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Abstract 
 

The effects of cannabinoids in the nervous system are predominantly mediated by cannabinoid receptor 

1 (CB1), a G protein-coupled receptor (GPCR). GPCRs are known to form homodimeric and 

heterodimeric structures, which affect the signalling and regulation of each constituent receptor. CB1 has 

been shown to have functional interactions with the dopamine D2 receptor (D2). This thesis explores the 

structure, regulation and function of the CB1-D2 heterodimer.  

A bioluminescence resonance energy transfer (BRET) assay was utilised to detect constitutive CB1-D2 

heterodimer, which was not detectibly altered by receptor agonists. BRET was also utilised to test a 

proposed heterodimer interface containing four key residues on transmembrane helix 1 of each receptor, 

however mutation of these residues did not significantly disrupt detection of heterodimer. 

Previous studies on GPCR heterodimers have suggested that interactions may occur throughout the 

protein synthesis and ligand-mediated trafficking pathways. Immunocytochemistry-based receptor 

trafficking and expression assays were used to determine whether CB1 and D2 interact in their 

regulation. Subtle differences were found in CB1 agonist-driven internalisation in the presence of a D2 

agonist. Co-expression of CB1 and a flag-tagged D2 resulted in changes to flag-D2 processing, perhaps 

by the addition of a post-translational modification, although it is not clear if this is solely a modification of 

the flag-tag. 

When activated concurrently, CB1 and D2 have been shown to “switch” signalling phenotype from Gαi-

like to Gαs-like activity, resulting in accumulation of cAMP. When this signalling interaction was first 

observed by Glass et al. (1997), it was hypothesised that this may be a result of the receptors competing 

for a limited pool of Gαi proteins. If this were the case, this mechanism would also be in effect when CB1 

was expressed alone. In order to test this, a mixed population of cells was created and sorted by flow 

cytometry on the basis of CB1 surface expression. cAMP assays performed on these cells showed that 

cells with low to moderate expression of CB1 inhibit cAMP production, while cells with high CB1 

expression increase cAMP accumulation. 

In conclusion, while it is likely that CB1 and D2 form a constitutive heterodimer, this does not affect 

ligand-mediated receptor trafficking. CB1 expression does, however, change the synthesis and 

processing of flag-tagged D2 in a manner that has yet to be determined. Since CB1 expression alone is 

sufficient to change the predominant cAMP phenotype to Gαs, presumably by competition of G proteins, 

this work suggests that CB1-D2 heterodimerisation may function simply to increase the local competition 

for G proteins, rather than the dimer itself mediating the functional signalling switch.  
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1.  Introduction 
 

The psychoactive properties of cannabis have been known for thousands of years. Since the 

identification of the active compound in cannabis (Gaoni et al., 1964), the endocannabinoid system has 

been investigated extensively, and research has accelerated rapidly upon the identification of the specific 

proteins which mediate these effects (Matsuda et al., 1990; Munro et al., 1993). Compounds which 

modulate the endocannabinoid system fall into three overarching categories: the endogenously-present 

endocannabinoids; the plant-derived phytocannabinoids; and the synthetic cannabinoids. The latter two 

are used as recreational drugs, however, both agonists and antagonists also have demonstrable 

therapeutic applications.  

The effects of cannabinoid ligands are mediated through at least two G protein coupled receptors 

(GPCRs). Cannabinoid receptor 1 (CB1) is most abundant in the central nervous system (Howlett et al., 

2004), although it is also expressed in the gastrointestinal tract (Croci et al., 1998; Massa et al., 2005), 

adipose tissue (Bensaid et al., 2003; Gary-Bobo et al., 2006), male and female reproductive systems 

(Gye et al., 2005; Horne et al., 2008; Park et al., 2003; Ruiz-Llorente et al., 2003), and the cardiovascular 

system (Szabo et al., 2001; Wagner et al., 2001). Cannabinoid receptor 2 (CB2) is found predominantly 

in cells of the immune system, including lymphocytes, monocytes, and microglia (Howlett et al., 2004; 

Klein et al., 2003). Furthermore, there is evidence for at least one more cannabinoid receptor, as the 

known actions of CB1 and CB2 are not sufficient to explain the full range of effects cannabinoids have 

been observed as having in vivo (Pertwee et al., 2010). Candidate receptors for “CB3” include GPR18 

and GPR55 (Pertwee et al., 2010), but there is currently insufficient evidence to reclassify these GPCRs 

as cannabinoid receptors. 

Both CB1 and CB2 have many reported functional interactions with other GPCRs, which could be 

exploited for therapeutic advantage. One such interaction is between CB1 and the dopamine D2 

receptor, which are co-expressed in the medium spiny neurons of the striatum. This review will first cover 

the general features of GPCRs, before focusing on the nature of the CB1-D2 interaction. 

 

GPCR signalling 

General structure of GPCRs 
G protein-coupled receptors (GPCRs) are a large family of proteins which are found embedded into 

cellular membranes, typically on the cell surface. The general structure of GPCRs is well-conserved, with 

an extracellular N-terminal tail, seven transmembrane (TM) alpha-helices joined by intra- and extra-

cellular loops (IL, EL), an intracellular eighth helix, and an intracellular C-terminal tail (Venkatakrishnan et 

al., 2013). As their name suggests, GPCRs activate G proteins, by acting as a cofactor for the exchange 

of GDP, which is bound to the Gα subunit, to GTP (Dupré et al., 2009). The intracellular loops, and 

perhaps helix 8, provide the contact points for G protein coupling (Venkatakrishnan et al., 2013). 
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G proteins 
Meanwhile, G proteins are heterotrimeric structures (Dupré et al., 2009). An activated G protein was 

traditionally thought to separate into two functional subunits, the Gα and Gβγ, (Brandt et al., 1985; 

Higashijima et al., 1987; Janetopoulos et al., 2002), allowing them to interact with their effectors. 

However, it is possible that the activated G protein can be functional while still fully-associated 

(discussed in Rebois et al., 1997). Once separated, these G protein subunits have a variety of cellular 

effects, depending on the G protein subtype and cellular environment of the receptor/G protein system. 

There are four groups of G proteins, defined by their Gα subunit: Gαs, which stimulates adenylate 

cyclase, increasing cAMP production; Gαi, which inhibits adenylate cyclase, reducing cAMP production; 

Gαq, which activates phospholipase C; Gα12/13, which alters Rho-GTPase signalling pathways (Neves et 

al., 2002). The signalling profiles of the various Gβγ subunits are less well-characterised, but these also 

affect a wide range of effectors, including GPCR kinases (GRKs), mitogen-activated kinase (MAPK) 

phosphorylation, phosphatidylinositol-3-kinase (PI3K), and adenylate cyclases (Dupré et al., 2009). Gβγ 

also affects ion channels: selectively activating inwardly rectifying potassium channels; and inhibiting N-, 

P/Q-, and R-type voltage-gated Ca2+ channels (Altier, 2012; Currie, 2010; Doupnik, 2008; Huang et al., 

1995). 

Non-G protein mediated GPCR signalling 

Activated GPCRs can recruit arrestins, a step which has previously been considered as a stage in the 

desensitisation sequence (Magalhaes et al., 2012). However, arrestins have been demonstrated to 

initiate some signalling, including activation of multiple MAPK pathways (Luttrell et al., 2002; Zhan et al., 

2014). This provides a second complement of GPCR signalling cascades beyond canonical G protein 

effects.  

Key processes affected by GPCR signalling 
GPCR signalling can activate a wide variety of cellular processes, depending on the particular G protein 

and/or arrestin which is activated, and the available pathways in the particular cell type. Adenylate 

cyclase and mitogen-activated kinase (MAPK) pathways are the most commonly-used measures of 

GPCR signalling, although GPCRs can also modify many other pathways, as mentioned above.  

Adenylate cyclases catalyse the formation of cyclic adenosine monophosphate (cAMP), and are 

stimulated by Gαs and inhibited by Gαi. In addition, different adenylate cyclase subtypes are regulated 

by Gβγ and Ca2+ (Hanoune et al., 2001; Kamenetsky et al., 2006). cAMP is a key regulator of cellular 

metabolism, and modulates several cellular processes differentially depending on cAMP concentration. 

Protein kinase A (PKA) activity is saturated by low cAMP concentrations (1 μM) (Antoni, 2012). PKA 

phosphorylates a wide variety of protein targets, including other protein kinases and ion channels, as 

determined by the co-expression of various PKA-anchoring proteins, leading to cell-type specific 

phenotypes (Logue et al., 2010; Taylor et al., 2004). Two types of ion channel are activated by cAMP: 

hyperpolarization-activated and cyclic nucleotide-modulated channels, and channels directly modulated 

by cyclic nucleotides. These channels are maximally responsive to 10 μM cAMP, and when activated 

they increase the electrical activity of the cell (Antoni, 2012). Exchange proteins activated by cAMP 

(Epac) require high levels of cAMP (40 μM), and in turn activate Rap pathways, which can affect 

processes including phospholipase activity and cytoskeletal changes (Gloerich et al., 2010; Raaijmakers 
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et al., 2009). Phosphodiesterases (PDEs) reduce cellular cAMP concentrations by hydrolysing it into 

5’AMP. Some PDEs are also regulated by cAMP, with the cAMP binding sensitivity varying significantly 

between PDE subtypes (Keravis et al., 2010). 

GPCRs also activate the MAPK pathways: extracellular signal-regulated kinases 1/2 (ERK1/2), ERK5, 

Jun amino-terminal kinases (JNK), and p38 pathways (Chang et al., 2001; Fukuhara et al., 2000; Trejo, 

2014). This signalling can be initiated through either activated G proteins or arrestins (Chavkin et al., 

2014; Fukuhara et al., 2000; Kolch, 2005). The MAPK pathways modify a large range of processes, 

including gene transcription, protein synthesis, cell proliferation and differentiation (Chang et al., 2001; 

Kyriakis et al., 2012). Generally, activation of the ERK1/2 and ERK5 pathways increase cell survival, 

whereas JNK induces apoptosis, although this depends on cell type and signal duration (Chang et al., 

2001; Tatake et al., 2008; Xia et al., 1995). For example, low level activation of p38 promotes cell 

survival, while higher levels result in apoptosis (Dolado et al., 2008).  

 

GPCR dimerisation 
GPCRs are able to function both as monomers, and in groups of two (dimers) or more (oligomers). 

Currently, much effort is being put into developing experimental methods to determine the stoichiometry 

of GPCRs in dimers and higher-order oligomers (Ferré et al., 2014). Dimers and higher order oligomers 

may be composed of several copies of the same receptor (homodimers) or different GPCRs 

(heterodimers). Large groupings of receptors, containing several different GPCRs, have been termed 

“mosaics” (Agnati et al., 2010b; Fuxe et al., 2008). The interactions within such mosaics may affect the 

pathology and therapeutic strategies for complex disease states (Fuxe et al., 2009), however this is 

beyond the scope of this review. For most Class A GPCRs, it is unknown whether dimerisation is 

required for normal function. However, there is extensive description of heterodimer formation and 

function in mammalian cell systems (reviewed in Fuxe et al., 2012, Pin et al., 2007). 

Function 

Both ligand binding and signalling can be influenced by dimerisation, providing a unique functional 

character to the dimer when compared to the receptor monomer/homodimer. These functions are 

defined by the conformation of the receptors, which is altered by heterodimerisation interactions. Once 

defined in vitro, the unique function of a GPCR dimer can be used to test for the presence of dimer in 

isolated primary cells and in vivo. 

A good example of heterodimerisation affecting ligand binding is the adenosine A2A receptor. When 

expressed in the medium spiny neurons of the striatum, this receptor has been described to dimerise 

with both the adenosine A1 receptor and dopamine D2 receptor, in pre-synaptic and post-synaptic 

locations respectively (Azdad et al., 2008; Ciruela et al., 2006; Orru et al., 2011). Rationally, there must 

be a function for A1-A2A interactions in the same cellular domain, since both have the same endogenous 

ligand, but opposing G protein coupling (Gαi and Gαs, respectively). Selective activation of A2A has 

been demonstrated to reduce the affinity of agonists at the A1 receptor (Ciruela et al., 2006). Since A1 

receptors have an intrinsically higher affinity for adenosine than A2A receptors, this cross-talk creates a 

biphasic response to adenosine, with A1 receptors being activated at low concentrations, and the A2A-
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mediated response becoming active at high adenosine concentrations (Ciruela et al., 2006). In addition, 

although KW-6002, an A2A antagonist, binds with the same affinity for A2A receptors in homodimers or 

in the A1-A2A heterodimer, this ligand has a significantly increased affinity for the A2A-D2 heterodimer. 

Therefore, when KW-6002 is given to rats systemically, the antagonist preferentially blocks post-synaptic 

receptors and gives a corresponding behavioural response in rats (Orru et al., 2011). Findings such as 

these demonstrate that heterodimerisation interactions change the receptor’s activity state, which can be 

demonstrated by altered ligand affinities. 

In terms of dimer signalling, the current predominant theory is that receptors in a dimer share a G 

protein, likely at a ratio of one G protein per two receptors (Maurice et al., 2011). This stoichiometry was 

first noted for the GABAB receptor, which, as a Class C GPCR, is an obligate dimer (Duthey et al., 2002; 

Kniazeff et al., 2011; Zhang et al., 2014). The theory that this is applicable to other GPCR heterodimers 

is based on the observation that a single G protein requires two contact points in order to be activated, 

and that these are too far apart to allow one receptor to activate the G protein (Maurice et al., 2011; 

Oldham et al., 2008). This interpretation has been used to model the interactions of rhodopsin (Filipek et 

al., 2004); and experimentally defined by functional studies of dopamine D2 (Han et al., 2009), and 

reconstitution studies using leukotriene BLT1 (Banères et al., 2003) and serotonin 5-HT4 (Pellissier et 

al., 2011) receptors. If this theory is correct, it is unsurprising that some GPCR heterodimers have been 

shown to “switch” G protein coupling when compared to each receptor expressed alone (Chandrasekera 

et al., 2013; Kearn et al., 2005; Lee et al., 2004). However, although this is an appealing theory, there 

are also many studies using isolated monomeric GPCRs which have shown results consistent with a 1:1 

GPCR to G protein ratio (Arcemisbéhère et al., 2010; Damian et al., 2012; Kuszak et al., 2009; Whorton 

et al., 2007; Whorton et al., 2008). 

Ways to measure dimerisation 
Once functional interactions were found between pairs of GPCRs, there was a requirement to determine 

whether these features occurred as a physical interaction between the receptors, or whether the 

interaction occurred during convergent signalling cascades. A range of biophysical methods have been 

developed which aid in the identification of physical interactions. Co-immunoprecipitation allows the 

detection of dimers in cell lysates. Antibodies are used to precipitate one receptor of interest (the “bait”), 

then an immunoblot on the precipitated proteins is probed for the second receptor of interest (the “prey”). 

Co-immunoprecipitation is able to pull down whole signalosomes, so the presence of the prey protein 

doesn’t necessarily indicate a direct contact between the two receptors of interest. Using this technique, 

serotonin 5-HT1A, 5-HT1B and 5-HT1D receptors were shown to co-immunoprecipitate with all other 

GPCRs they were co-expressed with (EDG1, EDG3, GPR26 and GABA2B), even though the authors 

could not identify native cell types which would co-express some of these pairings (Salim et al., 2002). 

Resonance energy transfer (RET) techniques are a well-established and frequently utilised method of 

measuring dimer formation. Both Förster/fluorescent RET (FRET) and bioluminescence RET (BRET) 

have been used extensively for GPCR interaction studies, differing only in the source of the energy 

required to trigger the reaction. In either assay format, one receptor is tagged with a “donor” protein and 

the other to an “acceptor” protein. The donor and acceptor tags are chosen such that the emission 

wavelength for the donor overlaps with the excitation spectrum of the acceptor, allowing the transfer of 
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energy (Stryer, 1978). During the interaction assay, the energy donor is excited with either an external 

light source (for FRET) or a chemical substrate (for BRET) (Pfleger et al., 2006b). A RET interaction can 

only occur over short distances, of approximately 10 nm in the case of standard BRET donor-acceptor 

pairs (Pfleger et al., 2006b). Provided the donor and acceptor tags are close enough, the excited state of 

the donor transfers its energy to the acceptor by a non-radiative mechanism, through dipole-dipole 

interactions, and without the emission/absorption of a photon (Stryer, 1978; Wolber et al., 1979; Wu et 

al., 1994). Since a RET interaction can only occur over very short distances, the presence of donor 

fluorophore emission is likely to be due to a physical association between the two proteins of interest. 

A key limitation of both FRET and BRET are the large protein tags which need to be added to the 

receptors, which can hinder normal function. Bimolecular fluorescence complementation (BiFC) 

somewhat overcomes this, with each receptor being tagged with half of a fluorescent protein. When 

these tags are brought into close proximity, the two halves are able to fold together to form one functional 

fluorescent protein, resulting in fluorescent emission. However, while BRET and FRET interactions can 

be monitored in real time, BiFC has significant kinetic limitations with full protein folding and emission 

taking several hours after the initial protein interaction occurs, and producing an irreversible interaction 

(Demidov et al., 2006; Kerppola, 2006; Reid et al., 1997). All of these methods (BRET, FRET and BiFC) 

require the overexpression of transgenes in a transfectable host cell line. As such, they are unable to 

measure the interactions of endogenously-expressed receptors, which requires either co-

immunoprecipitation (for example, Chakrabarti et al., 2010, Chandrasekera et al., 2013), or heterodimer-

specific antibodies (Gomes et al., 2014). More recently FRET between fluorescent ligands has been 

utilised, an approach which has the advantage of enabling dimer formation in native expressing tissue to 

be probed (as described below), but is limited by the availability of appropriate ligands.  

GPCR dimer interfaces 
Advances in protein crystallography have allowed the structures of GPCRs to be resolved increasingly 

frequently (Audet et al., 2012; Venkatakrishnan et al., 2013). The crystal packing of these receptors has 

been interpreted as indicating potential homodimer interaction sites. For example, crystal structures of 

the chemokine CXCR4 receptor homodimer (Wu et al., 2010) and μ-opioid receptor homodimer (Manglik 

et al., 2012) have been interpreted as having primary interfaces at TM5 and TM6. However, it has been 

discussed that a TM5-TM6 interface may prevent normal G protein coupling, as conformational changes 

in this region are generally required during receptor activation (Ferré et al., 2014; Manglik et al., 2012; 

Rasmussen et al., 2011). This highlights the importance of critical analysis of crystal structure 

determination of dimerisation interfaces. Secondary interfaces, which may be more physiologically-

relevant, were also identified for these homodimers: TM3 and TM4 for CXCR4 (Wu et al., 2010); and 

TM1, TM2 and helix 8 for the μ-opioid receptor (Manglik et al., 2012). Considering the limitations of 

protein crystallography, more traditional experimental techniques need to be employed to validate any 

identified dimer interfaces. For example, the β1-adrenergic receptor crystal structure demonstrated two 

interfaces: TM1-TM2-EC1-helix8 and TM4-TM5-IL2 (Huang et al., 2013). The authors then verified the 

relevance of these interfaces using cysteine crosslinking experiments and demonstrated both interaction 

sites were physiologically-relevant. 
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While crystallisation can aid in the identification of putative dimerisation sites, it cannot compete with the 

ability of traditional experimental approaches to replicate the complex biological environment of cell 

membranes. One such method is to introduce peptide sequences which are identical to a known 

segment of the receptor of interest. If this peptide contains the dimerisation interface, then it will compete 

with the full-length receptors, thus preventing normal dimerisation. This approach has been used for 

studies of the β2-adrenergic receptor (Hebert et al., 1996) and leukotriene BLT1 receptor (Banères et al., 

2003), both of which found peptides homologous to TM6 disrupted homodimerisation. The second 

method alters the full-length receptor, by mutating putative dimer interaction sites in an attempt to either 

increase or decrease dimerisation. This strategy was used to elucidate the interfaces of the A2A-CB1-D2 

oligomer, demonstrating that the cytoplasmic end of TM5 in A2A interacts with the C-terminus of CB1, 

the IL3 of CB1 interacts with the IL3 of D2, and the cytoplasmic end in TM5 of D2 interacts with the C-

terminus of A2A (Navarro et al., 2010). Another method is to use cysteine cross-linking, generally by 

substituting cysteine residues through mutagenesis. The homodimer interface of the muscarinic M3 

receptor homodimer was identified this way, with cysteine substitutions in TM5 and IL3 stabilising this 

interaction (Hu et al., 2012).The dopamine D2 homodimer was found, through crosslinking experiments, 

to have an interface at TM4. While some residues in this helix cross-linked under all conditions, some 

were sensitive to receptor activation state, as controlled by agonist and inverse agonist application (Guo 

et al., 2005). The serotonin 5-HT2C receptor homodimer was shown using cysteine crosslinking to have 

several interfaces. Crosslinking between TM4 and TM5 was found to be sensitive to receptor activation 

state, with agonist promoting more interaction at this location, while the TM1 interface was insensitive to 

receptor activation (Mancia et al., 2008).  

Evidence for GPCR heterodimers in vivo 
It is considerably easier to demonstrate the existence of oligomers in vitro than it is to prove their 

existence in vivo. However, several techniques have been used to successfully determine the presence 

and location of GPCR heterodimers in vivo. 

Bivalent ligands are drugs which have been designed to bind to two receptors simultaneously. Two 

pharmacophores, one specific to each receptor in the heterodimer, are separated by a linker sequence 

(Shonberg et al., 2011). The intention is that each pharmacophore will bind to its receptor, with the linker 

acting as a tether to stabilise the dimer-ligand assembly (Berque-Bestel et al., 2008). As the ligand binds 

in two locations, it would have an increased apparent affinity for the heterodimer compared to each 

receptor alone. This technique was used to identify and characterise δ-κ opioid receptor dimers in a 

transgenic cell line (Xie et al., 2005) and the spinal cord of mice (Bhushan et al., 2004). This provided 

evidence that the δ1- and κ2-opioid receptor subtypes were, in fact, simply the phenotypes of δ- and κ-

opioid receptors in the heterodimeric state (Bhushan et al., 2004). Indeed, if specific bivalent ligands can 

be developed, they can be used as pharmacological tools, labelled as fluorescent or radiographic 

probes, or as a therapeutic agent.  

Ligand-FRET has also been used to visualise GPCR oligomers, using two receptor ligands tagged with 

an energy donor and acceptor, analogous to the FRET assays described above. Thus ligand-FRET can 

be performed without the addition of fluorescent tags to the receptors. This approach has been used to 

demonstrate dopamine D1-D3 heterodimers in a transfected cell line, albeit still requiring genetic fusion 
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tags (Hounsou et al., 2015). But, more importantly, ligand-FRET has also been used to demonstrate 

oxytocin homodimers in endogenously-expressing tissues (Albizu et al., 2010). Labelled ligands were 

applied to tissue sections, and then visualised to detect a FRET interaction. This approach gave similar 

results to the oligomers observed in transgenic cell lines (Albizu et al., 2010). Another method, which 

relies on the availability of specific antibodies, is the proximity ligation assay. In this assay, antibodies to 

each receptor are labelled with a short single-stranded DNA tag, which form complimentary double-

stranded DNA structures that can then be amplified for visualisation. This has been used to show 

dopamine D2-adenosine A2A heterodimers in mouse striatum slices (Trifilieff et al., 2011). 

Application to therapeutics 

GPCR heterodimers generally have a more restricted tissue distribution than their component receptors. 

Thus, therapeutics focusing on heterodimers may offer the opportunity to selectively target a specific 

subset of receptors within the body and exploit dimer-specific signalling pathways. For example, the 

adenosine A2A-dopamine D2 heterodimer is being pursued as a target in Parkinson’s disease, with the 

combination of an A2A antagonism and D2 agonism being suggested as particularly useful (Beggiato et 

al., 2014; Jörg et al., 2014a; Jörg et al., 2014b). 

 

Cannabinoid receptor 1 signalling and therapeutic indications  
CB1 is a GPCR which is found throughout the central nervous system and responds to endogenously-

produced cannabinoids (endocannabinoids). In neurons, CB1 is predominantly located presynaptically 

(Katona et al., 1999). These receptors are activated when endocannabinoids, such as anandamide and 

2-arachidonoylglycerol, are primarily released during retrograde neurotransmission (i.e. are released 

from the postsynaptic cell to act on the presynaptic cell) (Castillo et al., 2012). This results in an inhibition 

of presynaptic neurotransmitter release, thus suppressing anterograde synaptic transmission (Diana et 

al., 2002; Kreitzer et al., 2001; Ohno-Shosaku et al., 2001; Wilson et al., 2001; Yoshida et al., 2002). 

CB1 Gαi signalling 
CB1 is primarily classified as a Gαi-coupled receptor (Felder et al., 1995; Howlett et al., 1986; Matsuda et 

al., 1990), with a signalling profile which, on the whole, reflects the canonical Gαi pathways. The 

traditional test for Gαi-dependence in a cell signalling assay is to pre-treat cells with pertussis toxin. This 

ADP-ribosylates the Gαi subunit, preventing Gαi turnover (Milligan, 1988). Using this approach, CB1 has 

been shown to inhibit the activity of adenylate cyclases, thus reducing cAMP production, via activation of 

Gαi proteins (Matsuda et al., 1990). cAMP modulates the activity of cAMP-dependent protein kinase A, 

phosphodiesterases, and ion channels (Antoni, 2012), therefore making it a key molecule in the control 

of cellular metabolism. 

CB1 also increases ERK phosphorylation (pERK). In most cells, CB1-mediated pERK stimulation is 

sensitive to PTX, but mediated by the Gβγ subunit (Bouaboula et al., 1995). The specific mechanisms 

and consequences of CB1’s pERK response likely vary by cell type. For example, in cultured cortical 

neurons, an early wave of pERK is reportedly Gαq-derived, with a second, Gαi-derived pERK signal after 

15 minutes (Asimaki et al., 2011). In hippocampal slices pERK is downstream of cAMP inhibition and 

unaffected by blockade of phosphoinositol-3-kinase (Derkinderen et al., 2003), while in other cell types 
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this is not the case (Bouaboula et al., 1997; Bouaboula et al., 1995). There have also been studies which 

suggest CB1 may induce ERK phosphorylation through activation of receptor tyrosine kinases. CB1 

activation of Gαi resulted in transactivation of vascular endothelial growth factor receptor, inducing pERK 

(Rubovitch et al., 2004). Further complicating matters, Fyn (a tyrosine kinase from the Src family) 

appears to mediate the CB1 pERK signal in the hippocampus, as Fyn knock out mice do not show a 

CB1-mediated pERK response (Derkinderen et al., 2003), and contributes to the Gαi-mediated pERK 

signal seen in hippocampal neurons (Asimaki et al., 2011). Other kinase cascades are also mediated by 

CB1 signalling through Gαi, namely the activation of JNK (Rueda et al., 2000) and protein kinase B/Akt 

(Gómez et al., 2000). 

Receptor activation inhibits N-type (Mackie et al., 1992; Pan et al., 1996), L-type (Gebremedhin et al., 

1999), P/Q-type (Twitchell et al., 1997), and T-type (Chemin et al., 2001) calcium channels, and activate 

potassium channels (Ho et al., 1999; Mackie et al., 1995; McAllister et al., 1999). Since presynaptic 

neurotransmitter release is calcium-dependent, inhibition of calcium channels (either directly, or indirectly 

following potassium channel activation) reduces anterograde neurotransmission (Daniel et al., 2004; de 

Jong et al., 2009). CB1 Gαi signalling inhibits N-type calcium channels in neuronal cell lines (Mackie et 

al., 1992; Pan et al., 1996); L-type in arterial smooth muscle and nucleus tractus solitarius neurons 

(Endoh, 2006; Gebremedhin et al., 1999); and P/Q-type in hippocampal and Purkinje neurons (Fisyunov 

et al., 2006; Twitchell et al., 1997). Pertussis toxin abolishes CB1’s effects on potassium ion channels, 

specifically G protein-coupled Inwardly Rectifying K+ (GIRK) channels, although this appears to be 

mediated by Gβγ and cAMP signalling (Ho et al., 1999; Mackie et al., 1995; McAllister et al., 1999; 

Yamada et al., 1998). In nonpigmented ciliary epithelial cells (which endogenously express CB1), Gβγ-

mediated pERK leads to activation of Cl- currents (Shi et al., 2003). 

CB1 alternative signalling – Gαs, Gαq, Gα12/13, Gαz 
Although CB1 is typically described as a Gαi-linked GPCR, there is a strong body of literature suggesting 

that this is not the case in all cell types and pharmacological conditions. There is robust evidence that 

CB1 is capable of activating non-Gαi-type signalling pathways. The most frequently reported “secondary” 

signalling pathway of CB1 is through Gαs, first reported in medium spiny neurons (Glass et al., 1997). 

This signalling pathway can be unmasked by either pharmacological treatment with D2 receptor agonists 

(discussed below), or use of pertussis toxin, which prevents Gαi signalling (Glass et al., 1997; Kearn et 

al., 2005). Alternatively, the Gαs component can be removed by treatment with anti-Gαs antibodies 

(Bash et al., 2003). 

Gαq coupling by the CB1 receptor has also been reported. Activation of this G protein subtype activates 

phospholipase C and its downstream signalling cascade, resulting in Ca2+ release from the endoplasmic 

reticulum into the cytoplasm. One CB1 agonist is particularly efficient in eliciting this functional effect – 

WIN55,212-2. Application of relatively high (5 μM) concentrations of this agonist to hippocampal neurons 

or transfected HEK293 cells has been shown to cause a large increase of cytosolic Ca2+ (Lauckner et al., 

2005). This effect was abolished by co-application of SR141716A, a specific CB1 inhibitor, and was 

significantly reduced by the expression of a dominant-negative Gαq construct (Lauckner et al., 2005). 

CB1 might also signal through Gα12/13 pathways. This signalling pathway is the least characterised G 

protein pathway, but is known to primarily act as a regulator of actin cytoskeleton, thereby controlling cell 
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morphology, through the small GTPase RhoA (Suzuki et al., 2003). Anandamide was shown to induce 

rounding of B103 rat neuroblastoma cells, in a manner consistent with Gα12/13 protein coupling 

(insensitive to PTX-treatment, but sensitive to treatment with a Rho inhibitor (Ishii et al., 2002)). Lastly, 

there is in vivo data suggesting that CB1 may also couple to Gαz (a Gαi/o-related G protein) in neurons 

(Garzon et al., 2009). Gαz knockdown mice showed attenuated cannabinoid-mediated tolerance to 

analgesia compared to wildtype animals (Garzon et al., 2009). 

Arrestin interactions 
Arrestin recruitment by CB1 is still relatively uncharacterised. In cultured cells, CB1 is generally observed 

to weakly interact with β-arrestin1 (Jin et al., 1999) and β-arrestin2 (Daigle et al., 2008; Gyombolai et al., 

2013), and these interactions can be altered by the allosteric modulator ORG27569 (Ahn et al., 2013). β-

arrestin1 has been found to couple CB1 to ERK and Src pathways, while β-arrestin2 is associated with 

receptor internalisation (Ahn et al., 2013). In smooth muscle cells, activation of ERK and Src pathways 

may be solely arrestin-dependent (Mahavadi et al., 2014), but these have been reported as G protein-

mediated in other cell types (Bouaboula et al., 1995; He et al., 2005).  

