP1a over-

expression (Fig. 4.5 C).  It appears that CP55940 can induce coupling between CB1R and Gαq/11, 

because co-treatment with SR14176A abolished the effect.  Overall these experiments indicate 

that CRIP1a can disrupt CB1R-Gi/o coupling, but there is no evidence that CRIP1a can cause a 

switch to Gq/11 coupling in compensation. 

4.3.5.  CB1R-mediated inhibition of cAMP accumulation is potentiated by CRIP1a knockdown 

To determine cAMP levels in intact N18TG2 cells, we treated cells with or without 

stimulatory agents for a maximum of 4 min (prior to heterologous desensitization).  No 

differences were observed in the basal levels of cAMP between WT, control, CRIP1a XS, or 

CRIP1a KD clones (Fig. 4.6 A).  Additionally, forskolin (1uM) was able to significantly 

stimulate cAMP accumulation over vehicle to the same extent in all cell lines tested (Fig. 4.6 A).  

As such, we tested the effects of CRIP1a on CB1R-mediated inhibition of forskolin-stimulated 

cAMP accumulation with dose-response curves.  We observed a dose-dependent attenuation in 

cAMP accumulation by the partial agonist mAEA, and this effect was not altered by the 

expression of CRIP1a (Fig. 4.6 B).  Forskolin-stimulated cAMP was robustly inhibited by 

WIN55212-2 in a concentration-dependent manner in WT (EC50 = 3.76 nM) and control cells 

(EC50 = 6.42 nM) (Fig. 4.6 C).  Over-expression of CRIP1a did not alter WIN5521-2-mediated 

inhibition of cAMP accumulation at any doses tested (EC50 = 4.71 nM) (Fig. 4.6 C).  Although 

not significantly different, a was a trend for a leftward shift in the dose-dependent inhibition of 
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cAMP accumulation by WIN55212 in CRIP1a KD cells (EC50 = 1 nM).  However, CRIP1a KD 

(EC50 = 0.268 nM), but not CRIP1a XS cells (EC50 = 1.65 nM), was able to dose-dependently 

enhance the attenuation of cAMP accumulation by treatment with CP55940, compared with WT 

cells (EC50 = 3.46 nM).  These studies suggest that CRIP1a can function to negatively modulate 

CB1R function in a ligand-specific manner. 
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Figure 4.6.  Effects of CRIP1a on CB1R-mediated inhibition of cAMP accumulation in 

intact cells.  Dose-response curves for cannabinoid agonist inhibition of cAMP accumulation, 

using forskolin as an adenylyl cyclase activator, was determined in N18TG2 WT, control vector, 

CRIP1a XS, and CRIP1a KD cells.  (A) cAMP levels in WT, empty vector Control, and XS or 

KD clones were determined by incubating cells with vehicle or 1 µM forskolin for 4 min (a time 

within the linear range of stimulation).  CB1R-mediated inhibition of forskolin-activated cAMP 

accumulation was determined by treating cells with either mAEA (B), WIN55212-2 (C), or 

CP55940 (D).  Background levels (cAMP accumulation in the absence of FSK) were subtracted 

from all values and represented less than 10% of FSK-stimulated cAMP accumulation (A).  Data 

were normalized such that 100% was equal to cAMP in WT cells treated with forskolin only, 

while 0% was equal to cAMP in cells treated with vehicle only (B, C, D).  * p<0.05 indicates 

significant difference in the EC50 of CP55940 between WT and CRIP1a KD cells using 

Student’s t test.  
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4.3.6.  CRIP1a affects cellular proliferation and neurite extensions in N18TG2 cells  

Based on changes that we observed in CB1R activity and cellular signaling by CRIP1a, 

we generated cell growth curves to investigate the role of CRIP1a in N18TG2 cell cellular 

proliferation.  Over a 72 hr growth period, WT and control cells displayed a similar exponential 

growth rate (Fig. 4.7 A) with a doubling time of ~22 hr.  In Fig. 4.7 A CRIP1a over-expression 

significantly reduced cell proliferation with a doubling time of ~24 hr.  Whereas, CRIP1a 

knockdown increased cellular proliferation rate with a doubling time ~19 hr.  Together, these data 

suggest that CRIP1a is involved in modulating cellular pathways associated with cellular growth 

and differentiation. 

To examine the contribution of the ERK1/2 pathway in CRIP1a-mediated alterations in 

cellular proliferation, we inhibited MEK kinase activity with PD98059 applied 36 hr post-plating.  

We found that inhibiting the ERK1/2 pathway reduced cellular proliferation rates for all clones 

tested (Fig. 4.7 B).  However, CRIP1a XS cells displayed a robust inhibition in cell growth rates, 

as compared to WT and control cells (Fig. 4.7 B).  We then determined the involvement of 

cAMP-PKA pathway by inhibiting or activating PKA with Rp-cAMP or Sp-cAMP, respectively, 

after cells had been grown for 12 hr.  In support of a role for PKA in CRIP1a-mediated changes 

in proliferation, reductions and enhancements in PKA levels were able to prevent CRIP1a-

mediated cell growth changes in CRIP1a KD and XS clones, respectively (Fig. 4.7 C).     

Neurite outgrowth has been reported to occur through a CB1R-Gαi/o mechanism in 

Neuro2A cells (Jordan et al., 2005).  Because changes in CB1R signaling via CRIP1a were 

observed, we performed immunofluorescence microscopy to analyze neurite outgrowth.  

Immunofluorescence of β-tubulin was used to visualize neurite extensions in sub-confluent 

N18TG2 clones.  In WT cells, neurite outgrowth (i.e. neurite extensions twice the diameter of the 

cell body) was observed in 36% of the population (Fig. 4.8 A top left and 4.8 B), while 33% of 

Control cells displayed neuritic growths (Fig. 4.8 A top right and 4.8 B).  The morphology of 

cells over-expressing CRIP1a had a distinct and significantly increased percentage (64%) of 
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neurite extensions, compared to WT cells (Fig. 4.8 A bottom left and 4.8 B).  In contrast, only 

18% of CRIP1a KD cells displayed neuritic extensions (Fig. 4.8 A bottom right and 4.8 B).  

Taken together, these experiments suggest that in N18TG2 WT and CRIP1a XS and KD cells, 

cellular growth and neurite extensions are modulated through PKA and ERK1/2 pathways. 

 

   

 

Figure 4.7.  CRIP1a alters cellular proliferation through both PKA and ERK-dependent 

pathways.  (A) N18TG2 WT, empty vector (Control), CRIP1a XS, and CRIP1a KD cells were 

grown in 24-well plates at 37°C in complete media containing 10% serum, and counted every 12 

hr, as described in Materials and Methods.  (B and C) Cellular growth rate time courses were 

performed in the presence of the MEK inhibitor PD98059 (100 µM, added at 36 hr post-plating) 

(B), or the PKA inhibitor Rp-cAMP or activator Sp-cAMP (1 M), added at 12 h post-plating) (C).  

No significant differences in cell death were detected between WT and CRIP1a clones during any 

of the experimental conditions tested, as determined by trypan blue staining (data not shown).  

Data are presented as the mean ± S.E.M. from four independent experiments performed in 

duplicate.  * p<0.05 indicates that time points are significantly different from WT using Student’s 

t test. 
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Figure 4.8.  CRIP1a induces morphological changes in neurite extensions.  Visualization of 

neurite extensions and cellular morphology was investigated by immunofluorescence microscopy.  

(A) N18TG2 WT, empty vector (Control), CRIP1a XS, and CRIP1a KD cells were grown in 4-

well glass chamber slides at 37°C in complete media containing 10% serum for 48 hr, and were 

subjected to β-tubulin and DAPI nuclear immunofluorescence staining, as described in Materials 

and Methods.  The scale bar for microscopy images is 10 µm.  (B) Quantification of neurite 

extensions.  The percentage of cells with neurite extensions was determined by calculating the 

number of cells that had cellular extensions twice the length of the cell body.  Data were 

calculated from 4 different fields obtained from three independent experiments, and represent the 

mean ± S.E.M (* p<0.05, indicates significant difference from WT using Student’s t-test). 
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4.4.  DISCUSSION 

Cellular signaling is regulated partly due to the density of functional surface receptors on 

the plasma membrane.  CB1Rs interact with endocannabinoid agonists (anandamide, 2-AG) to 

produce cellular signaling events via Gi/o proteins (Howlett, 2004).   It is noteworthy to mention 

that CB1Rs can couple to Gαi/o proteins in the absence of exogenous agonists (Mukhopadhyay et 

al., 2000; Mukhopadhyay and Howlett, 2001).  The activity and signaling of the CB1R can be 

further modified by accessory proteins, such as β-arrestin, G protein Associated Proteins (GASP), 

and CRIP1a.  CRIP1a was initially characterized for its ability to attenuate CB1R-mediated 

constitutive, but not WIN55212-2-promoted, inhibition of N-type Ca2+ channels (Niehaus et al., 

2007).  However, the mechanisms involved in the regulation of CB1R function by CRIP1a have 

remained elusive.  We recently reported that CRIP1a over-expression reduced basal CB1R plasma 

membrane density, while knockdown of CRIP1a augmented receptor surface expression (Blume 

et al., 2014).  In addition, these studies also implicated CRIP1a in agonist-promoted CB1R 

internalization.  Based on these studies, we hypothesized that CRIP1a could function to regulate 

both constitutive and agonist-mediated CB1R signaling.  In support of this, the studies presented 

herein using immunocytochemistry and pharmacological experiments revealed that by 

manipulating endogenous CRIP1a expression, CB1R signaling to the ERK1/2 and cAMP 

pathways were robustly enhanced in CRIP1a knockdown cells.  Furthermore, by employing the 

antibody capture scintillation proximity [35S]GTPγS binding assay, we found that agonist-

stimulation of CB1R coupling to Gαi3 and Gαo were significantly impacted by the levels of 

CRIP1a expression.  These findings imply that CRIP1a can regulate CB1R function at the level of 

the G protein, which translates to changes in CB1R-mediated downstream signaling and has an 

impact on cellular growth rates and the formation of neurite extensions.    

It is well documented that CB1Rs display a high level of constitutive (i.e. basal or non-

ligand dependent) activity when exogenously expressed in either non-neuronal or neuronal cells 

(Pertwee et al., 2005).  Multiple laboratories have reported endocannabinoid tone as a component 
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capable of regulating both the tonic and/or basal activity of the receptor, as well as constitutive 

internalization of the receptor (reviewed in Howlett et al., 2011).  Because endocannabinoid 

production was blocked in each experiment, and treatment of N18TG2 WT cells with 

SR141716A reversed basal ERK phosphorylation, CB1Rs appear to possess constitutive tone on 

ERK1/2 phosphorylation in these cells.  In light of these findings, CRIP1a’s ability to modulate 

phosphoERK1/2 levels during basal conditions is not a result of endogenous ligand-mediated 

activity, and is in line with previous studies suggesting that CRIP1a can regulate CB1R function 

in a ligand-independent manner (Niehaus et al., 2007; Blume et al., 2014).  Overall, it appears 

that in N18TG2 cells, levels of phosphoERK1/2 closely follow CB1R plasma membrane steady-

state levels, and that CRIP1a induced alterations in CB1R membrane density (Blume et al., 2014) 

might correlate with regulation of ERK1/2 phosphorylation.      

Cell surface signaling is regulated at a temporal level by membrane trafficking of GPCRs 

from the cell surface.  Although CRIP1a is a soluble protein, co-localization with CB1R at the 

plasma membrane has been reported in HEK293 cells (Niehaus et al., 2007).  In agonist-

promoted internalization assays, CRIP1a over-expression significantly attenuated CB1R 

internalization (Blume et al., 2014).  We speculated that CRIP1a might also exert changes in 

agonist-mediated CB1R signaling, and found that CRIP1a knockdown significantly enhanced 

maximal ERK1/2 phosphorylation by CP55940, with maximal effects occurring at 10 nM and 

between 5-15 min.  Furthermore, enhancements in CB1R-mediated ERK1/2 phosphorylation by 

CRIP1a occurred in a ligand-dependent fashion, as WIN55212-2 and mAEA responses were 

unaltered by CRIP1a deletion.  Interestingly, although basal phosphoERK1/2 levels were reduced 

in CRIP1a over-expressing clones, we were unable to uncover any changes in agonist-promoted 

ERK1/2 phosphorylation, which might relate to differences in the CB1R coupling to G proteins or 

to other effector proteins involved in ERK signaling.  For instance, in CHO cells, CB1R activation 

of the ERK1/2 pathway required Gi/o as an initial step, as well as association with β-arrestin 

(Bouaboula et al., 1995).  We have shown that CRIP1a disrupts the association of CB1R with β-
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arrestin during agonist treatment, and therefore, CRIP1a might alter CB1R-mediated ERK1/2 

signaling by reducing the formation of CB1R-β-arrestin signalosomes.        

