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Abstract 

 
GPR18 receptor is a candidate cannabinoid receptor with potential of being a novel 

therapeutic target due to its wide distribution in various tissues. NAGly which is a 

metabolite of the first isolated endocannabinoid anandamide, had been suggested by 

several studies as an endogenous high potency ligand of GPR18 receptor. Yet, some 

studies have reported the lack of activation of GPR18 by NAGly and some other 

putative GPR18 cannabinoid ligands. Identifying the signalling mechanism of GPR18 

will advance our understanding of the complexity of the endocannabinoid system and 

may have important implications in determination of the molecular mechanism of 

action of phytocannabinoids. The rationale of this study was to characterize the 

pharmacology of GPR18 by investigating the effects of NAGly and other putative 

GPR18 cannabinoid ligands like THC, Abn-CBD, O-1918 and NARAS on the 

intracellular signalling mediators, extracellular signal-regulated kinases (ERK1/2) and 

Ca2+ ions in HEK293TR heterologously expressing GPR18 receptor as well as the  cell 

lines that have been reported in previous studies to express GPR18 endogenously or 

show biological responses to NAGly namely, mouse microglial cells (BV-2), rat 

insulinoma ɓ-cell line (INS-1 832/13 ɓ-cells) and human colorectal cancer cells (Caco-

2). Changes in the intracellular Ca2+ were also measured following co-expression of 

GPR18 in Chinese hamster ovarian cell line (CHO) heterologously expressing CB2 

and exposure to the GPR18 putative ligands.  

SNAP-tagged human GPR18 receptor under the control of a tetracycline regulated 

expression system was heterologously expressed in HEK293TR cells. The effect of 

putative GPR18 agonists on intracellular Ca2+ mobilisation was assessed using 
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FlexStation and single cell Ca2+ imaging techniques with different Ca2+ probes   (fluo-

4 and fura-2). NAGly induced ERK phosphorylation was quantified by immunoblotting. 

The tested panel of cannabinoid ligands did not observed to elicit a significant ligand-

mediated phosphorylation of ERK1/2 or mobilisation of intracellular Ca2+ in GPR18-

expressing HEK293TR cells, BV-2 cells, INS-1 832/13 ɓ-cells, Caco-2 cells and 

GPR18-transfected CHO cells heterologously expressing CB2 receptors.  

In this study recombinant human GPR18 receptor was not activated by NAGly or other 

cannabinoid ligand suggested by previous studies which indicated that NAGly may be 

not the natural endogenous ligand of GPR18 and argue against the deorphanization 

of GPR18 and assignment as a candidate cannabinoid receptor. Also it can concluded 

that the activation of GPR18 signalling mechanism may involve prodigious pathways 

not examined in the current study.  
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Chapter 1 General introduction 
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The newly de-orphanised receptor GPR18 has become a research target following 

the discovery of a putative endogenous ligand, N-arachidonoyl glycine (NAGly). The 

marked structural similarity between NAGly and the endocannabinoid anandamide 

suggested the hypothesis that GPR18 is a third cannabinoid receptor. GPR18-

mediated cellular signalling through inhibition of cyclic adenosine monophosphate 

(cAMP) and phosphorylation of extracellular signal-regulated kinase (ERK), in 

addition to physiological consequences such as regulation of cellular migration and 

proliferation/apoptosis have been described in response to NAGly and many other 

cannabinoid ligands. There are also reports of potential coupling of GPR18 to Gq 

with NAGly evoking a rapid and transient elevation of intracellular calcium ions in 

multiple GPR18 transfection systems (Console-Bram et al., 2014; Kohno et al., 

2006). However, discordant findings have also been reported (Finlay et al., 2016; 

Lu et al., 2013; Yin et al., 2009). Here we sought to describe the functional 

consequences of GPR18 activation in heterologously-expressing HEK293TR cells 

and in many cells reported to express GPR18 endogenously. 
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 General molecular pharmacology of G 
protein-coupled receptors (GPCRs) 

 G protein ïcoupled receptors (GPCRs) 

The eukaryotic cell-to-cell communication is mediated by the so called G protein-

coupled receptors (GPCRs) which are also known as seven-transmembrane 

domain (7TM) or heptahelical receptors.  GPCRs constitute the largest and most 

diverse known superfamily of membrane protein receptors, with more than 1000 

members function to transduce extracellular signals to the intracellular compartment 

leading to modulation of second messenger systems so that cells can make 

appropriate responses (Hamm, 1998). The main characteristic of these receptors is 

the presence of seven hydrophobic transmembrane Ŭ-helical segments connected 

by three intracellular and three extracellular loops with an extracellular N terminus 

and a cytoplasmic C terminus (Fig1.1.) (Baldwin, 1993; Bockaert and Philippe, 

1999). 

GPCRs make about 2% of the human genome (Fredriksson et al., 2003) and this 

great number allows for response to a remarkable variety of chemically diverse 

endogenous ligands like biogenic amines, peptides, glycoproteins, lipids, ions, 

nucleotides, hormones, proteases and growth factors in addition to the transduction 

of several exogenous sensory messages (such as light, odorants, and gustative 

stimuli) (Lagerstrom and Schioth, 2008). 

GPCRs are involved in the pathophysiology of many diseases, and are also the 

target of approximately one third of all modern medicinal drugs (Insel et al., 2007; 

Overington et al., 2006, Schoneberg et al., 2004). GPCRs share a common 

characteristics, yet they also contain differences which allow for their classification 

into families by functional and structural similarity. 
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 G proteins 

The largest family of cell surface receptors (other than receptor superfamilies like 

nuclear receptors, transmembrane gated channels, or ionotropic receptors, and 

kinase-linked receptors) function via recruiting heterotrimeric guanine nucleotide-

binding proteins (known as G proteins), for which GPCRs are named (Fig 1.2).  

 

 

 

 

 

 

Figure 1-1Schematic structure of a typical G protein-coupled receptor adopted from (Ralevic 
and Burnstock, 1998) showing the common features. Seven transmembrane helices, three 
extracellular loops with N-terminus and three intracellular loops with C-terminus.  

 

G proteins are subdivided into two distinct families of monomeric (small) and 

heterotrimeric (large) proteins. The small G protein superfamily consist of only single 

unit which is homologous to the alpha (Ŭ) subunit found in heterotrimers. Like their 

larger relatives monomeric G proteins including Ras, Rab & Rho and small GTPases 

bind GTP  (active) and GDP (inactive) and regulate many signal pathways that 

control a variety of biological processes such as differentiation and proliferation, 

through mitogen activated protein kinases (Hurowitz et al., 2000). The membrane 

associated heterotrimeric G proteins are activated by G protein-coupled receptors 

and are made up of alpha (Ŭ), beta (ɓ), and gamma (ɔ) subunits, of which there are 
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about 20 known Ŭ subunits, 6 ɓ and 12 ɔ subunits, allowing large degree of diversity, 

and potentially function, between G-proteins(Simon et al., 1991; Hamm, 1998).  

On the basis of the pharmacological characteristics and   the type of Ŭ subunits, G 

proteins are subdivided into four types: Gi/o, Gs, Gq, and G12/13, each of which 

couples predominantly to a diverse cluster of second messenger signalling proteins 

such as adenylyl cyclase (AC), phospholipases (mainly PLC) and ion channels 

(Neves et al., 2002) like G protein-coupled inwardly-rectifying potassium channels 

(GIRKs) (Dascal, 1997). G proteins play a very important role in transducing various 

biological signals, and can modulate the activity of more than one effector at the 

same time, resulting in the regulation of multiple cellular functions (Wettschureck 

and Offermanns, 2005).  

 

 Classification of GPCRs 

GPCRs are subdivided into three major subfamilies according to their shared 

sequence motifs including family A (rhodopsin and ɓ2-adrenoceptors), family B 

(glucagon receptor), and family C (metabotropic neurotransmitter receptors). Two 

further distinct subfamilies are made up by yeast pheromone receptors (family D 

and E) and another minor but exceptional subfamily of cAMP has been described in 

Dictyostelium discoideum (Kolakowski, 1994). This classification encompasses 

GPCRs from all species, and includes classes that do not appear in humans, such 

as the fungal pheromone and cAMP classes. GRAFS is a more recent and more 

popular classification system based on phylogenetic properties of the non-sensory 

GPCRs (Fredriksson et al., 2003). GRAFS itself is an acronym of the families 

identified, namely glutamate, rhodopsin, adhesion, frizzled/taste2, and smoothened. 
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 G-protein cycle 

These receptors are well-defined by their ability to regulate the activity of 

intracellular heterotrimeric G proteins by acting as guanine nucleotide exchange 

elements. Binding of the GPCR with its ligand induces a conformational change in 

the associated G protein Ŭ-subunit that enhances release of GDP followed by 

binding of GTP (Bourne et al., 1991). Then the GTP bound Ŭ-subunit detaches from 

the receptor and from the stable ɓɔ-dimer. The activated Ŭ-subunit and the released 

ɓɔ-dimer can modulate numerous signalling pathways, of which the most important 

ones are stimulation or inhibition of adenylyl cyclases, activation of phospholipases, 

and modulation of potassium and calcium channels activity (Hamm, 1998).  

G protein deactivation is mediated by Ŭ-subunit GTPase activity. The deactivation 

rate, which may be limited by the rate of phosphate released from Ŭ-GDP-Pi, is 

catalysed by membrane-bound GTPase accelerating proteins. Upon deactivation, Ŭ 

- and ɓɔ -subunits re-associate (Remmers and Neubig, 1996). Although GPCRs are 

named on the basis of their ability to employ G proteins (Bourne et al., 1991), they 

may interact with other proteins like arrestins (Carman, 1998) and PDZ domain-

containing proteins (Kornau et al., 1997). Moreover, heterotrimeric G protein 

modulation is not an exclusive pathway for the action of GPCRs (Daaka, 1998, Hall 

et al., 1998, Lefkowitz, 1998, Luttrell et al., 1999, Mitchell et al., 1998) and there is 

another pathway that involves phosphorylation of the receptors by GRKs (G protein-

coupled receptor kinases) (Krupnick and Benovic, 1998) that result in switching the 

receptors from G protein-dependent pathway to signalling cascades normally used 

by growth factor receptors (Lefkowitz, 1998; Luttrell et al., 1999; Luttrell et al., 

1996a). 
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 Second Messenger Signalling Pathways 

GPCRs signalling involves coupling to distinct families of G-proteins which 

predominantly modulate the activity of four main second messenger cascades 

namely adenylyl cyclase (AC), MAP kinase, phospholipase (usually phospholipase 

C (PLC)) and ion channels (Fig 1.2).  

 

 

 

 

 

 

 

 

Figure 1-2 Diversity of G protein-coupled receptors ligands and second messenger systems 
that are activated by different types of Ŭ and ɓɔ subunits. Taken from (Marinissen and 
Gutkind, 2001) 

 

The inhibitory proteins, Gi/o are negatively coupled to AC leading to decrease the 

level of cAMP and the activity of protein kinase A (PKA) and increase the 

concentration of free calcium inside the cell possibly via Gɓɔ subunit-mediated 

activation of PLCɓ. The Gɓɔ dimer is also known to regulate several transduction 

effectors, including K+ channels, PLC and AC (Pierce et al., 2002). On the contrary 

the stimulatory proteins, Gs activate AC and thereby stimulate cAMP-dependent 

effectors such as PKA and the exchange proteins activated by cAMP (EPAC) (Qiao 

et al., 2002).  cAMP-activated PKA modulates a variety of biological cellular activity 
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like for example, ɓ1 adrenoceptor-mediated increase in cardiac muscle contractility 

(Ochi et al., 1986) or ɓ2 adrenoceptor-mediated vasodilation (Walter et al., 1988). 

EPAC on the hand activate Rap proteins that involved in the regulation of many 

cellular processes like cell differentiation, proliferation and cell survival (Enserink et 

al., 2004; Roscioni et al., 2008). Gq/11 proteins are primarily coupled to the activation 

of PLC activities allowing release of calcium from intracellular stores (Gudermann 

T. et al., 1996; Taylor and Laude, 2002). 

GŬ12 proteins are coupled to small (monomeric) G-proteins like Rho which regulate 

the phosphorylation and activity of many intracellular kinases that are associated 

with numerous cellular activities for example, c-Jun NH2-terminal Kinase (JNK), p38 

MAP Kinase, phosphatidylinositol 4-phosphate 5 kinase and phospholipase D 

(Mizuno et al., 2008; Nishida et al., 2005). 

 

 Adenylyl cyclase 

Adenylyl cyclase (AC) (also known as adenyl cyclase) is a membrane-bound 

enzyme that catalyses the conversion of ATP to 3ô,5ô-cAMP (cAMP) and inorganic 

pyrophosphate. cAMP will in turn relay the signal to the other components  in the 

signalling cascade via specific cAMP-binding proteins which are either transcription 

factors, enzymes (e.g. cAMP-dependent kinases), or ion transporters.  To date ten 

isoforms of AC have been cloned, and numbered from AC1 to AC10 all catalysing 

the same reaction (Buck et al., 1999; Schroder-Lang et al., 2007; Sunahara and 

Taussig, 2002). These isoforms differ in their tissue distribution and basal activity. 

AC isoforms also differ in their capacity to be stimulated or inhibited by Gs, Gi protein 

and ɓɔ complex as well as Ca2+/calmodulin complex and PKA-induced 

phosphorylation (Bernatchez et al., 2003). 
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 Cyclic AMP 

Cyclic AMP (adenosine 3', 5'-cyclic monophosphate) was first described in the 

1950s by Dr Earl Sutherland during his studies of the mechanisms of hormone 

action (Sutherland and Rall, 1958) cited in (Wehbi and Taskén, 2016). This 

nucleotide is currently recognized as a key second messenger in multiple signal 

transduction pathways in almost all kinds of living organisms (Hofer and 

Lefkimmiatis, 2007). cAMP regulate different biological processes which are 

mediated primarily by cAMP-dependent protein kinases, primarily PKA and to a 

lesser extent mitogen-activated protein (MAP) kinase like cell growth and 

differentiation, memory, metabolism, gene expression, ion-channel function and 

immune function (Beavo and Brunton, 2002; Stork and Schmitt, 2002). Many diverse 

neurotransmitters, lipid ligands, autacoids, hormones and drugs exert their cellular 

effects by modulating AC activity and thus raising or lowering intracellular cAMP 

concentrations. Consequently, agents which can modulate the activity of 

intracellular cAMP are a major interest in drug discovery (Landry et al., 2006; 

Lincoln, 2004).  

The activity of cAMP is terminated by catabolism by phosphodiesterases (PDEs), 

enzymes that catalyze the degradation of cAMP and/or cGMP. They function in 

conjunction with adenylyl and guanylyl cyclases to regulate the amplitude and 

duration of cell signalling mechanisms mediated via cAMP and cGMP (cyclic 

guanosine monophosphate) in a variety of cellular processes.  PDE enzymes were 

categorized into 11 isoenzyme families on the basis of sequence homology, 

enzymatic properties, and sensitivity to inhibitors (Omori and Kotera, 2007). The 

expression of PDE enzymes is tissue-specific and non-selective inhibitors of this 

family of enzymes for example theophylline and papaverine have been used 

therapeutically for over 70 years for treatment of a range of diseases. However, in 
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the last two decades, potent PDE selective drugs have begun to make worldwide 

success in the treatment of various types of diseases, for example, the selective 

inhibitor of PDE5 sildenafil Viagra®, Cialis® & Levitra®, for treatment of erectile 

dysfunction, cardiovascular disease and pulmonary hypertension; and PDE4 

inhibitors are in clinical trials for chronic inflammatory diseases, such as arthritis and 

asthma, COPD, allergic rhinitis, psoriasis, multiple sclerosis, depression, 

Alzheimer's disease and schizophrenia (Boswell-Smith et al., 2006). 