There is some evidence from animal studies that CB1-arrestin interactions are physiologically-relevant. 

β-arrestin2 knockout mice show an increased behavioural response to acute doses of Δ9-

tetrahydrocannabinol (THC) (Breivogel et al., 2008; Nguyen et al., 2012). Upon chronic systemic THC 

treatment, these β-arrestin2 knockout mice show changes in the development of tolerance, with an 

increase in the globus pallidus, but a decreased development of tolerance in the spinal cord (Nguyen et 

al., 2012). However, these knockout mice only have altered responses to THC, and not synthetic 

cannabinoids (including synthetic partial agonists) or endocannabinoids (Breivogel et al., 2008). Further 

evidence for cell-type specific arrestin interactions is the observation that chronic THC increases β-

arrestin1 protein expression only in specific regions of the mouse brain (the striatum, cerebellum and 

hippocampus) (Rubino et al., 2006). 

Therapeutic applications of cannabinoids at CB1 

Cannabis, containing phytocannabinoids, has a long history of use as a traditional remedy, but 

pharmaceutical formulations have also been tested and regulated. The pharmaceutical formulation of 

THC is called dronabinol, and has been studied and used extensively as a treatment for a wide range of 

disease states, including anorexia related to human immunodeficiency virus/acquired immune deficiency 

syndrome (Lutge et al., 2012), cancer chemotherapy-related nausea and vomiting (Machado Rocha et 

al., 2008), and chronic pain (de Vries et al., 2014). Similar effects have been seen with nabilone, a 

synthetic cannabinoid (Campbell et al., 2001; Ware et al., 2008). Phytocannabinoid mixes, such as the 

THC-cannabidiol formulation nabiximols (trade name “Sativex”), have gained regulatory approval, and 

have been shown to be useful in the management of neuropathic pain (Nurmikko et al., 2007), spasticity 

in multiple sclerosis (Barnes, 2006; Novotna et al., 2011; Wade et al., 2010), and rheumatoid arthritis 

(Blake et al., 2006). A CB1 antagonist, rimonabant (also known as SR141716A), also reached the 

market, being approved for the treatment of obesity (Christensen et al., 2007; Gray et al., 2012), and 

undergoing clinical trials as an aid smoking cessation (Cahill et al., 2012). However, due to psychiatric 

adverse reactions, it was withdrawn from the market (Gray et al., 2012; Jones, 2008; Le Foll et al., 2009). 
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In general, the side effects of both agonists and antagonists appear to be due to general 

activation/inactivation of CB1 and other as-yet unidentified cannabinoid receptors (Howlett et al., 2004). 

Nevertheless, there is still interest in developing cannabinoid drugs which target CB1 to treat many 

disease states. There is also some accumulated evidence that cannabinoids may have therapeutic 

benefits in movement disorders, including tic disorders (Müller-Vahl et al., 1998; Müller-Vahl et al., 2002; 

Müller-Vahl et al., 2003); dystonia in animals (Richter et al., 2002; Richter et al., 1994) (but not humans 

(Fox et al., 2002; Zadikoff et al., 2011)); and tremor and spasticity in multiple sclerosis (Baker et al., 

2000; Clifford, 1983; Collin et al., 2010; de Lago et al., 2006; Zajicek et al., 2003) (although not in all 

human studies (Fox et al., 2004)).There is also mixed evidence for a therapeutic role of CB1 in 

Parkinson’s disease, where CB1 mRNA is reduced in the human caudate nucleus, and parts of the 

putamen and globus pallidus (Hurley et al., 2003), with increased CB1 receptor-mediated G protein 

turnover in these areas and the substantia nigra (Lastres-Becker et al., 2001). CB1 protein expression is 

increased in the caudate nucleus and the putamen (Lastres-Becker et al., 2001). In rat models CB1 

mRNA and expression is either unchanged or slightly increased (Romero et al., 2000). In cell culture 

model, the protective effect of THC was not mediated by CB1 (Carroll et al., 2012; Lastres-Becker et al., 

2005). In a mouse model of Parkinson’s disease, WIN55,212-2 did improve pathogenesis, but this was 

not mediated through CB1 receptors (Price et al., 2009). Meanwhile, in a rat model of the disease, 

concurrent treatment with a D2 receptor agonist and a CB1 receptor inverse agonist improved symptoms 

(Di Marzo et al., 2000), as did CB1 inverse agonist alone (Garcia-Arencibia et al., 2008). Controlled 

studies in humans have not shown that cannabinoids offer much benefit for the motor symptoms of 

Parkinson’s disease, or levodopa-induced dyskinesias (Carroll et al., 2004; Chagas et al., 2014; 

Mesnage et al., 2004), with one exception (Sieradzan et al., 2001).  

Huntington’s disease has been a key focus for cannabinoid research. CB1 levels decline very early in the 

pathogenesis of Huntington’s disease (Glass et al., 2000; Van Laere et al., 2010), an effect replicated in 

experimental animal models of the disease (Chiodi et al., 2012; Lastres-Becker et al., 2002). CB1 

knockout mice have an accelerated pathogenesis, in a toxin-induced model of Huntington’s disease 

(Mievis et al., 2011). In a cell line model, CB1 signalling through Gαs proteins was found to increase cell 

death, while Gαi was found to be protective (Scotter et al., 2010). Consistent with this finding, 

SR141716A, a selective CB1 inverse agonist, was found to increase neurodegeneration (Lastres-Becker 

et al., 2003), presumably through preventing the Gαi coupling of CB1. Other animal studies suggest 

there may be some benefit to cannabinoid-targeted treatment, for example by endocannabinoid uptake 

inhibitors (de Lago et al., 2006; Lastres-Becker et al., 2002) or inhibiting endocannabinoid degradation 

(Dowie et al., 2010), which would be expected to increase the concentration of endocannabinoids. 

However, exogenous agonist application provide mixed results in some animal models, with reports of no 

effect (Dowie et al., 2010), or moderate effect (Lastres-Becker et al., 2003; Pintor et al., 2006; 

Valdeolivas et al., 2012), depending on the ligand. In human patient populations (albeit with small sample 

sizes), some benefits were found for nabilone treatment (Curtis et al., 2009), but not cannabidiol 

(Consroe et al., 1991), although it is unclear which receptors these ligands are acting through.  
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CB1 homodimers and heterodimerisation partners 
CB1 can form both homodimers (Wager-Miller et al., 2002), and heterodimers with a number of other 

GPCRs. These heterodimers include the β2-adrenergic (Hudson et al., 2010b), μ-opioid (Hojo et al., 

2008; Rios et al., 2006), and orexin OX1 (Ellis et al., 2006) receptors. CB1 can also heterodimerise with 

the dopamine D2 receptor, with a distinct functional phenotype. Here, we will focus on this interaction. 

Interactions between the cannabinoid and the dopamine systems 
There is considerable behavioural evidence that the cannabinoid and dopamine systems interact in the 

rodent and human brain, affecting motor functioning and the reward pathway. Dopamine receptors are 

either D1-like or D2-like, with D1-like receptors increasing, and D2-like decreasing adenylate cyclase 

activity. Behavioural responses to activation of D1 and D2 receptors differ, and CB1 is capable of 

modulating both D1- and D2-derived motor responses (Martín et al., 2008), however this review will 

focus on the CB1-D2 interaction. CB1 and D2 are co-localised in GABAergic synapses in the prefrontal 

cortex (Chiu et al., 2010) and the nucleus accumbens (Pickel et al., 2006). 

Dopamine D2 receptors 

Dopamine D2 receptors come in two splice variants, the short and long isoforms, which vary by the 

length of IL3 (Castro et al., 1993; De Mei et al., 2009; Tan et al., 2003). This review will focus on D2L, 

which is the primary isoform in the striatum (Wang et al., 2000). D2 receptors are Gαi-linked, thereby 

inhibiting adenylate cyclase activity and reducing cAMP through both Gα and Gβγ subunits (Albert et al., 

1990; Neve et al., 2004; Sidhu et al., 2000). These receptors can also couple to Gαz, although Gαi/o 

coupling is predominant in the mouse brain and cell lines (Jiang et al., 2001; Neve et al., 2004; Watts et 

al., 1998). These receptors also activate pERK (Faure et al., 1994; Kim et al., 2004), JNK (Luo et al., 

1998), and inwardly rectifying potassium channels (Surmeier et al., 1993); inhibit the activity of L, N, and 

P/Q-type calcium channels (Hernández-López et al., 2000; Neve et al., 2004; Seabrook et al., 1994; Yan 

et al., 1997); and several other effectors (Neve et al., 2004). D2 signalling also leads to Gβγ-mediated 

phospholipase C activation, leading to calcium mobilisation and arachidonic acid release (Kanterman et 

al., 1991; Neve et al., 2004). 

As well as D2 homodimer (Guo et al., 2003; Guo et al., 2008), D2 has been shown to heterodimerise 

with dopamine D1 (Dziedzicka-Wasylewska et al., 2006; George et al., 2007), adenosine A2A (Fuxe et 

al., 2005),and CB1 receptors (Kearn et al., 2005). 

CB1-D2 interactions in vivo 
CB1 and D2 primarily interact in the movement pathways. In the striatum, D2 receptors are expressed on 

neurons of the indirect pathway, providing inhibitory connections to the external globus pallidus 

(Svenningsson et al., 2000). In rodents, activation of D2 produces oral stereotypies and horizontal 

locomotion, while more complex behaviours, such as grooming, are controlled by D1 receptors on 

neurons of the direct pathway (Giuffrida et al., 1999).  

Treatment with cannabinoids increases the production of dopamine in the striatum (Bossong et al., 

2009), and activation of D2 receptors increases endocannabinoid release (Giuffrida et al., 1999). 

Activation of either receptor inhibits neurotransmission (Robbe et al., 2001; Robbe et al., 2002; Ronesi et 

al., 2005), presumably because CB1 and D2 signal through very similar pathways. 
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In general, exogenous cannabinoids reduce dopamine-mediated behaviour (Rodriguez de Fonseca et 

al., 1998), as does blocking the endocannabinoid uptake transporter (Beltramo et al., 2000). Although the 

opposite has also been reported, where an increase in motor activity seen upon application of 

cannabinoid agonists to the striatum (Sanudo-Pena et al., 1998). When administered systemically, the 

D2-selective agonist quinpirole increases movement (Eilam et al., 1989a; Eilam et al., 1989b). As CB1 

activation results in dopamine release, it is unsurprising that pretreatment with or co-administration of 

CB1 agonists exacerbates the increased motor activity which is induced by D2 agonists (Ferre et al., 

2009; Giuffrida et al., 1999; Martín et al., 2008).  

Apart from the control of movement, CB1 and D2 interact in other pathways. For example, CB1 activation 

impairs working memory, and this impairment is increased by concurrent treatment with D2 agonists, and 

reduced by D2 antagonists (Nava et al., 2000). These receptors also interact in the reward pathways, as 

demonstrated in a rat model of alcohol addiction. In this model, CB1 and D2 activation by exogenous 

agonists have opposing effects, with CB1 agonists increasing relapse and D2 preventing it. The effect of 

CB1 agonism can be counteracted by concurrent antagonism of D2 (Alen et al., 2008).  

CB1 and D2 signalling have been found to be concurrently dysfunctional in a number of disease states. 

For example, schizophrenia is treated with antipsychotic drugs which target D2 receptors as antagonists 

(Geyer et al., 1993). D2 receptor expression has been found to be aberrant in patients with 

schizophrenia, with increased expression in the striatum in some patients (Hietala et al., 1994; Seeman 

et al., 1987), and decreased in anterior cingulate cortex and sub-regions of the thalamus (Takahashi et 

al., 2006; Yasuno et al., 2014). CB1 has been implicated in the pathology of schizophrenia, initially 

through observations that acute cannabinoid administration in healthy volunteers mimics some 

symptoms of schizophrenia (Emrich et al., 1997; Leweke et al., 1999b; Schneider et al., 1998; Skosnik et 

al., 2001), and that cannabinoid administration to schizophrenic patients worsens symptoms (Caspari, 

1999; Voruganti et al., 2001). The endocannabinoid system, and specifically CB1 expression, is also 

altered in schizophrenia (Dean et al., 2001; Leweke et al., 1999a; Zamberletti et al., 2012). In the rat 

social isolation model of schizophrenia, adolescent rats are raised in isolation, resulting in 

neurodevelopmental and behavioural changes similar to schizophrenia in humans (Fitzgerald et al., 

2013; Geyer et al., 1993; Malone et al., 2006; Zamberletti et al., 2012). Administration of cannabinoid 

agonists during the isolation phase exacerbates this pathological phenotype (Malone et al., 2006; 

Schneider et al., 2003), while CB1 antagonists improve outcomes (Zamberletti et al., 2012). Following 

isolation, administration of D2 antagonists counters the effect of adolescent cannabinoid exposure 

(Schneider et al., 2003). In this model, CB1 and D2 expression has been found to be unchanged in 

presynaptic terminals, although dendritic/postsynaptic D2 is selectively decreased when there is no 

presynaptic CB1 expression (Fitzgerald et al., 2013). In female mice (not modelling schizophrenia), 

subchronic treatment with antipsychotic drugs leads to a decrease in agonist-induced CB1 G protein 

activation without changing receptor number, although this is not observed in males (Wiley et al., 2008). 

As might be expected with their overlapping expression patterns, many of the movement disorders where 

CB1 is a therapeutic target also involve D2 dysregulation. For example, in Huntington’s disease, D2 

receptor expression declines alongside CB1 expression during the early stages of the pathology (Glass 

et al., 2000). Levodopa treatment for Parkinson’s disease functions to increase dopamine levels, but 

12 
 



often induces dyskinesias. CB1 agonists may act to counter this side effect, as has been seen in animal 

models (Morgese et al., 2009). 

CB1-D2 signalling interaction in cells 
In the striatal medium spiny neurons, knockdown of either CB1 or D2 receptors reduced the expression 

of the other (Blume et al., 2013), suggesting that protein levels are closely controlled by the activity of 

both receptors. As touched on earlier, the Gαs signalling phenotype of CB1 was first described in cells 

which endogenously express both CB1 and D2 (Glass et al., 1997). When these striatal medium spiny 

neurons were treated concurrently with CB1 agonist (HU210) and D2 agonist (quinpirole), forskolin-

induced cAMP production was increased, rather than decreased, despite both receptors being activated 

individually leading to a decrease in cAMP accumulation. This effect could also be replicated in HEK293 

cells (Kearn et al., 2005). This signalling switch has been found to be dependent on the co-expression of 

these two receptors (Jarrahian et al., 2004), leading to the hypothesis that this was due to a direct 

physical interaction between the two receptors i.e. heterodimerisation. 

CB1-D2 heterodimerisation 

Several experimental approaches have been used to demonstrate that CB1 and D2 coexist in a 

heterodimer. The first demonstration that the receptors were part of a multiprotein complex came from 

co-immunoprecipitation experiments (Kearn et al., 2005), followed by FRET (Carriba et al., 2008; 

Marcellino et al., 2008) and BiFC (Przybyla et al., 2010).  

The first co-immunoprecipitation experiments showed that the CB1-D2 heterodimer was predominantly 

transient, with a low level of basal dimer detected, which became significantly increased after short-term 

(7 minute) co-incubation with CB1 and D2 agonists (Kearn et al., 2005). However, recently a study has 

used co-immunoprecipitation to detect considerable constitutive heterodimer (Khan et al., 2014). As 

constitutive heterodimer has been reported many times using other techniques (Khan et al., 2014; 

Marcellino et al., 2008; Przybyla et al., 2010), this perhaps indicates that the co-immunoprecipitation 

conditions in the original study were unable to efficiently pull down the constitutive heterodimer. 

Longer-term drug incubations have also been tested by FRET, with no change to constitutive CB1-D2 

FRET efficiency after 45 minute incubation with CB1 and/or D2 agonists (Marcellino et al., 2008). FRET 

between CB1 and D2 was also reported as part of a study of adenosine A2A-CB1-D2 oligomers, where 

sequential BRET-FRET studies showed that both CB1 and D2 demonstrated a BRET interaction with 

A2A, and could then further transfer this energy via a FRET interaction to the third receptor (Carriba et 

al., 2008; Navarro et al., 2010). Another indication that these three receptors oligomerise comes from a 

BiFC-BRET study, in which A2A and CB1 had a BiFC interaction, and this fluorophore was used as the 

acceptor in a BRET interaction with D2 (Navarro et al., 2008b). However, neither of these studies 

investigated the effects of drug treatment on oligomer stability. Data also suggest that CB1 and D2 can 

exist in mosaics, containing the adenosine A2A receptor and metabotropic glutamate receptor mGlu5, 

which is discussed elsewhere (Agnati et al., 2010a; Navarro et al., 2008b; Navarro et al., 2010) 

Multicolour BiFC was used to investigate competition between D2-D2 and CB1-D2 dimers, both of which 

were determined to be formed constitutively (Przybyla et al., 2010). This study found that long-term (20 
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hour) treatment with either a CB1 agonist or D2 agonist drove formation of CB1-D2 heterodimer over D2-

D2 homodimer. This effect was replicated with the expression of a constitutively active CB1 mutant. 

Two previous studies have identified sites for the CB1-D2 heterodimer interface. These include 

intracellular loop 3 (residues T321 and S322) of CB1 and the intracellular loop 3 of D2 (Navarro et al., 

2010), as determined by a reduction in FRET efficiency; and the CB1 C terminus (C417-S431 in rat, 

which is identical throughout to human C415-S429) with D2 intracellular loop 3 (Khan et al., 2014), as 

defined by peptide interference in co-immunoprecipitation.  

 

Aims and hypotheses 
Current evidence indicates that CB1 and D2 receptor interact, most likely as a heterodimer, in neurons of 

the striatum. Because this brain region is affected in several disease states, they offer an attractive target 

for drug development. However, in order to embark on rational drug design, the CB1-D2 heterodimer 

requires more investigation into its function. Therefore, this thesis aims to explore the functional 

interactions of these receptors, from the assumption that they form a physically-interacting heterodimer. 

Aim 1: Optimise a BRET assay to detect CB1-D2 heterodimerisation, and use this to investigate 
features of the constitutive and ligand-driven dimerisation states 
Several studies have demonstrated constitutive CB1-D2 heterodimerisation (Carriba et al., 2008; Khan et 

al., 2014; Marcellino et al., 2008; Przybyla et al., 2010), although only one study has looked for, and 

found, ligand-dependent dimerisation (Kearn et al., 2005). BRET allows real-time measurement of 

protein interactions, making it a suitable method to observe dynamic changes in receptor 

heterodimerisation interactions. First, a BRET assay needed to be developed to determine whether 

constitutive heterodimer formation could be observed in the HEK293 FT cell line, using a rationalised 

experimental design (Chapter 3). Then the optimised method was utilised to determine whether the 

BRET approach could detect heterodimerisation modified by agonist co-stimulation. Finally, the BRET 

assay was utilised to explore a predicted CB1-D2 dimer interface through receptor mutation studies 

(Chapter 4). 

Aim 2: Examine CB1-D2 trafficking interactions and the phenotypic changes of the D2 receptor 
based on co-expression with CB1  
While the signalling ramifications of CB1/D2 heterodimer interactions have been extensively investigated, 

it has also been demonstrated for many GPCR heterodimers that dimer formation alters receptor 

trafficking profiles, affecting both constitutive and ligand-driven receptor trafficking. To date no studies 

have investigated this effect in the CB1-D2 heterodimer. Therefore, the expression and trafficking 

phenotypes of CB1 and D2 were investigated in transfected HEK293 cells (Chapter 5). These studies 

produced the unexpected finding that CB1 expression appeared to stabilise the expression of D2 

receptors in the HEK cells, therefore this was further investigated (Chapter 6)  

Aim 3: Explore the role of CB1 in the altered cAMP signalling of the CB1-D2 heterodimer 
The initial hypothesis put forward by Glass et al (1997) suggested that the cAMP signalling profile of co-

stimulated CB1 and D2 receptors was due to the receptors competing for Gαi proteins (Glass et al., 
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1997). When Gαi proteins are limited, CB1 couples to Gαs instead, which manifests as a “switch” from 

inhibiting to stimulating cAMP synthesis. Thus, following this theory, co-expression of any Gαi-linked 

GPCR with CB1 would replicate this phenotype. However, no studies have yet tested this hypothesis. 

For this reason, the relationship between CB1 expression level and cAMP signalling phenotype (without 

D2) was explored, in an attempt to replicate the CB1-D2 signalling phenotype (Chapter 7). 
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2.  General methods 
 

Materials 
 

Cells were grown in culture reagents (Dulbecco’s modified Eagle medium (DMEM), foetal bovine serum 

(FBS), Hank’s balanced salt solution (HBSS), bovine serum albumin (BSA), poly-L-lysine, G418 and 

zeocin) supplied by Life Technologies (CA, USA) or Sigma-Aldrich (Australia), on plasticware supplied by 

Corning (NY, USA). Unless otherwise stated, receptor cDNA constructs were purchased from Missouri 

cDNA Resource Center (MO, USA). Drugs (forskolin, CP55,940, WIN55,212-2, delta-9-

tetrahydrocannabinol (THC), quinpirole, raclopride) were obtained from Tocris Bioscience (UK) and 

Sigma Aldrich (Australia), with the exception of human PACAP (residues 1-27; GenScript, NJ, USA). 

Coelenterazine h was purchased from Promega (WI, USA) and Nanolight (AZ, USA). 

 

Molecular biology 

GPCR constructs for transient and stable transfections 
This thesis utilises a range of plasmid constructs encoding G protein-coupled receptors (GPCRs). With 

the exception of those used in Chapters 3 and 4, these plasmids were previously prepared in the 

Receptor Signalling Laboratory. For reference, the GPCR constructs used for transfections are described 

in Table 2.1. GPCR constructs used in bioluminescence resonance energy transfer (BRET) experiments 

are detailed in Chapters 3 and 4. 

V8-CAMYEL plasmid construction 

The Venus-Rluc8 variant of “cAMP sensor using YFP-Epac-Rluc” (V8-CAMYEL) plasmid was 

constructed by Gibson Assembly (New England Biolabs, MA, USA) using PCR products generated using 

KAPA HiFi polymerase (KAPA biosystems, MA, USA), following the manufacturers' protocol. Venus was 

amplified from Venus-pcDNA3 (Kevin Pfleger, University of Western Australia, Australia); Rluc8 from 

Rluc8-pcDNA3.1+ (Sanjiv Sam Gambhir, Stanford University, CA, USA); EPAC exon 1 and the 

pcDNA3L-His plasmid backbone were from pcDNA3L-His-CAMYEL (American Type Culture Collection 

(ATCC), VA, USA).   
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Table 2.1 Plasmid constructs for stable and transient transfection of GPCRs. 

Annotation in text Coding region Vector Source 

3HA-hCB1 Human CB1, with three HA 

tags at the N-terminus 

pEF4a As described in (Cawston et al., 

2013; Grimsey et al., 2010) 

PPLSS-3HA-hCB1 3HA-hCB1 as above, with a 

preprolactin signal sequence 

at the N-terminus 

pEF4a As described in (Grimsey et al., 

2010) 

3HA-hCB2 Human CB2, with three HA 

tags at the N-terminus 

pEF4a As described in (Grimsey et al., 

2011) 

flag-hD2 Human D2, with one flag tag 

at the N-terminus 

pcDNA3.1+ D2 in pcDNA3.1+ from Missouri 

cDNA (cat. #DRD0200001); 

flag tag (DYKDDDDK) introduced 

by PCR 

 

 
Table 2.2 Cell lines utilised. 

Annotation in 
text 

Parental cell 
line 

Stably-
expressed 
transgenesa 

Maintenance 
antibiotics 

Source 

HEK FT HEK293 FT n/a G418 Kevin Pfleger, University 

of Western Australia, 

Australia 

HEK wt HEK293 n/a n/a ATCC (cat. CRL-1573) 

HEK 3HA-hCB1 HEK293 3HA-hCB1 Zeocin 350 μg/ml As described in 

(Cawston et al., 2013) 

HEK 3HA-hCB1 

/flag-hD2 

HEK 3HA-hCB1 3HA-hCB1,  

flag-hD2 

Zeocin 350 μg/ml, 

G418 400 μg/ml 

Generated by 

transfection of flag-hD2 

into the HEK 3HA-hCB1 

clonal cell population. 

HEK 3HA-hCB2 HEK 293 3HA-hCB2 Zeocin 350 μg/ml As described in (Grimsey 

et al., 2011) 

HEK-V8-

CAMYEL 

HEK293 FlpIn V8-CAMYEL G418 400 μg/ml HEK293 FlpIn cells 

(Invitrogen, cat. R750-

07), transfected with V8-

CAMYEL. 
a Refer to Table 2.1 
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Cell culture 
 

All HEK wildtype (wt) cells were cultured in DMEM + 10% FBS, at 37 °C in 5% CO2. Stable cell lines 

were generated utilising the constructs described in Table 2.2, by transfection with Lipofectamine 2000 

(Invitrogen, CA, USA) following the manufacturer’s instructions. Cells expressing the protein of interest 

were selected, using zeocin 350 μg/ml (for pEF4a vectors) and G418 550 μg/ml (for pcDNA3.1-derivative 

vectors). Clonal cell populations were isolated by the colony picking method and validated for receptor 

expression by immunocytochemistry and maintained in antibiotics as described in Table 2.2. Stably 

transfected cell lines were used in Chapters 5, 6 and 7. 

HEK FlpIn cells (Invitrogen, CA, USA) were stably transfected with the V8-CAMYEL biosensor 

(described below), using the pcDNAL-His-V8-CAMYEL plasmid and Lipofectamine 2000 (Invitrogen, CA, 

USA) transfection reagent, following the manufacturer’s protocol. This construct was transfected using 

the standard, random-integration transfection method, so that the FlpIn site remained available for future 

transfection. Cells were grown in DMEM + 10% FBS, with 400 μg/ml G418 as a selection antibiotic. 

Clonal cell populations were isolated by the colony picking method and validated for Venus expression 

by microscopy. 

 

Transient transfections 

Polyethylenimine transfections 
HEK FT cells were transiently transfected using the polyethylenimine (PEI) method in 6-well plates. 

Plasmid DNA was mixed at a 1:6 ratio with PEI (Polysciences, Taiwan) in 150 mM NaCl, and after a 10 

minute incubation was applied to the media of cells at approximately 50% confluency. Twenty four hours 

after transfection, cells were replated at a density of 30,000-60,000 cells/well in poly-L-lysine-treated 

white 96-well plates (Perkin Elmer, MA, USA) for BRET assays, and clear 96-well plates (Nunc, 

ThermoFisher Scientific, MA, USA) for immunocytochemistry. Cells were assayed (as below) 48 hours 

after transfection.  

Lipofectamine 2000 transfections 

HEK cells, stably transfected with various constructs, were transiently transfected in 96-well plates or 100 

mm dishes using Lipofectamine 2000, following the manufacturer’s protocol. Experiments were 

performed 48 hours after transfection. 

 

cAMP assays 
 

Cytoplasmic cAMP signalling was measured in live cells using a cAMP biosensor. The ‘cAMP sensor 

using YFP-Epac-Rluc’ (“CAMYEL”) biosensor was developed by Jiang et al. (2007), and purchased from 

ATCC. In this biosensor, cytoplasmic cAMP concentration is indicated through changes in 

bioluminescence resonance energy transfer (BRET) signal, which can be measured in real time in live 
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cells (see Figure 2.1). A variant biosensor, V8-CAMYEL, was developed for use in this thesis, because 

cell number was limited in several of the experiments (particularly Chapter 7). V8-CAMYEL contains a 

modified luciferase and acceptor fluorophore, in order increase the bioluminescent output of the 

biosensor and better exploit the sensitivity range of standard luminescence plate readers. The luciferase 

was changed to the luciferase mutant “Rluc8” (Loening et al., 2006) and the fluorescent acceptor was 

changed to Venus (Nagai et al., 2002) and the resulting construct named “V8-CAMYEL” (Figure 2.1).    

 

Figure 2.1 Design of the V8-CAMYEL cAMP biosensor. 

The BRET pair in V8-CAMYEL is separated by the cAMP sensor ‘Epac’. I.) When no cAMP is bound, 

resonance energy transfer can occur between Rluc8 and Venus. II.) When cAMP is present in the Epac 

binding site, Rluc8 and Venus are further apart, and energy transfer is reduced. 

 

Validation of the V8 CAMYEL biosensor 

To determine that the V8-CAMYEL biosensor acted equivalently to the original CAMYEL construct, 

cAMP assays were performed using both biosensors. The HEK 3HA-hCB1 cell line was transiently 

transfected with either the CAMYEL or V8-CAMYEL construct using PEI, as described above. Cells were 

assayed for changes in cytosolic cAMP as described below. Area under the curve measurements were 

taken across 20 minutes. In the case of PACAP, data were collected 5 minutes after agonist addition for 

15 minutes. Signal-to-noise ratios were calculated by dividing the mean BRET ratio by the standard 

deviation, across all readings between 9-11 minutes after drug addition. This time point was chosen 

because drug responses were generally observed to be stable by this time, allowing a measurement of 

steady-state biosensor response. The results of these validation experiments are detailed in the 

Appendix. 

Preparation of cells for cAMP assays 

In Chapters 6 and 7, the V8-CAMYEL biosensor was used to measure changes in cytosolic cAMP. Cells 

were transfected using Lipofecamine 2000, as described above. In Chapter 6, cells were seeded at 

20,000-30,000 cells/well, transfected, and assayed in poly-L-lysine treated white 96-well plates. In 
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Chapter 7, cells were seeded and transfected in 100 mm dishes. Cells were harvested and plated on 

Nunc plates for immuno-labelling on the day of the cAMP assay (described in Chapter 7).   

Detection of cytosolic cAMP changes by BRET 
All cAMP assays were performed 48 hours after transfection. Cells were equilibrated with assay buffer 

(HBSS + 1 mg/ml BSA) for 30 minutes, and then incubated for a further 5 minutes with the luciferase 

substrate coelenterazine h to a final concentration of 5 μM. Drugs were then added, and luminescence 

was detected immediately in a VictorXLight plate reader (Perkin Elmer, MA, USA), using 460/25 nm and 

535/25 nm filter sets, with temperature control at 37°C.  

An inverse BRET ratio was calculated by dividing the donor signal by the acceptor signal, such that 

higher BRET ratio reflects more cytoplasmic cAMP concentration. Inverse BRET ratio responses for 15-

20 minutes were measured, and plotted as a function of time. The overall response over time was 

determined by an area under the curve calculation, representing the cumulative cAMP response. Data 

was processed and graphed using Prism (version 6, GraphPad, CA, USA), and agonist responses 

normalised to Vehicle (0%) and forskolin (100%). 

 

General immunocytochemistry 

Sample preparation 
Transiently- or stably-transfected cells were seeded in poly-L-lysine treated Nunc clear 96-well plates, 

and grown for 24 hours at 37 °C, 5% CO2. The various cell lines were seeded such that they were 50-

80% confluent at the time of antibody application. When cells were to be labelled with more than one 

antibody, they were applied simultaneously to the same wells if the antibodies were from different 

species, or separately on replicate samples when the antibodies were sourced from the same species. 