It is well established that CB1R activation of the ERK1/2 pathway can proceed through a 

variety of mechanisms (reviewed in Howlett et al., 2010).  In N18TG2 cells it appears that 

ERK1/2 activation by CB1R can involve PKC, a matrix metalloprotease, and the transactivation 

of growth factor receptors (e.g. vascular endothelial growth factor receptor) (Korzh et al., 2008; 

Rubovitch et al., 2004; Dalton and Howlett, 2012).  Our phosphoERK1/2 time-course 

experiments are similar to previously published work showing that maximal CB1R-promoted 

phosphoERK occurred at 5 min, followed in time (~5-15 min) by a rapid reduction in ERK 

phosphorylation, and then a sustained low level plateau over the next 30 min (Dalton and 

Howlett, 2012).  Analysis of log dose-response curves of CB1R-mediated inhibition of forskolin-

stimulated cAMP accumulation indicate that a component of the response is sensitive to CRIP1a 

levels, as depletion of CRIP1a caused a leftward shift in the dose-response curve of CP55940.  As 

previously observed in phospoERK1/2 concentration-effect curves, this effect was ligand-

dependent, and was attributable to enhanced potency of CP55940.  Taken together, the 

downstream signaling of CB1R appears to be negatively modulated by CRIP1a expression levels 

in N18TG2 cells. 

Because CRIP1a reduced both agonist and constitutive-mediated CB1R signaling, it is 

reasonable to speculate that binding of CRIP1a to the distal C-terminus of CB1R could disrupt 

coupling to Gαi3 or Gαo proteins.  This theory aligns well with our data showing that CP55940-

stimulated [35S]GTPγS binding to both Gαi3 and Gαo proteins was attentuated by CRIP1a over-

expression and enhanced with CRIP1a knockdown.  Therefore, CRIP1a’s association with the C-

terminus of CB1R may induce a receptor conformation that is unfavorable to Gαi3 and Gαo protein 

binding.  These findings demonstrate that CRIP1a over-expression reduces the ability of CB1R 

agonists to activate Gαi3 and Gαo, a response that is consistent with reductions in CB1R plasma 

membrane density.  Likewise, knockdown of CRIP1a enhanced CP55940-induced activation of 
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Gαi3 and Gαo in response to CB1R, which could be explained by the observed increases in CB1R 

cell surface expression during CRIP1a knockdown.  In alignment with the notion of constitutively 

active CB1R’s, SR141716A-treatment reversed CB1R-mediated Gαi3 binding, and supports our 

data showing SR141716A-mediated reversal of non-ligand dependent ERK1/2 phosphorylation in 

N18TG2 cells.  Morevoer, CRIP1a-induced changes in Gαi3 and Gαo protein activation by 

agonist-occupied CB1Rs was not accompanied by switching to Gαq/11 binding, as has been 

previously proposed (McIntosh et al., 2008; Lauckner et al., 2005).  These are the first direct 

findings that implicate CRIP1a in uncoupling of agonist-promoted CB1R binding to a selected 

population of G proteins. 

In prostate PC3 cancer cells, chronic (24 hr) exposure to WIN55212-2 led to a sustained 

increase in ERK1/2 phosphorylation and inhibition of PI3k/Akt signaling pathways, which 

resulted in the dysregulation and arrest of cells in the Go/G1 phase of the cell cycle (Sarfaraz et al., 

2006).  This process was mediated in part through ERK1/2-promoted inhibition of cyclin D1, and 

cyclin-dependant kinases (cdk) -2, -4, and -6.  From these findings, it is reasonable to speculate 

that the observed enhancement in basal phosphoERK1/2 levels by depletion of CRIP1a, might be 

important in the downstream regulation of cell cycle activity, and could be responsible for the 

observed increase in cellular proliferation in CRIP1a knockdown cells.  In support of this 

hypothesis, we have preliminary data suggesting that CRIP1a regulates pathways involved in cell 

cycle progression as well as PI3K signaling (Blume et al., 2010).   

Accumulating evidence indicates that GPCRs play an important role in the transcription 

regulation of signaling proteins.  Activated GPCRs and their associated G proteins form complex 

signaling networks that can regulate gene transcription through both common and unique 

pathways.  The regulation of gene expression can occur through a variety of signal transduction 

pathways including MAPK, CREB, JNK and NF-kB.  For example, JNK activity is responsible 

for controlling the expression of mammalian stress genes involved in cell cycle, DNA repair and 

apoptosis (see review Cui et al., 2007).  CB1R effectors modulate many important intracellular 
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signaling pathways that control the regulation of various transcription factors which serve to 

modulate the expression of genes important for cell proliferation, differentiation and apoptosis 

(see review Maccarrone and Finazzi-Agró, 2003).  Activation of the p38 MAPK pathways, and 

the subsequently phosphorylation of JNK (see review Turu and Hunyady, 2010) is one means by 

which CB1R can alter gene transcription.  Additionally, CB1R-mediated neuroprotection involves 

the inhibition of intracellular inflammatory signaling pathways through downregulation of NF-kB 

(Panikashvili et al., 2005).  Preliminary data using qRT-PCR assays (SABiosciences), suggest 

that over-expression and knockdown of CRIP1a in N18TG2 cells significantly alters the 

transcription of key proteins involved in major signal transduction pathways (PKC, PLC, JNK 

and NF-kB) (Table 4.1).  When interpreting the present data, it appears that CB1R’s can directly 

regulate gene transcription through multiple signaling pathways, which in some circumstances 

may lead to opposing or unexpected cellular events.  Because the role of CB1R’s in 

transcriptional regulation of key cellular proteins can occur through multiple signaling cascades, 

CRIP1a may influences CB1R-medaited signaling events through preferential activation of 

different signaling cascades or family members.  Overall, these initial gene array studies indicate 

that CRIP1a significantly alters the mRNA expression patterns of key proteins involved in major 

signal transduction pathways, some of which could be involved in CRIP1a-mediated changes in 

cellular proliferation and differentiation in N18TG2 neuronal cells.  

In N18TG2 cells the initial stages of neurite outgrowth do not require RNA synthesis or 

new protein production, indicating that inductions in neurite outgrowth only require the 

reorganization of preexisting cytoplasmic and cytoskeletal proteins (Tsuda et al., 1989).  

Therefore, we hypothesize that alterations in CRIP1a clone neurite extensions could be attributed 

to changes in basal signaling, as the Gαi/o and ERK1/2 pathways have been shown to play an 

important role in regulating CB1R-mediated axonal growth cone dynamics (Watson et al., 2008).  

As such, CRIP1a-mediated regulation of CB1R activity and the exact mechanisms responsible for 

the observed alterations in cellular growth and neurite extensions requires further investigation.  
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Cumulatively, these data suggest that CRIP1a regulates CB1R function in the absence and 

presence of cannabinoid ligands, and that CRIP1a-mediated changes in cellular proliferation and 

differentiation might procede though alterations in gene expression profiles of proteins involved 

in several key signaling pathways. 

 

Table 4.1.  CRIP1a-mediated changes in transcriptional regulation of CB1R signaling 

cascades.  To investigate the cellular signaling associated with CRIP1a, RNA was isolated and 

purified from WT and CRIP1a XS and KD clones.  Purified RNA was converted to cDNA, and 

qRT-PCR was performed using a 96-well plate format Mouse G-Protein-Coupled Receptor 

Signaling PathwayFinder™ PCR Array to analyze 84 key genes representative of 18 different 

signal transduction pathways.  Changes in gene expression were determined using the ΔΔCT 

method with a cycle time cutoff value of 34 from 3 independent experiments.  Fold changes are 

reported relative to WT. 

	  
Key:	   Up-‐Regulated	   Down-‐Regulated	  

	   

	  

	  	  
CRIP1a	  
KD	  cells	  

CRIP1a	  XS	  
cells	   	  	  

	  

CRIP1a	  
KD	  cells	  

CRIP1a	  
XS	  cells	  

Symbol 
Fold 

Regulation 
Fold 

Regulation   Symbol 
Fold 

Regulation 
Fold 

Regulation 
Atf2	   1.54	   -‐1.64	   	  	   Cdk2	   -‐1.51	   1.92	  
Bax	   -‐1.08	   -‐1.67	   	  	   Cdkn1a	   1.05	   -‐2.23	  
Bcl2	   -‐1.87	   3.00	   	  	   Cdkn1b	   -‐2.32	   -‐1.16	  
Bcl2l1	   -‐1.04	   -‐4.30	   	  	   Cdkn2a	   1.03	   -‐1.34	  
Naip1	   1.00	   -‐1.29	   	  	   Cdkn2b	   -‐1.09	   2.87	  
Birc2	   1.58	   -‐2.08	   	  	   Cebpb	   1.30	   -‐3.29	  
Birc3	   -‐1.14	   1.11	   	  	   Csf2	   1.00	   -‐1.29	  
Birc5	   1.09	   1.85	   	  	   Cxcl1	   -‐1.14	   -‐1.74	  
Bmp2	   1.18	   -‐1.29	   	  	   Cxcl9	   1.18	   -‐1.15	  
Bmp4	   1.18	   -‐1.29	   	  	   Cyp19a1	   -‐1.43	   -‐1.29	  
Brca1	   -‐1.24	   4.01	   	  	   Egr1	   1.64	   -‐6.23	  
Ccl2	   -‐1.50	   -‐2.31	   	  	   Ei24	   -‐2.09	   -‐2.01	  
Ccl20	   -‐1.26	   -‐1.29	   	  	   En1	   1.18	   1.18	  
Ccnd1	   5.52	   -‐2.10	   	  	   Fas	   -‐1.06	   1.08	  
Cd5	   -‐1.06	   1.18	   	  	   Fasl	   1.00	   1.18	  
Cdh1	   -‐1.15	   -‐1.29	   	  	   Fasn	   1.57	   1.49	  
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Key:	   Up-‐Regulated	   Down-‐Regulated	  

	  	  
	  

	  

CRIP1a	  
KD	  cells	  

CRIP1a	  
XS	  cells	   	  	  

	  

CRIP1a	  
KD	  cells	  

CRIP1a	  
XS	  cells	  

Symbol 
Fold 

Regulation 
Fold 

Regulation   Symbol 
Fold 

Regulation 
Fold 

Regulation 
Fgf4	   1.18	   1.18	   	  	   Nab2	   -‐3.36	   -‐4.59	  
Fn1	   3.62	   3.03	   	  	   Nfkbia	   -‐1.46	   -‐3.67	  
Fos	   1.41	   -‐3.38	   	  	   Nos2	   1.18	   -‐1.29	  
Foxa2	   1.18	   -‐1.29	   	  	   Nrip1	   -‐1.64	   -‐2.72	  
Gadd45a	   2.15	   -‐2.85	   	  	   Odc1	   2.18	   -‐1.92	  
Greb1	   1.08	   1.51	   	  	   Pparg	   1.79	   1.94	  
Gys1	   1.12	   1.04	   	  	   Ptch1	   -‐1.99	   1.38	  
Hhip	   1.18	   -‐1.16	   	  	   Ptgs2	   1.00	   -‐1.29	  
Hk2	   1.11	   -‐1.07	   	  	   Rbp1	   1.00	   -‐1.29	  
Hoxa1	   1.00	   -‐1.29	   	  	   Sele	   1.00	   -‐1.29	  
Hsf1	   -‐1.46	   1.15	   	  	   Selp	   -‐1.41	   -‐2.86	  
Hspb1	   -‐1.39	   1.46	   	  	   Tank	   1.03	   -‐2.58	  
Icam1	   1.14	   -‐2.54	   	  	   Tcf7	   1.29	   -‐1.48	  
Igfbp3	   1.18	   -‐1.29	   	  	   Tert	   -‐1.38	   2.55	  
Igfbp4	   1.16	   -‐1.06	   	  	   Tfrc	   -‐1.04	   -‐1.13	  
Ikbkb	   -‐2.08	   2.24	   	  	   Pmepa1	   1.18	   -‐1.29	  
Il1a	   1.03	   -‐1.11	   	  	   Tnf	   1.12	   1.13	  
Il2	   1.00	   -‐1.29	   	  	   Trp53	   1.18	   -‐1.60	  
Il2ra	   1.00	   -‐1.29	   	  	   Vcam1	   -‐1.43	   1.18	  
Il4ra	   -‐2.41	   1.82	   	  	   Vegfa	   1.11	   2.00	  
Irf1	   -‐1.33	   -‐1.09	   	  	   Wisp1	   1.66	   1.21	  
Jun	   -‐1.96	   -‐2.02	   	  	   Wnt1	   1.00	   -‐1.29	  
Lef1	   -‐1.11	   1.59	   	  	   Wnt2	   -‐1.10	   -‐1.29	  
Lep	   1.18	   1.18	   	  	   Gusb	   3.00	   -‐1.31	  
Lta	   -‐1.61	   1.12	   	  	   Hprt	   2.30	   1.33	  
Mdm2	   1.86	   -‐1.65	   	  	   Hsp90ab	   1.91	   1.00	  
Mmp10	   -‐1.43	   -‐1.29	   	  	   Gapdh	   1.00	   -‐1.15	  
Mmp7	   1.00	   -‐1.29	   	  	   Actb	   2.29	   1.06	  
Myc	   -‐1.56	   -‐1.99	   	  	   MGDC	   -‐1.43	   -‐1.29	  
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STRIATAL CB1 AND D2 RECEPTORS REGULATE EXPRESSION OF EACH 

OTHER, CRIP1A AND DELTA OPIOID SYSTEMS 
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ABSTRACT 

 Although biochemical and physiological evidence suggests a strong interaction between 

striatal CB1 cannabinoid (CB1R) and D2 dopamine (D2R) receptors, the mechanisms are poorly 

understood.  We targeted medium spiny neurons of the indirect pathway using shRNA to 

knockdown either CB1R or D2R.  Chronic reduction in either receptor resulted in deficits in gene 

and protein expression for the alternative receptor and concomitantly increased expression of the 

cannabinoid receptor interacting protein 1a (CRIP1a), suggesting a novel role for CRIP1a in 

dopaminergic systems.  Both CB1R and D2R knockdown reduced striatal dopaminergic-

stimulated [35S]GTPγS binding, and D2R knockdown reduced pallidal WIN55212-2-stimulated 

[35S]GTPγS binding.  Decreased D2R and CB1R activity was associated with decreased striatal 

phosphoERK.  A decrease in mRNA for opioid peptide precursors pDYN and pENK 

accompanied knockdown of CB1Rs or D2Rs, and over-expression of CRIP1a.  Down-regulation 

in opioid peptide mRNAs was followed in time by increased DOR1 but not MOR1 expression, 

leading to increased [D-Pen2, D-Pen5]-enkephalin-stimulated [35S]GTPγS binding in the 

striatum.  We conclude that mechanisms intrinsic to striatal medium spiny neurons or extrinsic 

via the indirect pathway adjust for changes in CB1R or D2R levels by modifying the expression 

and signaling capabilities of the alternative receptor as well as CRIP1a and the DELTA opioid 

system. 

