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Abstract 
A participation of the cannabinoid system in many pathological processes has been defined.  
More recently the importance of the Cannabinoid Receptor 2 (CB2) in inflammatory reactions 
of the central and peripheral nervous systems has drawn interest.  In vivo evidence suggests 
targeting the CB2 receptor therapeutically could aid in prevention of inflammatory mediated 
neurodegeneration and pain management. 
 
Thorough pharmacological characterisation of the CB2 receptor is necessary for our 
understanding of the specific role this target plays in both the periphery and the central 
nervous system.  Therefore, this thesis is concerned with the investigation of the activation, 
regulation and expression pattern of human CB2 receptors. 
 
Activation of the CB2 receptor was investigated through the search for potent, CB2 selective 
agonists. A series of compounds, based on the previously reported HU-308 structure, were 
screened for binding and activity at human CB2 receptors through radioligand binding 
displacement and cAMP assays.  Only one of these compounds, HU-910, exhibited a higher 
efficacy than HU-308 and no compounds matched the potency of the lead drug although 
several CB2 selective partial agonists were identified.  These compounds may prove useful 
for future in vivo assessment of the therapeutic potential of CB2 agonism. 
 
Receptor desensitisation by internalisation is a problem encountered with chronic drug 
treatment both in vivo and in vitro.  However, the agonist induced regulation of the CB2 
receptor has been poorly explored in the literature, prompting characterisation of the 
fundamental properties of the CB2 receptor trafficking with direct evidence of agonist 
induced internalisation and receptor recycling demonstrated here for the first time.  
Association of the trafficking Rabs 5 and 11 but not 4 were implicated in this process.  Rab5 
appears to be involved in the sequestering of CB2 receptors from the cell surface and Rab11 
in their re-delivery after agonist induced internalisation.  This is the first comprehensive 
investigation of CB2 receptor trafficking. 
 
Finally, a model of the expression of these receptors was pursued using human derived 
Ntera2/D1 (NT2) cells.  NT2 cells were differentiated into neurons and astrocytes and 
evaluated for their potential to act as a model of human cannabinoid receptor functioning in 
the central nervous system.  In particular, we wished to determine if these cells could provide 
a model system for the investigation of CB2 function on astrocytes.  While functional 
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expression of CB1 receptors by neuronal cells was detected, the presence of either 
cannabinoid receptor could only be detected at the mRNA level in astrocytes.  This agrees 
with recent in vivo expression profiles of these receptors in the normal human brain.  The 
ability of NT2 derived cells to model neuronal cell types was validated here but their 
astrocytic properties were questioned and an immature phenotype is suggested due to their 
expression of several markers of neural precursors.  This thesis has therefore characterised 
fundamental properties of the CB2 receptor in order to advance the search for CB2 selective 
ligands, understand the trafficking of the receptor and develop appropriate human cell models 
with the intention of informing future research and the development of CB2 targeted 
therapeutics. 
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1 General Introduction 
Various components contribute to the cannabinoid system, including the cannabinoid 

receptors (CB1 and CB2) and their ligands, as well the enzymes responsible for synthesis 

and inactivation of endogenous cannabinoids.  Together these components make up a 

complex network involved in the control of synaptic transmission, immune responses, 

reproductive systems, cardiovasculature and bone regulation. 

 

Many of the effects of the Cannabis sativa derived psychotropic compound, delta-9-

tetrahydrocannabinol (Δ9-THC), are mediated by the CB1 receptor.  As a result this 

receptor has been the focus of considerable amounts of research, leaving the CB2 receptor 

largely neglected until recently.  The popularity of the CB2 receptor has rapidly escalated 

as reports of its association with many central and peripheral, physiological and 

pathological processes have emerged.  Of particular interest is evidence suggesting a role 

for the CB2 receptors within the nervous system, particularly in inflammatory conditions 

such as neurodegenerative diseases, spinal lesion, infection and stroke. 

 

Despite the CB2 receptor being a promising target for pharmaceutical intervention 

relatively little is known of its basic functioning.  The following chapter introduces the 
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concept of the cannabinoid system and its major components, followed by the current 

understanding of the roles CB2 receptors play in pathological conditions of the central and 

peripheral nervous systems.  The subsequent chapters detail research performed to help 

define the activity, regulation and expression of the human CB2 receptor.  Chapter 2 

describes the screening of a group of HU-308 related compounds for CB2 receptor 

selectivity followed by the characterisation of the receptors’ trafficking properties in 

Chapter 3. Finally, Chapter 4 presents and discusses the results achieved in efforts to 

characterise and establish a suitable in vitro model for investigation of the cannabinoid 

system and more specifically, CB2 in the brain. 
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1.1 The Cannabinoid System 
The CB2 receptor is an integral member of a family of proteins and chemicals that make 

up the cannabinoid system.  Herein lies an overview of the classical cannabinoid system, 

describing its key and well established components.  This is, perhaps, a misleading 

overview.  It implies a very simple and relatively self contained system where each 

component has a well defined purpose.  In reality the boundary between the cannabinoid 

system and the rest of the cellular plethora is considerably more blurred.  Several 

additional ligands appear to activate the cannabinoid receptors and many cannabinoid 

ligands elicit responses through receptors other than CB1 and CB2.  Once the alternative 

routes of endocannabinoid synthesis and degradation are also considered, the components 

of the cannabinoid system could extend quite a lot further than encompassed here.  For this 

reason I have focused on what may be considered the “core” cannabinoid system, 

comprising of the CB1 and CB2 receptors, their ligands and the enzymes key to the 

synthesis and degradation of the endocannabinoids. 

 

1.1.1 Cannabinoid Receptor Ligands 

The majority of cannabinoids fall into one of five classes, outlined here and in Figure 1.1.1 

with key examples of each class including those compounds pertinent to this thesis.  

(1) The classical cannabinoids are those originally isolated from plant based material.  The 

most studied of which is Δ9-THC, the main psychoactive component of the Cannabis 

sativa plant and a partial agonist at both CB1 and CB2 receptors (Huffman, 2000).  (2) The 

endocannabinoids are cannabinoid receptor ligands synthesised by mammalian tissues.  

Although the structure of Δ9-THC had been known since the 1960’s (Gaoni and 

Mechoulam, 1964) the idea of endocannabinoids was not widely accepted until the cloning 

of the first cannabinoid receptor in 1990 (Matsuda et al., 1990; Munro et al., 1993) which 

prompted a search for its endogenous ligand that resulted in the isolation of 

N-arachidonoylethanolamine (anandamide) in 1992 (Devane et al., 1992) and subsequently 

2-arachidonoylglycerol (2-AG), five years later (Stella et al., 1997).  These are the most 

thoroughly characterised endocannabinoids and are reviewed in more depth below.  (3) 

Synthetically produced analogs of the classical cannabinoid, tricyclic terpenophenol 

structure encompass many published and commercially available cannabinoids, in 
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particular CP-55,940 and HU-210, both potent agonists at cannabinoid receptors 

(McPartland et al., 2007).  Another commonly used agonist, WIN55,212-2, falls into the 

structurally distinct class of (4) aminoalkylindoles (Compton et al., 1992) along with the 

more recently developed CB2 specific antagonist AM630 (Pertwee et al., 1995).  Finally, 

the well known CB1 receptor selective antagonist, SR141716A is classed as a (5) 

diarylpyrozole (Rinaldi-Carmona et al., 1994). 

 

 

Classical 
Cannabinoids

Analogs of 
Classical 

Cannabinoids

Amino-
alkylindoles

Diaryl-
pyrazoles

Endo-
cannabinoids

SR141716A

Δ9-THC

AEA 2-AG

AM630WIN55,212-2

CP-55,940 HU-308HU-210

Classical 
Cannabinoids

Analogs of 
Classical 

Cannabinoids

Amino-
alkylindoles

Diaryl-
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cannabinoids

SR141716A

Δ9-THC

AEA 2-AG

AM630WIN55,212-2

CP-55,940 HU-308HU-210

 
Figure 1.1.1 Major cannabinoid structural classes. 
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1.1.1.1 Endocannabinoids 

Three criteria, defined by Mackie and Stella (2006) are required for classification of a 

compound as an endocannabinoid; (1) activity-dependent production, (2) functional 

activation of cannabinoid receptors, and (3) biological inactivation.  Only two compounds 

(anandamide and 2-AG) currently fit all the criteria but several promising putative 

endocannabinoids have also been reported, all of which activate at least one of the 

cannabinoid receptors. 

 

The first endogenous cannabinoid discovered, N-arachidonoylethanolamine, was isolated 

in 1992 (Devane et al., 1992), not long after the cloning of the first cannabinoid receptor 

(Matsuda et al., 1990) and was named anandamide for the Sanskrit word for bliss, 

“ananda”.  The ligand acts as a partial agonist at both CB1 and CB2 receptors (Gonsiorek 

et al., 2000) with slight selectivity for the CB1 receptor (Munro et al., 1993; Felder et al., 

1995).  It is produced on demand by microglia (Walter et al., 2003) astrocytes (Walter et 

al., 2002), neurons (Di Marzo et al., 1994) as well being detected in many peripheral 

tissues (Felder et al., 1996; Koga et al., 1997) and in blood plasma (Monteleone et al., 

2005). Shortly after the discovery of anandamide a second endocannabinoid, 

2-rachidonoylglycerol (2-AG) was identified in two independent laboratories (Mechoulam 

et al., 1995; Sugiura et al., 1995).  The presence of 2-AG is detected in various peripheral 

tissues but is highest in the central nervous system (CNS) (Kondo et al., 1998) and unlike 

anandamide, is a full agonist at both CB1 and CB2 receptors (Gonsiorek et al., 2000).  

Neuronal stimulation results in production of 2-AG, with substantially higher levels 

detected compared to anandamide, implicating 2-AG as the major neuromodulatory 

cannabinoid (Stella et al., 1997; Sugiura et al., 2002).  More recently discovered putative 

endocannabinoids include noladin ether, virodhamine and N-arachidonoyl dopamine 

(NADA).   

 

Noladin ether is a 2-arachidonoyl glycerol ether (chemically very similar to 2-AG) which 

exhibits full agonist activity at both cannabinoid receptors (Hanus et al., 2001; Shoemaker 

et al., 2005b).  Virodhamine exhibits relatively low affinity for each cannabinoid receptor 

and a similar activity profile to anandamide to which it is structurally similar (Porter et al., 

2002).  NADA binds and activates both CB1 (Bisogno et al., 2000) and transient receptor 
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potential vanilloid receptor-1 (TRPV1) (Huang et al., 2002) and is suggested to play a role 

in the modulation of pain and inflammation (Hu et al., 2009b). 

 

1.1.1.2 Anandamide Regulation 

The precursor required for anandamide synthesis, N-arachidonoyl 

phosphatidylethanolamine (NAPE), is generated by the Ca2+ dependent activity of 

acyltransferases (Cadas et al., 1996; Sugiura et al., 1996a) and subsequent hydrolysis of 

NAPE by the NAPE-selective phospholipase-D (NAPE-PLD) (Okamoto et al., 2004).  

Alternative pathways leading to anandamide synthesis are also present as similar levels of 

anandamide are detected in the brain of NAPE-PLD knock-out mice and wildtype 

littermates (Leung et al., 2006).  Evidence of at least two such mechanisms has been 

described.  In the mouse brain, a two step enzymatic reaction is proposed where NAPE is 

processed via the hydrolase, α/β-hydrolase domain (ABDH) 4, followed by 

glycerophosphodiesterase-1 activity to generate anandamide (Simon and Cravatt, 2006, 

2008).   Additional evidence from a macrophage cell line and mouse brain implicates the 

activity of phospholipase-C (PLC) and phosphatases in anandamide generation (Liu et al., 

2006).  In activated macrophages this was the primary pathway for anandamide synthesis 

and the role of NAPE-PLD was downregulated (Liu et al., 2006).  The significance of 

alternative biosynthetic pathways is unknown, as knock-down of one pathway results in 

adequate compensation of alternative routes (Leung et al., 2006; Liu et al., 2006), but does 

suggest considerable variation in the regulation of anandamide synthesis is possible. 

 

Anandamide deactivation is achieved by hydrolysis of the compound.  Three enzymes 

have been demonstrated to be capable of achieving this: fatty acid amide hydrolase 

(FAAH) (Cravatt et al., 1996), lipoxygenase (Hampson et al., 1995) and cyclooxygenase-2 

(Yu et al., 1997).  FAAH constitutes the primary route of anandamide deactivation 

(Cravatt et al., 2001) with the roles of alternative pathways being poorly characterised and 

only measureable when the FAAH pathway is inhibited (Hampson et al., 1995; Yu et al., 

1997; Kim and Alger, 2004).  FAAH is an integral membrane serine hydrolase enzyme 

capable of hydrolysing a wide range of oleoyl and arachidonoyl amides and esters (Cravatt 

et al., 1995; Saghatelian et al., 2004; Saghatelian et al., 2006) and expressed in both 

neurons and astrocytes of the adult human brain (Romero et al., 2002).  The recent 

discovery of a second enzyme with FAAH-like activity is likely to contribute towards 
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anandamide deactivation but current inhibitors cannot distinguish between the two 

enzymes, preventing a comprehensive investigation (Wei et al., 2006). 

 

1.1.1.3 2AG Regulation 

2-AG is synthesised in a calcium dependent manner from arachidonic acid by PLC and 

diacylglycerol lipases (DAGL-α and DAGL-β) (Prescott and Majerus, 1983; Sugiura et al., 

1995; Bisogno et al., 2003).   The DAGL enzymes are serine lipases which convert 

1, 2-diacylglycerol to 2-AG by hydrolysis.  Several enzymatic reactions, catalysed by 

either PLC or phosphatases, can convert multiple precursor molecules either directly into 

2-AG or first into the 1, 2-diacylglycerol precursor followed by DAGL catalysed 

hydrolysis (Sugiura et al., 2002).  PLC is a key enzyme in cell signalling.  Its activity is 

upregulated by multiple stimuli, including CB1 activation (Sugiura et al., 1996b), 

promoting the hydrolysis of phosphatidylinositol-4,5-bisphosphate (PIP2), to form the 

secondary messengers, inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).  Six 

subtypes of PLC are known and its activity is implicated in most major cellular processes 

(Wang and Ueda, 2009).  The DAGL enzymes display specific expression patterns that 

generally exhibit post-synaptic localisation in the adult mouse brain (Bisogno et al., 2003; 

Yoshida et al., 2006).  This localisation corresponds well with the retrograde nature of 

cannabinoid signalling at synapses and the location of CB1 receptors on pre-synaptic 

membranes (Yoshida et al., 2006).  The DAGL-α variant is considerably smaller than 

DAGL-β but both contain a canonical serine lipase catalytic domain, are membrane 

associated and stimulated by elevated Ca2+ levels (Bisogno et al., 2003).  Interestingly, the 

DAGL-β protein appears to be expressed at higher levels relative to DAGL- α in the 

developing mouse brain but the opposite is true of the adult brain (Bisogno et al., 2003). 

 

The hydrolysis of 2-AG can share a common pathway with anandamide through FAAH 

(Goparaju et al., 1998) but the absence of elevated 2-AG levels in FAAH knock-out mice 

is in agreement with alternative routes of 2-AG inactivation (Lichtman et al., 2002).  

Monoacylglyceride lipases (MAGL) are also capable of processing 2-AG, yielding 

glycerol and arachidonic acid (Karlsson et al., 1997; Dinh et al., 2002).  Additional 

degradative pathways appear to be involved in the deactivation of 2-AG suggesting that 

like its synthesis, the deactivation of the 2-AG endocannabinoid is considerably more 

complicated than for anandamide.  In the mouse microglial BV-2 cell line the cloned 
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MAGL enzyme is not expressed, yet MAGL-like activity contributed substantially to 

hydrolysis of 2-AG indicating the presence of alternative MAGL enzymes (Muccioli et al., 

2007).  Two additional, previously uncharacterised enzymes, ABHD6 and ABHD12 have 

also been attributed with small contributions to 2-AG hydrolysis in the mouse brain 

(Blankman et al., 2007).  

 

The range of enzymes capable of synthesizing and deactivating endocannabinoids in the 

central nervous system indicates multiple mechanisms are possible for the regulation of 

these signalling molecules.  Currently there is little overlap in the diverse models and 

methodologies utilised to piece together a story of endocannabinoid production and 

subsequent destruction.  It seems unlikely that all of these mechanisms will be represented 

in each cell capable of producing or destroying endocannabinoids.  More likely, some of 

these pathways are specific to cell types and/or stimulatory conditions.  Clearly there are 

important questions yet to be answered regarding these aspects. 

 

1.1.2 Cannabinoid Receptors: Genetics and Expression 

The CB1 and CB2 receptors are closely related and exhibit many structural similarities as 

reviewed here.  This has proved problematic in developing CB2 receptor selective ligands 

but considerable headway has been made in this area through development of structural 

models, mutational studies and ligand screening for CB2 selectivity. 

 

1.1.2.1 Cannabinoid Receptor 1 

The CNR1 gene is located around a third of the way down the long arm of chromosome six 

and is responsible for generating mRNA coding for the human cannabinoid receptor 1.  

During the 1980’s it was debated whether the cannabinoids acted via a specific receptor 

(Howlett and Fleming, 1984) or due to their lipophilic nature were able to modify 

membrane structures to elicit their effects (Howlett and Fleming, 1984; Hillard et al., 

1985).  This argument was put to rest in 1990 with cloning of the rat cannabinoid receptor 

(Matsuda et al., 1990) which was shortly followed by publication of human cannabinoid 

receptor 1 mRNA sequence (Gerard et al., 1990).  In the same year Herkenham et al. 

(1990) provided invaluable work towards identifying the CB1 receptor with radioligand 

binding studies using the synthetic cannabinoid, CP-55,940.  Several studies have noted 
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changes in CB1 levels in animal models (Lim 2005, Siegling 2001, Unzicker 2005, Oliva 

2004) and even post mortem human tissue (Vinod 2005, Hungund 2004) but there remains 

a lack of in depth knowledge of the promoter region controlling CB1 mRNA and protein 

levels. 

 

At least seven different splice variants of the human CB1 mRNA sequence have been 

identified (Shire et al., 1995; Zhang et al., 2004; Ryberg et al., 2005).  The translation of 

these into receptors has only been achieved in transfected cell lines in vitro (Zhang et al., 

2004; Ryberg et al., 2005; Xiao et al., 2008).  The significance of alternative splicing of 

the CB1 transcript and whether this alters the regulation of translation of CB1 (where the 

splicing alters non-coding regions of mRNA) or the protein sequence of the receptor 

(where splicing involves coding regions) has not yet been determined.  Regulation of the 

CNR1 gene is virtually unexplored territory.  Two loosely defined promoter/enhancer 

regions were originally suggested; one in the classical 5’ upstream region of the gene and 

the second within the gene between identified exon regions (Zhang et al., 2004).  The 

classical upstream promoter region has been investigated further with the identification of 

a binding site for the transcription factor STAT6 and further refinement of upstream 

regions involved in regulation of CB1 transcription (Borner et al., 2007a; Borner et al., 

2007b; Borner et al., 2008) 

 

The first cannabinoid receptor was widely referred to as the “brain cannabinoid receptor” 

due to its expression throughout the CNS (Glass et al., 1997).  As methods of detection 

have developed and become more sensitive lower levels of the CB1 receptor have been 

identified in many peripheral regions of the human body.  Reports of CB1 receptor 

expression in the testis (Galiègue et al., 1995), sperm (Rossato et al., 2005), ovary 

(Galiègue et al., 1995), myometrium (Dennedy et al., 2004), adipocytes (Engeli et al., 

2005), gastrointestinal tract (Pertwee, 2001), liver (Siegmund et al., 2005) and adrenal 

gland (Galiègue et al., 1995) are largely accepted, although further confirmation would be 

beneficial and is expected to emerge as research into their roles in these regions widens. 

 

1.1.2.2 Cannabinoid Receptor 2 

The second cannabinoid receptor was originally cloned from the human derived leukaemia 

cell line HL60 (Munro et al., 1993) and has now been isolated from several diverse species 
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including mouse (Shire et al., 1996), rat (Brown et al., 2002), Japanese pufferfish (Elphick, 

2002) and zebrafish (Rodriguez-Martin et al., 2007).  Even less is known about the human 

CB2 gene (CNR2) compared to CNR1.  It is located near the end of the short arm of 

chromosome 1 and was originally thought to contain only a single exon flanked by 

untranslated regions (Munro et al., 1993).  Although this primary exon appears to carry the 

complete translated region of the gene, further untranslated regions have been identified 

upstream, with two variant transcripts reported; each with differential tissue distributions 

(Liu et al., 2009).  The variant transcripts code for the same protein sequence indicating 

their significance may lie in their regulation and differential expression of the CB2 

receptor.   

 

Much as the CB1 receptor was initially catalogued as a “brain receptor” the CB2 receptor 

appeared to fit well with this theory as the “peripheral receptor”.  Although it was not long 

before this nomenclature was deemed defunct, the CB2 receptor expression profile has not 

expanded to include quite as many tissue types as the CB1 receptor.  The CB2 receptor is 

expressed in high levels on particular peripheral immune cells (Munro et al., 1993; 

Graham et al., 2009).  Expression has also been detected in various immune related tissues 

(Galiègue et al., 1995), mouse keratinocytes (Ibrahim et al., 2005) and under various 

conditions in the central and peripheral nervous systems (PNS) (see Section 1.2.2 for more 

details).  

 

1.1.3 Cannabinoid Receptors: Structure  

The cannabinoid receptors fall into the class A (rhodopsin-like) family of proteins called 

G-protein coupled receptors (GPCRs).  They exhibit canonical GPCR structural features 

with seven transmembrane regions, conserved cysteine residues and an intracellular 

carboxy terminus (Figure 1.1.2).  The CB1 receptor exhibits a significantly longer N-

terminal tail at the extracellular surface at over one hundred amino acids long compared to 

the thirty-three amino acids of the CB2 receptor tail (Munro et al., 1993).   
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Figure 1.1.2 Secondary structure of human cannabinoid receptors (CB1 and CB2). 

A putative cysteine bond in loop four (L4) is indicated by a pinching of this structure (Shire et al., 

1999).  The question mark indicates a proposed palmitoylation site anchoring the amino terminal to 

the plasma membrane.  Roman numerals indicate the number of transmembrane domains and “N” 

the amino terminus and “C” the carboxy terminus. 
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Many cannabinoid ligands exhibit reasonable affinity for both cannabinoid receptors 

suggesting their binding pockets are not dissimilar, for example: Andersson et al. (2003) 

found shortening of the N-terminal tail of CB1 did not alter its ability to bind CP-55,940 

but did increase cell surface expression and stability of the receptor.   This suggests that the 

cannabinoid receptor ligand binding pocket is formed with N-terminal residues proximal to  

the first transmembrane region and the distal residues of the CB1 receptor N-terminus are 

likely involved in other receptor functions.   

 

Portions of the N-terminal tails of these receptors are likely to interact with the 

extracellular loops to form ligand binding pockets.  The protein structure of only three 

mammalian GPCRs has been characterised: the bovine rhodopsin-α2 (Palczewski et al., 

2000), human β2-adrenergic (Rasmussen et al., 2007) and human A2A adenosine receptors 

(Jaakola et al., 2008).  Although there appears to be a high level of conservation within the 

membrane spanning regions, allowing reasonable confidence that cannabinoid receptor 

structures modelled on these configurations will be convincingly accurate, the extracellular 

loops and N-terminal structures appear to be somewhat different (Mustafi and Palczewski, 

2009).  This limits the value of modelling of the cannabinoid receptor extracellular ligand 

binding regions on these pre-determined structures and places more emphasis on 

mutational and ligand binding investigations to determine residues in the binding pocket 

that form interactions with ligands. 

 

CB1 is highly conserved between species.  In general the binding and activity of rodent 

CB1 ligands has been transferred relatively consistently to human CB1.  This is not 

necessarily true for the CB2 receptor where the rat sequence shares only 81% sequence 

identity with human CB2 (Mukherjee et al., 2004).  While the membrane spanning 

sequences of CB2 receptors are generally well conserved across species there are 

significant divergences are seen in the N- and C-terminal tails (Rodriguez-Martin et al., 

2007).  This may not directly affect ligand binding (which occurs on the extracellular 

surface) it may impact the conformation and pre-coupling of the receptor to G-proteins and 

therefore the high affinity binding site as well as the efficacy of the ligand in functional 

studies (Ashton et al., 2008).   

 

The mouse C-terminal tail of the CB2 receptor is 13 residues shorter than the human, it 

therefore does not include the S352 residue which plays an important role in ligand driven 
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receptor desensitisation (Bouaboula et al., 1999a).  In contrast, alternative splicing in the 

rat C-terminal results in an almost entirely different amino acid sequence, void of the S352 

motif and almost twice as long as the human CB2 C-terminus (Griffin et al., 2000) (Brown 

et al., 2002).  However, it is possible that alternative splicing of the rat and mouse RNA 

yields proteins with more similar sequences to humans, as both exhibit untranslated 

regions that are relatively well conserved with high homology to human sequences (Ashton 

et al., 2008).  Unfortunately current techniques and tools available do not meet the 

requirements to isolate all possible CB2 splice variant proteins and perform C-terminal 

sequencing across species and tissues.  As this thesis is concerned primarily with the CB2 

receptor and its emerging role as a therapeutic target, the structure of this receptor is 

reviewed in further detail below. 

 

Homology Modelling of the CB2 Receptor 

While cannabinoid ligands exhibit specific interactions with residues within the CB2 

binding pocket, the receptor itself is a dynamic unit.  Alterations in the receptor 

conformation may change the accessibility of residues within the binding pocket, resulting 

in a different affinity for ligands.  It has been suggested that the agonists and inverse 

agonists of the CB2 receptor may bind to different receptor conformations.  Inverse 

agonists are proposed to stabilise receptor conformations in the inactive state and 

conversely the active state is stabilised by agonist binding (Prather, 2004).  That the change 

in state from the inactive to active form of GPCRs requires substantial movement of the 

transmembrane regions is widely accepted (Reviewed in 2007).  Therefore the binding 

pockets of inverse agonists and agonists at the CB2 receptor are likely to vary 

considerably.  Currently the only available structures for modelling GPCRs are those in an 

inactive state (Palczewski et al., 2000; Rasmussen et al., 2007; Jaakola et al., 2008).  It is 

therefore suggested to include at least some structural constraints involved in a shift to the 

active state of these receptors when trying to predict the binding site of an agonist (Kobilka 

and Deupi, 2007).  As may be expected, when modelling the binding sites of inverse 

agonists which stabilise their target receptors in an inactive state, these structural changes 

are generally not employed (Tuccinardi et al., 2006; Ashton et al., 2008; Diaz et al., 2009).  

However, the structure of photo-activated rhodopsin, in a partially activated state, has 

raised concerns with this approach as the alterations observed for this receptor were 

considerably more conservative than predicted (Salom et al., 2006).  There is extensive 
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demand for a structure of a fully activated GPCR to determine the actual conformational 

changes involved.  Until the CB2 receptor itself can be crystallised and a structure defined 

in both active and inactive conformations (which is no trivial task) researchers must 

continue their efforts to fit more accurate models in combination with experimental 

evidence. 

 

While CB2 receptor modelling often confirms mutational evidence of interacting residues 

with cannabinoids, it should be noted that the majority of these structures are based on the 

crystal structure of bovine rhodopsin, a GPCR with only 19% identity to the human CB2 

receptor (Blast sequence alignment of NP_001014890.1 Bos taurus rhodopsin sequence 

and NP_001832.1 human CB2 sequence). A more recent model by Diaz and co-workers 

(2009) is the only one based on the β2-adrenergic receptor to date.  There is 23 % identity 

between the human β2-adrenergic and human CB2 receptors (Blast sequence alignment of 

NP_000015.1 human β2-adrenergic receptor sequence and NP_001832.1 human CB2 

sequence).  This is a marginal improvement which highlights that such models should still 

be treated with caution as they are just that, models. 

 

1.1.3.1 CB2 Receptor Ligand Binding Site 

Similar to the CB1 receptor (McAllister et al., 2003), the CB2 receptor tertiary structure is 

likely to form a hydrophobic pocket, contributed to by transmembrane domains 3, 4, 5 and 

6 and exhibiting a clustering of aromatic amino acid side chains (Reggio et al., 1998; Shire 

et al., 1999).  As mutational evidence of amino acids interacting with specific ligands 

accumulates it is often found that these residues are shared between different cannabinoids, 

yet some appear specific to certain classes or individual ligands.  This clearly indicates 

that, like the CB1 receptor, there is a key cleft in the CB2 receptor into which cannabinoids 

bind.  Each compound utilises specific interactions with a set of amino-acids, some of 

which may be common with other ligands.  These interactions then confer differences in 

the ligand affinity and selectivity for each of the cannabinoid receptors.  

 

Based on mutational evidence of Gouldson et al. (2000) a three dimensional model 

proposing the presence of two distinct binding sites for agonists and antagonists was 

generated (Chen et al., 2007).  The model suggests the classical hydrophobic pocket, 

accessible from the extracellular surface, is the agonist ligand binding site while a separate 
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hydrophobic pocket at the membrane spanning interface of the receptor and involving 

largely transmembrane regions 2, 3 and 4 is the site of inverse agonist binding.  Several 

reasons make it hard to reconcile the implications of two binding sites in this model with 

pharmacological profiles of the docking ligands.  The model suggests simultaneous 

binding of agonist and inverse agonist (Chen et al., 2007) which are well known to 

compete for binding to the CB2 receptor.  Furthermore, this model of dual binding sites 

has been contested by the results of studies indicating interaction of both agonists and 

inverse agonists with a common amino acid.  In fact, the mutational evidence this model is 

based on was originally used to propose a much more conservative, single binding pocket 

(Gouldson et al., 2000), a model that is supported by multiple lines of work.  The CB2 

receptor model proposed by Montero et al. (2005) adheres to the more popular single 

binding site arrangement and identifies residue F5.46(197) 1 as interacting directly with the 

CB2 inverse agonist, SR144528.  This residue has also been shown to be key in agonist 

binding by both mutational and modelling methods (Tao et al., 1999; Tuccinardi et al., 

2006). 

 

It should be noted that the presence of distinct binding sites for cannabinoid ligands has not 

yet been convincingly proven or disproven.  While the above example excludes particular 

ligands from engaging in independent binding sites there are many new and 

under-characterised CB2 ligands which may bind in unexpected locations.  

Pharmacological evidence may indicate that the competitive nature of cannabinoid ligand 

binding at receptors suggests a common docking site.  However, binding of a ligand at a 

distinct site may induce conformational changes that result in displacement of any ligand 

already bound at the first binding site.  In pharmacological assays this also would present 

as competitive binding.  It could be tempting to disregard a ligand binding site within the 

membrane spanning region of the receptor, but given the high lipophilicity of endogenous, 

synthetic and plant derived cannabinoids, it is entirely plausible these ligands diffuse 

through lipid bilayers to bind their targets.  The second ligand accessible cavity identified 

at the membrane interface of CB2 receptors (Chen et al., 2007) may alternatively function 
                                                 
1 Using the nonmenclature system described by Ballesteros J. A., Weinstein H. (1995) Chapter 19. In: 
Methods in Neurosciences (Conn PM, Sealfon SC, eds), pp 366-428: Elsevier Science & Technology Books. 
where the first number denotes the helix number and the second number indicates the position of the residue 
in this helix by counting away from the most conserved residue within a membrane spanning region which is 
always number 50.  The number in parentheses indicates the amino acid number, starting from the N-
terminus, in human CB2 receptor. 
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as a site for protein:protein interactions; CB1 is already known to dimerise with several 

other receptors including itself (Wager-Miller et al., 2002; Kearn et al., 2005; Rios et al., 

2006), (Ellis et al., 2006; Carriba et al., 2007).  The dual independent binding sites 

hypothesis, although valid, is certainly not the simplest explanation of data published to 

date and a single binding site which alters depending on the receptor activation state is 

generally the preferred model.   

 

More recently Diaz et al. (2009) published a model of the CB2 binding pocket, based on 

the β2-adrenergic receptor structure and data from structure-activity relationships (SARs) 

of two series of ligands.  These authors propose the classical binding pocket extends into a 

hydrophobic pocket with key interactions between the ligand and aromatic residues 

F2.57(87), F2.61(91) and F2.64(94).  Song et al. (1999) also identified these residues as a 

potential site for ligand interactions but in another model they were located distally to the 

binding site and other well established ligand binding residues (Xie et al., 2003).  The 

model proposed by Diaz et al. generally fits well to the structures investigated (a new 

series of indole compounds) and the resulting activity of these ligands.  It would be of 

great interest to see how other well characterised ligands (e.g. WIN55,212-2, HU-210, 

HU-308, AM630) fit into this model. 

 

Despite relatively few mutational or receptor modelling studies that address the CB2 

receptor binding site, the importance of aromatic side chains in interactions with ligands is 

consistent.  The first ligand binding study published for the CB2 receptor suggested 

aromatic stacking is integral in the interaction of indole ligands with the receptor, in 

particular F3.25(106) and W5.43(194) interactions with WIN55,212-2 (Reggio et al., 

1998). An aromatic at position 5.39(190) (a tyrosine in wildtype CB2 receptor) is a crucial 

component of the aromatic cluster of the CB2 binding pocket for CP-55,940.  Mutation of 

Y5.39 to a non-polar aromatic reduced anandamide binding but not that of Δ9-THC and its 

analogs, CP-55,940 and WIN55,212-2.  Meanwhile, mutation to a non-polar, non-aromatic 

amino acid reduced affinity for all four compounds, suggesting anandamide may form 

hydrogen bonds with Y5.39 but classical cannabinoids and their analogs interact with this 

residue through aromatic stacking (McAllister et al., 2002).  Interestingly, the equivalent 

residue in the CB1 receptor is a serine residue (highly polar, but not an aromatic) and also 

important for ligand binding (Huffman et al., 1996).  The role of this aromatic residue in 

forming interactions with ligands in the CB2 binding pocket was subsequently supported in 
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binding models (Xie et al., 2003; Raduner et al., 2006).  In addition, interaction of 

WIN55,212-2 with aromatic residues in the third and fifth transmembrane regions have 

been suggested (Song et al., 1999) and supported in independent modelling (Tuccinardi et 

al., 2006) and similar interactions were reported for another aminoalkylindole (JWH-015) 

(Yates et al., 2005).  Mutational studies by Shire et al. (1999) also supported interactions 

with aromatics in the fourth and fifth TM regions. 

 

Similarly, CB2 receptor specific inverse agonists AM630 and SR144528 are thought to 

interact with aromatic amino acid side chains in the fifth transmembrane domain, 

specifically, W5.43(194) and F5.46(197).  The common interaction with W5.43(194) 

across various cannabinoid ligands supports the single binding pocket mantra and the 

importance of aromatic stacking in the docking of cannabinoids at CB2 receptors (Montero 

et al., 2005). 