For experiments requiring specific labelling of the surface receptor population, cells were equilibrated 

with assay media (DMEM + 5 mg/ml BSA) for 30 minutes, then incubated with primary antibodies for 30 

minutes at 37 °C to label surface receptors. Cells were then washed twice with assay media before 

fixation with 50% methanol + 50% acetone at 4 °C, or 4% PFA at room temperature, for 10 minutes. For 

experiments requiring labelling of the total cell population, primary antibodies in phosphate buffered 

saline containing 1% normal goat serum, 0.1% Triton X-100, and 0.4 mg/ml thiomersal were applied after 

fixation. Secondary antibodies were then applied in the same buffer as above. Finally, DNA was stained 

with Hoechst in phosphate buffered saline containing 0.1% Triton X-100. 
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Table 2.3 Antibodies used in immunocytochemistry experiments. 

Antibody Species 
raised in 

Supplier (catalogue 
number) 

Dilution, live-
cell incubation 

Dilution, fixed-
cell incubation 

anti-HA 

monoclonal 

Mouse Covance, NJ, USA (MMS-

101P) 

1:500 1:1000 

anti-flag polyclonal Rabbit Sigma-Aldrich, MO, USA 

(F7425) 

1:400-1:500, 

depending on 

batch 

1:10,000 

anti-flag 

monoclonal (M2) 

Mouse Sigma-Aldrich, MO, USA 

(F1804) 

1:500-1:2000, 

depending on 

batch 

 

n/a 

anti-phospho-

p44/42 MAPK 

(Thr202/Tyr204)  

Rabbit Cell Signaling 

Technology, MA, USA 

(4370S) 

n/a 1:200 

anti-mouse, Alexa 

488 

Goat Molecular Probes, Life 

Technologies, CA, USA 

(A11029) 

1:300 1:400 

anti-mouse, Alexa 

594 

Goat Molecular Probes, Life 

Technologies, CA, USA 

(A11032) 

1:300 1:400 

anti-rabbit, Alexa 

594 

Goat Molecular Probes, Life 

Technologies, CA, USA 

(A11037) 

1:300 1:400 

 
 

Table 2.4 Filter sets used for Discovery-1 and ImageXpress Micro XLS microscopes. 

Fluorophore(s) 

Microscope 

Discovery-1 ImageXpress Micro XLS 

Hoechst Excitation: 325-375 nm 

Emission: 450-480 nm 

Dichroic mirror: 435 nm 

Excitation: 381-399 nm 

Emission: 412-455 nm 

Dichroic mirror: 403 nm 

Alexa Fluor 488 

Venus 

Excitation: 453-487 nm 

Emission: 505-565 nm 

Dichroic mirror: 495-500 nm 

Excitation: 461-490 nm 

Emission: 508-553 nm 

Dichroic mirror: 502 nm 

Alexa Fluor 594 Excitation: 540-580 nm 

Emission: 625-675 nm 

Dichroic mirror: 580 nm 

Excitation: 561-590 nm 

Emission: 612-643 nm 

Dichroic mirror: 604 nm 
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Image acquisition and analysis 
Images were acquired using the Discovery-1 and ImageXpress Micro XLS (both Molecular Devices, CA, 

USA) automated microscopes, at 10x magnification, with four sites imaged per well. All data for each set 

of experiments was acquired using the same microscope, to minimise any variation due to different 

microscope camera sensitivities. 

To analyse the number of cells labelled, images were analysed using the MetaXpress (version 5.3.0.4, 

Molecular Devices) “Multiwavelength cell scoring” function, or the MetaMorph (versions 6 and 10; 

Molecular Devices) “Cell scoring” functions. These functions identify each cell by nuclear Hoechst 

staining, followed by segmentation of one or both wavelengths of interest in a user-defined “nucleus and 

cytoplasm” area and provides staining intensity data for each individual cell in every image. Therefore 

these analyses provide data for each individual cell in each image.  

To analyse the average intensity of labelling across the total population of cells, images were processed 

using MetaMorph software (versions 6 and 10), using the “Total Grey Value Per Cell” method previously 

described by Grimsey, et al. (2008b). This analysis paradigm measures fluorescent antibody labelling 

above a user-defined background, and averages it across the total number of nuclei counted per image. 

This analysis provides labelling intensity results as a population average. 

 

Radioligand binding 

Whole cell radioligand binding 

Cells were seeded at 125,000 cells/well in 24-well plates and grown for 24-48 hours. Cells were then 

incubated for 30 minutes with assay buffer (DMEM + 5 mg/ml BSA), followed by 30 minutes with [3H]-

raclopride (Perkin Elmer, MA, USA) at 1.3 nM, with or without 20 μM unlabelled raclopride as a displacer. 

Assay buffer was removed and cells were washed twice in ice-cold phosphate buffer saline, then lysed in 

0.1 M NaOH for 10-20 minutes. Lysate samples were then mixed with IrgaSafe scintillation fluid 

(PerkinElmer, MA, USA) and scintillation events were measured for 2 minutes in a Wallac 1450 

MicroBeta TriLux (Perkin Elmer, MA, USA). Lysate samples were also assayed in DC protein assay 

(Biorad, CA, USA) to enable normalisation to protein concentration.  

Calculation of receptor number  

Receptor density was calculated either from the results of saturation binding assays, or from 

extrapolation from a single concentration of radioligand. The Kd of raclopride was determined 

experimentally as 2.0 nM (Hunter, 2010). 

When a single concentration of radioligand was utilised, total receptor number was determined using the 

following equation: 

Total receptors (fmol/sample) = Bmax =
B0 x (Kd + L)

L
 

Where: Bmax is maximum radioligand binding, B0 is specific radioligand binding in the assay conditions, 

Kd is the Kd of the radioligand, and L is the ligand concentration used in the experiment. 
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Statistics and data presentation 

Statistical analysis 
GraphPad Prism (version 6, GraphPad, CA, USA) and SPSS (version 21, IBM, NY, USA) were used to 

test for statistical significance. The Brown-Forsythe test for equal variance was performed to ensure 

parametric testing was appropriate. In all experimental designs where matching was applicable, 

paired/repeated measures testing was performed, in order to control for any minor variation in absolute 

results between replicate experiments. A t-test was used when two experimental results were to be 

compared. When experiments contained three or more conditions, one-way analysis of variance 

(ANOVA) was used to compare independent experiments. Post-hoc testing (Tukey’s or Dunnett’s 

multiple comparison tests) was performed as appropriate, with the specific test described in the Methods 

of each Chapter. Where the interaction between two factors was of interest, repeated measures two-way 

ANOVA was performed with Sidak’s multiple comparison post-test. 

Data presentation 

All graphs were generated in Prism (version 6), with the exception of Figure 7.2 which was generated 

using FlowJo (version 10, Tree Star, OR, USA). Data are shown as the mean and standard error of the 

mean (SEM) of a representative experiment, or combined data from multiple experiments (as 

appropriate), as indicated. 
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3.  Validation of BRET for studying CB1-D2 
dimerisation 

Introduction 
 

Interest in GPCR dimerisation has led to the use of biophysical principles for the measurement of such 

interactions. Resonance energy transfer (RET) techniques have considerably aided research into GPCR 

heterodimerisation, requiring only routine cloning techniques and relatively common instrumentation. 

These assays comprise two closely-related methods: Förster/fluorescent resonance energy transfer 

(FRET), and bioluminescent resonance energy transfer (BRET), differing only in their excitation energy 

source. Here, we will focus on BRET, in which two proteins of interest are fused to either a 

bioluminescent “donor” protein or a fluorescent “acceptor” protein. In studies of mammalian proteins, the 

bioluminescent donor is typically Renilla luciferase (Rluc), which produces light through enzymatic 

oxidation of a chemical substrate (coelenterazine) and the acceptor is typically Green Fluorescent 

Protein (GFP) or its yellow variant YFP (Pfleger et al., 2006b). In FRET, both the donor and acceptor are 

fluorescent proteins, such as cyan and YFP (Qian et al., 2014). In either case, the energy donor can 

transfer its energy to acceptor fluorophore, provided the excitation wavelength for the acceptor overlaps 

with the emission spectrum of the donor (Stryer, 1978). In a RET interaction, the excited state of the 

donor transfers its energy to the acceptor by a non-radiative mechanism, through dipole-dipole 

interactions, and without the emission/absorption of a photon (Stryer, 1978; Wolber et al., 1979; Wu et 

al., 1994). This “resonance” occurs only across very short distances, approximately 10 nm in the case of 

Rluc/YFP BRET (Pfleger et al., 2006b). Because energy transfer can only occur over such short 

distances, the presence of a RET interaction is highly suggestive of a physical association between the 

two proteins of interest (Pfleger et al., 2006a). 

While both FRET and BRET have been used extensively to study GPCR heterodimerisation, they have 

differing applications. In FRET, monochromatic light is applied to the sample to excite the donor 

fluorophore (Boute et al., 2002). This method of excitation gives a strong emission, making it appropriate 

for visualising protein interactions by microscopy (Padilla-Parra et al., 2012). Unfortunately, the excitation 

light also excites the acceptor fluorophore, as all currently-available FRET pairs have overlapping 

excitation properties (Padilla-Parra et al., 2012; Qian et al., 2014), resulting in data which requires careful 

analysis. FRET is also unsuitable for longer time-scale measurements, as fluorophore bleaching and cell 

phototoxicity limit total assay time (Pfleger et al., 2006a; Salahpour et al., 2012). Similarly, the emission 

spectra in FRET overlap considerably, making it difficult to separate the RET signal from the individual 

fluorophores (Padilla-Parra et al., 2012). In BRET, the excitation is specific to the donor luciferase, as the 

acceptor fluorophore cannot catalyse the oxidation of coelenterazine. This reduction in assay noise 

results in significantly increased sensitivity compared to FRET (Arai et al., 2001). The luminescence 

resulting from this reaction is not as bright as the fluorescence achieved with FRET, meaning that BRET 

imaging requires sensitive cameras and long exposure times (up to 7 seconds) (Ayoub et al., 2002; 
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Coulon et al., 2008; Xu et al., 2013). While the emission spectrum of the luciferase does overlap into the 

emission spectrum of the acceptor, this is to a lesser degree than FRET. BRET is well-suited for 

experiments requiring many samples because it can be easily measured using the sensitive detectors of 

a luminescence-capable plate reader (Boute et al., 2002). The aim of this Chapter was to develop a 

system to measure heterodimerisation which could be used for screening ligand interactions and 

mutated receptors (see Chapter 4), thus BRET was determined to be the more appropriate option. 

While observation of a positive BRET signal can represent strong evidence for dimerisation, experiments 

need to be designed carefully to minimise the possibility of a false-positive reading. The risk of observing 

nonspecific BRET interactions is thought to be increased when tagged receptor constructs are 

overexpressed (James et al., 2006). As well as BRET interactions, energy transfer can also occur 

through radiative energy transfer termed “fluorescence by unbound excitation from luminescence” 

(FUEL), whereby the acceptor fluorophore is excited not through RET, but by light emitted by the donor 

(Holland et al., 2014). Therefore at high expression levels, a measurable degree of FUEL can occur 

between proteins which are co-expressed, even if they are not in close proximity (Dragavon et al., 2014; 

Holland et al., 2014). Compounding this problem, some researchers report that unlikely 

heterodimerisation partners (such as those not normally found in the same cell type) will be identified in 

receptor overexpression systems simply as an artefact of overexpression (Ramsay et al., 2002; Salim et 

al., 2002; Vischer et al., 2008). In order to control for this possibility a valid approach is to include suitable 

negative controls, however this experimental design is not trivial. A commonly utilised and convenient 

negative control is simply the unconjugated acceptor fluorophore (GFP or YFP) (Achour et al., 2009; 

Cheng et al., 2001; Gandía et al., 2008; Kamiya et al., 2003; Levoye et al., 2009; Pfleger et al., 2003; 

Szalai et al., 2014), which is expressed in the cytoplasm as opposed to GPCRs, which are targeted to 

the membranous fractions of the cell. This makes it an imperfect control because a low proportion of the 

expressed cytoplasmic Venus is in proximity to the plasma membrane, therefore underestimating the 

local concentration of transmembrane proteins. 

In light of these risks several authors have developed experimental paradigms which aim to expose the 

difference between specific and nonspecific BRET signals. These assays are executed by transiently 

expressing the tagged receptor constructs at various ratios, and observing the change in BRET signal 

between the conditions. By far the most widely-used BRET experimental paradigm is the “saturation” 

assay (Pfleger et al., 2006b), thus there is a considerable body of literature to support this assay format. 

In this approach, the receptor tagged with the energy donor is expressed at a constant level, and the 

energy acceptor is expressed at increasing levels. This is designed to progressively fill all specific 

interaction sites on the donor receptor, the ability to saturate these sites being indicative of a genuine 

interaction. Less widely utilised is the “competition” assay, in which untagged receptors are transfected 

into cells containing the donor- and acceptor-tagged receptors; it is assumed that a resulting reduction in 

BRET represents competition for specific interaction sites (Pfleger et al., 2006b). James, et al. (2006), 

also introduced the “type I” and “type II” assay designs. A type I assay is similar to a saturation assay 

paradigm, except controls for protein expression density by “swapping out” donors for acceptors, yielding 

a linear relationship between true heterodimerisation and nonlinear relationships for nonspecific 

interactions. A type II assay is executed by expressing both proteins at the same ratio, but changing the 

total protein density; in the case of specific heterodimerisation, the observed BRET efficiency should 
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remain constant as dimers “find” each other regardless of the expression level (Felce et al., 2012; James 

et al., 2006). However these have not been widely validated in the literature. Recently, Felce et al. (2014) 

have described a protocol for a type III assay which is based on the format of a competition assay but 

accounts for any changes in the ratios of protein expression which occur in co-transfection conditions. 

The primary assumption of these assay paradigms is that transgene expression can be closely controlled 

in transient transfections. Most authors are apparently satisfied that quantity of plasmid in the 

transfection mix corresponds directly and linearly to quantity of transgenic protein expressed, for 

example see references (Bagher et al., 2013; Jäntti et al., 2014; Yasuda et al., 2014). Unfortunately, this 

is not always a valid assumption since receptor constructs may differ in transcription and/or translation 

efficiency, and receptor expression may be aided by co-transfection in the case of obligatory dimers 

(Felce et al., 2014; Szalai et al., 2014). For example, CB1 constructs have been described as yielding 

low transgene expression in transient transfection conditions (Przybyla et al., 2010), which has also been 

our observation. Mutant receptors are even more likely to exhibit problems with expression efficiency, yet 

these are often used in BRET assays to elucidate the dimer interface. Furthermore, the two plasmids 

used to carry the transgenes usually contain the same constitutive promoter (CMV), which may allow for 

promoter competition in assays where plasmid load is not tightly controlled (i.e. using empty vector). 

To address this concern, some authors calculate protein “expression ratio” to replace the DNA 

“transfection ratio” in their analysis. Expression ratio is calculated by measuring the protein which is 

produced in the cells, rather than relying on the aforementioned assumption of equal efficiency across 

transfection conditions. There are many ways to measure relative receptor number, but the most 

common approach is to measure luminescence as a correlate to receptor-Rluc construct expression, and 

laser-excited fluorescence as a correlate to receptor-YFP expression (Frederick et al., 2015; Guo et al., 

2008; James et al., 2006; Navarro et al., 2008b; Pfleger et al., 2006b; Szalai et al., 2014).  

While using a luminescence measurement is a valiant attempt to ascertain receptor-Rluc expression, 

interpretation is complicated by the confounding factor that Rluc luminescence may be altered under 

some circumstances, including constitutively occurring BRET. This is because Rluc emission is reduced 

through the RET process itself; donor quenching is a required step in acceptor excitation (Sapsford et al., 

2006; Veatch et al., 1977; Wolber et al., 1979; Wu et al., 1994). In the case of constitutive dimerisation, 

this donor quenching occurs whether or not the acceptor/fluorescence emission is being monitored. In a 

similar vein, radiative energy transfer (FUEL) can also occur when the donor and acceptor tags are co-

expressed, which further decreases the apparent luminescence. Quenching in the donor wavelength has 

been observed in the data from multiple sources, beginning in the early literature of bioluminescent 

species (where BRET occurs in vivo) (Morin et al., 1971), to FRET single-molecule imaging (Zhao et al., 

2010). Other factors can also affect luciferase activity, for example the concentration of the substrate 

(coelenterazine) needs to be equally distributed between conditions and samples read at the same time, 

as the luciferase enzymatic rate is dependent on substrate concentration. 

The above considerations primarily apply to the study of constitutive heterodimers. BRET is well-suited 

for studying dynamic changes in protein interactions, such as ligand-mediated association, because the 

samples provide their own internal control. For example, if a BRET signal increases or decreases upon 

addition of a receptor agonist but not vehicle, then this is good evidence for a ligand-mediated change in 
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the protein interface (Pfleger et al., 2006b). As the CB1-D2 interaction has previously been described as 

being somewhat ligand-mediated (Kearn et al., 2005), this makes BRET a good approach. However, as 

the CB1-D2 heterodimer is also present constitutively (Carriba et al., 2008; Khan et al., 2014; Marcellino 

et al., 2008; Przybyla et al., 2010), it was imperative for this project to appropriately control for all the 

variables which could affect the interpretation of the detection of constitutive heterodimer. Therefore, in 

this chapter we explore an alternative technique to calculate receptor expression ratio using 

immunocytochemistry. 

 

Methods 
 
Cell culture 

HEK FT cells were cultured as described in Chapter 2.  

Plasmid construction 
The human cannabinoid CB1 receptor (“hCB1”; GenBank Accession NM_016083) and dopamine D2 

(long isoform) receptor (“hD2”; GenBank Accession NM_000795) in pcDNA3.1+, with or without three HA 

tags chimerised at the receptor N-terminus, were sourced from Missouri S&T cDNA Resource Centre 

(MO, USA); Rluc8 pcDNA3.1+ was kindly gifted by Sanjiv Sam Gambhir (Stanford University, CA, USA); 

and Venus pcDNA3 was sourced from Kevin Pfleger (University of Western Australia, Australia). Stop 

codons were removed by PCR, and 3HA-hCB1 and 3HA-hD2 were inserted with restriction digest into 

Rluc8 pcDNA3.1+, while untagged-hCB1 and untagged-hD2 were inserted into Venus pcDNA3, in order 

to create a C-terminally tagged receptor, with a four amino-acid linker sequence separating the receptor 

and the BRET tag. In order to increase surface expression of hCB1-Venus, the bovine preprolactin signal 

sequence (GenBank Accession AF426315.1) was added to the extreme N-terminus to aid protein 

folding. 

Transient transfection 
HEK FT cells were transiently transfected using the PEI method, as detailed in Chapter 2. To achieve the 

expression conditions for the saturation assay, hCB1 and hD2 constructs tagged with Rluc8 or Venus 

were co-transfected at various ratios. Empty pcDNA3.1+ plasmid was used to maintain total DNA content 

when required. Twenty-four hours after transfection, 40,000-60,000 cells/well were reseeded into white 

96-well plates (Perkin Elmer, MA, USA). 

pERK signalling assay 
Cells were transfected as above with one receptor construct at a time, and seeded onto clear Nunc 

plates (ThermoFisher Scientific, MA, USA). Approximately 6-8 hours before assaying, media was 

changed to serum-free media (DMEM + 5mg/ml BSA) to stabilise basal pERK signalling. Cells were 

incubated at 37°C with the appropriate receptor agonist for 5 minutes, then fixed immediately in 4% 

paraformaldehyde. Treatment with 90% methanol, for 10 minutes at -20°C was used to unmask pERK 

epitopes. Immunocytochemical detection of pERK was performed as described in Chapter 2, utilising the 

following antibodies: rabbit anti-phospho-p44/42 MAPK (Thr202/Tyr204), anti-HA (where required), goat 

anti-rabbit Alexa Fluor 594, goat anti-mouse Alexa Fluor 488). Images were acquired using ImageXpress 
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Micro XLS automated microscope (Molecular Devices, CA, USA) as described in Chapter 2, and 

processed using a custom journal in MetaMorph (version 10, Molecular Devices). This custom analysis 

journal was written by Natasha Grimsey (University of Auckland, New Zealand), and acts to restrict the 

pERK analysis to only cells which are transfected with the receptor of interest (i.e. labelled with the HA 

antibody, or expressing Venus) by excluding all areas of each site which do not have HA/Venus 

expression above a user-defined threshold. Then the pERK antibody labelling is acquired in an 

analogous method to the “Total Grey Value Per Cell” protocol, described in Chapter 2. This is required to 

compensate for the variable transfection efficiency of the constructs (i.e. proportion of cells detectably 

expressing the transfected construct). 

Measurement of bioluminescence resonance energy transfer (BRET) measurement 
Cells were assayed 48 hours after transfection. Assay buffer contained HBSS with 1mg/ml BSA. Cells 

were rinsed with HBSS to remove traces of phenol red from the plating media. Cells were then incubated 

with assay buffer for 30 minutes, and subsequently coelenterazine h (Promega, WI, USA and Nanolight, 

AZ, USA) was applied to a final concentration of 5μM and allowed to equilibrate for a further 5 minutes 

before BRET measurement. BRET measurements were taken using a VictorXLight plate reader (Perkin 

Elmer, MA, USA), with Rluc8 emission collected at 460/25nm and Venus emission collected at 

535/25nm. 

BRET analysis 
Calculations for BRET ratio, transfection and expression ratios are detailed in Table 3.1. Once BRET 

saturation data were plotted, hyperbolic curves were fitted using Prism (version 6, GraphPad, CA, USA). 

Immunocytochemistry 

Cells were fixed in 4% paraformaldehyde for 10 minutes at room temperature and immunocytochemistry 

was performed to detect whole-cell receptor expression levels, as described in Chapter 2. In order to 

visualise 3HA-hCB1-Rluc8 and 3HA-hD2-Rluc8 localisation, samples were incubated with mouse anti-

HA antibody, followed by goat anti-mouse Alexa 594, and nuclei stained with Hoechst. Images were 

acquired using ImageXpress Micro XLS automated microscope at 10x magnification, using the filters 

described in Table 2.4. 

Image analysis 

Microscope images were processed using MetaMorph (version 10, Molecular Devices) using the “Total 

Grey Value Per Cell” method, which enabled the intensity of fluorescent labelling to be measured, as 

described in Chapter 2. 

Multiwavelength cell scoring and thresholded intensity data were then processed by Excel (Microsoft), 

followed by graphing and statistical analysis in Prism (version 6, GraphPad). For pERK data, results 

were analysed using one way ANOVA with Dunnett’s post-test, with matching within an experimental 

replicate. “Rluc8 activity per receptor” calculation results were analysed by paired T-tests, with pairing 

between replicate experiments. BRET saturation results (Kd and Bmax from hyperbolic curve fits) were 

analysed with one way ANOVA with Tukey’s post-test. 
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Table 3.1 Calculations used for analysis of BRET experiments. 

Parameter Data source Calculation 

Rluc8 activity 

per receptor 

Rluc8 activity: Plate reader, 

460/25nm filter 

HA labelling: fluorescent 

antibody labelling, imaged by 

microscopy 

=
peak Rluc8 activity

fluorescent antibody labelling of Rluc8 construct per cell 

BRET ratio 

Rluc8: Plate reader, 

460/25nm filter Venus: Plate 

reader, 535/25nm (Venus) 

filter 

=
Venus emission
Rluc8 emission

−
Venus emission when Rluc8 alone
Rluc8 emission when Rluc8 alone

 

Transfection 

ratio 
Transfection calculations =

ng of Venus plasmid DNA
ng of Rluc8 plasmid DNA

 

Expression ratio 

using luciferase 

activity 

Venus: fluorescence imaged 

by microscopy, background 

subtracted 

Rluc8 activity: Plate reader, 

460/25nm filter 

=
Venus fluorescence per cell

peak Rluc8 activity
 

Expression ratio 

using protein 

expression 

Venus: fluorescence imaged 

by microscopy, background 

subtracted 

Rluc8: fluorescent antibody 

labelling, imaged by 

microscopy, background 

subtracted 

=
Venus fluorescence per cell

fluorescent antibody labelling of Rluc8 construct per cell 

 

 

 

 

Results 

CB1 and D2 BRET constructs signal through pERK 
The human CB1 and D2 receptors were C-terminally tagged with Rluc8 or Venus, in order to create all 

possible combinations of receptor and tag. These constructs were then transiently transfected into HEK 

FT cells and a pERK assay was performed to determine whether they had maintained their signalling 

capacity. As shown in Figure 3.1, all the constructs were able to signal through pERK to an equivalent 

degree as the control receptors.  
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Figure 3.1 pERK signalling of receptor constructs used in BRET interaction studies. 

Transfected cells were treated for 5 minutes with 1 μM CP55,940 or quinpirole, for CB1 and D2 receptor 

constructs respectively. Mean ± SEM for two to five independent experiments. No statistical difference 

was observed in the extent of receptor mediated activation of pERK compared to control receptors for 

either CB1 or D2 BRET constructs (one-way ANOVA with Dunnett’s post-test).  

 

Transfection and expression efficiency under co-transfection conditions 
Next, we began the optimisation of the BRET experiments for both the D2 homodimer (as a positive 

control (Guo et al., 2003; Guo et al., 2008)) and the CB1-D2 heterodimer. In parallel with the BRET 

assays detailed below, we also determined the expression levels of each construct in every transfection 

condition. Samples were therefore processed by immunocytochemistry of the HA tag on Rluc8 

constructs and quantified by automated fluorescent microscopy for HA staining and Venus fluorescence 

to determine expression of the two co-expressed constructs. This allowed the measurement of the 

receptor expression independent of the BRET interaction. 

Although all transfection conditions contained the same quantity of receptor-Rluc8 plasmid, this did not 

yield equal expression of this construct. When transfection conditions were modified to introduce varying 

quantities of a second receptor construct (i.e. to enable a “saturation” experiment), a substantial 

reduction in receptor-Rluc8 expression levels was observed, as shown in Figure 3.2. That is, when co-

transfected with a Venus construct, both 3HA-hD2-Rluc8 and 3HA-hCB1-Rluc8 showed a considerable 

decrease in expression compared to when transfected alone, with receptor levels as low as 10-30% of 

the cell population transfected with receptor-Rluc8 alone. This was despite all transfection conditions 

having been transfected with the same total quantity of plasmid DNA, with non-coding empty pcDNA3.1+ 

vector used to compensate for changes in coding plasmid.  
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The receptor expression profiles are shown in Figure 3.2, with the percentage of cells expressing the 

Rluc8-tagged receptor plotted as a function of the quantity of receptor-Venus plasmid in the transfection 

condition. When only D2 constructs were transfected, 3HA-hD2-Rluc8 expression reduced as the 

quantity of hD2-Venus plasmid was increased (Figure 3.2(A)). However, when CB1 was transfected with 

D2 (with either tag pairings) this reduction was dramatic even for transfection conditions containing very 

low quantities of plasmid encoding the receptor-Venus construct (Figure 3.2(B, C)). 

The only difference in the transfection conditions was the quantity of plasmid encoding the Venus-

receptor construct. There was no change in cell density/growth, indicating that this effect is not merely 

related to toxicity of the receptor constructs. As the HA tag used for the immunocytochemical detection of 

the Rluc8-receptor constructs was on the N-terminus of the receptor, held on the opposite side of the 

plasma membrane from the C-terminal Rluc8 and Venus tags, it is highly unlikely that changes in HA 

antibody binding to the Rluc8-tagged receptor construct would be affected merely by the presence of the 

Venus on the introduced receptor construct. These experiments seem to show that receptor expression 

resulting from transient transfection cannot be inferred directly from the amount of DNA transfected. 

Given that the ratio of receptor expression is pertinent to interpretation of BRET saturation assays, these 

experiments imply that it may be more accurate to measure expression directly. 

 

 

Figure 3.2 Receptor expression of cells transfected for BRET saturation assays. 

HA labelling, indicative of Rluc8-tagged receptor expression, in BRET saturation experiments with A.) 

3HA-hD2-Rluc8 and hD2-Venus; B.) 3HA-hD2-Rluc8 and hCB1-Venus; or C.) 3HA-hCB1-Rluc8 and 

hD2-Venus. Cells were transfected with a constant quantity of 3HA- and Rluc8-tagged receptor encoded 

in plasmid DNA, and increasing quantities of Venus-tagged receptor plasmid. HA labelling was 

normalised as a percentage of HA-labelling in the transfection condition containing no Venus-tagged 

receptor. Mean ± SEM of three independent experiments. 

 

Luciferase emission in cells co-transfected with BRET receptor constructs 

As demonstrated above, it is important to have a measure of receptor-Rluc8 expression, as this is 

significantly affected by co-transfection conditions. Previous studies have utilised luciferase signal (as 

measured in a luminometer plate reader) as a surrogate measure of Rluc8-tagged receptor expression. 

However as described in the Introduction, in theory this approach might not be accurate. To investigate 

whether luciferase activity and protein expression were correlated, luciferase activity was compared to 
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immunocytochemical labelling of the HA epitope both in the presence and absence of a Venus tagged 

receptor. As represented in Figure 3.3(A), luciferase activity and anti-HA labelling of Rluc8-tagged 

receptors are poorly correlated. Cells with essentially identical HA labelling demonstrate markedly 

different luciferase activity, and cells with very similar luciferase counts can have very different quantities 

of HA-labelling. In general, it appeared that cells transfected with less receptor-Venus construct gave 

higher luciferase counts, compared to other transfection conditions with similar HA-labelling but co-

transfected with more Venus. 

In cells not co-transfected with Venus, we noticed a lower-than-expected luminescence emission. As 

shown in Figure 3.2, cells transfected with Rluc8-tagged receptor alone have much higher protein 

expression (measured by HA-labelling) than cells which are co-transfected with Venus-tagged receptors. 

The HA quantification for true receptor-Rluc8 expression can be utilised to adjust the luminescence data 

for this change in overall expression, thus allowing direct comparison of the luciferase output per 

receptor expressed by dividing Rluc8 light emission by HA-labelling measured by microscopy and 

normalising for any variation in cell number. This is shown in Figure 3.3(B), which summarises the 

luciferase emission per receptor between Rluc8-tagged receptors transfected alone, compared to when 

they are co-transfected with Venus-receptor construct. The analysis demonstrates that, when expressed 

with an excess of Venus-tagged receptor, both 3HA-hD2-Rluc8 and 3HA-hCB1-Rluc8 emit more light in 

the 460/25nm range compared to when they are expressed alone. 

Regardless of the mechanism of these observations, these results demonstrate that luciferase emission 

does not exhibit a linear relationship with receptor expression levels. 
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Figure 3.3 Comparison of HA-labelling with Rluc8 activity under various transfection conditions. 

Cells were transfected with the same quantity of HA- and Rluc8-tagged receptor plasmid, and varying 

quantities of Venus-tagged receptor. A.) 3HA-hCB1-Rluc8 luciferase emission compared to HA labelling 

detected by immunocytochemistry (arbitrary units). Each data point is labelled with the proportion of hD2-

Venus in the transfection compared to 3HA-hCB1-Rluc8. Black data points are for transfection conditions 

containing 3HA-hCB1-Rluc8 and hD2-Venus, red data point is 3HA-hCB1-Rluc8 transfected alone. 