 

 Phospholipases and calcium signalling 

Phospholipase (PL) is a class of membrane-associated enzymes that catalyze the 

hydrolysis of membrane phospholipids into fatty acids and lipophilic fatty 

substances.  PLs are classified into four major classes A, B, C and D, on the basis 

of their catalytic mechanisms and site of cleaving in phospholipids (Fig1.3). (Lopez 

et al., 2001; Toker, 2002). Phospholipase C (phosphoinositide-specific 

phospholipase C) is a well-known PL whose function is directly regulated by 

heterotrimeric G proteins (primarily Gq). However, PLC can also be activated by 

protein tyrosine kinases, small G proteins, Ca2+, and phospholipids. There are six 

isotypes of PLC (ɓ, ɔ, ŭ, Ů, ɕ, ɖ) with some distinctions in structure and function.  

(Ganesh Kadamur and Elliott M. Ross, 2013). The membrane bound enzyme PLCɓ 

selectively cleaves the membrane phospholipid phosphatidylinositol 4,5-

bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3, a principal calcium-

mobilizing transducer) and diacylglycerol (DAG, an activator of protein kinase C) 

both of which can function separately as second messengers and they provide 

substrates for synthesis of important signalling molecules (Essen et al., 1997; 

Rebecchi and Pentyala, 2000). 
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IP3 is a hydrophilic mediator that diffuses through the cytosol to interact with specific 

IP3-modulated calcium channels on the membrane of the smooth endoplasmic 

reticulum to release Ca2+ from intracellular stores. In contrast, DAG is highly 

lipophilic and so remains within the cell membrane, where it can activate protein 

kinase C (PKC), which migrates from the cytosol to the cell membrane when 

activated (Lopez et al., 2001).  

PKC is a member of the serine/threonine protein kinase superfamily, and consists 

of Ca2+ dependent (PKC Ŭ, ɓ & ɔ) and independent (PKC Ů, ɖ, ŭ & ɗ) subgroups of 

phospholipid/DAG stimulated serine/threonine kinases. PKC catalyses the 

phosphorylation of a variety of cellular proteins; involved in diverse cellular 

functions, including cell proliferation, differentiation, and apoptotic cell death 

(Casabona, 1997; Mellor and Parker, 1998) 

 

 

 

 

 

Figure 1-3. Cleavage sites of major classes of phospholipases (PL). Phospholipase C (PLC) 
enzymes cut just before the phosphate attached to the R3 moiety. 
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 Calcium signalling 

Ca2+ is a universal intracellular signalling ion controlling a wide variety of cellular 

processes, ranging from exocytosis to cell growth and proliferation. Many drugs 

exert their pharmacological action by influencing mobilisation of Ca2+ directly or 

indirectly (GUPTA. D, 2012). In resting cells, the intracellular Ca2+ concentration is 

maintained at approximately 10-100nM while the concentration of Ca2+ outside the 

cells is about 1mM. During cell stimulation the average concentration of free 

intracellular Ca2+ can rise up to several micromolar, depending on the cell type 

(Carafoli, 2002; Pozzan et al., 1994). The level of intracellular Ca2+ is regulated 

mainly by release of the ions from intracellular stores (mainly the endoplasmic/ 

sarcoplasmic reticulum) or entry of Ca2+ into the cell from the external solution 

through various types of channels spanning the cell membrane (Berridge, 1993). 

The rise in intracellular Ca2+ allows Ca2+ to bind to and activate large number of 

Ca2+-binding proteins that function as molecular transducers such as calmodulin 

which is abundant in the cytosol of almost all cell types. The activated calmodulin 

will in turn stimulate further signalling pathways by binding to downstream targets 

such as protein kinases (Clapham, 2007). 

 The steep gradient of Ca2+ ion across the cell membrane is maintained by several 

mechanisms for example, the plasma membrane protein, ATPase constitute the so 

called ñCa2+ pumpò that uses the energy from ATP hydrolysis to pump Ca2+ against 

the concentration gradient while H+ ions are counter transported. Likewise Na+/Ca2+ 

exchanger use the energy from the Na+ ion gradient across the cell membrane to 

exchange Na+ for Ca2+ (Blaustein and Lederer, 1999; Lebiedzinska et al., 2009). 

The rise of intracellular Ca2+ can also be buffered by cytosolic Ca2+-binding proteins 

such as calbindin which reversibly binds Ca2+ ions and thus blunts the magnitude 

and kinetics of Ca2+ signals within the cell. As the intracellular concentration of Ca2+ 
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ions falls, the signalling systems return to their resting state (Choi and Jeung, 2008). 

Ca2+ ions pumps similar to those in the plasma membrane can also pump Ca2+ ions 

into the endoplasmic reticulum or mitochondria which serve as storage depots of 

Ca2+ ions that are later released by complex mechanisms involving activation of IP3 

and ryanodine receptors to participate in the signalling events (Clapham, 2007).  In 

these ways the Ca2+ ions concentrations are modulated and used to convey the 

signals within the cells. 

 

Figure 1-4 Mechanisms involved in regulation of cytosolic Ca2+ concentration. Plasma 
membrane  calcium pump: a Ca2+-ATPase and Na+/Ca2+ exchanger. Intracellular calcium 
stores: endoplasmic reticulum and mitochondria both sequester cytosolic calcium ions. 
GPCRs also modulate intracellular Ca2+ mobilisation by regulating the activity of various 
potassium and calcium ion channels. Green lines denote factors that increase intracellular 
Ca2+ ,(1) voltage-gated channels, (2) receptor-mediated channels, (3) Na+/Ca2+and Na+/H+-
Exchangers (4) store-operated channels which includes the IP3R and RYR (5) GPCR activated 
IP3R activation. Red lines denote factors that decrease intracellular Ca2+, (1) SERCA pump, 
(2) plasma membrane calcium ATPase pump (PMCA), (3) permeability transition pore (PTP) 
and (4) Na+/Ca2+ Exchangers. Taken from (Satheesh and Büsselberg, 2015) 
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 Mitogen-activated protein kinases signalling 

The mitogen-activated protein kinases (MAPK) are serine/threonine-specific protein 

kinases present in eukaryotic cells. There are three main types of MAP kinases 

including the extracellular signal-regulated kinases ERK1 (44kDa) / ERK2 (42kDa) 

(also referred to as p42/44 MAPKs), the c-Jun NH2-terminal kinases, and the p38-

MAP kinases (Gutkind, 1998; Hawes et al., 1995). The extracellular signal-regulated 

(ERK) MAP kinases are involved  in the regulation of many important  cellular 

activities , including proliferation, division, differentiation and survival, while c-Jun N-

terminal kinases (JNKs) and p38 kinases typically modulate cellular responses to 

diverse stressful stimuli, including UV radiation, reactive oxygen species (ROS), 

heat, osmotic shock and cytokines (Pearson et al., 2001; Shaul and Seger, 2007). 

Eukaryotic MAP kinases are phosphorylated and thereby activated by a kinase 

pathway involving another kinas named MAP kinase kinase (MKK) which in turn 

stimulate ERK by phosphorylation (see Fig 1.5.).  However, the activity of the MKK 

is itself regulated by phosphorylation so that a MAP kinase kinase kinase (MKKK) 

plays a central role in the regulation of ERK1/2 (Anderson et al., 1990; Robinson 

and Cobb, 1997). The activated MAP kinases represent a physical link in the signal 

transduction pathway from the cytoplasm to the nucleus by phosphorylating and 

activating several cytosolic protein substrates (Hazan et al., 1997; Lin et al., 1993) 

and nuclear transcription factors which in turn affect gene expression (Davis, 1993; 

Gutkind, 1998; Leslie, 1997). In addition to their capacities to regulate cell growth 

and differentiation MAPK regulate a wide variety of biological processes, including 

the activity of various enzymes like cPLA2 (Leslie, 1997; Lin et al., 1993) and cAMP 

phosphodiesterase (MacKenzie et al., 2000), ion channels like K+ channels (Lhuillier 

and Dryer, 2000) and chloride currents (Du and Sorota, 2000) . Therefore, the 

MAPKs regulate a large number of cellular activities in many ways. 
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Many dual specificity protein phosphatases dephosphorylate MAP kinases thereby 

tuning off the response of this signalling cascade. (Aouadi et al., 2006; Neel and 

Tonks, 1997).   

 

 

 

 

 

 

Figure 1-5 Schematic representation of the MAP kinase cascades. Each MAPK family is 
composed of three modules activated in series: a MAPK kinase kinase (MAPKKK), a MAPK 
kinase (MAPKK) and a MAPK. .P denote phosphorylation. Taken and modified from (Orton et 
al., 2005). 

 

MAPK cascade activation can be triggered by three distinct sources which include 

small (monomeric) G proteins such as Ras, heterotrimeric G proteins and receptor 

tyrosine kinases (RTKs). Numerous cytokines and growth factors can activate 

MAPKs such as interleukin-1 (Miwa et al., 1999) and epidermal growth factor 

(Northwood et al., 1991). MAPKs, particularly ERK, can also be stimulated by many 

G protein-coupled receptors (GPCRs) through several second messenger-

dependent mechanisms involving activation of protein kinases and subsequent Raf 

system (Davis, 1993; Gutkind, 1998; Katz et al., 2007). Lysophosphatidic acid (LPA) 

potently stimulates MAPK through PTX-sensitive, Gi-linked LPA receptors (Della 

Rocca et al., 1999; Luttrell et al., 1996b). Activation of other Gi-linked receptors, 



   

 
16  

such as the M2 muscarinic receptor, is believed to stimulate MAP kinase through Gi-

ɓɔ-subunits acting on a Ras- and Raf-dependent pathway (Hawes et al., 1995; 

Luttrell et al., 1997; Wu et al., 1993).   

Inhibitors of phosphatidylcholine-specific phospholipase C (PC-PLC) and 

phosphatidylinositol 3-kinase (PI 3K) diminish activation of ERK2 through PTX-

sensitive, Gi-linked receptors (Cowen et al., 1996). Furthermore, Gɓɔ-subunits 

stimulate MAPK activity by activating Src-family tyrosine kinases, promoting the 

phosphorylation of Shc and recruiting Grb2 and Sos complexes to the plasma 

membrane (Luttrell et al., 1996b; Luttrell et al., 1997). cAMP inhibits MAPK in many 

cells (Wu et al., 1993)  However, it activates this enzyme in others (Cole, 1999; Wu 

et al., 1993) . In contrast, receptors coupled to PTX-insensitive G proteins stimulate 

ERK predominantly via a tyrosine kinase-independent pathway mediated by PKC 

(Davis, 1993; Della Rocca et al., 1999; Gutkind, 1998). 
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 Cannabinoids 

 Cannabinoid ligands 

Cannabinoid ligands can be classified according to various standard criteria. For 

example, they can be classified according to their origin into phyto, synthetic and 

Endocannabinoids or could be grouped according to their pharmacological 

properties as agonists, antagonists and Inverse agonists. However, on the basis of 

their chemical structures cannabinoid ligands are classified into five chemical 

groups: 

¶ Classical cannabinoids 

¶ Non-classical cannabinoids 

¶ Aminoalkylindoles 

¶ Eicosanoids 

¶ Diarylpyrazole 

 

1.4.1.1  Classical cannabinoids 

This diverse group of compounds are characterized by having a tricyclic-

dibenzopyran ring (TDD) in their structures (Fig 1.6). Many compounds of this group 

are derived from the  parent phytocannabinoid compound, cannabigerolic acid 

(CBGA) present in the plant Cannabis sativa such as ȹ9-THC, THCA 

(tetrahydrocannabinolic acid), CBDA (cannabidiolic acid) and CBG (cannabigerol) 

(Gaoni and Mechoulam, 1966; Gill et al., 1970) yet they also can be synthesised as 

ȹ9-THC analogues by replacing the pentyl side chain of the naturally occurring 

cannabinoids with dimethylheptyl side chain for example, HU-210 and its saturated 

analogue HU-243 which shows a psychotropic and reported to 90 times more potent 

than ȹ9-THC (Devane et al., 1992; Mechoulam et al., 1988). These compounds bind 
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non-selectively to CB1 and CB2 receptors; modification in the THC molecule led to 

the synthesis of selective CB2 receptor agonists such as JWH-133, L759633 and 

L759656 (Ross et al., 1999). 

 

 

 

 

 

 

 

Figure 1-6 Chemical structures of some of the most significant natural and synthetic classical 
cannabinoid receptor agonists. 

 

 

1.4.1.2  Non-classical cannabinoids 

The compounds of this group have a chemical structure similar to that of classical 

cannabinoids, but lacking a dihydropyran ring (Fig 1.7). The prototypical example of 

this group is CP-47,497 which is a non-selective syntactic analogue of 9-nor-9 beta-

hydroxyhexahydrocannabinol (HHC) with potent agonist activity on both CB1 and 

CB2 receptors. CP-47,497 shares biochemical and behavioural properties with 

phytocannabinoids such as æ9-THC and it can elicit analgesic activity comparable 

to that of morphine in different animal models of pain (Melvin et al., 1984). The more 

recently synthesised members of this group like CP-55,940, CP-55244 and HU-308 

THC CBD 

HU210 JWH-133 
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are generally have high affinity for binding CB2 rather than CB1 receptors (Felder et 

al., 1995; Hanuġ et al., 1999). The later had been reported to be effective at reducing 

blood pressure, blocking defecation, and eliciting anti-inflammatory and analgesic 

effects (Hanuġ et al., 1999). 

 

 

 

 

 

 

Figure 1-7 Chemical structures of CP-47,497, the archetypical compound of non-classical 
cannabinoid receptor agonists. 

 

1.4.1.3  Aminoalkylindoles 

This set of chemicals were originally recognized as non-cannabinoid compounds, 

but they are then shown to have antinociceptive and cannabimimetic activity, and 

they comprise the third group of cannabinoid ligands (Rodriguez de Fonseca et al., 

2005). It has been demonstrated that different aminoalkylindole derivatives (Fig 1.8) 

exhibit a different selectivity profile upon the classical cannabinoid receptors ranging 

from non-selective agonist effects like WIN 55-212,2 (D'Ambra et al., 1992)  to  

selective CB2 agonists such as JWH-015 and L768242 (Gallant et al., 1996; Howlett 

et al., 2002) and cannabinoid receptor antagonists like AM630 (Pertwee et al., 

1995). Later work had shown that AM630 functions as a selective CB2 receptor 

inverse agonist, as well as a low-affinity partial CB1 agonist (Ross et al., 1999). 

CP-47,497 
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Figure 1-8 Chemical structures some aminoalkylindole derivatives showing the non-selective 
agonist, WIN 55-212,2 , the CB2-selective agonist, JWH-015 and the non-selective antagonist, 
L768242. 

 

 

 

1.4.1.4  Eicosanoids 

The most extensively studied endogenous cannabinoid ligands including N-

arachidonoylethanolamine (AEA) and 2-arachidonoylglycerol (2-AG) belong to this 

group (Fig 1.9). Both of these compounds are arachidonic acid derivatives and they 

act as partial and full agonists at CB1 and CB2 respectively. Modification of the 

chemical structure of AEA, has led to the development of CB1-selective agonists, 

such as R(+)-methanandamide and arachidonyl-2ô-chloroethylamide (ACEA). Other 

members of this group include arachidonylcyclo-propylamide (ACPA), 2-

methylarachidonoyl-(2-fluoroethyl)-amide (O-689) (potent CB1 agonists) and O-

1812. O-1812 is more resistant to enzymatic hydrolysis than AEA, ACEA and ACPA 

(Hillard et al., 1999). 

 

 

WIN 55-212,2 JWH-015 L768242 
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Figure 1-9 Chemical structures of anandamide, 2-AG and some of the most significant 
synthetic and endogenous cannabinoid analogues. 

 

 

1.4.1.5 Diarylpyrazoles 

This family of 1,5-diphenylpyrazole analogues were first developed by Sanofi 

Recherché (Paris, France) and it is best represented by SR141716A (Rimonabant) 

(Fig 1.10) and SR144528 which exhibit a potent selective antagonist action toward 

CB1 and CB2 receptors respectively (Rinaldi-Carmona et al., 1994; Rinaldi-Carmona 

et al., 1998). More recent studies revealed that these compounds also have inverse 

agonist effects on cannabinoid receptors (Huestis et al., 2001; Portier et al., 

1999).The iodinated analogues AM281 and AM 251 are also related to this group. 