 

Hydrogen bonding of compounds to the CB1 receptor via K3.28(192 in CB1, 109 in CB2) 

is important for the binding of the majority of potent ligands but does not appear to be 

involved in CB2 ligand binding (Tao et al., 1999; Pei et al., 2008).  It is not yet clear 

whether hydrogen bonding is required for CB2:ligand interactions or if aromatic stacking 

alone confers sufficient affinity.  There is reasonable evidence to suggest the CB2 residue 

S3.31(112) may form hydrogen bonds with the hydroxyl group on the first aliphatic ring of 

CP-55,940 (Tao et al., 1999), a structural feature that is conserved across many of the 

analogs of classical cannabinoids, including the CB2 selective agonist HU-308. 

 

Receptor modelling can be used to suggest interactions of ligands with the cannabinoid 

receptors that confer receptor selectivity.  By comparing high and low affinity ligands 

some insight into the differences in the binding pockets of these receptors has developed 

and new avenues for drug design based on structural models are possible.  In particular, 

modelling by Tuccinardi et al. (2006) has highlighted this technique.  In an elegant 

mutational study, the importance of the residue 5.46 (also important for SR144528 binding 

as discussed above) in the CB2 selective binding of WIN55,212-2 was elucidated (Song et 

al., 1999).  In CB2 receptors amino acid 5.46(197) is a phenylalanine (F) and a valine (V) 

in the CB1 receptor.  Mutation of the CB2 F to V (F5.46V) reduced the affinity of the 

receptor for WIN55,212-2 and conversely, the reciprocal mutation in CB1 (V5.46F) 

enhanced the affinity of WIN55,212-2 for the CB1 receptor.  These mutations did not alter 
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binding characteristics of other cannabinoids, thus implying the binding pocket of 

WIN55,212-2 extends to interactions with F5.46 in the CB2 receptor, conferring a greater 

affinity for this receptor over the CB1 receptor (Song et al., 1999).  This residue, as well as 

S3.31(112), also previously indicated to be involved in cannabinoid binding at the CB2 

receptor by mutational studies (Tao et al., 1999), have been confirmed as key residues for 

conferring CB2 specificity in structural modelling studies (Tuccinardi et al., 2006).  

Similarly, the importance of interactions with serines, S4.53(161) and S4.57(165), was 

highlighted when mutation of these abolished SR144528 binding but maintained 

WIN55,212-2 and CP-55,940 association at CB2 receptors (Gouldson et al., 2000).  

Interestingly, the mutations of these serine residues were to the equivalent amino acids in 

the CB1 sequence (alanines) and therefore are likely to be important in conferring CB2 

specificity to the SR144528 compound. 

 

Once bound, cannabinoid ligands induce conformational changes in the tertiary structure of 

the cannabinoid receptors which alter their intracellular affinity for signalling molecules.  

The activation of CB1 and CB2 receptors results in a wide range of physiological 

responses across different cell types and tissues.  Some progress has been made in 

determining the intracellular signalling pathways modulated by cannabinoids but there is 

limited knowledge of how they link to the physiological responses observed. 

 

1.1.4 Cannabinoid Receptors: Signalling 

The signalling profiles of the cannabinoid receptors share some key similarities at the early 

stages of signal transduction but deviate from each other considerably in the downstream 

pathways.  The availability of intracellular signalling and regulatory proteins, which can 

vary between cell types, may be responsible for some of these differences.  Taking into 

account the disparity of CB1 and CB2 receptor expression throughout the body (Sections 

1.1.2.1 and 1.1.2.2) this may represent a mechanism by which differential physiological 

responses can be generated by these receptor sub-types. 

 

1.1.4.1 Cannabinoid Receptor 1 

CB1 coupling to Gi G-proteins, resulting in inhibition of adenylate cyclase and reductions 

in cAMP levels, was first described by Howlett et al. (1984; 1986) and complemented by 
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the indication that both Gi and Go subtypes are activated by CB1 receptors (Rhee et al., 

1998).  Liberation of activated Gi/o proteins from CB1 receptors can also lead to the 

opening of G-protein coupled inwardly rectifying potassium channels (GIRKs) and has 

been reported in a variety of cell types (Mackie et al., 1995; McAllister et al., 1999; Guo 

and Ikeda, 2004; Azad et al., 2008). Coupling to other G-protein subtypes is also possible 

but appears to be limited to occurring under certain conditions. 

 

The accumulation of cAMP via Gs stimulation of adenylyl cyclase has been reported in 

transfected cell lines (Abadji et al., 1999; Calandra et al., 1999; Kearn et al., 2005), 

primary neuron cultures (Glass and Felder, 1997) and brain slices (Maneuf and Brotchie, 

1997).  Apparent ligand specific coupling to the PLC activating Gq proteins has also been 

reported in transfected HEK cells (Lauckner et al., 2005), cultured hippocampal neurons 

(Lauckner et al., 2005) as well as insuloma cells (De Petrocellis et al., 2007). 

 

Activation of mitogen activated protein kinase (MAPK) pathways leading to the 

modulation of transcription factors is a common feature of CB1 activation.  The specific 

regulation of various subclasses of MAPKs varies between different models, indicative of 

the variety of effects induced by CB1 stimulation in different cell types.  Multiple 

pathways are possible for activation of ERK1/2 including the activity of the βγ subunit of 

G-proteins (Howlett, 2005), reduced protein kinase A (PKA) activity due to lowered 

cAMP levels (Davis et al., 2003; Derkinderen et al., 2003), phosphatidylinositol 3-kinase 

(P13K) activity (Galve-Roperh et al., 2002) and through activation of other receptors 

(Korzh et al., 2008).  While activation of the MAPK family members p38 MAPK, ERK1/2 

and pJNK have all been reported (Liu et al., 2000; Rueda et al., 2000; Paradisi et al., 2008) 

it is not clear precisely which of the above mechanisms links these events to CB1 receptor 

activation and this is likely to be another point of variation of the signalling cascades 

between cell types. 

 

Finally, the tendency of CB1 receptors to form multimeric structures with other integral 

membrane receptors is likely to change their signalling properties (Szidonya et al., 2008).  

Although direct evidence of CB1 dimerisation altering receptor signalling profiles has not 

been demonstrated to date (largely because of technical limitations), it is considered likely 

with increasing numbers of potential dimerisation partners and their influences on each 

other in co-expression systems.  So far, dimerisation of the CB1 receptor has been 
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suggested to occur with itself (homodimerisation) (Wager-Miller et al., 2002), serotonin 

receptors (Devlin and Christopoulos, 2002), dopamine receptors (Kearn et al., 2005; 

Carriba et al., 2008; Marcellino et al., 2008), adenosine receptors (Carriba et al., 2008), 

opiate receptors (Rios et al., 2006; Canals and Milligan, 2008; Hojo et al., 2008), GABA 

receptors (Galvez et al., 2001; Cinar et al., 2008) and orexin-1 receptors (Hilairet et al., 

2003; Ellis et al., 2006). 

 

There is a vast amount of information pertaining to the signalling pathways induced by the 

CB1 receptor; it seems that beyond the activation of the Gi/o G-proteins a large variety of 

signalling cascades are possible.  To a certain extent, the ligand stimulating CB1 receptors 

may dictate downstream signalling pathways but larger influences appear to be held by the 

cells in which the receptors are expressed and their complement of available interacting 

and signalling proteins.  By contrast, signalling pathways induced by the CB2 receptor 

appear considerably simpler.  Whether this is a genuine feature of these receptors or a 

simple reflection of less research having been conducted in this area is not yet apparent.  

 

1.1.4.2 Cannabinoid Receptor 2 

The CB2 receptor, like CB1, couples with Gi/o proteins when stimulated, leading to 

inhibition of adenylate cyclase and reduced cAMP levels in transfected and endogenously 

expressing cells (Bayewitch et al., 1995; Felder et al., 1995; Slipetz et al., 1995; Gonsiorek 

et al., 2000).  These effects may be mediated largely by Gi as the association with Go is 

particularly low affinity, at least in recombinant expression systems (Glass and Northup, 

1999).  When uncoupled from Gi/o signalling, CB2 receptors do not exhibit the ability to 

stimulate cAMP through the Gs G-protein, as seen with the CB1 receptor (Glass and 

Felder, 1997).  In a similar fashion the regulation of GIRKs is preferentially mediated by 

CB1 rather than CB2 receptors (Felder et al., 1995; McAllister et al., 1999).  The release 

of intracellular calcium following CB2 stimulation has been recorded in several 

immortalised cell lines endogenously expressing CB2 receptors and appears to be mediated 

by the activity of PLC (Sugiura et al., 2000; Zoratti et al., 2003; De Petrocellis et al., 

2007).  This response is cell type specific as AtT20 cells expressing human CB2 receptors 

exhibit no such intracellular release of calcium with CB2 stimulation (Felder et al., 1995). 
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Both the Akt and MAPK cell signalling pathways can be readily activated by CB2.  In 

transfected CHO and HL60 cells MAPK pathways were activated by cannabinoid 

stimulation.  Human erythroleukemia cells (Catani et al., 2009), mouse microglia and 

mouse astrocytoma cell types (Correa et al., 2009; Cudaback et al., 2010) all exhibit 

ERK1/2 activation via the CB2 receptor.  In contrast to CB1 signalling, CB2 mediated 

activation of p38 MAPK appears quite rare, only being reported in human leukaemia cells 

to date (Herrera et al., 2005; Catani et al., 2009; Viscomi et al., 2009).  Intriguingly, the 

inhibition (rather than activation) of this pathway appears to be mediated by CB2 receptor 

activity (Rajesh et al., 2008; Sheng et al., 2009).  Coupling of the CB2 receptor to the JNK 

MAPK signalling pathway has also been recently reported in activated (lipopolysaccharide 

(LPS) and interferon-γ stimulated) murine microglia (Correa et al., 2009) and a rat lesion 

model (Viscomi et al., 2009). 

 

CB2 mediated phosphorylation of the pro-survival, Akt signalling pathway has been 

detected in a host of rodent derived cells (rat derived mast cell line (Samson et al., 2003), 

rat brain (Viscomi et al., 2009), mouse astrocytomas (Cudaback et al., 2010), mouse 

macrophages (Freeman-Anderson et al., 2008) and mouse neurospheres (Molina-Holgado 

et al., 2007)).  In contrast, when the Akt pathway was activated by stimulation of human 

vascular smooth muscle cells with TNF-α, CB2 agonism inhibited Akt phosphorylation 

(Rajesh et al., 2008).  A lack of response of the Akt pathway in unstimulated human 

vascular smooth muscle cells (Rajesh et al., 2008) and human erythroleukaemia cells 

(Catani et al., 2009) has also been reported with CB2 receptor stimulation.  While 

comprehensive evaluation of these pathways is still lacking there may be a species specific 

ability of CB2 to activate the Akt pathway that is lacking in humans. 
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1.2 CB2 Receptors in the Nervous System 
The CB1 receptor is the most abundant GPCR of the CNS and its roles in memory, pain 

and movement are well established (Pazos et al., 2005; Lovinger, 2008; Kano et al., 2009; 

Onaivi and Hari Shanker, 2009).  As mentioned previously, both endocannabinoids are 

produced on demand in the brain along with expression of the machinery required to 

deactivate these signalling molecules.  What is currently under debate, and drawing 

commercial interest, is the presence of the CB2 receptor in both the CNS and PNS.  

Accumulated evidence over the past few years is convincing of the presence of CB2 

receptors in these regions but exactly when, where, why and how they are expressed is 

poorly understood, yet hotly debated.  A review of publications to date follows, 

highlighting conflicts in the data which are already stirring up confusion in this relatively 

young area of research. 

 

1.2.1 CB2 Expression in the Normal CNS 

There is now a moderately large body of evidence demonstrating CB2 expression on 

microglial cells, under varying conditions and in a variety of species.  The expression of 

CB2 receptors in cultured mouse microglial cells and their influence on migration was 

perhaps not unexpected, given microglia are considered the resident immune cells of the 

brain (Walter et al., 2003).  In the same year, Klegeris et al. (2003) isolated microglial 

cells from human temporal lobe tissue which stained positive for CB2 receptors and 

similarly, cultured human fetal microglia express mRNA for CB2 receptors (Rock et al., 

2007).  These reports clearly indicate CB2 expression on microglia in vitro, however the 

culturing of cells outside their natural environment potentially exacerbates them to a more 

activated state.  This seems likely, as in unstimulated human brain sections CB2 expression 

is limited to perivascular microglia,  if it is seen at all (Benito et al., 2003; Núñez et al., 

2004; Benito et al., 2007; Nunez et al., 2008; Palazuelos et al., 2009).  Binding of the 

radioactive CB1/CB2 ligand, CP-55,940, did not detect any CB2 in the brains of CB1 

knockout mice, but a strong signal in the spleen and correspondingly, no binding to the 

spleens of CB2 knock-out mice (Ibrahim et al., 2003).  In the normal Macaque brain very 

little staining for CB2 was observed, but in an inflamed brain (induced by infection with 

simian immunodeficiency virus) clear upregulation of CB2 expression, associated with 
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blood vessels and infiltrating immune cells (potentially including resident microglia), 

could be detected.  This corresponded well with CB2 receptor expression seen on human 

neurovascular endothelial cells, either in culture (Golech et al., 2004) or in surgically 

removed human amygdala-hippocampal tissue (Schley et al., 2009) and the observation of 

CB2 expression in similar locations of the rat brain (Ashton et al., 2006a).   

 

No CB2 labelling of astrocytes isolated from the human temporal lobe (Klegeris et al., 

2003) nor in rat brain tissue (Ashton et al., 2006a) was detected, contrasting their detection 

in human fetal astrocytes (Sheng et al., 2005).  However, work by Palazuelos et al. (2006) 

and Arevalo-Martin et al. (2007) would suggest the expression of CB2 receptors is 

common in immature neural precursor cells and can be  detected in both the developing 

and adult brain (limited to neuroprogenitor cells).  The majority of reports describe either a 

lack of CB2 expression in the unstimulated CNS or very low levels (often detected by 

western blotting or PCR methods which do not distinguish between cell types and are 

prone to contamination by blood-borne immune cells). 

 

In contrast to these reports, describing very selective and limited expression of CB2 

receptors in the brain, other publications indicate CB2 receptor expression is actually 

reasonably wide-spread in this organ.  In mouse, rat and ferrets CB2 receptor protein was 

detected in the cerebellum and cortex and at particularly high levels in the brain stem, 

colocalised with neurons (Van Sickle et al., 2005).  These receptors were found to be 

functional in regulating anti-emetic responses of the ferret (Van Sickle et al., 2005).  

Further suggestions of CB2 receptor expression in neurons and across the CNS have 

primarily arisen from a research group in USA and have demonstrated widespread CB2 

expression with a range of techniques including; mRNA RT-PCR, western blotting, 

immunohistochemistry, in situ hybridisation, electron microscopy and physiological 

responses in both mice and rats (Gong et al., 2006; Onaivi et al., 2006a; Onaivi et al., 

2006b; Brusco et al., 2008; Onaivi et al., 2008a; Onaivi et al., 2008b). 

 

These reports have been further substantiated by pharmacological evidence of CB2 

receptor modulation of GABAergic neurons in the rat entorhinal cortex (Morgan et al., 

2009).  But contradictory to this, functional MRI of rat brains indicated a distinct lack of 

CB2 activity under normal conditions suggesting that whether expressed or not the 

receptors are not functional (Chin et al., 2008). 
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While some of these results concur with previous reports, indicating CB2 expression 

associated with vasculature and glial cells, the widespread nature and predominantly 

neuronal expression pattern described is difficult to reconcile with multiple reports of the 

general lack of (or very selective expression of) detectable CB2 in this region.  Suggestions 

of a lack of suitable controls have been voiced but do not account entirely for the 

discrepancies (Ghose, 2009).  The progression of research in this area will certainly be 

closely watched for many more years, as a resolution to the conflicts described is not 

currently obvious.  It certainly appears the cells of the nervous system are capable of 

expressing CB2 receptors.  In keeping with their peripheral expression on immune cells it 

is even probable that CB2 receptors would be expressed in the nervous system during 

times of stimulation and inflammation.  This is supported by a multitude of reports 

indicating upregulated CB2 expression in a variety of animal neuropathy models and 

human neurodegernative diseases (Orgado et al., 2009).  

 

1.2.2 CB2 Receptors in Neurodegenerative Disease 

1.2.2.1 CB2 Expression in Neuropathy Models 

CB2 expression was upregulated in IL-1β activated human primary astrocytes (Sheng et 

al., 2005), LPS stimulated rat microglia (Mukhopadhyay et al., 2006) and neurons after 

severe lesion in the rat brain (Viscomi et al., 2009).  Whether the species or the method of 

activation is important in determining which cells will upregulate CB2 expression is 

unclear but these studies certainly suggest CB2 receptors are involved in the inflammatory 

processes of the brain. 

 

Stroke and Ischemia 

Animal models of stroke generally include a period of ischemia followed by reperfusion.  

Ischemia limits the capacity of cells to generate energy, leading to their dysfunction and 

death, if sustained for long enough.  The return of blood flow to nervous tissues 

(reperfusion) can result in even more damage to cells through inflammatory reactions and 

oxidative damage.  Cannabinoids have been demonstrated to exert protective effects in 

such models (Martinez-Orgado et al., 2007), not all of which can be accounted for by CB1 
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activity (Hajos et al., 2001; Martinez-Orgado et al., 2003).  The sustained expression of 

CB2 mRNA (Zhang et al., 2008) and presence of CB2 positive microglia/macrophage cells 

(Ashton et al., 2006b) in ischemia/reperfusion models suggests this receptor may play a 

role in the neuroprotective effects of cannabinoids. These receptors are therefore potential 

therapeutic targets for reducing the pathology associated with stroke.    

 

Pain 

The increased expression of CB2 in the spinal cords of peripheral and central animal 

models of neuropathic pain and its potential as a pharmaceutical target to mediate pain 

relief is rapidly becoming a widely accepted phenomenon (Brownjohn and Ashton, 2009).  

Centrally mediated neuropathic pain is modelled in rodents by ligation of spinal nerves.  

The role of CB2 receptors in mediating neuropathic pain has been demonstrated by the 

alleviation of symptoms using CB2 selective agonists (Ibrahim et al., 2003; Yao et al., 

2008; Hu et al., 2009a).  The upregulation of CB2 has been observed using real-time 

quantitative PCR (Beltramo et al., 2006; Racz et al., 2008), in situ hybridisation (Zhang et 

al., 2003) and immunohistochemistry (Racz et al., 2008) with the general consensus being 

microglia are responsible for expression.  However, microglial markers also label 

peripheral immune cells, making the distinction between resident microglia and infiltrated 

white blood cells difficult.  Accordingly, Garcia-Ovejero et al. (2009) used 

immunohistochemical staining to attribute the CB2 upregulation detected by quantitative 

real-time PCR to be due largely to immune cell infiltrates but with contribution by 

astrocytes as well.  In striking contrast, no glial or immune cell CB2 expression was 

observed in the spinal cords of rats after nerve ligation but there was a strong upregulation 

in nerve cells using immunohistochemical staining (Wotherspoon et al., 2005).  A mutant 

mouse strain which exhibits progressive motor neuron loss also demonstrated significant 

upregulation of CB2 mRNA, expression and function in spinal cords (Shoemaker et al., 

2007), indicating CB2 may have implications in multiple spinal problems. 

 

1.2.2.2 Chronic Human Neurodegenerative Diseases 

Alzheimer’s Disease 

The formation of amyloid-β plaques in the CNS is a hallmark of Alzheimer’s Disease (AD) 

pathology which is usually associated with inflammation of the region and activation of 
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astrocytes and microglia (Campillo and Paez, 2009).  Several lines of evidence indicate 

that modulation of the cannabinoid system in this disease may be of clinical benefit 

(Milton, 2002; Benito et al., 2003; Walter et al., 2003).  The role of CB2 receptors in 

particular is speculated to involve enhanced removal of accumulated amyloid-β and 

suppression of the inflammatory response. 

 

In AD brains the expression of CB2 receptors has been localised exclusively to activated 

microglia associated with plaques (Benito et al., 2003; Ramirez et al., 2005; Nunez et al., 

2008).  In primary murine microglia, incubation with amyloid-β induced inflammatory 

responses that were suppressed by CB2 receptor activation which also enhanced 

phagocytosis of the toxic peptides (Ehrhart et al., 2005).  In a similar manner, stimulation 

of CB2 receptors in a microglial cell line enhanced the removal of amyloid-β from fresh 

frozen AD brain slices (Tolón et al., 2009).  These results are supported further by 

WIN55,212-2 inhibiting amyloid-β induced microglial activation in rat brains (Ramirez et 

al., 2005).  However, when similar methods were employed by Esposito et al. (2007) 

results were suggestive of CB1 receptors being responsible for reduced glial activation and 

CB2 receptors exhibiting an opposing effect.  This would suggest that the suppression of 

microglial activation observed by Ramirez et al. (2005) may have been mediated by CB1 

receptors (masking effects of the CB2 receptor), but this is not consistent with the in vitro 

responses seen by Ehrhart et al. (2005).  The role of CB2 expression in AD remains 

enigmatic but certainly appears promising as a therapeutic target for future AD therapies. 

 

Multiple Sclerosis 

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system resulting 

in reduced capacity for neuronal communication.  It appears that CB2 receptors are 

upregulated in MS in both the spinal cord (Yiangou et al., 2006) and brain (Benito et al., 

2007).  In agreement with previous accounts of CB2 expression in the central nervous 

system, reactive microglia and infiltrating immune cells exhibit CB2 expression in MS 

patients (Benito et al., 2007).  Mouse models have implicated cannabinoid receptor 

stimulation with a reduction in MS-like symptoms (Arevalo-Martin et al., 2003; Docagne 

et al., 2007) and knock-out CB2 mice exhibit increased severity of symptoms compared to 

wildtype littermates (Palazuelos et al., 2008).  The infiltration of CB2 expressing immune 

cells into the CNS during MS progression may account for the observations detailed here.  
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However, regardless of the source of CB2 receptor expression, their potential as 

therapeutic targets is clear and further publications pertaining to this are expected.  

 

Huntington’s Disease 

Huntington’s Disease (HD) is a genetic disorder resulting in the accumulation of huntingtin 

protein in aggregates and extensive neurodegeneration, particularly in the striatum 

(Vonsattel and DiFiglia, 1998).  CB1 receptor loss is an early occurrence in the disease 

(Glass et al., 2000) and recent evidence now suggests CB2 expression is upregulated 

(Sagredo et al., 2008; Palazuelos et al., 2009).   

 

CB2 upregulation in malonate (Sagredo et al., 2008), quinolinic acid (Palazuelos et al., 

2009) and R6/2 (Palazuelos et al., 2009) models of HD has been observed, as well as in the 

striatum of HD patients (Palazuelos et al., 2009).  In all rodent models, the application of 

CB2 selective agonists ameliorated symptoms and the ablation of CB2 expression 

exacerbated deficiencies (Sagredo et al., 2008; Palazuelos et al., 2009).  While Palazuelos 

et al. (2009) detected only microglial expression of CB2 receptors in HD cases, R6/2 mice 

and quinolinic acid treated mice; Sagredo et al. (2008) show expression of CB2 by both 

astrocytes and microglia in the rat malonate model of HD.  These two comprehensive 

publications add to the growing body of evidence implicating microglial CB2 expression in 

many inflammatory conditions of the CNS. 

 

1.2.3 CB2 Expression in Astrocytes 

Although a relatively uncommon occurrence, the CB2 receptor is occasionally detected on 

astrocytes.  As mentioned, human primary astrocytes express functional CB2 receptors in 

culture (Sheng et al., 2009).  Expression was also detected in astrocytes of MS patients 

(Benito et al., 2007) but not HD (Palazuelos et al., 2009), or AD patients (Benito et al., 

2003).  However, expression could be induced by malonate lesion in rats (Sagredo et al., 

2008).  This data suggests that the conditions required to induce CB2 expression in 

astrocytes are more specific than those for microglial cells.  Microglia develop from 

macrophage precursor cells that migrate into the developing central nervous system.  They 

are therefore considered the resident immune cells of the CNS and their expression of CB2 

receptors (highly expressed in immune cells of the peripheral system) is not unexpected.  
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Astrocytes however, are derived from neural precursors which also lack CB2 expression in 

the majority of cases.  The activation of CB2 receptors expressed by astrocytes may exhibit 

different consequences to those observed so far by microglia and their role should not be 

overlooked lightly. 

 

The last few years has produced a number of accounts of CB2 expression in the central 

nervous system, enhancing the interest in these receptors as therapeutic targets.  With the 

advent of CB2 selective ligands the circumvention of undesirable psychotropic side-effects 

produced by CB1 receptors may be possible.  Further to this, CB2 expression in many 

neuropathologies is restricted to the lesion site, limiting the region that would be affected 

by therapeutic intervention.   

 

The purpose of this thesis is to increase our essential knowledge of the human CB2 

receptor.  Three key aspects of this receptor were investigated; activation, regulation and 

expression.  Each aspect makes up one of the next three chapters and endeavours to further 

pharmacologically define the human CB2 receptor. 
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2 Structureactivity Relationship of 

CB2 Specific Agonists  

2.1 Introduction 
The CB2 receptor represents an exciting potential therapeutic target.  Its expression is 

selectively upregulated in many inflammatory pathologies.  In particular, it shows promise 

as a target for inflammatory conditions of the brain.  Under normal conditions CNS 

expression is almost non-existent, suggesting the use of CB2 specific drugs would incur a 

low level of side effects.  Therefore, the establishment of highly selective CB2 ligands and 

a better understanding of the CB2 receptor structure and binding site(s) are important steps 

in drug development.  The current chapter has aims to investigate the effects of 

modifications to both the aliphatic head and alkyl tail of the lead compound, HU-308 (see 

Figure 2.1.1 and Figure 2.5.1).  In particular, all compounds exhibited a modified aliphatic 

ring at the head of the structure with a different orientation of the bridging carbon and two 

additional methyl groups.  Further to this, alternations were made to the side groups 

attached to C1 when this aliphatic ring was attached to the central phenol by the C2 carbon 
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(Group One).  Group Two compounds involved modification of the aliphatic ring and side 

groups at the C2 position.  Several of the synthetic structures were additionally modified to 

exhibit a shorter alkyl tail (Group Three) and three additional compounds with highly 

modified aliphatic rings were also screened for cannabinoid receptor binding and activity 

(Group Four). 

 

Although HU-308 (Hanus et al., 1999) has gained popularity as a CB2 specific agonist in 

the past decade and is now commercially available (Cayman Chemicals, USA) a 

comprehensive investigation of its structure and mechanism of binding to the cannabinoid 

receptors has not been performed.  In collaboration with the Hebrew University in 

Jerusalem and Professor Mechoulam’s research group I have undertaken the task of 

defining the affinity and efficacy of 25 structurally related compounds (HU compounds) to 

both cannabinoid receptors as part of a SAR investigation of the HU-308 ligand.  The 

compounds have been grouped according to their structural differences as in Figure 2.1.1.  

This research adds to a growing base of knowledge of important structural features for 

producing ligands with high affinity and efficacy at the CB2 receptor whilst maintaining a 

low capacity to bind and activate the CB1 receptor.  Further to this, the compounds 

investigated provide a wider base of pharmacological tools for further characterisation of 

the cannabinoid system which might lead to the development of ligands suitable for 

clinical trial. 

 

At the commencement of this project a limited number of selective and potent CB2 

agonists, confined to either the classical cannabinoid analog or aminoalkylindole classes of 

cannabinoids had been reported.  Over the past few years an increasing number of CB2 

selective agonists have emerged, with very diverse structures.  These compounds add to 

the range of pharmacological tools available and almost all exhibit promising therapeutic 

potential for reducing algesia. 
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HU-308HU-308  
 

Group 1:  Modification of C1 Side Groups 

HU-911/HU-912 HU-913/HU-914

HU-907/HU-908 HU-909/HU-910

11

HU-911/HU-912 HU-913/HU-914

HU-907/HU-908 HU-909/HU-910

HU-911/HU-912 HU-913/HU-914

HU-907/HU-908 HU-909/HU-910

11

 

 

Group 2: Alternative Aliphatic Ring Orientation 

HU-926 HU-928

HU-915 HU-917/HU-918

HU-926 HU-928

HU-915 HU-917/HU-918
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Group 3: Reduced Alkyl Chain Configuration 

 

HU-969/HU-970 HU-971/HU-972

HU-938

HU-973/HU-974

HU-936

1

HU-969/HU-970 HU-971/HU-972

HU-938

HU-973/HU-974

HU-936

1

 

 

 

Group 4: Other structures 

 

HU-951 HU-953HU-950 HU-951 HU-953HU-950  
 

Figure 2.1.1 HU compound structures and grouping. 

Compounds are grouped according to their structural alterations as indicated. Duplicate compound 

names for the same structures denotes the R’ and S’ chiral forms respectively. Chirality is 

determined around C1 of these compounds (indicated by the number 1 on structures). 



Chapter Two Structure-Activity Relationship of CB2 Specific Agonists 

33 

More recently an aminoalkylindole class ligand, AM1241, has shown promising in vivo 

results with racemic mixtures via cannabinoid receptors (Ibrahim et al., 2003; Bingham et 

al., 2007).  Further investigation of pure enantiomeric preparations indicates each chiral 

partner has a specific activity at each of the cannabinoid receptors and pure preparations 

are more likely to produce predictable responses (Bingham et al., 2007).  A new classical 

cannabinoid based compound, AM1714, exhibits excellent potency and selectivity at 

rodent CB2 receptors but this is reduced somewhat at the human counterpart (Mukherjee et 

al., 2004; Khanolkar et al., 2007).  Yao et al. has generated two promising CB2 selective 

ligands; A796260 resembles the aminoalkylindole class of compounds (Yao et al., 2008) 

while A836339 is an entirely novel compound which lacks any phenolic rings yet exhibits 

low nanomolar affinity for human CB2 receptors and over 420 fold selectivity over CB1 

receptors (Yao et al., 2009).  Sch35966 and MDA7, two more recently reported CB2 

selective compounds also exhibit distinctive structures (Gonsiorek et al., 2007; Naguib et 

al., 2008). 

 

The Sch35966 compound exhibited excellent potency and selectivity for CB2 receptors 

across several species, including humans (Gonsiorek et al., 2007).  The results of in vivo 

application of this unique compound are eagerly awaited.  MDA7 is another atypical 

cannabinoid exhibiting some common features with other classes but a unique 

arrangement.  Although its affinity is relatively low (422 nM) it does exhibit reasonable 

selectivity over CB1 receptors and relieved symptoms of various rodent models of pain 

(Naguib et al., 2008).  This compound may be a promising lead compound for a new class 

of cannabinoid ligands. 

 

Much can been deciphered about the binding site of the CB2 receptor through mutational 

investigations and there is also an accumulating bank of knowledge derived from structure-

activity relationship studies.  The work undertaken here, in conjunction with the 

Mechoulam Laboratory at the Hebrew University in Jerusalem, further extends the range 

of CB2 selective pharmacological tools available as well as lending additional knowledge 

to the relationship between these ligands and their binding site on the CB2 receptor.  
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2.1.1 Cannabinoid Ligand Binding (SAR Studies) 

The CB1 receptor and ligand relationship has been extensively studied with many potent 

and specific ligands to this receptor developed.  Thorough investigation of the important 

structural features of such ligands in combination with mutational studies has led to a 

reasonable understanding of the receptor:ligand interaction (Reggio, 2003).  Although the 

CB2 receptor was cloned soon after CB1, such extensive investigations have not been so 

forthcoming.  It has not been due to a lack of technological capability but merely an issue 

of popularity, the CB1 receptor being, until recently, perceived as the target with higher 

therapeutic potential.  The emergence of evidence for CB2 expression and upregulation in 

the nervous system sparked interest, with the potential for targeting brain specific regions 

without inducing psychological effects associated with CB1 activation.  As a result, an 

increasing number of structure-affinity relationship studies are being published specific to 

the CB2 receptor. 

 

Two key features of classical cannabinoid analogs have been determined to improve CB2 

specificity over CB1 receptors; the lack of a phenolic hydroxyl group and a shortened alkyl 

side chain length (Reggio, 2003).  Several bodies of work have indicated that the removal 

or replacement of the hydroxyl group on the phenolic ring of Δ9-THC or analogs of 

classical cannabinoids results in a compound with selectivity for the CB2 receptor (Melvin 

et al., 1993; Gallant et al., 1996; Huffman et al., 1996; Reggio et al., 1997; Wiley et al., 

2002).  However, with the exception of HU-308 (Hanus et al., 1999) the selectivity 

observed for these compounds was relatively poor, reaching a maximum of ~200 fold 

affinity for CB2 receptors over CB1 receptors (Wiley et al., 2002), while relatively good 

affinity at the CB1 receptor is still maintained.  The reduced affinity for CB1 receptors 

may be accounted for by the loss of hydrogen bonding with K3.28(192) (Ashton et al., 

2008).  Similar alterations in cannabinoid receptor selectivity have been achieved by 

altering the length of the alkyl side chain of classical cannabinoids (reviewed by  Reggio 

(2003)).  It appears that while a dimethylheptyl alkyl chain (seven carbons) confers 

considerable CB1 affinity, the CB2 receptor binding pocket responds well to a shorter 

length of 4-6 carbon groups (Huffman et al., 2002). 

 

In 1999 a new compound, denoted HU-308, was shown to exhibit high affinity, efficacy 

and specificity at the CB2 receptor over the CB1 receptor.  This compound is bicyclic and 
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structurally similar to the classical tricyclic cannabinoids (Hanus et al., 1999).  In mice the 

compound exhibited none of the four classical responses induced by Δ9-THC 

(hypomotility, catalepsy, hypothermia and analgesia) (Hanus et al., 1999).  Peripheral 

analgesia and anti-inflammatory effects are mediated by this compound in rodent models, 

results that have aided in the growth of interest in the role of CB2 in neuropathic pain 

(Hanus et al., 1999; LaBuda et al., 2005; Brownjohn and Ashton).  In addition, reduced 

blood pressure, constipation and anti-inflammatory properties were all observed in mice 

with HU-308 treatment, implicating the CB2 receptor in a wide range of physiological 

systems.  HU-308 has been used extensively as a CB2 selective agonist in a wide range of 

models from neuroinflammation (Palazuelos et al., 2009) to modulation of bone loss and 

formation (Ofek et al., 2006) and atherosclerosis (Rajesh et al., 2008). 

 

This chapter is concerned with determining the affinity and efficacy of HU-308 related 

compounds with the aim of identifying features important for CB2 specificity and potency 

as well as expanding the pharmacological tools available for cannabinoid receptor 

manipulation.  The theory underpinning the methods to be used are described in the 

following sections of this chapter. 

 

2.1.2 Determining the Radioactive Ligand Affinity 

The affinity of a ligand for a receptor can be determined using radioactive ligand binding 

assays.  This has been done here with the use of [3H]CP-55,940, a ligand with high affinity 

for both CB1 and CB2 receptors.  This ligand was used to determine the ability of newly 

synthesized compounds, structurally similar to HU-308, to compete for binding to the 

cannabinoid receptors.  Their relative affinities and the effect of chemical side chain 

manipulations on binding properties were determined and are discussed in this chapter. 