Schematic representation of changes in 

striatal proteins following knockdown of 

CB1R or D2R.  Striatal knockdown of either 

CB1R and D2R decreased expression of the 

alternative receptor, and reduced [35S]GTPγS 

binding, phosphoERK, pDYN and pENK 

expression, but increased DOR1.  CB1R or 

D2R knockdown increased CRIP1a, which 

evoked similar responses.  These studies 

identify a functional interaction between these 

receptor systems in vivo. 
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5.1.  INTRODUCTION 

Compelling behavioral, anatomical, and physiological evidence suggests a strong 

relationship between cannabinoid and dopamine systems, especially between CB1 cannabinoid 

receptors (CB1R) and D2 dopamine receptors (D2R) (reviewed in (Fernandez-Ruiz et al., 2010; 

Smith and Villalba, 2008).  Both CB1Rs and D2Rs are G protein-coupled receptors highly 

expressed in the striatum, and are key proteins in the processing of basal ganglia 

neurotransmission (Sanudo-Pena et al., 1999; van der Stelt and DiMarzo, 2003; Fernandez-Ruiz, 

2009; Lovinger, 2010).  CB1Rs and D2Rs have been found to be co-localized in the enkephalin-

containing medium spiny neurons (MSN) of the striatum, as well as being co-expressed on the 

axon terminals at the globus pallidus (indirect striatopallidal pathway) (Gerfen et al., 1990; 

Mailleux and Vanderhaeghen, 1992; Szabo et al., 1998; Hermann et al., 2002; Matyas et al., 

2006; Crespo et al., 2008; Martin et al., 2008; Van Waes et al., 2012).  In addition, CB1Rs and 

D2Rs are observed in close proximity on soma and dendritic spines of neurons within the ventral 

striatum (Pickel et al., 2006).  The close alignment of these two receptors within protein 

complexes has been substantiated with fluorescence resonance energy transfer or multicolor 

bimolecular fluorescence complementation studies in heterologous expression systems 

(Marcellino et al., 2008; Przybyla and Watts, 2010).   

In support of their close anatomical co-localization, functional interactions from 

biochemical data identified that CB1Rs and D2Rs converge to share Gi/o proteins or adenylyl 

cyclase effectors in striatal membranes (Meschler and Howlett, 2001).  Other studies identified a 

switch in the G protein coupling resulting in an increase in cAMP production upon simultaneous 

treatment by both CB1R and D2R agonists in cultured neonatal striatal cells (Glass and Felder, 

1997) or by co-expression of both CB1Rs and D2Rs in host cells (Jarrahian et al., 2004; Kearn et 

al., 2005).  However, to date, a direct functional relationship between CB1Rs and D2Rs in MSNs 

of the basal ganglia has not clearly been established, and as such remains poorly understood. 
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On the basis of these data, we hypothesize that CB1Rs and D2Rs can interact in striatal 

neurons to cooperatively regulate cellular function in the basal ganglia in vivo.  To determine 

how one receptor influences the cellular signaling by the other receptor, we used RNA 

interference to suppress the synthesis of either CB1Rs or D2Rs in rat dorsal striatum.  Here, we 

present data demonstrating a physiologically relevant coupling of CB1R and D2R regulation at the 

transcript, protein and signaling level in rat basal ganglia circuitry.  These results reveal a pattern 

of functional mimicry for these two G protein-coupled receptors associated with homeostatic 

adaptations in basal ganglia signaling.  These studies also uniquely identify a contribution of the 

CRIP1a protein to cellular regulation of signaling by both CB1Rs and D2Rs in vivo.  CRIP1a is an 

accessory protein that has been shown to regulate CB1R-mediated tonic inhibition of voltage-

dependent Ca2+ channels (Niehaus et al., 2007), presumably at the pre-synaptic terminals.  The 

present data suggest that CRIP1a is important in regulating signal transduction in the 

striatopallidal pathway. 

 

5.2.  MATERIAL AND METHODS 

5.2.1.  Materials 

WIN55212 was purchased from Tocris, and N-propylnorapomorphine (NPA), [D-Ala2, 

NMe-Phe4, Gly-ol5]-enkephalin (DAMGO) and [D-Pen2, D-Pen5]-enkephalin (DPDPE) were 

purchased from Sigma, St Louis, MO, USA.  [35S]GTPγS was purchased from PerkinElmer, 

Waltham, MA, USA.  Dulbecco’s Modified Eagle’s Medium was purchased from Gibco Life 

Technologies (Gibco, Rockville, MD).  All other chemicals were reagent grade and purchased 

from Sigma-Aldrich or specialized suppliers as indicated. 

5.2.2.  Cloning of adeno-associated viral plasmids and generation of viruses 

For viruses designed for RNA interference-directed knockdown of the expression of 

CB1Rs and D2Rs, oligos encoding short hairpin RNA (shRNA) sequences were cloned into an 

adeno-associated viral (AAV) plasmid, EGFP-U6-pACP, described previously (Sadri-Vakili et 
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al., 2010).  In this plasmid, the cytomegalovirus promoter drives expression of the enhanced 

green fluorescent protein (EGFP) gene, which is cloned with an intron/polyA sequence derived 

from SV40. shRNA expression is driven by a murine U6 pol III promoter which is located 

downstream of the EGFP cassette.  The entire EGFP and U6 transgenes are flanked by AAV2 

inverted terminal repeats. Each of the synthetic oligos, encoding the shRNA and its respective 

complement (Sigma-Aldrich), were annealed and ligated into unique BbsI and NheI sites after the 

U6 promoter.  The target sequences were selected by the siRNA target finder program on the 

GenScript website (https://www.genscript.com/ssl-bin/app/rnai) using the mRNA sequences 

NM_012784 (rat Cnr1 mRNA) and NM_012547 (rat Drd2 mRNA).  Three different AAV-

shCB1R and AAV-shD2R viruses were created, and each was individually tested for knockdown 

efficiency.  A control vector consisted of an identical EGFP transgene but encoded a scrambled 

shRNA that does not correspond to any known rat mRNA sequence (determined from a BLAST 

search). 

For the virus designed to over-express mouse CRIP1a, total mRNA from mouse cortex 

was isolated and converted to cDNA using a High-Capacity cDNA Archive Kit (Applied 

Biosystems, Foster City, CA), and CRIP1a cDNA was amplified by reverse transcriptase 

polymerase chain reaction (PCR).  The forward primer 5′-

aatttctagaGCCACCATGGGGGACCTACCC-3′ and the reverse primer 5′-

ggccaagcttTCAGAGGAAGGACTCCTTATT-CACCCA-3′ provided an XbaI restriction site 

upstream of the translation initiation codon, a Kozak sequence and a HindIII site downstream of 

the translation stop codon of the CRIP1a fragment.  The 0.5 kb PCR product was verified by 

sequence analysis, and subcloned into pACP at the XbaI and HindIII sites.  This plasmid 

(CRIP1a-pACP) consists of two AAV2 inverted terminal repeats flanking the cytomegalovirus 

promoter, CRIP1a cDNA, and an intron and polyadenylation signal sequence derived from SV40. 

Packaging of all recombinant AAVs was carried out according to a standard triple 

transfection protocol to create pseudotyped AAV2/ 10 virus (Xiao et al., 1998).  The AAV2/10 
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rep/cap plasmid provides the AAV2 replicase and AAV10 capsid genes (Gao et al., 2002; De et 

al., 2006), and adenoviral helper functions were provided by the pHelper plasmid (Stratagene).  

AAV-293 cells were transfected with 10 µg of pHelper and 1.15 pmol each of AAV2/10 and 

AAV vector plasmids to be used in this study.  The cells were harvested 48 h later, and clarified 

viral lysates were isolated from the cell pellets.  The virus was pooled, aliquoted, and stored at 

−80°C. AAV-vector stocks were titered by real-time quantitative PCR (qPCR) (Eppendorf 

Realplex) using primers and probe sets designed to amplify a sequence in the SV40 intron. 

5.2.3.  Stereotaxic intracranial injections of AAV-viruses 

Adult male Sprague–Dawley rats weighing 280–310 g (Harlan Inc., Indianapolis, IN) 

were used, and experimental procedures were approved by the Wake Forest University 

Institutional Animal Care and Use Committee and followed the ARRIVE guidelines (Kilkenny et 

al., 2010).  Prior to surgery, animals were anesthetized with a combination of ketamine (100 

mg/kg) and xylazine (8 mg/ kg, i.p.). Rats were placed into a stereotaxic frame (Kopf), 1 mm 

holes were drilled into the skull, and a 10 µL Hamilton syringe fitted within a 30 gauge needle 

was used for viral delivery.  All injections were made into the dorsal striatum using the following 

coordinates relative to bregma, with the tooth bar set to + 0.5 mm: anteroposterior (AP): + 0.5 

mm, mediolateral (ML): ± 2.8 mm, dorsoventral (DV): + 4.4 mm relative to stereotaxic zero 

(Paxinos and Watson 1997) (see Figure 5.S1).  AAV-scramble, a mixture of three AAV-shCB1R, 

a mixture of three AAV-shD2R, or AAV-CRIP1a (4 µL) was unilaterally injected at a rate of 0.5 

µL/min.  To reduce back-flow of viral solution, the needle remained in place ten min post-

injection before being slowly removed.  To avoid issues of lateralization, injections of AAV were 

made in either the left or right hemispheres with equal frequency within each experimental group 

of rats.  Animals were sutured, and revived on a heating pad before being returned to their home 

cages (two animals per cage). 
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5.2.4.  Analysis of gene expression in AAV-injected brains 

Rats were killed at 3, 5, 10, 17, 21, 30, or 56 days post-injection of AAV, and brains were 

dissected and placed in an ice-cold brain matrix. Coronal brain slices (2 mm) were taken at the 

site of injection, placed on a chilled dissecting block, and 2 mm-diameter circular brain punches 

were collected ipsilaterally (treated) and contralaterally (control).  Total RNA was isolated and 

purified using an RNeasy Mini Kit (Qiagen, Valencia, CA).  Total RNA (1 µg) was reverse 

transcribed into cDNA using a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster 

City, CA).  Real-time qPCR was performed using TaqMan Universal PCR Master Mix and 

specific TaqMan primer-probe MGB assay sets (Applied Biosystems) for the following genes: 

18s ribosomal RNA, neuron-specific enolase 2 (eno2), CB1 cannabinoid receptor (cnr1), CRIP1a 

(cnrip1), delta opioid receptor (Oprd1), D2 dopamine receptor (drd2), mu opioid receptor 

(Oprm1), pro-enkephalin (PENK), pro-dynorphin (PDYN).  Data were analyzed using the ΔΔCT 

method comparing the ipsilateral to the contralateral side (Gerald et al., 2006), and eno2 on the 

side contralateral to the injection served as the reference standard. 