The latter has been reported to function as a GPR55 agonist (Kapur et al., 2009). 

AEA 

2-AG 

Methanandamide 

ACEA 

O-1812 
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Figure 1-10 Chemical structures of the CB1-selective antagonist, rimonabant and the 
iodinated derivative, AM251. 

 

 

 

 

 

 

 

 

 

 

 

Rimonabant AM251 
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  Endocannabinoids 

The identification of the cannabinoid receptors led to isolation of endogenous lipid-

ligands that function as cannabinoid receptor agonists and these are collectively 

known as endocannabinoids (Pertwee, 2008). All of the currently known 

endocannabinoids are eicosanoid derivatives of arachidonic acid of which the two 

most extensively studied endogenous cannabinoids are N-arachidonoyl 

ethanolamine, anandamide (AEA) and 2-arachidonoylglycerol (2-AG). Anandamide 

was first isolated and identified by Devane 1992 (Devane et al., 1992) (name derives 

from the Sanskrit word óanandaô, meaning óblissô) and 2-arachidonoylglycerol (2-AG) 

that had been identified a few years later (Mechoulam et al., 1995) for review see 

(Pertwee et al., 2010).  The other, putative endocannabinoids include 2-arachidonyl 

glyceryl ether (noladin ether) (Hanus et al., 2001), N-arachidonoyl dopamine 

(NADA) (Bisogno et al., 2000) and O-arachidonoyl ethanolamine (virodhamine) 

which is structurally related to anandamide (Porter et al., 2002). Some other 

endocannabinoid   related compounds like N-dihomo-alpha-linolenoylethanolamine 

N-docosatetraenoylethanolamine, oleamide, oleoylethanolamide (OEA) are 

characterized by having very little or no affinity for classical cannabinoid receptors 

but can modify endocannabinoid signalling possibly via entourage effects (Pertwee, 

2009). The concept of entourage effects theorise that some cannabis compounds, 

which have no effect in isolation, affect the human body only when combined with 

other components. 

Endocannabinoids are not stored in intracellular vesicles, instead they are 

synthesized and released transiently ñon demandôô when and where they are needed 

in a calcium ion-dependant cellular depolarization. Once released the 

endocannabinoids act on cannabinoid receptors present in the cells surrounding the 
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tissues to function as neuromodulators and immunomodulators (Piomelli et al., 

2000a; Stella et al., 1997).  

One of the most well-defined functions of endocannabinoids which are released 

from the post-synaptic neuronal membrane is their role as retrograde signalling 

molecules as they cross the synaptic gyrus and activate the pre-synaptic CB1 

receptors reducing Ca2+ and K+ conductance and eventually decreasing release of 

neurotransmitter(Kano et al., 2009; Ohno-Shosaku et al., 2001).  

Anandamide is synthesised mainly from its direct membrane phospholipid 

precursor, Nïarachidonoyl phosphatidyl ethanolamine (NAPE), by the action of the 

Nïarachidonoyl phosphatidyl ethanolamine-selective phospholipase-D (NAPE-

PLD), yet other pathways have also been suggested (Glaser et al., 2003; Schmid et 

al., 1983). 2-AG derived from diacylglycerols in a reaction catalysed by 

diacylglycerol lipase (DGL) (Sagar et al., 2009; Stella and Piomelli, 2001).  

Pharmacologically anandamide behaves as a high affinity partial agonist on CB1 

with low efficacy full agonist action on CB2 whereas 2AG is a full CB1 and CB2 

agonist with much higher affinity for CB2 receptors (Mechoulam et al., 1995; Stella, 

2009).However the biochemical activity of these endocannabinoids is confined to 

activation of classical cannabinoid receptors. 

The main mechanisms involved in termination of endocannabinoid signalling are 

transport across membranes into cells, intracellular hydrolysis and oxygenation 

(Mackie and Stella, 2006). Anandamide is predominately metabolised by fatty acid 

amide hydrolase (FAAH) and also by N-acylethanolamine-hydrolyzing acid amidase 

(NAAA), cyclooxygonese-2, lipoxygenase and some cytochromes P450. Whereas 

2-AG is degraded by monoacylglycerol lipase (MGL) and also by FAAH (Cravatt et 

al., 2001; Kaczocha et al., 2009).  
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 Cannabinoid receptors 

The pharmacological actions of cannabinoids are largely mediated through two main 

G protein-coupled receptors (GPCRs), cannabinoid type 1 (CB1) and cannabinoid 

type 2 (CB2) receptors (Howlett et al., 2004; Mackie, 2008a; Mackie, 2008b; Pacher 

and Kunos, 2013; Pertwee et al., 2010; Svizenska et al., 2008). CB1 receptor is 

highly distributed in the CNS and used to be referred to as ñbrain cannabinoid 

receptorò but it is also found in endocrine cells and the periphery (Turu and Hunyady, 

2010). It is the activation of this receptor that mediates the mood-altering action and 

characteristic pharmacological effects termed ñcannabinoid tetradò (antinociception, 

hypothermia, sedation and catalepsy) of the Cannabis sativa principal psychoactive 

constituent ȹ9-THC (Matsuda et al., 1990). CB2 receptor is associated with cells of 

the immune system (Munro et al., 1993), and it mediates some of the 

immunomodulatory actions of cannabinoids (Ashton and Glass, 2007; Rom and 

Persidsky, 2013). It is widely accepted that the two most extensively characterized 

endogenous cannabinoids, AEA and 2-AG, mediate many of their actions via 

activation of classical cannabinoid receptors CB1 and CB2 (Di Marzo, 2009). Yet 

many recent reports have indicated the existence of non CB1/CB2 receptors that are 

activated by endocannabinoids, phytocannabinoids, and other cannabinoid-like 

lipids (Di Marzo and De Petrocellis, 2010; Mackie, 2008a; Mackie, 2008b; Mackie 

and Stella, 2006; Pertwee et al., 2010). Moreover, endocannabinoids can also 

activate numerous other targets, including transient receptor potential vanilloid type-

1 (TRPV1) (Ross, 2003) ion channels, ion channel receptors (Di Marzo and Wang, 

2015) and nuclear receptors (Michalik et al., 2006; O'Sullivan, 2007). 
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1.5.1.1  CB1/CB2 receptors 

The two bona fide cannabinoid receptors, CB1 and CB2 belong to the class A 

(Rhodopsin-like) group of GPCRs with seven transmembrane Ŭ-helical domains 

connected by three intracellular and three extracellular loops with extracellular 

amino termini and intracellular carboxy termini (Howlett et al., 2002; Joost and 

Methner, 2002). CB1 receptor was identified in 1988 by Devane   in rat brain (Devane 

et al., 1988) and cloned two years later from the rat cerebral cortex cDNA library by 

Matsuda and his co-workers (Matsuda et al., 1990). This led to the discovery of the 

endogenous cannabinoids (Mechoulam et al., 1995; Sugiura et al., 1995) and 

cloning of the second cannabinoid receptor, CB2 in 1993 (Munro et al., 1993). CB1 

and CB2 have been cloned from many species including human and rodents which 

implies the key physiological functions of these receptors in various animal species 

(Chakrabarti et al., 1995; Gérard et al., 1991; Matsuda et al., 1990; Shire et al., 

1996). Analysis of the coding sequence of human CB1 receptors revealed 97-99% 

sequence homology to that of rat and mouse respectively and there is one splice 

variant of the human type 1 receptor (CB1A). However, it is yet unclear if this is 

normally expressed in any significant amount (Shire et al., 1995). 

The CB1 receptor is distributed at high density in different structures of the 

mammalian central nervous system (CNS) particularly in the hippocampus, basal 

ganglia, hypothalamus, amygdala, cerebellum and striatum (Mechoulam and 

Parker, 2013; Tsou et al., 1998). This accounts for the direct influence on many 

central functions like cognition, memory, co-ordination of motor activities and 

analgesia (Felder and Glass, 1998; Huffman et al., 2005).  

CB1 receptors have also been detected peripherally in many tissues including 

tonsils, spleen, thyroid and adrenal glands, sympathetic nerve terminals, liver, small 

intestine (Demuth and Molleman, 2006; Pagotto et al., 2006; Pertwee et al., 1996), 
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the mouse reproductive system, visceral and vascular smooth muscle cells 

(Filipeanu et al., 1997; Gebremedhin et al., 1999). 

CB2 receptors were initially cloned from human leukaemia (HL-60) cells (Munro et 

al., 1993). The human CB2 receptor exhibits 48% amino acid sequence homology 

with the CB1 protein and 68% when comparing the amino acid sequence within the 

domains spanning the cell membrane (Cabral and Griffin-Thomas, 2009; 

Fernandez-Ruiz et al., 2007). CB2 is expressed mainly in immune tissues where it 

has immunosuppressive role. High concentration of CB2 mRNA have been detected 

in spleen, tonsils, thymus and several blood cell types with immune function like 

lymphocytes and macrophages (Galiegue et al., 1995; Alberich Jorda et al., 2004). 

It has also been reported that the CB2 receptor is expressed in the CNS particularly 

in microglial cells and it plays an important role for in controlling activated microglial 

migration and cytokine release (Walter et al., 2003). However, there is a debate 

about the expression of this receptor in neuronal tissue (Carlisle et al., 2002;Onaivi 

et al., 2008; Viscomi et al., 2009).  

CB1 and CB2 receptors both coupled to the Gi/o type of heterotrimeric G proteins and 

modulate the activity of multiple signalling pathways (Bosier et al., 2010; Pertwee et 

al., 2010). They negatively regulate the activity of adenylyl cyclase resulting in a 

decrease in the levels of cAMP and inactivation of protein kinase A. CB1 and CB2 

can also activate MAPK signalling cascade through Gɓɔ subunit. CB1 has also been 

demonstrated to stimulate Gs signalling protein that induces rise in intracellular Ca2+ 

(Demuth and Molleman, 2006). CB1 can also modulate ion-channel activity correlate 

with the neuromodulatory effect of cannabinoid ligands (Mackie et al., 1993; Mackie 

et al., 1995). However, there is no evidence to date of CB2 receptor modulation of 

ion channels. Functional CB1 /CB2 heterodimer signalling have also been reported 

in brain and transfected neuronal cells (Callen et al., 2012). 
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1.5.1.2  Non - CB1/CB2 receptors 

The implication of cannabinoid signalling system with wide variety of physiological 

and pathological responses cannot be explained solely by the activation of the 

classical cannabinoid receptors, CB1/CB2. The physicochemical characteristics and 

lipophilic nature of cannabinoids allow the non-specific binding at the plasma 

membrane or at intracellular targets (Járai et al., 1999). The cannabinoid ligands 

have been reported to induce behavioural, biochemical, and electrophysiological 

responses in CB1/CB2 knock out animal models (Gérard et al., 1991; Matsuda et al., 

1990). Also many physiological responses elicited by cannabinoids had been 

ascribed to the activation of non-CB1/CB2 receptors. For instance Abn-CBD (the 

synthetic enantiomer of cannabidiol) induces vasodilation and hypotension in mice 

mesenteric arteries via the activation of a novel endothelial non-CB1/CB2 Gi coupled 

receptor which was originally called ñthe endothelial Abn-CBD receptorò. The exact 

physiological and pharmacological properties of this receptor are still elusive and 

overlapping with that of many potential cannabinoid candidate GPCRs like GPR35, 

GPR55, GPR82, GPR83, and GPR120 and GPR18 (Begg et al., 2005, Járai et al., 

1999, Mackie and Stella, 2006). (AEA) and the aminoalkylindole derivative, 

WIN55212-2 have also shown to bind to non-CB1/CB2 receptors in murine CNS 

(Breivogel et al., 2001) while WIN55212-2 and CP55940 inhibit the glutaminergic 

excitatory postsynaptic currents (EPSCs) on hippocampal CA1 pyramidal cells from 

CB1-null mice (Hajos et al., 2001). 

Multiple physiological targets has been proposed for the oxidative metabolite of 

anandamide, N-arachidonoylglycine (NAGly), including glycine transporter GlyT2 

(Wiles et al., 2006), calcium-activated potassium channels (Bondarenko et al., 2013) 

and more recently GPR18 (Kohno et al., 2006).  Collectively these studies refer to 

the existence of cannabinoid-related receptor subtypes. 
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Previous investigations refer to the presence of three orphan GPCRs that might be 

implicated as novel cannabinoid receptors in addition to transient receptor potential 

vanilloid 1 (TRPV1) and peroxisome proliferator-activated receptors (PPARs). 

These are GPR119, GPR18 and GPR55; oleoylethanolamide (OEA) was proposed 

as a ligand for GPR119, a phosphoinositol substituent of 2-AG was proposed for 

GPR55 and N-arachidonoyl glycine (NAGly) was proposed for GPR18 (Brown, 

2007; Kohno et al., 2006; Ryberg et al., 2007). 

Reports of the existence of additional cannabinoid receptors continue to 

accumulate, and these are based on investigations using CB1 knockout or CB1/CB2 

double-knockout mice which demonstrate that some pharmacological responses to 

endogenous, exogenous and synthetic cannabinoids are exerted through 

mechanisms independent of CB1 and CB2 (Breivogel et al., 2001). 

 

 

1.5.1.3  PPARs receptors 

The peroxisome proliferator-activated receptors (PPARs) belong to a nuclear 

receptors superfamily and function as ligand-activated transcription factors which 

play an important role in cellular differentiation and metabolism by recognizing a 

wide variety of endogenous long and medium chain fatty acids. PPARs mediate a 

broad range of biological activities such as regulation of lipid metabolism, 

inflammation, energy homeostasis and cell differentiation, for review see (Berger 

and Moller, 2002; Sun et al., 2006). Hitherto, there are three PPAR isoforms that 

have been identified namely Ŭ, ɓ/ŭ and ɔ of which only PPARŬ and PPARɔ are 

targeted therapeutically for treatment of hyperlipidaemia and type II diabetes 

respectively (Michalik et al., 2006; Wahli and Michalik, 2012). PPAR ɓ/ŭ isoform is 
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less extensively studied however, PPAR ɓ/ŭ selective agonists have been shown to 

reduce triglycerides and glucose levels (Berger et al., 1999), enhance cholesterol 

efflux and energy expenditure in muscle tissue, of benefit in obesity and 

hyperlipidaemia (Dressel et al., 2003; Tanaka et al., 2003) and improve fertility (Ding 

et al., 2003). Almost all PPAR isoforms are expressed by liver, however, different 

PPAR subtypes show different patterns of expression. PPARŬ is predominantly 

expressed in tissues involved in the catabolism of a high volume of lipids and fatty 

materials, such as liver, heart and kidney. While PPARɔ is preferentially expressed 

in adipose tissue, immune and inflammatory cells, and the large intestine. PPAR ɓ/ŭ 

is found in the skin, gut, adipose tissue, brain, skeletal and heart muscle (O'Sullivan 

and Kendall, 2010; Wahli and Michalik, 2012). The endocannabinoid, 2-AG and the 

cannabinoid related lipid derivatives like N-acyl ethanolamine oleylethanolamide 

(OEA) have been demonstrated to induce expression and activity of PPAR Ŭ 

receptors at a concentration range of 0.1-10ɛM (Kozak et al., 2002). The 

anandamide (AEA) mediated inhibition of pro-inflammatory cytokines in murine 

splenocytes were reported to be attenuated by the PPARɔ antagonist, T0070907 

(Rockwell and Kaminski, 2004). Moreover, functional activation of PPARɔ by many 

other cannabinoids like THC, HU-210, WIN55212-2, CP-55,940 (O'Sullivan et al., 

2005; Overington et al., 2006) and CBD (O'Sullivan et al., 2009) have also been 

evident. However, the endocannabinoid potencies as PPAR agonists are relatively 

low compared to their potencies as agonists of canonical CB1/CB2 cannabinoid 

receptors, which might be taken as evidence that endocannabinoids are poor 

candidates as PPAR ligands particularly in vivo (Di Marzo and Wang, 2015). 