 

2.1.2.1 Saturation Binding Assays 

The method chosen to determine the affinity of each compound for the cannabinoid 

receptors was displacement of the radioactive ligand, [3H]CP-55,940, with increasing 

concentrations of the compound of interest.  However this only provides information on 

the affinity of each compound relative to the affinity of CP-55,940 (IC50 values).  It is 

therefore necessary to convert the IC50 values into more meaningful Ki values which take 
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into account the affinity of [3H]CP-55,940 (see Section 2.1.2.2).  In order to do this, an 

accurate affinity value (Kd) of the radioactive ligand ([3H]CP-55,940) must be determined 

in the same system. 

 

The saturation binding assay is a commonly employed method to determine the Kd of 

compounds.  Increasing concentrations of the radioactive ligand are incubated with 

membranes rich in the target receptor.  The membranes are then isolated from the 

surrounding unbound ligand and the associated radioactivity is measured as a direct 

indication of the amount of ligand bound to receptors.  For single binding sites data fits to a 

classical saturating hyperbola shape with a Hill coefficient of one.  Receptors with more 

than one binding site tend to exhibit more complicated plotted shapes and Hill coefficients 

significantly above or below one. 

 

Ligands may also bind to other proteins, membranes or textiles used; this is defined as non-

specific binding.  It is common practice to determine both the total binding as well as the 

level of non-specific binding at any concentration of radioactive ligand used.  Non-specific 

binding is easily determined by including a saturating (usually in 1000-fold excess to 

radioactive ligand) concentration of a known, receptor specific, non-radioactive ligand at 

each of the radioactive ligand concentrations investigated.  The non-radioactive ligand will 

compete for radioactive ligand binding at the receptor but not the non-specific binding 

sites.  Any radioactivity measured in the isolated membranes under these conditions is 

considered non-specific binding.  The non-specific binding is then subtracted from the total 

binding (binding in the presence of radioactive ligand only) to determine the level of 

specific binding present.  Unlike specific binding, non-specific binding follows a non-

saturating, linear incline with increasing concentrations of radioactive ligand. 

 

Once the specific binding has been determined the data is plotted as radioactive counts 

versus the concentration of radioactive ligand and a saturation curve is derived.  The curve 

plateau indicates maximal binding (Bmax), where all possible binding sites are occupied 

by the radioactive ligand.  By using Equation 2.1 to determine the amount of ligand bound 

at receptors at the Bmax, it is possible to then determine the saturating concentration of 

ligand by dividing this amount by the volume of the reaction (in litres).  Assuming a single 

binding site, the number of bound molecules equates to the number of receptors present 

and therefore the concentration of receptors in pmol/mg of protein can be determined by 
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dividing the amount of ligand bound by the amount of protein used in the assay (in 

milligrams).  These calculations are particularly useful for determining the absolute 

receptor levels in different tissues. 

 

The dissociation constant (Kd) of the radioactive ligand can also be determined from the 

saturation curve by using Equation 2.2.  The concentration of radioactive ligand at half 

maximal binding is defined as the Kd.  A smaller Kd indicates a stronger interaction 

between the ligand and receptor, or a higher affinity.  Once the Kd of the radioactive ligand 

has been established, the relative affinity of other, non-radioactively labelled, ligands can 

be determined by competition binding experiments. 

 

 

 

Equation 2.1 Determining the amount of radioactive ligand bound at saturation.   

This equation can be used to determine the amount of radioactive ligand bound in a binding assay, 

where specific counts is the Bmax (measured in corrected counts per minute (CCPM)), 2.22 is the 

activity constant of radioactivity (CCPM/pCi), the Specific Activity is provided by the 

manufacturer (Ci/mmol). 

 

1 1 Amount of 
ligand (pmol) = specific counts   X 

2.22 X 
Specific Activity X   1000 

 

 

 

Equation 2.2 Determining the Kd from a saturation binding curve.  

Where, Bmax is the maximal specific binding (CCPM), [Ligand] is the ligand ([3H]CP-55,940) 

concentration (nM) and Kd is the dissociation constant.   The Kd for a given target can be 

determined by substituting Bmax for 100% and Bound ligand for 50%  (when the binding is half 

maximal), the equation then simplifies to Kd = [Ligand]. 

 

Bmax  X  [Ligand] 
Kd =  

Bound Ligand 
- [Ligand] 
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2.1.2.2 Competition Displacement Assays 

Deciphering the affinity of many different compounds is most efficiently achieved through 

competition binding experiments as opposed to saturation binding.  By this method, only 

one compound, known to bind to the receptor of interest, is required to be radioactively 

labelled and a much wider range of concentrations is able to be used for the competing 

ligands (commonly 10 pM – 100 µM for competition binding compared to up to 200 nM 

for saturation binding) (Davenport and Kuc, 2005). 

 

Competition binding experiments involve incubating a fixed concentration of the 

radioactive ligand near the Kd, with varied concentrations of the non-radioactive ligand and 

the target receptor.  If the non-radioactive ligand also binds to the target receptor, as its 

concentration increases, it will displace the bound radioactive ligand.  By graphing the 

percentage of radioactivity displaced against the log concentration of the cold ligand a 

sigmoidal curve is generated from which the half maximal inhibitory concentration, or 

IC50, can be determined.  The IC50 value indicates that this concentration of ligand is 

required to displace the radioactive ligand from half the specific binding sites. 

 

The IC50 is relative only to the radioactive ligand affinity and therefore not a direct 

indication of the affinity of the ligand for the receptor.  Using the Cheng-Prusoff equation 

(Equation 2.3) the IC50 can be converted into an absolute inhibition constant (Ki).  By 

determining the Ki for each compound tested, direct comparison can be made and 

determination of the importance of various modifications to the lead compound HU-308 is 

possible. 

 

Equation 2.3 Cheng-Prusoff Equation for determining Ki from one-site competition binding 

curves. 

Ki is the absolute inhibition constant. Kd is the dissociation constant, IC50 is the inhibitory 

concentration required to achieve 50% binding of the radioactive ligand and [Ligand] is the fixed 

concentration of radioactive ligand used. 

 

IC50   
Ki = 

1 + ([Ligand] / Kd)   
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2.1.2.3 Hillslope Plotting 

The Hillslope coefficient, determined by performing a Hillslope plot, is an additional 

validation technique used to confirm ligand binding follows the predicted single site 

binding with no cooperativity.  Originally described by Hill et al. (1910) the Hillslope is 

the gradient of a straight line fitted to radioactive saturation binding assay data when 

plotted as Log((Bound/(100-Bound)) versus Log[Ligand].  This can be mathematically 

defined by Equation 2.4.  A gradient of one indicates no cooperativity in the binding of 

ligand (i.e. as more ligand binds, the affinity of the receptor for further ligand binding is 

not changed).  Traditionally data generated by saturation binding experiments is used to 

define the Hillslope but a pseudo-Hillslope can also be defined using data from 

competition binding assays.  Although the Kd can be estimated using this equation, it is not 

as accurate as the Kd generated by the non-linear fit method readily available in various 

computer programmes. 

 

 

 

Equation 2.4 Determining the Hillslope coefficient. 

Where Y is the percentage of radioactive ligand bound calculated by normalising the CCPM data to 

the CCPM at maximal binding. [L] is the concentration of the radioactive ligand and Kd is the 

dissociation constant (the X-axis intercept).  This is essentially an equation for a straight line where 

n is the gradient (the Hillslope). 

 

 

 

 

 

2.1.3 Pharmacology of Different Types of Ligands 

While affinity determines the ability of a ligand to bind to a receptor, it does not provide 

any information on the efficacy of that binding interaction.  When a ligand binds to its 

target it alters receptor function by influencing the receptor’s tertiary structure.  As 

discussed in Section 0, current theories of cannabinoid receptor structures are based on that 

100-Y
=   nLog[L] + Log[Kd]

Y
Log 
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of other GPCRs that have been crystallised, however putative binding sites are generally in 

the extracellular loops of the receptors where greater deviation from the model crystal 

structure is seen.  Precisely where and how cannabinoids bind to their receptors is not well 

characterised, particularly for the CB2 receptor.  The current theory of the cannabinoid 

receptor activation states is outlined below.   

 

2.1.4 Activation State of Cannabinoid Receptors 

When a specific ligand associates with its binding pocket subtle changes to the tertiary 

structure of the receptor are usually induced and translate to an alteration in the activity of 

the receptor.  The cannabinoid receptors exhibit a two-state model of activation, an 

inactive state (R) and an active state (R*).  In this model the structural arrangement of R 

does not allow activation of intracellular pathways.  Agonist binding induces a shift to R* 

and the associated structural changes required for signal transduction.   

 

This rather simplified portrait is made considerably livelier by the constitutive activity of 

cannabinoid receptors without any agonist stimulation (Bouaboula et al., 1997).   It has 

been estimated that in rat cerebellum membranes 30% of CB1 receptors are in the R* state 

without agonist stimulation (Kearn et al., 1999).  Both CB1 (Bouaboula et al., 1997) and 

CB2 (Bouaboula et al., 1999b) receptors are able to adopt the R* conformation without 

agonist stimulation.  It is therefore possible to stimulate a greater proportion of 

cannabinoid receptors to adopt the R* state by addition of agonist which would induce an 

increase in receptor signalling.  Alternatively, the addition of inverse agonist inhibits cell 

signalling pathways by promoting receptors to adopt the R state.  A true antagonist would 

bind to the cannabinoid receptor and induce no change in the constitutive activity levels 

but be able to compete for binding, therefore antagonising the effects of other ligands.  The 

structural requirements necessary for a ligand to produce high affinity, receptor specific 

binding but without imposing any constraints on the target which may alter the structural 

conformation (and therefore the activity) are challenging to accommodate at best (Kenakin, 

2004).  It is therefore not surprising that to date, while there are many reports of agonists 

and inverse agonists for the cannabinoid receptors, only one putative antagonist, VHCSR, 

has been described, selective for the CB1 receptor (Hurst et al., 2002; Hurst et al., 2006; 

Thomas et al., 2006).  It is possible to indirectly assess how effectively a given ligand 
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induces the conformational shift to the R* or R states by determining how downstream 

signalling pathways, such as GTP exchange and cAMP accumulation, are affected by 

ligand binding. 

 

2.1.5 Cannabinoid Receptor Coupling to GTPγS and cAMP 

The efficacy of a compound describes its ability to elicit a response through the target 

receptor.  It can be measured in many different ways, each with their own advantages.  As 

the cannabinoid receptors are well known to couple to Gi/o G-proteins and inhibit the 

accumulation of cAMP this is a commonly chosen assay of efficacy (Howlett et al., 2002).  

Another, perhaps more sensitive, method is the GTPγS assay which determines the ability 

of a ligand to induce coupling of the receptor to G-proteins and was used here to further 

characterise the efficacy of a subset of compounds. 

 

A schematic diagram of the biological theory behind both these assays is shown in Figure 

2.1.2.  The cannabinoid receptors are known to preferentially couple to Gi/o G-proteins 

when stimulated (Felder et al., 1995).  These G-proteins then act to inhibit the 

accumulation of cAMP.  Forskolin is a potent stimulator of the cAMP generating enzyme 

adenylyl cyclase, boosting cellular production of cAMP so that the inhibitory effects 

following stimulation of the cannabinoid receptors are more pronounced and easier to 

detect. 

 

The cAMP assay is not able to confirm antagonistic activity of ligands as there is no 

agonist induced activity for such a ligand to compete with.  However, a lack of inhibition 

in the cAMP assay but a significant affinity for the receptor would warrant further 

investigation of the compound as a potential antagonist/inverse agonist through examining 

the ability of the compound to antagonise agonist activity. 
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Figure 2.1.2 Cannabinoid receptor mediated Gαi/o-protein activation cycle. 

(A) A cannabinoid receptor ligand binds to the cannabinoid receptor causing a structural shift 

which (B) promotes the receptor associated αi/o G-protein subunit to dissociate from GDP and bind 

GTP. (C) The G-protein is then able to dissociate from the cannabinoid receptor and the α subunit 

from the β and γ subunits. (D) The αi/o subunit binds to and inhibits the activity of adenylyl cyclase 

(AC), reducing accumulation of intracellular cAMP. (E) When the intrinsic GTPase activity of the 

αi/o subunit hydrolyses the bound GTP to GDP the G-protein subunits re-combine and bind the 

cannabinoid receptor again where they can be re-activated. 

 

 

For the cAMP assay, maximal response (Emax) can be determined using a known full 

agonist (such as HU-210 for CB1 and HU-308 for CB2).  If a ligand is able to elicit a 

response comparable to the full agonist, it also is considered a full agonist.  The 

concentration of the ligand required to reach half the maximal inhibition of cAMP 

accumulation is known as the inhibitory coefficient (IC50) and is a measure of its potency.  

Partial agonists are those that are unable to reach Emax even at 100% receptor occupancy.  

As indicated, the detection of cAMP levels as a measure of receptor activation is actually 

several steps downstream from the ligand binding action.  Signal amplification via 

activation of multiple Gi/o proteins and inhibition of a disproportionate number of adenylyl 

cyclase enzymes is therefore a distinct possibility.  This can lead to masking of partial 

agonists, as maximal inhibition of cAMP accumulation may be reached before maximal 

activation of cannabinoid receptors.  By measuring the association of GTP with Gα 

subunits a more direct and representative measure of receptor activation can be achieved. 
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GTPγS assays measure activation of G-proteins with agonist stimulation.  Agonist 

stimulation and constitutive activity promotes binding of GTP to Gα subunits and 

dissociation from the βγ-subunit.  Intrinsic GTPase activity of Gα hydrolyses the GTP to 

GDP and promotes re-association with the βγ subunit, allowing the cycle to start again 

(Figure 2.1.2).  The GTP analogue, [35S]-GTPγS is a radioactively labelled, essentially 

non-hydrolysable GTP molecule.  Inclusion of this molecule and free GDP with 

membranes containing GPCRs is used to measure the activation of the GPCRs when 

stimulated.  The Gα subunits are stimulated to bind the [35S]-GTPγS molecules which 

cannot be hydrolysed and therefore have a much slower dissociation rate compared to 

GDP, resulting in accumulation in cellular membranes.  The CB2 receptor exhibits 

constitutive activity in GTPγS assays (Bouaboula et al., 1999b) making it a useful assay 

for identification of inverse agonists and neutral antagonists. 

 

The two assays used here to determine ligand efficacy are frequently used in the literature, 

one being whole cell based, performed in cell culture dishes (cAMP assay) and the other 

performed in siliconised glass tubes with isolated cellular membranes (GTPγS assay).  

Differences between protocols, laboratory practices, sources of materials and expression 

systems of the cannabinoid receptors can lead to variation in observed IC50 and EC50 

values for the same drugs, largely due to non-specific binding of these lipophilic molecules 

(Martin et al., 2006).  It is therefore useful when using cannabinoids to include a published 

ligand as a comparative point of reference for new compounds so that relative efficacy and 

potency can be assessed. 
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2.2 Materials and Methods 

2.2.1 Cell Line Generation and Maintenance 

The cDNA clones for human CB1 and CB2 receptors tagged with three hemagglutinin  

(HA) sequences (YPYDVPDYA) were obtained from the Missouri S&T cDNA Resource 

Center (www.cdna.org) in cloning vector pcDNA3.1+ (pcDNA 3xHA hCB1/2).  The 

pcDNA 3xHA hCB2 vector was transfected directly into CHO-KI cells obtained from the 

ATCC.  The 3xHA hCB1 receptor sequence was subcloned into the pef4-V5-HisA vector 

with Kpn1 (Roche) and Pme1 (New England Biolabs) restriction enzymes (pef4 3xHA 

hCB1).  Subsequent transfected into CHO-K1 cells was performed using Lipofectamine 

2000 according to the manufacturers instructions (Invitrogen).  Cells were clonally isolated 

by limited dilution and screened by immunocytochemistry for expression of the HA tag.  

Clones expressing the HA tag were also screened by reverse transcription PCR to confirm 

expression of human CB1 and human CB2 receptor mRNA transcripts.  CHO pef4 3xHA 

human CB1 clone 28 (CHO-CB1) and CHO pcDNA 3xHA human CB2 clone 13 (CHO-

CB2) were the chosen cell lines to work with due to their homogenous expression levels 

between cells and a high overall level of expression. 

 

Cells were maintained in DMEM/F12 media supplemented with 10% fetal bovine serum 

(FBS), 100 units/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine.  

Transfected cell lines were maintained with additional 250 μg/ml zeocin for CHO-CB1 

transfected cells and 500 μg/ml G-418 for CHO-CB2 transfected cells (all reagents 

obtained from Invitrogen). 

 

2.2.2 Membrane Preparation 

Some ligand binding and GTPγS protocols use high levels of membrane per reaction, 

however the method adopted here for membrane extraction removes the majority of 

additional membranes and larger membranous organelles so the final preparation has a 

higher concentration of the desired receptors, allowing the amount of total protein used per 

reaction to be reduced. 
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Cells were grown to 90-100% confluence in four T175 flasks and harvested with a cell 

scraper in 10 ml ice cold phosphate buffered saline (PBS) with 5 mM EDTA.  The flask 

was then rinsed in a further 10 ml of PBS + 5 mM EDTA.  Cells were spun at 200 x g for 

10 minutes, the supernatant removed and the cell pellet frozen at -80oC until required.  Cell 

pellets were thawed in cold 0.32 M sucrose and homogenised with 40-50 passages of a 

glass homogeniser.  The homogenate was spun at 1000 x g for 10 minutes at 4oC and the 

supernatant spun in a Sorvall ultracentrifuge for 30 minutes at 100,000 x g.  The pellet was 

then washed in ice cold water and re-spun at 100,000 x g for 30 minutes twice.  The final 

pellet was resuspended in 500 µl of 50 mM Tris pH 7.5, 0.5 mM EDTA.  Protein 

concentration was determined using the Dc protein assay kit (BioRad) with membranes 

diluted by a factor of two, five and ten to ensure protein levels fell within the standard 

curve range. 

 

2.2.3 Saturation Binding Assays 

Saturation binding assays at varied concentrations of [3H]CP-55,940 (PerkinElmer) were 

carried out to determine the Kd values for CP-55,940 in this system.  Membranes (5 μg) 

were incubated with radioligand at a range of concentrations (0-15 nM) in binding buffer 

(50 mM Tris pH 7.4, 5 mM MgCl2, 1 mM EDTA) with 0.5% (w/v) bovine serum albumin 

(BSA) (ICP Bio, New Zealand), at 30oC for 60 minutes.  Non-specific binding was 

determined in the presence of 1 µM non-radioactive CP-55,940 (Tocris Cookson).  Assays 

were terminated by addition of 3 ml ice cold binding buffer and filtration through GF/C 

filters (Whatman) pre-soaked in cold binding buffer, followed by two further 3 ml washes. 

 

Radioactivity was determined by incubation of filters with Irgasafe scintillation fluid for at 

least twelve hours (PerkinElmer) and scintillation counting in a Wallac Trilux using 

Microbeta Trilux software. 

 

2.2.4 Competitive Binding Assays 

Competition binding assays at 2.5 nM [3H]CP-55,940 were carried out to determine the Ki 

values for tested compounds.  Membranes (5 μg) were incubated with radioligand and a 

range of competing ligand concentrations in binding buffer with 0.5% (w/v) BSA, at 30oC 
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for 60 minutes.  Stock solutions of putative cannabinoid ligands were prepared in dimethyl 

sulfoxide (DMSO) to a concentration of 10 mM.  Six different final concentrations of 

compounds were used ranging from 0.1 nM - 50 μM.  Non-specific binding was 

determined in the presence of 1 µM non-radioactive CP-55,940.  Assays were terminated 

by addition of 3 ml ice cold binding buffer and filtration through GF/C filters pre-soaked in 

cold binding buffer, followed by two washes in the same buffer.  Radioactivity was 

determined as described for saturation binding assays (Section 2.2.3). 

 

2.2.5 cAMP Assays 

CHO-CB1 and CHO-CB2 cells were maintained as described in Section 2.2.1.  Cells were 

seeded at a density of 10,000 cells per well in poly-L-lysine treated, 96-well culture plates 

(BD Biosciences).  The following day, wells were incubated with 40 µl DMEM/F12 

containing 0.5% (w/v) BSA and 0.5 mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich) for 

30 minutes, prior to 15 min stimulation with 50 μM forskolin (Tocris Cookson) and 

varying concentrations of indicated compounds at 37oC, 5% CO2.  Assays were stopped by 

removal of media and addition of 100% ice cold ethanol.  Plates were then frozen for a 

minimum of two hours before complete evaporation of ethanol.  The well contents were 

then reconstituted in 50 µl cAMP assay buffer (20 mM HEPES pH 7.5 and 5mM EDTA).  

Half of the reconstituted sample was transferred to round bottom 96-well plates (Greiner 

Bio-One GmbH) with 50 μl 0.01% w/v cAMP dependent protein kinase A (PKA (Sigma-

Aldrich) in 1 mM sodium citrate pH 6.5 with 2 mM dithiothreitol) and 25 μl [3H]cAMP (at 

22 nM in cAMP assay buffer) (GE Healthcare, Life Sciences).  Samples were then allowed 

to equilibrate for 3-18 hours.  Following this, a charcoal slurry (5% (w/v) activated 

charcoal and 0.2% (w/v) BSA in cAMP assay buffer) was added to the samples and the 

plates centrifuged at 3000 x g, 4oC for 5 minutes.  A sample of the supernatant was then 

transferred to 96-well flexible microplates (PerkinElmer) and 200 µl Irgasafe scintillation 

fluid (PerkinElmer) added.  Plates were sealed, vigourously agitated and scintillation 

counting performed by a Wallac Trilux using Microbeta Trilux software. 
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2.2.6 [35S]GTPγS Binding Assays 

Human CB2 expressing CHO-K1 membranes (5 μg per incubation mixture), prepared as 

described in Section 2.2.2, were diluted in 50 mM Tris-HCl (pH 7.5) and 0.5 mM EDTA 

and added to HU compounds in a pre-mixed incubation cocktail.  Final incubation 

concentrations were 55 mM Tris-HCl (pH 7.4), 1 mM EDTA, 100 mM NaCl, 5 mM 

MgCl2, 0.5% BSA, 50 µM GDP, 0.2 nM [35S]GTPγS (PerkinElmer) with varied HU 

compound concentration (0.1 nM - 10 µM) and 5 µg membrane.  Incubations were 

continued for 60 minutes at 30oC in a shaking water bath.  Assays were terminated by 

addition of 2 ml ice cold wash buffer (50 mM Tris-HCl, pH 7.5 and 5 mM MgCl2) and 

filtration through pre-soaked GF/C filters (Whatman), followed by two further washes.  

Radioactivity was determined as described for saturation binding assays (Section 2.2.3). 

 

2.2.7 Statistical Analysis 

Data was analysed using the Prism 4.02 programme (GraphPad Software, San Deigo, CA, 

USA).  IC50 and EC50 values, as determined from sigmoidal curves, were generated from 

drug concentrations plotted in log scale.  While the standard error of the mean (SEM) or 

standard deviation of these values may be calculated while they are in log form the 

conversion into molar (linear) values becomes uneven and the error is not able to be 

expressed as “plus or minus” the calculated values.  It is possible to display data as an 

average, plus or minus the SEM in log form, however, this is not easily interpreted or 

compared to other values.  It was therefore elected to calculate the 95% confidence interval 

for the mean value in log form and then convert the lower limit, mean and upper limit into 

the molar (linear) scale.  Although the range depicted in this data format often spans a wide 

range of concentrations, it is a much more user friendly method of displaying data, the data 

generated in this chapter is comparable to other similar published results of reputable 

sources (Pertwee et al., 2000).  Two-tailed t-tests for statistical analysis between 

enantiomeric pairs of compounds were performed for CB2 Ki values.  The Pearson value, 

an indication of linearity, was determined for Ki and IC50 or EC50 results obtained for 

CB2 receptors in binding, cAMP or GTPγS experiments, respectively.  To determine if 

Emax values were significantly different from HU-308, one-way ANOVA was performed 

with a Bonferroni post-test of selected pairs. 
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2.3 Results 

2.3.1 Determination of Kd 

For each HU compound, the binding affinity was determined through competitive binding 

displacement with a fixed concentration of radioactively labelled CP-55,940 

([3H]CP-55,940), a well established agonist of both CB1 and CB2 receptors (Rinaldi-

Carmona et al., 1996).  To allow for calculation of Ki values, the dissociation constant for 

CP-55,940 was first determined by saturation binding assays (Figure 2.3.1). 
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Figure 2.3.1  Saturation binding curves and Hill Plots for CHO-CB2 and CHO-CB1 

membranes 

(A) CHO-CB2 and (B) CHO-CB1 isolated membranes. Experiments were performed as described 

in the text. Graphs are representative of three independent repeats performed in duplicate.  Error 

bars represent SEM. 

 

For CHO-CB2 and CHO-CB1 membranes the Kd was determined to be 1.582 nM and 

2.198 nM respectively (n=3).  From the Bmax values the molar amount of receptor was 
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calculated at 43 and 35 pmol/mg protein for CB2 and CB1 respectively.  The Hill plots for 

CB2 and CB1 binding have slopes of 1.089 ± 0.1225 and 1.042 ± 0.0924 respectively.  

Neither of these significantly deviates from one, indicating a lack of cooperative binding at 

these receptors as expected.  The Kd determined from the Hill slopes also closely correlates 

with those determined by non-linear regression (CB2 = 1.758 nM, CB1 = 2.158 nM). 

 

2.3.2 Determination of Ki 

To characterise the binding of the HU compounds to the receptors, competition binding 

assays were carried out at 2.5 nM [3H]CP-55,940.  The IC50 for each of these compounds 

was determined from experimental data fitted with sigmoidal one-site binding 

displacement curves (Table 2.3.1 and Appendix I).  From this value the Cheng-Prusoff 

equation (Equation 2.3) was used to determine the relative affinity, or Ki, of each of the 

compounds.  Of the supplied structural variants of HU-308, eighteen displayed an ability to 

displace [3H]CP-55,940 from human CB2 receptors at the concentrations examined.  Only 

four were able to displace [3H]CP-55,940 from CB1 expressing membranes (Table 2.3.1). 

 

2.3.3 Determination of IC50 by cAMP Assay 

The inhibitory coefficient of HU compounds in cAMP assays was determined from 

experimental data, normalised to the basal (0%) and forskolin (100%) induced levels of 

radioactivity and fitted with sigmoidal concentration-response curves by GraphPad 

Prism v4.02 (Table 2.3.1 and Appendix I).  The extent of inhibition of cAMP accumulation 

(the Emax) was normalised to the Emax of HU-308 or HU-210 (for CB2 or CB1 

expressing cells respectively) determined in parallel experiments.  Of the 25 compounds 

tested 13 exhibited inhibition of forskolin induced cAMP accumulation via CB2 receptors 

and only one via CB1 receptors.  No compounds were more potent or efficacious than 

HU-308 in this assay but several exhibited partial agonist capacities with Emax values well 

below the maximal HU-308 response.  There was a good correlation between Ki and 

cAMP EC50 values of responding compounds at the CB2 receptor with a Pearson value of 

0.9189. 

 



 

 

Competition Binding Assay cAMP Assay 
CB2 Receptor CB1 Receptor CB2 Receptor CB1 Receptor 

Group Compound 
Ki (nM) 

95% 
Confidence 

Interval 
Ki (μM) 

95% 
Confidence 

Interval 

IC50 
(nM) 

95% 
Confidence 

Interval 
Emax IC50 

(μM) 

95% 
Confidence 

Interval 
Emax 

1 HU-907 2514 (829, 7630) NB - NB - - NB - - 
1 HU-908 NB - NB - NB - - NB - - 
1 HU-909 56.8 (24.4, 132) 11.7 (4.90, 27.9) 425 (233, 774) 95±6% NB - - 
1 HU-910 13 (5.25, 32.3) 1.37 (0.53, 3.56) 162 (87.9, 300) 105±12% NB - - 

1 HU-911 84.6
§
 (34.9, 204) NB - 385 (200, 751) 86±9% NB - - 

1 HU-912 77.1
§
 (30.0, 199) >10μM - 239 (159, 358) 107±4% 3.37 (2.79, 4.06) 112±8% 

1 HU-913 81.5 (69.6, 95.6) NB - 330 (195, 557) 101±11% NB - - 
1 HU-914 1500 (870, 2570) NB - 2290 (1710, 3050) 82±7% NB - - 
2 HU-915 NB - NB - NB - - NB - - 
2 HU-917 NB - NB - NB - - NB - - 
2 HU-918 NB - NB - NB - - NB - - 
2 HU-926 106 (55.3, 204) NB - 321 (203, 511) 100±13% NB - - 
2 HU-928 230 (36.7, 1450) NB - 925 (550, 1560) 101±11% NB - - 
3 HU-936 1720 (827, 3560) NB - NB - - NB - - 
3 HU-938 7910 (4610, 13600) NB - NB - - NB - - 
3 HU-969 6160 (4800, 7890) NB - NB - - NB - - 
3 HU-970 1270 (634, 2530) NB - 1150 (664, 1980) 38±2%* NB - - 
3 HU-971 704 (314, 1580) NB - 1530 (810, 2900) 31±4%* NB - - 
3 HU-972 168 (115, 247) NB - 313 (220, 446) 48±5%* NB - - 
3 HU-973 1150 (596, 2210) NB - 2090 (1340, 3260) 40±6%* NB - - 
3 HU-974 >10µM - NB - NB - - NB - - 
4 HU-950 NB - NB - NB - - NB - - 
4 HU-951 NB - NB - NB - - NB - - 
4 HU-953 NB - NB - NB - - NB - - 
 HU-308 14 (8.7, 22.8) NB - 117 (89.5, 153) 100±0% NB - - 

 



 

 

Table 2.3.1 Affinity and efficacy data of HU compounds determined by cAMP assay.  

Competition binding assays were performed with either CHO-CB1 or CHO-CB2 cellular membranes and cAMP assays in whole cells expressing the 

indicated receptor. Binding (Ki) and potency (EC50) data is presented as the mean with 95 % confidence intervals in parentheses. cAMP derived efficacy data 

(Emax) is presented as the mean ± SEM. All data was calculated from at least three independent repeats. * P<0.01 compared to HU-308 Emax. § Enantiomer 

pair with a lack of statistical significance. NB = No binding or activity detected at concentrations up to 50 μM. >10 μM = Displacement of radioactive ligand 

detected at high concentrations competing ligand but complete displacement curves were not obtained. 
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2.3.4 Determination of EC50 by GTPγS Assay 

This assay was performed for selected high potency compounds.  EC50 values were 

determined from [35S]GTPγS assays by fitting a sigmoidal concentration response curve 

(Table 2.3.2 and Figure 2.3.2).  Emax values were calculated as a percentage of the 

maximal response detected in parallel [35S]GTPγS assays with HU-308.  As the Emax 

values are determined on a linear scale (not a log of %) these are displayed as the 

mean ± SEM.  A Pearson value of 0.9268, indicating good correlation between the data, 

was generated by plotting the Ki values of compounds against their EC50’s determined by 

GTPγS assay. 

 

 

Compound EC50 (nM) Emax 

HU-909 135.5 (45.4, 404) 76±7%* 

HU-910 26.4 (10.7, 65.5) 121±7% 

HU-911 126.2 (50.7, 315) 94±4% 

HU-913 343.6 (151, 785) 98±3% 

HU-926 184.9 (72.1, 474) 51±6%** 

HU-928 576.8 (291, 1140) 95±5% 

HU-308 18.3 (11.6, 28.8) 100±0% 

Table 2.3.2 Affinity and efficacy data of selected compounds as determined by GTPγS assay.  

Data is shown as mean EC50 values with 95% confidence interval values in parentheses. Mean 

Emax values (± SEM) have been normalised to HU-308 Emax response. n=5 *P<0.05, **P<0.001. 
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Figure 2.3.2  HU compound mediated GTPγS binding at CHO-CB2 membranes. 

Membranes isolated from CHO-CB2 cells were incubated with [35S]GTPγS and selected HU-308 

related compounds and the extent of [35S]GTPγS association with membranes determined.  Data is 

shown as [35S]GTPγS binding normalised to maximal HU-308 binding under the same 

experimental conditions. Graphs are displayed as mean values ± SEM (n=5). 
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2.4 Discussion 
In this chapter receptor binding and efficacy assays were used to determine the affinity, 

efficacy and potency of a range of compounds at the CB1 and CB2 receptors.  Before 

discussing these results the advantages and disadvantages of the methods used will be 

examined. 

 

2.4.1 The Expression Model 

In characterising newly synthesised compounds, determining the ability of the compound 

to bind to the target receptor is a primary step.  To determine the compounds affinity there 

are many variables to consider including the expression system, the receptor species to be 

used and each stage within the binding protocol itself.  As the ultimate aim of this drug 

discovery program is to develop novel compounds for the treatment of human disease, and 

as the CB2 receptor has substantial diversity between species (discussed in section 1.1.3), 

studying human receptors was considered essential.  Although an endogenous expression 

system might be ideal it is also difficult to reliably obtain in large quantities, particularly 

for human tissue.  While the spleen is rich in CB2 receptors it is highly improbable to 

obtain such tissue, guaranteeing it is from healthy individuals with the same genetic 

background.  Furthermore, tissue derived preparations may have been differentially 

stimulated by endogenous cannabinoids, potentially rendering receptors in different states 

of desensitisation between samples (Harrison and Traynor, 2003) and the spleen has been 

suggested to have high levels of non-specific cannabinoid binding sites (Lynn and 

Herkenham, 1994), these and other factors complicate the interpretation of any data 

generated.  We therefore looked towards cell lines for a source of cannabinoid receptors.   

Even so, the choices are still daunting and while insect, yeast and bacterial cell lines may 

be simpler and cheaper to work with they are genetically very dissimilar to human cell 

lines and may not be capable of generating functional and appropriately post translationally 

modified proteins.  A well characterised and frequently used cell line for expression of 

cannabinoid receptors, the Chinese hamster ovary K-1 (CHO-K1) cell line was chosen for 

this study.  It has been repeatedly used in the past for stable transfection, over-expression 

and subsequent characterisation of various proteins and exhibits a high transfection 

efficiency and rate of division.   
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2.4.2 cAMP versus GTPγS Assays 

Measuring Gα binding of GTPγS is a measurement of cannabinoid receptor activation at 

one of the earliest stages of signal transduction when signal amplification, often observed 

in later events in signal transduction, is not apparent.  This may lead to agonist potencies 

appearing lower in GTPγS assays compared to assays measuring effects further 

downstream (e.g. cAMP assays) (Howlett et al., 2002).  This has been observed for the 

CB2 receptor previously (Gonsiorek et al., 2000) but does not fit with the data generated 

here (except in the case of HU-913).  The potencies as determined by GTPγS assays were 

consistently higher than corresponding cAMP potency.  However, due to the highly 

differential methodologies of the two assays it is inappropriate to directly compare these 

values.  The reduced potency of these compounds in the cAMP assays performed here may 

be due to loss of the compounds in non-specific binding to additional components in the 

media, at the surface of unsiliconised culture dishes and at other sites in whole cells not 

present in isolated membranes. 