Representative results from one of three experiments using 3HA-hCB1-Rluc8, showing mean ± SEM of 

technical replicates. Similar results were obtained using 3HA-hD2-Rluc8. B.) Rluc8 activity per receptor 

when expressed alone (transfection ratio 0), and when co-transfected with five times excess of plasmid 

coding for Venus-tagged receptors. For each experiment, mean peak luminescence of 6 wells was 

divided by the mean HA-labelling of 12 sites detected by fluorescence microscopy and data were 

normalised to cell number. Results from three to five independent experiments, mean ± SEM. * p<0.05.  

 

BRET saturation experiments for D2-D2 and CB1-D2 dimers with normalisation of receptor 
expression by transfection ratio versus expression ratio calculated by two methods 

BRET saturation experiments were performed to determine whether the putative D2-D2 and CB1-D2 

interactions reported in the literature represented specific dimerisation interactions. Cells were 

transfected with a constant quantity of receptor-Rluc8 construct, and increasing quantities of receptor-

Venus construct. BRET assays were performed to measure constitutive interactions (that is, without the 

influence of receptor ligands). The results from a saturation experiment can have a rectangular hyperbola 

fitted by nonlinear regression. This yields a Bmax measured in BRET ratio arbitrary units (i.e. the 

predicted maximum energy transfer), and a Kd measured in receptor expression ratio (also arbitrary 

units). Kd is the receptor expression ratio required to reach half-Bmax BRET ratio. 

In order to carry out BRET saturation experiments, BRET ratios should be plotted in correlation with the 

ratio of receptor-Rluc8 to receptor-Venus expression. As demonstrated above, neither the amount of 

DNA transfected nor luciferase activity correlated well with true receptor expression, yet these measures 
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are both commonly assumed to represent expression and are widely utilised in the literature to assess 

BRET saturation curve data. We were therefore interested to assess the results from BRET saturation 

assays analysed with these measures in comparison with data from the immunocytochemistry analysis 

noted above, which is seemingly a more accurate measure of expression. Therefore, first, the BRET 

signal was plotted against the transfection ratio (i.e. copies of receptor-Venus plasmid DNA). Then, 

results were re-plotted against the luciferase-derived expression ratio, a method which is commonly used 

in the literature. Finally, the BRET results were plotted against the immunocytochemistry-derived 

expression ratio. In the immunocytochemistry normalisation, the arbitrary units between 3HA-hCB1-

Rluc8 and 3HA-hD2-Rluc8 conditions cannot be compared, as considerably different image exposure 

times were required to detect sufficient signal arising from the CB1 construct (which is expressed at 

much lower levels). 

As shown in Figure 3.4 below, saturation curves could be fitted for all receptor-receptor interactions as 

would be predicted if dimer is forming, regardless of the methodology used. In contrast, neither 3HA-

hCB1-Rluc8 nor 3HA-hD2-Rluc8 showed any specific interaction with unconjugated Venus (as evidenced 

by a linear relationship between Venus expression and BRET ratio), confirming that the BRET tags hold 

no appreciable intrinsic affinity for each other. When looking at the data for 3HA-hD2-Rluc8/hD2-Venus 

and 3HA-hD2-Rluc8/hCB1-Venus dimer pairs, saturation curves with very similar shapes were generated 

for all three methods (Figure 3.4(1A-1C; 2A-2C)). However, the 3HA-hCB1-Rluc8/hD2-Venus saturation 

curve (Figure 3.4(3A-3C) most noticeably “flattened out” when the BRET signal was plotted as a function 

of the expression of Venus and HA as measured by ICC, as compared to the other expression ratio 

calculations. This is because data points tended to be shifted right-wards on the X axis. This has 

occurred because, at a fixed expression level of 3HA-hCB1-Rluc8 receptor, luciferase signal is higher 

than predicted by HA labelling (if expression were correlated linearly with luciferase activity) in conditions 

with higher Venus co-expression. In other words, in conditions where there is a higher level of Venus 

expression, when luciferase activity is used as the expression ratio/fraction denominator it produces a 

lower expression ratio than when the denominator is the HA labelling. 

As shown in Table 3.2, the three analysis methods did not change Bmax in a statistically significant 

manner (p>0.05). This is to be expected, since this parameter is most influenced by the BRET ratio, 

which is identical between analysis methods. Unfortunately, we cannot compare the Kd of the saturation 

curves between BRET pairs, due to the different microscope exposure times needed to image CB1 and 

D2 constructs. However, they can be compared within an experiment, making this a useful measure 

when investigating dynamic receptor changes (see Chapter 4).The curve fits to the saturation curves are 

all consistent with a saturation of heterodimerisation sites. Of particular interest are the curves fitted 

when the expression of Venus and HA as measured by ICC, which may be considered the least likely to 

show false-positive results. In these curves the CB1-D2 BRET pairs (Figure 3.4(2C, 3C)) do not get as 

close to Bmax and the D2-D2 heterodimer does (Figure 3.4(1C)). 
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Figure 3.4 Comparison of data from BRET saturation experiments utilising three methods for 
assessing receptor expression ratios. 

Saturation curves were composed of the following pairs of receptors: 1.) 3HA-hD2-Rluc8 and hD2-

Venus; 2.) 3HA-hD2-Rluc8 and hCB1-Venus; 3.) 3HA-hCB1-Rluc8 and hD2-Venus; or 4.) 3HA-hCB1-

Rluc8 and unconjugated Venus. BRET ratios were plotted A.) against transfection ratio; B.) against 

Venus/luciferase emission expression ratio; and C.) against Venus/HA ICC expression ratio. 

Representative data of one of three experiments. Mean ± SEM of four to six technical replicates per 

experiment, fitted with a hyperbolic curve (1, 2, 3) or linear regression (4). 
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Table 3.2 Bmax of hyperbolic curve fit of BRET saturation experiments analysed with three 
methods for assessing receptor expression ratios. 

Summary results from three or four independent experiments. All units are expressed as BRET ratio 

(AU). No statistically significant results within each receptor combination (one-way ANOVA with Tukey’s 

post-test). 

Receptor 
combination 

Transfection ratio Expression ratio: 
Venus fluorescence / 
luciferase activity 

Expression ratio: 
Venus fluorescence / 
HA labelling 

3HA-hD2-Rluc8 + hD2-

Venus 0.356±0.020 0.333±0.030 0.322±0.026 

3HA-hD2-Rluc8 + 

hCB1-Venus 0.587±0.094 0.426±0.045 0.396±0.007 

3HA-hCB1-Rluc8 + 

hD2-Venus 0.291±0.015 0.298±0.003 0.325±0.027 

 

 

Discussion 
 

In this study, we have used a rationalised experimental design to measure constitutive CB1-D2 

heterodimerisation. In order to analyse receptor dimerisation and expression by bioluminescence and 

fluorescent microscopy, the GPCRs of interest were tagged with either a fluorescent Venus, or the 

bioluminescent Rluc8 and a triple-HA tag. After demonstrating that the GPCR-luciferase and GPCR-

fluorophore fusion proteins were functional in a generic signalling assay, we assessed their expression 

efficiency, measured by luminescence, fluorescence and immunocytochemistry. 

Standard BRET experiments often use the quantity of DNA transfected as an assumed measure of 

protein expression. Therefore, we first sought to confirm that this is a fair assumption by determining by 

immunocytochemistry whether Rluc-tagged receptor expression was affected by co-transfection with a 

second, Venus-tagged receptor. Controlling protein expression levels is important for BRET assays, 

which rely heavily on the tight control of transiently-expressed proteins. In a co-transfection paradigm, we 

showed that the expression of the luciferase-tagged receptor changes as a function of acceptor-tagged 

receptor co-expression. In these experiments, this effect reduced the expression of the luciferase 

receptor by up to 90%. This calls into question the relevance of normalising BRET experiments to DNA 

content in the transfection, as transfection and translation efficiencies may not be equal.  

Next, we determined whether measuring luciferase activity in a sample was an accurate measurement of 

Rluc8-tagged receptor expression. This is a frequently-used way of measuring the expression of the 

Rluc8-tagged protein. These experiments demonstrated that light emission in the luciferase channel 

does not correlate well with the immunocytochemical labelling of the luciferase-receptor construct. To 

demonstrate this, peak luciferase emissions (measured in the 460/25nm channel of a plate reader) were 
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plotted against image analysis data of immunocytochemical labelling of the receptor. If luciferase activity 

were proportional to antibody staining we would expect a linear relationship between these variables. 

Comparing only samples where Venus was co-transfected with the luciferase, we observed that samples 

could have remarkably similar Rluc8-construct expression (as detected by immunocytochemistry), but 

have different luminescence emissions. In general, the more Venus was co-transfected with Rluc8, the 

lower the detected luminescence in the 460/25nm (Rluc8) channel of the plate reader. This is in line with 

RET theory, as increasing acceptor concentration quenches the luminescence of the energy donor. 

However, cells transfected with only the Rluc8-tagged receptor had an unexpectedly low luminescence 

reading in comparison with cells which were co-transfected with a Venus-tagged receptor. This is the 

opposite of what was expected based on RET theory, by which we would predict that the absence of the 

acceptor fluorophore would result in no quenching of the luciferase, thus more light emission. On the 

other hand, luciferase emission may be more sensitive to environmental factors, such as substrate 

concentration, that could result in non-linear data output.  

As the luminescence generated by Rluc8 is produced by enzymatic oxidation of the substrate 

coelenterazine (Hart et al., 1979), it would be expected that a lower-than-expected enzymatic rate 

reflects a limitation of substrate availability. If both coelenterazine and oxygen were available in excess, 

then the Rluc8 enzyme should be functioning at its maximum rate. However, if one or both of these 

substrates are available in limited supply, the rate of Rluc8-catalzyed light emission would be reduced. 

Since luminescence-yield-per-receptor is apparently reduced in conditions with higher Rluc8 expression, 

we can infer that this may be due to depletion of one or both substrates. A straightforward way to test 

whether coelenterazine concentration could resolve this would be to add more coelenterazine per 

sample. Unfortunately, coelenterazine h is particularly insoluble in water and needs to be resuspended in 

ethanol or methanol (Pfleger et al., 2006b). This limits the quantity of coelenterazine h which can be 

applied to cells, due to the toxic effects of the solvent. However, the concentration of coelenterazine h 

used in this assay (5μM) is commonly used in the literature, for example (Frederick et al., 2015; Jonas et 

al., 2015; Pfleger et al., 2006b; Szalai et al., 2014), suggesting that this may be a limitation in other 

studies also. An alternative approach would be to decrease the expression of Rluc8, however this has 

been observed to increase the noise in the assay, as the luminescence dropped below the linear 

dynamic range of the detectors in the plate reader (Receptor Signalling Laboratory, unpublished data). 

These experiments therefore indicate that a more appropriate methodology for the assessment of 

receptor expression for BRET analysis is to utilise immunocytochemical labelling to measure receptor 

number, which, while common in receptor trafficking assays has not to our knowledge previously been 

utilised in saturation BRET assays. (Although it has been used previously for BRET competition assays 

(Felce et al., 2014).) There is no evidence that this receptor detection system produces non-linear 

results, as the same monoclonal antibody and the same (or similar) analysis software have been used 

often in our laboratory to produce data which does not appear skewed (Cawston et al., 2013; Grimsey et 

al., 2011; Grimsey et al., 2010; Grimsey et al., 2008b).  

Finally, we showed that normalising BRET saturation experiments to the receptor expression ratio results 

in subtly modified saturation curves in comparison with the expression ratio calculated from 

luminescence readings. This approach is aimed at more accurately reflecting the expression of receptors 
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in the experimental samples, as we have shown that luciferase emissions do not faithfully represent 

protein expression. In our hands, when expression ratio is calculated for samples showing unequal donor 

expression using luminescence readings, it results in expression ratios which are skewed leftward – i.e. 

showing a more dramatic saturation which yields a lower Kd. Therefore, this makes this method more 

likely to give false-positive results in a BRET saturation assay. While normalising by luciferase emission 

versus protein expression had a minimal effect on the D2-D2 homodimer, it had a greater effect on the 

data from the CB1-D2 heterodimer saturation curves. This is likely because, when CB1-Rluc8 and D2-

Rluc8 receptors are co-transfected in heterodimer conditions, even a small quantity of Venus-tagged 

receptor has a dramatic effect on the Rluc8-tagged receptor expression. In D2 homodimer co-

transfection conditions, the expression of the D2-Rluc8 is relatively unaffected by low quantities of D2-

Venus.This may indicate that CB1 is sensitive to co-expression conditions, as has been alluded to before 

in one previous study (Przybyla et al., 2010). 

Previous attempts to design qualitative and quantitative BRET assays have almost always assumed that 

protein expression can be tightly controlled by the experimenter. However this is not a straightforward 

task, and protein expression should therefore be measured to normalise BRET signal to receptor 

expression changes. While some authors (e.g. Carriba et al., 2007, Kocan et al., 2011) use luciferase 

activity as a surrogate marker for protein expression, the data shown here demonstrates that this is an 

imperfect correlate. Instead, antibody-based detection of the luciferase-tagged receptor gives a more 

reliable measurement of transgene expression in these samples. In this instance the distortions of data 

due to other detection methods were not so pronounced as to change the qualitative interpretation of the 

results of saturation assays. However, because measuring expression ratio by protein expression 

appears less likely to give a false-positive result compared to other methods, it would be interesting to 

see whether this analysis sheds light on the presence of more controversial GPCR heterodimers, such 

as dopamine D1-D2 receptors (Frederick et al., 2015). The results of this study also apply to the 

“competition” style BRET assay, where it is imperative to ensure that the BRET-tagged receptors 

maintain constant expression levels when co-transfected with an untagged competing receptor, in order 

to interpret whether competition is in effect (Felce et al., 2014). 

Regardless of the method utilised, the experiments presented in this chapter confirmed constitutive 

dimerisation of D2-D2 and CB1-D2 dimer pairs. Consistent with the standard interpretation of saturation 

assays, increasing Venus-tagged receptor proteins occupy specific interaction sites on the Rluc8-tagged 

receptor. When all of these Rluc8 interaction sites are occupied, no more heterodimerisation can occur 

and “saturation” is achieved. The interpretation of a specific interaction is confirmed by swapping the 

BRET tags over, so that the direction of energy transfer is changed. Neither 3HA-hCB1-Rluc8 nor 3HA-

hD2-Rluc8 showed any specific interaction with unconjugated Venus, suggesting this response was 

specific. Both of these dimer pairs would be predicted from the literature, as discussed in Chapter 1, 

therefore this work has refined the methodology used and confirmed that BRET is a suitable method for 

further study of CB1-D2 dimer function.  
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4.  CB1-D2 ligand-dependent dimerisation and 
heterodimer interface 

Introduction 
 

In Chapter 3, a constitutive CB1-D2 heterodimer was demonstrated using bioluminescence resonance 

energy transfer (BRET). The constitutive component of the CB1-D2 heterodimer has been reported 

before, using both co-immunoprecipitation (Khan et al., 2014) and fluorescence resonance energy 

transfer (FRET) (Marcellino et al., 2008). However, the CB1-D2 heterodimer may also have a more 

transient component, which is sensitive to receptor activation state. Short-term (7 minute) receptor co-

activation with agonists was found to dramatically increase CB1-D2 co-immunoprecipitation (Kearn et al., 

2005). Both a constitutive and ligand-driven heterodimerisation was found after long-term (20 hour) 

agonist treatment measured by bimolecular fluorescent complementation (BiFC) (Przybyla et al., 2010). 

However, a key limitation to the BiFC approach is the time scale that these experiments can be 

measured on. The BiFC interaction requires the folding of two complementary tags, which fluoresce 

when fully-folded. This process takes hours (Demidov et al., 2006; Reid et al., 1997), and therefore is not 

suitable for measuring acute and transient changes in receptor interactions. Furthermore, this folding is 

generally non-reversible, and thereby “traps” interacting proteins together (Kerppola, 2006). For these 

reasons, BRET is a more suitable method for measuring the dynamic interactions of a transient 

heterodimer interaction. In this Chapter, we first investigated whether ligand-mediated CB1-D2 

heterodimer could be measured using BRET. 

Next we investigated the interface of the CB1-D2 heterodimer. Professor Reggio (University of North 

Carolina, Greensboro) has kindly provided a computational model of the CB1-D2 heterodimer (Tyrrell et 

al., 2008), and predictions of the interface were based on this. Since neither CB1 nor D2 receptor 

structures have been crystallised, the heterodimer model was constructed through homology models with 

other GPCRs which have been crystallised. The CB1 receptor model was based on rhodopsin, and 

validated through various experimental techniques (Barnett‐Norris et al., 2002; Hurst et al., 2006; Kapur 

et al., 2007; McAllister et al., 2004; McAllister et al., 2003; Picone et al., 2005; Reggio et al., 2002; Song 

et al., 1996). The D2 receptor model was based on the crystal structure of the β2-adrenergic receptor, 

which appears to be a more appropriate fit for the structural data available for D2 (Rasmussen et al., 

2007; Shi et al., 2001). The CB1-D2 heterodimer model predicted that the transmembrane 1 (TM1) 

region of both CB1 and D2 interact to form this interface. TM1 has been implicated in the dimerisation of 

several other GPCR pairs (Guo et al., 2008; Huang et al., 2013; Mancia et al., 2008; Manglik et al., 

2012), making this a credible heterodimer interface which warrants investigation. 
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Methods 
 

Cell culture and transient transfection 
HEK FT cells were grown and transfected using the PEI method as described in Chapter 2. BRET 

constructs were co-transfected at various ratios, using empty pcDNA3.1+ plasmid to maintain equal total 

DNA content when required. Cells were replated into poly-L-lysine treated white Optiplates (for BRET 

assays) or clear Nunc plates (ThermoFisher Scientific, MA, USA) for immunocytochemistry and pERK 

assays), 24 hours after transfection. BRET assays and ICC detection were performed 48 hours after 

transfection. 

Plasmid construction 
The BRET-tagged receptor constructs used are described in Chapter 2, namely: 3HA-hCB1-Rluc8, 3HA-

hD2-Rluc8, pplss-hCB1-Venus, hD2-Venus. All constructs had linkers separating the C-terminus of the 

GPCR and the BRET tag which were four amino acids long. Linker extensions were added to the Rluc8-

tagged receptors by inserting short synthesised double-stranded DNA oligonucleotides by restriction 

digestion, ligation and subsequently sequence-verified. This generated constructs with linkers of eight 

amino acids.  

TM1 residues which were predicted to contribute to the heterodimer interface were mutated using 

inverse PCR. Briefly, a forward primer was designed which contained the 3-4 codon changes for 

generating the required mutation set. The reverse primer was designed so that it was complementary to 

the template plasmid, and so that the primers were “back-to-back” on the template plasmid. PCR 

(utilising KAPA HiFi polymerase (KAPA biosystems, MA, USA)) was performed using these plasmids, to 

amplify (with the desired mutation) the entire plasmid in one linear extension. The PCR product was then 

purified, ligated (utilising T4 ligase (Promega, WI, USA)) onto itself, and sequence-verified. Receptor 

mutations are detailed in Table 4.1, where residue 1 equals the start codon of the wildtype receptor (i.e. 

excluding any N-terminal epitope tags). Both Rluc8- and Venus-tagged constructs were made of each 

wildtype and mutant receptor. 

Table 4.1 CB1-D2 heterodimer interface mutations. 

Receptor Leucine substitutions Phenylalanine substitutions 

hCB1 A120L V121L T128L A120F V121F L124F T128F 

hD2 N35L T39L T42L A46L N35F T39F T42F A46F 

 

pERK signalling assay 
Signalling of the original receptor constructs (with a 4 amino acid linker) was verified in Chapter 3. In this 

chapter constructs with longer linkers or mutations were verified using an immunocytochemistry-based 

pERK assay, as described in Chapter 3.  

BRET assays 
BRET assays were performed as described in Chapter 2. To summarise, cells were assayed in HBSS 

with 1 mg/ml BSA. After equilibrating with assay buffer for 30 minutes, coelenterazine h (Nanolight, AZ, 
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USA) was applied to give a final concentration of 5 μM and allowed to equilibrate for a further 5 minutes. 

Immediately before BRET measurement, CP55,940 and quinpirole (or vehicle) was applied to the cells. 

BRET measurements were taken for approximately 20 minutes using a VictorXLight plate reader (Perkin 

Elmer, MA, USA), with Rluc8 emission collected at 460/25 nm and Venus emission collected at 535/25 

nm. 

Immunocytochemistry 
The expression ratio was calculated based on fluorescent microscopy images of a sample of cells from 

each transfection condition. Immunocytochemistry plates were stained by the protocol described in 

Chapter 2, using anti-HA antibody to fluorescently label Rluc8-tagged receptors, and the intrinsic 

fluorescence of the Venus tag. Images were acquired using ImageXpress Micro XLS automated 

microscope (Molecular Devices, CA, USA), and processed using a custom journal in MetaMorph (version 

10, Molecular Devices), as described in Chapter 2. 

Data analysis and statistics 
All immunocytochemistry and BRET data was analysed using Prism (version 6, GraphPad, CA, USA). 

pERK assays were plotted as fold-over-vehicle in order to take into account inter-experimental variations 

in the background pERK signalling. pERK data were then analysed using paired t-tests (two samples per 

plate) or paired ANOVA (three or more samples per plate) with Dunnett’s multiple comparison to 

compare each BRET construct to the control receptor. 

BRET ratios were calculated by dividing Venus emission by Rluc8 emission, and subtracting the BRET 

ratio of the Rluc8-alone condition. Expression ratios were calculated by dividing background-corrected 

Venus fluorescence by the fluorescent antibody labelling of the Rluc8-construct. Once BRET saturation 

data were plotted, hyperbolic curves were fitted using Prism (version 6, GraphPad). The effect of altering 

the linker length to BRET Bmax was analysed by unpaired t-tests (as not all conditions were assayed 

simultaneously), comparing the 4 amino acid linker construct to the 8 amino acid construct. Similarly, the 

Bmax obtained from each combination of receptor mutants was compared to the corresponding wildtype 

receptor pairing, and analysed by unpaired one-way ANOVA with Dunnett’s multiple comparison test. To 

analyse the difference between receptor mutants’ responsiveness to ligand treatment, repeated 

measures two-way ANOVA with Sidak’s multiple comparison test was performed. 

 

Results 

 
Validation of CB1 and D2 BRET constructs by pERK signalling assays 
The new BRET-tagged receptor constructs were validated in a pERK signalling assay (results for the 

constructs with a four amino acid linker can be found in Chapter 3). For both receptors, the Venus-

tagged receptors did not signal as efficiently as the wildtype control receptors, however they still retained 

some signalling function and the difference failed to reach statistical significance (p>0.05; Figure 4.1). 
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Figure 4.1 pERK signalling of extended linker and mutant receptor constructs used in BRET 
interaction studies. 

pERK response after 5 minute agonist treatment. A.) Cells transfected with CB1 constructs were treated 

with 1 μM CP55,940. B.) Cells transfected with D2 constructs were treated with 1 μM quinpirole. Mean ± 

SEM for two to four independent experiments. No statistical difference was observed in the extent of 

receptor mediated activation of pERK compared to control receptors for either CB1 or D2 BRET 

constructs (one-way ANOVA with Dunnett’s post-test).  

 

Microscopy images were inspected to determine the nature of receptor expression. Qualitatively, the 

wildtype Rluc8-tagged receptors appeared to be more efficiently expressed when the linker region was 

extended to eight amino acids. In general, mutant receptors were expressed in a qualitatively and 

quantitatively similar manner to their wildtype equivalents, with one exception. The hCB1 A120L V121L 

T128L-Venus construct was expressed at very low levels, and was detectable only in a low proportion of 

cells. Although this was sufficient for the pERK signalling assay (which excludes untransfected cells in 

the image analysis), it was difficult to obtain the transfection efficiencies required for subsequent 

saturation assays.  

Effect of receptor co-activation on the CB1-D2 heterodimer and effect of linker extensions on 
BRET efficiency 
Once the constructs were validated, we used the constitutive CB1-D2 heterodimer as a basis for 

investigating further heterodimerisation in response to agonist treatment. Previous studies have indicated 

that co-stimulation with CP55,940 and quinpirole (CB1 and D2 agonists, respectively), increases CB1-D2 

heterodimerisation. Of particular interest was the acute phase of this interaction, which has been shown 

previously to peak at 7 minutes after agonist application (Kearn et al., 2005). Figure 4.2(A, B) utilised the 

same receptor constructs as were utilised in Chapter 3, which have four amino acids separating the 

GPCR C-terminus and the BRET tag. Ligand-directed changes to heterodimerisation can affect the 
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maximum BRET signal (Bmax, as fitted by a hyperbolic curve) and/or the affinity for the receptors to form 

dimer (represented by Kd, the receptor expression ratio required to reach 50% of Bmax) (Ayoub et al., 

2010).  No agonist detected alteration in signal was observed in this experiment (Table 4.2) for ligands 

individually or in combination. We therefore extended the linker on the Rluc8-tagged receptors to eight 

amino acids; because the energy transfer in a BRET interaction is dependent on both distance and 

dipole orientation, therefore lengthening this linker sequence may offer more flexibility to show ligand-

induced structural changes.  

Saturation assays were performed with the BRET constructs with extended linkers (Figure 4.2 (C, D), 

Table 4.2). Altering the linker lengths changed the Bmax of the saturation assays under constitutive 

dimerisation conditions with the eight amino acid linker 3HA-hCB1-Rluc8/hD2-Venus condition having 

less efficient energy transfer compared to the four amino acid linker version.  The 3HA-hD2-Rluc8/hCB1-

Venus eight amino acid linker condition was more efficient than the four amino acid linker version. This 

indicates that the distance and/or dipole orientation of the tags has altered, but these constructs are still 

able to detect constitutive heterodimerisation. Cells were then treated with 1 μM CP55,940 and 1 μM 

quinpirole, in an attempt to observe ligand-mediated changes in heterodimerisation state. The time-

courses of these ligand-induced interactions were carefully compared, but no clear peak interaction was 

identified (Figure 4.3). Therefore, ligand-induced heterodimerisation was measured after 5 minutes of 

agonist exposure, for a total of 5 minutes (i.e. the 5-10 minutes after agonist addition). As shown in 

Figure 4.2 and Table 4.2, ligand application did not alter the BRET interaction, as determined by Bmax. 

Kd is not strictly comparable between receptor combinations, as different imaging exposures were 

required for the 3HA-hCB1-Rluc8 and 3HA-hD2-Rluc8 constructs, which affects the scale of the 

expression ratio units. Expression ratio calculations may also vary due to differences in antibody batch 

and incubation time, and this would need to be controlled more carefully in order to compare the absolute 

values of the expression ratio Kd values obtained. However, Kd values can be directly compared easily 

within an experiment, where antibody conditions and microscopy exposure times are identical. Between 

conditions, a fold-change value can be calculated to determine whether drug treatment has altered the 

curve fit. As demonstrated in Table 4.2, no change in Kd was detected due to drug treatment. 
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Figure 4.2 CB1-D2 BRET saturation curves utilising receptor constructs with different linker 

lengths, and the effect of receptor co-stimulation. 

CB1-D2 BRET interactions were measured in the presence of 1 μM CP55,940 and 1 μM quinpirole (solid 

line) or vehicle (dashed line), 5-10 min after drug addition. A.) 3HA-hCB1-Rluc8 (4 amino acid linker) + 

hD2-Venus; B.) 3HA-hD2-Rluc8 (4 amino acid linker) + hCB1-Venus; C.) 3HA-hCB1-Rluc8 (8 amino acid 

linker) + hD2-Venus; D.) 3HA-hD2-Rluc8 (8 amino acid linker) + hCB1-Venus. Representative results 

from one of three or four independent experiments. Error bars represent the mean ± SEM of three 

technical replicates. 
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Table 4.2 Bmax and Kd measurements for BRET wildtype receptor constructs containing 4 and 8 
amino acid linker sequences. 

Mean ± SEM of three to four independent experiments. * p<0.05 compared to corresponding 4 amino 

acid linker construct. No statistical significance in Bmax or Kd was found between vehicle- and agonist-

treated samples. 

Receptor combination Bmax (BRET ratio) Kd, CP55,940 + 
quinpirole (fold 
change 
compared to 
vehicle-treated)  

Rluc8-tagged 
receptor 

Venus-tagged 
receptor 

Vehicle CP55,940 + 
quinpirole 

3HA-hCB1 (4 amino 

acid linker) hD2 0.333±0.010 0.336±0.012 1.014±0.033 

3HA-hD2 (4 amino 

acid linker) hCB1 0.433±0.045 0.437±0.048 1.043±0.038 

3HA-hCB1 (8 amino 

acid linker) hD2 0.256±0.008* 0.256±0.004 1.089±0.093 

3HA-hD2 (8 amino 

acid linker) hCB1 0.534±0.030* 0.533±0.027 1.086±0.060 

 

 

 

Figure 4.3 Time-course of BRET interaction between CB1 and D2 receptors. 

Cells were treated with vehicle (dashed line) or 1 μM CP55,940 and 1 μM quinpirole, and BRET 

measured approximately every 40 seconds for at least 15 minutes. Two technical replicates are plotted 

separately for each condition. A.) 3HA-hCB1-Rluc8 (8 amino acid linker) + hD2-Venus, expression ratio 

of 2.89. B.) 3HA-hD2-Rlu8 (8 amino acid linker) + hCB1-Venus, expression ratio of 0.15. Representative 

data of three independent experiments, each performed with two or three technical replicates per 

experiment. 
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Testing the predicted CB1-D2 heterodimer interface by receptor mutagenesis 
As the results presented in Chapter 3 showed strong evidence of CB1-D2 constitutive 

heterodimerisation, we attempted to alter the predicted receptor interface using amino acid residue 

mutations. The heterodimerisation interface was predicted by a computational model to be on TM1 of 

both CB1 and D2. Four key residues were identified in TM1 of each receptor, and mutated to either 

leucine or phenylalanine variants. The mutational strategy was to substitute large residues into the 

heterodimerisation interface, thereby preventing a normal interaction from occurring. The substituted 

residues for each receptor are detailed in Table 4.1. 

Cells were transfected with CB1 and D2 BRET pairs, where one or both of the receptors contained the 

mutated residues. Saturation assays were performed and Bmax and Kd values were determined. As 

demonstrated in Figure 4.4 and Table 4.3, no significant changes were observed when CB1 or D2 

mutants were used, compared to wildtype receptors. There was, however, a small (but not statistically-

significant) reduction in saturation assay Bmax which was observed in some receptor pairings, although 

this may be explained by minor alterations in receptor folding and are unlikely to be from gross changes 

in the receptor dimerisation state. 

As mentioned above, the hCB1 A120L V121L T128L-Venus construct was poorly expressed under these 

transfection conditions. Although no clear saturation curve could be obtained, it is interesting to note that 

even when some receptors were expressed (expression ratios of approximately 0.2), no BRET was 

observed. It may be that this receptor construct is very poorly trafficked to the cell surface. If this set of 

mutations altered heterodimerisation meaningfully, we would expect to see a significantly reduced BRET 

signal when this receptor was tagged with Rluc8 (and paired with hD2-Venus), however this was not the 

case.  
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Figure 4.4 BRET saturation curves generated by CB1 and D2 TM1 mutants. 