Furthermore, the exact mechanism of activation of PPAR by cannabinoid ligands is 

not very clear. Studies suggest that cannabinoids activate the receptors at the cell 

surface, initiating intracellular signalling that may lead to PPAR activation (Yano et 
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al., 2007), whereas another possibility might be that metabolites of cannabinoids 

are the active ligands of PPARs due to the lipophilic nature of cannabinoid ligands 

(Rockwell and Kaminski, 2004). With this in mind, the final conclusion to make is 

that the marked similarities observed in functional effects of cannabinoid GPCR and 

PPARs in animal models assessing pain, inflammation, neuronal survival, feeding 

behaviours, and lipid turnover highlights the potential benefit of dual activation of 

these signalling pathways. 

 

 

1.5.1.4  Transient receptor potential channels (TRPV) 

TRPV receptors particularly TRPV1 are non-selective cation channels which are 

suggested to be a classical ligand-gated ion channel (LGIC) target for the 

endocannabinoids, particularly anandamide, as it has been demonstrated that 

cannabinoid compounds regulate the activity of many types of the transient receptor 

potential family (De Petrocellis et al., 2011; Zygmunt et al., 1999). For example, 

CBD is an agonist at TRPV1 (Bisogno et al., 2001), TRPV2 (Qin et al., 2008), 

TRPV3 (De Petrocellis et al., 2012), and TRPM8. Likewise THC modulates the 

activity of TRPM8 (De Petrocellis et al., 2008). The TRPs are often described as 

nonselective cation channels that respond to a variety of chemical (like capsaicin) 

and physical (like heat) stimuli albeit modulation of calcium mobilisation is the major 

function of the TRPs. TRPs are predominantly expressed in some brain structures 

such as the hypothalamus, hippocampus, cerebellum and striatum and found to be 

co-expressed with CB1 receptors in sensory neurons (Ahluwalia et al., 2000; Cristino 

et al., 2006). They have also been found in visceral sensory neurons, where it could 

play a role in food intake control (Ahern, 2003). 
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It has been demonstrated that endocannabinoids can directly modulate the function 

of many other transmitter-gated channels positively like NMDA glutamate receptors 

(Hampson et al., 1998) or negatively like glycine, GABAA and Ŭ7-nicotinic receptors 

(Coyne et al., 2002; Oz et al., 2005; Sigel et al., 2011). 

Inhibition of the T-type (Cav3) voltage-sensitive calcium channels by cannabinoids 

and cannabinoid-related signalling molecules were reported to contribute to their 

analgesic effects (Cazade et al., 2014; Chemin et al., 2001). 

 

 

1.5.1.5  Allosteric modulators 

A growing number of studies reported the presence of allosteric binding sites 

alongside the primary orthosteric ligand binding sites of the cannabinoid receptors.  

These sites could be targeted by a variety of drugs resulting in modulation of the 

response to the cannabinoid ligands (Price et al., 2005; Ross, 2007). Cannabinoid 

compounds can also allosterically modulate the signalling of many types of 

receptors.  For example, CBD at low micromolar concentrations functions as a 

positive allosteric modulator for both strychnine-sensitive Ŭ1 and Ŭ1ɓ glycine 

receptors (Ahrens et al., 2009).   2-AG has also been reported to be an allosteric 

modulator at other receptors such as the human A3 adenosine receptor (Lane et al., 

2010). 
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  GPR18 receptor 

The GPCRs for which no identified ligands are recognized are called ñorphan 

receptorsò.  Over the last decade, an increasing number of orphan GPCRs have 

been shown to respond to a variety of lipid ligands that are known to affect definitive 

receptors.  GPR18 is an example of newly de-orphanised receptor that may 

represent an important and novel therapeutic target for many modern medicinal 

agents (Jacoby, 2006; Yin et al., 2009). This 7TM rhodopsin-like GPCR consisting 

of 331 amino acid residues was first identified in 1997 by Gantz and his co-workers 

(Gantz et al., 1997) (Fig 1.11).  

 

 

 

 

 

 

 

Figure 1-11 Two-dimensional snake plot diagram of the human GPR18 receptor. 
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 GPR18 distribution  

GPR18 was detected first in gastric mucosa of canine and human colonic cancer 

Colo 320 DM cell line isolate (Gantz et al., 1997). The gene encoding GPR18 has 

been identified and localized to human (13q32), rodent and canine chromosomes, 

where it clusters with Epstein-Barr virus-induced receptor 2 (EBI2) and the lipid 

receptors, cysteinyl leukotriene receptor 1 and 2 (CysLT1 and CysLT2) (Gantz et al., 

1997; Rosenkilde et al., 2006). 

GPR18 is numerously expressed in the testis especially in the most terminally 

differentiated cells. It has been suggested that GPR18 may have an important role 

in regulation of immune system function as it is detected in considerable amounts 

in spleen, thymus, peripheral blood leucocytes, small intestine, appendix and lymph 

node (Gantz et al., 1997). However, Gantz et al., reported that there are many 

tissues apparently lacking GPR18 mRNA including brain, heart, lung, liver, kidney, 

pancreas, colon, skeletal muscle, ovary, placenta, prostate, adrenal medulla and 

adrenal cortex. 

In 2003, a study conducted by Vassilatis et al., using real-time (RT)-PCR tissue 

profiling grouped the human and mice tissues into four groups according to 

expression level of GPR18, no expression in amygdala, frontal cortex, 

hippocampus, liver and muscle;  low expression ï cortex, thalamus, adrenal tissue, 

colon, intestine, kidney, prostate, skin, spleen, stomach and uterus; moderate 

expression ï lung, ovary, testis, thymus and striatum; strong expression ï 

hypothalamus, thyroid, peripheral blood leucocytes, cerebellum and brain stem 

(Vassilatis et al., 2003).Three years later Kohno et al . reported that GPR18 was 

more highly expressed in lymphocytes (CD4+, CD4+CD45RA+, CD4+CD45RO+, 

CD8+ and CD19+) comparing to monocytes (Kohno et al., 2006). 
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A recent PCR-based screen by Qin, involved a comprehensive array-based, 

quantitative PCR analysis of the expression profile of 130 genes in three typical sites 

of melanoma metastases. By comparing metastases and benign nevi, the study 

found that there were 16 genes that were significantly differentially expressed. Of 

these genes, GPR18 and the chemokine ligand CCL4 had the greatest changes in 

expression levels, which were 24.1- and 27.4-fold higher respectively in metastasis 

(Qin et al., ,2010). Subsequently, many experiments in yeast and melanoma were 

designed to test the ability of GPR18 to mediate proliferative or anti-apoptotic 

signalling. They revealed that the GPR18 sequence deviated from other GPCRs at 

position 3.35, where an alanine is present in place of a normally highly conserved 

asparagine. Asparagine to alanine mutations at 3.35 have been previously shown 

to result in constitutive activity in CXCR3 and CXCR4 chemokine receptors, 

precluding the requirement of an agonist ligand to activate them (Ballesteros and 

Weinstein, 1995).  

Qin et al., stated that mutating the alanine back to asparagine at 3.35 resulted in the 

loss of constitutive activity of GPR18. This result is of interest because malignant 

cells are dependent on the constitutive or overexpression of driver genes for 

conservation of cell survival or inhibition of apoptosis. To support this hypothesis 

Qin et al., reported that in vitro siRNA-mediated knockdown of GPR18 in human 

melanoma cells enhanced death via apoptosis (Qin et al., 2011). 

Characterization of differential transcriptional profiles in BV-2 microglia was 

performed recently by Juknat. (2012) using comparative gene microarray analysis, 

this study found that the relative levels of CB1, CB2, GPR18, TRPV2 and fatty acid 

amide hydrolase (FAAH) were not significantly changed when exposed to 10 µM 

concentrations of CBD or æ9THC for 6 hours. However, Juknat and his colleagues 
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did find 1298 transcripts that were differentially regulated by the treatments (Juknat 

et al., 2012). CBD affected many more genes than æ9THC, indicating that æ9-THC 

and CBD can signal through different pathways in BV-2 microglia (Juknat et al., 

2012). 

In summary, on the basis of mRNA transcripts, there is evidence of GPR18 

expression in gastrointestinal, immune and testicular tissues, as well as various 

brain structures and metastatic melanoma. McHugh et al., also provided evidence 

of GPR18 receptor expression in BV-2 microglia. Further, immunohisto- and 

immunocytochemistry in the field will help solidify the pattern of GPR18 expression 

in humans and the commonly used animal models. 

 

 

 GPR18 ligands 

Many biologically active lipid-derived ligands are found to be able to activate GPR18 

in GPR18-transfected HEK cells with different potencies. Of these ligands NAGly is 

the most potent one (EC50 ~20 nM) followed by O-1602, Abn-CBD, ȹ9-THC, N-

arachidonoyl ethanolamide (AEA) and arachidonoyl cyclopropylamide (ACPA) all of 

which are full agonists at GPR18. CBD and AM251 are weak GPR18 partial 

agonists/antagonists. O-1918 is a GPR18 antagonist and WIN55212-2, CP55940, 

R1-methAEA, JWH-133 and JWH-015 had no effect (for EC50 values, refer to 

McHugh et al., 2012). Several of these ligands also bind to classical cannabinoid 

receptors (Bradshaw et al., 2009a; Burstein, 2008; Kohno et al., 2006) 
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1.6.2.1  N-arachidonoyl glycine (NAGly) 

NAGly is an important member of a subfamily of lipoamino acids also called elmiric 

acids, that was first described in 1997 (Burstein et al., 1997). It is present abundantly 

in mammalian nervous tissues, particularly in brain and spinal cord (Huang et al., 

2001a). It has two distinct biosynthetic pathways. One involves enzymatically 

regulated conjugation of arachidonic acid (AA) and glycine. The other pathway 

suggests that NAGly is an enzymatically oxygenated metabolite of the first isolated 

endocannabinoid N-arachidonoyl ethanolamine (AEA) (figure 1.12.) (Bradshaw et 

al., 2009b; Rimmerman et al., 2008) and it is inactivated by FAAH (Grazia Cascio 

et al., 2004). 

 

Figure 1-12 Two pathways for biosynthesis of N-arachidonoylglycine from N -arachidonoyl 
ethanolamine (AEA).The metabolic products of deuterium-labelled AEA, D4AEA (deuterium 
on ethanolamine), indicated that NAGly is formed by the oxidation of the ethanolamine 
creating a D2NAGly product. D0NAGly could also be produced by the hydrolysis of AEA 
yielded AA that was used preferentially in a conjugation reaction. Taken from (Bradshaw et 
al., 2009b). 
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Unlike anandamide, NAGly has no activity on classical cannabinoid receptors CB1 

and CB2 (Sheskin et al., 1997).  

The pharmacology of NAGly is still not well understood. However, many new targets 

for NAGly are emerging. For example, it has been demonstrated that NAGly elicits 

anti-inflammatory effects due to its complex action on prostaglandin synthesis 

(Burstein et al., 2007; Burstein et al., 2011). In addition, glycine receptor (NAGly 

interacting receptor) inhibition in the spinal cord is suggested to underlie the NAGly 

induced anti-allodynia in rodents (Cronin et al., 2004; Yaksh, 1989). Moreover, it 

has recently been shown that NAGly provides a novel analgesic approach to 

alleviate neuropathic pain (Vuong et al., 2008). The role of NAGly in chemical and 

thermal antinociception in rodent might be attributed to inhibition of FAAH that result 

in elevation of the blood level of anandamide (Burstein et al., 2002; Burstein et al., 

1997).  

Parmar (2010) stated that NAGly acts as a vasorelaxant through the activation of 

an unknown Gi/o-coupled receptor, stimulating endothelial release of nitric oxide 

which in turn activates BKCa in the smooth muscle of rat mesenteric artery. In 

addition, NAGly might also activate BKCa through Gi/o- and nitric oxide-independent 

mechanisms (Parmar and Vanessa, ,2010). In pancreatic beta cells, NAGly caused 

intracellular calcium mobilisation and insulin release (Ikeda et al., 2005). 

It was reported that NAGly at sub-nanomolar, and Abn-CBD and O-1602 at low 

nanomolar, concentrations potently induced directed cell migration in both BV-2 

microglia and HEK293-GPR18-transfected cells, but not in non-transfected HEK293 

wild-type cells; the migration effects were blocked or attenuated in both cell types 

by  O-1918 which is an Abn-CBD receptor antagonist, and its low efficacy agonist, 

cannabidiol. Significant attenuation of NAGly, Abn-CBD and O-1602 induced 
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migration has been demonstrated in GPR18 knockdown BV-2 cells compared to the 

control.  (McHugh, 2012). 

Low nanomolar concentrations of NAGly induced proliferation and activation of MAP 

kinases in BV-2 microglia and HEK293-GPR18 cells; these cellular responses are 

correlated with microglial migration. Furthermore, BV-2 microglia displayed GPR18 

immunocytochemical staining and abundant GPR18 mRNA, while qPCR 

demonstrated that primary microglia, also express abundant amounts of GPR18 

mRNA (McHugh et al., 2010). These data collectively support the hypothesis that 

GPR18 is the identity of the Abn-CBD receptor present in microglia (McHugh, 2012). 

In 2010 Gentilini. reported that (10 µM) of R1-methAEA induced migration of primary 

human endometrial stromal cells and this effect is mediated by CB1 receptors 

(Gentilini et al., 2010).Two years later a very well designed study by Mc-Hugh 

demonstrated that NAGly and æ9THC signalling through GPR18 and to a lesser 

extent CB2 are the major determinant of migration of human endometrial cells-1B 

(HEC-1B). The effect of AEA on HEC-1B migration might be explained in part by 

FAAH-dependent (AEA-to-NAGly) conversion. However, attenuation of this 

response by pre-incubation with SR144528 and no effect of rimonabant may 

indicate that AEA signalling through CB2 receptor is also of importance in explaining 

the sophisticated effect of endocannabinoids in endometrial signalling (McHugh et 

al., 2012a).  

McHugh (2012) also showed that NAGly drove MAPK (p44/42; ERK1/2) activation 

in GPR18-transfected HEK293cells. Moreover, this study also provides data that the 

Gi/o coupled GPCR, GPR18, was activated by æ9THC and additional data showing 

that CBD acted as an antagonist at this same receptor. These results demonstrate 

that greater concentrations of æ9THC are required to activate GPR18 receptors than 
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of CBD to produce GPR18 antagonism, a difference that is likely to affect the 

therapeutic outcome of existing pharmacotherapies that combine both æ9THC and 

CBD. Furthermore it provided evidence that NAGly mimicked the effects of æ9THC 

in driving migration of the human endometrial cell line (McHugh et al., 2012a).  

 

1.6.2.2  æ9Tetrahydrocannabinol (æ9THC) 

 æ9THC is the major phytocannabinoid producing the psychoactive effect of the 

cannabis plant. It was isolated in 1964 by Gaoni and Mechoulam (Gaoni and 

Mechoulam, 1964). Chemically THC is a terpinophenolic compound present as a 

glassy solid in cold conditions, and turns into a viscous and sticky compound by 

warming. THC has very low water solubility, but it is readily soluble in organic 

solvents particularly lipids and alcohol (Garrett and Hunt, 1974).  

Studying pharmacological actions of THC and its derivatives led to discovery of a 

new family of receptors named cannabinoid receptors. The CB1 receptor was the 

first cannabinoid receptor cloned in 1990 and found to be distributed mainly in the 

CNS (Matsuda et al., 1990). Two years later the CB2 receptor was characterized 

and shown to be expressed in immune cells and some brain structures (Munro et 

al., 1993). Both CB1 and CB2 receptors are G protein-coupled receptors. THC has 

a partial agonist activity at the cannabinoid receptor CB1 and the CB2 receptor 

(Pertwee, 2006). The psychoactive effects of THC are primarily mediated by its 

activation of CB1G protein-coupled receptors, which result in a decrease in the 

concentration of the second messenger molecule cAMP through inhibition 

of adenylyl cyclase (Elphick and Egertova, 2001). The presence of these specialized 

cannabinoid receptors in the brain drove researchers to the discovery of signalling 

compounds referred to as endocannabinoids, such as AEA and 2-AG.  
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THC may act to antagonise endogenous agonists that possess greater cannabinoid 

receptor efficacy (Pertwee, 2008). æ9THC has more potent agonist activity on 

GPR18 receptor compared to CB1 and CB2 (Ashton, 2012). A recent study revealed 

that GPR18 mediates æ9THC induced MAP kinase activation in GPR18-transfected 

HEK293 cells. Moreover, it also showed that æ9THC potently induce migration of 

human endometrial cell (HEC-1B) by activation of GPR18 (McHugh et al., 2012a). 