5.2.5.  Generation of CRIP1a antibody 

We generated a rabbit polyclonal antibody against rat CRIP1a corresponding to amino 

acids D20-F32 (AbD20) (Figure 5.S2).  The peptide was synthesized and conjugated by disulfide 

formation with keyhole limpet hemocyanine, rabbit antibodies generated and affinity-purified, 

and titered using an ELISA (GenScript, Piscataway, NJ).  To verify avidity and specificity for 

CRIP1a, we compared this novel antibody with a previously characterized CRIP1a antibody, 

CRIP1a AbK148, which recognizes the last 17 amino acids of CRIP1a (K148-L164) (Elphick et 

al., 2004; Niehaus et al., 2007).  Western blot analyses of striatal crude homogenates identified a 

band at the same mobility at various antibody dilution factors (1:50, 1:100, 1:300, 1:1000) using 

either CRIP1a AbD20 or AbK148 (data not shown). 
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5.2.6.  Immunohistochemistry of protein levels in brain slices 

Effects of shCB1R and shD2R knockdown, and CRIP1a over-expression on total protein 

levels of CB1R, CRIP1a, D1R, DOR1, MOR1, cAMP-response element binding protein (CREB), 

phospho-CREB, ERK, and phospho-ERK were quantitated using a modified 

immunohistochemistry technique (Kearn, 2004).  Anesthetized animals were decapitated, brains 

were dissected, snap-frozen in isopentane cooled by dry ice, and stored at −80°C.  Frozen brains 

were sectioned at 40 µm using a cryostat microtome, slices were placed into a 24-well plate 

containing frozen phosphate-buffered formalin (1.5 mM KH2PO4, 2.7 mM KCl, 8 mM 

Na2HPO4, 150 mM NaCl; 30% sucrose (w/v); 3% paraformaldehyde (v/v), pH 7.4), and stored at 

4°C. Slices were washed in Tris-buffered saline (TBS) (20 mM Tris-HCl, pH 8.0, 150 mM 

NaCl), blocked and permeabilized overnight at 4°C in Odyssey Blocking Buffer (LI-COR 

Biosciences, Lincoln, NE, USA) containing 0.1% Tween-20 and 1 mM sodium orthovanadate.  

Slices were incubated at 4°C for 18 h with primary antibodies: CB1 cannabinoid receptor (CB1R, 

Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:750), CRIP1a (AbK148; 1:300; AbD20; 

1:300), D2 dopamine receptor (D2DR, Santa Cruz; 1:500), D1 dopamine receptor (D1DR, Santa 

Cruz; 1:300), delta opioid receptor 1 (DOR1, Santa Cruz; 1:500), mu opioid receptor 1(MOR1, 

Santa Cruz; 1:500), total ERK1/2 (ERK2, Santa Cruz; 1:1000), phosphoERK1/2 (p-ERK, Santa 

Cruz; 1:500), total CREB (CREB, Cell Signaling; 1:1000), phosphoCREB (p-CREB, C ell 

Signaling; 1:500).  Slices were washed in TBS containing 0.1% Tween 20 (TBS-T), and 

incubated for 2 h with a secondary goat anti-rabbit (1:1500) or goat anti-mouse antibody (1:1500) 

conjugated to infrared dyes, washed in TBS-T and allowed to dry overnight.  The fluorescent 

immunocomplexes were detected using the LI-COR Odyssey imaging system and software 

program (LI-COR Biosciences, Lincoln, NE, USA), and integrated densities from gray-scale 

images were determined for demarcated regions of interest (dorsal striatum, globus pallidus, 

entopeduncular nucleus) using Image J software (National Institutes of Health, Bethesda, MD, 

http://rsb.info.nih.gov/ij/) (see Figure 3.S1 D, E, F).  Changes in protein levels were determined 
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by comparing the integrated densities between the AAV-treated and the untreated contralateral 

hemisphere.  For phospho-CREB and phospho-ERK levels, normalization was established to total 

CREB or ERK, respectively. 

5.2.7.  [35S]GTPγS binding in brain slices 

Agonist-induced G protein activation by CB1R, D2R, MOR1, and DOR1 was quantitated 

by [35S]GTPγS, binding assays. Receptor/G protein coupling was assayed in rat brain sections 

using [35S]GTPγS autoradiography (Sim et al., 1995).  Rat brain sections (20 µm) were pre-

incubated for 10 min in TME buffer (50 mM Tris-HCl, 3 mM MgCl2, 0.2 mM EGTA, 100 mM 

NaCl, pH 7.4), then 15 min with 1 mM GDP and 1 µM DPCPX at 25°.  Sections were incubated 

in assay buffer with 1 mM GDP and 1 µM DPCPX, 0.04 nM [35S] GTPγS, with or without 

various agonists for 2 h at 25°.  Agonists included 1 µM WIN55212-2 (CB1R), 3 µM NPA (D2R), 

3 µM DAMGO (mu opioid), and 3 µM DPDPE (delta opioid).  The sections were then washed, 

exposed to X-ray film, and analyzed as described previously (Sim et al., 1995).  Agonist-

stimulated activity was calculated by subtracting the optical density in basal sections (GDP only) 

from that of agonist-stimulated sections and results are expressed as percent stimulation over 

basal activity. 

5.2.8.  Statistical analyses 

Data from treated (ipsilateral) sides of the brain were compared to untreated control 

tissue isolated from the same region on the contralateral side of the brain, such that each animal 

served as its own control.  Statistical differences were determined by paired comparisons between 

treated and untreated tissue using Student’s paired two-sided t-test analyses on Prism 4 or InStat 

software (GraphPad Software Inc., San Diego, CA). 
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Figure 5.S1.  Stereotaxic locus for AAV injections and representative immunohistochemical 

staining.  Dorsal striatum (A,D), globus pallidus (B,E), and entopeduncular nucleus (C,F).  A, 

Illustration of unilateral intracranial injection site of AAV viruses into the dorsal striatum of adult 

male Sprague-Dawley rats demarcated as the probe tip.  Red circles indicate the surrounding 

region used to quantitate immunohistochemical staining for proteins in the dorsal striatum (A), 

and the outflow projections from the dorsal striatum to the globus pallidus (B) and 

entopeduncular nucleus (C) (from (Paxinos and Watson 1997)).  D,E,F, Representative images of 

fixed, immunostained coronal brain slices in which white circles indicate regions of interest 

selected to quantitate protein levels. Representative slices shown were incubated with primary 

antibodies for D, CRIP1a; E, D2R; and F, CB1R, followed by secondary antibodies conjugated to 

infrared dyes emitting in the 680 nm (pseudocolored red) and 800 nm (pseudocolored green) 

range, as described in the text.  Scale bar =1 mm.
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Figure 5.S2.  Generation of CRIP1a antibodies and expression of CRIP1a in rat striatum.     

A, Scheme of rat CRIP1a amino acid sequence depicting the loci for antibodies developed against 

peptides corresponding to regions proximal (D20-F32) and distal (E118-H129) to the CB1R 

interaction domain.  Details regarding antibody design and characterization are located in Chapter 

2 Methods.  Briefly, we designed and generated two polyclonal antibodies against rat CRIP1a in 

rabbit. CRIP1a AbD20 and CRIP1a AbE118 were generated using peptides corresponding to 

amino acids D20-F32 and E118-H129 of the rat sequence, respectively. To verify avidity and 

specificity for CRIP1a, we compared these novel antibodies with a previously characterized 

CRIP1a antibody, CRIP1a AbK148, which recognizes the last 17 amino acids of CRIP1a (K148-

L164) (Elphick et al., 2004; Niehaus et al., 2007).  B,C,D, Show expression of CRIP1a in rat 

dorsal striatum.  Total homogenates (20 µg protein) from rat striatum were subjected to SDS-

PAGE on a 4-20% acrylamide gradient gel and probed for CRIP1a using pre-immune rabbit 

serum (B), antibody against peptide D20-F32 (C), or a previously described CRIP1a antibody 

(Niehaus et al., 2007) raised against the C-terminal 17 residues (K148-L164) (D).  The left lane 

shows Precision Plus Protein standards (BioRad) (red), and the right lane shows CRIP1a (green).  

AbD20 was slightly less effective in detecting CRIP1a than the carboxy terminus CRIP1a 

antibody, AbK148 (C, D).  We were able to identify a band at the same mobility at various 

antibody dilution factors (1:50, 1:100, 1:300, 1:1000) using either CRIP1a AbD20 or AbK148 

(data not shown).
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5.3.  RESULTS 

5.3.1.  AAV-shRNA-mediated CB1R and D2R knockdown in vivo 

CB1Rs are expressed in the GABAergic MSNs of the striatum that project both directly 

and indirectly to their output nuclei (Herkenham et al., 1991; Mailleux and Vanderhaeghen, 1992; 

Martin et al., 2008).  The MSNs of the direct pathway express D1 receptors (striatonigral 

pathway), whereas the MSNs of the indirect pathway preferentially express D2 receptors 

(striatopallidal) (Hermann et al., 2002; Pickel et al., 2006; Tepper et al., 2007).  Our goal was to 

directly and selectively manipulate the expression of either CB1Rs or D2Rs in the dorsal striatum 

to determine the extent to which these receptors regulate signal transduction and gene expression 

in intact basal ganglia tissue. 

We characterized the kinetics of CB1R and D2R knockdown by shRNA designed 

specifically against either CB1R or D2R. The AAV2/10 virus transduces the cell bodies at the 

injection site, and is not further delivered by trans-synaptic mechanisms (Xiao et al. 1998).  A 

single unilateral injection of AAV-shCB1R in the rat dorsal striatum produced a reduction in 

CB1R mRNA levels to 58 ± 4% compared to control at day 21, and remained significantly 

reduced to day 56.  Analysis of AAV-shCB1R-treated striata revealed a time-dependent reduction 

in D2R mRNA that accompanied the reductions observed for CB1R mRNA (Fig. 5.1 A).  

Injection of AAV-shD2R into dorsal striatum resulted in noticeable reductions in D2R mRNA 

levels starting at day 3 (15 ± 3%) and continuing until day 56 (23 ± 6%).  The maximum decline 

in D2R transcript levels that AAV-shD2R was capable of producing occurred between days 10 

and 28 (52 ± 6%) (Fig. 5.1 B).  Interestingly, CB1R transcript levels were significantly reduced as 

a result of knockdown of D2Rs in rat striatum (Fig. 5.1 B).  It appears that the transcriptional 

regulation or mRNA stability of these receptors is tightly coupled, as AAV-mediated knockdown 

of one receptor coincides with mRNA reductions in the other receptor. 
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Figure 5.1.  Effects of adeno-associated viral (AAV)-shRNA-mediated in vivo knockdown of 

CB1R and D2R on mRNA and protein levels.  A mixture of three AAV-shRNAs specifically 

against CB1R or D2R was stereotaxically injected unilaterally into the dorsal striatum of adult 

male Sprague–Dawley rats.  (a, b) qPCR analysis of shRNA-mediated knockdown of CB1R (a) or 

D2R (b) over a 56 day post-AAV injection period.  Knockdown of CB1Rs occurred concurrently 

with decreased D2R mRNA levels and increased cannabinoid receptor interacting protein 1a 

(CRIP1a) mRNA levels (a).  Knockdown of D2R occurred concurrently with decreased CB1R 

mRNA levels, and increased CRIP1a mRNA levels (b).  (c, d) Immunohistochemical analysis of 

AAV-mediated knockdown of CR1Rs (c) and D2Rs (d).  At 17 days post-AAV injection, 40-lm 

brain slices were obtained from the dorsal striatum (checkered bar), globus pallidus (striped bar), 

and entope- duncular nucleus (solid bar), and antibody staining was performed as described in the 

text.  shRNA-mediated knockdown of CB1Rs resulted in significantly decreased CB1R protein 

levels in all three brain regions and significantly decreased D2R levels in the dorsal striatum and 

entopeduncular nucleus (c).  shRNA-mediated knockdown of D2R resulted in significantly 

decreased D1R protein levels in all three brain regions and significantly decreased CB1R protein 

levels in the dorsal striatum and entopeduncular nucleus (d).  Knockdown of CB1R or D1R 

significantly increased protein levels of CRIP1a in both the dorsal striatum and its outflow 

projections (c, d).  Data are shown as mean ± SEM (n = 5; *p < 0.05, #p < 0.01 paired Student’s 

two-tailed t-test). 
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Using an immunohistochemistry procedure that could quantify receptor protein in 

identified regions of interest in brain slices, we established the extent of receptor protein loss 

following AAV-mediated knockdown of CB1Rs or D2Rs.  Because maximum knockdown of 

CB1R and D2R mRNA occurred between days 15 and 30, we examined immunoreactive receptor 

densities in slices from brains at 17 days post-injection of AAV-shCB1R or AAV-shD2R.  

Comparison of regions of interest (see Figure 5.S1) between ipsilateral (injected) and 

contralateral (non-injected) hemispheres from AAV-shCB1R-injected animals showed a 

significant decrease in CB1R immunoreactive protein in the dorsal striatum (21 ± 5%), as well as 

in the outflow projections to the globus pallidus (13 ± 2%) and entopeduncular nucleus (26 ± 3%) 

(Fig. 5.1 C).  This is consistent with a scenario of CB1R synthesis in cell bodies of striatal MSNs, 

and subsequent translocation to the pre-synaptic termini in the ‘indirect’ pathway of the basal 

ganglia (see review Mackie, 2005).  As seen with transcript levels, knockdown of the CB1R was 

associated with a statistically significant reduction in D2R protein in the dorsal striatum (15 ± 6%) 

and entopeduncular nucleus (17 ± 3%), with a decrease within the globus pallidus (8 ± 1%) (Fig. 