 

2.4.3 HU Compounds 

2.4.3.1 Enantiomers 

Many clinically approved drugs are distributed as mixtures of chiral forms.  However, 

increasing awareness of the potential activities of racemate species of compounds has 

increased the percentage of single stereoisomer drugs on the market considerably over the 

past few decades (Caner et al., 2004).  The cannabinoid receptors are stereo-selective, that 

is, they preferentially bind to compounds of a specific chirality (Mechoulam et al., 1987).  

The classical cannabinoids and their analogs are highly lipophilic compounds, largely 

attributable to their carboxy side-chains and the presence of polar side groups (Thomas et 

al., 1990).  These compounds are able to integrate into the plasma membrane (Makriyannis 

et al., 2005) and may be capable of altering cellular responses through modification of this 

structure (Zimmerberg and Gawrisch, 2006).  Interaction of compounds with the lipid 

bilayer (and other non-receptor targets) is not dependent on chirality and therefore 

modifications of cellular responses through such non-receptor mediated pathways are 

present when stimulated with both enantiomers, where as only one form should elicit 

receptor specific effects.  
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Early in cannabinoid research, synthesis of Δ9-THC (the only established cannabinoid at 

the time) was performed with substrates containing small proportions of the incorrect 

enantiomer (Mechoulam et al., 1988).  This resulted in false positive responses being 

generated from supposedly pure preparations of Δ9-THC in different chiral forms, fuelling 

the debate of the presence of a cannabinoid receptor (Martin, 1986).  These early 

confusions emphasise the importance of identifying the activity of chiral isoforms of novel 

drugs, as included in the collection of compounds tested here. 

 

Of the chiral pairs of compounds tested most displayed the expected properties in activity 

or receptor binding between the chiral isoforms.  In each case the enantiomeric partner 

with the lower Ki for CB2 receptors was also the compound displaying a lower Ki at CB1 

receptors, indicating the close relationship between the CB1 and CB2 receptor binding 

sites.  Of the paired compounds HU-907/908, HU-913/914 and HU-973/974 the R’ state 

exhibited better affinity and efficacy while the other four pairs (HU-909/910, HU-911/912, 

HU-969/970, HU-971/972) were more effective in their S’ configuration.  The only pair 

that did not exhibit significantly different affinities for the CB2 receptor, by unpaired t-test 

(P>0.05), was HU-911 and HU-912, both of which appeared to have very similar binding 

and activity profiles (Table 2.3.1).  While it is possible for inactive enantiomers to bind to 

their targets it would be expected that they would still exhibit a severely reduced affinity 

(Klaholz et al., 2000).  In the case of the HU-911/912 pair two possible explanations for 

this unexpected data exist.  Firstly, the synthesis process may have occurred incorrectly or 

with the wrong substrates, however the purity and chirality of these compounds was re-

confirmed at the Hebrew University and we are confident the preparations used were 

correct.  Secondly, the compounds may both be able to fit appropriately into the binding 

pocket of the CB2 receptor.  It is unlikely the responses induced are through non-specific 

means as none of the other very similar compounds induced similar levels of cAMP 

response and the binding displacement results clearly indicate that both compounds are 

binding specifically to the CB2 receptor rather than at non-specific binding sites. 

 

2.4.3.2 Group One: Modifications of C1 Side Group 

These structures, like many bicyclic classical cannabinoid analogs, would exhibit relative 

structural flexibility making any predictions of the orientation in an already tentatively 
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defined binding site likely to be largely fictional.  Although modelling of the binding site 

may provide some insight it is outside the expertise and scope of this thesis.  In group one 

compounds the side chain at the C1 position of the structure was altered to exhibit an alkyl 

group (HU-907/908), alcohol group (HU-909/910), ester (HU-911/912) or carboxylic acid 

(HU-913/914) (Figure 2.1.1).  Of these modifications the alcohol conveyed high specificity 

and potency at CB2 receptors (Table 2.3.1).  The presence of an alkyl group alone almost 

completely abolished binding to both cannabinoid receptors and no activity was observed 

in cAMP assays at either receptor.  A phenolic hydroxyl on classical cannabinoids and 

their analogs generally confers increased CB1 affinity; however addition of hydroxyl 

groups on the first aliphatic ring can increase affinity for both cannabinoid receptors 

(Ashton et al., 2008).  Here the combination of a lack of an aromatic hydroxyl and the 

presence of one on the C1 atom agrees with these previously established guidelines well.  

With an ester side chain at C1 (HU-911/912) the chirality of the structure has a lesser 

impact on the efficacy or affinity of the compound; this could be due to the presence of 

two oxygen molecules in this group, one of which may be available to form polar 

interactions with the CB2 receptor in either orientation.  Even for HU-909/910 the 

difference between their affinities and efficacies is not as striking as that of other 

enantiomeric pairs suggesting that the hydroxyl group may also be able to form 

interactions with residues in the binding pocket in either confirmation.  In contradiction to 

this, HU-913 (with a carboxylic acid at C1) only exhibits reasonable CB2 potency in its S’ 

conformation: apparently the additional bulk of an alkyl group is required to form 

favourable interactions in either orientation.  It is clear that the chemical group in this 

position on the group one compounds is crucial in determining compound potency at CB2 

receptors and is not very tolerant of alterations. 

 

2.4.3.3 Group Two: Alternative Aliphatic Ring Orientation 

When the bulky phenolic ring attached to C2 is shifted to C3 and oxygen containing 

groups are incorporated attached to C2, CB2 potency and specificity is regained (Figure 

2.1.1 and Table 2.3.1).  It is not clear whether the interactions with the receptor are 

occurring at the same position as with compounds from group one but the C2 side chains 

are spatially close to the C1 side-chains and the dependence on a polar group at this 

position is similar to the pattern seen in group one compounds.  Group two compounds 

(Figure 2.1.1) are those with the phenolic ring attached to C3.  HU-926 with an oxygen 
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atom double bonded to C2 has the strongest association and agonist activity at the CB2 

receptor of the group two compounds.  Unlike C1, an alcohol as the C2 side-chain does not 

improve affinity or efficacy for the CB2 receptor.  Notably, in GTPγS experiments 

HU-928 was less potent yet more efficacious than HU-926 (Table 2.3.2).  This hints at 

subtle differences in the interactions of these ligands with the receptor that induce different 

conformational changes which in turn alter the ability of the receptor to propagate a 

cellular signal. 

 

In line with the importance of side-chains on C1 or C2 containing an oxygen atom, the 

compounds HU-915, HU-917 and HU-918 which lack an oxygen containing group 

attached to these carbons have no, or severely attenuated, capacity to bind or activate either 

cannabinoid receptor. 

 

2.4.3.4 Group Three: Reduced Alkyl Chain Configuration 

The CB2 receptor can bind classical cannabinoid analogs with considerably shorter alkyl 

tails compared to the optimal 1’,1’-dimethylheptyl tail for CB1 affinity (Razdan, 1986).  

Shortened chain length of Δ9-THC produced CB2 selective compounds while extension to 

octyl and nonyl groups reduced affinity (Huffman et al., 1999).  The classical cannabinoid 

analog JWH-133 exhibits an alkyl tail similar to HU-308 but with only three carbons after 

the dimethyl branches (HU-308 has six) and exhibits good selectivity for the CB2 receptor 

(Huffman et al., 1999).  HU-308 exhibits a 1’,1’-dimethylheptyl tail, shortening of which 

may be hypothesised to improve affinity for the CB2 receptor and selectivity over the CB1 

receptor. 

 

Group three compounds correspond to those of group one and two but exhibit a shortened 

alkyl tail and loss of the dimethyl branching groups (a pentyl hydrocarbon).  Every 

member of group three had reduced affinity compared to their identical structures with 

longer alkyl tails.  There was considerable variation in the extent of this reduction 

however.  HU-909 and the corresponding HU-969 exhibited a 108 fold loss of affinity for 

the CB2 receptor while HU-912 and HU-972 had only 2.2 fold difference in affinity and no 

significant difference in their IC50 values.  Furthermore, of the compounds in this group 

that induced inhibition of cAMP accumulation (HU-970/971/972/973), all had significantly 

reduced Emax levels (Table 2.3.1) suggesting the alkyl chain reduction impairs the ability 
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of the ligand to induce a complete shift to the active state or its ability to couple to Gi/o 

proteins in particular.  Interestingly, the HU-911/912 pair with comparable potency 

corresponds to the HU-971/972 pair of shorter side chain length in which chiral preference 

has been restored (Table 2.3.1).  It appears the CB2 ligand binding site for this group of 

classical cannabinoid analogs is not amenable to a reduction of the alkyl chain length 

utilised here, however an extensive review of intermediate lengths and retention of the 

1’1’-dimethyl feature has not been performed and may still confer desirable properties to 

these compounds. 

 

2.4.3.5 Group Four: Structurally Diverse Lead Compounds 

Some unique and structurally diverse compounds from HU-308 were investigated as 

potential lead compounds (HU-950/951/953).  All involved alternative cycloakylane 

structures (see Figure 2.1.1) but none of these compounds indicated any binding or activity 

at CB1 or CB2 receptors. 
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2.5 Conclusions 
Modification of side groups at the northern end of the aliphatic ring as well as alkyl chain 

length at the opposing end of the structure evidently alters the binding properties of the 

HU-308 compound, consequently changing its potency.  Flexible ligands can be 

manipulated in order to fit into binding sites and in turn, receptors can be induced to 

change conformation to accommodate their binding partners so that the association occurs 

with minimal energy loss.  It is therefore not surprising that changes at either end of the 

HU-308 molecule do not exhibit additive or subtractive effects, i.e. reduction of the alkyl 

tail length does not confer the same proportional reduction in affinity across all 

compounds.  Despite the structural similarities of the compounds in Groups 1-3 the 

variation in binding and activity data would suggest that the interactions between the 

ligands and cannabinoid receptors are quite different.  Whether these interactions are with 

an identical set of amino-acids but the strength of each varies or between different sets of 

amino acids is unknown, but it is likely to be a combination of the two. 

 

Within the set of compounds tested for CB2 receptor potency and selectivity the lead 

compound, HU-308 remains the optimal structure.  Alteration of side chains on the 

aliphatic ring, the position of the bond between this ring and the aromatic ring and the 

alkyl tail length generated ligands with similar or inferior binding and activity 

characteristics.  The binding position of the aliphatic ring is important but not crucial, as 

good selectivity for the CB2 receptor can be achieved but at reduced efficacy.  There is 

evidence of a poor capacity to accommodate reduction of the carboxy chain length 

although this may be due to steric inhibition of interactions in the head region of the 

compounds as well. 

 

Overall, modification of side chains of the aliphatic ring when attached to the aromatic 

core by C2 (Group One compounds) were tolerated relatively well, with selectivity at the 

CB2 receptor and reasonable potency and efficacy detected (see Figure 2.5.2).  Group Two 

modifications of the aliphatic ring and its side groups when attached to the aromatic core 

by C3 were not so well tolerated and further modification by shortening of the alkyl tail 

(Group 4 Compounds) further disrupted the ability of these ligands to bind and activate the 

cannabinoid receptors (see Figure 2.5.2).  The same trend was apparent when Group One 
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compounds were subjected to shortening of the alkyl tail (Group Four Compounds), with 

only partial agonistic activity detectable in those compounds that were still able to induce 

activation of the CB2 receptors (see Figure 2.5.2) 

 

In conclusion, the results of this chapter clearly show that none of the compounds tested 

were significantly more effective at activating CB2 receptors compared to HU-308 in both 

the cAMP and GTPγS assays.  Although HU-910 induced a significantly higher Emax in 

coupling to GTPγS it did not exhibit a correspondingly high Emax value in cAMP assays.  

This may indicate a saturation of the signalling pathway leading to inhibition of cAMP or 

perhaps preferential coupling to certain G-proteins which are more freely available in the 

GTPγS assay.  Furthermore, HU-910 may be a more efficacious and similarly potent CB2 

agonist under some conditions but it is not as selective, binding to CB1 receptors with an 

EC50 in the low micromolar range while HU-308 had no detectable binding to CB1 

receptors at concentrations up to 50µM. 
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Figure 2.5.1 Schematic indicating the various modifications of HU-308. 

The topmost structure is that of HU-308. All of the modified structures involve alteration of the 

aliphatic head group (circled in dark blue with a dashed line). Some compounds were also 

synthesised with shortened alkyl tails (circled in pink with a dashed line). R denotes several 

compounds with alternative groups in this position were synthesised. Key carbon atoms of the 

aliphatic head group are numbered as indicated. Note that the central aromatic structure is not 

altered. 
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Figure 2.5.2 Summary of results of modifications to HU-308 structure. 

The side groups and their respective results are indicated in the table. The first column indicates the 

R side group modification and name. Group Three equivalent column indicates these compounds 

included the R side group modification as well as a shortened alkyl tail. 
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3 Cannabinoid Receptor CB2 

Trafficking 

3.1 Introduction 
Given the emergence of interest in the CB2 receptor as a target for the treatment of 

inflammatory conditions, neuropathic pain and a variety of other pathologies, coupled with 

an increase and the presence of cannabinoid receptor agonists and antagonists in the 

market already (Pertwee and Thomas, 2009), it seems likely that specific CB2 receptor 

ligands will proceed through animal studies to clinical trial.  It is therefore of benefit to 

acquire knowledge about how the CB2 receptor is desensitised and recycled, knowledge 

which will provide insight into the responses generated in vitro and in vivo and may 

ultimately aid in formulation of dosing regimes.  This chapter describes the initial 

characterisation of human CB2 receptor internalisation and recycling in a stably 

transfected cell model and also in endogenously expressing human cell lines and primary 

cells. 
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3.1.1 GPCR Trafficking 

The process of GPCR trafficking regulates the levels of functional receptors on the cell 

surface in order to prevent overstimulation of intracellular pathways or extended periods of 

insufficient stimulation.  The canonical pathway is based largely on the trafficking 

properties of the β2-adrenergic receptor, which has been extensively investigated, and 

proceeds through receptor desensitisation, internalisation, resensitisation and recycling 

back to the cell surface.  Details of these processes, focusing on their relationship to the 

CB2 receptor, are reviewed here.   

 

3.1.1.1 Phosphorylation, Desensitisation and Internalisation 

Agonist binding induces conformational changes in GPCRs, inducing coupling to 

intracellular proteins and stimulating intracellular signalling cascades.  Also stimulated by 

receptor activation is desensitisation and internalisation of the receptors as an adaptive 

feature, disabling cellular responses to chronic agonist exposure.  

 

GPCR internalisation is closely linked with receptor activation and subsequent 

phosphorylation and desensitisation.  Phosphorylation occurs on serine and threonine 

residues of which there are eight in the cytoplasmic tail of CB2 alone with additional 

potential sites for phosphorylation within each of the intracellular loops.  The process of 

phosphorylation increases the propensity of the receptor to associate with various 

intracellular factors which promote uncoupling from G-proteins and internalisation into 

endosomes. 

 

Two families of kinases are responsible for phosphorylation of GPCRs; GPCR kinases 

(GRKs) and to a lesser extent protein kinases A and C (PKA and PKC).  The activity of 

PKA and PKC may be of greater importance for GPCR desensitisation by phosphorylation 

in the absence of agonist activation (Shenoy and Lefkowitz, 2003).  However the 

modulation of PKA activity by Gs and Gi coupled receptors and PKC by Gq coupling, 

suggests a feedback loop of GPCRs coupled to these G-proteins may also exist.  Although 

CB2 receptors couple to Gi (Howlett et al., 2002) neither the PKA nor PKC kinases appear 

important in phosphorylation and desensitisation of this receptor (Bouaboula et al., 1999a).   
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Agonist induced phosphorylation occurs primarily by the activity of GRKs, which 

phosphorylate receptor specific serine or threonine residues on the C-terminal and the third 

intracellular loop (Krupnick and Benovic, 1998; Ferguson, 2001).  The GRKs are a family 

of seven kinases (GRK1-7) (Pierce et al., 2002).  Studies on GRK1 (the rhodopsin kinase) 

and GRK2 (the β-adrenergic kinase) are the most prevalent and while GRK 1 and 7 are 

restricted to retinal expression, GRK 4 is the only other GRK displaying selective tissue 

expression, being limited to the central nervous system (Pierce et al., 2002).  As CB2 

receptor phosphorylation does not involve PKA or PKC, the activity of a GRK (or GRKs) 

is likely.  Based on results of Bouaboula et al. (1999a), phosphorylation of the CB2 

receptor is not affected by pertussis toxin indicating it is unlikely to be GRK 2 or 3, both of 

which associate with the βγ subunit of G-proteins.  A CB2 receptor phosphorylating GRK 

is also likely to exhibit preference for phosphorylating residues in close proximity to acidic 

amino acids as the C-terminus of the CB2 receptor is rich in acidic aspartate residues.  

However, the only GRK currently known that fits these criteria is GRK1 which is 

exclusively expressed in the visual system and therefore an unlikely candidate. 

 

The phosphorylation of serine and threonine residues alone is not capable of preventing 

GPCR coupling to G-proteins (van Koppen and Jakobs, 2004).  However the GRK 

phosphorylated receptors exhibit enhanced affinity for arrestins which when bound 

promote uncoupling and receptor internalisation (Lefkowitz, 1998).  There are four known 

arrestin proteins numerically numbered in the order they were discovered: arrestin-1 

(previously known as the visual arrestin), arrestin-2 (also known as β-arrestin or β-arrestin-

1), arrestin-3 (also known as β-arrestin-2) and arrestin-4.  Arrestins 1 and 4 are almost 

exclusively expressed in visual tissues but the other two arrestins are expressed 

ubiquitously throughout the body (Krupnick and Benovic, 1998).  Association of GPCRs 

with arrestins can at least partially determine the intracellular trafficking of these receptors.  

Dissociation from arrestins immediately following internalisation results in rapid recycling 

while a slower recycling profile is generally observed by receptors that persist in their 

arrestin association (Shenoy and Lefkowitz, 2003). 

 

The internalisation of GPCRs occurs within seconds to minutes of agonist stimulation 

(Krupnick and Benovic, 1998).  Evidence indicates the internalisation occurs primarily via 

the formation of clathrin coated pits (Krupnick and Benovic, 1998; Claing et al., 2002; van 

Koppen and Jakobs, 2004).  The internalisation of GPCRs requires a combination of many 
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proteins including the aforementioned arrestins and GRKs but also clathrin (Goodman et 

al., 1996), adapter protein-2 (Laporte et al., 1999), N-ethylmaleimide sensitive fusion 

protein (McDonald et al., 1999) and ADP-ribosylation factor 6 (Claing et al., 2001).  This 

list is likely to increase as more specialised knowledge of the dynamic nature of 

membranes increases. 

 

Desensitised receptors which are subsequently internalised by invagination of the cell 

membrane and budding off of intracellular vesicles can proceed through one or more of 

several trafficking processes including: processing of receptors towards lysosomes and 

degradation, retention within endosomes and dephosphorylation of the receptors and 

recycling to the cell surface.  The latter of these processes is pertinent to the research 

conducted in this chapter and is discussed further below. 

 

3.1.1.2 Recycling 

Compared to receptor desensitisation and internalisation relatively little is known about the 

process of GPCR recycling.  Once it has been endocytosed the vesicle fuses with early 

endosomes.  Early endosomes exhibit a reduced internal pH, inducing changes in the 

receptor which permit association with phosphatases.  As their name suggests, these 

enzymes dephosphorylate the GPCR, a process required for receptor resensitisation and 

recycling (Krueger et al., 1997).  The dissociation of ligands bound to the receptor is also 

likely to be facilitated by changes in pH and structural alterations in GPCR conformation 

induced by dephosphorylation (Lefkowitz, 1998).  The CB2 receptor is dephosphorylated 

after internalisation at a serine residue (amino acid number 352, near the carboxy terminus) 

by protein phosphatase 2A but not phosphatase 2B (Bouaboula et al., 1999a).  This 

phosphatase family is also responsible for dephosphorylation of other GPCRs including 

cholecystokinin receptors (Lutz et al., 1993), rhodopsin (Pitcher et al., 1995) and 

adrenergic receptors (Pitcher et al., 1995). 

 

Two key routes of GPCR recycling are currently recognized: rapid and slow recycling.  

Although many proteins and complexes are involved in these processes the involvement of 

the Rab family of small GTPases appears to be key in differentiating the trafficking of 

endosomes (Maxfield and McGraw, 2004). 
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3.1.2 Involvement of Rabs in Trafficking 

The Rab family of proteins are the largest family belonging to the Ras superfamily of small 

GTPases (Stenmark, 2009) and are involved in numerous trafficking processes throughout 

the cell.  They are tethered to membranes by lipid groups attached to their C-terminus and 

bind to GTP molecules in their active state.  Hydrolysis of the GTP to GDP reverts the Rab 

to an inactive form.  Rabs predominantly exist in an active state (GTP-bound) as GDP is 

rapidly replaced by GTP which is at a high cytosolic concentration (Stenmark, 2009).  

Some of the key Rabs that have been identified to facilitate the transport of membrane 

associated receptors are Rab4, 5, and 11.  These have been assessed for association with 

CB2 receptor trafficking pathways in this chapter.   

 

Specifically, Rab5 is associated with internalisation of clathrin coated pits and fusion with 

early endosome (Gorvel et al., 1991; Bucci et al., 1992); it is therefore located on the 

cytoplasmic surfaces of early endosomes, clathrin coated vesicles and the plasma 

membrane.  Rab5 has been demonstrated to be involved in the endocytosis of the closely 

related CB1 receptors (Leterrier et al., 2004) as well as several other GPCRs (Stenmark, 

2009).  The CB1 receptor also associates with Rab4 which facilitates rapid recycling of 

receptors directly from the early endosomes back to the plasma membrane (van der Sluijs 

et al., 1992; Leterrier et al., 2004).  Rab11 did not exhibit association with CB1 trafficking 

(Leterrier et al., 2004) but has been indicated to be involved in the transport of receptors 

from the recycling endosome via the slow recycling pathway (Ullrich et al., 1996). 

 

The following sections investigate the properties of human CB2 receptor trafficking in 

transfected cell models and endogenously expressing human cells.  Tolerance due to 

receptor desensitisation and downregulation is a common problem with many drugs.  The 

process of CB2 receptor desensitisation by internalisation and subsequent recycling 

(resensitisation) is particularly relevant to predicting the dosing requirements of CB2 

ligands in vivo.  The work detailed here aims to inform future research and the 

development of CB2 specific therapeutics. 
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3.2 Materials and Methods 

3.2.1 HEK Cell Line Generation and Maintenance 

HEK-293 cells were purchased from the ATCC and maintained in DMEM media 

supplemented with 10% FBS, 100 units/ml penicillin and 100 μg/ml streptomycin.  The 

pcDNA 3xHA hCB2 vector purchased from the Missouri S&T cDNA Resource Center 

was subconed using restriction enzymes Kpn1 (Roche and Pme1 (New England Biolabs) 

into the pEF4-V5-HisA vector (pEF4 3xHA hCB2).  Stable transfection of HEK-293 cell 

with this vector using Lipofectamine2000, according to the manufacturer’s instructions 

(Invitrogen) was performed.  A mixed population of HEK 3xHA hCB2 cells were isolated 

by flow cytometry (FACs) by Dr. Leslie Schwarz.  Briefly, cells were dislodged by 

versene treatment and incubated with mouse-anti-HA.11 antibody (anti-HA.11) (MMS-

101P, Covance, Berkeley, CA, USA) diluted 1:500 in DMEM for 35 minutes at room 

temperature.  Cells were then pelleted by spinning at 500 x g and resuspended in goat-anti-

mouse Alexa 488 fluorescent secondary antibody (Molecular Probes, Eugene, OR) at 

1:500 dilution in phenol free DMEM and incubated for 20 minutes on ice.  After washing 

twice in PBS cells were resuspended in phenol red free DMEM and passed through a 24 

gauge needle to ensure a single suspension before passing through a Becton Dickinson 

FACS Vantage™ (BD Biosciences, California, USA).  Using CellQuest Pro software (BD, 

X) a pool of cells with moderate cell surface fluorescence was gated for and collected.  The 

resulting mixed population culture shall be referred to as HEK-CB2 cells subsequent to 

this.  This cell line was maintained as for HEK-293 cells with the addition of 250 ug/ml 

zeocin.  All reagents were purchased from Invitrogen unless otherwise stated.  CHO cell 

lines were maintained as described in Section 2.2.1. 

 

3.2.2 Trafficking Experiments 

HEK-CB2 cells were seeded at 26,000 - 28,000 cells/well in poly-L-lysine treated 96 well 

plates (Thermo Fisher Scientific, Nunc GmBH), 18-36 hours prior to stimulation.  

Experiments with HEK-CB2 cells were performed in DMEM + 5 mg/ml BSA media (basal 

media) and stimulations took place at 37oC with 5% CO2.  Tubes and dispensing vessels 
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for cannabinoid and vehicle containing media were silinised and rinsed with deionised 

water prior to use (Coatasil; Ajax Finechem, Sydney, NSW, Australia). 

 

Prior to cannabinoid stimulation cells were equilibrated in basal media for 30 minutes and 

then incubated with anti-HA.11 at 1:500 dilution in basal media for 30 minutes.  Following 

two brief washes with warm basal media cells were stimulated with indicated 

cannabinoids.  Between cannabinoid stimulations cells were washed twice with basal 

media.  After the appropriate stimulation time wells were put on ice for 90 seconds to 

rapidly cool and stop any further membrane trafficking activity.  Cells were then incubated 

with Alexa 488 goat-anti-mouse fluorescent secondary antibody (Molecular Probes, 

Eugene, OR, USA) at 1:250 in basal media.  After 30 minute incubation at room 

temperature wells were washed twice in basal media and fixed in 4% PFA for 10 minutes.   

 

For some experiments a second fluorescent goat-anti-mouse secondary antibody (Alexa 

594) was incubated with fixed cells to detect anti-HA.11 antibody that was located 

intracellularly, as well as on the cell surface (total starting cell surface receptor).  This 

antibody was diluted to 1:400 in immunobuffer (See Appendix IV) and incubated at room 

temperature for three hours followed by three washes in PBS + 0.02% Triton® x-100 

(PBS-T). 

 

All cells were labelled with Hoechst 33258 (Sigma) for cell counting.  Hoechst 33258 

stocks at 4 mg/ml were diluted 1:500 in PBS-T and incubated with fixed cells for 20-30 

minutes at room temperature.  Cells were washed three times in PBS-T to remove excess 

and non-specifically bound antibody and Hoechst 33258.  Images were acquired and 

analysed as described in Section 3.2.5. 

 

3.2.2.1 Transient Transfection with Rab Expressing Vectors 

Some experiments required transient transfection of HEK-CB2 cells with vectors prior to 

stimulation.  For these, cells were plated directly into a transfection mixture containing 

125 ng/ml DNA and 0.5 µl/ml Lipofectamine2000.  96-well plates (Thermo Fisher 

Scientific, Nunc GmBH) were pre-treated with poly-L-lysine and 50 µl/well transfection 

mix added to wells before HEK-CB2 cells were seeded at 45,000 cells/well.  After 48 

hours, cells were stimulated, fixed, imaged and analysed as described in above. 
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The vectors containing EGFP tagged Rab sequences for Rab4, 5 or 11 were kindly gifted 

by Dr. Robert Lodge of the Unviveristé Laval, Canada.  Three variations of each EGFP 

tagged Rab were used.  Wild type  Rabs (Rab WT) contained no mutations.  Dominant 

positive Rabs (Rab GTP) contained a single mutation; Q67L in Rab4, Q79L in Rab5 and 

Q70L in Rab11, conferring an inability to hydrolyse GTP thereby being constitutively 

active.  Dominant negative Rabs (Rab GDP) contained a single mutation; S22N in Rab4, 

S34N in Rab5 and S25N in Rab11, causing the resulting protein to be constitutively 

inactive, only binding GDP. 

 

For analysis of this data the starting cell surface expression was normalised to cell surface 

levels of receptor in cells transfected with vector containing EGFP alone.  To determine 

the internalisation extent for each of the nine different Rab proteins the level of cell surface 

receptor remaining after 30 minutes HU-308 (1 µM) stimulation was normalised to the 

starting cell surface levels of the same transfectant.  The relative extent of receptor 

recycling was determined by normalising the cell surface levels of receptor after agonist 

stimulation (HU-308, 1 µM, 30 minutes) followed by agonist washout (AM630, 10 µM, 

20 minutes) to the starting cell surface levels (100%) and the extent of internalisation (0%).  

An agonist washout timepoint at which recycling was sub-maximal (20 minutes) was 

chosen so that both increases and decreases in the extent of recycling could be identified. 

 

3.2.3 U937 Differentiation and Maintenance 

U937 cells were purchased from the ATCC and maintained in suspension in RPMI media 

supplemented with 10% fetal bovine serum, 100 units/ml penicillin and 100 μg/ml 

streptomycin.  For differentiation, six million cells were seeded in a total volume of 20 ml 

media with 100 ng/ml phorbal myristate acetate (PMA) for 72 hours.  The media was then 

replenished with normal media and cells were allowed to recover for 24 hours before 

trypsinisation and plating for stimulation. 

 

For trafficking experiments differentiated U937 cells were plated into 96 well plates (for 

Discovery-1 image acquisition) or PLL treated glass divided slides (BD Biosciences) (for 

confocal microscopy) at 85,000 or 220,000 cells/well respectively.  Stimulation of 



Chapter Three Cannabinoid Receptor CB2 Trafficking 

72 

differentiated U937 cells was performed as for HEK-CB2 (Section 2.2.2) with the 

following alterations.  The media used was RPMI supplemented with 10% FBS, 

100 units/ml penicillin and 100 μg/ml streptomycin.  Detection of the CB2 receptor was 

with antibodies raised against the N-terminal CB2 receptor peptides.  Two antibodies 

displayed similar ability to label cell surface CB2 receptor; Thermo Fisher Scientific 

(formerly Affinity BioReagents catalogue number PA1-744) (CB2-TFS) diluted 1:200 in 

media and Calbiochem (Catalogue number 216407)(CB2-CBC) diluted 1:100 in media.  

Data represented here is generated using the Calbiochem anti-CB2 antibody unless 

otherwise indicated.  Both CB2 antibodies were raised in rabbit species and goat-anti-

rabbit secondary antibodies (Alexa 488 or 594) were used correspondingly.  Image 

acquisition and analysis was performed as for HEK-CB2 cells (Section 3.2.5). 

 

3.2.4 Human  Peripheral  Blood  Mononucleated  Cells 

(PBMCs) 

The isolation of primary human peripheral blood mononucleated cells was performed by 

Dr. Scott Graham using Leucosep® tubes and the manufacturer’s recommended protocol 

(Greiner Bio-One GmbH), cells were extracted over Histopaque® according to the 

manufacturer’s instructions (Sigma-Aldrich).  Aliquots of isolated PBMCs were frozen at 

-80oC for up to two weeks and in liquid nitrogen for longer periods of time. 

 

PBMCs were thawed and gently transferred into 5 ml of warm PBMC media (RPMI with 

10% FBS, 100 units/ml penicillin and 100 μg/ml streptomycin).  The cell suspension was 

pelleted by spinning at 200 x g for 5 minutes and gently resuspended in warm PBMC 

media and transferred to a T25 culture flask.  After 24-48 hours in culture a number of 

cells had adhered to the vessel surface.  These cells were dislodged by rinsing with 

Versene™ before incubation with 0.05% Trypsin-EDTA (3-4 minutes).  Trypsinised cells 

were diluted in PBMC media and pelleted as previously described to remove excess 

trypsin.  Cells were counted and seeded into PLL coated 96 well plates (Nunc) and allowed 

a further 24 hours to adhere.  As T- and B- cells are non-adherent, the population of 

PBMCs isolated by this process is predominantly monocytes and shall be referred to as 

such from this point.  Stimulation and antibody labelling of cells was performed as 
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described in Section 3.2.3 for U937 cells.  Images were acquired manually using a Nikon 

Eclipse Ti-U inverted microscope with NIS Elements BR 3.0 software (Nikon). 

 

3.2.5 Image Acquisition and Analysis 

Images were acquired by a Discovery-1TM automated fluorescence microscope (Molecular 

Devices, Sunnyvale, CA) using DAPI (403Ex/465Em), FITC (470Ex/535Em), and TRED 

(560Ex/650Em) filter sets.  Greyscale images were captured at 100x magnification from 

four sites per well with at least four replicate wells for each stimulation condition.  Images 

that were not focused correctly or included large fluorescent debris were excluded from 

data analysis.  Analysis of images was performed using MetaMorph™ software based on 

previously described methods (Grimsey et al., 2008a).  The total grey value per cell was 

calculated by determining total grey value above background for each image and dividing 

it by the number of cells present.  The number of cells was deterined using the “Count 

Nuclei” function of MetaMorph™ software and the total grey levels using the “Average 

Thresholded Intensity” journal described by Grimsey et al. (2008a).  The average 

thresholded value was adjusted for background signal.  As variation exists between 

experiments, normalisation to unstimulated controls was necessary to combine results from 

repeated stimulations. 

 

3.2.6 Statistical Analysis 

Internalisation timecourse and concentration response curves were fit in Prism and 

compared by F-test to determine if parameters of the curves were statistically 

indistinguishable.  Comparisons were performed using a one-way ANOVA with 

Bonferroni post-test when significance was reached. 
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3.3 Results 

3.3.1 CB2 Receptor Internalisation in HEKCB2 Cells 

Agonist induced CB2 receptor internalisation was both concentration and time dependent 

(Figure 3.3.1) with internalised antibody labelled receptors forming multiple puncta and a 

corresponding reduction in cell surface labelling (Figures 3.3.5 and 3.3.11).  Agonist 

induced loss of cell surface receptor exhibited a classical sigmoidal shaped curve and 

EC50 values of 15.8 and 16.6 nM for HU-308 and HU-910 which were not significantly 

different.  However there was a significant difference in the maximum internalisation 

reached at the higher concentrations of each drug.  The concentration versus cell surface 

label curves reached a plateau at 63% and 78% for HU-308 and HU-910 respectively 

(Figure 3.3.1 A).  

 

The agonist induced loss of receptor from the cell surface with respect to time followed a 

decay curve profile with plateau values similar to those of the concentration response curve 

(61% and 76% receptor internalisation).  The rate of decay (K) was also significant 

between the drugs used, as was the length of time taken to reach plateau (span) (Figure 

3.3.1 B).  HU-910 exhibited a shorter half-life of 5.3 minutes compared to 7.7 minutes with 

HU-308.  Overall HU-910 exhibited enhanced efficacy in internalisation characteristics 

compared to HU-308 but with a similar potency.   
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Figure 3.3.1 Internalisation of CB2 receptors in HEK-CB2 cells. 

(A) Concentration dependence of CB2 receptor loss from the cell surface using the CB2 specific 

agonists HU-308 (□) and HU-910 (Δ) at variable concentrations for 120 minutes. (B) Receptor loss 

from the cell surface with 1 µM HU-308 (□) and HU-910 (Δ) with respect to time. Data was 

normalised to the cell surface signal of unstimulated cells and is presented as mean values ± SEM. 