Cells were transfected with BRET pairs of CB1 and D2 containing TM1 mutations. Solid lines represent 

vehicle-treated samples, and dotted lines represent samples treated with 1 μM CP55,940 + 1 μM 

quinpirole. A) 3HA-hCB1 A120L V121L T128L-Rluc8 + hD2 N35L T39L T42L A46L-Venus; B.) 3HA-

hCB1 A120F V121F L124F T128F-Rluc8 + hD2 N35F T39F T42F A46F-Venus; C.) 3HA-hD2 N35L T39L 

T42L A46L-Rluc8 + hCB1 A120L V121L T128L-Venus; D.) 3HA-hD2 N35F T39F T42F A46F-Rluc8 + 

hCB1 A120F V121F L124F T128F-Venus. Representative data from three independent experiments 

performed in triplicate. Error bars represent the mean ± SEM of three technical replicates. 
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Table 4.3 BRET Bmax and Kd from CB1-D2 wildtype and TM1 mutant receptor pairings. 

Cells were transfected with BRET pairs of CB1 and D2 containing wildtype or TM1 mutations. Mean ± 

SEM, of three to four independent experiments. * p<0.05 compared to vehicle. No statistically significant 

differences in Bmax or Kd were found between wildtype and TM1 mutant receptors. 

Receptor combination Bmax (BRET ratio) Kd, CP55,940 + 
quinpirole (fold 
change 
compared to 
vehicle-treated)  

Rluc8-tagged 
receptor 

Venus-tagged 
receptor 

Vehicle CP55,940 + 
quinpirole 

hCB1 wt hD2 wt 0.256±0.008 0.256±0.004 1.088±0.093 

hCB1 wt hD2 N35L T39L 

T42L A46L 0.214±0.001 0.210±0.007 1.144±0.002 * 

hCB1 wt hD2 N35F T39F 

T42F A46F 0.229±0.005 0.225±0.003 0.924±0.025 

hCB1 A120L V121L 

T128L 

hD2 wt 

0.256±0.023 0.254±0.007 1.003±0.000 

hCB1 A120L V121L 

T128L 

hD2 N35L T39L 

T42L A46L 0.252±0.008 0.252±0.010 1.133±0.105 

hCB1 A120F 

V121F L124F 

T128F 

hD2 wt 

0.280±0.031 0.281±0.022 1.029±0.046 

hCB1 A120F 

V121F L124F 

T128F 

hD2 N35F T39F 

T42F A46F 

0.275±0.009 0.272±0.013 1.095±0.025 

hD2 wt hCB1 wt 0.534±0.030 0.533±0.027 1.086±0.060 

hD2 wt hCB1 A120L 

V121L T128L n/a n/a n/a 

hD2 wt hCB1 A120F 

V121F L124F 

T128F 0.523±0.027 0.513±0.030 1.004±0.065 

hD2 N35L T39L 

T42L A46L 

hCB1 wt 

0.534±0.013 0.526±0.010 1.024±0.092 

hD2 N35L T39L 

T42L A46L 

hCB1 A120L 

V121L T128L n/a n/a n/a 

hD2 N35F T39F 

T42F A46F 

hCB1 wt 

0.519±0.008 0.508±0.006 1.030±0.018 

hD2 N35F T39F 

T42F A46F 

hCB1 A120F 

V121F L124F 

T128F 0.574±0.011 0.573±0.005 1.095±0.014 
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Discussion 
 

Previous studies have shown that CB1 and D2 co-immunoprecipitate upon agonist co-stimulation, 

implying that this heterodimerisation interaction is somewhat dependent on receptor activation. In order 

to measure this, we used the BRET assay which was developed to detect constitutive CB1-D2 

heterodimerisation in Chapter 3. Saturation curves were created by transfecting a constant quantity of 

Rluc8-tagged receptor, and increasing quantities of Venus-tagged receptor. Each assay transfection 

condition had protein expression measured by immunocytochemistry, to ensure that accurate expression 

ratios were used to calculate the saturation curve. 

Co-application of CP55,940 and quinpirole at high concentrations did not alter the BRET interaction of 

CB1-D2, as determined by saturation curves using the original BRET-tagged receptors. These receptors 

had relatively short (four amino acid) linkers between the receptor C-terminus and the Rluc8 or Venus 

tag. Since BRET interactions are determined by the distance and dipole orientation of each of the tags, 

the linkers were extended for the Rluc8-tagged receptors. This was done with the hope that it may 

change the orientation of the tags and expose ligand-mediated heterodimer changes. 

Saturation curves with BRET constructs that had extended linkers showed saturable BRET signals. The 

Bmax was changed for both receptor combinations, with the 3HA-hCB1-Rluc8/hD2-Venus pairing having 

a lower Bmax, and the 3HA-hD2-Rluc8/hCB1-Venus pairing a higher Bmax. This is not necessarily 

indicative of any change in the receptors’ interaction state, only an indication that energy transfer has 

become less efficient in the case of 3HA-hCB1-Rluc8/hD2-Venus pairing and more efficient in the 3HA-

hD2-Rluc8/hCB1-Venus pairing combinations. The new receptor pairings were also tested for 

responsiveness to agonist co-stimulation, but again the BRET signal was again unaltered (both Bmax 

and Kd; Table 4.2).).  

The observation that the BRET signal did not change upon agonist application does not necessarily 

indicate that there has been no change in the structure of the CB1-D2 heterodimer. As BRET is a 

function of both distance and dipole orientation, it is possible for the acceptor and donor tags to change 

distance and orientation as a result of changes in receptor position, but for the BRET signal to stay the 

same. The hypothesis that the CB1-D2 heterodimer is a transient interaction came from a study which 

utilised co-immunoprecipitation (Kearn et al., 2005). This study found that the heterodimer co-

immunoprecipitated more efficiently when both receptors were stimulated with agonist simultaneously. 

The discrepancy between the co-immunoprecipitation study and these BRET results may help elucidate 

the true nature of the CB1-D2 heterodimerisation interaction, as dimerisation conditions may affect each 

assay differently. 

Co-immunoprecipitation efficiency is affected by the chemical nature of the protein interactions. 

Depending on the lysis and precipitation conditions, different interactions can be preferentially co-

precipitated. However, in a BRET assay we are not privy to the nature of the protein interactions, merely 

whether the tagged receptors are close enough together for the RET interaction. As the results of this 

BRET study, and other studies (Kearn et al., 2005; Khan et al., 2014; Marcellino et al., 2008; Navarro et 

al., 2010) which describe a constitutive heterodimer, it is likely that these receptors are constitutively 
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present in an oligomeric complex. Perhaps the chemical nature of the heterodimer interface is modified 

by co-stimulation, but that this does not significantly alter the localisation and orientation of the individual 

receptors. It is also possible that an interacting protein, not yet identified, is recruited to the CB1-D2 

constitutive heterodimer, and that this is the “bridge” which allowed co-immunoprecipitation. 

As the constitutive heterodimer proved stable through ligand treatment, we tested residues on each 

receptor which were predicted to constitute the CB1-D2 interface. A computational model, based on the 

crystal structures of related GPCRs, was kindly provided by Professor Reggio. In this model, the CB1-D2 

heterodimer interface was predicted to contain four amino acid residues on the TM1 of each receptor. 

These residues were mutated to leucine and phenylalanine residues, in an attempt to prevent 

heterodimerisation by steric hindrance. However, none of these mutant receptors altered CB1-D2 

heterodimerisation significantly. Some differences were seen in the saturation curve Bmax when the 

CB1-Rluc8 receptor (wildtype and mutants) were measured, although these failed to reach statistical 

significance. BRET pairings containing the hCB1 A120L V121L T128L-Venus construct did not show any 

interaction, although qualitative analysis of the accompanying immunocytochemistry images indicates 

this was due to poor construct expression, and lack of co-transfection, rather than a disruption in the 

receptor interaction. If this combination of mutated residues was sufficient to inhibit CB1-D2 

heterodimerisation, we would expect to see this when the BRET tags were swapped (i.e. the CB1 

receptor was tagged with Venus), however this was not observed. 

Other studies have identified other sites for the CB1-D2 heterodimer interface. These include intracellular 

loop (IL) 3 of both CB1 and D2 (Navarro et al., 2010); and the CB1 C-terminus (C417-S431 in rat; which 

is identical throughout to human C415-S429) with D2 IL3 (Khan et al., 2014). Intracellular loops have 

been identified as contributing to the interaction of other receptor dimers (e.g. Huang et al., 2013), 

notably including IL3 in heterodimers containing the D2 receptor (Ciruela et al., 2004; O’Dowd et al., 

2012; O’Dowd et al., 2013). However, affinity purification assay screening (in which cell lysates are 

incubated with peptide fragments, followed by co-precipitation) has demonstrated no direct interaction 

between the full-length CB1 receptor and the whole D2 receptor IL3 peptide fragment (Khan et al., 2014), 

indicating the relevance of D2 IL3 is not yet fully resolved. The identification of interacting residues in the 

C-terminal tail is an interesting finding (Khan et al., 2014), which was published during the course of our 

investigations. The C-terminal tail of two other receptors, namely the dopamine D5 (O’Dowd et al., 2013) 

and adenosine A2A (Ciruela et al., 2004; Navarro et al., 2010) receptors, have been demonstrated to 

interact with the D2 receptor in their respective heterodimerisation partnerships. This perhaps suggests a 

common way in which D2 can interact with potential heterodimerisation partners. 

Neither of the previous two studies of the CB1-D2 heterodimer identified interaction sites using 

predictions from a computational model. Therefore, this was the first study which used a model to 

rationally identify target residues. Unfortunately, the quality of computational models is determined by the 

crystallography data available. At the time this model was developed, the most closely related receptors 

were rhodopsin for CB1 and β2-adrenergic for D2. However, GPCR crystallisation techniques have 

developed significantly in recent years, and it is likely this model could be refined upon with this new 

data. In 2012, the S1P1 receptor was crystallised (Hanson et al., 2012), which the sequence of this 

receptor is more similar to CB1 than rhodopsin (Hurst et al., 2013). Similarly, the D3 receptor has been 
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crystallised (Chien et al., 2010), which may offer a better fit for homology modelling of D2 (Katritch et al., 

2012). However, the dimer interface predicted by the computational model used here is in line with 

previous observations of a TM1-TM1 interaction. This dimer interface has been shown for the κ-opioid 

(Wu et al., 2012), and β1-adrenergic receptor homodimers (Huang et al., 2013). However, the finding 

that IL3 may contribute to the CB1-D2 heterodimer interface is not unprecedented, as TM5-TM6 

interactions have been described for the chemokine CXCR4 (Wu et al., 2010) and μ-opioid receptor 

homodimers (Manglik et al., 2012), and IL3 is the intracellular region which connects these 

transmembrane domains. Therefore, further investigation into the role of TM5-IL3-TM6 regions in CB1-

D2 heterodimerisation is warranted. 

Overall, these results show that a BRET interaction between CB1 and D2 receptors is not significantly 

altered by receptor activation by agonists. This finding does not necessarily mean that the nature of the 

heterodimer interaction is not altered by receptor activation, only that any alteration cannot be detected 

by BRET. We also tested residues on TM1 of each receptor, which had been predicted by receptor 

modelling to contribute to the CB1-D2 heterodimer interface. While the results of the tested TM1 

interface did not confirm this interaction, recent advancements in GPCR crystallography offer the chance 

to improve this computational model in the future.  
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5.  CB1-D2 trafficking 

 

Introduction 
 

Receptor trafficking is a mechanism for influencing the potential for GPCR signalling by modifying 

subcellular GPCR distribution. The classical sequence of events is that an activated GPCR is 

phosphorylated by G protein-coupled receptor kinases (GRKs) and binds β-arrestin proteins (Jean-

Alphonse et al., 2011; Marchese et al., 2008; Reiter et al., 2006). Phosphorylated receptors can no 

longer activate G proteins, and the associated β-arrestins obliterate G protein coupling. β-arrestins then 

recruit clathrin to bring the GPCR into clathrin-coated pits, from which they are internalised (Marchese et 

al., 2008). Internalised GPCRs are dephosphorylated in endosomes, and are sorted into either a 

recycling pathway, or a degradative pathway (Jean-Alphonse et al., 2011; Marchese et al., 2008). There 

is emerging evidence that some GPCRs are still able to signal via G proteins and β-arrestins from 

endosomes (Irannejad et al., 2013; Irannejad et al., 2014; Murphy et al., 2009), which likely contributes to 

the biphasic signalling responses seen for many receptors. In these instances, a second phase of 

receptor signalling is observed even after the bulk of surface receptors have been internalised. 

GPCR oligomerisation has been shown to affect internalisation and post-endocytic trafficking for many 

receptors. For example, the substance P-μ opioid receptor heterodimer undergoes cross-phosphorylation 

and co-internalisation when only one component receptor is stimulated (Pfeiffer et al., 2003). Similarly, 

V1a and V2 vasopressin receptor heterodimerisation alters β-arrestin recruitment (Terrillon et al., 2004). 

Even for non-heterodimeric GPCR systems, signalling pathways can influence receptor trafficking; for 

example, PKA activity modulates the recycling pathway of the β-adrenergic receptor (Vistein et al., 

2013). Considering that the post-endocytic fate of receptors determines resensitisation profiles, it is of 

therapeutic interest to determine how receptor recycling and degradation pathways are altered by 

oligomerisation. 

Individually, both CB1 and D2 have already been shown to affect the trafficking of other GPCR 

heterodimerisation partners. For example, co-expression of CB1 and orexin 1 receptors affects the 

receptor localisation pattern of the orexin 1 receptor (Ellis et al., 2006; Ward et al., 2011). Similarly, the 

D2-adenosine A2A heterodimer shows interacting internalisation pathways, whereby treatment with high 

concentrations of D2 agonist or A2A agonist induces co-aggregation and co-internalisation of both 

receptors (Genedani et al., 2005; Hillion et al., 2002). Interestingly, the D1-D2 dopamine receptor 

heterodimer has been shown to have the same properties (So et al., 2005). 

Given the evidence that either CB1 or D2 could influence the internalisation and trafficking of a 

heterodimerisation partner, we investigated whether a similar interaction occurred in the CB1-D2 

heterodimer. Since CB1 is observed to give a robust internalisation response (Coutts et al., 2001; 

Grimsey et al., 2010; Hsieh et al., 1999; Rinaldi-Carmona et al., 1998), but D2 does not (Celver et al., 
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2010; Octeau et al., 2014; Sharma et al., 2013; Skinbjerg et al., 2009; So et al., 2005), it was 

hypothesised that co-stimulation with CB1 and D2 agonists may increase the extent of D2 internalisation. 

However, heterodimerisation was not expected to affect post-endocytic receptor fate, as both CB1 and 

D2 receptors are generally observed to be degraded (Bartlett et al., 2005; Grimsey et al., 2010; Ji et al., 

2009; Marley et al., 2010), although D2 has also been reported as having a mixed phenotype (Namkung 

et al., 2009; Vickery et al., 1999). 

 

Figure 5.1 Simplified schematic of GPCR agonist-induced trafficking. 

When activated by an agonist, the GPCR is internalised and trafficked through either degrading or 

recycling pathways. Recycled receptors are returned to the cell surface, available to bind agonist again. 

If a receptor is degraded, de novo synthesis of receptor proteins is required for resensitisation. 

 

Methods 
 
Cell culture 
This chapter utilises the stable cell lines HEK 3HA-hCB1/flag-hD2 and HEK 3HA-hCB1, which are 

described in Chapter 2.  

General receptor internalisation assay technique 
Receptor internalisation assays were based on protocols previously described by Grimsey et al. (2011; 

2010; 2008b). Cells were plated on poly-L-lysine treated Nunc 96-well plates (ThermoFisher Scientific, 

MA, USA) and assayed after 24 hours, at approximately 75% confluency. Immediately before assaying, 

cells were serum starved in DMEM with 5mg/ml BSA for 30 min at 37°C. For pre-drug antibody staining 

and drug treatments, cells were incubated at 37°C. For internalisation time-course experiments, plates 

were transferred to a 37°C waterbath (without CO2 control) for the final 15 min of drug stimulation, in 

order to maintain an even temperature between time points. At the end of the stimulation time, plates 

were placed on ice for approximately 5 min to stop receptor trafficking before incubating with primary 
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antibody at room temperature. All antibody incubations performed before fixation selectively labelled 

surface receptors. All live-cell antibody and drug incubations were performed in DMEM + 5mg/ml BSA, 

and post-fixation antibody incubations were performed in immunobuffer (PBS-T with 1% normal goat 

serum and 0.4mg/ml thiomersal) and processed as described in Chapter 2. Antibodies used are 

described in Table 5.1. 

Constitutive internalisation assays 
A standard assay to measure constitutive receptor internalisation does not require the application of any 

drugs to the cells. In this experimental design we applied agonists to the non-tracked receptor in cells co-

expressing CB1 and D2 (i.e. D2 agonist, when labelling for CB1 trafficking, and vice versa). This was 

done in order to see whether there were any cross-over effects from the activated receptor to the 

constitutive internalisation of the non-activated receptor. To detect the internalisation of each receptor, 

primary antibody is applied before vehicle or drug incubation. After an extended incubation time, 

secondary antibody is applied to the cells at room temperature (to prevent further trafficking). This 

selectively labels the receptors which had been labelled with primary antibody at the beginning of the 

incubation period and remained at the cell surface at the end of the incubation. 

Recycling assays 
In order to investigate repopulation of the cell surface with CB1 and D2 following agonist-induced 

internalisation, a combination of labelling paradigms was utilised. In the “recycling” assay, receptors were 

first labelled with primary antibody, then internalised with agonist for 30 minutes. Agonist was washed off 

and inverse agonist was then applied for a variable amount of time. A high concentration of inverse 

agonist was used in order to compete with any remaining agonist and ensure minimal internalisation 

occurred during the “repopulation” phase of the assay and to accumulate any returning receptor on the 

cell surface. After inverse agonist incubation, secondary antibody was applied to the live cells to label 

any receptors which had been recycled to the cell surface. The net surface population was measured by 

applying primary antibody at the end of drug incubation to previously unstained cells. 

 

Table 5.1 Antibodies used in receptor trafficking experiments. 

Antibody Species 
raised in 

Supplier (catalogue 
number) 

Dilution, live-
cell 
incubation 

Dilution, 
fixed-cell 
incubation 

anti-HA monoclonal Mouse Covance, NJ, USA (MMS-

101P) 

1:500 n/aa 

anti-flag polyclonal Rabbit Sigma-Aldrich, MO, USA 

(F7425) 

1:400 n/a 

anti-mouse, Alexa 488 Goat Molecular Probes, Life 

Technologies, CA, USA 

(A11029) 

1:300 1:400 

anti-rabbit, Alexa 594 Goat Molecular Probes (A11037) 1:300 1:400 
a n/a, not applicable 

54 
 



Table 5.2 Summary of internalisation and trafficking assay designs utilised. 

Assay format Assay design 

Concentration-response 

internalisation 

An agonist for one receptor is applied at varying concentrations. An 

agonist for the other receptor is co-applied at a constant concentration. 

Drugs are applied for a set period of time (60 minutes). Receptors are 

labelled with primary antibody at the end of the drug incubation to 

measure the net change in cell surface receptor density. 

Time-response 

internalisation 

Agonists for one or both receptors are applied at a constant 

concentration for varying lengths of time. Drug addition was staggered 

such that all incubations concluded simultaneously. Receptors are 

labelled with primary antibody at the end of the drug incubation to 

measure the net change in cell surface receptor density. 

Constitutive 

internalisation 

Primary antibody is applied to detect one receptor. Then a constant 

concentration of agonist is applied to stimulate the non-tracked receptor 

in cells co-expressing CB1 and D2 (i.e. when CB1 is labelled with 

antibody, a D2 agonist is applied). After incubating cells in media for 

varying lengths of time, the primary antibody-labelled receptors 

remaining on the cell surface are then stained with secondary antibody. 

Recycling/repopulation 

assay 

Recycling: Receptors are first labelled with primary antibody, then 

internalised with agonist for 30 minutes. Agonist is then washed off and 

inverse agonist applied to compete with any remaining agonist and 

ensure no further internalisation occurs. After inverse agonist incubation, 

secondary antibody is applied to the live cells to label any receptors 

which had been previously labelled with primary antibody, then either 

been retained on the cell surface or returned to the cell surface. The 

proportion of recycled receptors is calculated by comparing the 

proportion of receptors remaining immediately after agonist treatment, to 

the number of receptors labelled after inverse agonist treatment. 

Repopulation: Cells are treated with agonist as per the “recycling” 

protocol, but primary antibody is instead added at the end of the inverse 

agonist treatment. This allows visualisation of the total number of 

receptors on the cell surface at the end of agonist treatment, consisting 

of those receptors that had remained at the cell surface, and/or had been 

delivered during the incubation time (including both recycled and newly-

synthesised receptors).  
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Microscopy and image analysis 
Images were acquired using the Discovery-1 or ImageXpress Micro XLS automated microscopes (both 

from Molecular Devices, CA, USA). Using automated focussing, four sites per well and 3-4 wells per 

conditions per replicate experiment were collected at 10x magnification to record AlexaFluor 488, 

AlexaFluor 594 and Hoechst staining (labelling CB1 receptors, D2 receptors, and nuclei, respectively). 

Images were processed using MetaMorph software (versions 6.2r6 and 10, Molecular Devices), using 

the “Total Grey Value Per Cell” method previously described by Grimsey, et al. (2008b). This analysis 

method measures the intensity of fluorescent staining (proportional to the abundance of receptor) above 

a user-defined background, and averages it across the total number of nuclei counted per image. 

Curve fitting and statistical analysis 
GraphPad Prism software (version 6) was used for all graph fitting and statistical analysis. All results 

were normalised to the experimental condition which had not been exposed to any agonists. For 

concentration-response internalisation assays, sigmoidal concentration response curves were fitted (Hill 

slope = 1). For time-response internalisation curves, exponential decay curves were fitted with or without 

a lag time (comparison of two curves, best curve fitted). Parameters derived from these curves were 

analysed with one-way ANOVA and Tukey’s test (detailed further in Chapter 2), with significance defined 

as p<0.05. 

 

Results 
 
Concentration-response internalisation 
Receptor density on the surface of cells was measured by antibody labelling after drug treatment. In the 

concentration-response assay paradigm, various concentrations of receptor agonists were applied to 

cells for 60 minutes. These experiments showed that the density of cell-surface CB1 was reduced by the 

CB1 agonist CP55,940 in a concentration-dependent manner (Figure 5.2(A)). Internalisation in response 

to CP55,940 had a mean EC50 of 4.14 nM. As shown in Table 5.3, co-application of quinpirole at either 

0.1 or 10µM did not significantly change the EC50 of CP55,940-induced CB1 internalisation. However, 

10 μM quinpirole did significantly decrease the maximum extent of CB1 internalisation when co-applied 

with CP55,940. When CP55,940 was applied alone, on average 24% of CB1 receptors remained on the 

cell surface after 60 minutes, whereas when CP55,940 and quinpirole (10 μM) were applied together 

41% of CB1 remained. Unlike CB1, D2 did not internalise in this assay in response to quinpirole, either 

when quinpirole was applied to cells alone or in combination with CP55,940, as shown in Figure 5.2(B) 

and Table 5.4. 
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Figure 5.2 Internalisation of CB1 and D2 in response to 60 minute incubation with varying 
concentrations of their respective agonists, in the presence or absence of agonist to the other 

receptor. 

(A) CB1 internalisation in response to CP55,940 alone, and in the presence of quinpirole. (B) D2 

internalisation in response to quinpirole alone and in the presence of CP55,940. Representative results 

from one of three experiments. Error bars represent the SEM of three technical replicates. 

 

Table 5.3 Summary of CB1 internalisation 60 minute concentration-response to CP55,940 in the 
presence and absence of the D2 agonist quinpirole. 

Data shown as mean ± SEM of three experiments. * p<0.05. 

Parameter 

Condition 

Significance No quinpirole 
Quinpirole  
0.1 μM 

Quinpirole  
10 μM 

EC50 of CP55,940 4.1±1.6 nM 5.7±1.6 nM 4.5±2.2 nM ns 

Bottom-of-curve (% of surface 

labelling remaining) 23.7±6.3% 24.0±8.1% 40.5±8.0%* 

* compared to 

No quinpirole 

 

 
Table 5.4 Summary of D2 internalisation 60 minute concentration-response to quinpirole in the 
presence and absence of the CB1 agonist CP55,940. 

Data shown as mean ± SEM of three experiments. 

Parameter 

Condition 

Significance 
No 
CP55,940 

CP55,940 
0.1 nM 

CP55,940 
1 nM 

CP55,940 
10 nM 

Surface D2 in response to 10 μM 

quinpirole (% of surface labelling 

remaining) 98.9±3.5 96.3±7.2 98.8±8.1 97.0±2.4 ns 
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Time-response internalisation 
In order to observe the time-course of receptor internalisation, a fixed concentration of agonist was 

applied for various lengths of time. In these assays, the CB1 receptor internalised robustly in response to 

10 nM CP55,940 (Figure 5.3(A)). Co-application of quinpirole (10µM) affected neither the rate of CB1 

internalisation, nor the percent of receptor remaining at 60 minutes (Table 5.5). This is in agreement with 

the results of identical ligand conditions seen in the 60 minute concentration-response data (shown in 

Figure 5.2 and Table 5.3). Interestingly, a trend was noted that the lag time between agonist application 

and initiation of detectable internalisation increased when cells were co-stimulated with quinpirole, 

however the length of this time varied between replicate experiments and this effect failed to reach 

statistical significance. 

It is notable that the concentration-response and time-response experimental paradigms produced 

results showing different extents of CB1 internalisation. In the concentration-response paradigm, 60 

minute treatment with 10 nM CP55,940 left 44±8% of CB1 receptors remaining on the cell surface, 

whereas the same drug conditions in the time-response paradigm resulted in 8±2% remaining (p=0.004). 

This effect was also seen in the 10 nM CP55,940 + 10 μM quinpirole conditions: 60±8% in the 

concentration-response, and 14±2% in the time-response condition (p=0.001). 

Similarly, in the time-response assay paradigm, the D2 receptor was observed to internalise to a 

moderate extent, with approximately 70% of D2 remaining on the cell surface at 60 minutes. Co-

application of CP55,940 did not affect this internalisation profile, as shown in Figure 5.3(B) and Table 

5.6. 
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Figure 5.3 Internalisation of CB1 and D2 in response to agonist treatment over time. 

(A) CB1 or (B) D2 agonist-induced internalisation responses to their respective agonists in the presence 

or absence of agonist stimulation of the other receptor. Representative results from one of three to five 

experiments, error bars represent the SEM of three technical replicates. 

 
Table 5.5 Summary of CB1 internalisation time-course in response to 10 nM CP55,940 in the 

presence and absence of 10 μM quinpirole. 

Data shown as mean ± SEM of four or five experiments.  

Parameter 

Condition 

Significance 
No 
quinpirole 

Quinpirole 
0.1 μM 

Quinpirole 
10 μM 

Lag time before initiation of 

internalisation (“plateau at start”, min) 3.3±1.9 5.5±2.3 8.9±2.1 ns 

Exponential decay constant  

(K, min-1) 0.05±0.00  0.08±0.02  0.08±0.01  ns 

Surface CB1 in response to 60min 

CP55,940 (% of vehicle) 7.5±1.8% 9.0±0.9% 13.6±2.0% ns 

 

 
Table 5.6 Summary of D2 internalisation time-course in response to 10μM quinpirole in the 
presence and absence of 10 nM CP55,940. 

Data shown as mean ± SEM of three or four experiments. 

Parameter 

Condition 

Significance No CP55,940 CP55,940 10 nM 

Lag time before initiation of 

internalisation (“plateau at start”, min) 0.0±0.0 0.0±0.0 ns 

Exponential decay constant  

(K, min-1) 0.04±0.02 0.15±0.06 ns 

Surface D2 in response to 60min 

CP55,940 (% of vehicle) 70.0±3.3% 67.4±7.0% ns 
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Constitutive internalisation 
A 10 hour constitutive internalisation time-course assay was performed in order to determine whether 

exposure to opposite-receptor agonist affected CB1 or D2 constitutive trafficking. During the extended 

incubation time, agonist targeting the non-tracked receptor was applied in order to determine whether 

this altered the constitutive trafficking of the receptor of interest.  

CB1 constitutive internalisation was clearly detected with 100% of surface receptors internalised within 

10 hours (Figure 5.4(A) and Table 5.7), which was unchanged by exposure of D2 to quinpirole (0.1 μM). 

While D2 was observed to be constitutively internalised, neither a one-, two- or three-phase decay 

curves fitted this data (Figure 5.4(B)). Over 10 hours, approximately 80% of surface D2 was internalised, 

both in the presence and absence of CP55,940. While at early time points the data was suggestive of 

more rapid internalisation of D2 in the presence of 10 nM CP55,940, there was no statistical difference at 

any time point (p=0.1423). 

 

 

Figure 5.4 Time course of CB1 and D2 constitutive internalisation. 

Constitutive internalisation of (A) CB1 and (B) D2 in the presence of vehicle or agonist to the non-

labelled receptor. Representative results from one of three experiments, error bars represent the SEM of 

three or four technical replicates. 

 
Table 5.7 Summary of CB1 constitutive internalisation time-course in cells co-expressing CB1 
and D2 and in the presence and absence of 0.1 μM quinpirole. 

Data shown as mean ± SEM of three experiments. 

Parameter 

Condition 

Significance Vehicle 0.1 μM quinpirole 

Exponential decay constant  

(K, hours-1) 0.3±0.1  0.3±0.0  ns 

Maximal CB1 internalisation (% of 0 

hours) 0.7±0.7% 3.3±3.2% ns 
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Recycling and repopulation 
Recycling experiments were performed to determine whether CB1’s phenotype was altered by co-

expression and co-stimulation. CB1 is known to degrade when expressed in HEK cells (Grimsey et al., 

2010), therefore these experiments focussed on whether CB1 changed to a recycling phenotype and 

whether delivery of receptors to the cell surface (as measured by inverse agonist exposure) was altered 

(termed repopulation). Due to the low level of quinpirole-driven D2 internalisation detected above (Figure 

5.2(B)), the D2 receptor was not included in this experiment, since internalisation is the first step in either 

the recycling or degradative pathways.  

A 30 minute pulse of agonist was utilised to internalise receptors, followed by application of inverse 

agonist (to compete for any continued agonist activity) and antibody labelling to determine receptor 

recycling and/or repopulation (Figure 5.5). Treatment with CP55,940 resulted in a similar degree of CB1 

internalisation whether or not quinpirole was present. Co-incubation with 0.1 μM quinpirole during the 

agonist pulse did not result in CB1 gaining a recycling phenotype. Instead, CB1 is rapidly internalised 

and these receptors do not return to the cell surface for the duration of the assay.  