5.1 C). 

Brain slices from rat dorsal striata injected with AAV-shD2R exhibited a significant 

knockdown of immunoreactive D2R in the dorsal striatum (35 ± 6%), globus pallidus (16 ± 1%), 

and entopeduncular nucleus (16 ± 2%) (Fig. 5.1 D).  Significant reductions of immunoreactive 

CB1R were observed in the dorsal striatum (14 ± 6%) and entopeduncular nucleus (18 ± 4%), as 

well as a reduction in the globus pallidus (8 ± 1%) (Fig. 5.1 D).  Although a parallel relationship 

was observed between CB1R and D2R knockdown, specific knockdown of either receptor failed 

to alter D1R transcript levels (data not shown) or total protein levels (Fig. 5.1 C and D).  This 

evidence supports the notion that whereas CB1Rs exert a regulatory influence on D2Rs in the 

“indirect” pathway, there is very limited or no regulation of the D1 receptor system in neurons 

comprising the ‘direct’ pathway in the basal ganglia. 
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5.3.2.  AAV-CRIP1a-mediated CRIP1a over-expression in vivo 

Analysis of dorsal striatal tissue from AAV-shCB1R or AAV-shD2R-treated animals 

revealed that knockdown of CB1Rs and D2Rs induced a 3- and 4-fold increase in the mRNA 

levels of CRIP1a, respectively (Fig. 5.1 A and B).  These increases in CRIP1a mRNA were 

accompanied by an approximately 25% increase in levels of CRIP1a immunoreactive protein in 

the dorsal striatum as well as significant, but less robust, increases in the outflow nuclei (Fig. 5.1 

C and D).  Interestingly, the time-course for the increase in striatal CRIP1a mRNA and protein 

mirrored the decreases in striatal CB1R and D2R mRNA and protein.  Our data showing increased 

levels of protein in the outflow nuclei of the dorsal striatum suggest that CRIP1a gains access to 

the axonal compartment and can establish a synthesis/degradation equilibrium at that locus as 

well as at the cell soma. 

As striata from both AAV-shCB1R- and AAV-shD2R-injected animals displayed a 

marked increase in CRIP1a mRNA and protein levels, we took the complimentary approach of 

over-expressing CRIP1a in vivo to investigate its role in the regulation of CB1R- and D2R-

mediated functions in rat striatum.  AAV-CRIP1a was unilaterally injected into the rat dorsal 

striatum and differences in gene expression between ipsilateral and contralateral hemispheres 

were assessed 3, 5, 10, and 17 days post-injection.  CRIP1a mRNA levels were significantly 

increased at all measured time-points. Striata from AAV-CRIP1a-injected rats displayed 5- to 6-

fold increases in levels of CRIP1a transcript as early as 3 days and at least as long as 17 days 

post-injection (the last time-point examined) (Fig. 5.2 A).  During this time-course, no 

measurable deviations in the expression of D2R mRNA were detected when compared to the 

contralateral hemisphere (Fig. 5.2 A).  However, CB1R mRNA increased transiently at the day 3 

time-point following the AAV-CRIP1a injection, before returning to pre-injection expression 

levels at day 5 (Fig. 5.2 A). 

Viral delivery of shRNA transgenes has been shown to induce immunomodulatory 

responses at the injection site with some, but not all, shRNA sequences (McBride et al., 2008).  
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Evidence suggests that CB1R expressed by both glia and microglia participate in immune 

responses (Klein et al., 2003; Cabral and Marciano-Cabral, 2005; Sheng et al., 2005).  Thus, we 

hypothesized that the transient CB1R up-regulation seen within the earliest days following the 

AAV-CRIP1a injection might be because of the infiltration of immune cells and/or gliosis in 

response to the viral injection.  To investigate this, RNA from the injection sites of AAV-

shCB1R, AAV-shD2R, and AAV-CRIP1a animals were subjected to qPCR, and analyzed for glial 

fibrillary acidic protein (GFAP), an astrocytic marker (Smith and Eng 1987) and IBA1, a protein 

specifically expressed and up-regulated during macrophage/ microglia activation (Ito et al., 

2001).  Analysis of striatal gene expression from AAV-injected animals showed that the mRNA 

levels of GFAP and IBA1 were significantly increased at only the day 3 time-point and returned 

to baseline by day 5 (data not shown).  Of particular note, control rats injected intra-striatally with 

vehicle (Dulbecco’s Modified Eagle’s Medium) or AAV-shScramble also displayed increased 

GFAP and IBA1 expression at the day 3 time-point only, compared with the control brain 

hemispheres, in which the microglial marker IBA1 was expressed at levels that were 1% of eno2 

(data not shown).  These findings suggest that the short-lived immune response results from the 

injection process itself, indicative of inflammatory cell infiltration immediately following the 

injection.  During the time-course of the study, no statistical differences in eno2 were detected 

between the ipsilateral and contralateral hemispheres. This finding indicates that no decreases in 

neuronal mass, characteristic of neurodegeneration, were investigated in response to the AAV 

injection. 

For detection of CRIP1a protein, we generated CRIP1a AbD20 (see Figure 5.S2).  Rats 

were killed at 17 days post-injection with AAV-CRIP1a, by which time AAV-mediated transgene 

expression had peaked and reached equilibrium.  AAV-CRIP1a successfully over-expressed 

CRIP1a protein levels over a 17-day time period, not only in the striatum (42 ±8%) but also in the 

globus pallidus (43 ±5%) and entopeduncular nucleus (42 ±6%) (Fig. 5.2 B).  However, no 

detectable, sustained differences in CB1R, D2R or D1R mRNA or protein levels were observed as 
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a result of over-expression of CRIP1a in the dorsal striatum (Fig. 5.2 A and B).  The lack of 

changes in CB1R or D2R levels indicates a non- reciprocal relationship between the expression 

patterns of these proteins in vivo. 

5.3.3.  CB1R and D2R knockdown influence G protein activation and signal transduction 

To investigate the effects of AAV-shCB1R and AAV-shD2R knockdown and CRIP1a 

over-expression on receptor-stimulated G protein activation, [35S]GTPγS binding assays were 

performed on coronal brain slices from animals killed 17 days post-injection. Knockdown of 

either the D2R or CB1R in the striatum was associated with a 19 ± 7% or 19 ± 4% reduction, 

respectively, of striatal NPA (3 µM)-stimulated G protein activation (Fig. 5.3 A).  No appreciable 

changes in D2R-stimulated G protein activation were observed following striatal over-expression 

of CRIP1a.  Fig. 5.3 B shows the effects of CB1R and D2R knockdown and CRIP1a over-

expression on [35S]GTPγS binding stimulated by the CB1R agonist WIN55212 in the globus 

pallidus.  Striatal knockdown of CB1Rs did not result in measurable differences in CB1R-

stimulated [35S]GTPγS binding in the globus pallidus, the site of pre-synaptic CB1R (Fig. 5.3 B).  

The lack of significant reduction in WIN55212-2-stimulated [35S] GTPγS binding may be 

attributed to the expression of CB1R in post-synaptic globus pallidus neurons, which would not 

have been altered by the knockdown of the pre-synaptic CB1Rs.  D2R knockdown significantly 

reduced CB1R-stimulated G protein activation (17 ± 3%) in the globus pallidus, an effect that 

could represent the response of either pre-synaptic because of direct effects of the CB1R or post-

synaptic neurons because of the effects of released neurotransmitters (Fig. 5.3 B).  CRIP1a over-

expression produced a 16± 8% decrease in CB1R-stimulated [35S]GTPγS binding in the globus 

pallidus. 
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Figure 5.2.  Effects of AAV-mediated over-expression of CRIP1a in the rat striatum.  A,B, 

AAV-CRIP1a was unilaterally injected into rat dorsal striatum.  A, Animals were sacrificed 3, 5, 

10 and 17 days post AAV-CRIP1a injection and 2 X 2 mm brain punches were taken at the site of 

injection for qPCR analyses. Neuron-specific enolase (eno2) served as the reference standard and 

data were analyzed using the ΔΔCT method with the contralateral side serving as the control.  

AAV-CRIP1a treatment effects on CRIP1a, CB1R and D2R transcript levels are shown as means 

± SEM (n=5; *p<0.05, #p<0.01 paired Student’s two-tailed t test).  B, Immunohistochemical 

analysis from 40 µm coronal brain slices was performed at 17 days post AAV-CRIP1a treatment.  

Injection of AAV-CRIP1a significantly increased CRIP1a protein levels in the dorsal striatum 

(checkered bar) and the outflow projections to the globus pallidus (striped bar) and 

entopeduncular nucleus (solid bar), but did not significantly alter the immunoreactive protein 

levels of CB1R, D2R or D1R.  Data are shown as means ± SEM (n=5; *p<0.05, #p<0.01 paired 

Student’s two-tailed t test). 
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Figure 5.3.   Influence of CB1R or D2R knockdown or CRIP1a over-expression on receptor-

mediated G protein activation and downstream signaling.  [35S]GTPγS binding assays and 

immunohistochemical analyses for phosphoERK and phosphoCREB were performed on coronal 

brain slices from rats sacrificed 17 days post-AAV injection, as described in the text.  A,B, 

Striatal (checkered bars) or globus pallidus (striped bars) 20 µm brain slices were subjected to  

[35S]GTPγS binding stimulated by the D2R agonist NPA [3µM] (A) or the CB1R agonist 

WIN55212-2 [3µM] (B).  Data are reported as a percent of the contralateral control as 100% for 

each rat (means ± SEM, n=4 rats) for [35S]GTPγS binding (each with three technical replicates), 

and analyzed for differences between ipsilateral versus contralateral side by paired Student’s two-

tailed t test (*p<0.05, #p<0.01).  Significant reductions in D2R-stimulated G protein activity in 

the striatum were observed following knockdown of either the CB1R or D2R (A).  A significant 

reduction in CB1R-stimulated G protein activity in the globus pallidus was observed after 

knockdown of the D2R receptor (B).  C,D, Immunohistochemical analyses of phosphoERK/total 

ERK and phosphoCREB/totalCREB ratios following knockdown of CB1R or D2R, or over-

expression of CRIP1a, were performed as described in the text.  PhosphoERK and phosphoCREB 

protein levels were calculated as a ratio of phosphorylated to total ERK and CREB, respectively.  

No changes due to CB1R or D2R, or over-expression of CRIP1a were observed in total ERK or 
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total CREB protein levels in any region (data not shown).  Data are reported as a percent of the 

contralateral control as 100% for each rat (means ± SEM, n=5 rats), and analyzed as the 

difference between ipsilateral versus contralateral side by paired Student’s two-tailed t test 

(*p<0.05, #p<0.01, $p<0.001).  PhosphoERK/total ERK ratios were significantly reduced in both 

the striatum (checkered bar) and its outflow projections to the globus pallidus (striped bar) and 

entopeduncular nucleus (solid bar) following knockdown of CB1R or over-expression of CRIP1a.  

PhosphoERK/total ERK ratios following knockdown of D2R were changed in a bidirectional 

manner, with a significant decrease in the dorsal striatum and significant increases in the globus 

pallidus and entopeduncular nucleus (C).  The phosphoCREB/total CREB ratio in the globus 

pallidus was significantly increased following D2R knockdown (D). 

 

 

 

 

 

 

 
Figure 5.4.  Knockdown of CB1R and D2R systems produce decreases in striatal opioid 

peptide precursor and increases in DOR1 transcript levels.  PENK, PDYN and opioid 

receptor mRNA levels were quantitated by qPCR on striatal brain punches collected17 days after 

a single unilateral injection into the dorsal striatum of AAV-shCB1R (A), AAV-shD2R (B), or 

AAV over-expressing CRIP1a (C).  Data were analyzed using the ΔΔCT method with the 

contralateral side as the control (100%), and are shown as means ± SEM (n=5 rats).  Differences 

between data from ipsilateral versus contralateral sides were statistically determined using a 

paired Student’s two-tailed t test (*p<0.05, #p<0.01).  Significant decreases in PENK and PDYN 

and increases in DOR1 transcripts were observed as indicated. 
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Effects of AAV-shCB1R and AAV-shD2R knockdown and CRIP1a over-expression on 

levels of phosphoCREB and phosphoERK were quantitated in rats killed at 17 days post-

treatment.  Comparison of immunofluorescence between hemispheres on coronal brain slices 

showed that the total protein levels of ERK1/2 and CREB were not affected following any of the 

viral injections performed (data not shown); therefore, phosphoERK and phosphoCREB 

immunostaining could be normalized to the total ERK and CREB protein.  Striatal CB1R 

knockdown was associated with a significant decrement in phosphoERK levels in the striatum 

(18 ± 3%) as well as the outflow projections to the globus pallidus (17 ± 2%) and entopeduncular 

nucleus (21 ± 2%), reflecting changes in either pre-synaptic or post-synaptic signal transduction 

or both (Fig. 5 C).  CRIP1a over-expression in the dorsal striatum was also associated with a 

marked reduction in phosphoERK levels in the striatum (16 ± 3%), globus pallidus (17 ± 4%) and 

entopeduncular nucleus (15 ± 1%) (Fig. 5.3 C).  The levels of phosphoCREB were not altered by 

striatal CB1R knockdown or CRIP1a over-expression (Fig. 5.3 D), suggesting that, in contrast to 

ERK, CREB regulation may not be a mechanism for CB1R regulation of gene expression within 

neurons in either the striatum or the post-synaptic neurons in the outflow nuclei. 