Below the graphs is a table of their numerical parameters. All data is presented as values 

determined from the best-fit curve with 95% confidence interval in parentheses. Percentages are 

indicative of the relative amount of receptor remaining on the cell surface. n=3 for HU-910 and 

n=4 for HU-308. (* P<0.05).  
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3.3.2 CB2 Receptor Recycling in HEKCB2 Cells 

Recycling was determined by live labelling of cell surface receptors followed by 

stimulation of cells with agonist for 30 minutes to induce internalisation and subsequent 

complete washout by competition with the inverse agonist, AM630 (Ross et al., 1999) to 

allow internalised receptors to recycle.  At the end of the stimulation cells were live 

labelled with secondary antibody to detect the primary antibody labelled receptors that had 

remained on, or returned to, the cell surface.  The inclusion of AM630 in this process was 

necessary to observe recycling which was not seen when HU-308 removal was attempted 

by washing alone (Figure 3.3.2).  Cells stimulated to internalise followed by agonist wash 

out and recycling displayed a repopulation of the cell surface with the presence of far 

fewer internal puncta compared to cells stimulated with only HU-308 (Figures 3.3.5 and 

3.3.11). 

 

CB2 receptor recycling was time dependent reaching a plateau around 60 minutes after 

agonist washout (Figure 3.3.3).  Approximately 60% of internalised receptor returned to 

the cell surface.  A tentative trend towards reduced total levels of labelled receptor over 

time was apparent, suggesting some receptor degradation may occur, but this did not reach 

statistical significance. 

 

Chronic agonist stimulation has been reported to induce a switch to degradative pathways 

for some GPCRs (von Zastrow and Kobilka, 1992; Dang and Williams, 2004; Bartlett et 

al., 2005).  Figure 3.3.4 indicates that the majority of the internalised CB2 receptor is 

recycled back to the cell surface, even after four hours of agonist stimulation while no 

significant degradation of initial cell surface labelled receptor is detected.   

 

To determine if the failure to completely internalise or recycle reflected saturation of the 

trafficking pathways due to high receptor expression, multiple different HEK-CB2 and 

CHO-CB2 cell lines were tested for CB2 receptor internalisation and recycling, all of 

which exhibited both trafficking aspects (Figure 3.3.6).  Each of the tested cell populations 

was able to recycle to a similar extent and only the clone with relatively low expression of 

CB2 receptor was able to internalise significantly more cell surface CB2 receptor.   
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Figure 3.3.2 Agonist washout conditions for CB2 recycling in HEK-CB2 cells. 

Cell surface levels of CB2 receptor were normalised to unstimulated cells. Receptor was 

internalised for 30 minutes with 1 µM HU-308 stimulation followed by three washes and 

incubation with AM630 (10 µM) or vehicle for 60 minutes. Data represents the means ± SEM of 

three independent repeats. 
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Figure 3.3.3 Time course of internalisation and recycling of CB2 receptors in HEK-CB2 cells. 

The cell surface (■) and total (Δ) levels of HA-tagged human CB2 receptors were determined 

without stimulation (100%), after 30 minutes of HU-308 (1 µM) incubation and at various time 

points after agonist washout by competition with the inverse agonist, AM630 (10 µM). Data 

represents the means ± SEM of five independent experiments. 
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Figure 3.3.4 Chronic agonist stimulation effect on CB2 receptor recycling in HEK-CB2 cells. 

Stimulation of HEK-CB2 cells with 1 µM HU-308 for four hours (Intern.) followed by complete 

agonist washout by competition with 10 µM inverse agonist AM630 for 60 minutes (Recyc.). Inset 

shows total level of starting cell surface receptor, normalised to unstimulated cell surface receptor. 

Data represents the means ± SEM of three independent experiments. 

 

 

 
Figure 3.3.5 Internalised and recycled HA labelled CB2 receptors in HEK-CB2 cells. 

HEK-CB2 cells were live labelled with anti-HA.11 antibody and (A) not stimulated, (B) Incubated 

with 1 µM HU-308 for 30 minutes to induce internalisation or (C) incubated with HU-308 1µM for 

30 minutes followed by 60 minute incubation with AM630 (10 µM) to induce recycling. All cells 

were fixed and anti-HA.11 antibody detected with permeabilised secondary antibody to display 

internalised puncta as well as cell surface labelling. Scale bar = 25 µm. 

B A C 
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Figure 3.3.6 Internalisation and recycling extent in different CB2 expressing cell lines. 

Three HEK cells lines expressing different cell surface levels of HA tagged human CB2 receptor 

were examined; (A) was a mixed population of expressing cells (HEK-CB2), (B) a high expressing 

clone and (C) a relatively low expressing clone. CHO-K1 cells were also tested for CB2 trafficking 

properties by stable transfection with the same expression vectors used in HEK cell lines; (D) is a 

mixed population and (E) a clone. Representative images of cell surface labelling of each cell line 

are shown (Scale bar = 100 µm) with quantification in the graphs below. For internalisation and 

recycling extents each cell line was normalised to its initial cell surface levels of CB2 (100%). Inset 

graph indicates the relative percentage of cell surface expression of CB2 normalised to cell line A 

(100%). Cells were stimulated with HU-308 (1 µM) for 30 minutes (Internalised) followed by a 60 

minute incubation with 10 µM AM630 (Recycled). n=3, P<0.05. 
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3.3.3 Involvement of Rabs in Trafficking 

The participation of Rabs in GPCR trafficking has been repeatedly demonstrated 

(Stenmark, 2009).  Three well established Rab proteins, involved in internalisation and 

recycling specifically, were chosen to investigate if they are involved in CB2 trafficking 

also. 

 

3.3.3.1 Internalisation of CB2 Receptors Involves Rab5 

Transient transfection with Rab5 wildtype (Rab5 WT) and dominant positive GTPases 

(Rab5 GTP) had no statistically significant influence on the basal cell surface expression, 

extent of internalisation or the extent of recycling observed for the human CB2 receptor.  

However the dominant negative Rab5 (Rab5 GDP) negatively influences the extent of 

internalisation.  There was also a tendency towards enhanced basal levels of cell surface 

receptor in cells over-expressing this Rab suggesting it also impaired constitutive 

internalisation (Figure 3.3.7). 

 

3.3.3.2 Recycling of CB2 Receptors Involves Rab11 

The extent of internalisation of the CB2 receptor was not altered by over-expression of 

Rab11 mutants (Rab11 GTP and GDP) or wildtype Rab11 (Rab11 WT).  The extent of 

recycling was significantly decreased when the dominant negative Rab11 (Rab11 GDP) 

was over-expressed.  There was also a trend towards the positive mutant increasing the 

extent of recycling.  Surprisingly, the basal cell surface expression levels of the receptor 

were not altered (Figure 3.3.8). 

 

3.3.3.3 Rab4 is Not Involved in CB2 Receptor Trafficking 

Transient transfection with WT (Rab4 WT), dominant negative (Rab4 GDP) or dominant 

positive (Rab4 GTP) Rab4 did not significantly alter the basal cell surface expression, 

extent of internalisation or the extent of recycling.  Although there was a general trend 

towards decreased cell surface expression and a reduced extent of recycling with increased 

Rab4 activity (Rab4 GTP), no such trend was observed in the extent of internalisation 

(Figure 3.3.9). 
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Figure 3.3.7 Effect of Rab5 over-expression on CB2 trafficking in HEK-CB2 cells.  

EGFP tagged Rab5 vectors, as indicated, were transiently transfected into HEK-CB2 cells and data 

processed as indicated in Section 3.2.2.1 (A) Starting cell surface levels of receptor relative to 

EGFP transiently transfected HEK-CB2 cells. (B) The extent of internalisation of CB2 receptors. 

(C) The relative extent of recycling of CB2 receptors. P values for (A) and (C) were 0.2733 and 

0.6832 respectively. *P<0.05. Data represents the means ± SEM of four or five independent 

experiments.  
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Figure 3.3.8 Effect of Rab11 over-expression on CB2 trafficking in HEK-CB2 cells.   

EGFP tagged Rab11 vectors, as indicated, were transiently transfected into HEK-CB2 cells and 

data processed as indicated in Section 3.2.2.1 (A) Starting cell surface levels of receptor relative to 

EGFP transiently transfected HEK-CB2 cells. (B) The extent of internalisation of CB2 receptors. 

(C) The relative extent of recycling of CB2 receptors. P values for (A) and (B) were 0.9602 and 

0.2647 respectively. *P<0.05. Data represents the means ± SEM of three to five independent 

experiments. 
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Figure 3.3.9 Effect of Rab4 over-expression on CB2 trafficking in HEK-CB2 cells. 

EGFP tagged Rab4 vectors, as indicated, were transiently transfected into HEK-CB2 cells and data 

processed as indicated in Section 3.2.2.1 (A) Starting cell surface levels of receptor relative to 

EGFP transiently transfected HEK-CB2 cells. (B) The extent of internalisation of CB2 receptors. 

(C) The relative extent of recycling of CB2 receptors. P values were (A) 0.2526, (B) 0.9588 and 

(C) 0.1038. Data represents the means ± SEM of three to five independent experiments. 
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3.3.4 Endogenous CB2 Receptor Recycling 

U937 cells can be differentiated by incubation with multiple stimuli including PMA 

(Hattori et al., 1983; Ways et al., 1994).  The convenient aspect of this differentiation is 

their tendency to adhere to tissue culture treated surfaces, allowing application of the 

methods used to determine CB2 trafficking properties in HEK-CB2 cells.  Antibody 

labelling of live cells with CB2-TFS and CB2-CBC N-terminal targeted CB2 antibodies 

produced similar labelling with differential cell surface expression across cells (Figure 

3.3.10).  Post-fix labelling with these antibodies lacked obvious cell surface CB2 receptor, 

was often localised to the nucleus and tended to exhibit similar levels detection across all 

cells indicating the process of fixation may have altered epitope recognition resulting in 

considerable levels of non-specific signal (Figure 3.3.10).   

 

 
Figure 3.3.10 Endogenous CB2 expression in differentiated U937 cells. 

Cells were live labelled (A and C) for detection of cell surface only, or post-fix labelled (B and D). 

Two antibodies, both raised against N-terminal CB2 peptides, were used; CB2-CBC antibody (A 

and B) and CB2-TFS anti-CB2 antibody (C and D).  Images are respresentitive of at least three 

independent repeats. Scale bar = 50 µm 

A B

C D
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Similar to CB2 receptors in HEK-CB2 cells the antibody labelled CB2 receptor in U937 

cells is reduced with HU-308 stimulation but in contrast to transfected CB2, does not 

return to the cell surface with inverse agonist wash-out (Figure 3.3.11A and B).  

Interestingly, this suggests endogenous CB2 internalises but does not recycle in this cell 

type.  However, when differentiated U937 cells were labelled with permeabilised 

secondary, of a different emission wavelength, a lack of significant internalised signal was 

detected by quantitative analysis of the images (Figure 3.3.112) and only a proportion of 

the cells exhibited internalised receptor despite the overall reduction in cell surface 

expression (Figure 3.3.11).  In human monocytes, endogenously expressed CB2 receptors 

(Graham et al., 2009), exhibited the same pattern of CB2 receptor loss from the cell 

surface.  Yet a lack of any obvious internalised receptor was observed (Figure 3.3.11, 

compare the appearance of intracellular red puncta in internalised HEK-CB2 and selected 

differentiated U937 cells with the lack of any additional red labelling in monocytes.  Also 

note the overall loss of signal in differentiated U937 cells and monocytes compared to 

HEK-CB2 cells). 

 

To confirm the CB2:antibody complex was indeed internalising in endogenously 

expressing cell types, labelled and stimulated differentiated U937 cells were imaged by 

confocal microscopy.  Internalised antibody and therefore, receptor, was clearly identified 

in these cells.  A reasonable level of constitutive internalisation appears to take place, as 

many vehicle treated cells exhibited low levels of antibody labelling detected by post-fix 

secondary within the cell surface (Figure 3.3.13) which was also observed by inverted 

microscopy methods (Figure 3.3.11 B).  The frequency of cells with internalised antibody 

labelling and the extent of this labelling were enhanced in HU-308 stimulated cells 

confirming that agonist induced CB2 receptor internalisation occurs in endogenously 

expressing cells. 
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Figure 3.3.11 Trafficking of endogenously and heterologously expressed CB2 receptors.  

Representative images of (A) HEK-CB2 cells, (B) differentiated U937 cells and (C) monocytes 

demonstrating cellular localisation of starting cell surface receptor when induced to internalise and 

recycle. Green label is cell surface receptor labelled on live cells. Total starting cell surface 

receptor (red) was labelled with post-fixation permeabilised secondary. HEK-CB2 cells were 

labelled using the anti-HA.11 antibody, U937 cells with the CB2-CBC antibody and monocytes 

with the CB2-TFS antibody. Internalisation was induced by 30 minute HU-308 (1 µM) stimulation 

and recycling by 30 minutes HU-308 (1 µM) followed by AM630 (10 µM) for 60 minutes. Scale 

bar = 50 µm. Images are representative of at least four repeats. 

 

Internalised Starting Recycled 

B 

C 

A 



Chapter Three Cannabinoid Receptor CB2 Trafficking 

88 

 

Initial Intern. Recyc.
0

25

50

75

100
A

Total
Cell Surface

%
 o

f S
ta

rt
in

g 
C

el
l S

ur
fa

ce

 

Figure 3.3.12 Quantification of cell surface receptor loss in differentiated U937 cells. 

Data was normalised to starting cell surface signal for each repeat (100%). The means of three 

independent repeats ± SEM are displayed. Differentiated U937 cells were stimulated as for HEK-

CB2 cells; internalisation was induced by 30 minute HU-308 (1 µM) stimulation and recycling by 

30 minutes HU-308 (1 µM) followed by AM630 (10 µM) for 60 minutes.  Cell Surface labelling 

was determined as labelling achieved from live incubation with secondary antibody before fixation 

(non-permeabilised) and Total was the total starting antibody detected by labelling both cell surface 

and internalised primary antibody with post-fixation permeabilised secondary.  
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Figure 3.3.13 Confocal images of CB2 internalisation in differentiated U937 cells. 

Cells were live labelled with CB2-TFS antibody (except for the no primary control) then incubated 

with vehicle or HU-308 (1 µM) for 30 minutes before live labelling with secondary Alexa Fluor 

488 (green) and fixing. Post-fixation, cells were incubated with secondary Alexa Fluor 594 (red) 

and Hoechst (blue). Each row indicates a different magnification of cells, scale bar = 10 µm. 

Vehicle HU-308 No CB2-TFS 
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3.4 Discussion 
Current details of the trafficking properties of CB2 receptors is limited but clearly indicates 

the CB2 receptor undergoes phosphorylation (Bouaboula et al., 1999a; Derocq et al., 2000) 

and internalisation with agonist stimulation (Bouaboula et al., 1999a; Carrier et al., 2004; 

Shoemaker et al., 2005b) or exposure to UVB rays (Zheng et al., 2008).  CB2 receptors 

also undergo constitutive internalisation, indicated by increased cell surface receptor levels 

by incubation with CB2 specific inverse agonist (Bouaboula et al., 1999a).  The ability of 

receptors to be repeatedly phosphorylated and dephophorylated by stimulation with agonist 

and inverse agonist alternately is suggestive that CB2 receptor recycling may occur 

(Bouaboula et al., 1999a) but direct evidence to support this hypothesis is lacking. 

 

3.4.1 HEKCB2 Trafficking 

The internalisation of human CB2 receptors was extensively characterised here by 

investigation of the agonist driven loss of receptors from the cell surface in relation to time 

and drug concentration. 

 

The EC50 of HU-308 induced internalisation (15.8 nM) corresponds well with binding, 

and induction of GTPγS association in CHO-CB2 cells (Ki = 14 nM, EC50 = 19.1 nM 

respectively, see Table 2.3.1).  The HU-308 compound is considered a potent full agonist 

at CB2 receptors (Hanus et al., 1999) however it was unable to internalise CB2 receptors 

to the same extent as the newly developed HU-910 compound which exhibits similar 

potency but enhanced efficacy (as discussed in Chapter 2).  The profile of agonist induced 

CB2 internalisation over time is rapid, similar to that of the CB1 receptor (Grimsey et al., 

2008a).  In the same cell line, close to 100% of CB1 receptor can be induced to internalise, 

while here we show the extent of CB2 internalisation is maximal at 80% (Figure 3.3.1).  

When transfected into CHO cells, up to 93% internalisation of the CB2 receptor has been 

reported with overnight CP-55,940 stimulation (Shoemaker et al., 2005b).  This suggests 

that the reduced capacity of these cells to internalise surface CB2 receptor may be a result 

of saturation of internalisation pathways.  To this end, a variety of cell lines expressing the 

receptor at varied levels and in different host lines were tested for maximal extent of 

internalisation; all but one exhibited a similar internalisation capacity.  The HEK-CB2 



Chapter Three Cannabinoid Receptor CB2 Trafficking 

91 

clone expressing low levels of CB2 receptor exhibited ~90% receptor internalisation.  

Although the mixed population of CHO cells appears to have a very low level of cell 

surface expression, this is actually due to a low proportion of cells expressing detectable 

levels of receptor rather than all cells expressing similar receptor levels, as is the case for 

clones.  It should be noted however, that as the initial expression of the HEK-CB2 clone 

was very low, when stimulated to internalise, the same proportion of receptors may be on 

the cell surface but at levels below the limits of detection of the methods employed here.  It 

is therefore still unclear why agonist stimulation of the HEK-CB2 cells does not induce a 

greater extent of internalisation of CB2 receptors. 

 

The cannabinoid ligands are highly lipophilic and likely to permeate lipid membranes.  

Thus, removing media after HU-308 stimulation may leave behind lipid solubilised ligand 

at concentrations high enough to continue to internalise receptors.  Indeed, washing alone 

was not sufficient to allow for CB2 receptor recycling and the addition of inverse agonist 

was necessary to compete for binding to CB2 receptors to enable recycling to be 

visualised.  As AM630 is an inverse agonist, it not only competes off agonist, preventing 

internalisation, but also blocks constitutive internalisation from occurring.  Ideally future 

studies should employ a competitive antagonist when one becomes available. 

 

Complete recycling of internalised receptor was not observed, with approximately twenty 

percent of the starting cell surface receptor remaining within the cell (Figure 3.3.3).  While 

the lack of reduction in the total starting cell surface receptor indicates no significant 

degradation of the internalised receptors is occurring (within the time frames examined) 

there is currently no evidence to indicate the fate of these internalised CB2 receptors. 

 

Investigation of the involvement of Rabs 4, 5 and 11 was performed by transient 

transfection of each of the EGFP tagged Rab proteins in one of three different states: (1) 

constitutively active or dominant active (expressing a point mutation that renders the 

enzyme incapable of hydrolysing GTP) (2) constitutively inactive or dominant negative 

(the Rabs exhibit a mutation conveying preferential binding to GDP over GTP) and (3) 

wildtype (WT). 

 

Significant reduction in the capacity of HEK-CB2 cells to internalise CB2 receptor with 

the expression of the dominant negative Rab5 clearly demonstrates the internalisation 
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pathway involves this Rab.  In addition, a tendency towards increased basal cell surface 

CB2 receptor expression supports reports of constitutive CB2 receptor internalisation 

(Bouaboula et al., 1999a) and suggests both agonist driven and constitutive CB2 

internalisation are mediated by Rab5 proteins.  These results also indicate that alterations 

in the extent of internalisation do not affect the extent of recycling in this model. 

 

Rab4 is involved in rapid recycling directly from the early endosome back to the cell 

surface.  While the effect of Rab4 transfection on CB2 recycling was not significant the 

trends observed were the opposite of those expected.  Dominant active Rab4 reduced cell 

surface expression and also the extent of recycling.  There was a complete lack of 

influence on the extent of internalisation however, confirming a lack of association with 

this trafficking pathway.  It is hypothesised that these results indicate a lack of Rab4 

influence in CB2 recycling but that the over-expression of Rab4 may be sequestering other 

co-factors required for recycling of the CB2 receptor and therefore indirectly negatively 

influencing its ability to recycle, both constitutively (resulting in reduced levels at the cell 

surface when high levels of active Rab4 are expressed) and under agonist induced 

conditions (resulting in a reduced capacity to recycle when active Rab4 is expressed).  The 

lack of trafficking of CB2 receptors via the rapid recycling pathway is complemented by 

evidence provided here, indicating they are shuttled back to the cell membrane through the 

recycling endosome by Rab11. 

 

As suggested by the over-expression of dominant negative Rab11 reducing the extent of 

CB2 recycling compared to WT and dominant active expressing cells, the Rab11 mediated, 

slow recycling pathway, plays a significant role in CB2 recycling.  It is interesting however 

that neither Rab4 nor Rab11 dominant negative mutants reduced the basal levels of cell 

surface CB2 receptor.  This suggests that neither of these Rabs play a role in constitutive 

recycling of the CB2 receptor.  Further investigation would be required to determine if 

CB2 receptors are constitutively recycled and the mechanisms involved in this process.  A 

potential mechanism for the agonist driven recycling of the CB2 receptor via the slow 

recycling, Rab11 mediated pathway could be through association with arrestins. 

 

GPCRs that exhibit similar affinities for the different classes of arrestins tend to remain 

associated with these proteins for longer after internalisation, resulting in a slow recycling 

profile (Oakley et al., 2000).  Swapping of the C-terminal tails of two GPCRs with slow or 
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rapid recycling profiles also swapped the receptors’ recycling properties accordingly 

(Oakley et al., 1999).  These results indicate the information for determining differential 

affinity for the arrestins and therefore aspects of their trafficking profile is contained in the 

C-terminal tail of GPCRs.  A motif of clustered serine and threonine residues downstream 

of the NPXXY motif in the C-terminal tail of GPCRs has been suggested to be involved in 

conferring enhanced stability of the receptor:arrestin complex and therefore promoting a 

slow recycling pattern (Oakley et al., 2001).  A putative cluster exists in the human CB2 

receptor sequence. 

 

As defined by Vrecl et al. (2009) a cluster constitutes “serine and threonine residues 

occupying 3 of 3, 3 of 4, or 4 of 5 consecutive positions”.  Given this, the CB2 sequence 

contains a single cluster (SSVT) which is located in a similar position to the vasopressin 

receptor type-2 (VR2) cluster described by (Oakley et al., 2001)2.  Interestingly, a lack of 

such a cluster is apparent in the human CB1 receptor (Vrecl et al., 2009) consistent with 

reports of poor affinity of the CB1 receptor to arrestin-3 (Vrecl et al., 2009) and the high 

affinity of the CB2 receptor to this arrestin (McGuinness et al., 2009; Yin et al., 2009).  

Given the apparent lack of recycling via the rapid recycling, Rab4 mediated pathway but 

the involvement of the slow recycling, Rab11 mediated, pathway and the presence of an 

arrestin stabilising serine/threonine cluster in the C-terminal tail of the CB2 receptor, the 

association of this receptor with arrestins may be a mechanism by which CB2 receptors are 

directed to the slow recycling pathway. 

 

                                                 
2 The CB2 serine/threonine cluster (SSVT) is located 35 amino acids downstream of the NPXXY motif and 

20 amino acids from the carboxy terminus while the VR2 cluster (TTASSS) is 33 amino acids downstream of 

the NPXXY motif and 7 amino acids from the carboxy terminus. Oakley R. H., Laporte S. A., Holt J. A., 

Barak L. S., Caron M. G. (2001) Molecular determinants underlying the formation of stable intracellular G 

protein-coupled receptor-beta-arrestin complexes after receptor endocytosis. Journal of Biological Chemistry 

276:19452-19460. 
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3.4.2 Trafficking  of  Endogenously  Expressed  CB2 

Receptors 

U937 cells were originally derived from a human lymphoma in 1974 (Sundström and 

Nilsson, 1976) and are regularly used as a suspension model of monocytic blood cell types.  

When treated with PMA these cells differentiate into a more macrophage like cell type, the 

most obvious morphological change being that they become adherent in this process (Ways 

et al., 1994).  In their naïve state U937s express low levels of mRNA for the CB1 and  

CB2 receptor (Galiègue et al., 1995), bind [3H]CP-55,940 (Bouaboula et al., 1993) and a 

CB2 specific ligand, [3H]Sch225336 (Gonsiorek et al., 2006).  In PMA differentiated U937 

cells increased detection of CB2 receptor has been observed (Smith, 2008) and confirmed 

by initial verification of CB2 mRNA expression in differentiated U937 cells (data not 

shown). 

 

In contrast to the HEK cells, no recycling was detected in endogenously expressing cell 

lines.  The discontinuity of results between the transfected and endogenous cell lines is 

concerning but may have unveiled several complexities of CB2 receptor recycling in 

different models and limitations of the antibodies used for detection (Grimsey et al., 

2008b).  Although the CB2 receptor appears to be lost from the cell surface with agonist 

stimulation, there was a distinct lack of recycling.  In addition, it is unclear how the 

endogenous cell surface CB2 receptors are processed after they are stimulated with 

agonist, as significant internalised receptor was not detected by the high throughput 

quantification methods used, yet internalised receptor was visible in higher magnification 

images and confirmed by confocal microscopy.  It appeared that only a proportion of U937 

cells internalised receptors while the remainder exhibited reduced cell surface expression 

but lacked any detectable internalised receptor.  Interestingly, in primary human adherent 

monocyte cultures there was no indication of internalised receptor but significant loss of 

cell surface labelling was observed under conditions which induced internalisation and 

recycling in transfected cells lines. 

 

A multitude of hypotheses to explain the differences observed have been formulated and 

further investigation of the receptor trafficking in these cells is certainly required.  The 

differences described between endogenous and transfected CB2 trafficking does not appear 

to be due to the anti-CB2 antibodies washing off the receptor, as vehicle controls displayed 
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a lack of cell surface loss and marginal receptor internalisation (Figure 3.3.13) and trials of 

extensive washing after live labelling did not significantly reduce detected signal (data not 

shown).  

 

The data could potentially be explained by rapid degradation of internalised receptors in 

monocytes and some U937 cells (those that did not exhibit internalised receptor paralleling 

cell surface receptor loss) but is unlikely, as current knowledge indicates trafficking to 

degradative pathways involves several trafficking steps and acidification of endosomes 

taking several minutes (Martin et al., 2003).  Even if all internalised receptors are targeted 

for degradation, the post-fix detection of internalised receptor would be expected to be 

higher than the relative levels of cell surface receptor, reflecting those receptors on their 

way to the degradative pathway.  In a similar fashion, dissociation of the antibody from the 

receptor in the early endosomes is possible but the antibody would still be contained within 

the cell and should be detectable after fixation by both confocal microscopy and 

Discovery-1TM image capture.  The complete lack of recycling observed in U937 cells 

indicates that even those cells which appeared to internalise receptors into intracellular 

vesicles did not recycle them.  Antibody dissociation from these internalised receptors 

would also present as an apparent lack of recycling and can not be ruled out. 

 

Degradation of receptors at the cell membrane has been reported in other GPCR receptors 

(Kojro and Fahrenholz, 1995; Jockers et al., 1999; Fairfax et al., 2004) and would explain 

the lack of any internalised receptors observed in HU-308 stimulated human monocytes 

and the sub-group of U937 cells with the same phenotype.  It may be that in U937 cells 

CB2 receptors can undergo a combination of these two pathways and either be internalised 

or degraded at the cell membrane. 

 

There is also the distinct possibility that the CB2 antibodies are aberrantly affecting CB2 

trafficking through unknown mechanisms.  The CB2-CBC and CB2-TFS antibodies are 

targeted to the N-terminal of the CB2 receptor which is only 33 amino acids long, however 

in HEK-CB2 cells the anti-HA.11 antibody is targeted to the additional 30 amino acids 

tagged to the N-terminus of the receptor.  It is not difficult to imagine the CB2 antibodies 

interfering with the functioning of the N-terminal tail and therefore normal receptor 

function.  Investigation of this is hindered by the failure of commercially available 

antibodies to convincingly recognise transfected receptors (Grimsey et al., 2008b), a fact 
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which itself is suggestive of differential processing of endogenous and transfected 

receptors. 

  

Future investigation of these conflicting results should aim to decipher: the mechanism of 

receptor loss from cell membranes without apparent internalisation, the fate of internalised 

receptors and whether there are any unwanted side-effects of the CB2 antibodies on CB2 

receptor trafficking. 
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3.5 Conclusions 
The CB2 receptor is under intense scrutiny as a potential target for inducing many 

cannabinoid related effects without the psychotropic complications involved with 

activating CB1 receptors.  Knowledge of the cellular trafficking properties of this receptor 

would be of benefit in determining dosing regimes and understanding clinical outcomes.  It 

is apparent from the results achieved here that the CB2 receptor does indeed internalise in 

response to agonist stimulation, a process involving Rab5 for both constitutive and agonist 

driven internalisation.  Recycling of the CB2 receptor was not observed in the two 

endogenous cell types investigated but when transfected into HEK-293 cells was readily 

detected.  CB2 receptor recycling of agonist driven internalised receptor involved Rab11 

but not Rab4, suggesting recycling occurs through the slow, rather than fast recycling 

pathway, potentially mediated by its association with arrestins. 

 

The use of partial agonists may be of clinical significance for this receptor due to the lower 

extent of cell surface receptor down-regulation observed here between HU-308 and the 

slightly more efficacious HU-910 (Hsieh et al., 1999).  Investigation of CB2 receptor 

trafficking properties induced by different receptor ligands intended for in vivo and clinical 

studies would be of considerable benefit in order to better understand their mechanisms of 

action.  Here, initial characterisation of CB2 receptor recycling in response to the selective 

agonist HU-308 has been investigated; it is intended for future studies to investigate 

properties of trafficking in endogenous receptors and to further define key regulatory 

proteins involved in this process. 



Chapter Four NT2 Derived Cells as a Model of Cannabinoid Receptors in the CNS 

98 

4 NT2 Derived Neuronal and 

Astrocytic cells as a model of 

Cannabinoid Receptors in the CNS 

4.1 Introduction 
 

“Essentially, all models are wrong, but some are useful.” 

(Box and Draper, 1987) 

 

The use of in vitro cell culture techniques simplifies the convolutions of working in vivo, 

where multiple cell types can influence each other from distal regions and it is impossible 

to determine precise molecular mechanisms of cellular processes with current tools.  

Utilising cultured cells enables enhanced manipulation of the cellular environment and 
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allows a wider range of methodologies and assays to be performed.  Once an endpoint of 

an experiment is determined these findings can often be confirmed in vivo. 

 

As discussed previously, the CB2 receptor appears to be expressed in various cells of the 

central nervous system under specific conditions, this knowledge contradicts previous 

reports of a lack of CB2 expression in the brain.  Accumulated evidence is now very 

compelling, although precisely where and when this receptor is expressed is still hotly 

disputed.  An in vitro model of CB2 receptor expression in central nervous system cell 

types would be of great benefit to the field, as while very little is known of its distribution 

and regulation, even less is known of its function. 

 

4.1.1 NTera2/D1 (NT2) Cell Line 

Although a relatively young cell line, the NT2 clone has been well established as a 

valuable research tool with the ability to proliferate rapidly in vitro and differentiate into at 

least two post-mitotic cell types.  As they are derived from human tissue, NT2 cells may 

reflect mechanisms within the human system better than animal derived cell lines.  Stable 

transfection of proliferating NT2 cells with various expression systems has been achieved 

and shown to persist in differentiated NT2 cells making this cell line a promising system 

for the study of cell differentiation, development and neurodegeneration mechanisms 

(Pleasure et al., 1992; Fennell et al., 1998; Ozdener, 2007).   

 

4.1.1.1 Generation 

The NT2 cell line was initially established by Andrews et al. (1984) from the Tera-2 cell 

line, which was derived from a lung metastasis of a primary testicular teratocarcinoma of a 

22 year old male Caucasian (Fogh and Trempe, 1975).  Teratocarcinomas are thought to 

arise from primordial germ cells and typically contain tissues from multiple embryonic 

germ layers.  Initially the Tera-2 cell line was thought to be devoid of human embryonal 

carcinoma (EC) cells (Andrews et al., 1980) but growth of a tumour in nude mice from 

Tera-2 cells disproved this and led to explant culture, clonal isolation and propagation of 

the NT2 cell line (Andrews et al., 1984).  The NT2 cell line was confirmed to consist of 

EC cells by its capability to differentiate into somatic cell types when injected into 
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immunocompromised mice.  Subsequent work proved the NT2 cell line was capable of 

differentiation into neurons in vitro (Andrews, 1984). 

 

The ability of teratocarcinoma cells to develop into neuronal cell types led Langlois et al. 

(1997) to extend anti-proliferative treatment of NT2 cells, resulting in the differentiation of  

both neurons and glia.  This work was followed by confirmation of the glial cells to be 

committed astrocytes (Bani-Yaghoub et al., 1999) and characterisation of the post-mitotic 

astrocytes (Sandhu et al., 2002).  Subsequent studies have further refined and altered these 

pioneering protocols, all confirming the ability of NT2 cells to differentiate into both 

neurons (NT2N) and astrocytes (NT2A) (Sandhu et al., 2002; Lu et al., 2005; Lim et al., 

2007; Ozdener, 2007). 

 

4.1.1.2 NT2 Utilisation to Date 

Over the past 15 years, increasing interest in the NT2 cell line has been evident by the 

number of publications utilising these cells as a research tool.   The majority of these fall 

into one of two groups; those investigating various neurodegenerative processes (33 

references), or those investigating the cellular mechanisms of growth and differentiation 

(15 references).  The NT2N cell type is a widely accepted model of human neuronal cells 

while in depth characterisation of the NT2A phenotype is still lacking. 

 

4.1.1.3 NT2N Cells 

NT2N cells express specific molecular weight neurofilaments which are indicative of 

neurons derived from the CNS rather than the PNS (Pleasure et al., 1992).  The localisation 

of Tau within NT2N cell bodies and processes is similar to hippocampal neuron Tau 

expression but differs from the process specific expression of the cerebral and sympathetic 

neurons.  On western blots, only a smaller molecular weight form of Tau is present 

suggesting an immature phenotype which was supported by the expression of immature 

forms of other neuronal markers; MAP2 and NCAM (Pleasure et al., 1992).  In addition, 

the NT2N gene expression of other proteins repeatedly resembles that of fetal or immature 

neurons (Kim et al., 2006; Ross and Fillmore, 2007). 
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Some evidence indicates it may be possible to induce a mature phenotype in NT2N cells 

by long term culture which encourages redistribution of neuronal marker cytoskeletal 

elements to a mature pattern (Pleasure et al., 1992).  Further maturation of NT2N cells 

transplanted into rodent brains when compared to parallel in vitro NT2N cultures indicates 

these cells are capable of additional maturation but the stimulation required to achieve this 

in vitro is unknown (Kleppner et al., 1995).   

 

The NT2N cells clearly resemble human fetal primary neurons, expressing immature forms 

of neuronal specific markers and maintaining considerable plasticity when replated 

multiple times, yet maintaining a post-mitotic and committed neuronal phenotype 

(Pleasure et al., 1992; Pistritto et al., 2009).  NT2N cells are an obvious choice as 

alternatives to primary human fetal neuronal cells. 

  

Within the many neurons of the human brain there is a variety of neurotransmitters, each 

with their own specialised receptors, transporters and synthesizing and degrading enzymes.   

All of these components are carefully regulated and expressed in sub-sets of neurons.  