æ9THC has many therapeutically beneficial effects including analgesia, anti-emesis, 

lowering intraocular pressure, stimulation of appetite, relief of muscle 

spasms/spasticity in multiple sclerosis, and decreased intestinal motility (Pertwee, 

2000; Pertwee, 2001b; Pertwee, 2001a; Pertwee, 2002; Piomelli et al., 2000b). 

Undesirable side effects accompanying these therapeutic responses include 

alterations in cognition and memory, dysphoria/euphoria, and sedation (Abood and 

Martin, 1992). Several studies have suggested that THC also has 

an anticholinesterase action (Brown, 1972) which may implicate it as a potential 

treatment for Alzheimer's and myasthenia gravis (Eubanks et al., 2006). 

 

 GPR18 signalling 

Understanding the pharmacological and physiological roles of GPR18 is 

fundamentally important. Firstly, for an adequate understanding of the complexity of 

the endocannabinoid system. Secondly, to avoid misinterpretation of effects 

observed with ligands previously suggested to act as selective CB1 or CB2 receptor 

ligands; as they are also pharmacologically active at GPR18. Thirdly, a more 

complete picture of GPR18 pharmacology will help to generate future hypotheses 

in cannabinoid research (McHugh, 2012). 
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Several studies suggested that NAGly is an endogenous ligand for GPR18, they 

noted that concentration-dependent inhibition of forskolin-stimulated cAMP 

production in GPR18- transfected CHO cells from 1nM -10 µM NAGly, with an IC50 

value of 20±8 nM. This NAGly-mediated inhibition was entirely abolished by 

pertussis toxin (PTX), indicating GPR18 coupling to GŬi (Kohno et al., 2006; McHugh 

et al., 2010).  

On the contrary Yin et al., using the ɓ-arrestin PathHunter assay system and 

HEK293 cells stably expressing ɓ -arrestin2- ɓ -gal-EA fusion protein found that 

NAGly is inactive at GPR18 but did not present any data or details concerning the 

concentration(s) of NAGly employed. (Yin et al., 2009). 

Three main explanations are suggested by McHugh to help to understand this 

discrepancy: firstly, GPCRs are indistinctive. Their coupling partners show great 

variation and include both ɓ -arrestin dependent and ɓ-arrestin-independent 

pathways. GPR18 mediated effects of NAGly through a ɓ-arrestin independent 

pathway would be missed by the screening system used in the Yin et al., study.  

Secondly, it is the experience of multiple investigators that GPR18 is difficult to 

successfully transfect (Mc-Hugh & Bradshaw, personal communication to SPH); low 

or no expression of GPR18 would also result in a lack of response to NAGly. Thirdly, 

the concentration of NAGly may have been inappropriately high or low. So this result 

needs further information to provide a context, otherwise its interpretation will be 

dubious (McHugh, 2012). 
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 Therapeutic potential of targeting GPR18 receptor 

Despite that the exact physiological role of GPR18 is not very clear, the ubiquitous 

distribution of this receptor across wide range of tissues in different species (Su et 

al., 2004) implies its involvement in a myriad of (patho) physiological responses. 

Several studies proposed that GPR18 plays an important role in in a variety of 

fundamental biological processes. GPR18-induced immunostimulation had been 

demonstrated in catfish (Pridgeon and Klesius, 2013). The immunomodulatory 

effect of GPR18 were further investigated by Becker et al., who had shown the 

functional role of GPR18 in the regulation of gastrointestinal intraepithelial 

lymphocytes reconstitution following bone marrow transplantation which led to the 

suggestion that  GPR18 is  a possible target  for modulation of inflammation (Becker 

et al., 2015; Wang et al., 2014). Anti-inflammatory and antinociceptive effects of 

GPR18 signalling have also been reported in many other studies (Burstein et al., 

2011; Chiang et al., 2015; Rimmerman et al., 2008; Takenouchi et al., 2012). 

Furthermore, Qin et al., reported the antiapoptotic activity of a constitutively active 

GPR18 receptor in human melanoma metastases reporting that GPR18 is one of 

five orphan receptors that may represent a novel chemotherapeutic target for 

metastatic melanoma (Qin et al., 2011). 

These studies collectively referred to the key role of GPR18 in regulation of cellular 

death and inflammatory responses which could be exploited for treatment of various 

types of diseases with bizarre immunological manifestations.  

The involvement of GPR18 in endo(and phyto)cannabinoids modulation of cellular 

migration namely human endometrial and mouse microglial cells had also been 

reported  (McHugh et al., 2010; McHugh et al., 2012a;  McHugh et al., 2014; 

McHugh et al., 2012b) and this work implicated the potential role of GPR18  as a 

target for treatment of diseases which involve migration of the cells from the tissue 
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of origin to other areas of the body where they can undergo phenotypical changes, 

adhesion and proliferation like for example, endometriosis. A functional GPR18-

based signalling system has also been described in the murine anterior eye which 

cause reduction of intraocular pressure and was suggested to be a target for the 

development of novel ocular hypotensive medications. (Caldwell et al., 2013).  

Coupling of GPR18 with Ca2+ and MAPK transduction pathways (Kohno et al., 2006; 

McHugh et al., 2010) allows for its interference with a variety of pathophysiological 

conditions like retinal vaso-activity (MacIntyre et al., 2014), central control of blood 

pressure in rats (Penumarti and Abdel-Rahman, 2014), insulin release (Wang et al., 

2013) and metabolic dysfunction (Rajaraman et al., 2016). However, the detailed 

mechanism by which GPR18 could intervene with such diversity of physiological 

responses and pathological disorders remains largely unclear and need to be 

confirmed by further investigations. 
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  Aims and objectives 

GPR18 is a candidate cannabinoid receptor with potential of being a novel 

therapeutic target and NAGly and some other cannabinoid related lipid ligands had 

been suggested by many studies as an endogenous high affinity ligands of GPR18. 

Yet some studies have reported the lack of activation of GPR18 by NAGly and other 

putative ligands. This study initially aimed to generate a model for studying GPR18 

signalling characteristics with SNAP-tagged GPR18 that enable visualization of the 

expressed receptor. This recombinant model would then be used for studying the 

pharmacology and signalling routes of GPR18 by: 

1. Confirming the ability of proposed GPR18 ligands to activate previously described 

signalling pathways (ERK1/2 and Ca2+). 

2.  Investigating the effects of putative GPR18 ligands in some cell lines that were 

reported to express GPR18 endogenously namely, BV-2, Caco-2 and INS-1 832/13 

ɓ-cells. 

3. Testing whether the co-expression of GPR18 with CB2 receptors can modulate 

the signalling properties of either of these receptors by functional heterodimer 

formation. 
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Chapter 2 Validation of host cells (HEK293) for    
transfection by GPR18 cDNA 
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 Introduction 

Recombinant expression of GPCRs in a variety of cell lines and the subsequent 

investigation of a pharmacological profile has been used widely for receptor 

deorphanization (Kotarsky and Nilsson, 2004). Human embryonic kidney 293 cells 

(HEK293) have been utilized as a model host cellular system in a large number of 

studies for identifying ligands, studying receptor-protein interactions, and assessing the 

cellular responses of GPCR activation (Atwood et al., 2011). It is important for each 

batch of HEK cells to be assessed for their functional profile prior to transfection, as 

alterations in batch-to-batch phenotype are evident (Babnigg et al., 2000). Studying the 

signalling mechanism of any biologically-active molecule should involve defining its 

repertoire of signal transducers and their interactive network within the cellular 

compartment as this may have profound effect on the pattern of GPCR signalling. This 

encompasses the production of second messengers, activation of protein kinases, and 

the intracellular distribution of these transducers and their targets (Pearson et al., 

2001). 

Human embryonic kidney 293 cells also often referred to as HEK293, HEK-293, 293 

cells, or less precisely abbreviated as HEK cells were generated in the early 1970s by 

transformation of cultures of normal human embryonic kidney cells with sheared 

adenovirus 5 DNA in a laboratory in Leiden, the Netherlands (Graham et al., 1977). 

This transformation involved incorporation of a 4.5 kilobase insert from the left arm of 

the viral genome into human chromosome 19 (Louis et al., ,1997).  

It is not clear whether the cellular origin of HEK cells is fibroblastic, endothelial, 

epithelial or some other cell type as it was not properly characterised before 

transformation with Adenovirus 5.  Later work by Graham and co-workers provided 

evidence that HEK293 cells are very similar to immature neurons rather than typical 
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kidney cells, which may explain why they are not a good in vitro model for kidney cells 

or kidney function, suggesting that the adenovirus was preferentially taken up and 

transformed a neuronal lineage cell in the original kidney culture (Shaw et al., 2002).  

The principal attributes which have made the HEK293 cells widely used in cell biology 

research for many years to study isolated receptors and channels include its rapid 

reproduction, relatively easy maintenance, amenability to transfection using a wide 

variety of methods; high efficiency of transfection and protein production and fidelity in 

translation and processing of proteins (Thomas and Smart, 2005). 

Muscarinic (M3) and adenosine receptors (A2B) are among the wide variety of receptors 

that are endogenously expressed by HEK293 cells (Thomas and Smart, 2005). It had 

been shown that M3 muscarinic receptors have multiple signalling pathways that 

activate ERK1/2 cascade (Della Rocca et al., 1999; Hussmann et al., 2011; Rümenapp 

et al., 2001). Activation of the Gq coupled (M3) receptors by high concentrations of the 

non-selective acetylcholine receptor agonist, carbachol (100 µM) have also been 

reported to induce a biphasic elevation of cytoplasmic calcium level. This response is 

characterized by a rapid rise associated with release of Ca2+ from the endoplasmic 

reticulum and sustained plateau associated with Ca2+ entry from the extracellular 

compartment due to the depletion of the internal stores (capacitative Ca2+ entry) (Luo 

et al., 2001). 

5ǋ-N-Ethylcarboxamidoadenosine (NECA) is an adenosine analogue that acts as a non-

selective agonist at all adenosine receptors subtypes (A1, A2A, A2B, and A3). NECA was 

reported to cause a concentration- and time dependent ERK1/2 activation in native 

HEK293 cells with maximum stimulation reached at 5 min. This response was 

suggested to be mediated by activation of A2B receptors that signal via Gs and Gq as it 

is the only adenosine receptor endogenously expressed by HEKs (Gao et al., 1999). 
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However, the associated rise in intracellular Ca2+ favours the involvement of Gq rather 

than Gs protein coupling (Schulte and Fredholm, 2003b).   

NAGly/GPR18 coupling had been reported to cause increases in intracellular calcium 

level and activation of MAP kinases in several cell lines in a pertussis toxin (PTX)-

sensitive manner. This led to the postulation that GPR18 is a Gi-coupled receptor 

(Kohno et al., 2006; McHugh et al., 2010; Pridgeon and Klesius, 2013). Recent work 

on GPR18-HEK293 and GPR18-CHO-K1 cells revealed that the mechanism of GPR18 

signalling involves dual Gq and Gi transduction pathways as well as ɓ-arrestin signalling 

in the presence of five different cannabinoid ligands. The involvement of differential G-

protein coupled and ɓ-arrestin transduction indicating biased agonism in GPR18 

activation by cannabinoid compounds (Console-Bram et al., 2014).  

 

 

 Aims 

The aim of the work presented in this chapter is to validate HEK293 cells for transfection 

by GPR18 cDNA. To meet this, two objectives were set: 

1. Confirming that the potential GPR18 second messenger coupling pathway(s) 

(ERK1/2 and intracellular Ca2+ mobilisation) are fully operational in HEK 293 

cells. 

2. Assessing the effect of the putative GPR18 ligands (NAGly and THC) on ERK1/2 

and Ca2+ responses in native HEK 293 cells to be used to compare with the 

responses that will be assessed in the same cell line after heterologous 

expression of GPR18 receptor.   
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  Materials and methods 

 Basic cell culture techniques 

2.3.1.1  Cell culture  

All cell manipulations described were carried out in a class ȽȽ vertical laminar flow 

cabinet (Thermofisher) which was cleaned with 70% (v/v) industrial methylated spirit 

(IMS) before and after each manipulation. All cell lines were grown in a Sanyo CO2 

incubator at a temperature of 37 ºC in humidified atmosphere (95% air: 5% CO2). 

HEK293 cells were grown in Dulbeccoôs Modified Eagleôs Meium (Sigma-Aldrich, 

UK) supplemented with 10% (v/v) foetal bovine serum (FBS, Sigma-Aldrich, UK) 

and 2 mM L-glutamine (Sigma-Aldrich, UK). HEK293 cells can be maintained for a 

long time if they are split regularly. This method is used to avoid the senescence 

associated with prolonged high cell density. The cells were maintained in T75 cm2 

polystyrene cell culture flasks fitted with 0.22 µm filter caps (Nunc), containing 

approximately 20 ml of growth medium. The growth medium was removed by 

aspiration. Cell monolayers were washed by adding 5 ml of phosphate buffered 

saline (PBS), pre-warmed to 37 ºC. Cell monolayers were disrupted with 1X-trypsin 

solution (0.5 g/l porcine trypsin and 0.2 g/l EDTA.4Na in 0.09% (w/v) sodium 

chloride) diluted in PBS. Then the flask was placed in the 37 °C incubator for 5 

minutes. After incubation, the flask was shaken to help disrupt the monolayer. 8 ml 

fresh medium was added to the flask and the cells were pipetted up and down 

several times. The resulting cell suspension was transferred to a sterile tube (30 ml 

Universal tube) and centrifuged at 132 g (1200 rpm) for 5 min. The supernatant layer 

was removed to obtain the pellet. 5 ml fresh growth medium (pre-warmed to 37 ºC) 

was used to re-suspend the pellet. Finally, 1 ml of the resulting suspension was 

transferred into T75 fresh cell culture flasks with 20 ml  fresh growth medium 

according to the splitting ratio (1:5). The cells become confluent within 3-4 days. 
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2.3.1.2  Cell Counting 

Cell counting was performed using a Bio-Rad TC10 automated cell counter (Bio-Rad, 

Hemel Hempstead, UK) .This was done using the Trypan Blue inclusion/exclusion 

method that identifies dead or dying cells (Birch, 1989). The chromophore is negatively 

charged and does not interact with the cell unless the membrane is damaged. 

Therefore, all the cells which exclude the dye are viable.  

An equal proportion of cell suspension and trypan blue (0.4%  (v/v) in 0.81% (w/v) 

sodium chloride and 0.06% (v/v) potassium phosphate dibasic solution, sterile filtered, 

Bio-Rad) were mixed in 1.5 ml microfuge tube and then 10 µl of this mixture was 

pipetted onto the specially designed counter slide provided by Bio-Rad. This slide was 

slotted into the TC10 counter which provided an instant cell count for the cell 

suspension. 

 

2.3.1.3  Cell storage 

The first part of this procedure was identical to that described in the section above. 

After the centrifugation step, the supernatant layer was removed and 1 ml of freezing 

solution (90% (v/v) calf serum / 10% (v/v) dimethyl sulfoxide DMSO) was added at   106-

107 cells/ml to the cell pellet. 1 ml of freezing medium was transferred and the pellet 

frozen in cryogenic vials and stored at -80 °C by using a Biocision CoolCellTM freezing 

container. After approximately 24-48 hours, the frozen vials were transferred to liquid 

nitrogen Dewar flasks for long-term storage. 
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2.3.1.4  Removal of the Cells from Liquid Nitrogen (Thawing) 

Frozen cells were taken from liquid nitrogen storage and thawed quickly in warm water 

by gently agitating the vial (< 1 min) in a 37°C water bath. As soon as the ice crystals 

melted, the thawed cells were gently pipetted and transferred into the appropriate 

culture flask containing 20 ml of the appropriate growth medium. 