Striatal D2R knockdown had a region-specific effect on the phosphoERK levels, such that 

levels of phosphoERK were reduced in the striatum (18 ± 2%), but significantly increased in the 

globus pallidus (11 ± 2%) and entopeduncular nucleus (11 ± 3%) (Fig. 5.3 C).  The levels of 

phospho-CREB were not altered by D2R-knockdown, except in the globus pallidus, where a 

significant increase in phospho-CREB (9 ± 1%) was observed (Fig. 5.3 D).  As phosphoCREB is 

likely to be found in nuclei of the post-synaptic neurons, one could postulate that increases in 

both phospho-ERK and phosphoCREB are occurring in post-synaptic neurons associated with 

D2R reduction in the striatal MSNs. 

5.3.4.  Striatal CB1R and D2R evoke regulation of opioid peptide systems 

As CB1R and D2R are co-expressed and co-localized in the enkephalin-containing 

GABAergic MSNs of the striatum (Pickel et al., 2006), we sought to identify downstream 
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influences exerted by CB1R and D2R knockdown on opioid physiology.  Within days following 

striatal knockdown of either CB1R or D2R, the mRNA expression of opioid peptide precursors 

PENK and PDYN in the dorsal striatum was significantly decreased (Fig. 5.4 A and B).  Gene 

expression of the delta (DOR1) but not mu (MOR1) opioid receptor was increased in the same 

striatal tissue samples.  Time-course analysis indicated that mRNA levels of DOR1 were up-

regulated within 7 days after the maximum reduction of PENK associated with D2R knockdown 

(Fig. 5.4 B).  CRIP1a over-expression also evoked significant reductions in PENK and PDYN 

transcript levels, and within days, mRNA levels of DOR1 were significantly up-regulated (Fig. 

5.4 C).  There were no significant alterations in the gene expression of MOR1 at any time-point. 

This time-course suggested that an alteration in the synthesis or degradation of DOR1 followed a 

change in availability of the endogenous agonist enkephalin.  These observations might suggest a 

direct effect on gene expression or mRNA stability within neurons, such that modifications in 

CB1R, D2R, or CRIP1a levels contribute to the suppression of opioid peptides concurrently with 

increased expression of DOR1.  Alternatively, a decrease in enkephalin leading to reduced local 

DOR1 stimulation might trigger DOR1 up-regulation.  Finally, a multi-cellular regulatory 

mechanism may come into play in the dorsal striatum. 

5.3.5.  CB1R, D2R, and CRIP1a influence DOR1 protein levels and signal transduction 

We investigated the responses to opioid transcriptional alterations with studies on MOR1 

and DOR1 receptor expression and function.  Fig. 5.5 A shows that there were no changes in the 

immunoreactive protein levels of MOR1 at 17 day post-injection of any of the AAV transcripts.  

Striatal CB1R knockdown animals displayed significant increases in immunoreactive DOR1 

protein in the dorsal striatum (25 ± 7%), globus pallidus (25 ± 6%), and entopeduncular nucleus 

(21 ± 7%).  Striatal D2R knockdown resulted in significant increases in DOR1 protein in the 

striatum (27 ± 6%) and globus pallidus (15 ± 4%), and a notable increase in the entopeduncular 

nucleus (10 ± 4%) that trended toward significant at p < 0.10.  CRIP1a over-expression resulted 
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in significantly increased DOR1 protein in the dorsal striatum (18 ± 5%), globus pallidus (11 ± 

2%), and entopeduncular nucleus (23 ±3%) (Fig. 5.5 B). 

To determine if these receptors were functionally coupled to Gi/o proteins, we evaluated 

agonist-stimulated G protein activation. D2R knockdown and CRIP1a over-expression produced 

significant increases in DPDPE-stimulated [35S] GTPγS binding in dorsal striatum (43 ±14%; 29 

±5%, respectively) (Fig. 5.5 C).  Although knockdown of CB1R resulted in significantly 

increased striatal DOR1 protein (27 ±8%), no changes were observed in DPDPE-stimulated 

[35S]GTPγS binding.  Neither CB1R or D2R knockdown, nor CRIP1a over-expression exerted any 

significant effect on DAMGO-stimulated [35S]GTPγS binding in the dorsal striatum (Fig. 5.5 C). 

 

 

 

 
Figure 5.5.  Opioid receptor levels and G protein activation following striatal knockdown of 

CB1R or D2R or over-expression of CRIP1a.  Data are shown as immunoreactive MOR1 and 

DOR1 protein levels as a percent of the contralateral control value (100%) (means ± SEM, n=4 

rats) in the striatum (checkered bar), globus pallidus (striped bar) and entopeduncular nucleus 

(solid bar), and analyzed by a paired Student’s two-tailed t test (*p<0.05, #p<0.01, $p<0.001.  A, 

Knockdown of CB1R or D2R, and over-expression of CRIP1a in the dorsal striatum did not 

significantly alter MOR1 protein levels in any regions measured.  B, Knockdown of CB1R or D2R 

and over-expression of CRIP1a significantly increased DOR1 protein levels as indicated.  C, 

Striatal brain slices were subjected to [35S]GTPγS binding stimulated by the MOR1 agonist 

DAMGO [10µM] (checkered bar) or the DOR1 agonist DPDPE [10µM] (solid bar).  Data are 

reported as a percent of the contralateral control side (100%) (means ± SEM, n=4 rats) from 

[35S]GTPγS binding measured in triplicates), and were analyzed using a paired Student’s two-

tailed t test (*p<0.05, $p<0.001).  
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5.6.  DISCUSSION 

Physiological and biochemical evidence for the interaction between cannabinoid and 

dopamine receptor systems has continued to accumulate over the last two decades (reviewed in 

Fernandez-Ruiz et al., 2010).  Despite their close pharmacological interactions, few studies have 

directly investigated the biological underpinnings involved in the synthesis and expression of 

CB1R and D2R during manipulation of the other receptor.  In this study, we utilized RNA 

interference to inhibit the synthesis of CB1R or D2R in rat dorsal striatum to investigate the 

interactions between cannabinoid, dopamine, and opioid receptor systems. 

These studies demonstrate that CB1R and D2R are tightly coupled at the transcript, 

protein and signaling level in rat dorsal striatum.  The knockdown of either CB1R or D2R resulted 

in the concomitant suppression of the expression of the other receptor in the cell bodies of the 

dorsal striatum and in the projections to the globus pallidus and entopeduncular nucleus.  It is 

reasonable to postulate that the decrease in receptors in the outflow nuclei was because of the use-

dependent, agonist-driven processes of internalization and degradation of pre-synaptic receptors, 

coupled with the reduced ability to replenish these receptors as a result of the RNA interference at 

the soma.  Our data suggest that a new equilibrium is established within 15–30 days, after which, 

the RNA interference becomes less effective and the equilibrium tends to become re-established 

toward control at the end of the 56-day post-injection period. 

Consistent with our findings, studies of subchronic pharmacological blockade of the D2R 

in rats with the antagonist haloperidol resulted in an increase in striatal D2R binding and G 

protein activation as expected with decreased use, but also an increase in striatal CB1R binding 

and G protein activation in the outflow nuclei (Andersson et al., 2005).  Levels of D2R in the 

dorsal striatum in response to subchronic pharmacological blockade of the CB1R with rimonabant 

were increased in rats (Crunelle et al., 2011).  Combined electrophysical and biochemical studies 

demonstrate that activation of the striatal dopaminergic system up-regulates anandamide and 

CB1R levels in the striatum, and CB1R has been postulated to be a downstream effector of D2Rs 



	   163	  

in the inhibition of GABAergic neurotransmission (Centonze et al., 2004).  Our results suggest a 

coupling of the regulation and expression between CB1R and D2R, and as such may provide 

insight into reward and learning based mechanisms where induction of corticostriatal long-term 

depression (Gerdeman et al., 2002) or striatal synaptic plasticity is of underlying importance (i.e., 

drug addiction and motor movement disorders). 

In contrast to our current findings, genetic deletion using knockout mice indicated that 

the expression of CB1R and D2R was inversely related.  Life-long, total loss of CB1R resulted in 

up-regulated expression of D2R in the striatum (Houchi et al., 2005), probably as the result of 

developmental compensatory alterations in the GABAA and NMDA receptors in the basal 

ganglia circuitry of CB1R knockout mice (Warnault et al., 2007).  Life-long, total loss of D2R 

resulted in up-regulated expression of CB1R in the striatum (Thanos et al., 2011).  The general 

conclusion from these studies is that loss of cannabinergic or dopaminergic signaling is 

compensated through the up-regulation of the other receptor system to maintain functional 

homeostasis as the basal ganglia circuitry develops.  Our examination of homeostatic mechanism 

in response to partial CB1R or D2R knockdown in normal adult animals after the basal ganglia 

circuitry has already been established, may be more reminiscent of adult neurodegenerative 

diseases such as Huntington’s disease, in which the MSNs suffer a loss of CB1R and D2R 

concurrently early in their degeneration process (Glass et al., 2000; Blazquez et al., 2011).  Also 

in contrast to knockout mice, the clearly delineated AAV-shRNA injection locus allows receptor 

knockdown to be limited to cell soma within the dorsal striatum, and thus, CB1R on glutamatergic 

terminals and D2R on nigrostriatal terminals are not targeted. 

The partial deficit observed in striatal D2R, evoked by either D2R or CB1R knockdown, 

was reflected in comparable decrements in D2R-G protein activation and reductions in 

phosphoERK levels in the dorsal striatum.  In contrast, the shRNA-mediated deficit in D2R in the 

globus pallidus was associated with increased phosphoERK as well as phospho-CREB, indicative 

of signal transduction in the post-synaptic neurons, perhaps because of an amelioration of D2R-
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mediated suppression of neurotransmission.  As knockdown of CB1R or D2R failed to alter D1R 

transcript, protein or receptor activity, the dynamic changes in receptor expression, activity, and 

downstream signaling to the ERK pathway appear to be selective for the D2R-positive 

striatopallidal pathway. 

Our findings are unique in reporting an interaction between CB1R and D2R at the 

transcript level in the striatum. Gene expression of neuronal CB1R can be regulated by ERK (Lim 

et al., 2003), a potential signaling mechanism by which D2R could influence the expression at the 

transcription level.  Similarly, ERK was able to stimulate the D2R promoter (Takeuchi et al., 

2002), providing a common mechanism by which both receptors might be regulated concurrently. 

We also identified an augmentation in expression of CRIP1a, a CB1R-associated protein 

that interacts with the distal carboxy terminus of CB1R, but not CB2R (Niehaus et al., 2007), 

whose role in cellular physiology has remained elusive.  Although a direct functional link 

between CRIP1a and CB1R has yet to be established, the mRNA levels of both CRIP1a and CB1R 

were reduced in epileptic hippocampal tissue compared with control, likely associated with 

decreased CB1Rs in glutamatergic terminals (Ludanyi et al., 2008).  Immunofluorescence staining 

indicated that CRIP1a was in close proximity to CB1R in the pre-synaptic terminals of retina cone 

photoreceptors (Hu et al., 2010). 

Our data on CRIP1a expression revealed the presence of CRIP1a transcript and protein in 

the striatum, globus pallidus, and entopeduncular nucleus, comprising the striatopallidal pathway.  

Knockdown of either CB1Rs or D2Rs resulted in up-regulation of CRIP1a transcript and protein, 

suggesting a novel role for the CRIP1a protein in dopamine receptor systems.  We hypothesized 

that the observed changes in CRIP1a could be related mechanistically to the cellular signaling 

patterns of CB1Rs and D2Rs, and developed a CRIP1a over-expressing virus to evaluate this 

hypothesis.  CRIP1a over-expression reduced phosphoERK in the striatum and its outflow 

projections, recapitulating the effects of CB1R knockdown.  Niehaus and colleagues (Niehaus et 

al., 2007) suggested that the physiological role of CRIP1a was to reduce CB1R-mediated tonic 
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inhibition of Ca2+ channels, but data supporting effects on other CB1R-mediated responses are 

just beginning to be appreciated.  One possible mechanism by which CRIP1a could reduce ERK 

phosphorylation is indirectly through CRIP1a regulation of CB1R signaling, inasmuch as our data 

indicate that there were no effects of CRIP1a over-expression on CB1R mRNA or protein levels.  

This finding is consistent with data from cotransfected cell lines, which also showed no effect on 

CB1R expression when CRIP1a was over-expressed (Niehaus et al., 2007). 

A prominent finding was the down-regulation of mRNA for the opioid peptides PDYN 

and PENK that accompanied knockdown of CB1Rs or D2Rs.  The down-regulation in opioid 

peptide mRNAs was followed in time by increased DOR1 mRNA expression and augmented 

protein expression along the striatopallidal pathway.  Interestingly, these same sequelae were 

mimicked by over-expression of CRIP1a.  Data from our lab in N18TG2 neuronal cells stably 

over-expressing CRIP1a shows that PENK mRNA is significantly reduced and concomitantly 

DOR1 mRNA is up-regulated when compared with WT cells (Blume et al., 2010).  A possible 

mechanism for the observed changes in opioid physiology is that CB1Rs, D2Rs (and suppressed 

CRIP1a levels) contribute to the expression of opioid peptides in MSNs.  Intra-striatal 

administration of selective inhibitors of ERK phosphorylation blocked opioid peptide gene 

expression in rats (Shi and McGinty, 2006). Thus, one possible mechanism for the observed 

reductions in PENK and PDYN gene expression may be related to the reduction in striatal ERK 

phosphorylation resulting from CB1R or D2R knockdown, and CRIP1a over-expression.  Reduced 

enkephalin-stimulated DOR1 may lead to DOR1 up-regulation, as increased DOR1 binding has 

been observed in quantitative autoradiography studies in enkephalin knockout mice (Brady et al., 

1999).  Alternatively, the observed up-regulation in DOR1 expression may be an adaptive 

response that mediates recovery of the disinhibition of the striatopallidal pathway produced by 

the loss of CB1Rs and/or D2Rs receptors in the dorsal striatum. 