NT2N cells have been characterised relatively well in the literature with a consensus that 

varied proportions of different neurotransmitter phenotypes are produced.  NT2N cells 

which are GABAergic, glutamatergic and cholinergic are the most consistently reported.  

However, the proportions of each can vary considerably the current hypothesis for these 

differences being different differentiation and culturing methods (Guillemain et al., 2000; 

Podrygajlo et al., 2009). 

 

NT2N cells with serotonergic (Guillemain et al., 2000; Podrygajlo et al., 2009), muscarinic 

(Squires et al., 1996) and peptidergic (Guillemain et al., 2000) phenotypes have been 

identified but not investigated in detail.  Similarly, there has been limited exploration of 

cholinergic neuronal phenotypes despite the large proportion of NT2N cells expressing 

acetylcholine transferase (Guillemain et al., 2000; Podrygajlo et al., 2009) and functional 

evidence of cholinergic activity (Squires et al., 1996).   

 

As with many (if not all) research fields, as information accumulates contradictory results 

emerge.  The dopaminergic phenotype is one such example.  NT2N cells express both 

dopamine receptors (D1 and D2) (Zigova et al., 2000; Sodja et al., 2002; Guibinga et al., 

2010), dopamine (Iacovitti et al., 2001) and dopamine synthesizing enzyme (tyrsosine 



Chapter Four NT2 Derived Cells as a Model of Cannabinoid Receptors in the CNS 

102 

hydroxylase) (Zigova et al., 2000; Iacovitti et al., 2001) all supporting the presence of the 

dopaminergic phenotype.  However, the presence of the D1 receptor was not detected by 

others (Sakolsky and Ashby, 2000) and no dopaminergic phenotype could be detected by 

immunocytochemical (Podrygajlo et al., 2009) or electrophysiological methods (Matsuoka 

et al., 1997).  Interestingly, the proportion of tyrosine hydroxylase positive cells was 

dramatically reduced by five weeks RA treatment compared to four weeks (Zigova et al., 

2000) suggesting the proportion of dopaminergic cells is highly sensitive to the 

differentiation protocol used. 

 

Glutamate receptor channels are upregulated in NT2N populations compared to precursor 

NT2 cells and display both expression patterns and functional activity similar to CNS 

neurons (Younkin et al., 1993).  Proportions of glutamatergic NT2N cells were determined 

at ~40% by immunocytochemical labelling of the vesicular glutamate transporter protein-1 

(Podrygajlo et al., 2009), conflicting with a reported 70% by patch-clamping techniques 

(Hartley et al., 1999).  The later technique may not accurately reflect the true proportion of 

neuronal phenotypes due to the relatively small sample size but again, a variation in 

proportions due to different cell culture conditions can not be ruled out either.  Other 

groups have also identified the presence of various glutamate receptors in NT2N 

populations (Squires et al., 1996; Matsuoka et al., 1997; Rootwelt et al., 1998; Barbon et 

al., 2008) 

 

Like the glutamate receptors, γ-amino butyric acid (GABA) receptor and subunit 

expression appears to alter significantly over the course of NT2N differentiation (Neelands 

et al., 1998; Neelands et al., 1999; Gao et al., 2004; Podrygajlo et al.).  It can also be 

manipulated by additional stimulation following the classical retinoic acid differentiation 

process (Pierson et al., 2005).  The GABAergic phenotype has been confirmed by patch 

clamp methods (Matsuoka et al., 1997).  Functional glutamatergic and GABAergic 

synapses were observed by Hartley et al. (1999) when co-cultured with primary rat 

astrocytes and an independent group in Germany more recently found NT2N cells capable 

of forming functional glutamatergic and GABAergic synapses without additional cellular 

support (Podrygajlo et al., 2010).  These advances are highly pertinent, lending themselves 

to validate these cells as a model of functional human neurons. 
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4.1.1.4 NT2A Cells 

In the NT2 cell line, after differentiation of neuronal cells there is a large number of non-

neuronal cells which were largely ignored in the literature prior to the 21st century.  These 

cells do not exhibit expression of glial cell markers but are positive for immature proteins 

such as vimentin (Lee and Andrews, 1986). During human development neuroepithelial 

cells replicate, producing immature neurons which maturate as they migrate towards their 

final destination.  As development progresses the neuroepithelia switch to producing 

immature glial cells.  On this basis, testing for glial markers immediately after NT2N 

differentiation may be too early to detect their development. It appears that the 

developmental switch present in neuroepothelia is indeed replicated in the NT2 cell line by 

continuation of culture of the immature non-neuronal cells to produce post-mitotic 

astrocyte-like cells (Langlois and Duval, 1997; Bani-Yaghoub et al., 1999). 

 

NT2A cells express GFAP, S100b and connexion-43 (Langlois and Duval, 1997; Bani-

Yaghoub et al., 1999; Sandhu et al., 2002), all markers of mature astrocytes.  But they also 

retain expression of precursor intermediate filaments vimentin and nestin (Sandhu et al., 

2002), suggesting these astrocytes, while terminally differentiated, are not indicative of 

fully mature adult astrocytes.  However, as publications of these cells accumulates so do 

the similarities to human astrocytes.  Morphologically, NT2A cells are usually large, 

flattened cells with many short processes, similar to the protoplasmic human astrocytes 

(Bani-Yaghoub et al., 1999; Lim et al., 2007).  NT2A cells express functional glutamate 

uptake transporters with comparative properties to human fetal astrocytes (Su et al., 2003; 

Ozdener, 2007) as well as reacting to mechanical stimulation with activation and migration 

(Sandhu et al., 2002; Lim et al., 2007).  Furthermore, both rodent astrocytes and NT2A 

cells promote neuronal cell survival (Bani-Yaghoub et al., 1999; Sandhu et al., 2003).  The 

capacity to be co-cultured with neuronal cells is highly advantageous for investigating the 

relationship between these two interlinked cell types. 

 

Cell models have their advantages, as discussed, but also limitations.  The individual 

cellular components of the central nervous are not isolated units, but form connections with 

each other and influence each others behaviour in a highly complex three dimensional 

structure.  An adherent cell line is usually cultured in two dimensions and in the absence of 

other cell types.  In many cases the reduced complexity is highly desirable to decipher the 
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independent functioning of cells. But there is a vast gap between the simple two 

dimensional models of cells that resemble a single cell phenotype and the unexplained 

intricacies of the brain.  The co-culture of neurons and astrocytes is frequently used for 

experiments but the sources of these cells are often from different individuals or even 

different species.  The NT2 cell line provides a source of neuronal and astrocytic cells 

which can be co-cultured together and are generated from the same genetic background 

(Bani-Yaghoub et al., 1999; Sandhu et al., 2003; Novitskaya et al., 2007).  If the astrocytes 

and neurons derived from NT2 precursor cells express functional cannabinoid receptors 

appropriately, the study of their relationship in co-culture would allow significant advances 

in the cannabinoid and neuroscience fields.  

 

Between neurons we know the cannabinoid system is important in defining synaptic 

strength and negative feedback inhibition of signalling.  There is accumulating evidence of 

immune responses of glial cells within the CNS and the upregulation of cannabinoid 

system components in these cell types (Massi et al., 2008), although most of this work is 

on rodent glial cells.  This chapter therefore investigates the potential for this cell line to 

act as a model of the cannabinoid system in CNS astrocytes and neurons. 
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4.2 Materials and Methods 

4.2.1 HEK293 Cell Maintenance 

A HEK-293 cell line expressing 3xHA tagged human CB1 receptor (HEK-CB1) was 

generated by stable transfection of HEK-293 cells with the pEF4 3xHA hCB1 vector 

described in Section 2.2.1 and isolation of an expressing clone by serial dilution.  The 

HEK-293 cell line expressing 3xHA tagged human CB2 receptors has been previously 

described in Section 3.2.1 

 

4.2.2 NT2 Cell Maintenance 

The NTera2/D1 cell line was purchased from the ATCC, all experiments were performed 

on cells that had been passaged in the lab less than forty times.  Cells were cultured in 

standard media (DMEM/F12 media supplemented with 10% FBS, 100 units/ml penicillin, 

100 μg/ml streptomycin and 2 mM L-glutamine).  Cells were split 1:5 when they reached 

100% confluence, 2-3 times a week and media was changed every second day.  All 

reagents were supplied by Invitrogen unless otherwise stated. 

 

4.2.3 NT2 Differentiation 

NT2 cells were differentiated essentially as previously described (Lim et al., 2007), with 

minor modifications.  NT2 cells were seeded at 2.5 million cells/T75 culture flask and 

allowed to settle for 24 hours before changing the media to standard media supplemented 

with 10 µM retinoic acid (RA) for four weeks with very gentle media changes three times 

a week.   

 

After this period the resulting multi-layered, blanket of cells was trypsinised and split 1:2 

in standard media and allowed to grow for three days.  For the second replate, cells were 

washed twice with warm PBS and then once with warm VerseneTM before a five minute 

trypsinisation and resuspension of cells in standard media.  Cells were then spun at 200 x g 

for 5 minutes and resuspended in 2 ml of standard media and passed through a 23 gauge 

needle several times to achieve a single cell suspension for counting.  T75 flasks were 
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seeded with 25-35 million cells and allowed to grow and recover for a further three days in 

standard media.   

 

After the second replate recovery period the conditioned media was removed, spun at 

200 x g for 10 minutes and the supernatant filter sterilised and diluted 1:1 with standard 

culture media to be used as conditioned media (CM).  Media containing 5% FBS and three 

different mitotic inhibitors (3xMI media, see Appendix III) was added to the partially 

differentiated cells for one week, with media replenished three times a week.  During this 

period neuronal cells extend processes on the surface of the multi-layered culture and are 

able to be mechanically dislodged. 

 

Neuronal cells were clearly visible growing on top of an underlying layer of cells at this 

stage and were removed by gently rinsing the cells with PBS then treatment with trypsin, 

for no more than one minute, before striking the sides of the flask gently to dislodge the 

neurons as previously described (Stewart et al., 2003).  The flasks were then rinsed with 

CM and the cellular suspension spun at 200 x g for 5 minutes.  The pellet of neuronal cells 

was resuspended in CM and cells counted and plated onto PDL and laminin treated dishes 

(see below).  The underlying layer of cells still remaining in the flasks were differentiated 

further by incubation with 2xMI media (See Appendix III) for two weeks followed by two 

weeks of 1xMI media (See Appendix III).  At the end of the 1xMI treatment a monolayer 

of astrocytic cells was treated with trypsin and seeded for experimentation onto PDL 

treated vessels.  NT2A cells were maintained in complete media for one week before 

harvesting or stimulating. 

 

PDL was diluted to 10 µg/ml in PBS and incubated with the culture surface for at least four 

hours at 4oC prior to removal of the solution and air drying.  NT2 and NT2A cells were 

seeded directly onto this surface for experiments.  Before NT2N cells were seeded the PDL 

treated surface was further coated with 1-10 µg/cm2 laminin for at least one hour at 37oC, 

followed by a rinse in CM.  When NT2N cells were harvested from culture flasks a small 

proportion of the underlying semi-differentiated cells are dislodged as well.  For cAMP 

assays and RNA isolation NT2N cells were re-harvested from the underlying semi-

differentiated cells (which adhere very tightly to the PDL and laminin coated plastic) and 

seeded into PDL and laminin treated 96 well plates or 30 mm dishes.  The additional 

washing steps involved in the antibody labelling process tended to result in considerable 
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loss of NT2N cells.  Therefore, for immunocytochemical labelling the NT2N cells were 

plated directly into 96 well plates along with the small proportion of partially differentiated 

non-neuronal cells, to which they form stronger connections. 

 

4.2.4 RNA Isolation 

Samples were either scraped from culture dishes in ice cold PBS and the cell pellet snap 

frozen on dry ice and stored at -80oC until required or directly lysed in culture dishes on 

ice with 1ml Trizol per 10 cm2 and RNA isolated immediately.  The manufacturer’s 

protocol was followed with minor alterations.  Cells were collected in 1 ml Trizol reagent 

and incubated on ice for 2-5 minutes to allow for complete dissociation of cellular 

material.  200 µl of chloroform was added to each sample and vigorously agitated for 

15 seconds before settling on ice for 2-3 minutes.  Samples were then spun at 12,000 x g 

for 5 minutes at 4oC and the supernatant carefully removed to a clean tube.  RNA was 

precipitated by the addition of 500 µl isopropanol with gentle inversion to mix.  

Precipitation was allowed to proceed for 10 minutes on ice, followed by pelleting of RNA 

at 12,000 x g for 10 minutes at 4oC.  The pellet was then washed with 1 ml of 70% ethanol 

and repelleted at 12,000 x g for 5 minutes at 4oC.  After removal of as much ethanol as 

possible and brief air drying of the pellet, the RNA was resuspended in 15-50 µl 

diethylpyrocarbonate treated Milli-Q water (DEPC-H20) and duplicate nanodrop readings 

averaged to determine the RNA concentration. 

 

4.2.5 Reverse Transcription 

RNA was DNase treated before being subjected to reverse transcription to generate 

template cDNA for PCR.  These steps were performed as suggested by the enzyme 

manufacturers.  For each sample, 2 µg of RNA was diluted into a total volume of 34 µl in 

DEPC-H20.  To this, 4 µl 10x DNAse buffer and 2 µl DNAse enzyme (Invitrogen) were 

added and incubated at room temperature for 15 minutes.  Deactivation of the DNAse 

enzyme was achieved by the addition of 4 µl of 0.2 M EDTA (pH 8.0) and subsequent 

incubation at 65oC for 5-10 minutes.  To this mix, 2 µl oligo(dT) (100 µM, from Roche), 

12 µl 5x First-Strand Buffer (Roche), 4 µl 0.1 M DTT and 2 µl dNTPs (10mM each of 

dATP, dTTP, dCTP and dGTP all purchased from Invitrogen) was added.  This total 
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volume of 64 µl was then split equally across two tubes and 1 µl SuperScript® II Reverse 

Transcriptase (SSRT) (Invitrogen) or 1 µl DEPC-H20 added to each tube.  The reaction 

lacking the active enzyme is the RT(-) control.  Samples were incubated at 42oC for 

50 minutes and the reaction terminated by incubation at 70oC for 15 minutes.  All cDNA 

samples were stored at -20oC. 

 

4.2.6 Polymerase Chain Reactions 

Polymerase chain reactions (PCRs) were carried out in a final volume of 25 µl.  Two 

reaction mixtures were prepared.  The first mixture contained dNTPs and forward and 

reverse primers in DEPC-H20.  This mixture was aliquoted into thin walled PCR tubes and 

2 µl cDNA template or DEPC-H20 added to each tube.  The second mixture, containing 

Taq polymerase and 10x PCR buffer (Roche) in DEPC-H20 was then added to each tube to 

start the amplification process.  Table 4.2.1 indicates the thermal reaction profile used for 

DNA amplification.  Final concentrations of reagents in the reaction mix were 160 nM 

dNTPs, 200 nM forward and reverse primers, 1x PCR reaction buffer (Roche) and 0.75 

Units of Taq polymerase (Roche).  The annealing temperature for all primers was 62oC, as 

determined by gradient PCR for each primer set.  A relatively high cycle number of 38 was 

chosen to ensure even low levels of cDNA were detected.  Primer pairs and the expected 

size of their amplification product are outlined in Table 4.2.2.  Samples were run on a 1% 

agarose gel in 1x Tris-acetate-EDTA (TAE) running buffer with 1 µl Ethidium 

Bromide/100 ml, in both the gel and running buffer.  Images of gels were captured on by a 

Bio-Rad GelDoc using Quantity One 4.3.1 software (Bio-rad). 

 

Temperature Time
95ºC 2 minutes

Denaturation 95ºC 20 seconds
Annealing 62ºC 30 seconds

Extension 72ºC 60 – 90 
seconds

72ºC 7 minutes
25ºC 15 minutesCooling

Initial Denaturation

Cycle Repeated 
38 Times

Final Extension
 

Table 4.2.1 Steps of the PCR rocess. 

This table details the programme run by the PCR machine indicating the purpose of each 

incubation, how long they continued for and the temperature at which they were executed. 
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Protein 
product 
(Gene)

Expected 
Product Size Primer Sequences

Frd:GCT CGT CGT CGA CAA CGG CTC
Rev:CAA ACA TGA TCT GGG TCA TCT TCT C
Frd:CAT CAT CTC TGC CCC CTC TG
Rev:CCT GCT TCA CCA CCT TCT TG
Frd:ATG AAG TCG ATC CTA GAT GGC CTT GCA GA
Rev:TCA CAG AGC CTC GGC AGA CGT G
Frd:GCC TGC TAA GTG CCC TGG AGA AC
Rev:TCC CAT CAG CCT CTG TCT CGG TG
Frd:CCT CCA TCC TCA TGC TCC AC
Rev:TGC GTC GGA ACC TTG ATC TT
Frd:CCC AAG GCA AAG ACC AGA TG
Rev:GAG CTT TCT GCC AAG CTG GA
Frd:CAC CAA ATG CAT CCC CAA GT
Rev:GGG ATG GCA GGG TCA ATG TA

variant 1: 818 bp Frd:GTG GAG CCT TGC TCA GCA GT
variant 2: 431 bp Rev:CGC CTC CGA CCA AGT CAT AG

Frd:GGC CGT GCT CTT CAC CTA TG
Rev:AGG GGT CCA CGA AAT CAC CT

variant 1:643 bp Frd:CTC CCT CAC CTG GTC AAT GC
variant 2:553 bp Rev:AGC AGG AAG GGC ACA GTC AG

Frd:CTG GGA CAT GCC ACG GTA AT
Rev:CGA TGG GAA TAG CTG CAA GG

MAGL 
(MGLL)

NAPE-PLD 537 bp

DAGL-α 
(DAGLA) 806 bp

DAGL- β 
(DAGLB)

FAAH 916 bp

ABHD 6 597 bp

ABHD 12 577 bp

CB1 (CNR1) 1,419 bp

CB2 (CNR2) 902 bp

β-actin 
(ACTB) 535 bp

GAPDH 437 bp

 

Table 4.2.2 Primer details for PCR. 

Sequences of the primer pairs (Frd: Forward primer, Rev: Reverse primer) used to amplify mRNA 

sequences of specific proteins (the gene name is noted in parentheses if different from the protein 

name). Primers denote a 5’ to 3’ orientation. The expected amplicon size of any mRNA variants is 

also indicated. 

 

4.2.7 Immunocytochemistry 

The primary and secondary antibodies used, their source and dilutions for labelling of fixed 

cells are listed in Table 4.2.3.  The dilutions used for live labelling of cells were double 

that indicated.  All buffers and solutions are detailed fully in Appendix IV. 
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Antibody Name Antibody 
Target Supplier Catalogue 

Number
Species 

Raised In Dilution

β-III-tubulin β-III-tubulin Sigma T8660 Mouse  1:1000

CB2-TFS CB2 Thermo Fisher 
Scientific PA1-744 Rabbit  1:500

CB2-CBC CB2 Calbiochem 216407 Rabbit  1:200

CTr CB1 Gifted from K. 
Mackie Rabbit  1:500

CTg CB1 Gifted from K. 
Mackie Goat  1:5000

GAP-43 GAP-43 Abcam Ab7462-400 Rabbit  1:1000
GFAP (GA5) GFAP Cell Signaling 3670X Mouse  1:2000

GFAP GFAP Dako Z 0334 Rabbit  1:2000

L15 CB1 Gifted from K. 
Mackie Rabbit  1:1000

MAP2 MAP2 Sigma M4403 Mouse  1:1000
S16 CB2 Santa Cruz SC-10071 Goat  1:200

S16 BP Blocking peptide 
for S16 Santa Cruz SC-10071P Goat  1:200

Tau Tau Dako A 0024 Rabbit  1:500
Vimentin Vimentin Abcam AB15248-1 Rabbit  1:500

Alexa 488 M Mouse IgG Molecular Probes A11029 Goat  1:400
Alexa 488 R Rabbit IgG Molecular Probes A11034 Goat  1:400
Alexa 594 G Goat IgG Molecular Probes A11058 Donkey  1:400

Biotinylated M Mouse IgG Sigma B7264 Goat  1:400

Primary Antibodies

Secondary Antibodies

 
Table 4.2.3 Details of antibodies.  

The name, target, source and dilution of each of the antibodies used in this chapter are listed in this 

table. Dilution factors were used for post-fix labelling, for live cell labelling the dilution was 

double that indicated here. 

 

To maintain a low level of background non-specific staining, antibodies were diluted in 

animal serum blocking solutions were used which matched the source animal of the 

secondary antibody.  Therefore, secondary antibodies which were raised in goat, were 

diluted in immunobuffer containing goat serum, as were their corresponding primary 

antibodies.  Accordingly, secondary antibodies raised in donkey (and the primary 

antibodies they detected) were diluted in immunobuffer containing donkey serum.  All 

images were captured using a Nikon Eclipse Ti-U inverted microscope with NIS Elements 

BR 3.0 software (Nikon). 
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4.2.7.1 Fluorescent Labelling 

Cells were fixed in 4% PFA, washed twice in 100 µl PBS and incubated in primary 

antibody diluted in immunobuffer.  Primary antibody incubation was performed overnight 

at 4°C in 50 µl per well.  Following this, wells were washed twice in 100-200 µl PBS-T 

and secondary antibody applied for 2-4 hours at room temperature.  If required, 

immediately following removal of the secondary antibody Hoechst dye, diluted 1:500 in 

PBS-T, was added for 30 minutes before performing three final five minute washes in 

PBS-T and storing the wells in PBS-T with 0.4 mg/ml thiomersal to prevent microbial 

growth. 

 

4.2.7.2 DAB Labelling 

Primary and secondary antibody incubations were carried out as described in section 4.2.7.  

Secondary antibodies were biotin conjugated allowing for the protein/primary/secondary-

biotin complex to bind ExtrAvidin (Sigma).  ExtrAvidin was diluted 1:250 in 

immunobuffer and incubated for 1-2 hours at room temperature before three final five 

minute washes.  Development of a brown precipitate at the locations of antibody binding 

was performed by addition of activated 3,3’-diaminodenzidine (DAB, Sigma) for up to 

20 minutes.  The reaction was terminated by removal of the DAB solution and washing 

with PBS-T. 

 

4.2.8 cAMP Assays 

These assays were carried out as described in Chapter 2.2.5, with minor modifications. 

Seeding densities of cells were; 15,000 cells/well for NT2 precursors, 12,500 cells/well for 

NT2A and 50,000-100,000 cells/well for NT2N cells.  Cells were plated into treated 

96-well culture plates as described in Section 4.2.3.  Cells were serum deprived to 

minimise basal cAMP signalling by culturing in serum free DMEM/F12 containing 5 

mg/ml BSA (stimulation media) for 30 minutes, followed by a 30 minute stimulation to 

allow maximal accumulation of cAMP.  Forskolin concentration response curves were 

performed with varied concentrations of forskolin in the stimulation media.  The 

concentration of forskolin used in subsequent experiments was 50 µM for NT2 and NT2A 

cells, and 250 µM for NT2N cells.  For determination of the stimulation of cAMP 

accumulation, experiments did not include forskolin.  Representative results are displayed 
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without normalisation to indicate the relative size of the window between the basal and 

forskolin stimulations.  In this data, an increase in the radioactive counts (CCPM) indicates 

a lower level of cAMP was generated and able to compete for binding to PKA which is 

isolated and measured for radioactive counts.  Significant difference from forskolin or 

basal radioactive counts was determined using a one-way ANOVA.  Where significance 

was reached a Bonferroni post test comparing selected coloums of data was used to 

determine which groups were significantly different. 

 

4.2.9 Glutamate Uptake Assay 

The specific activity of [3H]-L-glutamate (49 Ci/mmol) was reduced fifty fold, by dilution 

in 20 µM L-glutamate stock prepared fresh for each experiment.  Cells were equilibrated 

with sodium- or choline- containing buffer (Appendix IV) by washing three times over an 

eight minute period.  [3H]-L-glutamate was added to wells at a final concentration of 

500 nM with cannabinoid or vehicle additions for indicated periods of time.  Final drug 

concentrations were, HU-210 at 1 µM, AM630 and SR141617A each at 10 µM.  All drugs 

were dissolved in ethanol, of which the final volume did not exceed 0.2% of the total 

volume. 

 

The experiment was terminated by rapid cooling of the wells on ice and three brief washes 

with cold choline-containing buffer before lysis of the cells with 0.1 M NaOH.  A 

proportion of the lysed sample was added to scintillation fluid for radioactive counting and 

a protein assay was performed on the remaining lysate, using the Dc protein assay kit 

(BioRad) as directed by the manufacturer.  Comparison of uptake under various conditions 

at each time point was compared by one-way ANOVA, where statistical significance was 

reached a Bonferroni post-test was used to determine which groups were statistically 

different. 

 

4.2.10 Nitric Oxide Assay 
NT2A cells were stimulated one week after plating in 96 well plates at 12,500 cells/well.  

Media was changed to 100 µl of complete media containing cytokines (at a final 

concentration of 10 ng/ml IL-1β, 10 ng/ml TNFα and 200 units/ml IFNγ) and cannabinoids 
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or vehicle at indicated concentrations.  After the indicated incubation periods 50 µl of 

media was removed from wells and transferred to 96 well assay plates, along with 

standards prepared in complete media with sodium nitrite (Sigma) with a range of 0.5 µM 

– 100 µM.  50 µl of Griess reagent (Sigma) was added to each well and incubated at room 

temperature for 15 minutes before reading the absorbance at 540 nM.  Data was converted 

to µM concentrations of NO2- using the standard curve and normalised to the vehicle 

treated 24 hour time point (0%) and the cytokine stimulated 96 hour time point (100%).  

Means from three repeats were combined and the relative levels of NO2- produced at each 

time point compared by one-way ANOVA with a Bonferroni post-test.  
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4.3 Results 

4.3.1 Cannabinoid System Gene Expression 

To ensure a lack of genomic DNA contamination of RNA samples RT(-) negative controls 

were subjected to the PCR process.  During cDNA synthesis from extracted RNA samples 

the RNA mixture is divided and SSRT only added to one tube.  The reaction containing no 

enzyme should therefore contain no DNA to be amplified by the PCR reaction, unless 

there is genomic DNA contamination.  Using GAPDH primers, which amplify a non-intron 

spanning region, genomic contamination would appear as an amplicon the same size as the 

cDNA sample amplicon in the negative control reaction.  No such bands were detectable in 

any of the samples used (Figure 4.3.1) indicating a lack of genomic contamination in these 

samples. 

 

 

 
 

Figure 4.3.1 GAPDH and RT(-) mRNA amplification from NT2 cell types. 

PCR with GAPDH primers amplified detectable levels of DNA which ran between the 400 bp and 

500 bp markers of the 1Kb Plus DNA ladder (Invitrogen).  Duplicate lanes of each sample were 

run, the left lane containing cDNA generated from RNA samples and the right lane the 

corresponding reverse transcriptase negative control.  The replicate number is indicated above the 

gel images and corresponds to independently harvested pellets of cells from separate differentiation 

sets. Differentiation sets were processed in parallel to isolate RNA, DNAse treat, generate cDNA 

and undergo PCR. 

 

NT2 NT2N 

NT2A 
1              2              3              4             5            6             7 

   1              2             3    1              2              3 
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PCR reactions for at least four independently isolated samples of each cell type were run.  

Due to the high level of variation observed between replicates of the NT2A cell type, seven 

independent samples are shown and three replicates each of the NT2 and NT2N cells.  The 

most prominent and consistent difference observed between precursor and differentiated 

cell types was the relatively high levels of mRNA for the CB1 receptor detected in NT2N 

and NT2A cells but the near absence in NT2 precursor cells (Figure 4.3.2).  This was 

investigated further and the levels of CB1 mRNA were consistently found to increase 

within one day of retinoic acid treatment.  Upregulation of the transcriptional activity of 

the CB1 gene was apparent over the first week of differentiation (Figure 4.3.3).  This 

response was not observed in parallel cultures of NT2 cells treated for equivalent periods 

of time with vehicle (DMSO) indicating the response was not a result of increasing cell 

density and highly likely to be dependent on retinoic acid stimulation, a well established 

modulator of transcription (Rochette-Egly and Germain, 2009). 

 

Although the CB2 receptor mRNA is also expressed at extremely low levels in the NT2 

cells, unlike the CB1 receptor it was not consistently upregulated with differentiation.  The 

NT2N cells generally exhibited similarly low levels of CB2 mRNA, consistent with a lack 

of expression in the majority of human neurons (Galiègue et al., 1995; Griffin et al., 1999).   

NT2A cells demonstrated variable levels between replicates, with replicate 4 

demonstrating a complete lack of CB2 mRNA   (Figure 4.3.4). 

 

PCR analysis of several other key enzyme components of the endocannabinoid system was 

performed, all of which were expressed in each of the cell types (Figure 4.3.5).  This 

indicates these cells may express the molecular components to potentially synthesise and 

degrade endocannabinoid ligands.  The presence of some variant transcripts was also 

apparent in some of the cell types.  The PCR using the DAGL-α primer set amplified two 

distinct bands at around 800bp in all cell subtypes.  However the primers sets for DAGL-β 

and FAAH only amplified variant sized transcripts in NT2 and NT2N cell types. 
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Figure 4.3.2 CB1 mRNA amplification from NT2 cell types. 

PCR using CB1 primers amplified detectable levels of DNA which ran just under the 1,650 bp 

marker of the DNA ladder. PCR reactions were carried out as described and the products run on an 

agarose gel and DNA bands imaged. Three replicates of NT2 and NT2N cells are shown and seven 

of NT2A cells. Numbers indicate replicate samples. 

 

 

 
Figure 4.3.3 CB1 mRNA amplification from NT2 cells treated with RA. 

The images are of a representative PCR of four independent repeats depicting NT2 cells that were 

treated for the indicated number of days with 10 µM RA or equivalent concentration of DMSO. 

cDNA amplification using the β-actin primer sets for each sample, were included as an internal 

control. PCR reactions were carried out as described and the products run on an agarose gel and 

DNA bands imaged. 
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Figure 4.3.4 CB2 mRNA amplification from NT2 cell types. 

PCR with CB2 primers amplified detectable levels of DNA which ran between the 850 bp and 

1,000 bp markers of the DNA ladder. PCR reactions were carried out as described and the products 

run on an agarose gel and DNA bands imaged. Three replicates of NT2 and NT2N cells are shown 

and seven of NT2A cells.  

 

NT2 NT2N 

NT2A 
1               2              3               4              5             6               7 

   1            2            3    1            2            3 



 

 

 

 
Figure 4.3.5 Endocannabinoid system enzyme mRNA amplification from NT2 cell types. 

PCR reactions were carried out as described and the products run on an agarose gel and DNA bands imaged. Three replicates of NT2 and NT2N cells are 

shown and seven of NT2A cells with approximate sizes of each band indicated at the right of the gels. The mRNA sequence amplified is indicated at the left 

of the gel images. 
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4.3.2 Immunocytochemistry 

Brightfield images of each of the NT2 cell subtypes are depicted in Figure 4.3.6, clearly 

indicating the morphological differences between these cells.  The NT2A subtype 

exhibited high levels of auto-fluorescence (Figure 4.3.7) which introduced difficulties in 

distinguishing between the real signal of fluorescent antibodies and the non-specific auto-

fluorescent signal.  These cells were therefore labelled with HRP conjugated tertiary 

antibodies and incubated with DAB substrate.  The resulting brown deposits are visible by 

brightfield microscopy. 

 

 
Figure 4.3.6 Brightfield images of NT2, NT2N and NT2A cells. 

(A) NT2 and (B) NT2N cells were not stained, (C) NT2A cells were stained with Coomassie blue 

before imaging to enhance visibility. Scale bars = 50 µm. 

 

 
Figure 4.3.7 Auto-fluorescence of NT2A cells.   

NT2A cells were labelled only with Hoechst and imaged using (A) FITC, (B) Tred and (C) UV 

filters. Scale bar = 100 µm. 

A B C

A B C
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4.3.2.1 Cellular Markers 

To determine the phenotype of the cells isolated by the differentiation process, various 

precursor, neuronal and astrocyte markers were used to label each of the cellular subtypes.  

NT2 precursors express the Tau protein but it was diffuse and disorganised throughout the 

cytoplasm while in NT2N cells much more intense and organised labelling in the 

cytoplasm and some processes was observed.  Some cells in the NT2A cultures labelled 

strongly for Tau, but many of these were morphologically distinct from the majority of 

unlabelled cells.  While some resembled neuronal phenotypes with long processes and 

relatively small cell bodies (top middle of NT2A Tau labelling, Figure 4.3.8) others 

exhibited a larger cytoplasmic surface area with a greater number of processes (bottom left 

of NT2A Tau labelling, Figure 4.3.8).  MAP2 was strongly upregulated in NT2N and 

occasionally expressed in NT2A cells.  The few cells expressing MAP2 in NT2A cultures 

were morphologically distinct again from those that labelled with Tau but often resembled 

neuronal phenotypes (Figure 4.3.8).   

 

β-III-tubulin was expressed in NT2 cells as either diffuse puncta or more structured fibre 

tracts extending from the centre of the cell and across the cytoplasm.  Cells that were 

adjacent to each other tended to express this neuronal marker in the diffuse distribution, 

while those without neighbouring cellular contact exhibited the more organised 

morphology.  As these cells are known to spontaneously differentiate when cultured at low 

densities, it may be that redistribution of the β-III-tubulin protein occurs at an early stage in 

differentiation of the NT2 cells.  The NT2N cells displayed high levels of β-III-tubulin 

throughout their cell bodies and extending down both axons and dendrites.  Interestingly, 

NT2A cells also exhibited reasonable levels of β-III-tubulin expression, highly organised 

across the cytoplasm and extending outwards from the centre of the cell and into some 

processes.  Gap-43 was expressed in NT2 and NT2N cells with a distinct punctate 

appearance.  In NT2 cells, levels of Gap-43 appeared to be more concentrated at the cell 

surface and in NT2N cells the expression was differential but generally stronger in the 

axons rather than dendrites.  Some NT2A cells stained positive for GAP-43 but the 

labelling was very diffuse and did not appear to extend to any processes of these cells at all 

(Figure 4.3.8). 
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NT2 and NT2A cells labelled strongly positive for vimentin, as did the underlying cells in 

culture with the NT2N.  However no labelling of the NT2N cells was observed (note the 

smaller brighter nuclei of the NT2N cells which lack any labelling compared to the bright 

underlying glial precursors in Figure 4.3.9).  Two GFAP antibodies were used and both 

produced different staining profiles (Figure 4.3.9).  The antibody from Cell Signaling 

Technology did not detect any GFAP in NT2 precursor cells, perhaps a low level of 

expression in some of the underlying cells cultured with the NT2N cells and a reasonable 

level of expression in a small number of NT2A cells.  The morphology of the NT2A cells 

that stained positively for the Cell Signaling Technology GFAP antibody were large and 

flattened with the labelling concentrated around the nucleus and rarely projecting into 

processes.  In contrast, the GFAP antibody from Dako detected low levels of expression in 

the precursor cells, although this may be non-specific as some nuclear labelling in these 

cells was also detected.  A reasonable proportion of the non-neuronal cells underlying the 

NT2N cells exhibited moderate to high levels of expression when labelled with Dako 

GFAP, particularly in processes.  However, proportionally fewer NT2A cells were labelled 

positively and these displayed markedly different phenotypes compared to those labelled 

with the Cell Signalling antibody (Figure 4.3.9). 
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Figure 4.3.8 Antibody labelling of neuronal markers in NT2 cell subtypes. 