The repopulation assay utilises the same ligand treatments as the recycling assay, but instead detects 

surface receptors at the end of the ligand treatments, so as to show the net change in receptor 

localisation. In this labelling paradigm, we see that the initial agonist pulse reduces the total amount of 

CB1 on the cell surface, but to a lesser degree than seen in the recycling assay paradigm. This is 

because CB1 is still being delivered to the cell surface during agonist treatment, which can be detected 

by the repopulation labelling paradigm, but not the recycling paradigm. The cell surface repopulates with 

CB1 during incubation with inverse agonist, which acts to stabilise surface receptors and prevent further 

internalisation. The cell surface is repopulated back to basal level in approximately 1.5 hours, and by 4 

hours of inverse agonist incubation reaches well above the initial receptor density. The repopulation of 

the cell surface with CB1 was not changed by the presence of quinpirole in the agonist pulse, and D2 

antagonist in the recycling/repopulation phase.  
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Figure 5.5 CB1 recycling and surface repopulation subsequent to 30 minutes of agonist 

exposure. 

Cells were treated with 10 nM CP55,940, or 10 nM CP55,940 and 0.1 μM quinpirole for 30 minutes, 

followed by the CB1 inverse agonist SR141716A (1 μM) and D2 antagonist raclopride (10 μM). In the 

recycling assay, surface receptors were labelled with primary antibody prior to drug treatment, and 

secondary antibody was used to detect remaining/returning surface receptors at the end of the assay 

(dashed lines). In the repopulation assay, surface receptors were labelled at the end of the assay, thus 

demonstrating net change in receptor number (solid lines). Representative results from one of two or 

three experiments, error bars represent SEM of four technical replicates. 

 

Table 5.8 CB1 recycling and repopulation following internalisation for 30 minutes with CP55,940 

in the presence and absence of 0.1 μM quinpirole. 

Data shown as mean ± SEM of two or three experiments.  

Parameter 

Condition 

Significance 
10 nM CP55,940 10 nM CP55,940 + 

0.1 μM quinpirole 

Recycling at 4 hours (% of original 

population) 2.9±2.1% 2.9±2.4% ns 

Repopulation at 4 hours (% of original 

population) 147.6±19.8% 135.6±9.2% ns 
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Discussion 
 

Receptor internalisation and trafficking experiments were performed to investigate whether CB1-D2 co-

expression affects these receptor functions. Using antibody-based assays, each receptor was traced in 

trafficking pathways which may be affected by co-stimulation or cross-stimulation of the CB1-D2 

heterodimer: agonist-induced and constitutive internalisation, and recycling/repopulation. 

Statistically significant differences were seen in the extent of CB1 internalised after 60 minutes of agonist 

stimulation, with co-application of very high concentrations of both CP55,940 and quinpirole. These 

agonist conditions somewhat decreased the maximum extent of CB1 internalisation. This may have been 

caused by a delay in the initiation of CB1 internalisation when D2 was stimulated. As observed in time-

course experiments using a lower concentration of CP55,940, this lag lasted 3.3 minutes on average 

when 10 nM CP55,940 was applied alone, but 8.9 minutes when 10 μM quinpirole was added with 

CP55,940, although this effect failed to reach statistical significance (Table 5.4). Meanwhile, the initiation 

of D2 internalisation occurred prior to the first measured time point (5 minutes) regardless of whether 

CB1 was stimulated.  

On balance, these data probably indicates that CB1 and D2 follow separate internalisation pathways; 

although initial CB1 internalisation may be delayed by D2 stimulation, perhaps due to an acute 

competition for internalisation machinery, CB1 and D2 ultimately internalise at different rates and to 

differing extents suggesting physical separation of the receptors following stimulation. Conversely, while 

not a dramatic change in phenotype, the subtle influence of D2 stimulation on CB1 internalisation should 

not be discounted, as this may be indicative of altered molecular mechanisms of internalisation; for 

example, a change in GRK or β-arrestin recruitment profiles. Exemplifying this possibility, the thyrotropin-

releasing hormone receptor TRHR2 interacts with β-arrestin2 when it is expressed alone, but when 

heterodimerised with TRHR1 it can also interact with β-arrestin1 (Hanyaloglu et al., 2002). This was 

found not to be through TRHR1 recruiting β-arrestin1 on behalf of its heterodimer partner, but through 

TRHR2 itself acquiring altered recruitment properties (Hanyaloglu et al., 2002). 

A difference was seen between the two agonist-induced internalisation assay paradigms; the 

concentration-response assay appeared to produce a lesser extent of receptor internalisation than the 

time-response assay. This was seen for both CB1 and D2, with the concentration-response paradigm 

showing 20-30% less internalisation than the equivalent drug condition in the time-response paradigm. 

The effect was particularly apparent for D2, which had no detectable internalisation in the concentration-

response experiments, but 30% of D2 were removed from the cell surface in the time-response 

experiment. These observations could only feasibly be due to confounding factors in the experimental 

design, as the concentration of drugs over the 60 minute incubation time were theoretically identical in 

these conditions.  

The most notable difference in the experimental designs is the CO2 control (and, by extension, buffer 

pH). In the time-response experiment, the experimental samples were removed from a CO2-controlled 

atmosphere and incubated on the surface of a 37°C waterbath for the final 15 minutes of incubation in an 

attempt to ensure consistent temperature control during addition of drugs at acute time points (which was 
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not a concern in the single time point concentration response assays). Indeed, the time course 

experiments suggest that D2 internalisation response plateaus rapidly at approximately 5 minutes after 

drug addition (shown Figure 5.3(B)), whereas in the 60 minute concentration response experiment, when 

the entire incubation was performed in a CO2-controlled atmosphere, D2 was not observed to internalise 

at all. This might indicate an interaction effect of drug/media addition and CO2 environment whereby 

receptor internalisation is accelerated, resulting in a greater degree of internalisation when not in a CO2-

controlled atmosphere. As all time points for the time-course experiments were on the same multi-well 

plate this effect would be expected to influence all time points assayed, and thereby could explain the 

overall greater extent of both CB1 and D2 internalisation observed in the time-courses in comparison 

with the concentration responses. 

Only a combination of a high concentration of CP55,940 (0.1-1 μM) and quinpirole (10 μM) produced any 

statistically significant changes in CB1 trafficking, decreasing the total magnitude of CB1 internalisation 

at 60 minutes. Considering quinpirole’s low-nanomolar affinity for D2 receptors (Seeman et al., 1994), it 

would be expected that 0.1 μM would also be sufficient to produce a strong functional effect, however 

this was not the case. At 10 μM, quinpirole could potentially be interacting with a range of other GPCRs, 

including other dopamine receptors and 5-HT receptors (Knight et al., 2004; Seeman et al., 1994), 

several of which have been detected in HEK cells (namely dopamine D2, D4 and 5-HT receptors) 

(Atwood et al., 2011). Therefore, it is conceivable that the small functional effect of 10 μM quinpirole in 

these cells was not specifically and exclusively due to D2 co-expression.  

Lastly, experiments were performed over longer periods of time (hours), in order to observe constitutive 

trafficking and recycling in cells which co-express CB1 and D2 receptors. Stimulation with agonist to the 

dimer partner did not alter constitutive trafficking of the labelled receptor. CB1 constitutive internalisation 

demonstrated a one-phase exponential decay, as has been shown before (Grimsey et al., 2010). 

However D2 did not follow this pattern of internalisation and no standard exponential decay curves could 

model this data. Overall, D2 had slower constitutive trafficking compared to CB1: in 10 hours, only 80% 

of the original surface receptor population was removed (CB1 achieved this level of internalisation in 4-5 

hours). This may be due to a slower basal rate of constitutive internalisation and/or constitutive receptor 

recycling pathways returning pre-labelled receptors to the cell surface. Constitutive internalisation over a 

short time-course (one hour) has been shown in HEK cells at a similar rate to that found in this study 

(Vickery et al., 1999). D2 has also been shown to undergo constitutive recycling in neurons (Li et al., 

2012), although the rate of this is not well-defined. Regardless of the balance of constitutive recycling 

and degradation, the results of this study indicate that it is likely to be unchanged by co-stimulation of 

CB1.  

Both CB1 and D2 receptors are generally reported to degrade following internalisation, rather than 

recycle to the cell surface (Bartlett et al., 2005; Grimsey et al., 2010). Trafficking pathways have been 

suggested to be altered in other GPCR dimers (Michael et al., 2008; Terrillon et al., 2004), therefore we 

tested whether co-activation of D2 receptors resulted in CB1 gaining a recycling phenotype. Only CB1 

was monitored in the agonist-induced recycling assay, as D2 did not provide a robust internalisation 

response, a requirement for the measurement of subsequent receptor recycling. CB1 was tested for a 

shift to a recycling phenotype by first internalising CB1 with a “pulse” of agonist, and then observing if 
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any of the original receptor population returns to the cell surface. As expected, a recycling phenotype 

was not observed with CB1 agonist treatment alone, and this phenotype was unchanged by co-

stimulation of D2 by quinpirole. These assays were performed with a concentration of agonist which was 

capable of achieving a near-maximal internalisation response, so as to facilitate maximal inverse agonist-

mediated competition (Grimsey et al., 2010). (This assay design is further discussed by (Grimsey et al., 

2010).) It is possible, however, that the very high concentrations identified as efficacious in the 

internalisation concentration-response are required to produce the most dramatic effects on CB1’s 

internalisation phenotype (and potentially trafficking), however these cannot be feasibly tested using this 

assay design. 

The key limitation to studying D2 post-endocytic trafficking in HEK cells is the low proportion of receptors 

which are internalised, although this cell line has been used extensively to study both D2 receptor 

function and GPCR internalisation in general (Alberts et al., 2000; Gazi et al., 2003; McAllister et al., 

1995; Salahpour et al., 2011). In the experiments where D2 was observed to internalise, it did so to a 

maximum of 30% of the starting surface population. This is in line with internalisation patterns reported in 

the literature, with agonist-induced internalisation only resulting in 20-40% loss of surface D2 receptors in 

various cell models, including SH-SY5Y (Iizuka et al., 2007), COS-7 (Iwata et al., 1999) and HEK293 

(Namkung et al., 2009). The degree of D2 internalisation is reportedly enhanced by GRK2 (Guo et al., 

2010; Ito et al., 1999), a regulatory protein which HEK293 cells are reported to have negligible 

expression of (Atwood et al., 2011). The various GRK subtypes act to phosphorylate the intracellular face 

of the receptor, uncoupling it from G protein signalling and enhancing recruitment of further 

internalisation machinery (Reiter et al., 2006). Interestingly, GRK2 is also required for CB1 internalisation 

in cultured rat neurons (Kouznetsova et al., 2002), however CB1 internalises rapidly in HEK293 cells. 

HEK293 cells do, however, express GRK3 (Atwood et al., 2011), which has also been implicated in both 

CB1 and D2 desensitisation (Jin et al., 1999; Namkung et al., 2009). 

Previous studies have demonstrated that CB1 internalises rapidly in response to agonist in non-neuronal 

cell lines, with a time-course similar to that observed in this study (Cawston et al., 2013; Hsieh et al., 

1999; Jin et al., 1999; Rinaldi-Carmona et al., 1998). In neuronal cells, however, this down-regulation 

process has been suggested to occur more slowly, with maximum internalisation generally detected at 

16 hours (Blair et al., 2009; Coutts et al., 2001; Leterrier et al., 2006; Tappe-Theodor et al., 2007), 

although these experiments were performed by labelling receptors after drug incubation, and so the 

detected loss of surface CB1 may be a balance of internalisation and surface delivery. The difference in 

internalisation rate may be due to the configuration and/or expression of the various interacting proteins 

required in order to internalise CB1. These interacting proteins include AP-3 (which controls surface 

levels of CB1 by facilitating constitutive endocytosis (Rozenfeld et al., 2008)), the aforementioned GRK 

subtypes, the cellular machinery of clathrin-coated pits (the mechanism by which CB1 is internalised 

(Hsieh et al., 1999)), and GASP1 (which is involved in targeting CB1 and D2 for degradation (Bartlett et 

al., 2005; Tappe-Theodor et al., 2007; Thompson et al., 2007)). The only feasible approach to overcome 

the limitations of the host cell proteosome would be to attempt these trafficking assays on endogenously-

expressed CB1 and D2 receptors in primary neuronal cultures, although this would require antibodies 

targeting the N-terminus of each receptor. If CB1-D2 trafficking pathway interactions were found under 

these assay conditions, it would be interesting to determine whether the interaction is due to the 
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heterodimer itself, or mere competition between CB1 and D2 for their common trafficking partners (e.g. 

GRK2, GASP). 

To date, only one study has attempted to relate agonist-driven receptor trafficking to the CB1-D2 

heterodimer in a cell line. Przybyla, et al. (2010) found that long-term (10-30 hours) drug treatment with 

CP55,940 and quinpirole increased the proportion of receptors in a CB1-D2 heterodimer . Unfortunately, 

a key limitation to the interpretation of this study is that heterodimer formation was measured by 

bimolecular fluorescence complementation (BiFC), a detection technique which locks interacting proteins 

together with a slowly folding, irreversible protein tag interaction (Przybyla et al., 2010). Using this 

experimental design, heterodimer formation could not be measured at incubation times shorter than 10 

hours (Przybyla et al., 2010). Previous studies have demonstrated that a considerable constitutive 

heterodimer interaction is present in transfected HEK cells (Chapter 3) (Marcellino et al., 2008; Navarro 

et al., 2008a; Przybyla et al., 2010), however there may be stronger, temporary CB1-D2 heterodimer 

interactions which occur at approximately 7 minutes after agonist co-treatment (Kearn et al., 2005). This 

would correlate with the theory that, if CB1 and D2 do have any trafficking interaction, it is subtle and is 

restricted to first 10 minutes of agonist application. 

On the whole, it appears that the trafficking patterns of CB1 and D2 are not meaningfully affected by 

receptor co-expression and co-stimulation. While GPCR heterodimerisation is known to affect the 

trafficking properties of some receptor pairs, this is not a defining quality of heterodimers and so these 

results do not contradict the presence of CB1-D2 heterodimer. This study provides confidence that 

studies which investigate the trafficking of either of these receptors individually are likely to also reflect 

the behaviour of the receptor in cells which do express the CB1-D2 heterodimer. 
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6.  Modulation of D2 expression as a result of 
co-expression of CB1 

Introduction 
 

In Chapter 5, the trafficking of hCB1 in the presence of hD2 was assessed. Interestingly, while dual-

expressing HEK 3HA-hCB1/flag-hD2 clonal cell lines were established with relative ease, the long-term 

maintenance of a single-expressing HEK flag-hD2 cell line proved impossible. While we could transiently 

express the flag-hD2 construct easily in HEK wildtype cells, expression (as measured by antibody 

labelling) was very low immediately after antibiotic selection. Even after clonal selection, no populations 

of cells could be found with sufficiently high flag-hD2 expression on which to perform 

immunocytochemistry-based trafficking assays. 

Based on this observation, we hypothesised that co-expression of the 3HA-hCB1 construct helped to 

stabilise surface flag-hD2 expression. There is precedent in the literature for such a phenomenon, for 

example the co-expression of CB1 with the angiotensin AT1 receptor resulted in a large increase in CB1 

surface expression (Rozenfeld et al., 2011). Another example is the GABAB receptor, which is an 

established example of a GPCR “obligate heterodimer”, whereby association of the GABAB(1) and 

GABAB(2) units (each a seven transmembrane protein in their own right) must occur before release from 

the endoplasmic reticulum (Margeta-Mitrovic et al., 2000). While GABAB is a Class C GPCR, a family 

which is now well-established to form obligatory dimers (Kniazeff et al., 2011), this phenomenon has also 

been described for some Class A GPCRs. For example, α1D adrenergic receptors, when expressed 

alone, are only found intracellularly, but co-expression with α1B adrenergic receptors is sufficient to direct 

α1D to localise to the cell surface in a variety of cell types (Hague et al., 2004). Furthermore, the 

vasopressin V1a and V2 receptors form constitutive heterodimers in the endoplasmic reticulum and 

undergo post-translational modifications as heterodimers with the oxytocin receptor (Terrillon et al., 

2003). It has been hypothesised that this stabilisation of expression occurs via physical dimerisation; 

either interaction via the synthetic pathway promotes correct receptor folding and surface delivery, or 

interaction at the plasma membrane alters the life cycle of the receptor (Minneman, 2007). 

In this study, we investigated whether CB1 co-expression altered the nature of flag-hD2 transgene 

expression during the selection and maintenance of stable cell lines. 

 

Methods 
 
Stable transfection experiments 
In order to track the efficiency of stable transfection, HEK wildtype (wt), HEK 3HA-hCB1 or HEK 3HA-

hCB2 cell lines were transfected with circular flag-hD2 pcDNA3.1+ plasmid, using Lipofectamine 2000 
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(Invitrogen, CA, USA) following the manufacturer’s instructions. Two days after transfection, cells were 

transferred to flasks and 550 μg/ml G418 was added to the growth media to select for cells harbouring 

stably-integrated plasmid. Cell lines were passaged twice-weekly, being allowed to get no more than 

90% confluent before passaging, and remaining in 550 μg/ml G418 for the duration of the experiment. 

Immunocytochemistry 
Immunocytochemistry was used to detect receptor expression on the cell surface, as described in 

Chapter 2. Permeabilised labelling was also performed to visualise total receptor expression, although 

neither antibody proved satisfactory for image analysis. The antibodies used are detailed in Table 6.1. 

Image acquisition was performed utilizing the ImageXpress XLS Micro automated microscope, and 

analysis was performed utilizing MetaXpress and MetaMorph as described in Chapter 2.  

 

Table 6.1 Antibodies used in flag-hD2 stable transfection immunocytochemistry experiments. 

Antibody Species 
raised in 

Supplier 
(catalogue 
number) 

Batch/lot 
number 

Dilution, 
live-cell 
incubation 

Dilution, 
fixed-cell 
incubation 

anti-HA 

monoclonal 

Mouse Covance (MMS-

101P) 

Various 1:500 n/a 

anti-flag 

polyclonal 

Rabbit Sigma (F7425) 001M4789 1:400 n/a 

093M4798 1:400 n/a 

anti-flag 

monoclonal (M2) 

Mouse Sigma (F1804) Unknown 1:500 n/a 

SLBH1191V 1:2000a n/a 

anti-mouse, Alexa 

488 

Goat Molecular 

Probes (A11029) 

Various n/a 1:400 

anti-mouse, Alexa 

594 

Goat Molecular 

Probes (A11032) 

Various n/a 1:400 

anti-rabbit, Alexa 

594 

Goat Molecular 

Probes (A11037) 

Various n/a 1:400 

a This lot was supplied at a higher concentration than the previous lot, and was therefore optimised in 

parallel with the previous lot in order to maintain qualitatively and quantitatively equivalent labelling. 

 
cAMP assay 
Cytoplasmic cAMP signalling was measured using the V8-CAMYEL biosensor, as described in Chapter 

2. Cells were treated with 5 μM forskolin to activate adenylate cyclase, and 1 μM quinpirole as a D2 

agonist. 

Protein alignments 
The Emboss Needle protein alignment tool (http://www.ebi.ac.uk/Tools/psa/emboss_needle/) was used 

to determine the homology between specific sequences of 3HA-hCB1 and 3HA-hCB2. Sequences of 
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interest were chosen from interaction residues identified in the literature as important in the CB1-D2 

dimer interface (as described in Chapters 1 and 3)). 

Chronic drug treatments 
A clonal HEK 3HA-hCB1/flag-hD2 cell population was treated for 3 days with 1 μM CP55,940 (CB1 

agonist), SR141716A (CB1 inverse agonist), quinpirole (D2 agonist), or raclopride (D2 antagonist) in 

standard growth media (DMEM + 10% FBS). Receptor expression was analysed by 

immunocytochemistry, as described in Chapter 2. 

Data analysis and statistics 
Data were analysed using Prism (version 6, GraphPad, CA, USA), with additional statistical analysis 

performed by SPSS Statistics (version 21, IBM, NY, USA). In experiments comparing antibody labelling 

and cell line effects, two-way ANOVA was used with repeated measures matching and Sidak’s multiple 

comparisons test. In other experiments, comparing receptor binding and function, repeated measures 

one-way ANOVA was performed with Tukey’s post-test. The results of chronic drug treatments were 

compared to the vehicle-treated condition using one-way ANOVA and Dunnett’s post-test. 

 

Results 
 

Antibody detection of flag-hD2 throughout the generation of stable cell lines 

In order to substantiate our previous observations regarding the flag-hD2 construct, cells stably 

expressing the receptors of interest were generated as per standard laboratory procedure. Three HEK 

cell lines were transfected with the flag-hD2 pcDNA3.1+ plasmid, stable cell lines were generated using 

antibiotic selection, and antibody labelling was measured every second passage for 56 days. The 

parental cell lines were HEK wildtype (wt), or HEK stably transfected with either 3HA-hCB1 or 3HA-

hCB2. Two different antibodies were used to label the flag epitope. These were the polyclonal rabbit anti-

flag antibody (from the same manufacturer as was used in Chapter 5, except from different batches) and 

the monoclonal mouse anti-flag antibody. Although the original intention was to compare surface and 

total flag-hD2 labelling, both antibodies produced extensive nonspecific labelling and images were not 

quantifiable. An existing clonal cell line, HEK 3HA-hCB1/flag-hD2, was used as a control. This cell line 

had previously been observed to maintain a stable phenotype in continuous culture, and was therefore 

used to normalise antibody labelling across time points. 

In the transient transfection phase (2 days post-transfection), striking differences between the anti-flag 

antibodies was observed (Figures 6.1, 6.2(A)). While two antibodies were originally utilized in order to 

validate the labelling profiles, they showed markedly different results. The rabbit anti-flag antibody 

showed approximately equivalent staining between the HEK wt, HEK 3HA-hCB1 and HEK 3HA-hCB2 

cell backgrounds, while the mouse anti-flag antibody labelling was considerably different. In all the 

experimental samples, the mouse anti-flag antibody labelled fewer cells than the rabbit anti-flag, an effect 

which was especially pronounced in the HEK wt cell background (see Figure 6.2(A), 6.3, Table 6.2). 
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Antibiotic selection took approximately 14-18 days, as determined by the death of all cells in a flask of 

untransfected cells for each cell background. Immediately after antibiotic selection (day 21, 6 passages 

post-transfection), the difference between rabbit and mouse anti-flag staining was even more 

pronounced. The mouse anti-flag staining indicated near-complete loss of flag-D2 expression when 

transfected alone, whereas expression was apparently maintained in co-transfection with CB1 or CB2 

(Figure 6.1(B, D); Table 6.2). This is qualitatively similar to that seen previously, which used a different 

batch of polyclonal rabbit anti-flag. Conversely, the current batches of rabbit anti-flag antibody suggested 

that flag-D2 expression was maintained whether or not CB1 or CB2 were present, although overall more 

cells were labelled with rabbit anti-flag antibody when the cell background contained 3HA-hCB1 or 3HA-

hCB2, compared to HEK wt cells. (Figure 6.1(A, C); Figure 6.2(B); Table 6.2). It is important to note that 

under the incubation conditions utilised in these experiments neither antibody labelled any of the 

untransfected parental cell lines (i.e. no nonspecific binding). After long-term culture (day 56, 16 

passages post-transfection), the proportion of cells labelled with rabbit anti-flag stayed approximately the 

same for all parental cell lines (HEK wt, HEK 3HA-hCB1, and HEK 3HA-hCB2; p>0.05)  

 

 

Figure 6.1 Expression of flag-hD2 in different HEK cell backgrounds, as detected by two anti-flag 

antibodies. 

Flag-hD2 was transfected into HEK wt (A, B) or HEK 3HA-hCB1 (C, D) cell backgrounds. Staining of the 

experimental samples (red) was compared to that of the parental cell line (dashed lines), cells 

transfected but not under antibiotic selection pressure (blue lines), and a stably-transfected clonal cell 

line (black). Surface receptors were stained with either rabbit anti-flag polyclonal (A, C), or mouse anti-

flag M2 monoclonal (B, D) antibodies. Example data representing three independent experiments. 

Similar results were obtained from the HEK 3HA-hCB2 cell background. 
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Figure 6.2 Percent of positively-labelled cells as determined by anti-flag antibody labelling in 
different HEK cell backgrounds. 

Cell lines were analysed 2 days (transient expression phase; A), 21 days (immediately after stable 

selection; B), and 56 days (after continuous selection and maintenance; C) after transfection. Mean ± 

SEM from three independent experiments. p<0.05, * significant within cell line, rabbit anti-flag vs mouse 

anti-flag; # significant compared to HEK 3HA-hCB1/flag-hD2 control cell line with same antibody. 

 
 
Table 6.2 Percent of positively-labelled cells as determined by anti-flag antibody labelling in 

different HEK cell backgrounds. 

Mean ± SEM of three independent experiments. 

Transfection 
condition 

Antibody 

Rabbit anti-flag 
polyclonal 

Mouse anti-flag M2 
monoclonal 

Anti-HA 

Day 2 
Day 
21 

Day 
56 Day 2 

Day 
21 

Day 
56 Day 2 

Day 
21 

Day 
56 

HEK wt  

+ flag-hD2 

45.4 

±1.9 

65.9 

±6.5 

51.9 

±5.4 

8.0 

±0.9 

2.1 

±1.6 

5.8 

±4.7 

4.5 

±3.5 

0.6 

±0.2 

5.7 

±4.2 

HEK 3HA-hCB1 

+ flag-hD2 

49.2 

±2.9 

84.7 

±3.1 

85.5 

±4.0 

23.3 

±2.8 

39.2 

±2.4 

60.7 

±0.4 

92.3 

±2.6 

98.7 

±0.4 

97.5 

±0.4 

HEK 3HA-hCB2 

+ flag-hD2 

53.4 

±2.9 

93.0 

±3.5 

92.0 

±2.1 

34.3 

±3.7 

81.5 

±5.7 

81.8 

±3.7 

99.8 

±0.2 

99.7 

±0.2 

98.5 

±1.0 

HEK 3HA-hCB1/ 

flag-hD2 (positive 

control) 

97.4 

±1.2 

96.5 

±1.1 

95.5 

±0.9 

83.0 

±3.9 

84.0 

±1.6 

88.2 

±1.3 

97.6 

±1.1 

96.8 

±1.1 

96.3 

±0.6 
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The intensity of antibody labelling was also compared across the transfection conditions. Using the same 

microscopy images as were used for cell scoring, the total intensity of antibody labelling above 

background was averaged across all cells in the image. In every time point after day 2, all transfected 

cells are under antibiotic selection and should be transfected. Therefore averaging labelling in this way 

should overcome the limitation that very low-expressing cells may be below the threshold for the cell 

scoring analysis. Since each anti-flag antibody provides a different absolute level of staining, labelling 

was normalised so that untransfected HEK wt cells were set to 0%, and the HEK 3HA-hCB1/flag-hD2 

control line was set to 100% labelling for each anti-flag antibody. 

The average labelling intensity demonstrated differences in the degree of anti-flag labelling between the 

parental cell lines, but overall is in agreement with the data analysed by cell scoring. On day 2, in the 

transient transfection phase, there was low average flag-D2 labelling. This reflects that a low proportion 

of the cells are transfected. By day 21, the HEK wt cell background had completely lost mouse anti-flag 

labelling. Transfected HEK wt and HEK 3HA-hCB1 cells retained a lower level of rabbit anti-flag labelling 

per cell, indicative of a mixed population comprised of many lower-expressing cells compared to the 

clonal HEK 3HA-hCB1/flag-hD2 control line. Flag-hD2 labelling by both antibodies was significantly 

higher in the HEK 3HA-hCB2 cell background than in the HEK 3HA-hCB1 background. At day 56, flag-

hD2 labelling in the HEK 3HA-hCB2 cell background had reduced to approximately equal to the control 

cell line, while labelling in the HEK wt and HEK 3HA-hCB1 cell backgrounds remained similar to that 

seen at day 21.  

 

 

 

Figure 6.3 Labelling intensity of anti-flag antibodies when flag-hD2 is expressed in different HEK 

cell backgrounds. 

Cell lines were analysed 2 days (transient expression phase; A), 21 days (immediately after stable 

selection; B), and 56 days (after continuous selection and maintenance; C) after transfection. Data is 

normalised to the labelling of the antibody on the HEK 3HA-hCB1/flag-hD2 control cell line. Mean ± SEM 

from three independent experiments. p<0.05; * significant compared to antibody labelling within cell line, 

rabbit anti-flag vs mouse anti-flag; # significant compared to HEK 3HA-hCB1/flag-hD2 control cell line 

with same antibody. 
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Table 6.3 Receptor staining intensity of flag-hD2 in different HEK cell backgrounds. 

All staining was normalised to the intensity of the negative control (untransfected HEK wt; 0%) and 

positive control (HEK 3HA-hCB1/flag-hD2 clonal population; 100%). Mean ± SEM of three independent 

experiments. 

Transfection 
condition 

Antibody 

Rabbit anti-flag 
polyclonal 

Mouse anti-flag M2 
monoclonal Anti-HA 

Day 2 
Day 
21 

Day 
56 Day 2 

Day 
21 

Day 
56 Day 2 

Day 
21 

Day 
56 

HEK wt, 

untransfected 0 0 0 0 0 0 0 0 0 

HEK wt  

+ flag-hD2 

11.0 

±1.8 

22.9 

±4.4 

8.5 

±2.4 

2.5 

±0.7 

-0.2 

±0.4 

0.1 

±0.2 

0.0 

±0.0 

0.0 

±0.1 

-0.1 

±0.2 

HEK 3HA-hCB1, 

untransfected 

0.0 

±0.0 

-0.1 

±0.0 

0.5 

±0.4 

0.1 

±0.0 

-0.3 

±0.4 

0.3 

±0.3 

40.3 

±8.6 

50.5 

±10.1 

48.1 

±11.4 

HEK 3HA-hCB1 

+ flag-hD2 

16.2 

±1.3 

55.3 

±2.4 

52.5 

±9.1 

7.0 

±2.3 

25.9 

±6.3 

36.2 

±6.2 

19.4 

±9.0 

42.6 

±8.8 

49.1 

±9.8 

HEK 3HA-hCB2, 

untransfected 

0.2 

±0.2 

0.0 

±0.1 

0.1 

±0.1 

0.0 

±0.1 

-0.2 

±0.5 

-0.1 

±0.2 

860.3 

±66.7 

1323.1

±290.1 

935.7±

43.2 

HEK 3HA-hCB2 

+ flag-hD2 

23.4 

±3.8 

124.8 

±11.4 

100.3 

±10.4 

16.9 

±1.3 

213.0 

±60.6 

108.1 

±12.9 

814.1 

±33.4 

939.3 

±223.9 

679.1 

±17.7 

HEK 3HA-

hCB1/flag-hD2 

(positive control) 100 100 100 100 100 100 100 100 100 

 

 

Differences in antibody specificity 

The experiments above showed that the rabbit anti-flag and mouse anti-flag antibodies gave markedly 

different labelling profiles. Therefore, the anti-flag antibodies were tested to verify their sensitivity to the 

flag epitope. The two different batches of rabbit anti-flag polyclonal were tested alongside a mouse anti-

flag monoclonal antibody (M2). Anecdotally, the rabbit anti-flag polyclonal had been identified as being 

subject to batch-to-batch variability, and this is a widely-noted limitation of polyclonal antibodies 

(Bradbury et al., 2015; Grimsey et al., 2008a), while the mouse anti-flag monoclonal should not be 

affected by changes in epitope recognition between batches (assuming consistent handling by the 

manufacturer). 