The ability to achieve specific time-dependent knockdown of CB1Rs and D2Rs in a 

discrete population of basal ganglia neurons is a significant advantage over knockout mice in the 
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investigation of pathologies where reductions, but not total loss of CB1R or D2R is observed.  

This study may have therapeutic relevance in diseases of the basal ganglia in which CB1Rs and 

D2Rs are key players in the underlying pathophysiology, such as Parkinson’s and Huntington’s 

diseases as well as drug addiction.  The present data add to a growing body of evidence for a 

cellular and molecular interaction between CB1Rs and D2Rs at the behavioral, systems, and 

cellular-molecular levels. 
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6.1.  IMPLICATIONS OF CURRENT RESEARCH 

Of the over 800 known human subtypes of GPCRs, the CB1R is one of the most 

abundantly expressed GPCR’s in the CNS (Herkenham et al., 1991).  As the mediator of 

endocannabinoids, CB1Rs modulate diverse neuronal functions including synaptic plasticity, 

learning and memory, appetite, and mood (Pertwee et al., 2006).  Due to CB1R-mediated changes 

in intracellular signaling pathways in brain and systemic tissues, CB1R is the target of 

therapeutics that are FDA-approved (Marinol; in 1985) or currently in clinical trials (e.g. 

Sativex).  In addition, CB1Rs have been implicated in a number of disorders related to obesity and 

energy metabolism (reviewed in Pertwee, 2005); however, the side effect profiles of cannabinoid 

agonists as well as antagonists have limited their clinical use and hampered the development of 

additional CB1R pharmacotherapies.  For the majority of GPCR-mediated drug treatments, the 

quantity of receptors present at the cell surface is a fundamental determinant of the potential 

cellular response.  Considerable research has been devoted to understanding the complex 

intracellular network of GPCR regulation.  As such, CB1R trafficking and internalization is 

critical in elucidating the mechanisms that govern complex activities such as receptor signaling, 

desensitization, and down-regulation, all of which are properties which limit the clinical utility of 

cannabinoid pharmaceuticals.  With the emergence of GPCR accessory proteins and their 

importance in regulating elemental receptor functions including receptor trafficking, signal 

transduction, and desensitization, these proteins provide a new avenue for modulating receptor 

activity, and are of bona fide interest for development of new drugs aimed at GPCRs.  To date, a 

number of CB1R accessory or interacting proteins exist; however, this dissertation covers the 

most recent family member, CRIP1a, and provides data regarding its regulation of CB1R 

function, and where appropriate implicates how changes in CB1R biology are related to other 

CB1R accessory proteins including β-arrestin 1 and 2, GRKs, GASP1, and AP-3.  The 

cornerstone for the development of the research presented herein was the knowledge that CRIP1a 
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binds to the last nine residues of the CB1R C-terminus, a region known to be involved in 

modulating the receptor’s activity and function.  

 

6.2.  OVERVIEW OF FINDINGS 

The data presented in this dissertation examine the biological relevance of the CRIP1a-

CB1R interaction using in vivo and in vitro assays.  This research demonstrates that CRIP1a 

functions to modulate CB1R plasma membrane density and internalization.  Although not directly 

linked in these studies, it appears that internalization is attenuated through blocking the 

recruitment of β-arrestin to activated CB1Rs.  Changes in CB1R-mediated G protein coupling 

and/or surface expression might explain the alterations in downstream signaling to cAMP and 

phosphoERK1/2 observed in CRIP1a knockdown and over-expressing clones.  Ultimately this 

work will move the field of endocannabinoid research forward and help to provide a deeper 

understanding of how CB1R accessory proteins, and specifically CRIP1a, fine-tune CB1R activity 

and function.  The discussion section of each chapter provides a detailed review of previously 

published findings and their relevance as it relates to the findings within that chapter.  As such, 

each discussion connects my own conclusions back to that literature to emphasize the way in 

which new findings expand upon, clarify, or provide novel theories for the regulation of CB1R 

trafficking, activity, and signaling.  Therefore, the following sections are intended to further 

clarify the validity of findings, propose alternative hypotheses, as well as offer coherent advice on 

the design of future experiments aimed at addressing CRIP1a and/or CB1R function. 

 

6.3.  CRIP1A DOES NOT DIRECTLY REGULATE CB1R mRNA OR TOTAL PROTEIN 

EXPRESSION 

Regulation of protein expression is required for the proper functioning of signal 

transduction and maintaining cellular homeostasis.  However, no previous studies have directly 

investigated the effects of CRIP1a on regulating CB1R transcript and protein levels.  Initial 
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research suggested that CRIP1a over-expression did not alter CB1R protein levels in HEK293 and 

CHO cells (Niehaus et al., 2007) as determined by [3H]SR141716A binding assays.  In those 

studies, CB1R was stably expressed with or without either transient (CHO cells) or stable (HEK-

293 cells) over-expression of CRIP1a.  Because GPCR accessory proteins often exert their affects 

on receptor activity by scaffolding to other membrane or cytoplasmic proteins, it is vital to utilize 

a model system that endogenously expresses both CRIP1a and CB1R.  This was the primary 

driving force for the selection of N18TG2 mouse neuroblastoma cell line for the creation of 

CRIP1a over-expressing and knockdown cell clones used in the studies conducted throughout this 

dissertation.  When cells with stable over-expression or knockdown of CRIP1a were quantified 

by qPCR and Western blotting, no differences were observed in the mRNA or total protein levels 

of CB1R.  Furthermore, viral-mediated over-expression of CRIP1a in rat dorsal striatum did not 

change the mRNA or protein expression of CB1R.  These studies not only confirm earlier work, 

but they are the first to show that knockdown of CRIP1a does not appear to directly alter the gene 

expression or protein maturation of CB1R.  It is possible that the CRIP1a:CB1R ratio is 

sufficiently high in WT cells and in dorsal striatum that the over-expression of CRIP1a might not 

show a phenotype.  Additionally, because siRNA-mediated knockdown of CRIP1a was only able 

to reduce CRIP1a protein expression by ~75% in knockdown clones, there still might exist a 

sufficient pool of functional CRIP1a, and as such differences in phenotype might not be 

quantifiable.   

 

6.4.  RELEVANCE OF THE TIGHT COUPLING BETWEEN CRIP1A, CB1R AND D2R 

A potentially confounding variable in the interpretation of experiments is that CRIP1a 

knockdown clones possessed a small population of CRIP1a resistant to the effects of siRNA (Fig. 

3.1).  Two potential explanations might explain the inability of siRNA to completely eliminate 

CRIP1a from N18TG2; 1) the siRNA gene target sequence was not optimal, and/or 2) CRIP1a 

gene regulation and/or protein expression might occur in a rapid and continuous manner.  For 
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example, under ligand free conditions, constitutively synthesized CB1Rs that had been pulse-

chase labeled with [35S]-amino acids were degraded via at least two different mechanisms having 

elimination half-lives of approximately 5 h (70% of receptors) and >24 h (30% of receptors), 

suggesting the presence of multiple pools of functional receptors within neuronal cells (McIntosh 

et al., 1998).  In light of this, an alternative explanation would be that CB1R might regulate 

CRIP1a expression.  This idea is supported in Chapter 2 where shRNA-mediated knockdown of 

CB1R resulted in a time dependent enhancement in CRIP1a protein expression in the medium 

spiny neurons of rat striatum.  Interestingly, D2R receptor knockdown also significantly enhanced 

CRIP1a expression in the same brain region.  Because both CB1R and D2R inhibit cAMP, it is 

possible that CRIP1a might have a CRE site in its promoter region, which could be activated by 

increases in cAMP levels via reductions in CB1R or D2R expression.  Additional work from this 

study demonstrated a reciprocal relationship between CB1R and D2R expression, as knockdown 

of either receptor resulted in the suppression of the other receptor.  Because in vivo over-

expression of CRIP1a did not influence CB1R or D2R expression, it appears that CRIP1a can be 

regulated by both CB1R and D2R in a yet unknown mechanism.  Ultimately, future experiments 

using radiolabeled pulse-chase studies could be used to explore CRIP1a’s half-life and protein 

turn-over rate.  Moreover, Selley and colleagues have recently reported the creation of CRIP1a 

knockout mice, which will serve as an excellent model to follow up the CRIP1a knockdown 

studies on CB1R protein levels and cellular expression (Selley et al., 2013).  

 Studies from Chapter 2 reveal a tight coupling between CB1R and D2R at the 

transcription, protein, and cellular signaling levels in rat striatum.  The dorsal striatal knockdown 

by shRNA of either CB1R or D2R results in suppressing the expression of the other receptor, and 

up-regulation in the expression of CRIP1a.  Interestingly, intracranial injections of a CRIP1a 

over-expressing viral-vector reduced CB1R-stimulated [35S]GTPγS binding to G proteins.  The 

effects of CRIP1a over-expression on CB1R-mediated G protein activation were manifested 

through changes in downstream signaling via reductions in phosphorylation of ERK1/2, but not 
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cyclic AMP Response Element Binding protein (CREB).  Recently, it was shown in cultured 

primary striatal cells that activation of the D2 dopamine receptor short form (D2SR) increases 

CB1R transcription through an ERK1/2-dependent enhancement in CB1R promoter activity 

(Chiang et al., 2013).  Thus, CRIP1a appears to be involved in the cross-talk between D2R, CB1R, 

and ERK1/2 signaling, yet the exact mechanisms responsible for this dynamic interplay remain a 

mystery.  Taken together, it appears that the interplay between CRIP1a, CB1R and D2R represents 

a novel and important pre-synaptic mechanism of dopamine regulation on retrograde cannabinoid 

signaling. 

 

6.5.  PHYSIOLOGICAL CHANGES IN CANNABINOID, DOPAMINE AND OPIOID 

SYSTEMS: IMPLICATIONS FOR CNS DISEASES AND DRUG ABUSE 

A functional interaction between the cannabinoid and dopamine system is further 

supported by data in Chapter 2 demonstrating that knockdown of CB1R or D2R, or over-

expression of CRIP1a in rat dorsal striatum significantly up-regulates the transcript and protein 

levels of delta-opioid receptors, but not mu-opioid receptors.  Furthermore, both depletion of 

CB1R and the subsequent increased expression of CRIP1a were associated with increased 

expression of pre-proenkephalin message emanating from the medium spiny neurons, and what 

appears be a resultant adjustment in the delta-opioid receptors that would presumably decrease in 

response to the greater exposure to enkephalin peptides.  The significance of these studies in 

understanding CB1R-CRIP1a function is that this is the first demonstration that CB1R activity has 

an influence on CRIP1a regulation, and that CRIP1a expression is involved in signal transduction 

by CB1R in a physiologically relevant way.   

Lazenka and colleagues recently reported that in the caudate-putamen of CB1R knockout 

mice, expression of the transcription factor ΔFosB was significantly up-regulated (Lazenka et al., 

2014), suggesting that CB1Rs modulate basal ΔFosB expression in this region.  In addition, 

chronic administration of the D2R antagonist, haloperidol, is known to induce ΔFosB expression 



	   177	  

(Atkins et al., 1999).  ΔFosB represents one mechanism by which drugs of abuse produce 

relatively stable changes in the brain that contribute to the addiction phenotype (Nestler et al., 

2001).  Based on this information, one might predict that CB1R’s ability to reduce D2R-mediated 

G protein activation would result in an up-regulation in ΔFosB expression in the dorsal striatum.  

In this hypothetical scenario, alterations in CB1R’s expression might induce changes in D2R 

activity resulting in up-regulation of ΔFosB.  This could represent a molecular mechanism that 

could potentially initiate increased drug seeking behavior.  Furthermore, a recent study indicated 

that chronic THC induced ΔFosB up-regulation only in the direct D1R/dynorphin containing 

MSNs of the direct striatal pathway (Lobo et al., 2013), suggesting that THC induced changes in 

ΔFosB occur in a time and pathway dependent mechanism.  In summary, these findings suggest 

that losses of striatal CB1Rs or increases in CRIP1a could reduce D2R signaling, which, like 

haloperidol, would augment dopamine release. This potential interaction between CRIP1a, 

CB1Rs, and D2Rs in the dopamine-mediated regulation of ΔFosB could have important 

implications in understanding the cellular consequences of drugs of abuse, and as such requires 

future investigation. 

Although not directly addressed in the text, one notable finding in the initial studies of 

CRIP1a was that there appeared to be an increase in CB1R binding in cells co-expressing CB1R 

and CRIP1b, a slice variant of CRIP1a (Niehaus et al., 2007), which might suggest distinct roles 

for CRIP1a versus 1b.  However, to date only one study has examined the splice variant CRIP1b.  