The antibody used is indicated in the lower left corner of the first image of each row and the cell 

type is indicated at the top of each column. NT2 and NT2N labelling was detected with fluorescent 

antibodies (green) while NT2A labelling was detected by oxidation of DAB. Fluorescent images 

were also counterstained with Hoechst (blue). Scale Bar = 50 µm. 

NT2 NT2N NT2A 

β-III-tubulin 

MAP2 

Tau 

Gap43 



Chapter Four NT2 Derived Cells as a Model of Cannabinoid Receptors in the CNS 

123 

 

 

Figure 4.3.9 Antibody labelling of glial and precursor markers in NT2 cell subtypes. 

The antibody used is indicated in the lower left corner of the first image of each row and the cell 

type is indicated at the top of each column.  NT2 and NT2N labelling was detected with fluorescent 

antibodies (green) while NT2A labelling was detected by oxidation of DAB. Fluorescent images 

were also counterstained with Hoechst (blue). Scale bar = 50 µm. 

 

4.3.2.2 Cannabinoid Receptors 

Cells were labelled with various commercial and non-commercial antibodies raised against 

CB1 and CB2 sequence peptides.  Each antibody was also used to label HEK cells 

transfected with HA tagged human CB1 or CB2 receptor in order to determine the 

specificity of the antibody.  HA detection in these control cells indicates the localisation 

and expression level of each receptor. 

 

Of the CB2 antibodies used only CB2-CBC was able to recognise receptors expressed in 

HEK-CB2 cells but not HEK-CB1 cells (Figure 4.3.10).  Under live labelling conditions 

(to detect only surface expression of the CB2 receptor) the CB2-TFS antibody possessed a 

Vimentin 

NT2 NT2N NT2A 

GFAP Dako
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higher level of detection compared to the CB2-CBC antibody.  However, the CB2-TFS 

antibody picked up a very high level of non-specific labelling when used for post-fixation 

detection.  Both CB2-TFS (live label only) and CB2-CBC (live and post-fix labelling) 

antibodies detected low levels of receptor in the NT2N cultures but not in the precursors or 

NT2A cell types.  The Santa Cruz antibody (CB2-S16) was able to detect a high level of 

receptor in the HEK-CB2 cells which was completely blocked by co-incubation with the 

blocking peptide.  However a considerable level of non-specific label was also seen in 

HEK-CB1 cells which could also be blocked with the blocking peptide.  The uniform 

fluorescence observed in NT2 cells is likely to be non-specific label such as detected in 

HEK-CB1 cells, however both NT2N and NT2A cells occasionally displayed more 

specific looking, structured label but this could equally be a redistribution of non-CB2 

receptor proteins which bind the CB2-S16 antibody as well.  The secondary antibody used 

to detect CB2-S16 labelling exhibited a low level of non-specific binding (see 

Appendix V). 

 

Figure 4.3.10 Labelling of various cell lines with CB2 antibodies 



 

 

HEK-CB2 NT2 NT2A NT2N 

CB2-CBC Live 

CB2-CBC PF 

CB2-TFS Live 

HEK-CB1 

CB2-TFS PF



 

 

HA.11 Live

CB2-S16 + BP 

HEK-CB1 NT2 NT2A NT2NHEK-CB2 

CB2 S16 

HA.11 PF

Figure 4.3.10 Antibody labelling of various cell lines for CB2 receptors. 

Cells were incubated with commercial antibodies as indicated for each row. All 

fluorescent images are Hoechst (blue) and antibody (green) labelled.  Brightfield 

images are only DAB labelled. Antibodies raised against an extracellular region of the 

amino terminus of the CB2 receptor were used to label cell surface (Live) and total 

(PF) receptor. Labelling of transfected cell lines (HEK-CB1 and HEK-CB2) with anti 

HA.11 indicates the true expression level of these cells. Scale bar = 50 µm. 
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The most promising antibodies for detecting the CB1 receptor were the N-ter and L15 

antibodies (Figure 4.3.11) which have been extensively characterised previously (Grimsey 

et al., 2008b).  The N-ter antibody detected reasonable amounts of CB1 receptor by both 

live and post-fix labelling in HEK-CB1 cells, with only low levels of non-specific binding 

observed in HEK-CB2 cells.  By live labelling only a faint signal, apparently associated 

with the cells underlying the NT2N cell types was registered, and no signal from NT2 or 

NT2A cell types.  With post-fix labelling reasonable signal in both the cytoplasm and 

nucleus was observed in NT2 cells.  While high levels of CB1 may be seen in the 

cytoplasm, nuclear localisation of the CB1 receptor is highly unlikely, questioning the 

specificity of all labelling.  Some labelling of NT2N cells and their processes was apparent 

and the non-specific nuclear labelling in these cells was much lower compared to the 

underlying cells and NT2 precursors.  NT2A cells were devoid of any labelling, suggesting 

CB1 expression is either too low to be detected or is not expressed in these cells.  Labelling 

with the L15 antibody also indicated a lack of CB1 detection in NT2A cells.  The levels of 

detection in NT2 and NT2N cells resembled the non-specific detection seen in HEK-CB2 

cells indicating that none of the NT2 cell types express the CB1 receptor.  Two additional 

CB1 antibodies were trialled but the levels of non-specific association as seen in HEK-

CB2 cells was too high to be able to determine if detection in NT2 cell types was real or 

not.  The CTr at least showed enhanced signal in the HEK-CB1 cells but the CTg antibody 

indicated higher affinity for the negative control cells.  While the Alexa donkey anti-goat 

secondary antibody used to detect CTg labelling exhibited some non-specific binding this 

was at a much lower level (see Appendix V). 

 

A lack of conclusive evidence of the expression of the cannabinoid receptors was apparent 

from immunocytochemical investigations, largely due to the poor quality of available 

antibodies but also the tendency of the cell types to express high levels of non-cannabinoid 

receptor proteins to which the antibodies associate. 

 



 

 

HEK-CB1 HEK-CB2 NT2 NT2ANT2N
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Nter PF
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Figure 4.3.11 Antibody labelling of various cell lines for CB1 receptors.  

Cells were incubated with non-commercial antibodies generously donated by Ken Mackie and raised against the amino terminus (N-ter) or the carboxy 

terminus (L15, CTr and CTg) of the CB1 receptor.  All fluorescent images are Hoechst (blue) and antibody (green) labelled.  Brightfield images are only DAB 

labelled.  The antibody used is indicated on the left of the table and the cell type at the top of the table. Some antibodies are raised against a region of the 

amino terminus of the CB1 receptor and were therefore used to label cell surface (live) and total (post-fix) receptor. Scale bar = 50 µm. 
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4.3.3 Cannabinoid Receptor Functionality 

As the expression of cannabinoid receptor protein was difficult to determine by 

immunocytochemistry, functional responses of the receptors were sought to confirm or 

refute their expression. 

 

4.3.3.1 cAMP Assays 

Both cannabinoid receptors couple to G-proteins, predominantly the Gi/o subtype but 

coupling to the stimulatory Gs-proteins has also been observed for the CB1 receptor (Glass 

and Felder, 1997).  Forskolin concentration response curves indicated similar profiles for 

the NT2 and NT2A cell types but considerably higher concentrations of forskolin were 

required to increase cAMP levels to above basal in NT2N cells (Figure 4.3.12).  Chosen 

concentrations of forskolin used for stimulating cAMP generation were 50 µM in NT2 and 

NT2A cells and 250 µM in NT2N cells.  For NT2 and NT2A cells these values 

corresponded to approximately 80% of the maximal response.  The concentration used for 

NT2N stimulation was limited by its maximal saturation in media and tendency to form a 

precipitate at higher concentrations.  

 

Having established suitable forskolin concentrations, the ability to inhibit cAMP 

accumulation, or to stimulate cAMP generation in the absence of forskolin was examined.  

NT2 and NT2A cells demonstrated a complete lack of coupling of cannabinoid receptors to 

adenylyl cyclase under forskolin stimulated and basal conditions (Figure 4.3.13).  In 

contrast to this, in NT2N cells, HU-210 treatment resulted in inhibition of forskolin 

stimulated cAMP accumulation (EC50 of 2.8 nM and a 95% confidence interval  ranging 

from 0.7 – 11.7 nM; the extent of inhibition plateaued at 33.5 ± 3.14% of the forskolin 

stimulated levels) (Figure 4.3.14 A).  There was a relatively high level of error involved in 

replicate values for NT2N cells, likely due to differential levels of cell loss across wells 

when changing the media.  This made it impossible to determine the contribution of each 

cannabinoid receptor to the HU-210 induced effect by including inverse agonists in the 

stimulation sets.  However, the response was reproducible with CP-55,940, another potent 

cannabinoid receptor agonist (Figure 4.3.14 B).  A lack of inhibition of cAMP 

accumulation induced by the CB2 specific agonist, HU-308 (Figure 4.3.14 C) suggests this 

response is mediated via the CB1 receptor. 
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Figure 4.3.12 Forskolin concentration response curves for NT2 cell types. 

CCPM were normalised so the counts at the maximum forskolin concentration was 100% and 

counts with basal media 0%.  (A) NT2 cells exhibited an EC50 of 3.2 µM and 95% confidence 

interval between 1.7-6.6 µM. (B) NT2N cells EC50 could not be accurately defined as a plateau of 

response at the highest forskolin concentrations was not reached. (C) NT2A cells exhibited an 

EC50 of 6.7 µM and 95% confidence interval between 4.0-11 µM. Graphs are representative of 

three independent repeats and error bars indicate the SEM. 

 

The expression of mRNA transcripts for both the CB1 and CB2 receptor in NT2A cells 

(Figure 4.3.2 and 4.3.4) may indicate these receptors are expressed at the protein level also.  

While a lack of conclusive evidence from antibody labelling could not confirm nor 

disprove their expression on these cells, the absence of detectable coupling to Gi/o and Gs 

G-proteins by cAMP assays points towards these receptors not being expressed.  It is 

possible expression levels are too low to detect G-protein coupling or the receptors may 

not couple to this classical cannabinoid receptor pathway in these cells.  The effect of 

cannabinoid receptor stimulation and inhibition was therefore examined on alternative 

astrocyte specialised processes; glutamate uptake and nitric oxide production.  
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Figure 4.3.13 Cannabinoid induced cAMP accumulation in NT2 and NT2A cells. 

Stimulation of cells with forskolin and incubation with increasing concentrations of the 

cannabinoid agonist HU-210 did not induce any inhibition of cAMP accumulation in (A) NT2 or 

(B) NT2A cells.  With a lack of forskolin present, neither cell type (NT2 (C), NT2A (D)) was able 

to stimulate cAMP accumulation with cannabinoid receptor stimulation. Graphs are representative 

of three independent repeats and error bars indicate the SEM. Data is presented in CCPM to 

indicate the extent of the window between basal and forskolin stimulations. In this format, high 

counts correspond to low levels of cAMP.  
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Figure 4.3.14 Cannabinoid induced cAMP accumulation in NT2N cells. 

Graphs are of representative data where n values indicates the number of repeats. Data is presented 

in CCPM to indicate the extent of the window between basal and forskolin stimulations. In this 

format high counts correspond to low levels of cAMP. (A) Increasing concentrations of HU-210 

were able to inhibit cAMP accumulation induced by forskolin (n=8) but (B) not induce cAMP 

accumulation in the absence of forskolin (n=3). (C) HU-210 and CP-55,940 (both at 1 µM) 

significantly inhibited forskolin induced cAMP accumulation (n=3). (D) No inhibition of forskolin 

induced cAMP levels was observed with any concentration of HU-308 used (n=3). Four to six 

replicates were included at each drug concentration. *P<0.05, ψP<0.01. Error bars are SEM. 

 

4.3.3.2 Glutamate Uptake by NT2A Cells 

Glutamate uptake was assayed in NT2A cells over a 60 minute time course and with a 

distal time point of three hours, indicating uptake tends towards saturation (Figure 4.3.15).  

Sodium independent uptake was determined in the presence of choline containing buffer 

and was subtracted from total uptake (as determined in sodium containing buffer).  Uptake 

was linear up to 60 minutes and in each repeat the rate and total of the sodium dependent 

portion of uptake was not significantly different with any of the drug treatments (Figure 

4.3.16). 
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Figure 4.3.15  Time course of glutamate uptake in NT2A cells. 

Cells were incubated with [3H]-L-glutamate for various lengths of time before lysis and 

scintillation counting of [3H]-L-glutamate uptake.  The graph is representative of three independent 

repeats each performed in triplicate.  Sodium independent uptake was significantly lower than total 

uptake at all time points above 5 minutes. Parallel treatment with various cannabinoids did not 

significantly alter uptake.  
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Figure 4.3.16  Glutamate uptake in NT2A cells after 60 minutes. 

Cannabinoid treatment of NT2A cells did not significantly alter cumulative uptake at 60 minutes as 

determined by one-way ANOVA. Graph is representative of three independent repeats, each 

performed in triplicate.  
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4.3.3.3 Nitric Oxide Production by NT2A Cells 

A combination of the cytokines IL-1β, IFN-γ and TNF-α were used to stimulate NT2A 

cells for 1-4 days.  Variation among the results was high and a trend towards CB1 

antagonism reducing nitrite production was apparent but did not reach significance (Figure 

4.3.17). 
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Figure 4.3.17 NO2- production by cytokine stimulated NT2A cells. 

Combined data from three independent repeats, each normalised to 96 hours with cytokine 

stimulation (100%) and 24 hours with no stimulation (0%). 
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4.4 Discussion 

4.4.1 Current In vitro Models of Glial Cells 

The gold standard of in vitro modelling is primary human adult cells, closely followed by 

primary human fetal cells.  These however are understandably extremely difficult to obtain 

and even harder to culture and isolate useful numbers of viable cells.   

 

It is not surprising that there is a very limited supply of human brain tissue available for 

experimentation and as with all models there are limitations.  Post-mortem tissue is often 

acquired from subjects in the end stages of disease and is technically very difficult to work 

with.  For primary cultures to be obtained from this tissue minimisation of post-mortem 

delay is critical but can vary considerably between cases.  Primary cell culture is also 

possible from surgically removed sections of epileptic patients’ brain, however this tissue 

should be treated with caution given current research indicating a role for astrocyte 

dysfunction in some types of epilepsy (Eid et al., 2008), questioning the ability of isolated 

primary glial cell cultures to reflect normal functioning.   

 

At this stage a lot of work is expended optimising cellular yields and methods of extracting 

relatively pure cultures of different cell types.  These cells are not appropriate for use in 

broad experimental approaches but may be useful for validating hypotheses proven in other 

(less precious) model systems. 

 

In lieu of suitable quantities of human primary cell cultures, many use the rodent derived 

variety.  This has been the generally accepted practice and at least for neuronal cell types, 

which display significant concordance between rodents and primates, is a highly relevant 

model (Oberheim et al., 2006).  However, the previously largely overlooked glial cell 

types have more recently been gaining popularity, promoting them from ‘brain glue’ and 

basic neuronal support cells, towards more glamorous roles including the control of blood 

supply, immunological responses and neuronal activity.  The increase in interest in glial 

cells has produced some striking reports on the species differences of these cell types and 

the murmurs are gaining volume as evidence continues to accumulate. 
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Oberheim et al. (2009) have published a comprehensive analysis of GFAP positive cells in 

the cortex of various primate and rodent species which will undoubtedly alter the view of 

astrocyte research going forward.  They found vast morphological and functional 

differences between rodent and primate astrocytes.  In particular, humans and chimpanzees 

exhibited four distinct sub-types of astrocytes; interlaminar (Colombo and Reisin, 2004), 

protoplasmic, varicose projection (not previously described) and fibrous.  Lower order 

primates lacked the varicose projection astrocytes, and rodents were limited to only 

protoplasmic and fibrous subtypes.  Within the subtypes shared between all these species 

even further deviation exists (Oberheim et al., 2009).  

 

Fibrous astrocytes in both human and rodent have a much smaller cell body and their 

processes are longer and less branched compared to protoplasmic astrocytes.  These 

astrocytes, like the interlaminar variety, do not exhibit domain boundaries; instead their 

processes regularly overlap extensively with each other, similar to rodents but the human 

variety are extended over a much larger distance (although this may be simply a result of 

compensation for increased brain size).  These astrocytes appear to be specialised for 

structural support within the white matter (Oberheim et al., 2009). 

 

Protoplasmic astrocytes in human neocortex are the most abundant sub class of astrocyte 

and display a substantially greater degree of complexity and size in comparison to 

equivalent cells of rodents.  In rodent brains, protoplasmic astrocytes are organised into 

domains so that they are evenly distributed with a small overlap between each.  This 

distribution is thought to allow astrocyte regulation and integration of defined regions.  

Human protoplasmic astrocytes display the same distribution but exhibit a higher than 

expected overlap between domains.  Most strikingly, whilst the synaptic density remains 

similar from humans to rodents (DeFelipe et al., 2002), human protoplasmic astrocytes 

extend more than ten times the number of processes than their rodent counterparts, 

substantially increasing the total number of synapses in each domain.  Their total cell 

volume extends well beyond that implied by GFAP cytoskeletal labelling which resembles 

a star-like quality opposed to the whole cell labelling which is more bush-like in 

appearance and much more complex (Oberheim et al., 2009).   
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Functionally, human astrocytes demonstrated faster calcium wave propagation compared 

to rodent astrocytes as well as more rapid responses to ATP and glutamate stimulation 

through release of calcium from intracellular stores (Oberheim et al., 2009). 

 

These four classes of human astrocyte are based purely on their GFAP labelling and 

distribution within the neocortex.  The vast differences in astrocyte population within this 

region of the brain is not unexpected as it is responsible for many of the higher functions 

humans are exclusively capable of performing, suggesting a higher level of complexity 

may be necessary.  Even at a macroscopic level the neocortex of rodents is smooth and 

poorly defined compared to the complex folded pattern of the human brain. 

 

In light of the vast morphological and functional differences between rodent and human 

astrocytes it is to be expected these are a result of biochemical and molecular 

dissimilarities.  Already, some of these are emerging, including differences in protein 

expression (Liu et al., 2007), cell signalling pathways (Neary et al., 1998), responses to 

stimuli (Sandhu et al., 2003; Saha and Pahan, 2006) and affinity for ligands (McPartland et 

al., 2007).  Particular attention has been drawn to the nitric oxide (NO) production of the 

glial cells, a key marker of activation and inflammatory response in the brain. 

 

Rodent microglia are well established producers of large quantities of NO, through 

upregulation of the inducible nitric oxide synthase (iNOS), when stimulated appropriately 

(Murphy et al., 1993).   It was therefore startling to find that human microglia were not 

capable of producing NO under the same conditions that stimulated murine microglia 

(Colton et al., 1996).  Human astrocytes can also be induced to express iNOS but the 

stimulation required is more selective than in rodent astrocytes (Saha and Pahan, 2006). 

 

It is clear that the use of rodent derived cells as models for human astrocytes is far from 

ideal, making the development of alternative models for investigation of astrocyte function 

in vitro highly desirable.  Human derived cell lines provide another model of glial cell 

functioning that overcome many of the limitations outlined above.  They are derived from 

human tissue and are therefore more genetically similar to the human population than any 

animal model and are readily available in a continuous supply in culture.  This alternative 

approach already has some promising techniques making headway, with human derived 

cell lines developed by viral gene transfection (Price et al., 1999) and isolation of cell lines 
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from more plastic fetal tissues (Niclis et al., 2009).  Culturing of tumour explants and 

isolation of clones of dividing cells is a more commonly utilised technique to establish 

immortalised cell lines, this technique led to establishment of the NT2 cell line. 

 

4.4.2 Cannabinoid  System  Characterisation  in  NT2  Cell 

Types 

The current chapter investigated the potential for the NT2 astrocytic and neuronal 

differentiated cell types to model the cannabinoid system of human astrocytes and neurons.  

Analysis of the transcriptional activity of many of the enzymes and receptors identified to 

be part of the endocannabinoid system was performed by total RNA isolation and reverse 

transcriptase PCR.  Additional immunocytochemistry and functional analysis of the 

expression of the cannabinoid receptors was investigated extensively in the NT2A and 

NT2N cells and the results discussed below. 

 

4.4.2.1 mRNA Expression of Cannabinoid System Components 

By semi-quantitative, RT-PCR, expression of known endocannabinoid system enzymes 

was detected in each of the NT2 cell types.  There was considerable variation of expression 

between replicates of ABHD 12, DAGL-α, FAAH and MAGL.  There was no obvious up- 

or down-regulation of any of these transcripts in any of the NT2 cell types.  It is clear from 

these results that NT2, NT2N and NT2A cells exhibit transcriptional activity required to 

produce the machinery for 2-AG and anandamide synthesis and degradation.  This is in 

agreement with the capacity of both rodent and human astrocytes and neurons to produce 

endocannabinoids (Alger, 2002; Walter et al., 2002) and at least their rodent counterparts 

to degrade them (Beltramo et al., 1997; Giuffrida et al., 2001).  The synthesis and 

degradation of endocannabinoids by human neuronal cultures is already well established.  

Further studies would be required to confirm protein expression and function for these 

components in the NT2 cell line but does suggest that these cells may provide a model to 

investigate the regulation of human neuronal or astrocytic endocannabinoid regulation. 

 

The most striking observation between the NT2 cell types at the mRNA level was the 

differential expression of the cannabinoid receptor transcripts.  Both CB1 and CB2 were 
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present in all three cells types but at barely detectable levels in the precursors.  

Upregulation of CB1 mRNA was observed within 24 hours of retinoic acid differentiation 

and was relatively high in the NT2N populations, reflecting the high level of transcript 

expression in neurons of the human brain (Mailleux et al., 1992).  Expression of CB1 

receptor mRNA was clearly detected in NT2A cells with the exception of a single 

preparation of cells.  CB1 receptor expression by rodent astrocytes has been frequently 

reported (Bouaboula et al., 1995; Sanchez et al., 1998; Rodriguez et al., 2001; Benito et 

al., 2003; Benito et al., 2007) but only one case of positive identification of the receptor on 

human astrocytes is published (Sheng et al., 2005) although it is expressed by astrocyte 

derived human cancer cells (Bouaboula et al., 1995) and potentially by astrocytes during 

development (Romero et al., 1997).  It is therefore interesting that the rapidly proliferating 

cancerous NT2 cells express very low levels of CB1 transcript but the post-mitotic NT2A 

cells exhibit a relatively high level of mRNA, perhaps reflective of their immature 

differentiation state.   

 

CB2 mRNA expression remained low in NT2N populations but was clearly transcribed in 

NT2A cells at highly differential levels among replicates.  In vivo, adult human astrocytes 

can express CB2 receptors when activated (Benito et al., 2007), a process that is also 

associated with increased GFAP expression (Yoo et al., 2005).  CB2 expression is also 

observed in both neural and astrocyte precursor cells during rat development (Palazuelos et 

al., 2006).  As these progenitor cells mature they lose CB2 expression and begin to express 

mature cell markers such as GFAP and β-III-tubulin, neither of which are co-expressed 

with CB2 (Palazuelos et al., 2006).  With low numbers of GFAP positive cells and the 

presence of CB2 mRNA in NT2A populations, expression of the CB2 mRNA transcript in 

NT2A cells is more likely to be a reflection of their immaturity rather than an indication of 

their activation.   

 

The fourth replicate of NT2A cells exhibited a considerably different profile of mRNA 

expression with a lack of either cannabinoid receptor detected, as well as reduced transcript 

levels for DAGL-α and FAAH, but comparable levels for other cannabinoid system 

enzymes and GAPDH.  No obvious difference in the differentiation process and handling 

of this replicate was observed, highlighting the sensitivity of these cells and the tendency 

to differentiate into different phenotypes.  The variability observed here indicates future 
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use of NT2A cells should be supported with characterisation of each differentiation set for 

variation in the expression of proteins of interest. 

 

4.4.2.2 Immunocytochemistry of Cannabinoid Receptors 

Protein levels of the cannabinoid receptors were investigated by immunocytochemistry 

which exhibited several benefits over western blotting, including the visualisation of 

cellular localisation of labelling and differential labelling of different cell types within 

populations.  However, despite the vast range of antibodies commercially available the 

generation of reliable antibodies for many proteins remains a frustrating gamble for 

scientists (Grimsey et al., 2008b).  It should be noted that without confirmation of the 

molecular weight of detected proteins by western blot the labelling seen may still be non-

specific.   

 

A large number of variables in any immunocytochemistry experiment may alter the 

labelling pattern of a seemingly well characterised antibody and for this reason multiple 

antibodies from different sources were utilized for detection of the cannabinoid receptors.  

As can be readily observed in Figures 4.3.10 and 4.3.11 the results are far from ideal and 

shed considerable doubt on the specificity of most of these antibodies.  In agreement with 

Grimsey et al. (2008b) the N-ter and L15 antibodies were the most specific for the CB1 

receptor.  Results indicate expression of CB1 receptors by some NT2N cells as detected by 

the L15 antibody.  The NT2 precursors and undifferentiated cells underlying the NT2N 

cells appear to express a protein to which the N-ter antibody binds non-specifically, 

increasing the background signal in these cells.  No DAB staining of NT2A cells was 

observed, representative of an absence or undetectable level of CB1 receptors in these 

cells.  This was not consistent with PCR results which indicated transcriptional activity of 

the CB1 gene.  A similar phenomenon has been described during rat development, where 

mRNA for the CB1 receptor was expressed in discrete regions of the central nervous 

system but this did not correspond to enhanced detection of functional receptors, a 

correlation that was observed in adult rat brain (Berrendero et al., 1998).  Again, the 

pattern of cannabinoid receptor expression in these cells parallels a developmental, rather 

than adult phenotype. 
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Only the CB2 antibody from Calbiochem exhibited satisfactory specificity in transfected 

HEK cells.  The use of transfected cell lines to test antibody detection and specificity is 

however, also hampered, as antibodies are often unable to recognise GPCRs under these 

conditions (Gonsiorek et al., 2006).  FACs data (Graham et al., 2009) and observations in 

Chapter 3, indicate that live labelling with both the TFS and CBC anti-CB2 antibodies is 

specific to the CB2 receptor, with high levels of detection in endogenously expressing 

peripheral blood mononucleated cells and PMA treated U937 cells.  Given this information 

the labelling in the NT2, NT2N and NT2A cells does not correspond with PCR results.  

CB2 antibody detection indicates a very low level of expression in NT2N cells, although 

this is barely detectable and often associated with the nucleus suggesting it is more likely 

to be non-specific.  The NT2A cells did not indicate any specific CB2 receptor labelling 

with DAB labelling, indicating the CB2 receptor is not expressed by these cells either. 

 

The lack of conclusive evidence of cannabinoid receptors in NT2N and NT2A cells by 

immunohistochemistry and contradictions with PCR results led to investigation of whether 

any functional evidence of their presence was apparent.  

 

4.4.2.3 Functional Evidence of Cannabinoid Receptor Expression 

cAMP Assays 

A single indication of the presence of cannabinoid receptors in the NT2 cells has been 

published.  Milton et al. (2002) indirectly suggest the presence of CB1 receptors on NT2N 

by stimulation with noladin ether reducing amyloid-β induced toxicity and the CB1 

specific inverse agonist AM251 reversing this effect.  The presence of CB1 but not CB2 

receptors was confirmed here by the inhibition of forskolin induced cAMP accumulation 

with HU-210 and CP-55,940 but not with the CB2 specific agonist HU-308.  These results 

indicate functional CB1 receptors expressed by these cells couple to the Gi/o subunit of G-

proteins.  The CB1 receptor can also couple to Gs, stimulating cAMP production (Felder et 

al., 1993; Glass and Felder, 1997; Bonhaus et al., 1998).  No evidence of this was observed 

here.  A key difference between the NT2N and other NT2 subtypes was the potency of 

forskolin to induce cAMP generation.  The NT2N cell type required considerably higher 

concentrations of forskolin to produce detectable increases in cAMP levels.  This 

rightward shift of the response curve is unlikely to be due to low expression of adenylate 
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cyclase as this would influence the maximal response (Emax) rather than the potency 

(EC50).  All of the known adenylyl isoforms are expressed in neurons (Hanoune and 

Defer, 2001) and different EC50 values have been reported for various isoforms (Seamon 

and Daly, 1986; Tang and Hurley, 1998; Pinto et al., 2008).  While differential expression 

of isoforms may account for the small difference in the EC50 values between the NT2 and 

NT2A cells (3.2 and 6.7 µM respectively) it can not explain the excessive size of the EC50 

shift in NT2N cells, suggesting other processes may be inhibiting adenylyl cyclase activity 

in these cells. 

 

In contrast to the NT2N cells, neither NT2 nor NT2A cultures exhibited cannabinoid 

receptor coupling to either Gi/o or Gs.  This is in agreement with the immunocytochemical 

observations of a lack of cannabinoid receptor expression in these cells and in the case of 

the NT2 precursors corresponds to the low transcriptional activity of the cannabinoid 

receptor genes.  However, due to the ambiguity of the immunocytochemical data and it’s 

conflicting results with the obvious expression of mRNA for both CB1 and CB2 receptors 

in NT2A cells further evidence to indicate the presence or absence of the cannabinoid 

receptors in this NT2 cell subtype was pursued. 

 

Glutamate Uptake 

The uptake of glutamate in NT2A cells has been previously demonstrated (Sandhu et al., 

2003; Sanchez et al., 2009) and is a well known function of both rodent (Kazuho and 

Hiroshi, 2001) and human (Hu et al., 2000) astrocytes.  Cannabinoids increase the 

extracellular levels of excitatory amino acids, such as glutamate, a process in which glial 

cells are involved (Shivachar, 2007).  Investigation of the effect of cannabinoids on 

glutamate uptake in this model of astrocytes was pursued, as a functional indication of the 

presence of cannabinoid receptors. 

 

Cannabinoids are known to alter synaptic transmission by inhibiting the release of 

neurotransmitters from pre-synaptic terminals (Brown et al., 2003).  The activation of CB1 

receptors was found to inhibit the release of glutamate from pre-synaptic terminals 

(Gerdeman and Lovinger, 2001; Brown et al., 2003) but in contrast, agonism of the same 

receptors was reported to enhance extracellular levels of the neurotransmitter (Ferraro et 

al., 2001), albeit in a different region of the brain.  However, there has been little 



Chapter Four NT2 Derived Cells as a Model of Cannabinoid Receptors in the CNS 

144 

investigation into the removal of glutamate from synapses.  Both astrocytes and neurons 

are capable of active uptake of glutamate (Masson et al., 1999).  Preliminary evidence 

suggests in rat cortical astrocytes, aspartate uptake (which is also transported by many of 

the glutamate transporters) is modified by the activity of the CB1 receptor (Shivachar, 

2007).  Inhibition of aspartate uptake was observed with concurrent activation of CB1 

receptors.  Intriguingly, CB1 inverse agonist (SR141716A) not only partially restored 

uptake inhibited by CB1 activation but when applied alone also inhibited aspartate uptake 

(Shivachar, 2007).  This indicates a role of endocannabinoids in regulating amino acid 

uptake.  However, in the NT2A cells SR141716A and the cannabinoid receptor agonist, 

HU-210, did not alter any of the parameters of glutamate uptake that were monitored. 

 

A time course of uptake was performed allowing analysis of the rate of uptake as well as 

cumulative uptake at individual time points.  No significant deviations from basal uptake 

were observed with any of the cannabinoids used under these conditions.  It was noted that 

the uptake observed took considerably longer to reach a plateau than expected from other 

published reports of rodent (Shivachar, 2007) and human (Fine et al., 1996) primary 

astrocytes which were close to saturation within five and fifteen minutes, respectively.  

Previous publications of glutamate uptake in NT2A cells resembled the slow kinetic profile 

observed here (Sandhu et al., 2003; Sanchez et al., 2009).  The reduced rate of uptake in 

NT2A cells may indicate low numbers of transporters and/or reduced functioning of 

transporters due to a limited cellular capacity to maintain necessary ionic gradients.  The 

lack of cannabinoid influence on glutamate uptake in NT2A cells observed here 

corresponds well with immunocytochemical observations of a lack of cannabinoid receptor 

expression. 

 

Further investigation of the characteristics of NT2A glutamate uptake would be beneficial 

towards establishing the phenotype of these cells and their similarities (or differences) to 

human astrocytes.  Sanchez et al. (2009) have reported an expression profile of glutamate 

transporters (EAAT1-4) in NT2 derived neuronal and astrocytic cells but their 

differentiation methods differ significantly from those described here, utilising NT2A cells 

when they are still replicating and likely expressing a considerably different protein array 

to their post-mitotic counterparts.  It would be interesting to know in more detail the 

expression of the various uptake transporters under similar differentiation conditions.  In 

addition, the absolute concentrations of glutamate transported into NT2A cells would be a 
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key factor in comparing their capacity for uptake compared to primary cultures.  Ideally, 

such experiments would be performed in parallel with primary astrocyte cultures. 

 

Nitric Oxide Generation 

Small amounts of nitric oxide (NO), acting as a neurotransmitter, regulate various 

physiological processes in the central nervous system, however higher concentrations are 

indicative of an inflammatory reaction with toxic effects (Jaffrey and Snyder, 1995).  

Human primary fetal astrocytes are robust inducers of NO when stimulated with IL-1β or 

viral components (Lee et al., 1993; Hua et al., 2002; Auch et al., 2004; Jana et al., 2005).  

Interestingly they do not respond in a like manner when stimulated with lipopolysaccaride 

(LPS), a potent inducer of NO release in rodent microglia (Lee et al., 1993) and astrocytes 

(Galea et al., 1992).  The induction of NO from human astrocytes is potentiated by 

additional cytokines such as TNFα and INFγ, with up to 50 µM NO2- accumulating after 

several days of incubation (Chao and Shuxian Hu, 1996; Liu et al., 1996).  Similar patterns 

of NO2- production were observed in the NT2A cells in this study but to a much lesser 

extent.   

 

LPS was unable to induce significant accumulation of NO2- in media whilst IL-1β alone 

induced a small increase.  The greatest production was observed with a combination of 

three cytokines, IL-1β, IFNγ and TNFα (data not shown) which was utilised for 

experiments including cannabinoids.  The maximal concentration reached was still 

approximately 10-fold lower than those reported for primary human fetal astrocytes and 

bordering on the limits of detection of the Griess assay used. 

 

Cannabinoid receptors have been shown to regulate NO release in several cells types 

including rodent decidua, fetal astrocytes and human endothelium, but with conflicting 

results.  In rat decidua CB1 and CB2 inverse agonists inhibited NO2- accumulation 

(Vercelli et al., 2009).  However stimulation of cannabinoid receptors in fetal murine 

astrocytes inhibited NO2- release (Molina-Holgado et al., 1997) and a similar response was 

observed by stimulation via the CB1 receptor in human vascular endothelium (Stefano et 

al., 1998).   In this study incubation of cytokine stimulated NT2A cells with cannabinoid 

receptor agonist and receptor specific inverse agonists did not significantly alter the 

accumulated levels of NO2- at any of the time points assayed.  
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Combined, the observations and data generated indicate a lack of functional cannabinoid 

receptor expression on NT2 and NT2A cells and selective expression of the CB1 receptor 

on NT2N cells.  In addition to this, several interesting aspects of these cells emerged from 

these investigations which suggest the NT2A cells may not be as relevant a model of adult 

human astrocytes as is implied by the literature.  These observations are discussed below. 