None of the three anti-flag antibodies tested showed non-specific staining, with negligible binding to HEK 

wt cells and HEK 3HA-hCB1 cells (Figure 6.4). There were very minor differences between the two 

batches of rabbit anti-flag polyclonal, although this did not reach statistical significance. This was not, 

however, the same batch of rabbit anti-flag antibody which was used previously to observe the flag-hD2 
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expression patterns originally; this early batch of polyclonal antibody was no longer commercially 

available, and thus its specificity could not be tested further.  

As described above, there was a marked difference in the recognition patterns of the rabbit polyclonal 

compared to the mouse monoclonal antibodies, with the mouse anti-flag antibody seemingly unable to 

recognise the flag epitope of flag-hD2 when it was expressed alone. The rabbit and mouse antibody 

staining was statistically equivalent in the HEK 3HA-hCB1/flag-hD2 clonal cell line: the rabbit anti-flag 

antibody labelled 94% of cells, while the mouse anti-flag antibody labelled 85%, although this difference 

was only statistically significant between one batch of the polyclonal anti-flag and mouse anti-flag. 

 

 

Figure 6.4 Comparison of anti-flag antibodies used for detection of flag-hD2. 

Stable cell lines were labelled under non-permeabilising conditions with anti-flag antibodies and analysed 

for the percent of cells with detectible antibody labelling. Data shown as mean ± SEM of three or four 

independent experiments. * p<0.05 

 

Due to the markedly different labelling observed with the rabbit anti-flag and mouse anti-flag antibodies, 

binding and functional studies were carried out as alternative means to determine flag-hD2 receptor 

expression in the cell lines generated. 

Radioligand binding 

To determine receptor number, whole cell radioligand binding assays were performed 56-57 days/16 

passages post-transfection with [3H]-raclopride, a D2-selective antagonist. All cells transfected and 
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selected for flag-hD2 expression contained approximately equal receptor levels, of 98-131 fmol D2 

receptors per mg of total cell protein (differences not statistically significant; Table 5.4). This receptor 

binding was clearly above the specific binding measured in the parental cell lines, indicating that it was 

the flag-hD2 transgene which was conferring [3H]-raclopride binding in these samples. 

 

Table 6.4 [3H]-raclopride whole-cell binding in HEK cell lines transfected with flag-hD2. 

Cells were stably transfected with flag-hD2 and assayed day 56-57/16 passages post-transfection. Mean 

± SEM of three independent experiments. * p<0.05 significant compared to untransfected parental cell 

line. 

Cell line 
 D2 receptors (fmol/mg 
total protein) 

Significance compared to other 
conditions 

HEK wt, untransfected -1.7±1.7 - 

HEK wt + flag-hD2 98.4±14.5* 

HEK 3HA-hCB1 + flag-hD2 = ns 

HEK 3HA-hCB2 + flag-hD2 = ns 

HEK CB1/D2 control = ns 

HEK 3HA-hCB1, untransfected 1.8±0.9 - 

HEK 3HA-hCB1 + flag-hD2 130.7±1.8* 

HEK 3HA-hCB2 + flag-hD2 = ns 

HEK CB1/D2 control = ns 

HEK 3HA-hCB2, untransfected 0.1±1.5 - 

HEK 3HA-hCB2 + flag-hD2 108.9±10.2* HEK CB1/D2 control = ns 

HEK 3HA-hCB1/flag-hD2 control 109.8±35.0 - 

 

 

cAMP assay 
To determine receptor functionality, cAMP assays were performed 57 days/16 passages post-

transfection with quinpirole, a D2-selective agonist, and CP55,940, a non-selective CB1/CB2 agonist. As 

shown in Figure 6.5, all transfected cells were responsive to quinpirole (100 nM) as indicated by a 

reduction in cAMP relative to forskolin alone (100%). Flag-hD2-transfected cell lines which had originally 

contained 3HA-hCB1 or 3HA-hCB2 retained their responsiveness to CP55,940. Although all three 

experimental cell lines trended towards less responsiveness to quinpirole as compared to the HEK 3HA-

hCB1/flag-hD2 positive control cell line, this difference was not statistically significant. 

75 
 



 

Figure 6.5 cAMP signalling in HEK cell lines stably transfected with flag-D2. 

Ability to inhibit forskolin mediated cAMP was measured at 15 minutes in cell lines 57 days/16 passages 

post-transfection with flag-hD2. Cells were incubated with 5 μM forskolin and 100 nM quinpirole or 100 

nM CP55,940, and responses were normalised to 5 μM forskolin (100%) and vehicle (0%). Mean ± SEM 

of three independent experiments. p<0.05; * significant compared to forskolin alone; # significant 

compared to HEK 3HA-hCB1/flag-hD2 control cell line. 

 

Protein sequence homology between 3HA-hCB1 and 3HA-hCB2 
The results above appear to show that both CB1 and CB2 expression alter the ability of the mouse anti-

flag antibody to detect the D2 receptor. It is possible that dimer formation with the cannabinoid receptor 

results in a conformation of the receptor that unmasks the flag epitope, however CB2-D2 dimers have 

not been previously described. Therefore we considered if the proposed dimer interfaces of CB1-D2 

receptors were conserved in CB2. (Here we describe the residues based on their positions in the 

untagged receptors, i.e. wildtype hCB1 and hCB2.) The TM1 dimer interface, tested in Chapter 4, was 

predicted to involve hCB1 residues A120, V121, L124, and T128. hCB2 has two of these residues – A37 

and V38 (matching CB1’s A120 & V121). However, as demonstrated in Chapter 4, there is little 

experimental support for this interface. Other potential CB1-D2 interaction sites include intracellular loop 

3 (T321 and S322) (Navarro et al., 2010), of which there are no homologous residues in hCB2; and the C 

terminus (C417-S431 in rat, which is identical throughout to human C415-S429) (Khan et al., 2014) with 

low (26.7%) homology in hCB2. 

Chronic drug treatments 

As it appeared that CB1 expression markedly altered antibody recognition of flag-hD2 receptors by the 

mouse anti-flag antibody, we investigated whether the antibody staining profiles seen in the stable 
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transfection experiments could be recreated by pharmacologically altering CB1 expression in an already 

established CB1-D2 cell line. To do this, we attempted to reduce CB1 expression in the HEK 3HA-

hCB1/flag-hD2 control cell line (as was used in the transfection experiments above), by driving 

degradation of the 3HA-hCB1 receptor using chronic agonist treatment. Conversely, we also used 

chronic inverse agonist to reduce constitutive turnover of 3HA-hCB1, which should result in a net gain of 

CB1 on the cell surface (Bouaboula et al., 1997; Grimsey et al., 2010).  

Although chronic (3 days) CB1 agonist treatment did significantly reduce surface CB1 expression by 

approximately 90%, this did not produce a statistically significant alteration in detectable D2 levels. No 

other statistically significant effects were found, with either agonist or antagonist treatment. Therefore we 

can conclude that if any ligand-driven changes were occurring, they were not dramatic enough to detect 

in this assay.  

 
Table 6.5 Changes in CB1 and D2 surface receptor antibody labelling following chronic drug 

treatment of the HEK 3HA-hCB1/flag-hD2 cell line. 

Cells were treated with 1 μM of CP55,940 (CB1 agonist), SR141716A (CB1 inverse agonist), quinpirole 

(D2 agonist) or raclopride (D2 antagonist) for 3 days. Receptor labelling was normalised to the antibody 

labelling of cells treated with vehicle (100%). Mean ± SEM of two or three independent experiments. 

*p<0.05 compared to vehicle-treated cells. 

Drug treatment 

Staining intensity (% of vehicle treated cells) 

CB1, measured by 
anti-HA 

D2, measured by 
rabbit anti-flag 

D2, measured by 
mouse anti-flag 

Vehicle, 3 days 100.0±0.0 100.0±0.0 100.0±0.0 

CP55,940, 3 days 8.4±0.8* 143.2±15.5 (ns) 145.6±16.0 (ns) 

SR141716A, 3 days 127.6±8.8 (ns) 78.2±5.2 (ns) 89.6±12.4 (ns) 

Quinpirole, 3 days 102.6±1.3 (ns) 85.3±21.3 (ns) 98.5±20.5 (ns) 

Raclopride, 3 days 82.3±5.5 (ns) 84.1±17.8 (ns) 93.5±20.8 (ns) 

 

 

Discussion 
 

These studies were designed around the hypothesis that CB1 expression assisted expression of the flag-

hD2 construct. This hypothesis was based on our observation that stably-transfected flag-hD2 

expression appeared to decline in the absence of 3HA-hCB1, but was maintained at a stable level in 

cells that expressed the 3HA-hCB1 transgene. It is established that some GPCR heterodimers may 

interact during receptor synthesis pathways (Bulenger et al., 2005), although it was already known that 

both CB1 and D2 do not need to be expressed together in order to function (Kearn et al., 2005). 

Interactions during protein synthesis may modify the receptors’ tertiary and quaternary structure, or post-

translational modifications.  
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In this Chapter, and throughout this thesis, we used epitope-tagged GPCRs. Epitope tags are generally 

used for experiments requiring immunocytochemical detection of exogenous GPCRs, primarily because 

antibodies are difficult to raise to endogenous GPCR epitopes (Michel et al., 2009). Furthermore, the 

commercially-available antibodies to epitope tags such as haemagglutinin (“HA”) and DYKXXD (“flag”) 

are well established in the literature, making the use of epitope tags an attractive approach to these 

experiments. The hD2 construct we have studied is N-terminally flag-tagged, and indeed “flag” is 

specifically recommended for internalisation assays (Koenig, 2004; Salahpour et al., 2011). 

Using antibody labelling, radioligand binding and a receptor signalling assay, the experiments in this 

Chapter showed that the flag-hD2 transgene was able to be expressed to similar levels either alone, or in 

combination with 3HA-hCB1 or 3HA-hCB2 in HEK cells. Therefore, the original hypothesis – that low 

anti-flag antibody binding reflected very low protein expression levels in HEK flag-hD2 cells – has proven 

not to be supported by this data. However, the presence of either cannabinoid receptor altered the 

degree to which the flag epitope could be detected by one of the anti-flag antibodies utilised. This may 

explain why previous attempts in the Receptor Signalling Laboratory could not establish a HEK flag-hD2 

cell line: these cell lines were tested using anti-flag antibody to determine receptor number, and not by 

radioligand binding or a signalling assay. Although the batches of rabbit anti-flag antibody used to 

originally observe flag-hD2 expression (evidence which guided our original hypothesis) are no longer 

available for testing, it is likely they displayed a similar epitope-recognition profile to the mouse anti-flag 

tested here. 

Following the observation that cell background altered the labelling patterns of anti-flag antibodies, we 

validated the binding profiles of the two commercially-available anti-flag antibodies used in this 

experiment: rabbit anti-flag polyclonal (Sigma, cat. F7425) and mouse anti-flag M2 monoclonal (Sigma, 

cat. F1804). Two antibodies were initially chosen to ensure redundancy in the experimental design; an 

approach which proved warranted when these antibodies showed differing sensitivities to the flag 

epitope. While there was negligible non-specific binding, an important difference was seen between the 

ability of the antibodies to detect the flag epitope. Although neither antibody accurately reflected the 

radioligand binding obtained from the HEK wt cell line transfected with flag-hD2, the mouse anti-flag 

essentially failed to recognise the flag epitope at all, unless the transgene was expressed with either 

3HA-hCB1 or 3HA-hCB2. Since D2 ligand binding is reportedly unaffected by CB1 co-expression (Kearn 

et al., 2005), it is most likely that the binding data is an accurate reflection of flag-hD2 receptor number in 

these cell lines and it is the antibodies which are less dependable. Assuming that it is a structural 

difference which affects the antibodies’ affinity for the flag epitope, it is possible that the polyclonal rabbit 

anti-flag also contains a proportion of antibody idiotypes which are also unable to recognise this epitope. 

However, because this is a polyclonal antibody, there is sufficient variation in the antibody mixture to still 

label a significant portion of the flag epitopes regardless. 

The anti-flag antibodies evidently show variation in their ability to recognise the flag epitope. Some 

antibodies are known to be sensitive to epitope post-translational modifications. The only post-

translational modification which has been reported to affect recognition of the flag epitope is sulfonation 

(Choe et al., 2009; Schmidt et al., 2012), although presumably other modifications would have the 

potential to produce a similar disruptive effect. This sulfonation reaction is reportedly due to the flag 
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epitope’s high acidity and the propensity of the internal tyrosine to be sulfonated (Choe et al., 2009). 

Sulfonation of the flag epitope has been shown to prevent the mouse anti-flag M2 antibody from binding 

and reduces the binding of other anti-flag antibodies (Schmidt et al., 2012; Tan et al., 2013). Indeed, 

sulfonation of the N-terminus of GPCRs has been observed for several GPCRs, including the 

sphingosine 1-phosphate S1P1 receptor (Fieger et al., 2005), chemokine CCR2 receptor (Tan et al., 

2013), and complement component 5a C5aR1 receptor (Liu et al., 2011). Regardless of the specific 

source of the disruption of M2 binding affinity, it appears that the mouse anti-flag is highly sensitive to 

this modification, and the rabbit anti-flag polyclonal antibody is somewhat sensitive to this.  

When we look specifically at the dopamine D2 receptor, the addition of the flag epitope on the D2 N-

terminus is a relatively common way of monitoring D2 receptor expression and trafficking, e.g. (Ji et al., 

2009; Kearn et al., 2005; Namkung et al., 2004; Octeau et al., 2014; Sharma et al., 2013), usually without 

a second antibody to compare labelling profiles. Additionally, the mouse M2 anti-flag antibody specifically 

has been used for detection of N-terminally-tagged flag-hD2 (Kabbani et al., 2002; Namkung et al., 2004; 

Octeau et al., 2014; Sharma et al., 2013), which this study has shown has a high sensitivity to 

modification of flag-hD2. In light of the results of this study, previous studies which utilise this expression 

system should be reviewed with caution and future work designed to account for this phenomenon. 

The result of the stable transfection experiments showed that HEK cells pre-transfected with 3HA-hCB1 

and 3HA-hCB2 modify the detectability of the flag-hD2 transgene compared to when HEK wt cells are 

used as the parental line. When designing these experiments, CB2 was chosen as a control cell line 

because there is no evidence that a CB2-D2 heterodimer exists. Therefore, it was a surprise to find that 

3HA-hCB2 expression also altered flag-hD2 expression in a way that was similar to 3HA-hCB1. There 

are several regions of CB1 which have been hypothesised and/or experimentally validated as 

contributing to the CB1-D2 heterodimer interface. Based on the protein sequence alignment of 3HA-

hCB1 and 3HA-hCB2, it is unlikely that hCB2 carries enough homology to interact with hD2 by the same 

mechanisms as hCB1. Although there are no reported studies describing CB2-D2 interactions, there is a 

slim possibility that these receptors could be co-expressed and form physically-relevant heterodimers or 

signalling interactions. Reference data available from the Human Protein Atlas (Uhlen et al., 2010) 

contains mRNA and antibody staining for both hCB2 and hD2. Keeping in mind the aforementioned 

limitations in GPCR antibodies, there is an indication that there are several tissues which stain positively 

for both hCB2 and hD2; in particular the appendix and tonsil. However, this data is not supported by 

mRNA expression patterns, which indicate that there is no overlap in peripheral hCB2 and hD2 

expression (Uhlen et al., 2010). 

Potentially, the similarity between the effects 3HA-hCB1 and 3HA-hCB2 have on flag-hD2 expression are 

due to altered cell signalling, rather than a direct heterodimerisation interaction. Both CB1 and CB2 

receptors signal through Gαi-pathways, and have similar functional effects in cAMP and pERK signalling 

(Bouaboula et al., 1996; Galve-Roperh et al., 2002; Pertwee et al., 2010). It could be reasoned that the 

results of the chronic drug treatment experiments stand against this hypothesis. In this experimental 

paradigm, a pre-established HEK 3HA-hCB1/flag-hD2 clonal cell population was treated with chronic (3 

day) agonist or inverse agonist in an effort to alter both receptor number (by driving receptor degradation, 

or preventing constitutive degradation respectively) and change constitutive signalling in the cell 
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population. It was found that although chronic agonist did considerably reduce CB1 levels, this was 

insufficient to cause a significant change in D2 detection levels. Since all the transgenes used in these 

studies are controlled by constitutive promoters, and therefore are not subject to changes at the level of 

protein synthesis, these drug conditions are intervening after receptor protein synthesis. Considering no 

significant changes were seen in flag-hD2 expression, these results would argue that the process which 

affects the flag epitope’s detectability in the flag-hD2 transgene occurs during protein biosynthesis and 

are not a product of 3HA-hCB1 and 3HA-hCB2 constitutive signalling affecting this process. 

In these experiments, we have demonstrated that in the HEK cell line, the expression pattern of D2 is 

altered when co-expressed with cannabinoid receptors. One previous study has reported that D2 

receptor function is different when it is overexpressed in two different cell lines. These subtle differences 

in a D2 transgene’s function have been reported in HEK, which do not endogenously express D2 

(Atwood et al., 2011), when compared to SH-SY5Y, which does endogenously express D2 (Alberts et al., 

2000). Given the ubiquity of the HEK cell background for receptor trafficking and signalling studies, it is 

important to recognise its limitations and to replicate phenomenon found using transgenes in 

endogenously-expressing cell types whenever possible. However, because relatively little is known about 

the complexities of protein synthesis and modification pathways, it is impossible to know in advance 

which cell line is the most physiologically-relevant for receptor characterisation. It would be interesting to 

determine whether the alteration to the flag epitope seen in this study reflected changes to the D2 

receptor protein itself, for example by changes in posttranslational modifications. Furthermore, it would 

be interesting to test whether similar interactions occur in cells which endogenously express D2.  
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7.  Cell phenotype and cAMP signalling of CB1 

 

Introduction 
 

The primary functional effect attributed to the CB1-D2 heterodimer is its cAMP signalling profile. 

Expressed alone, both CB1 and D2 are well-defined as Gαi/o-linked receptors, which thereby reduce 

cAMP production through Gαi/o-mediated inhibition of adenylate cyclases (Beaulieu et al., 2011; Glass et 

al., 1999). However, when these receptors are co-expressed and treated with agonists concurrently, 

cellular cAMP accumulates instead. This was first observed in rat striatal neurons (Glass et al., 1997), 

and then in transfected cell lines (Kearn et al., 2005). One study has also observed that merely co-

expressing CB1 in a D2-expressing cell line was sufficient to induce CB1-mediated cAMP accumulation 

(Jarrahian et al., 2004). 

Glass et al (Glass et al., 1997) first observed the CB1-D2 signalling interaction, and hypothesised that 

the apparent switch in signalling was due to signalling D2 receptors sequestering Gαi away from CB1. 

This leaves CB1 available to activate the less-favoured Gαs proteins. Supporting this, CB1 is recognised 

as having a Gαs-like signalling component; treating CB1 expressing cells with pertussis toxin reveals 

Gαs-like cAMP accumulation (Bonhaus et al., 1998; Felder et al., 1998; Scotter et al., 2010). 

Unpublished studies from the Receptor Signalling Laboratory have found that expression of CB1 with a 

preprolactin signal sequence (PPLSS; Belin et al., 1996) results in a dominant Gαs-like phenotype. The 

key consequence of adding an N-terminal PPLSS to CB1 is that it results in very high receptor 

expression levels. Thus, we hypothesised that an equivalent “signalling switch”, analogous to that which 

was observed with D2 receptors, might occur with CB1 receptors alone. In either scenario, high receptor 

expression essentially exhausts Gαi activation, allowing the lower affinity interaction with Gαs to become 

dominant. If this were the case, then we would expect that the observed signalling would be correlated to 

receptor expression; low receptor expression favouring a high affinity Gαi interaction, and higher 

expression levels favouring the lower affinity Gαs interaction.  

It is, however, possible that the addition of PPLSS to CB1 results in other changes in the receptor biology 

than just expression level. Therefore, the ideal experimental design would be to investigate cAMP 

signalling in a single cell line with variable expression levels. One way to achieve this is to transiently 

transfect a clonal cell line (generating a population of cells varying only in their CB1 expression level), 

sort them by expression level, and then determine the cannabinoid-mediated alterations in cAMP. This 

became feasible following the development of the V8-CAMYEL biosensor (Chapter 2 and Appendix) 

which enables detection of changes in cAMP in a smaller number of cells than previous plate-reader-

based biosensors. A stably-transfected clonal population of cells expressing V8-CAMYEL provided a 

homogeneous cell population into which the PPLSS-CB1 receptor could be transiently transfected. 

Fluorescence-activated cell sorting (FACS) was used to separate cells based on CB1 expression levels. 
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The high bioluminescence output of V8-CAMYEL permitted us to then perform live-cell cAMP assays on 

the small cell numbers recovered by FACS. Such an approach ensures that the cellular background is 

essentially identical between the cell lines being studied. 

 

Methods 
 
cAMP measurement 
In order to study cAMP signalling, an Epac-based cAMP biosensor, V8-CAMYEL, was used. V8-

CAMYEL indicates cytoplasmic cAMP concentration through changes in bioluminescence resonance 

energy transfer (BRET) signal, which can be measured in real time in live cells. 

Creation and sorting of a 3HA-hCB1 mixed population 
HEK-V8-CAMYEL cells (described in Chapter 2) expressing a mixed population of CB1 were generated 

by transient transfection of the PPLSS-3HA-hCB1 pef4a plasmid (described in Chapter 2) using 

Lipofectamine 2000 (Invitrogen, CA, USA), following the manufacturer’s protocol. Stably transfected and 

clonally isolated HEK 3HA-hCB1 (as used in Chapters 5 and 6) and stable HEK PPLSS-3HA-hCB1 were 

used as reference cell lines, to control for antibody staining efficiency. Forty eight hours after 

transfection, transiently-transfected cells and the stably-transfected reference cell lines were lifted from 

the culture vessels using Versene (Life Technologies, CA, USA) so as not to cleave surface proteins. 

Cells were then stained in suspension with mouse anti-HA antibody (Covance, NJ,USA) and goat anti-

mouse Alexa Fluor 647 (Molecular Probes, CA, USA). Negative staining controls (unlabelled, or with only 

secondary antibody) were included to determine the background staining, using the same cell lines. 

Cell staining in the 647nm channel was measured in a BD FacsAria flow cytometer (BD Biosciences, NJ, 

USA), for both the reference cell lines and a sample of the transiently-transfected mixed population. Six 

collection bands were then defined, relative to the 647nm peaks in the reference populations, such that 

essentially all cells from the mixed population were collected, provided their receptor expression level 

was detected as being above background fluorescence (as defined by the negative staining controls). 

The HEK-V8-CAMYEL PPLSS-3HA-hCB1 mixed cell population was sorted in assay buffer (HBSS + 1 

mg/ml BSA) and collected at room temperature. Cells were then distributed into 96-well plates, at 

10,000-20,000 cells/well and then assayed as per the cAMP assay protocol described in Chapter 2. 

Data analysis 
Data was processed and graphed using Prism (version 6; GraphPad, CA, USA). Statistical significance 

was determined by one-way repeated measures ANOVA with Tukey’s post-test. 
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Results 
 

CB1 Gαs signalling 
We investigated CB1 cAMP signalling in relation to receptor expression levels. The following 

experiments were based on the observation demonstrated below, in graph 7.1, provided by David Finlay 

(Receptor Signalling Laboratory, University of Auckland). Here, we see the cAMP signalling response of 

two cell lines stably expressing 3HA-tagged hCB1. HEK 3HA-hCB1 cells demonstrated concentration-

dependent inhibition of cAMP production in response to the CB1 agonist CP55,940, while HEK PPLSS-

3HA-hCB1 cells generated a predominant Gαs-like phenotype. The most notable difference between 

these two cells is that they have markedly different surface density of CB1 as a result of the addition of 

the pre-prolactin signal sequence (PPLSS), which aides trafficking to the plasma membrane but is 

cleaved from the protein before reaching the cell surface (Rapoport et al., 1996). Therefore we 

hypothesised that the Gαs phenotype might be related to high expression levels of CB1. 

 

 

Figure 7.1 cAMP signalling in HEK PPLSS-3HA-hCB1 and HEK 3HA-hCB1 stable cell lines. 

cAMP signalling profile of two 3HA-hCB1 stable cell lines, with PPLSS (solid line) or without (dashed 

line). Cells were treated with forskolin 2.5μM and the CB1 agonist CP55,940. Data supplied by David 

Finlay. 

 

Cell sorting  
The two cell lines described in Figure 7.1 were used as reference cell lines for the following experiments. 

As shown in Figure 7.2, the two reference populations differed in their surface expression of the 3HA-

hCB1 transgene. To test the hypothesis that surface 3HA-hCB1 density determined signalling 

phenotype, we aimed to create a population of HEK cells which expressed a wide range of surface 3HA-

hCB1 densities. In order to achieve this, a HEK-V8-CAMYEL stable cell line was created and clonally 
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isolated, to ensure that all cells in the mixed population differed only in their 3HA-hCB1 expression and 

not in biosensor loading. 

Transient transfection was used to create a highly mixed population of HEK-V8-CAMYEL PPLSS-3HA-

hCB1 cells. The levels of surface 3HA-hCB1 were measured immunocytochemically by flow cytometry 

and compared quantitatively to the two reference cell lines (Figure 7.2). Flow cytometry cell sorting was 

then used to divide this population into six subpopulations, as shown in Figure 7.2. These subpopulations 

were labelled A-F for subsequent analysis. 

 

 

Figure 7.2 Frequency distribution of surface CB1 expression in HEK-V8-CAMYEL cells transiently 

transfected with PPLSS-3HA-hCB1. 

Frequency distribution of surface CB1 expression in HEK cell lines (Gαi-coupling HEK 3HA-hCB1 in blue, 

Gαs-like HEK PPLSS-3HA-hCB1 in purple) and the transiently-transfected HEK-V8-CAMYEL PPLSS-

3HA-hCB1 population (green). Vertical markers represent the sorting parameters for subpopulations A-F. 

Representative data from one of three independent experiments. 

 

cAMP signalling in 3HA-hCB1 subpopulations 

Once cells were sorted into subpopulations, real-time measurement of cAMP signalling was performed to 

compare cellular responses to CB1 agonists. As shown in Figure 7.3 and Table 7.1, the concentration-

response to CP55,940 varied notably between the sorted subpopulations A-F. As expected, the 

subpopulation with expression matched to the Gαi-signalling reference population (subpopulation C) 

gave a robust inhibitory response. Subpopulations with lower expression, A and B, gave a weaker 

inhibitory response. The subpopulation with the highest 3HA-hCB1 surface expression (F), however, 

gave a stimulatory response, with cAMP formation well above that achieved by forskolin alone. The 

subpopulations with intermediate expression levels (subpopulation D and E) gave transitional cAMP 

signalling phenotypes, neither strongly inhibitory nor strongly excitatory. 
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Sigmoidal curves (Hill slope = 1) were fitted to the results of each experiment, and the summary results 

are shown in Table 7.1. Overall, the pEC50 of CP55,940 trended towards being higher in subpopulations 

with higher surface CB1, as compared to those with lower CB1 expression. The maximum signalling 

plateau (either above or below forskolin) was statistically significantly different. The time-course of cAMP 

signalling was not qualitatively different between subpopulations, with the inhibitory or stimulatory 

phenotypes remaining consistent over 20 minutes (Figure 7.4). Responses to both forskolin and 

CP55,940 with forskolin rise steadily from baseline (vehicle) over 5-7 minutes, followed by an 

approximate plateau maintained for at least the duration of assay measurement (15 minutes). In 

subpopulation C (Figure 7.4(A)), the inhibitory phenotype is apparent immediately, with CP55,940 

reducing forskolin-stimulated cAMP changes at all time points. Similarly, in subpopulation F (Figure 

7.4(B)), cytoplasmic cAMP levels are consistently above those produced by forskolin alone. 

 

 

Figure 7.3 cAMP signalling profile of the transiently-transfected HEK-V8-CAMYEL cells sorted by 
PPLSS-3HA-hCB1 surface expression in response to CP55,940. 

Cells were treated with 5 μM forskolin and the various concentrations of the CB1 agonist CP55,940. 20 

minute area-under-the-curve for each response was normalised to vehicle (0%) and forskolin (100%). 

Sigmoidal curves were fitted with Hill slope constrained to 1. Representative data from one of three 

independent experiments. 
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Table 7.1 Summary results from CP55,940 concentration-responses generated by transiently-
transfected HEK-V8-CAMYEL sorted by PPLSS-3HA-hCB1 surface expression. 

Cells were treated with 5 μM forskolin and the various concentrations of the CB1 agonist CP55,940. 20 

minute area-under-the-curve for each response was normalised to vehicle (0%) and forskolin (100%). 

Sigmoidal curves were fitted with Hill slope constrained to 1. Mean ± SEM from three independent 

experiments. 

Subpopulation 
Surface receptor density (anti-HA 
labelling, arbitrary units) pEC50 

Emax, % forskolin 
response 

A 526±24 8.34±0.79a 87.6±0.9 

B 1519±74 9.34±0.21 79.7±5.9 

C 3382±410 9.31±0.40 67.2±5.5 

D 8338±1803 10.01±0.13 81.5±10.7 

E 22790±5657 8.66±0.82a 108.4±9.8 

F 108830±10511 8.37±0.12 151.9±5.2 

Statistical significance 

(one-way ANOVA) 

p<0.0001 ns p=0.000 

a Curves fitted to this data may not be accurate as the total range of inhibition/stimulation did not deviate 

appreciably from forskolin alone. Exclusion of these conditions did not affect statistical significance. 

 

 

 

Figure 7.4 Time course of cAMP signalling response in sorted subpopulations of transiently-
transfected HEK-V8-CAMYEL PPLSS-3HA-hCB1 cells. 

Sorted subpopulations C (I) and F (II) were treated with forskolin (5 μM) with and without CP55,940 (1 

μM), and the activity of the V8-CAMYEL biosensor was monitored for 20 minutes. Representative data 

from one of three independent experiments. 
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Discussion 
 

To further understand the mechanism of the switch of CB1 from a Gαi- to Gαs-like signalling phenotype, 

we designed an experiment to test the hypothesis first put forward by Glass et al. (1997), regarding G 

protein competition. In cells which endogenously express CB1 and D2 receptors, co-stimulation with 

agonists results in an increase in cAMP production, consistent with Gαs coupling, whereas each of these 

receptors couple to Gαi when stimulated individually. This could be consistent with depletion of cellular 

Gαi proteins, unmasking a lower-affinity CB1-Gαs interaction. If this were the case, increasing the 

cellular expression of CB1 alone would produce a similar phenotype.  