In this study comparison of human post-mortem hippocampal tissue from healthy and epileptic 

patients revealed reductions in the transcript levels of CB1R in both sclerotic and non-sclerotic 

epileptic tissue, whereas CRIP1a reductions were only observed in sclerotic tissue (Ludanyi et al., 

2008).  Of interest is the finding that the transcript levels of CRIP1b were unchanged in epileptic 

tissue, therefore it is possible that the pathogenesis or response to epilepsy might involve 

alterations between CB1Rand CRIP1a, but not CRIP1b (Ludanyi et al., 2008).  As a final point, 

genomic database searching has identified CRIP1a in all vertebrates; however CRIP1b is only 
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found in primates, indicating a recent evolutionary processing of this gene, and thus raising the 

question regarding CRIP1b’s biological function (Niehaus et al., 2007).  It is possible that 

CRIP1b might function as a dominant-negative protein to counteract the affects of CRIP1a.  This 

hypothesis is based on bioinformatics analysis, which indicated that CRIP1a, but not CRIP1b, 

contains a predicted PSD-95/Disc-large-protein/ZO-1 (PDZ) class I ligand, which could allow it 

to interact and scaffold CB1R to PDZ domain-containing proteins (Niehaus et al., 2007).  

Although detailed studies are beginning to emerge for the biochemical and cellular functions of 

CRIP1a on CB1R physiology in the CNS, additional work on the physiological relevance of 

CRIP1a/b outside the CNS (i.e. heart, liver, testes, spleen) (Niehaus et al., 2007), where CRIP1a/b 

expression is relatively high, still needs to be conducted.   

In line with a possible anticonvulsive role for CRIP1a in CB1R-mediated neuroprotection, 

lentiviral-mediated over-expression of CRIP1a in primary neuronal cortical cultures switched 

CB1R neuroprotection from an agonist- to antagonist-driven mechanism in an assay of glutamate 

neurotoxicity (Stauffer et al., 2011).  Initial characterization of CRIP1a distribution in mouse 

brain revealed co-expression with CB1Rs in excitatory glutamatergic neurons, but not in 

inhibitory GABAergic interneurons (Elphick et al., 2004; Ludanyi et al., 2008).  However, using 

immunohistochemistry techniques, Chapter 2 of this dissertation provides direct evidence for 

CRIP1a and CB1R expression in the medium spiny neurons of rat dorsal striatum, suggesting 

CRIP1a and CB1R co-localize in GABAergic neurons of the indirect striatopallidal pathway.  

Taking these data into consideration, it will be interesting to investigate CRIP1a’s biological 

function in the neuroprotection and pathology of epilepsy and other neurodegenerative disorders.  

Once again, the development and characterization of a CRIP1a knock-out mice, will prove to be 

an invaluable asset for assessing the relevance of CRIP1a in CB1R-mediated behavioral responses 

(Selley et al., 2013). 
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6.6.  THE CHANGES IN BASAL CB1R CELL SURFACE DENSITY  

A recurring theme complicating the interpretation of CB1R localization patterns involves 

data indicating that basal receptor activity results in constitutive internalization and alterations in 

post-endocytic receptor sorting.  It is well documented that CB1Rs display a high level of 

constitutive (i.e. basal or non-ligand dependent) activity when expressed in either non-neuronal or 

neuronal cells (Pertwee et al., 2005).  The biological function of CB1R constitutive activity has 

been a topic of debate.  In hippocampal neurons, the consequence of blocking CB1R constitutive 

activity was a loss in the endosomal-mediated somatodendritic targeting of internalized CB1Rs to 

the axonal membrane (Leterrier et al., 2006).  From this work the authors proposed a requirement 

for CB1R constitutive activity in the axonal targeting of CB1Rs.  However, this has been 

challenged by work suggesting that axonal targeting of CB1R is due to constitutive 

internalization, rather than constitutive activity of the receptor (McDonald et al., 2007).  Because, 

the observed difference in CB1R trafficking patterns cannot easily be attributed to the model 

system, as both were in hippocampal neurons, these studies might be explained by differences in 

the levels of endocannabinoids and/or CRIP1a expression.  Based on these studies and CRIP1a’s 

effect on basal CB1R cell surface expression, it is reasonable to speculate that a potential 

biological function of CRIP1a is to target internalized receptors from the soma to the axonal 

nerve terminals.  The mechanisms responsible for changes in CB1R cell surface expression might 

result from an interference by CRIP1a in the Golgi complex transfer of CB1R to the plasma 

membrane.  It was reported that CB1R can traffic directly from the Golgi to lysosomes by 

associating with AP-3.  AP-3 expression was not determined in N18TG2 cells, therefore if AP-3 

is present and functions as previously described, CRIP1a and AP-3 could simultaneously 

contribute to changes in basal CB1R cell surface density.  

 Multiple labs have reported endocannabinoid tone as a component capable of regulating 

both the tonic and/or basal activity of the receptor, as well as constitutive internalization of the 

receptor (reviewed in Howlett et al., 2011).  Because endocannabinoid production was blocked in 
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each experiment, CRIP1a’s ability to modulate CB1R surface expression during basal conditions 

is not a result of endogenous ligand-mediated endocytosis, suggesting that mechanisms other than 

constitutive endocytosis of membrane-bound receptors may be responsible for the intracellular 

accumulation of CB1R.  Consistent with prior reports we observed a transient increase in CB1R 

surface expression following treatment with the inverse-agonist SR141716A.  The rapid, but 

transient increase in CB1R surface levels could be a result of activation-dependent internalization 

of CB1Rs (Hsieh et al., 1999).  Alternatively, SR141716A may block the continuous and agonist-

independent endocytosis of CB1R.  Because CB1R surface expression began to return back to 

steady-state after 30 min of SR141617A exposure, I speculate this might be related to exhaustion 

of intracellular pools of CB1R.  Furthermore, the lack of CRIP1a altering SR141716A-mediated 

changes in CB1R surface expression indicates that the mechanisms governing antagonist-

mediated redistribution of surface CB1R is different from agonist evoked internalization 

mechanisms, and thus is not under the regulation of CRIP1a.   

Although CRIP1a is a soluble protein, its co-localization with CB1R at the plasma 

membrane has been reported in HEK293 cells (Niehaus et al., 2007).  The observed changes in 

CB1R basal surface expression by CRIP1a, could be related to the sequestering of CB1R 

membrane proteins into different plasma membrane microdomains (i.e. caveolar lipid rafts).  To 

address this, NP-40 soluble and NP-40-resistant membrane fractions were prepared for Western 

blotting.  A prominent staining for the plasma membrane marker Na+K+-ATPase in the NP-40 

soluble fraction suggests that this fraction contains the majority of plasma membrane, and that 

both CRIP1a and CB1R can be found in this fraction.  Both over-expression and knockdown of 

CRIP1a can be observed in the NP-40-soluble membrane fraction.  Membrane lipid raft fractions, 

defined by their NP-40-resistance, the presence of caveolin-1, and deficiency of Na+K+-ATPase, 

contained much less CB1R and CRIP1a relative to NP-40 soluble fractions.  It does not appear 

that changes in CB1R surface expression and agonist-mediated internalization are related to the 

ability of CRIP1a to sequester CB1R into lipid raft microdomains, as cells incubated with nystatin 
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(to disrupt caveolae) and acutely (5 min) treated with CP55940, displayed a prominent loss in cell 

surface CB1Rs.  The ability of CRIP1a over-expression to attenuate CP55940-mediated 

internalization of CB1Rs was observed in nystatin-treated cells.  This uninterrupted internalization 

indicates CRIP1a does not localize in the lipid raft fraction with caveolin1, and suggests that 

CRIP1a suppresses CB1R endocytosis through a clathrin-mediated mechanism.  However, one 

could argue against this hypothesis, because nystatin does not specifically disrupt lipid rafts, but 

rather acts as a general cholesterol sequestering agent.  Additionally, if CB1R was sequestered 

into lipid rafts that are invaginated as caveolae, there exists the possibility that this membrane 

fraction might sequester proteins that would be undetected in the On-cell-Western assay.  

Caveolar rafts form flask-like invaginations along the plasma membrane, which could isolate cell 

surface CB1Rs from antibody detection.  Additional studies using subcellular fractionation with 

specific organelle markers are an alternative approach to address if CRIP1a mediates movement 

of CB1R between different plasma membrane domains.   

Key studies in the future that will help expand upon the trafficking of the CB1R would 

include sucrose density gradient subcellular fractionation and confocal microscopy.  Based on 

data from CRIP1a over-expressing clones, it is reasonable to expect that these experiments might 

show an enhancement in the co-localization of CRIP1a:CB1R in intracellular endosomes but not 

lysosomes under basal conditions, since CRIP1a did not alter total CB1R protein levels.  

Moreover, these assays when conducted in the presence of a CB1R full agonist or the 

antagonist/inverse agonist SR141716A would provide detailed information regarding CRIP1’s 

ability to alter CB1R trafficking and could be used to identify the specific vesicles involved in 

these processes. 

CRIP1a did not alter total ERK1/2 levels in any experiments, so alterations in 

phosphoERK1/2 were normalized to total ERK.  The most probable explanation for CRIP1a’s 

ability to reduce basal phosphoERK1/2 levels is the reduction in CB1R surface expression by 

over-expression of CRIP1a.  In support of this hypothesis, CRIP1a depletion enhanced both 
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CB1R surface and phosphoEKR1/2 levels.  Assuming the notion of constitutively active 

receptor’s, changes in CB1R surface expression would be expected to alter signaling to ERK1/2.  

Evidence for the constitutive activity of surface CB1Rs comes from studies using SR141716A, 

which reduced CB1R-mediated constitutive ERK phosphorylation.  Knockdown of CRIP1a 

enhanced maximal ERK phosphorylation in response to CP55940.  Furthermore, CRIP1a 

knockdown also induced a leftward shift in CP55940-mediated inhibition of forskolin-stimulated 

cAMP accumulation.  Because, maximal ERK phosphorylation and CB1R-mediated Gi3 and Go 

activation by CP99540 was robustly enhanced, and work from our lab indicates that src, RTKs, 

Integrins, and FAK couple to the MEKK-MEK-ERK complex (Dalton et al., 2012 and 2013), it is 

possible that this maximal activation that is observed upon depletion of CRIP1a might result from 

a greater interaction with some of these other protein complex not yet identified. 

 

6.7.  CONCLUSIONS 

Key studies in the future that will help expand upon the trafficking of CB1R would 

include sucrose density gradient subcellular fractionation and confocal microscopy.  Based on 

data from CRIP1a over-expressing clones, it is reasonable to expect that under basal conditions 

these experiments might show an enhancement in the co-localization of CRIP1a:CB1R in 

intracellular endosomes, but not lysosomes, since CRIP1a did not alter total CB1R protein levels.  

Moreover, these assays when conducted in the presence of a CB1R full agonist or the 

antagonist/inverse agonist SR141716A would provide detailed information regarding CRIP1’s 

ability to alter CB1R trafficking and could be used to identify the specific vesicles involved in 

these processes. 

In conclusion, CRIP1a functions to diminish CB1R cell surface density without altering 

total CB1R mRNA or protein expression in N18TG2 neuroblastoma cells.  CRIP1a inhibits CB1R 

agonist-mediated [35S]GTPγS G protein binding to Gαi3 and Gαo, and attenuates internalization 

pesumabled through changes in the recruitment of β-arrestin to activated CB1Rs.  Changes in 
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CB1R cell surface levels were manifested in alterations in basal phosphoERK1/2 levels, but not 

cAMP.  However, depletion of CRIP1a significantly enhanced CB1R-mediated downstream 

signaling to phosphoERK1/2 and forskolin-stimulated inhibition of cAMP accumulation, which 

are processes that occurred in a ligand dependent fashion.  The overall consequences of CRIP1a 

induced changes in basal CB1R activity and signaling were revealed through alterations in 

N18TG2 cellular morphology, including changes in cellular proliferation and neurite extensions.  

In summary, this body of research strongly suggests that CRIP1a functions as a negative regulator 

of CB1R activity and serves to fine-tune receptor localization and signaling by modulating CB1Rs 

association with other regulatory proteins.   

 

CRIP1a	  Effects?	  
CRIP1a	  	  

over-‐expression	  
	  

CRIP1a	  	  
knockdown	  

CB1R	  mRNA	  levels	   No	  Change	   	   No	  Change	  
CB1R	  protein	  levels	   No	  Change	   	   No	  Change	  
CB1R	  Surface	  Density:	  Basal	   Reduced	   	   Enhanced	  
Agonist-‐promoted	  CB1R	  
Internalization	   Attenuated	   	   No	  Change	  

Adenylyl	  Cyclase	  Activity	   No	  Change	   	   Enhanced	  Potency	  

phosphoERK1/2	  Activity	   No	  Change	   	  
Time	  &	  Dose	  dependent	  

Increase	  
CB1R	  G	  protein	  Activation	   Reduced	  for	  Gi3	  and	  Go	   	   Increased	  for	  Gi3	  and	  Go	  

Table 6.1.  Summary of the effects of CRIP1a on CB1R activity.  Results are presented from 

studies conducted in this dissertation. 
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