 

4.4.3 Differentiation of NT2 Cell Types 

4.4.3.1 Neuronal markers 

Several commonly used neuronal markers were utilised to demonstrate the neuronal 

phenotype of the NT2N cells differentiated here.  While these markers are generally 

considered to be selectively expressed by neurons in the normal adult nervous system they 

are often also detected during development and in de-differentiated cancer cells.  This 

complicates the characterisation of the NT2 cell line and its derived NT2N and NT2A cell 

types as these cells fit all the above criteria; they are cancer derived, a model of 

development and differentiate into neuronal cell types. 

 

Various members of the microtubule associated protein family (MAPs) are preferentially 

expressed in adult neurons, in particular MAP2 is expressed in the soma and dendrites of 

neurons (Huber and Matus, 1984) and Tau (also a member of the MAP family) is primarily 

located in axons (Binder et al., 1985).  The lack of MAP2 expression in NT2 precursors 

and upregulation in NT2N cells concurs with the previous report of MAP2 mRNA only 

becoming detectable after RA treatment (Guillemain et al., 2003).  The NT2N cells 

differentiated here exhibited expression of Tau and MAP2 but the cellular distribution was 

not compartmentalised as is described for mature neurons.  In a similar fashion Gap-43, a 

protein associated with axonal growth and neurite formation (Benowitz and Routtenberg, 

1997), was also expressed throughout the cell cytoplasm and processes suggesting a lack of 

organisation of the cytoplasmic network or more likely an immature phenotype.  The 

redistribution of at least Gap-43 to regions distal to the cell body of NT2N cells has been 

demonstrated by co-culture with astrocytes of murine origin, proving these cells are 

capable of re-organisation of the cytoplasm to display a phenotype that better reflects 

mature neurons (Piontek et al., 2002). 
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β-III-tubulin is a microtubule element almost exclusively expressed by neurons and 

previously reported to increase in expression during RA treatment of NT2 cells and in 

post-mitotic NT2N (Tegenge and Bicker, 2009), as seen here also.  β-III-tubulin is 

however, also expressed by some cancers and non-neuronal cells during development 

(Katsetos et al., 2003).  The expression of this cytoskeletal element in the precursor cells is 

not necessarily unexpected due to their origin and ability to mimic aspects of the 

developmental process.  However, the NT2A cells derived from these precursors are post-

mitotic and bear little resemblance to a neuronal phenotype, yet they also express β-III-

tubulin, suggestive of incomplete differentiation of these cells.  In addition, the 

contamination of the populations of NT2A cells was apparent with MAP2 and Tau 

occasional labelling cells of more neuronal phenotypes.  These non-NT2A, neuronally 

phenotypic cells did not resemble the morphology of the NT2N cultures and may represent 

a different class of neurons altogether.  It is also possible that the additional weeks in 

culture and contact with NT2A cells has induced residual NT2N cells to further mature, 

producing more specialised, but unidentified cell types.  These observations suggest that 

while the NT2N cells are still relatively immature, they are clearly committed neuronal cell 

types capable of further maturation.  Similarly, the NT2A cells exhibit expression of 

neuronal markers despite their astrocytic morphology, suggesting they also are of an 

immature phenotype. 

 

4.4.3.2 Astrocyte Markers, Maturity and Functions 

While it is well established that the NT2 differentiation process yields a mixed population 

of neuronal phenotypes, the NT2A population has had little characterisation, most of which 

has investigated the entire population rather than assessing variation within it.  I have 

found here that there is also a mixture of cell phenotypes within the NT2A population and 

that convincing evidence of the majority of the NT2A cells to resemble adult astrocytes is 

lacking.  

 

The expression of GFAP is the most commonly utilised method of identifying astrocytes.  

Interestingly, when two anti-GFAP antibodies were used to detect the presence of 

astrocytes in NT2A cultures each produced a unique pattern of labelling, one detecting 

relatively stellate cell projections (Dako) and the other exhibiting labelling of cells with a 
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more protoplasmic morphology (Cell Signaling).  The differential detection of GFAP 

expression in NT2A and precursor cells by different antibodies may help explain the lack 

of GFAP expression seen by some (Andrews, 1984; Podrygajlo et al., 2009) and the 

presence by others (Langlois and Duval, 1997; Sanchez et al., 2009).  However, 

differences in the differentiation process can not be excluded from inducing these 

contradictory observations either.  Although the majority of the NT2A cells did not express 

detectable GFAP, all cells were positive for vimentin, a less specific marker of astrocytes.  

Immature astrocytes tend to express vimentin, while mature astrocytes are positive for both 

vimentin and GFAP (Eliasson et al., 1999) suggesting the NT2A cell population may be 

indicative of a variety of astrocytes at different stages of differentiation.  Unpublished 

observations of the NT2A cells, after stimulation with cytokines for the NO assay, may 

support this.  Only a proportion of stimulated NT2A cells altered their morphology, 

reducing their cytoplasmic volume and exhibiting much longer and fewer extensions, 

similar to those observed in fetal human astrocytes stimulated with IL-1β (Sheng et al., 

2005). 

 

The ability of the NT2A cells to express GFAP is apparent and the proportion of GFAP 

positive cells tends to alter between differentiation sets, suggesting it could be possible to 

enrich the population of GFAP positive NT2A cells.  As GFAP expression is increased in 

maturing astrocytes and also when they become activated (Pekny and Pekna, 2004) the 

application of further differentiation or activating agents may provide insights into the 

capacity of NTA cells to exhibit more mature phenotypes, as is observed with NT2N cells. 

 

Much like the NT2N cell populations, it is apparent that there are different populations of 

cells within the NT2A culture.  While these may reflect different stages of differentiation, 

it is likely that even at a uniform level of maturity different phenotypes would exist, as 

they do in the NT2N cultures and also human fetal astrocytes (Gasque et al., 1998). 
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4.5 Conclusions  
The key objective of this chapter was to determine if the NT2 cell line could provide a 

model system for studying cannabinoid receptor function in human neuronal and glial 

cells.  To this end, the NT2N cells appear to express CB1 receptors which couple to Gi/o 

proteins and inhibit cAMP generation, correlating well with the high level of CB1 receptor 

expression observed in neurons throughout the human brain (Glass et al., 1997).  The 

NT2A cells, while expressing mRNA for both receptors were not observed to exhibit 

protein expression, nor produce functional responses.   This resembles the lack of CB1 

receptor expression in human astrocytes (Benito et al., 2003; Benito et al., 2007) despite 

numerous reports of its expression in rodent astrocytes (Navarrete and Araque, 2008).  

Interestingly, Walter and Stella et al. (2003) detected cannabinoid receptor expression in 

murine primary astrocyte cultures by PCR but concluded after further investigation that the 

receptors were not expressed in astrocytes but in contaminating cells of the culture.  This 

scenario may also be occurring in NT2A cells; certainly no significant functional evidence 

of their presence was detected, nor was protein expression, yet PCR results were positive 

for cannabinoid receptor transcription.  The PCR replicate that lacked CB1 and CB2 

receptor mRNA may be indicative of a considerably purer population of astrocytic cells.  

 

The presence of mRNA for these receptors in the majority of isolated NT2A and NT2N 

cells suggests several possibilities.  The receptors may be expressed but are neither 

functional nor recognizable by immunocytochemistry which seems unlikely to be the case 

for both of these receptors. Alternatively, the transcripts may not be translated, or only 

translated in the presence of specific stimuli.  Finally, it is possible that such low levels of 

receptors are expressed that the sensitivity of the methods used here was not sufficient to 

detect them. 

 

Over the course of this research, studies in human brain and disease conditions have 

questioned the expression of CB2 receptor in human astrocytes (Benito et al., 2003; 

Ramirez et al., 2005; Van Sickle et al., 2005).  Only in cases of multiple sclerosis has CB2 

expression been reported in astrocytes (Benito et al., 2007) suggesting a very specific 

insult required to induce this phenotype.  It was therefore not unexpected that the CB2 

receptor was not detected in NT2A cells either. 
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There is a need for validated human derived astrocyte and neuronal cell lines.  The NT2 

derived NT2N cells are well on their way to fulfilling this requirement.  Limitations of the 

NT2A cells were recognized here, in their putative immature phenotype.  Additional 

characterisation of these cells to define more carefully the parameters of the astrocytic 

phenotype is certainly required.  The first characterisation of the endocannabinoid system 

within the NT2, NT2N and NT2A cell types was performed here and corresponds well 

with in vivo reports of the endocannabinoid system in the human CNS. 
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5 General Discussion 

5.1 CB2 Receptors as a Therapeutic Target 
The cannabinoid system has been implicated in an increasing number of physiological 

processes and diseases, with reviews alone in the past 18 months covering cannabinoid 

involvements in reproduction (Maccarrone, 2009), central nervous system development 

(Anavi-Goffer and Mulder, 2009), various neuropathologies and neurogenesis (Orgado et 

al., 2009), atherosclerosis (Fisar, 2009), liver fibrosis (Lanthier et al., 2009), modulation of 

synaptic transmission (Kano et al., 2009), pain (Beltramo, 2009), inflammation (Burstein 

and Zurier, 2009), intestinal functioning (Smid, 2008), bone formation and degeneration 

(McPartland, 2008) and cancer (Pisanti et al., 2009) among others.  With the rapidly 

increasing interest in this system much research has been expended investigating potential 

clinical applications of cannabinoids.   

 

Modulation of the cannabinoid system and the beneficial effects of its stimulation has 

inadvertently been occurring for thousands of years through recreational and medicinal use 

of the plant Cannabis sativa.  More directed efforts to decipher the mechanisms by which 
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this plant acts on the body began over 70 years ago with the isolation of bioactive 

chemicals from this plant (Adams, 1942).  Δ9-THC was determined to be the major 

psychoactive compound produced by C.sativa and subsequent work revealed receptors, 

endogenous ligands and enzymes to modulate their regulation in vertebrates and 

invertebrates alike (see Chapter One). 

 

Many of the components of the endocannabinoid system are considered promising targets 

for the therapeutic intervention of diseases.  The CB1 receptor in particular has been 

extensively studied in this capacity.  The abundance of the CB1 receptor in the central 

nervous system and its role in modulating synaptic transmission has been uncovered over 

the course of research and many of the undesirable psychotropic effects of Δ9-THC are 

thought to be mediated through this receptor (Mackie, 2007).  With this in mind, the CNS 

CB1 receptor is not an ideal pharmacological target as the potential for side effects is 

considerable and has been observed in the clinical application of rimonabant (a selective 

CB1 receptor inverse agonist that was recently withdrawn from the market) (Janero and 

Makriyannis, 2009).  Peripheral CB1 receptors may provide a more attractive target, with 

expression at much lower levels and in selected tissues.  The lipophilicity of current 

cannabinoid ligands is a limiting factor however, as these will readily cross the blood brain 

barrier.  There is also potential for the activation of this receptor only when dimerised with 

specific partners but generation of the ligands proposed to achieve this will be a time 

consuming process.  At present, direct CB1 receptor modulation with cannabinoid ligands 

is not the most promising target for drug development. 

 

Intervention at the level of endocannabinoid synthesis and degradation is perhaps a more 

feasible challenge.  If the degradation of specific endocannabinoids can be reduced this 

would effectively increase the concentration of the compound and therefore increase its 

activity.  Such adjustments of the cannabinoid tone are desirable as they are using the 

endogenous ligands to stimulate cannabinoid receptors which appear to be more efficient at 

generating intracellular responses (Shoemaker et al., 2005a).  In addition, as the 

endocannabinoids are generated on demand their synthesis will still take place at 

appropriate times but the effect would be sustained for longer.  While this may reduce 

potential side effects it may not be sufficient where loss of the capability to synthesise the 

endocannabinoids has occurred.  Adjusting the endocannabinoid tone through inhibition of 
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degradative enzymes is likely to show the most promise in pathological conditions that do 

not exhibit massive cellular degeneration, or in early stages of degenerative disease. 

 

While the CB2 receptor has been recognized widely as a target to modulate peripheral 

inflammatory responses, this has only recently been pursued with enthusiasm.  The 

induction of expression within the nervous system and the selective localisation to sites of 

damage, dysfunction and inflammation has provided a highly pertinent target with the 

potential to improve the outcome of the majority of centrally mediated pathologies.  The 

CB2 receptor has already been identified as a target to reduce neuropathic pain from 

lesions of the spinal cord and peripheral nervous system (Beltramo, 2009).  In addition, 

therapeutic benefits of CB2 receptor activation in chronic neurodegenerative conditions are 

apparent (see Section 1.2.2.2).  While the specific mechanisms of these processes are under 

investigation the relatively selective expression of the receptor on microglia and immune 

cell infiltrates of the central nervous system strongly indicate a role in modulating 

inflammation. 

 

The therapeutic benefits of CB2 receptor activation are perhaps most striking in relation to 

the nervous system, though they extend into the periphery as well.  Pharmacological 

intervention may also treat such diverse conditions as nausea, cancer, atherosclerosis, 

impaired fertility and osteoporosis (Pertwee and Thomas, 2009).  It is all very well to 

proclaim the therapeutic potential of CB2 receptors but there are many hurdles to cross in 

order to produce publically available drugs that are effective.  The work detailed within 

this thesis is intended to aid in the earlier stages of drug development, including the 

characterisation of specific and selective ligands for the CB2 receptor and the development 

of relevant in vitro models as well as basic knowledge of target behaviour. 

 

5.2 CB2 Receptor Ligands 
There is currently a wide range of chemically diverse CB2 agonists described.  Some of the 

newer structures display unique configurations and may lead to generation of new series of 

cannabinoid compounds and additional structural classes.  The HU-308 compound displays 

high affinity, efficacy, potency and selectivity for the human CB2 receptor.  It has also 

been demonstrated to exhibit analgesic properties in a CB2 dependent manner.  The 
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screening of a set of structurally similar compounds described in Chapter Two did not 

identify any as more potent than HU-308.  However, in GTPγS, but not cAMP, assays 

HU-910 induced an enhanced maximal response.  This was observed in internalisation 

assays of the CB2 receptor as well, with HU-910 inducing an increased rate and extent of 

internalisation.  The significantly increased efficacy of the HU-910 compound at CB2 

receptors suggests that the HU-308 compound is not a true full agonist and should perhaps 

be reclassified as a highly efficacious partial agonist. 

 

The importance of identifying enantiomeric activity of compounds was highlighted in this 

study with the HU-911 and HU-912 racemic pair.  The preference of receptors to bind 

ligands of specific chirality should not be taken for granted as the evidence of exceptions 

to this rule emerges.  Both HU-911 and HU-912 were capable of binding and activating 

CB2 receptors with similar affinities.  In addition, recent investigation of the mechanism of 

action of a putative cannabinoid receptor selective racemic mixture of compound AM1241 

yielded interesting results  (Bingham et al., 2007).  While the S’-AM1241 enantiomer 

acted as an agonist at human, mouse and rat CB2 receptors, its R’ counterpart only 

behaved in a like manner at human CB2 receptors, and as an inverse agonist at mouse and 

rat CB2 receptors.  Both the S’-AM1241 and the racemic mixture induced antinociceptive 

effects in rodent models but the pure enantiomer was superior (Bingham et al., 2007).  

While this example implies racemic mixtures of AM1241 in human analgesia trials may 

actually perform better than in rodents this may not be the case for other ligands. 

 

There is a vast difference between the CB2 receptor structures across species.  There has 

been little pertaining to this specifically in the literature.   However the ramifications of 

this are apparent in the differences observed for the affinities and efficacies of CB2 

specific ligands between rodent and human CB2 receptors (Mukherjee et al., 2004).  It has 

therefore been suggested that, for proper characterisation of cannabinoids, affinity and 

efficacy at both CB1 and CB2 receptors of rodent and human origin is necessary 

(Mukherjee et al., 2004; Ashton et al., 2008).  Certainly this would enable more relevant 

comparisons to be made as often variances can arise with slight differences in assays and 

hence it is near impossible to draw meaningful conclusions from affinities and efficacies 

determined by different lab groups with different methodologies.  As we enter into an era 

of high throughput capabilities this suggestion is a valid and worthwhile path to take in the 

future. 
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A wide range of structurally and pharmacologically distinct CB2 receptor ligands are now 

available.  Some are better characterised than others in terms of their in vitro and in vivo 

properties at receptors of different species.  In the case of CB2 selective compounds their 

application to rodent models often precedes their full characterisation in vitro.  The 

importance of careful characterisation of such ligands has been emphasised here with the 

occurrence of vast species differences in ligand efficacy as well as differential activity of 

enantiomeric partners.  The streamlining of this system is a practice that should result in 

greater efficiency of the process of getting compounds to clinical trials. 

 

5.3 CB2 Receptor Trafficking 
There has been little investigation of the trafficking properties of the CB2 receptor.  Here 

the preliminary investigation of the trafficking of the human receptor has been presented.  

The human CB2 receptor internalises rapidly when stimulated with agonist, as previously 

shown (Bouaboula et al., 1999a).  Direct evidence of its recycling was observed by 

antibody labelling of cell surface receptors stimulated to internalise and detected to return 

to the cell surface after agonist wash out.  Further investigation into these processes 

indicated a role of Rab5 in CB2 receptor internalisation, consistent with data implicating 

Rab5 in early endosome generation and fusion.  Two classical recycling pathways have 

been described, one rapidly directing vesicles back to the cell surface via the activity of 

Rab4 and the other processing membrane proteins via the recycling endosome before 

Rab11 facilitated re-delivery to the cell surface.  The CB2 receptor was indicated to 

recycle via the recycling endosome and Rab11 when internalised by agonist stimulation 

while Rab4 is unlikely to be involved in this process.  These results provide an excellent 

base of knowledge for the continuation of research into the mechanisms underlying the 

CB2 trafficking process. 

 

As this work progresses it is of interest to define differences and/or similarities between the 

rodent, mouse and human CB2 receptor trafficking.  In addition, the agonist used can 

induce significant differences in internalisation properties of the CB2 receptor.  With some 

additional knowledge of the desensitisation and resensitisation of agonist stimulated CB2 

receptors, the ability of ligands to internalise (and therefore desensitise) CB2 receptors to 
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different extents may be exploited for therapeutic benefit.  Ligands exhibiting high 

potencies combined with rapid resensitisation would potentially reduce the need for 

compensatory increases in dose over time.  Current evidence from other GPCRs indicates 

the process of receptor recycling slowing or hastening resensitisation is receptor 

dependent; while muscurinic receptor resensitisation is slowed by the recycling process 

(Bogatkewitsch et al., 1996), recycling of opioid receptors results in faster resensitisation 

(Zuo, 2005).  The agonist driven process of CB2 receptor desensitisation and 

resensitisation is a natural path of investigation to take from here.  With the availability of 

the high throughput Discovery-1TM system these tasks are made considerably more 

manageable.  Before such undertakings are started however, further validation of the 

heterologous expression model used is required. 

 

Chapter Three presents direct evidence of human CB2 receptor recycling and the 

involvement of the recycling endosome and Rab11 in this process.  The lack of a similar 

pattern in endogenous CB2 receptors was not expected and further investigation of this is 

ongoing.  Three key hypotheses are currently held: 

  

(1) The endogenous receptor does not recycle.  

(2) Antibody detection of endogenous CB2 receptors is inadequate to measure recycling. 

(3) Antibody labelling of endogenous receptors induces abnormal receptor behaviour. 

 

The recycling of heterologously expressed CB2 receptors observed in both HEK-CB2 and 

CHO-CB2 cells would indicate it is likely the endogenous variety also perform this 

function.  Therefore, endeavours to disprove hypotheses (2) and (3) are to be pursued 

initially.   

 

As encountered in Chapters Three and Four, the study of endogenous CB2 receptors is 

severely limited by the lack of good quality antibodies.  Alternative approaches of tagged 

ligand binding (Yates et al., 2005; Evens et al., 2008) and functional identification are 

often adopted.  Should the antibody detection methods prove to disrupt normal trafficking 

properties, such approaches may be required to complement the characterisation of 

trafficking of the endogenous CB2 receptor. 
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The characterisation of the intracellular trafficking of the CB2 receptor and definitive 

evidence of its recycling is reported here for the first time.  The fundamental results 

generated are intended to lead to a more complete view of CB2 receptor desensitisation, 

resensitisation, trafficking and the critical modulatory enzymes and binding partners 

involved in these processes. 

 

5.4 Models of CB2 Receptor Functioning 
As much as recombinant expression of CB2 receptors can be used to indicate the basic 

properties of ligands and their receptors, more relevant models are required to determine 

functioning in endogenous systems.  This is clearly highlighted by the example above of 

apparently different trafficking properties between endogenous and native cell lines.  

Again the issue of species differences is encountered here.  Commonly utilised in vivo 

models are mice and rats yet these may exhibit different responses to CB2 receptor ligands 

compared to humans, as highlighted by the AM1241 example above.  In addition to this, 

when studying the effects of CB2 receptor activation in the nervous system, the role of 

glial cells and their physical arrangement is vastly different between rodents and humans 

(discussed in Chapter Four).  It is not known to what extent these divergences could 

influence the outcomes of human CB2 receptor activation.  Are we prepared to wait until 

the first CB2 selective ligands reach clinical trial to find out? 

 

The use of primate models raises severe ethical issues as well a being an expensive and a 

regionally restricted practice.  While they may be a more “appropriate” model, the use of 

primates is generally restricted to testing of only the most promising of drugs. 

Development of additional models, closely related to humans would be highly 

advantageous for investigating therapeutic potential of CB2 ligands in the nervous system. 

 

The upregulation of CB2 expression in many cancers including those of the CNS (Held-

Feindt et al., 2006) (Schley et al., 2009) (Correa et al., 2009; Cudaback et al., 2010) 

suggests a role of the cannabinoid system in cancer progression.  As a result, the use of 

neuronal and astrocyte cancer derived, immortalised cell lines is not recommended to 

investigate the role of CB2 in the nervous system.  These cells are likely to reflect roles of 

CB2 in cancer rather than in post-mitotic, differentiated cell types of the brain.  Microglial 
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and macrophage derived cell lines may be of more use.  The microglia and infiltrating 

macrophages are the most consistent source of CB2 expression in the CNS and these cells 

exhibit proliferative capacities in vivo, similar to their cancer derived models.  Utilisation 

of in vitro human glial and neuronal cells provides a worthy model to characterise the 

functioning of the cannabinoid system and also for the validation of mechanisms of action 

of potential therapeutic drugs.  As discussed in Chapter Four, the sources of such cells are 

limited and therefore, characterisation of the NT2 cell line, as a potential reliable source of 

astrocytes and neurons for studying the cannabinoid system in the CNS has been 

undertaken. 

 

Although the precursor NT2 cell line is derived from an immortalised cancerous growth, it 

is a teratocarcinoma and generally considered to resemble pluripotent embryonic stem 

cells.  The NT2N and NT2A cells generated from this cell line are post-mitotic.  In fact, 

even the precursor cells exhibit a preference to differentiate rather than proliferate when 

implanted in rodent brains (Ferrari et al., 2000). 

 

At the onset of the described characterisation of the cannabinoid receptors in NT2A and 

NT2N cells there were relatively few convincing reports of CB2 expression in the CNS but 

several suggestions of CB2 receptor involvement in astrocyte mediated inflammation 

(Molina-Holgado et al., 2002; Ortega-Gutiérrez et al., 2005), including in human 

astrocytes (Sheng et al., 2005).  We hypothesised that as the immune modulators of the 

CNS, both microglia and astrocytes would upregulate CB2 expression.  The relatively 

under-utilised NT2 cell line seemed an obvious choice to investigate this theory further.  

As reports stating a lack of astrocytic CB2 expression in a number of human diseases and 

non-human models accumulated, supported by the absence of its expression in NT2A cells, 

we conceded that our hypothesis was incorrect.  Nonetheless, NT2A and NT2N cells 

represent a model with many advantageous qualities and they may yet provide avenues for 

the investigation of other aspects of the cannabinoid system. 

 

The functional expression of CB1 receptors on NT2N cells is in line with the high level of 

expression of these receptors on neurons in vivo.  A lack of detection of either cannabinoid 

receptor at the protein level in the NT2A cells also agrees with recently accumulated 

literature that the expression of these receptors in vivo is very selective.  The 

transcriptional activity of both cannabinoid receptor genes may be indicative of the 
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capacity of these cells to induce their translation.  In the adult human brain the CB2 

receptor has been detected in microglia in several disease states but only in astrocytes in 

multiple sclerosis patients (Benito et al., 2007).  The stimulation of NT2A cells to mimic 

this disease may result in the upregulation of CB2 receptor expression.  In addition, as 

human fetal astrocytes have been shown to express CB2 receptors in vitro (Sheng et al., 

2005) and CB2 expression in the developing rat CNS is documented (Palazuelos et al., 

2006), there is also the possibility that the CB2 mRNA expression in these cells is 

reminiscent of their fetal phenotype.  While the NT2A cells characterised here reflect the 

majority of recent reports indicating a lack of CB2 expression on normal human astrocytes 

there may be potential to activate them to induce the functional expression of CB2 

receptors.  The use of agents used to induce multiple sclerosis models or those that 

modulate cellular maturity would be good starting points. 

 

Currently, the NT2A cells are not useful for the investigation of CB2 expression in the 

human CNS.  However, they may still be of benefit in cannabinoid system research.  The 

transcriptional activity of all of the major enzymes currently identified for 

endocannabinoid synthesis and degradation is suggestive of the potential of these cells to 

regulate anandamide and 2-AG synthesis and degradation.  Further characterisation of the 

capacity of these cells to modulate the endocannabinoid tone may result in a superior 

model to investigate endocannabinoid regulation.  In addition, the robust up regulation of 

the CB1 receptor over the first few days of differentiation may provide a useful model for 

investigating the promoter region of the CB1 receptor, of which very little is known.  The 

NT2N cells express a variety of intracellular proteins required for vesicle trafficking 

(Sheridan and Maltese, 1998).  These cells may therefore provide further insight into the 

endogenous trafficking of CB1 receptors.  Furthermore, a role of cannabinoid receptors in 

development, particularly in neuronal differentiation has been recognized (Fernandez-Ruiz 

et al., 2004) and the NT2 cell line would provide a unique model to investigate this in 

more depth. 

 

While the NT2 derived astrocytes and neurons may be more representative of fetal rather 

than adult primary cell models they are still a reliable and ethically accepted source of 

human derived astrocytes and neurons.  In addition, the identical genetic composition of 

the cells adds to their benefits as a model of the human central nervous system.  All models 

exhibit limitations and advantages.  The NT2 derived NT2N and NT2A cells provide a 
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useful representation of human neurons and astrocytes but the model could be improved 

through further characterisation of the limitations of these cells.   

 

The full extent of the pluripotency of the NT2 cell line has been poorly examined.  While 

incubation in angiomyogenic medium did not induce differentiation of these cells, an 

upregulation of a variety of differentiation related transcription factors occurred, including 

those indicative of haematopoietic cells (the precursors of microglia) (Simoes and Ramos, 

2007).  While the implication of the differentiation of microglia from NT2 cells in addition 

to astrocytes and neurons is not difficult to grasp, this may prove to be somewhat of a 

pipedream for the time being. 

 

Overall, several aspects of cannabinoid research have been progressed by the work 

contained in these pages.  The structure-activity relationship of HU-308 derived 

compounds has confirmed HU-308 as a highly selective and efficacious ligand at CB2 

receptors and introduced HU-910 as an alternative more efficacious compound with 

similar potency.  The fundamental description of the CB2 trafficking properties will 

provide a solid starting point for further progress in deciphering desensitisation of this 

receptor, a common problem in long term therapeutic interventions.  Finally, the 

importance of non-rodent models for researching cannabinoid receptor involvement in the 

central nervous system was recognised and countered with the establishment of the NT2A 

and NT2N cells as a human derived model with substantial potential. 
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Appendices 

Appendix  I)  Representative  Displacement 

Binding Graphs of HU Compounds 

Competitive HU compounds at CHOCB2 membranes 

Data is plotted as a % of radioactive ligand binding against concentration of the displacing 

compound. 

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-308]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-907]

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-909]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-910]

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-911]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-912]



Appendices 

162 

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-913]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-914]

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-926]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-928]

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-936]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-938]

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-969]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-970]



Appendices 

163 

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-971]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-972]

-10 -9 -8 -7 -6 -5 -4-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-973]
-10 -9 -8 -7 -6 -5 -4-10

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140

Log[HU-974]  
 

Noncompetitive HU compounds at CHOCB2 membranes 

Data is plotted as specific binding counts (CCPM) against concentration of the compound. 
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Competitive HU compounds at CHOCB1 membranes 

Data is plotted as a % of specific radioactive ligand binding against concentration of the 

displacing compound unless otherwise stated.  
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Noncompetitive HU compounds at CHOCB1 membranes 

Data is plotted as specific binding counts (CCPM) against concentration of the compound. 

-10 -9 -8 -7 -6 -5 -4
0

50
100
150
200
250
300
350
400
450
500
550

Log[HU-308]
-10 -9 -8 -7 -6 -5 -4

0
50

100
150
200
250
300
350
400
450
500
550
600
650

Log[Hu-907]

-10 -9 -8 -7 -6 -5 -4
0

100

200

300

400

500

600

700

Log[HU-908]
-10 -9 -8 -7 -6 -5 -4

0
100
200
300
400
500
600
700
800
900

Log[HU-911]

-10 -9 -8 -7 -6 -5 -4
0

100

200

300

400

500

600

Log[HU-913]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

600

Log[HU-914]

-10 -9 -8 -7 -6 -5 -4
0

100
200
300
400
500
600
700
800

Log[HU-915]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

Log[HU-917]



Appendices 

166 

-10 -9 -8 -7 -6 -5 -4
0

100

200

300

400

500

Log[Hu-918]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

600

Log[HU-926]

-10 -9 -8 -7 -6 -5 -4
0

100

200

300

400

500

Log[HU-928]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

600

700

Log[HU-936]

-10 -9 -8 -7 -6 -5 -4
0

100

200

300

400

500

600

700

Log[HU-938]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

Log[HU-950]

-11 -10 -9 -8 -7 -6 -5 -4
0

2000
4000
6000
8000

10000
12000
14000
16000
18000

Log[HU-951]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

600

Log[HU-953]



Appendices 

167 

-10 -9 -8 -7 -6 -5 -4
0

100

200

300

400

500

600

Log[HU-969]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

600

Log[HU-970]

-10 -9 -8 -7 -6 -5 -4
0

50

100

150

200

250

Log[HU-971]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

600

Log[HU-972]

-10 -9 -8 -7 -6 -5 -4
0

100

200

300

400

500

600

Log[HU-973]
-10 -9 -8 -7 -6 -5 -4

0

100

200

300

400

500

600

Log[HU-974]
 

 



Appendices 

168 

Appendix  II) Representative  cAMP Response 

Graphs 

Active HU compounds in CHOCB2 cells 

Representative graphs of inhibition of forskolin induced cAMP accumulation in CHO-CB2 

cells by selected HU-308 compounds were performed in at least quadruplicate samples.    

Data was normalised to the maximum response achieved by HU-308 in parallel 

stimulations.  
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Inactive HU compounds in CHOCB2 cells 

Representative graphs of inhibition of forskolin induced cAMP accumulation in CHO-CB2 

cells by selected HU-308 compounds were performed in at least quadruplicate samples.    

Data was normalised to the maximum response achieved by HU-308 in parallel 

stimulations. 
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Active HU compounds in CHOCB1 cells 

Representative concentration dependent responses in CHO-CB1 cells for selected HU 

compounds normalised to the maximum response achieved by HU-210 in a parallel 

stimulation.  Each data point was performed in at least quadruplicate. 
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Inactive HU compounds in CHOCB1 cells 

Representative concentration dependent responses in CHO-CB1 cells for selected HU 

compounds normalised to the maximum response achieved by HU-210 in a parallel 

stimulation.  Each data point was performed in at least quadruplicate. 
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Appendix III) Cell Culture Media 

Mitotic Inhibitor Media for differentiation of NT2 cells 

Three Mitotic Inhibitors (3xMI) 

In DMEM/F12: 

5% FBS media 

100 units/ml penicillin 

100 µg/ml streptomycin 

2 mM L-glutamine 

FUdR 10µM 

Urd 10µM 

araC 1µM 

 

Three Mitotic Inhibitors (2xMI) 

In DMEM/F12: 

5% FBS media 

100 units/ml penicillin 

100 µg/ml streptomycin 

2 mM L-glutamine 

FUdR 5µM 

Urd 10µM 

 

Three Mitotic Inhibitors (1xMI) 

In DMEM/F12: 

5% FBS media 

100 units/ml penicillin 

100 µg/ml streptomycin 

2 mM L-glutamine 

Urd 10µM 
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Complete media for Different Cell Lines 

CHO-K1 and NT2 Complete Media 

In DMEM/F12: 

10% FBS 

100 units/ml penicillin 

100 µg/ml streptomycin 

2 mM L-glutamine 

  

HEK-293 Complete Media 

In DMEM: 

10% FBS 

100 units/ml penicillin 

100 µg/ml streptomycin 

 

U937 and PBMC Complete Media 

In RPMI: 

10% FBS 

100 units/ml penicillin 

100 µg/ml streptomycin 
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Appendix IV) Buffer Recipes 

 

Choline Containing Buffer 

5 mM Tris base 

10 mM HEPES 

140 mM Choline Cl 

2.5 mM KCl 

1.2 mM CaCl2 

1.2 mM MgCl2 

1.2 mM K2HPO4 

10 mM Dextrose 

 

Sodium containing Buffer 

5 mM Tris base 

10 mM HEPES 

140 mM NaCl 

2.5 mM KCl 

1.2 mM CaCl2 

1.2 mM MgCl2 

1.2 mM K2HPO4 

10 mM Dextrose 

 

Binding Assay Buffer 

50 mM Tris pH 7.4 

5 mM MgCl2 

1 mM EDTA 

 

cAMP Assay Buffer 

20 mM HEPES pH 7.5 

5 mM EDTA 
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Phosphate Buffered Saline (PBS) 

137 mM NaCl 

1.47 mM KH2PO4 

2.7 mM KCl 

8.1 mM Na2HPO4 

 

PBS-T 

As for PBS with 0.02% Triton X-100 

 

Immunobuffer 

PBS-T 

1% normal goat or donkey serum 

0.4 mg/ml thiomersal 



 

 

Appendix V) Immunocytochemistry 

Non-specific label of each of the secondary antibodies (green) used for immunocytochemistry on HEK and NT2 cell types as indicated. 

Fluorescently labelled cells were counterstained with Hoechst (blue). Scale bar = 50 µM 

 

HEK-CB1 HEK-CB2 NT2 NT2A NT2N 

Anti-Mouse Secondary 

Anti-Rabbit Secondary 

Anti-Goat Secondary 
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