The growth medium was changed after approximately 24 hours to ensure removal of 

DMSO, and the cells were passaged when confluent (typically after 2 days). Cells 

removed from frozen storage were grown for two passages before use in experimental 

studies. 

 

 Plating of cells in 24-well plates  

HEK293 cells were maintained in T75 cm2 polystyrene cell culture flasks until 90% 

confluent. Then the cell layers were disrupted and cells centrifuged as described in 

Section 2.3.1.1.  The supernatant layer was removed, and the pellet was re-suspended 

in 5 ml fresh growth medium (pre-warmed to 37 ºC). The TC10 automated cell counter 

(Bio-Rad, Hemel Hempstead, UK) was used to assess cell viability with trypan blue as 

described in section 2.3.1.2. Then, 2.5 × 105 cells/well were seeded into 24-well plates. 

Cells were serum starved when they reach 80% confluency. 
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  Drug preparation 

NAGly was purchased from Cayman Chemicals (Michigan, USA). 10 mM aliquots were 

made in absolute EtOH and stored at -80°C until the day of experiment. THC was 

purchased as a 25 mg/ml solution pre-dissolved in EtOH from Sigma-Aldrich (Poole, 

UK) stored at -20ÁC. Carbachol and 5ǋ-N-ethylcarboxamidoadenosine (NECA) were 

purchased from Sigma-Aldrich (Poole, UK) and stock solutions of 10 mM were made 

in dH2O and DMSO, respectively, and kept in a fridge (4°C). For calcium mobilisation 

experiments, drug compounds were defrosted and serially diluted, to 6x or 7x the 

required final assay concentration in HBSS (25 mM HEPES, 10 mM glucose, 146 mM 

NaCl, 5 mM KCl, 1 mM MgSO4, 2 mM sodium pyruvate, and 1.3 mM CaCl2, adjusted 

to pH 7.45 with 1 M NaOH). 

 

 Cell harvesting for immunoblotting  

Following overnight culturing in serum-free medium, cells were incubated with agonists 

for 5 min in serum-free medium. Cell layers were then harvested for immunoblotting.  

Harvesting involved aspiration of media, washing by 1 ml of ice-cold PBS and then the 

cellular reaction was stopped by adding 100 µl of ice-cold lysis buffer (20 mM Tris HCl, 

1 mM EGTA, 0.1% (v/v) Triton X100, 1 mM NaF and 10 mM ɓ-glycerol-phosphate, pH 

7.6) containing EDTA-free protease inhibitor mixture (1:100, pH 7.6). After leaving the 

24 well plate on ice for 15 min, a plunger from a 1 ml syringe was used to scrape the 

cells and the mixture was transferred to labelled 1.5 ml microfuge tubes. The cell 

suspensions were then centrifuged for 5 min at 3300g. 50 µl of supernatant solution 

was taken without disturbing the pellets, transferred to new pre-labelled 1.5 ml 

microfuge tube and then 10 µl of 6X solubilisation buffer (SB) (1.5 M Tris HCl, 24% 
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(w/v) sodium dodecyl sulphate, 30% (v/v) glycerol, 5% (v/v) ɓ-mercaptoethanol, 2.5% 

(v/v) bromophenol blue, pH 6.8) were added to the samples and stored at -20°C. 

 

 

  Immunoblotting 

2.3.5.1  Gel electrophoresis  

Electrophoresis tanks and modules (Bio-Rad Mini Protein III apparatus) were 

thoroughly cleaned with IMS followed by dH2O. The protein samples were boiled at 

95°C using a Stuart Instruments heating block (Cambridge Ltd) for 5 min and mixed, 

before being centrifuged at 1456 g for 1 min. Brief heating to near boiling in the 

presence of the reducing agents like ɓ-mercaptoethanol promotes denaturation of the 

secondary and tertiary structures of the proteins to an unstructured linear amino acid 

chain by reducing disulphide bonds. Additionally, the anionic detergent, SDS applies a 

negative charge by binding to the protein in proportion to its mass (Shapiro et al., 1967; 

Weber and Osborn, 1969).  After washing of the wells with electrophoresis buffer (2.5 

mM Tris, 19.2 mM glycine, 0.01% (w/v) SDS, pH 8.3), 1 µl of pre-stained protein marker 

(Cat No. 1610393 supplied by Bio-Rad Laboratories Ltd, UK) was loaded into the first 

well in the 4-20% (w/v) precast polyacrylamide gel (Tri-Glycine (PAGE) Gold Precast 

Gel, Bio-Rad) and the samples (10 µl) were loaded onto the gel. The gels were run for 

40 min at 175 V in electrophoresis buffer diluted from 10X stock solution (25 mM Tris, 

192 mM glycine, 0.1% (w/v) SDS pH 8.3) at room temperature.  
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2.3.5.2  Transfer equipment 

The protein transferring components including sponge pieces (Scotch pads), filter 

papers, nitrocellulose paper and the transfer cassette were placed in a clean white tray 

and soaked in transfer buffer for at least 5 min prior to setting up the transfer sandwich. 

The black side of the Bio-Rad transfer cassette was placed on the bottom and one of 

the sponges was laid on top and a piece of filter paper, taking care not to trap any air 

bubbles, was placed on top of the sponge. When the gel had finished running, the gel 

electrophoresis unit was removed and transfer buffer poured off. The two sides of the 

cassette were separated according to the Bio-Rad precast gel instructions, exposing 

the gels which were eased out and placed gel-side down onto the filter paper; this was 

gently rolled with a Bio-Rad roller to remove bubbles. The nitrocellulose was placed on 

top of the gel and again bubbles were removed carefully using a roller. Then, the 

second filter paper and sponge were placed on top, again gently rolling with a roller to 

remove bubbles. The cassette was closed and placed into the transfer module (black 

side of the cassette facing the black side of the transferring module) (Fig2.1). Then, an 

ice pack was added and the tank filled with transfer buffer from the tray making sure 

cassettes were completely immersed and the tank placed on ice.  The top was fitted 

and protein transfer conducted using a Bio-Rad Kit at 100 V constant for 60 min at 4°C. 

 

 

Figure 2-1 Illustration of arrangement of nitrocellulose, gel, filter papers and sponge pads in 
transfer cassette. 
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2.3.5.3   Checking the transfer of the protein  

Following electro-transfer, a few drops of Sigma Ponceau S solution (0.1% (w/v) in 5% 

(v/v) acetic acid) were added onto the nitrocellulose, allowing protein bands to be 

visualised, giving an indication of how much protein was present in the sample and 

where the bands were located providing a confirmation of successful transfer. Then, 

Ponceau S solution was washed with distilled water followed by 20 ml Tris-buffered 

saline containing 0.1% (v/v) Tween 20 buffer (TBST) (25mM Tris HCl, 12mM NaCl, in 

1 L dH2O adjusted to pH 7.6 and 0.1 % (v/v) Tween 20) this was repeated until no 

further Ponceau S stain could be observed. 

 

2.3.5.4  Blocking 

To prevent the nonspecific binding of the primary antibody to the nitrocellulose 

membrane, the membrane was incubated with blocking buffer (5% (w/v) dried fat-free 

milk powder in Tris-buffered saline containing 0.1% (v/v) Tween 20 (TBST)) for 60 min 

at room temperature with gentle shaking. 

 

2.3.5.5  Primary and Secondary antibodies 

Mouse monoclonal anti phos ERK 42/44 and rabbit polyclonal anti total ERK 42/44 (Cell 

Signalling Technologies #9106L, #9102L respectively) were diluted according to 

optimised dilutions (1/1000 for both antibodies) (Table 2.1), in blocking buffer. The 

nitrocellulose membrane and primary antibody were sealed together in a plastic bag 

and incubated overnight in a 4°C cold room on a shaker. The membrane was 

transferred to a glass container and washed with 20 ml of Tris-buffered saline 

containing 0.1% (v/v) Tween 20 buffer (TBST) (25 mM Tris HCl, 12 mM NaCl, in 1 L 
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dH2O adjusted to pH 7.6 and 0.1 % (v/v) Tween 20) for 1 hour, changing the TBST at 

intervals (3 quick rinses followed by 3x5 minutes and then 3x15 minutes). Goat anti-

mouse IRDye 800 for phospho ERK (emitting a green fluorescence) and goat anti-

rabbit IRDye700 for total ERK (emitting a red fluorescence) were diluted in the same 

10 ml blocking buffer (both secondary antibodies were diluted to 1:10000) (Table 2.2). 

The nitrocellulose membrane was then incubated for 60 min at room temperature. The 

blot was then washed with TBST buffer as previously, and finally washed with dH2O. 

 

 

 

 

 

 

 

 

 

Antigen Specify Host  Ab Type Dilution Cat. No. Source 

Anti-total ERK 42/44 Rabbit Polyclonal 1/1000 #9102L Cell Signalling Technologies 

Anti phos ERK 42/44 Mouse Monoclonal 1/1000 #9106L Cell Signalling Technologies 

Antigen Specify Host  Ab Type Dilution Cat. No. Source 

IRDye 800 Mouse Polyclonal 1/10000 925-32210 Li-Cor Biosciences, UK 

IRDye 700 Rabbit Polyclonal 1/10000 925-58021 Li-Cor Biosciences, UK 

Table 2.2: Secondary antibodies used in immunoblot analysis 

Table 2.1: Primary antibodies used in immunoblot analysis 
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2.3.5.6  Scanning 

A Licor Odyssey scanner was used. The scanner glass was cleaned with dH2O. The 

nitrocellulose blot was placed gently upside down on the scanner, ensuring the blot 

was moist and bubbles were eliminated. Odyssey software was opened and the 

following parameters employed: Resolution for scanning = 84 µm; offset = 0.0; 700-red 

image intensity 5.0; 800-green image intensity 5.0. 

 

2.3.5.7  Data analysis 

Data were recorded using the Image Studio V3 software connected to the Licor 

Odyssey scanner. IRDye800 intensity represented phosphorylated ERK and IRDye700 

represented total ERK. Normalised values were generated in Microsoft Excel using the 

formula below:- 

   Normalised value = IRDye800 (Phosphorylated ERK) / IRDye700 (Total ERK) 

 

  Fluo-4 calcium mobilisation assay 

Native HEK293 cells were seeded (50,000 cells per well) into poly-D-lysine-coated 96-

well black-wall, clear-bottom microtitre plates (Costar 3904; Thermo Fisher Scientific, 

Loughborough, UK). Following overnight incubation, the confluent cell layers were then 

loaded with 2.5 µM fluo-4 AM intracellular calcium fluorescent indicator dye for 45 min. 

Loading was performed in DMEM/10% (v/v) FBS containing 2.5 mM probenecid 

(Sigma-Aldrich), 2.5 µM fluo-4 AM (Invitrogen), and 0.023% (w/v) pluronic acid F127 

(Invitrogen) for 45 min at 37°C. This cleavable acetoxymethyl ester form of fluo-4 dye 

(AM) is cell permeable and exhibits fluorescence in the presence of calcium ion. 

Probenecid was used to block the organic anion transporters and thereby prevent the 



   

 
59  

export of cleaved, negatively charged fluo-4. pluronic acid was used because it is a 

non-ionic surfactant that facilitated the solubility of fluo-4 in aqueous solution. HEPES-

buffered saline solution (HBSS) (25 mM HEPES, 10 mM glucose, 146 mM NaCl, 5 mM 

KCl, 1 mM MgSO4, 2 mM sodium pyruvate, and 1.3 mM CaCl2, adjusted to pH 7.45 

with 1 M NaOH) containing 2.5 mM probenecid was used to wash out the excess of the 

dye for 30 min  before loading of the plates onto the  fluorimetric imaging 96-well plate 

reader (FlexStation, Molecular Devices, Sunnyvale, CA) and fluorescence (excitation 

485 nm, emission 520 nm; cut-off 515 nm) was measured every 1.52 sec for 500 sec  

after agonist (in HBSS) addition from a compound plate at 15 sec interval  with drug 

additions (NAGly, THC, carbachol,  NECA, DMSO and ethanol in HBSS buffer) made 

from a second compound plate at 300 s intervals. Each condition was performed in 

replicates, up to 6 within a plate. The maximum (Peak) change in fluorescence over 

baseline as well as total Ca mobilisation (area under the curve (AUC)) were used to 

determine agonist responses. 

 

2.3.6.1  Data analysis 

FlexStation data were generated using SoftMax Pro v5.4.1 and analysed by initial 

normalization relative to the average of the basal calcium response estimated in the 

first 15 s. Then the data were analysed by peak agonist response (difference between 

maximum and minimum response) and area under the curve (AUC) integration function 

(which represents the total intracellular calcium level) estimated following drug 

application (from 16 ï 255 s for the first peak and from 300 ï 500 s for the second peak) 

using an average response of at least 3 replicates (3 wells). Data were also normalised 

as a percentage response to a positive agonist control (100 ɛM carbachol and 10 ɛM 

NECA). Data were compiled from independent experiments using different cell 

passages, and expressed as mean ± S.E.M.  
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  Statistical analysis 

Statistical significance was determined as indicated in figure legends, using GraphPad 

Prism (Prism v7.01; GraphPad Software, Inc., San Diego, CA, USA). Typically, data 

were analysed by one-way and two-way ANOVA (analysis of variance) with post-hoc 

corrections. The choice of post-hoc test type employed depended on the number of 

comparisons. Two-way ANOVA with Bonferroni post-tests were used when comparing 

the responses of the two ERK isoforms (ERK1/2) to the tested ligands relative to the 

controls; one-way ANOVA with Dunnettôs corrections was used when comparing peak 

and total calcium responses of the tested ligands to that of the positive controls as 

stated. Data were collected from at least 3 independent experiments using different 

passages of cells, and expressed as mean ± S.E.M. (Prism v7.01; GraphPad Software, 

Inc., San Diego, CA, USA) after baseline correction. Statistical analyses were carried 

out on the row data before normalisation and differences were considered to be 

significant when the P value was < 0.05. 
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 Results 

 Effect of NAGly on ERK1/2 phosphorylation in native 
HEK293 cells 

The ability to detect receptor-mediated changes in ERK1/2 phosphorylation in our 

assay design and in the HEK293 cell background was examined in an initial pilot 

experiment. As it was expected, the positive controls (100 µM Cch and 10 µM 

NECA) evoked robust ERK1/2 responses after 5 min of treatment while 10 µM 

NAGly and vehicle controls failed to elicit ERK responses which confirm the 

methodological validity and experimental performance  (Fig 2.2).  