While it is widely reported that CB1 can increase cAMP concentration in a “Gαs-like” manner, the 

majority of this data has arisen from experiments which involved removing the Gαi signalling capacity of 

a cell, usually through pertussis toxin treatment (Bonhaus et al., 1998; Felder et al., 1998; Glass et al., 

1997; Gonzalez et al., 2009). To date, very few other experimental designs have demonstrated CB1-

mediated cAMP accumulation in untreated cells. For example, WIN55,212-2 gave a Gαs response when 

applied to rat globus pallidus cells (Maneuf et al., 1997), as did desacetyllevonantradol when applied to a 

neuroblastoma cell line (Bash et al., 2003). The primary advantage of using untreated cells is that it 

allows the observation of signalling under more typical cellular conditions. Unpublished observations 

from the Receptor Signalling Laboratory had found that a Gαs-like phenotype occurred in cells 

transfected with a CB1 construct tagged with a preprolactin signal sequence. This signal sequence 

increases the proportion of receptors which are trafficked to the plasma membrane. Therefore, we 

hypothesised that high surface CB1 expression might create a situation similar to dimer formation, where 

Gαi becomes limited and a lower affinity (but potentially higher efficacy) Gαs signalling capability of CB1 

is “unmasked”. To investigate this further we generated a mixed population of cells, differing only in their 

expression of CB1, and then sorted them based on receptor expression. A key factor in this experimental 

design was the ability to measure cAMP from small numbers of cells. A clonal HEK cell line expressing 

the V8-CAMYEL biosensor was developed to ensure stable and homogeneous biosensor expression. 

This cell line was transiently transfected with PPLSS-3HA-hCB1 to generate a population with a wide 

range of CB1 expression. Stable expression of the V8-CAMYEL biosensor enabled measurements to be 

taken from much smaller numbers of cells in a conventional plate reader, with identical biosensor load in 

all cells.  

Using transiently-transfected cells, we sorted six subpopulations based solely on surface 3HA-hCB1 

expression. cAMP signalling assays showed that these subpopulations differed markedly in their 

responses to cannabinoid agonists. When surface 3HA-hCB1 density was very low, cells had a low Gαi-

like response to the cannabinoid agonist CP55,940, with the agonist reducing forskolin induced cAMP in 

a concentration-dependent manner. Then, with moderate expression of 3HA-hCB1, cells demonstrated a 

more pronounced inhibition of cAMP in response to cannabinoid stimulation. When surface 3HA-hCB1 

density was high, cells responded in a Gαs-like manner to CP55,940, with a concentration-dependent 

increase in cAMP. The time course of cAMP production (Figure 7.4) indicated that both signalling 

phenotypes, inhibitory or stimulatory, became apparent immediately after drug addition, rather than a 

two-phase response, as has been reported previously for a CB1 allosteric modulator (Cawston et al., 
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2013). This is consistent with a change in the qualitative nature of CB1 signalling through adenylate 

cyclase, rather than a rapid desensitisation of an inhibitory pathway resulting in an overcompensation of 

cytoplasmic cAMP. 

A difference was noted between the results obtained from one of the reference cell lines and the 

“matched” sorted subpopulation. In the high-expressing stable cell line, used as a staining reference in 

the sorting experiments, a strong Gαs-like cAMP response was observed (Figure 7.1). However, in cells 

which had been transiently transfected and sorted to a similar level of surface CB1 expression, we 

observed only a weak accumulation of cAMP (Table 7.1, subpopulation E). This may be due to the 

different cell backgrounds used to create these cell lines. While the stable cell line had been generated 

from a parental HEK wildtype cells, the transiently-transfected population had been produced in HEK-V8-

CAMYEL cells, for which the parental line was the HEK FlpIn wildtype cell line. Furthermore, the high-

expressing stable cell line may have adaptive changes in the expression of components of the G protein 

signalling pathways, due to chronic overexpression of high levels of CB1, which is known to be 

constitutively active (Bouaboula et al., 1997; Nie et al., 2001; Pan et al., 1998). GPCR-mediated down-

regulation of G protein subunit expression has been reported previously, albeit in the context of agonist 

stimulation (Adie et al., 1994; Kai et al., 1996; Milligan et al., 1991; Moravcová et al., 2004; Mullaney et 

al., 1993). Presumably, this regulation would also apply in the case of constitutively active receptors. 

Even in this high-expressing stable cell line, we assume that CB1 would preferentially couple through 

Gαi during constitutive activity, only switching to the predominant Gαs phenotype during ligand-mediated 

activity, as cellular Gαi is exhausted. This would result in a strong Gαs-like phenotype under agonist-

stimulated conditions, as the cells contain less Gαi under basal conditions. 

The mechanism of this cAMP signalling switch is unknown, and could be a consequence of several 

factors. As CB1 is a known promiscuous G protein coupler, but is primarily considered Gαi-linked 

(Hudson et al., 2010a; Turu et al., 2010), it would be conventional to use pertussis toxin to confirm the 

cAMP signalling phenotypes seen in the results of this study are due to changes in Gαi-coupling. Further 

studies would aim to investigate if CB1 Gαi-coupling does still occur in high-expressing cells in addition 

to the dominant Gαs-like coupling observed here. 

However, G protein coupling is only part of the story of cAMP signalling and other interacting factors may 

also be of interest in future studies. Although CB1 has been shown, in general, to cause a net decrease 

in cellular cAMP concentration, its acute effects on adenylate cyclases are not always inhibitory. 

Adenylate cyclase isoforms II, IV, and VII are stimulated by CB1 activation, while others (I, III, V, VI, VIII, 

and IX) are inhibited (Rhee et al., 1998). Of these “stimulated” isoforms, HEK cells have been reported to 

only express isoform VII (as well as the inhibited isoforms I, III, V, VI and IX) (Atwood et al., 2011). The 

nine G protein mediated adenylate cyclase isoforms have been shown to vary in their sensitivity to Gαi 

subtypes, and also to Gβγ, while all are activated by Gαs (Hanoune et al., 2001; Kamenetsky et al., 

2006). Of particular relevance to CB1, adenylate cyclase VII is activated by Gβγ subunits (Hanoune et 

al., 2001), suggesting that CB1-mediated cAMP accumulation could be a combination of G protein 

mediated factors. Furthermore, adenylate cyclase isoforms I and VIII are stimulated by calcium. 

WIN55,212-2 promotes Gαq coupling and release of intracellular Ca2+ stores (Lauckner et al., 2005; 

McIntosh et al., 2007). This could be a contributing factor to cAMP accumulation and may help to explain 
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why WIN55,212-2 produced the most robust cAMP accumulation in a screen of CB1 ligands on pertussis 

toxin-treated cells (Bonhaus et al., 1998).  

Other GPCRs have been shown to change their cAMP signalling phenotype under various 

circumstances. For example, myometrial oxytocin receptors couple to both Gαi and Gαq/11, but during 

pregnancy this signalling develops a more Gαi-like cellular phenotype, due to downregulation of Gαq and 

phospholipase C, thus preventing Gαq-mediated Ca2+ release and smooth muscle contraction (Zhou et 

al., 2007). Similarly, vasopressin V1a receptors have also been reported to couple to different G proteins 

based on cell cycle, being Gαq-linked in proliferating cells, and Gαq- and Gαi- linked in quiescent cells 

(Abel et al., 2000). Finally, phosphorylation of the β2-adrenergic receptor by protein kinase A, which 

prevents continued coupling to Gαs, enables this receptor to change to a Gαi signalling phenotype 

(Daaka et al., 1997). 

These studies showed that the surface density of CB1 correlated to this receptor’s cAMP signalling 

phenotype. The vasopressin V1b receptor is another GPCR which has been described as changing 

signalling phenotype when expressed at various densities. This receptor was reported to exhibit a 

biphasic concentration-response curve to its endogenous agonist (AVP) when expressed at high 

receptor densities, but not low or medium densities (Thibonnier et al., 1997), and described as a possible 

switch between Gαq and Gαs coupling. This finding has since been contradicted in a study which found 

that the signalling switch was not due to changes in receptor expression levels, although no alternative 

mechanism was proposed (Orcel et al., 2009). CB1 expression levels has also been shown to influence 

receptor coupling to Akt in astrocytoma cells, with low receptor expression leading to apoptosis through 

ERK1/2, and high expression initiating Akt pathways which prevent cell death (Cudaback et al., 2010). It 

is not clear whether this observation is related to a “switch” in cAMP signalling, as Akt pathways can be 

both stimulated or inhibited by cAMP, depending on cell type (Insel et al., 2012). 

Potentially, receptor expression levels may influence the localisation of GPCRs in membrane 

microdomains, which modulate receptor signalling phenotypes by being locally enriched for certain 

signalling proteins (Maurice et al., 2012). The β2-adrenergic receptor is normally located in lipid rafts 

along with other components of GPCR signalling pathways (Pike, 2003), however when cells are 

depleted of cholesterol and these lipid rafts are disrupted, β2-adrenergic signalling through Gαs is 

increased due to decreased desensitisation (Pontier et al., 2008). Considering this, a contributing factor 

to CB1’s density-dependent signalling switch may be that high receptor expression levels cause the 

receptor to “spill out” from its normal localisation and separate the receptor from its supply of Gαi 

proteins. 

CB1 has been demonstrated to be upregulated in a wide variety of disease states. For example, 

upregulation has been demonstrated in the frontal cortex in animal models of chronic stress (Zoppi et al., 

2011); schizophrenia (Ceccarini et al., 2013; Urigüen et al., 2009); depression-suicide patients (Hungund 

et al., 2004); in the spine in neuropathic pain models (Lim et al., 2003; Siegling et al., 2001; Wang et al., 

2007); in the striatum and hypothalamus of type I diabetes patients (Díaz-Asensio et al., 2008); and in 

blood vessels and nerves in patients with Achilles tendinosis (Björklund et al., 2011). CB1 upregulation 

has also been shown in several cancers, including alveolar rhabdomyosarcoma (Marshall et al., 2011); 

ovarian cancer (Messalli et al., 2014); colorectal cancer (Gustafsson et al., 2011; Jung et al., 2013); and 
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prostate cancer (Chung et al., 2009; Cipriano et al., 2013; Sarfaraz et al., 2005). While upregulation is 

generally associated with poorer cancer prognosis, CB1 overexpression in hepatocellular carcinoma 

provides an improved outcome (Xu et al., 2006). Therefore, signalling responses mediated by CB1 may 

be modified in these disease states. 

This study has documented the phenomenon of CB1 signalling based on surface receptor density. There 

are many possible factors which could contribute to this cAMP signalling phenotype, and there is 

considerable evidence that this may be physiologically relevant in a variety of disease states. Of primary 

interest in this thesis is whether the mechanism which causes CB1’s signalling “switch” is the same when 

CB1 is expressed alone, compared to when D2 is co-expressed. If the theory of G protein competition is 

true, then it would hold that D2 expression would also be sufficient to exhaust the Gαi capacity of the 

cell, allowing CB1 to signal through Gαs. Further work could investigate whether CB1’s cAMP signalling 

phenotype is either a cause or an effect of changes in the GPCR signalsome. 
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8.  General discussion 
 

The initial findings of GPCR heterodimerisation has led to the identification of many receptor pairings. 

Heterodimerisation has been touted as a revolution in drug development, theoretically allowing 

pharmacological manipulation of specific subpopulations of receptors by heterodimer-targeted drugs. 

The ability to restrict receptor-mediated drug responses to such a subpopulation would hypothetically 

reduce off-target effects. The CB1 cannabinoid receptor is an ideal candidate for this style of drug 

design, due to its widespread tissue distribution. 

As the signalling cascades of GPCRs can overlap considerably, the criteria for the presence of a 

heterodimer requires the demonstration of a functional and physical interaction in native tissues (Pin et 

al., 2007). The CB1-D2 heterodimer is expressed in the same cells of the nucleus accumbens and 

prefrontal cortex (Chiu et al., 2010; Pickel et al., 2006), and isolated striatal neurons show a similar 

cAMP signalling phenotype to transfected cell lines (Glass et al., 1997; Kearn et al., 2005). This 

phenotype is a “switch” from single-receptor Gαi-coupling to Gαs-like stimulation of adenylate cyclase 

upon receptor co-activation (Glass et al., 1997; Kearn et al., 2005). Additionally, CB1-D2 heterodimer 

has been shown using co-immunoprecipitation (Kearn et al., 2005; Khan et al., 2014), FRET (Carriba et 

al., 2008; Marcellino et al., 2008) and BiFC (Przybyla et al., 2010). 

The overarching aim of this thesis was to further characterise the structure and signalling interactions of 

the CB1-D2 heterodimer. 

Measurement of CB1-D2 heterodimerisation 
The first aim of this thesis was to optimise a bioluminescence resonance energy transfer (BRET)-based 

method to identify and characterise the CB1-D2 heterodimer. BRET has been used extensively to 

measure GPCR dimerisation, but is often suggested to give false-positive results due to inattentive 

experimental design (James et al., 2006; Pfleger et al., 2006a; Pfleger et al., 2006b; Szalai et al., 2014). 

The ideal situation for using BRET as a measure of protein interactions is when those interactions can be 

modulated, for example ligand-mediated heterodimerisation, as described previously for CB1-D2 (Kearn 

et al., 2005). 

We used the BRET “saturation” assay paradigm as the basis for determining CB1-D2 heterodimerisation, 

as this is the most widely-used experimental design in the literature, likely due to its intuitive 

interpretation. While validating the expression of the BRET-tagged receptors, we observed that protein 

expression was related to co-transfection conditions. When cells were co-transfected with both BRET-

tagged receptors, they expressed less of the donor-tagged receptor than when this construct was 

transfected alone. As the saturation assay relies on careful control of the expression of the receptors, we 

tested two methods of quantifying receptor expression.  

First, we tested the predominant method in the literature, which assumes that luminescence emission is 

correlated directly to the expression of the luciferase-tagged receptor. However, in our hands, we found 
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little relationship between measured luminescence and the quantity of receptor protein detected by 

immunocytochemistry. We hypothesise that this is due to two competing processes. Firstly, when Venus 

is co-expressed with the luciferase, it is capable of quenching the luminescence of Rluc8 through the 

transfer of energy from the luciferase donor to the fluorescent acceptor (the theory which underpins the 

BRET technique). This would account for the lower-than expected luciferase emissions when high levels 

of Venus are co-expressed with luciferase. Secondly, when highly expressed, luciferase emissions are 

not as high as would be expected based on immunocytochemical detection. We suggest this may be due 

to the luciferase not reaching its maximum catalytic rate, due to limitations in cytosolic coelenterazine 

and/or oxygen. Although neither of these made a dramatic difference to the final conclusion of this study, 

we concluded the most conservative way of normalising BRET data is by protein expression, as 

measured by immunocytochemistry. 

Once the constitutive heterodimer was established, the logical progression was to test for the ligand-

mediated nature of the heterodimer interaction. Disappointingly, agonist co-stimulation of CB1 and D2 

did not yield any measureable change in BRET efficiency. This is not to say that the nature of the 

heterodimer interface has not changed, but suggests that either the co-stimulation conditions do not 

result in movement of the BRET tags, or that they are moving in such a way as to maintain the same 

transfer efficiency. One possible reason a ligand-mediated dimer may have been co-immunoprecipitated 

previously (Kearn et al., 2005) is that the stringency conditions of the assay favoured extraction of the 

activated heterodimer conformer, more so than the inactive conformation (Hall, 2005). Also, the presence 

of BRET does not rule out other protein components of the signalosome acting as a bridge which allowed 

co-immunoprecipitation. 

As we had good evidence for a constitutive CB1-D2 heterodimer, we then tested a predicted dimer 

interface. The transmembrane (TM) TM1-TM1 dimer interface was predicted by homology modelling of 

CB1 and D2 receptors, and four key residues identified in each receptor were modified in order to test 

this interaction. None of these made a statistically significant difference to the CB1-D2 heterodimer, as 

determined by qualitative and quantitative analysis of the BRET saturation curve. This is a good 

indication that the predicted residues did not contribute significantly to the heterodimer interface.  

During the course of this investigation, two studies have suggested sites for the CB1-D2 heterodimer 

interface. These are the intracellular loop (IL) 3 of both CB1 and D2 (Navarro et al., 2010), and the CB1 

C-terminus with D2 IL3 (Khan et al., 2014). These are both feasible interaction sites, and warrant further 

characterisation in terms of heterodimer signalling. So far, the majority of GPCR heterodimer interfaces 

have been found in the transmembrane domains (Tena-Campos et al., 2014), although the muscarinic 

M3 homodimer has an IL3-IL3 interaction (Borroto-Escuela et al., 2010a) and the μ-opioid-dopamine D1 

heterodimer interaction involves the D1 C-terminal tail (Juhasz et al., 2008). D2, in particular, has a well-

characterised interface with the adenosine A2A receptor, which includes the C-terminus of A2A and 

region of the cytoplasmic end of TM5/IL3 of D2 (Borroto-Escuela et al., 2010b; Ciruela et al., 2004; 

Navarro et al., 2010) (note that these regions are adjacent and it appears these are similar residues 

described differently by different authors). However, it is known that oligomerisation between A2A-D2 

and CB1-D2 is not mutually exclusive and that these three receptors are likely to form an oligomer in vivo 

(Carriba et al., 2008; Navarro et al., 2008b; Navarro et al., 2010). Thus it is unlikely that CB1 is 
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competing with A2A for interaction sites on D2. New techniques for GPCR crystallisation have aided in 

elucidating the dimer interfaces of several receptors (Audet et al., 2012; Venkatakrishnan et al., 2013). 

Although neither CB1 nor D2 has been successfully crystallised to date, in the future these structures 

may shed light on the structure of the CB1-D2 heterodimer.  

Receptor trafficking and expression phenotype 
As a constitutive heterodimer, it may be expected that CB1-D2 interact by constitutive and ligand-

mediated receptor trafficking. Many other GPCR heterodimers exhibit trafficking interactions, including 

heterodimers containing CB1 (Ellis et al., 2006; Ji et al., 2009) or D2 (Agnati et al., 2006; Genedani et al., 

2005; Hillion et al., 2002; Octeau et al., 2014). However, this is the first study to investigate this for CB1-

D2 directly. Cells co-expressing CB1 and D2 receptors were assayed using a variety of 

immunocytochemistry-based receptor trafficking assays. In these assays, there was no evidence for 

gross changes to the ligand-induced trafficking phenotypes. Overall, CB1 gave a robust agonist-induced 

internalisation response, whereas D2 did not, indicating that these receptors almost certainly do not have 

significantly different trafficking phenotypes when co-stimulated. Relatively subtle changes were seen in 

the extent of agonist-induced CB1 internalisation at 60 minutes, when D2 was co-stimulated with very 

high (10 μM) quinpirole. We can speculate that this may be indicative of differential GRK or β-arrestin 

recruitment, although further studies would need to investigate this. 

There is an inconsistency between the time course of the BRET interaction and the trafficking assays. In 

the BRET assays, CB1-D2 BRET was stable over at least 15 minutes, although in the trafficking assay it 

was shown that CB1 would have internalised significantly during that time frame, and D2 had not.  Thus 

we would have predicted to see disruption of the dimer due to CB1 internalisation. This may be due to 

the differences in the experimental designs for these studies. In the BRET assays, the HEK-FT cell line 

was used, which provides high protein expression in transient transfections. This overexpression may 

limit trafficking processes by overwhelming internalisation processes.   Furthermore, it has been our 

observation that in the buffers required for BRET detection, internalisation of stably-expressed GPCRs is 

slowed (unpublished observations, Receptor Signalling Laboratory).  This may be related to buffer 

composition, with internalisation being carried out in DMEM, while our BRET assay utilised HBSS, 

however changes to the assay buffer composition (e.g. addition of glucose) prevent BRET detection with 

our reagents (unpublished observation, Receptor Signalling Laboratory).  Finally, it is highly likely that the 

addition of large C-terminal tags could interfere with the interaction of regulatory proteins required for 

normal internalisation processes. This is the key limitation of RET techniques – the necessary alterations 

to physiological conditions may prevent the normal spectrum of receptor regulation processes. 

An interesting observation noted during the trafficking assays was that a HEK flag-hD2 cell line could not 

be established unless CB1 was co-expressed. Although CB1 and D2 have been reported to control the 

transcription of each other in endogenously-expressing cells (Blume et al., 2013), this was not possible in 

our transgenic cell line, which utilised constitutive promoters. It was therefore hypothesised that CB1 and 

D2 interact during protein synthesis to increase D2 expression. To quantify this, HEK cell lines, either 

wildtype or stably transfected with the CB1 receptor, were transfected with a flag-tagged D2 receptor 

(“flag-hD2”). While attempting to measure the receptor expression patterns in these cells, we used two 

anti-flag antibodies which transpired to give remarkably different flag-hD2 labelling results. One of these 
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antibodies, a mouse monoclonal, gave very low staining for flag-hD2 receptors when they were 

expressed alone, but not when the cell line also expressed CB1. In contrast, the second antibody, a 

polyclonal, readily detected flag-hD2 receptors regardless of co-expression of CB1. Receptor binding 

and signalling assays confirmed that flag-hD2 expression was similar across all conditions; the only 

difference was in the staining of this one particular anti-flag antibody. This antibody has been described 

as being sensitive to flag-tag sulfonation, although perhaps other modifications also affect its binding and 

the exact mechanism by which this occurs remains to be established. Regardless of the mechanism, this 

data indicates that expression of CB1 can interfere with the structure of the flag-hD2 protein, perhaps by 

exposing D2 to different posttranslational modifications. Further studies are warranted, to determine the 

exact nature of this effect and whether it affects the D2 receptor itself, or just the flag epitope tag. 

CB1 signalling through Gαs is dependent on the receptor density 
Finally, I investigated the phenomenon of CB1-D2 heterodimer-mediated “switch” to Gαs-coupling. This 

signalling event has been reported many times in the literature (Glass et al., 1997; Jarrahian et al., 2004; 

Kearn et al., 2005; Khan et al., 2014), but as of yet there has been no testing of the hypothesis first put 

forth in Glass et al (Glass et al., 1997). Their hypothesis was that in cells which co-express CB1 and D2, 

there are not sufficient Gαi proteins to allow both receptors to couple to their favoured signalling 

pathways. This enables more CB1 receptors to couple to the less-favoured Gαs pathway. The findings 

described in Chapter 7 appear to support this hypothesis, demonstrating a strong correlation between 

expression levels and signalling. Certainly, CB1 is well known for its ability to recruit Gαs proteins under 

circumstances where Gαi is scarce, as has been shown by removing Gαi by pertussis toxin (Bonhaus et 

al., 1998; Calandra et al., 1999; Felder et al., 1998; Glass et al., 1997; Gonzalez et al., 2009). In terms of 

CB1-D2 co-expression, cAMP accumulation has been shown to be reverted back to inhibition when 

excess Gαi is added by transfection (Jarrahian et al., 2004) providing further support for this hypothesis. 

Apart from CB1, there are other GPCRs which are known to couple simultaneously to multiple G protein 

subtypes, including the muscarinic M2 (Michal et al., 2001) and M4 receptors (Dittman et al., 1994), 

serotonin 5-HT4b receptor (Pindon et al., 2002) and the luteinizing hormone receptor (Herrlich et al., 

1996). Remarkably similar findings to CB1 have been found with both the muscarinic M2 and M4 

receptors, which both show a receptor expression-dependent change from inhibitory action on adenylate 

cyclases at low receptor expression levels, to stimulatory action (Dittman et al., 1994; Michal et al., 

2001). This was reasoned to be due to co-activation of Gαi and Gαs; in the case of the M4 receptor, Gαi 

activation was found to be approximately 100-fold more efficient than Gαs activation (Dittman et al., 

1994; Michal et al., 2001; Okamoto et al., 1992; Tucek et al., 2001). For the M2 receptor, G protein 

restriction has been hypothesised to be the mechanism for this (Michal et al., 2001). 

Furthermore, G protein restriction has been suggested to control the cell-type specific G protein coupling 

reported for the adenosine A2A receptors. Typically, this receptor couples to Gαs (Olah, 1997; Wu et al., 

2013), but has been reported as signalling through Gαolf in the striatum, where Gαs is less abundant 

(Corvol et al., 2001; Drinnan et al., 1991; Herve et al., 1993; Kull et al., 2000; Zalduegui et al., 2011). 

However, in this example, both of these G protein subtypes have similar effects on stimulating adenylate 

cyclase activity (Corvol et al., 2001; Zalduegui et al., 2011). 
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Interestingly, the G protein depletion theory was put forth with no evidence of a CB1-D2 heterodimeric 

interaction. Assuming the result in Chapter 7 hold for CB1-D2 co-expressing cells, this argues that 

heterodimerisation is not a requirement for a functional interaction between these receptors. Presumably, 

co-localisation maintained through heterodimer formation ensures these receptors compete most 

effectively for G proteins, however it may not be a requirement for the observed signalling interactions. 

A key finding for the development of CB1 therapeutics is the description of the CB1 Gαi to Gαs 

signalling, through the hypothesised G protein competition mechanism. In pathologies where the G 

protein signalling phenotype is important, perhaps the most efficient therapeutic strategies will revolve 

around increasing or reducing the ability of CB1 to couple to specific G proteins. For example, CB1 Gαs 

signalling has been shown to be detrimental to cell health in a cell line model of Huntington’s disease, 

while Gαi is neuroprotective (Scotter et al., 2010). In this example, it would be therapeutically 

advantageous to increase the available Gαi proteins for CB1, or to develop a biased CB1 agonist which 

renders the activated receptor unable to couple to Gαs.  

Conclusions and future directions 
The results of these studies indicates that although CB1 and D2 seem to form a constitutive heterodimer, 

that this does not affect ligand-mediated receptor trafficking. CB1 expression does, however, change the 

synthesis and processing of the D2 receptor in a manner that has yet to be determined, even when D2 

transcription is controlled by a constitutive promoter. As BRET requires transient overexpression of both 

receptors, which affects receptor trafficking and signalling, it would be advantageous to develop a 

method to investigate heterodimer regulation of endogenously-expressed receptors. Currently there is 

limited technical scope for this, although ligand-FRET, nanobody-FRET, and dimer-specific antibodies 

are possible approaches (Albizu et al., 2010; Gomes et al., 2014; Rothbauer et al., 2006). While the 

BRET assay developed in this thesis was ultimately unable to detect ligand-mediated heterodimer 

regulation, a technique which is capable of detecting this would be useful for ligand screening for drugs 

capable of specifically targeting CB1-D2 heterodimer, similar to current approaches used for other GPCR 

dimers (Berque-Bestel et al., 2008; Jörg et al., 2014a; Le Naour et al., 2013). 

Although CB1 and D2 appear to be located in a formation consistent with heterodimerisation, evidence 

from our experiments with CB1 alone indicate that their primary signalling interaction may be due to Gαi 

competition, rather than an unambiguous dimer mediated “switch” in G protein coupling. If this is the 

case, then the CB1-D2 interaction may function simply to increase the local competition for G proteins, 

rather than an allosteric interaction between the receptors. Future studies would be needed to 

characterise the nature of the proposed G protein competition more thoroughly, for example by 

determining whether this occurs with other Gαi-linked receptors, and in which tissues is this 

physiologically relevant. 
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Appendix: Validation of the V8-CAMYEL 
biosensor 
 

In order to perform the cAMP signalling assays on small cell populations, such as those used in Chapters 

6 and 7, the ‘cAMP sensor using YFP-Epac-Rluc’ (“CAMYEL”) biosensor (Jiang et al., 2007)  was 

modified to increase its bioluminescent output. The luciferase was changed to the luciferase mutant 

“Rluc8” (Loening et al., 2006) and the fluorescent acceptor was changed to Venus (Nagai et al., 2002), 

the pairing of which was predicted to increase the quantum yield of the biosensor. This modification was 

predicted to allow the measurement of biosensor activity from much smaller samples of cells in a 

conventional plate reader. The new biosensor was called “V8-CAMYEL”. 

In order to validate V8-CAMYEL, it was tested alongside the original CAMYEL biosensor. These assays 

were designed to verify that modifications to the bioluminescence resonance energy transfer (BRET) pair 

did not alter the responsiveness of the biosensor to changes in cytoplasmic cAMP in mammalian cells. 

Firstly, the biosensors were compared in their responsiveness to an adenylate cyclase agonist, which 

directly modifies the production of cAMP. Then the biosensors were assayed for responsiveness to Gαi-

mediated and Gαs-mediated GPCR signalling. The experimental protocols and calculations are 

described in Chapter 2. 

As predicted, V8-CAMYEL had much higher light emissions in both the 460/25nm and 535/25nm 

channels, on average a 2.5-fold increase when transiently transfected (Figure A.1(A, B), Table A.1). 

Concentration-response curves were generated for forskolin (FSK; direct activator of adenylate cyclase; 

Figure A.1(B)), CP55,940 (agonist at the Gαi-linked 3HA-hCB1 transgene; Figure A.1(C)), and pituitary 

adenylate cyclase-activating polypeptide (PACAP) (agonist at the endogenously-expressed, Gαs-linked 

PAC1 receptor; Figure A.1(D)). V8-CAMYEL showed equivalent sensitivity to these agonist-induced 

cAMP changes compared to the original CAMYEL biosensor.  The overall range of inverse BRET ratios 

measured is reduced in V8-CAMYEL compared to the parental construct, as shown in Figure A.1(E, F). 

This indicates that, ratiometrically, Venus emissions in V8-CAMYEL are higher relative to luciferase than 

in the original construct, thus making the inverse BRET ratio lower. This is not entirely surprising, as the 

increased quantum yield of Rluc8 (Loening et al., 2006) may increase the energy transfer to Venus. 

There is also likely to be a higher proportion of functional Venus fluorophore in V8-CAMYEL, as this 

acceptor protein matures faster than other YFP derivatives (Nagai et al., 2002). However, when drug 

responses are normalised to an internal control (e.g. 5 μM FSK), V8-CAMYEL shows an improved 

signal-to-noise ratio, approximately 1.78±0.03-fold higher than the original CAMYEL biosensor across 

the dynamic range. 

Overall, V8-CAMYEL was found to perform equivalently to the original CAMYEL biosensor, but with the 

considerable advantage of increased total luminescence. This was exploited in Chapters 6 and 7, where 

fewer cells per sample were required to obtain a useable signal in a standard luminescence plate reader. 
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Figure A.1 Comparison of CAMYEL and V8-CAMYEL.  

HEK 3HA-hCB1 cells were transiently transfected with either CAMYEL or V8-CAMYEL. (A) Raw 

luciferase measurements from CAMYEL (blue) and V8-CAMYEL (red). (B, C, D) 15-20 minute 

cumulative responses from HEK 3HA-hCB1 cells stimulated with FSK (B), PACAP (C) or CP55,940 plus 

FSK (5μM) (D), showing CAMYEL (blue) and V8-CAMYEL (red). (E) CAMYEL and (F) V8-CAMYEL 

responses to FSK, duplicate time-courses. All graphs show representative results from one of three 

experiments. 
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Table A.1 Summary data comparing CAMYEL and V8-CAMYEL. 

Mean ± SEM of three independent experiments. 

Parameter CAMYEL V8-CAMYEL 
Statistical 
significance 

Maximum luciferase counts (AU) 15001±3539 36894±5280 p=0.031 

FSK (20 minute 

AUC, hyperbola) Kd (μM) 7.802±1.056 7.899±1.751 ns 

CP55,940 (0-20 

minute AUC) 

pEC50 9.43±0.23 9.13±0.10 ns 

Bottom of curve (% 

forskolin response) 46.50±1.74 50.90±0.82 ns 

PACAP (5-20 minute 

AUC) 

pEC50 10.07±0.14 9.884±0.04 ns 

Top of curve (% 

forskolin response) 38.57±4.12 55.67±5.44 ns 
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