The subsequent experiments also showed that 10 µM NAGly did not elicit ERK 

activation compared to the vehicle control in native HEK293 cells and its effect was 

readily distinguishable from those induced by positive controls (100 µM Cch, 10 µM 

NECA, and 10 %  (v/v) FBS) as shown in Fig 2.3A. Statistical analysis revealed that 

NAGly also did not cause any significant change in ERK phosphorylation relative to 

the vehicle controls and it did not change ERK response to either Cch or NECA 

(two-way ANOVA with Bonferroniôs correction, P< 0.05). No statistical difference 

was noted between the response of the two ERK isoforms, ERK1 (44 kDa) and 

ERK2 (42 kDa) (Fig 2.3B). Basal (dH2O), 0.1% (v/v) DMSO and 0.1% (v/v) ethanol 

were used as vehicle controls. 
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Figure 2-2 A blot showing ERK1/2 responses of native HEK293 cells following 5 min 
incubation with 100 µM Cch, 10 µM NECA and 10 µM NAGly. (ɯ) phospho ERK1/2 represented 
by horizontal green bands (ɯɯ) total ERK1/2 represented by horizontal red bands and (ɯɯɯ) 
phospho and total ERK1/2 merged together. The molecular marker is represented by the 1st 
lane of red bands. The tested ligands dissolved in different solvents (Cch in dH2O, NECA in 
DMSO and NAGly in EtOH) Basal (dH2O), 0.1 % (v/v) ethanol and 0.1 % (v/v) DMSO were used 
as vehicle controls. 
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Figure 2-3 Effects of NAGly comparing to other ligands on ERK phosphorylation in native 
HEK293 cells. (A) Representative blots for (ɯ) phospho ERK1/2 (ɯɯ) total ERK1/2 and (ɯɯɯ) 
phospho and total ERK1/2 merged together. (B) A summary figure showing increased ERK 
phosphorylation with 100 µM carbachol and 10 µM NECA and no effect of 10 µM NAGly on 
ERK phosphorylation (two-way ANOVA with Bonferroniôs correction, P< 0.05). Basal (dH2O), 
0.1% (v/v) ethanol and 0.1 %( v/v) DMSO were used as vehicle control. 10% (v/v) FBS was used 
as positive control. *=P<0.05, **=P<0.01, ***=P<0.001. The data are means ± S.E.M of four 
separate experiments. 
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 Effect of æ9THC on ERK1/2 phosphorylation in native 
HEK293 cells 

10 µM THC was as ineffective as 10 µM NAGly on ERK phosphorylation, as shown 

in Fig 2.4.  No ERK phosphorylation was evident compared to the vehicle control 

and also it did not cause any statistically significant change in the ERK response to 

either carbachol or NECA (two-way ANOVA with Bonferroniôs correction, P< 0.05). 

No statistical difference was noted between the response of the two ERK isoforms, 

ERK1 (44 kDa) and ERK2 (42 kDa). Basal (dH2O), 0.1 %( v/v) DMSO and 0.1 %( v/v) 

ethanol were used as vehicle controls, while 100 µM Cch, 10 µM NECA, 10% (v/v) 

FBS were used as positive controls. 
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Figure 2-4 Effects of THC comparing to other ligands on ERK phosphorylation in native 
HEK293 cells. (A) Representative blots for (ɯ) phospho ERK1/2, (ɯɯ) total ERK1/2 and (ɯɯɯ) 
phospho and total ERK1/2 merged together. (B) Summary figure showing increased ERK 
phosphorylation with 100 µM carbachol and 10 µM NECA and no effect of 10 µM THC on ERK 
phosphorylation (two-way ANOVA with Bonferroniôs correction, P< 0.05).  Basal (dH2O), 0.1 % 
(v/v) ethanol and 0.1 % (v/v) DMSO were used as vehicle controls. 10 % (v/v) FBS was used 
as positive control. *=P<0.05, **=P<0.01, ***=P<0.001. The data are means ± S.E.M of three 
separate experiments. 
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 Ca2+ mobilisation induced by NAGly and THC in native 
HEK293 cells 

Treatment of HEK293 cells with a high concentration (10 µM) of NAGly or THC for 

about 5 min failed to induce any calcium mobilisation. The pattern of calcium 

response produced by NAGly was very similar to that of THC and both were readily 

distinguishable from agonist controls (100 µM Cch and 10 µM NECA) Fig 2.5 AẴ, AẴẴ. 

Neither NAGly nor THC showed statistically significant changes in maximum (Peak) 

Fig 2.5 B or total (AUC) Fig 2.6 B intracellular calcium mobilisation compared to the 

vehicle controls (one-way ANOVA with Bonferroniôs correction, P< 0.05). 

Normalization of calcium responses to that induced by positive controls revealed 

that NAGly and THC also failed to alter peak calcium responses evoked by 100 µM 

Cch or 10 µM NECA in native HEK293 cells Fig 2.5 CẴ, CẴẴ. However, NAGly, but 

not THC, significantly inhibited total calcium mobilisation in native HEK293 cells 

evoked by carbachol, but not NECA 2.6 CẴ, CẴẴ (one-way ANOVA with Dunnettôs 

corrections, P< 0.05). 
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Figure 2-5 Effects on peak intracellular calcium levels in native HEK293 cells. (AẴ, AẴẴ) 
Representative real-time fluorescence traces showing that neither NAGly nor THC at 
concentration of 10 µM had an effect on peak Ca2+ mobilisation presented as maximum 
change in fluorescence over baseline in HEKs comparing to 100 µM Cch (AẴ) and 10 µM NECA 
(AẴẴ). HEK cells were firstly exposed to 10 µM NAGly and 10 µM THC for 5 min starting from s 
15 to s 300 at which control agonists (Cch and NECA) were applied. (B) Summary data 
presented as mean ± S.E.M.  showing that both NAGly and THC did not change the peak 
calcium response elicited by vehicle controls (one-way ANOVA with Bonferroniôs correction, 
*=P<0.05, ***=P<0.01). (CẴ, CẴẴ) Same data presented with baseline correction, expressed as a 
percentage of the control agonists, 100 µM Cch (CẴ) and 10 µM NECA (CẴẴ) showing that neither 
NAGly nor THC had changed the peak calcium mobilisation induced by Cch or NECA. 
0.1 %( v/v) ethanol and DMSO were used as vehicle controls. Statistical analyses were carried 
out on the data before normalisation and the graphs represent data of 7 individual 
experiments. RFU= relative fluorescence unit. 
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Figure 2-6 Effects on total intracellular calcium levels in native HEK293 cells. (AẴ, AẴẴ) 
Representative real-time fluorescence traces showing that neither NAGly nor THC at 
concentration of 10 µM had an effect on total Ca2+ mobilisation presented as area under the 
curve (AUC) in HEKs comparing to Cch (AẴ) and NECA (AẴẴ). HEK cells were firstly exposed to 
NAGly and THC for about 5 min starting from sec 15 to s 300 at which control agonists (Cch 
and NECA) were applied. (B) Summary data presented as mean ± S.E.M. showing that both 
NAGly and THC did not change the total calcium response elicited by vehicle controls (one-
way ANOVA with Bonferroniôs correction, *=P<0.05, **=P<0.01, ***=P<0.001). (CẴ, CẴẴ) Same 
data presented with baseline correction, expressed as a percentage of the control agonists, 
Cch (CẴ) and NECA (CẴẴ) showing that NAGly but not THC had changed the total calcium 
mobilisation (AUC) induced by Cch but not NECA. 0.1 %( v/v) Ethanol and DMSO were used 
as vehicle controls. Statistical analyses were carried out on the row data before normalisation 
and the graphs represent data of 7 individual experiments. RFU= relative fluorescence unit. 
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 Discussion 

This work involved experimental validation of the HEK293 cell line for subsequent 

heterologous expression of human recombinant GPR18 receptor using established 

biochemical assays, namely ERK phosphorylation and calcium mobilisation. It 

represents the initial stage of studying GPR18 coupling in response to some 

cannabinoids and cannabinoid related lipoaminoacids.  

In this study, examining the effect of cannabinoid ligands (NAGly and THC) on 

ERK1/2 activation revealed that 10 µM concentrations of these compounds failed to 

elicit any activation of these signalling systems in native HEK293 cells (Fig 2.3.4 

and 2.5.). Incubation of HEK293 cells with either 10 µM NAGly or THC for 5 min 

prior to the treatment by carbachol or NECA did not significantly change ERK 

responses to either of the agonist controls. This indicates that native HEK cells lack 

the receptor(s) for coupling these cannabinoid signalling ligands to the ERK MAP 

kinase cascade. The pattern of response of the two ERK isoforms, ERK1 (44 kDa) 

and ERK2 (42 kDa) was very similar. However the intensity of ERK2 response was 

observed to be higher than that of ERK1 and this could be related to the variation in 

the affinity of binding of the ERK isoforms to the primary antibody used in this study. 

However, higher level of expression of ERK2 relative to ERK1 that had been 

described generally in most types of mammalian cells (Boulton et al., 1991; Boulton 

et al., 1990). It has been claimed that the ratio of active ERKs mimics exactly the 

ratio of ERK proteins expressed in the cell (Lefloch et al., 2008). Consistent ERK1/2 

response to the positive controls, Cch and NECA, which target MAP kinase cascade 

by distinctive transduction pathways involving recruitment of G-proteins, and also 

the reproducible response to the mitogenic stimulant, FBS, confirm that this 

signalling system is fully operational in HEK293 cells. 
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NAGly and THC failed to elicit a statistically significant change in intracellular Ca2+ 

levels relative to the vehicle controls in native HEK cells (Fig 2.5 B, 2.6 B). 10 µM 

of either NAGly or THC also failed to change the peak Ca2+ response induced by 

100 µM carbachol or 10 µM NECA (Fig 2.5 CI and CII). NAGly, but not THC, 

caused a significant reduction in the total Ca2+ mobilisation induced by carbachol, 

but not NECA (Fig 2.6 CI and CII). 

Unlike anandamide, NAGly has been reported to attenuate store-operated Ca2+ 

entry (SOCE) in many cell types. This effect has been attributed to the reversible 

uncoupling of the Ca2+ sensing molecule, stromal interacting molecule 1 (STIM1), 

and the pore-forming subunit of SOCE channels, Orai1, in a concentration- and 

time-dependent manner (Deak et al., 2013). The effect of NAGly on SOCE was 

found to be more prominent when the Ca2+ entry into cells is exclusively mediated 

by an IP3-generating agonist (Deak et al., 2013). In native HEK293 cells, the pattern 

of Ca2+ mobilisation induced by carbachol was reported to vary according to the 

concentration used. High concentrations of carbachol (100 µM) have shown to 

induce a biphasic rise in cytoplasmic Ca2+ including an initial release phase from the 

endoplasmic reticulum followed by sustained influx from the extracellular space. 

This mode of ñcapacitativeò Ca2+ entry is suggested to be mediated mainly by IP3 

(Luo et al., 2001). Elevation of intracellular Ca2+ levels by activation of A2B receptors 

by NECA could occur secondary to increase in cAMP level (Schulte and Fredholm, 

2003a) or may be independent of cAMP production but operates through a cholera 

toxin sensitive mechanism (Mirabet et al., 1997). The increase in intracellular 

calcium levels is not related to phosphoinositide hydrolysis but to an increase in 

calcium influx which is lost in the absence of extracellular calcium (Feoktistov et al., 

1994). NAGly induced modification of intracellular Ca2+ response mediated by 

carbachol but not NECA observed in this study could be due to distinctive 



   

 
73  

mechanisms by which these agonists targeting intracellular Ca2+ pools which 

comprise IP3 and SOCE with carbachol and enhanced extracellular influx with 

NECA. 

Selection of a particular cell line into which a GPCR is best expressed is highly 

dependent on the subsequent investigations to be performed. In general, it is highly 

desirable that the cell line to be transfected has a reasonably rapid rate of growth 

and proliferation and a high efficiency of protein production, and that it requires 

minimal maintenance. Furthermore, it is also essential to ascertain that the 

appropriate G proteins and effectors are endogenously expressed in the cell line 

chosen to be transfected because GPCRs utilize heterotrimeric G proteins to be 

coupled to effector systems. It is also helpful to determine if the cDNA to be 

transfected is already expressed endogenously in the cell line chosen for 

transfection (Townsend-Nicholson, 1997). HEK293 cell line used in this study meets 

most, if not all, of these criteria.   

This is supported by a recent study, in which microarray analysis of the endogenous 

GPCRs mRNA profile of the cell lines that frequently used for GPCRs research 

studies revealed that HEK293 cells do not endogenously express the classical 

cannabinoid receptors (CB1 and CB2) and the level of GPR18-mRNA detected in 

HEK293 cells did not reach statistical significance (Atwood et al., 2011). 

In conclusion, the lack of response to the putative GPR18 cannabinoid ligands in 

terms of ERK1/2 activation and Ca2+ mobilisation with reproducible responses to the 

positive controls in native HEK293 cells and the absence of endogenous expression 

of the cannabinoid receptors by these cells in addition to the general attributes that 

made this cell line widely used for heterologous protein expression make these cells 
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suitable host for generating cellular model for studying GPR18 receptor signalling 

pathway(s). 

 



   

 
75  

Chapter 3 Molecular biology of GPR18 receptor 
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 Introduction 

A variety of transfection systems have been used to study GPR18 coupling in 

response to a panel of cannabinoid ligands. Most of the currently available data 

which describe NAGly as a putative ligand for GPR18 receptor were based on the 

observation of increased intracellular Ca2+ level, inhibition of forskolin-stimulated 

cAMP production or stimulation of ERK phosphorylation in GPR18-transfected cells 

comparing to the mock-transfected or wild type cells (Burstein et al., 2011; Console-

Bram et al., 2014; Kohno et al., 2006; McHugh et al., 2010; McHugh et al., 2012a). 

A variety of clones of HEK293 cell line were used as a host for heterologous 

expression of GPR18 receptor with discordant findings ;(Console-Bram et al., 2014; 

Finlay et al., 2016; McHugh et al., 2012a). Babnigg et al., observed cell-to-cell 

variations in Ca2+ signalling in stable HEK cell clones and attributed this variation to 

the endogenous expression of four TRP (transient receptor potential) homologues, 

two of which (TRPC1 and TRPC3) are found to be important mediators of store 

operated calcium entry (SOCE). Further investigation of the degree of difference in 

the levels of SOCE in 270 HEK cell clones (each arising from the same cell) due to 

chance variation between single HEK cell clones (via TRP channel knock-out) as 

compared to the variation seen following transfection with a TRPC gene revealed 

high variation in SOCE values (Babnigg et al., 2000). 

The passage number of the cells, culture media conditions, or original cell source 

could cause batch to batch phenotype alteration and has been speculated to be a 

potential source of discrepancy between studies. The inducible expression of 

GPR18 construct in HEK cells would provide better model for studying GPR18 

signalling given that it allowed the very same clonal cell line to serve as its own 

internal control which would be practically better than comparing the responses 

elicited by GPR18-transfected HEKs to those observed in wild type HEK293 cells 
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that were used in previous studies (Console-Bram et al., 2014; McHugh et al., 2010). 

Labelling GPR18 with SNAP tag enabled assessment the efficiency of transfection 

and induction of receptor expression. 

The SNAP-tag is a 20 kDa mutant of the DNA repair protein O-6-alkylguanine-DNA 

alkyl transferase (AGT) that genetically engineered to remove its affinity for DNA 

and to reacts specifically and rapidly with benzylguanine (BG) substrates, resulting 

in an irreversible covalent labelling of the SNAP-tag with a synthetic probe (Crivat 

and Taraska, 2012). SNAP-tag has a number of features that make it ideal for a 

variety of applications in protein labelling. The rate of the reaction of SNAP-tag with 

BG derivatives is to a large extent independent of the nature of the synthetic probe 

attached to BG, permitting the labelling of SNAP fusion proteins with a wide variety 

of synthetic probes. Secondly, SNAP-tag has no restrictions with respect to cellular 

localization and expression host (Keppler et al., 2004). Thirdly, SNAP-tag substrates 

are chemically inert towards other proteins, avoiding nonspecific labelling in cellular 

applications. Furthermore, SNAP tag can be fused to either the N- or C-terminus of 

any protein (or GPCR) of interest in fixed or living cells. Another important 

characteristic of labelling of SNAP fusion proteins is that the labelling itself can be 

restricted to certain cellular compartment. For example, use of cell-impermeable 

substrates of SNAP-tag enables the fraction of a plasma membrane protein present 

on the surface of the cell to be visualized through specific labelling. Also, many 

SNAP-tag substrates are cell permeable, permitting labelling of intracellular 

proteins. 

In contrast to intrinsically florescent GFP tag, the fluorescence of SNAP-tag fusions 

can be readily turned on by the direct addition of a variety of fluorescent probes to 

the culture media (Keppler et al., 2003; Keppler et al., 2004). 
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 Aims 

Taking into account the potential role of GPR18 in the variety of cellular activities 

such as regulation of cellular migration and proliferation/apoptosis that have been 

described in response to NAGly and other cannabinoid signalling molecules and the 

potential of being a therapeutic target, the objective of this project was to generate 

an inducible heterologous expression system for GPR18 in order to conduct further 

investigations into its molecular pharmacology. To meet this objective, it is 

necessary to: 

1. Generate a model for studying GPR18 receptor signalling by transfection of 

GPR18 cDNA into the HEK293TR cell line under the control of a tetracycline 

regulated expression system. This involved excision of GPR18 cDNA from its 

original non-inducible plasmid vector and incorporation into an inducible construct 

using restriction-digestion protocols prior to the transfection into the host cells.  

2. Verifying the surface receptor expression and monitoring of the subcellular 

distribution GPR18 receptor using SNAP-tag labelling. 

The progression in generating the GPR18-expressing HEK293TR cells is described 

in the following section (with methodology) 
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 Expression of GPR18 receptor in    
HEK293TR cell line  

 Sub-cloning insert cDNA into new host vectors 

In order to prepare GPR18-cDNA insert for transfer into tetracycline repressor (TR)-

regulated expression vector pcDNA4/TO (Invitrogen) (inducible plasmid), it was 

excised from the vector in which it was contained, non-inducible pcDNA3.1+ (cDNA 

Resource Centre, Missouri S&T, USA, Catalogue No. GPR0180000, NCBI Acc 

NM_005292) using the relevant restriction enzymes (BamHI and EcoRI) to produce 

overhanging (sticky) ends. The digest reaction was then run on an agarose gel, and 

the correct insert-sized band was excised and purified with a final elution of purified 

insert DNA in 50 ɛl ddH2O. 

 

3.3.1.1  DNA sequencing analysis 

All newly synthesised constructs were analysed by DNA sequencing, carried out by 

the Biopolymer Synthesis and Analysis Unit (BSAU) in the School of Life Sciences 

(University of Nottingham), using an automated DNA sequencer. 

 

3.3.1.2  Preparation of insert cDNA   

In order to prepare GPR18-cDNA insert, a restriction digestion mixture of 20 ɛl (in 

total) was prepared in a sterile 0.5 ml tube, consisting of 2 ɛg of DNA (in 

pcDNA3.1+) , 1 ɛl (1 unit (Fast Digest, from Fermentas) with 2 ɛl of 10x Fast Digest 

buffer (supplied with enzyme). This was incubated for 1 h at 37 ºC, then 20 min 

incubation at 65 ºC, with an additional enzyme heat inactivation step of 5 min at     80 

ºC. 
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3.3.1.3  Preparation of host vector 

In order to prepare a plasmid into which an insert was to be transferred (i.e. the 

óhostô vector), pcDNA/TO (Invitrogen) plasmid was digested with the corresponding 

restriction enzymes (according to the standard digestion protocol above). The 

digested (linearized) plasmid was then subjected to treatment with shrimp alkaline 

phosphatase (SAP), which catalyses 5ô-dephosphorylation of DNA ends, thus 

preventing self-re-ligation. 20 ɛl of the digestion reaction was treated with 2 ɛl (2 

units) SAP (Fermentas) plus 2 ɛl SAP 10X buffer (provided with the enzyme) and 

incubated for 60 min at 37 ºC, followed by inactivation of SAP at 65 ºC for 20 min. 

Host DNA was then purified from this reaction using the GenElute kit (Sigma-

Aldrich), using the columns and reagents provided and following the manufacturerôs 

instructions, except the final elution step was performed in 40 ɛl ddH2O. The method 

employed in this kit is based on the purification of DNA by binding to silica gel 

columns in the presence of high salt. 

 

3.3.1.4  Analysis of DNA samples by agarose gel electrophoresis: 

DNA samples were analysed in gels consisting of 1 % (w/v) agarose dissolved in 

tris-borate-ethylenediaminetetraacetic acid (EDTA) buffer (TBE; 89 mM Tris-HCl 

[pH 7.6], 89 mM boric acid, 2 mM EDTA) by heating in a microwave oven. Ethidium 

bromide (Sigma-Aldrich), a DNA intercalating agent, was added to a final 

concentration of 0.1 µg/ml for the visualisation of DNA under ultraviolet (UV) 

illumination. The gel was poured into a horizontal casting tray with a comb, allowed 

to set at room temperature, and then inserted into an electrophoresis tank and 

immersed in TBE buffer. 5 µl of DNA samples, mixed with loading buffer (0.25% 

(w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, 50% (v/v) glycerol, 1X TBE), 
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were loaded into the appropriate wells alongside a molecular weight marker 

(BenchTop 1kb DNA ladder, Promega). Gels were run in TBE at a constant voltage 

of 80 V until the dye front had migrated towards the positive electrode an appropriate 

distance. DNA was visualised by UV illumination on a Syngene GVS-30 

Transilluminator. Estimation of the size of DNA samples was done by reference to 

the molecular weight markers (Fig 3.1). 

 

 

 

 

 

 

 

 

 

Figure 3-1 Agarose gel electrophoresis: Lanes 1 and 2 are GPR18-pcDNA 4/TO clones 
generated by restriction digestion using EcoRI and BamHI. Lane 3 is the DNA ladder. Lanes 
4 and 5 are GPR18-pcDNA3.1+ clones (non- inducible). The vector was 5000 bp which is about 
five times the insert size (1000 bp) 
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3.3.1.5  Gel extraction of DNA samples: 

After confirmation of the DNA samples on agarose gels, the desired bands were 

carefully excised from the gel using a sterile scalpel, ensuring the minimal possible 

UV exposure time to prevent damage to the DNA. Excised fragments were 

transferred to sterile 1.5 ml microfuge tubes and the DNA was extracted using the 

GenElute Gel Extraction Kit (Sigma-Aldrich), using the solutions and columns 

provided. This kit employs a silica gel-based method of DNA purification by column 

chromatography. A slice of agarose gel containing the desired plasmid DNA was 

dissolved in 3 volumes of gel solubilisation solution by heating to 60 ºC for 10 min. 

The solubilisation solution contains a chaotropic salt (sodium perchlorate), which 

removes the water óshellô surrounding the DNA phosphate backbone; this allows the 

phosphate residues of the disordered DNA to adsorb to the silica in the columns. 1 

gel volume of isopropanol was added to this solution prior to column loading. The 

addition of the alcohol isopropanol also aids dehydration of the DNA phosphates, 

thereby enhancing binding to the silica. Once this solution was loaded onto a 

column, the solution was removed by centrifugation leaving the DNA adsorbed onto 

the silica. The column was then washed with a solution containing solvent (e.g. 70 % 

(v/v) ethanol), which removed contaminants such as RNA and carbohydrate but did 

not displace the double-stranded DNA. The plasmid DNA was then eluted in Tris 

buffer (TE, 10 mM Tris HCl, 0.1 mM EDTA; pH 8.0), which rehydrated the DNA 

leading to disruption of the DNA-silica electrostatic contacts. 
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3.3.1.6  Ligation of overhanging DNA 

Ligations were performed using T4 DNA ligase (NEB). Reactions contained 5 units 

ligase, 1x T4 ligase buffer per 1 ɛg DNA. Ligations between substrates with either 

5' or 3' overhangs were carried out at 15 °C for 16 hrs. The reaction was heat 

inactivated at 65 °C for 15 min. For vector:insert ligations, reactions contained a 

molar ratio of ~3:1 insert to vector DNA. The purity and concentration was then 

estimated using a spectrophotometer (BioPhotometer, Eppendorf). The 

concentration was measured at 260 nm, as absorption for double stranded DNA is 

greatest at this wavelength; the conversion factor is based on A260 of 1, representing 

50 ɛg/ml double stranded DNA. Additionally, proteins absorb at 280 nm, therefore 

the ratio A260/A280 is used to indicate purity of the sample. An absorption ratio 

between 1.7 and 1.9 indicates relatively pure double stranded DNA, because < 1.7 

indicated protein contamination, whilst > 1.9 indicated RNA contamination. 

 

3.3.1.7  Transformation of cDNA into chemically competent E.coli 

An aliquot of competent E.coli, XL-1 cells was removed from -80 ºC storage and 

thawed on ice. For each transformation reaction, 100 ɛl of cells were transferred to 

a pre-chilled sterile 1.5 ml microfuge tube. 1.5 ɛl of 1.4 M ɓ-mercaptoethanol was 

added, and the cells were incubated with gentle mixing on ice for 10 min. An 

appropriate volume of DNA (typically 10 ng of plasmid DNA, or 5 ɛl of a ligation 

reaction product) was added, and the mixture was gently mixed followed by 

incubation on ice for 30 min. The mixture was then subjected to a heat-shock at 42 

ºC for 45 sec followed by immediately returning the tube(s) to ice for approximately 

2 min. 400 ɛl LB (Luria Bertani) broth was added, and the culture was incubated at 

37 ºC for 1 h with agitation (250 rpm). Between 10 ï 200 ɛl of the transformation 
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culture was streaked onto LB agar plate(s) containing the relevant selection 

antibiotic (75 ɛg/ml ampicillin-coated); inverted plates were incubated at 37 ºC 

overnight. The next day, a minimum of two colonies were picked and placed in a 20 

ml tube containing 5 ml LB broth and 75 ɛg/ml ampicillin, and grown overnight at 

37 °C with shaking (250 rpm). 

 

3.3.1.8  Small-scale (miniprep) isolation of recombinant plasmid 
cDNA from E.coli 

Small yield plasmid preparations were obtained from previously grown E. coli XL-1 

plate cultures by the inoculation of a single colony into 5 ml LB broth containing the 

appropriate antibiotic (Ampicillin) followed by incubation of the culture overnight at 

37 ºC with agitation (250 rpm). cDNA was subsequently isolated from the cells using 

the GenElute Plasmid Miniprep kit (Sigma-Aldrich), using the columns and reagents 

provided and following the manufacturerôs instructions, except the final elution step 

was performed in 100 ɛl ddH2O. This kit enables purification of plasmid DNA by a 

modified alkaline-SDS lysis method followed by DNA recovery by silica-based spin 

format column chromatography. An overnight culture (3 ml of a 5 ml culture) was 

harvested by centrifugation and the bacterial pellet was resuspended in 

resuspension buffer, which is a hyperosmotic sucrose solution containing RNase 

that degraded any RNA that may be present. The bacteria were then lysed in an 

alkaline solution containing SDS. The strong anionic detergent SDS lyses the cell 

wall and denatures chromosomal DNA and proteins, as well as releasing plasmid 

DNA into the supernatant. The alkaline solution disrupts base pairing, but the 

closed, intertwined structure of plasmid DNA means that the strands do not 

separate. Cell debris (proteins, lipids, chromosomal DNA) are coated with dodecyl 

sulphate; a neutralisation solution (potassium acetate) is next added, which 
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promotes precipitation of this debris by replacement of Na+ with K+ ions (Ish-

Horowicz and Burke, 1981) . The precipitate is removed by centrifugation at 13000 

rpm for 10 min, leaving a supernatant lysate containing plasmid DNA that was 

loaded onto a silica column by the aid of chaotropic binding salts. Purification was 

then done by placing the binding column in a microfuge tube and column preparation 

solution was added and centrifuged. This maximised the DNA binding to the 

membrane in the column. The lysate was transferred to the column, and centrifuged, 

resulting in binding the DNA to the silica filter. After that, the filter was washed with 

a wash solution containing solvent (80% (v/v) ethanol) which removed residual salts 

and other contaminants from the DNA, and was then re-spun without additional 

wash solution to remove excess ethanol. This then allowed the DNA to be eluted in 

100 ɛl water or Tris-EDTA (TE, 10 mM Tris HCl, 0.1 mM EDTA; pH 8.0) (Bimboim 

and Doly, 1979). 

 

3.3.1.9  Restriction endonuclease digest analysis 

Purified DNA was typically digested in a total reaction volume of 20 ɛl containing: 

~2 ɛg DNA, 1 ɛl (1 unit) each relevant enzyme (BamHI, EcoRI) (FastDigest 

restriction enzymes, Fermentas), 2 ɛl 10X FastDigest buffer (supplied with enzyme) 

and ddH2O. Mixtures were prepared in sterile 0.5 ml microfuge tubes and the 

reaction was allowed to proceed for 1 h at 37 ºC, followed by incubation at 60 ºC for 

20 min and then 80 ºC for 5 min to denature (inactivate) the enzymes. Typically, 

DNA samples were all analysed by electrophoresis in 1% (w/v) agarose gels 

described above. 
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3.3.1.10 Main features of the vectors used in this study 

The basics of the plasmid backbones used were as follows. The pcDNA3.1(+) 

vectors comprised a cytomegalovirus (CMV) enhancer promoter for high level 

expression, upstream of the multiple cloning site (MCS), which contained various 

unique endonuclease recognition sites for insertion of transgenes. This was followed 

by a bovine growth hormone polyadenylation (poly (A)) signal and transcription 

termination site in order to produce mRNA transcripts with a high stability. The 

vector also contained a Simian virus 40 (SV40) origin for plasmid replication in cell 

lines expressing the large T antigen, an ampicillin resistance gene and pUC origin 

for bacterial selection, and an antibiotic (zeocin or neomycin) resistance gene for 

selection in mammalian cell lines (Fig 3.2). 
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Figure 3-2 : Vector map of pcDNA 3.1+ pcDNA3.1+ vector which lack the tet repressor operon 
binding site and contained the following features: restriction enzymes cutting sites; bacterial 
origin of replication (ori); the polyadenylation sequence (pA); the signal sequence (sig); and 
the sites of antibiotic resistance. 

 

 

The pcDNA4/TO vector was based on the pcDNA3.1 backbone described above, 

but additionally contained two copies of the tetracycline operator (TetO2) within the 

CMV promoter (Fig 3.3). 
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3.3.1.11 Tetracycline induction of receptor expression 

The promoter of pcDNA4T/O allowed tetracycline regulation of receptor expression 

because it contains two tetracycline operon sites (TetO2) to which the repressor 

protein co-expressed in HEK293TR cells binds. Following tetracycline treatment (1 

ɛg/ml 18-21 h), a de-repression mechanism occurs by which the tetracycline binds 

to the repressor protein, dissociating it from the TetO2 sites and allowing gene 

expression (Yao et al., 1998). 

 

Figure 3-3 : Vector map of pcDNA4T/O. pcDNA4T/O vector and contained the following 
features: restriction enzymes cutting sites; the tet repressor operon binding site (TetO); 
bacterial origin of replication (ori); the polyadenylation sequence (pA); the signal sequence 
(sig); and the sites of antibiotic resistance. 
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3.3.1.12 Generation of SNAP-tagged GPR18 cDNA 

By means of polymerase chain reaction (PCR), the SNAP-tag was inserted into the 

GPR18 receptor cDNA sequence lacking the start Methionine (Met) codon and 

included a stop codon coding sequence. The construct was also modified to include 

the insertion of a Kozak site for translation initiation (GCCACC) followed by 

appropriate coding sequences between EcoRI (3ô) and BamHI (5ô) to generate 

receptors tagged at the N-terminus, thus generating the GPR18 receptor sequence 

joined to the SNAP-tag (181 amino acids), which allowed for fluorescent labelling 

(Kilpatrick et al., 2010). 

The final volume for PCR reaction was 50 ɛl, which comprised of 5 ɛl 10X Pwo 

reaction buffer containing 1.5 mM MgSO4 (Roche, Burgess Hill, UK), dNTPs mix 

(200 ɛM each of dATP, dCTP, dGTP and dTTP; Promega, Madison, WI, USA), 25 

ng cDNA template, 600 ɛM final concentration of each of the oligonucleotide primers 

and double-distilled H2O (ddH2O). 

The reaction mixture was set up in a thin-walled 200 ɛl PCR tube (Scientific 

Laboratory Supplies, UK). Prior to the addition of the DNA polymerase, reaction 

tubes were placed in a thermocycler block (Mastercycler gradient, Eppendorf, UK) 

which was set to perform an initial denaturation step at 95ºC for 30 s before lowering 

to the annealing temperature 55 ÜC, at which point 0.5 ɛl (2.5 units) of DNA 

polymerase (Roche) was added to the reaction mixture to avoid destruction of this 

enzyme by high temp of denaturation. Thermocycling was then continued overnight 

and each cycle of replication was proceeded as follows: denaturation at 95 ºC for 

30 s, annealing (~55 ºC) for 45-60 s, and extension at 68-72 ºC for ~1 min per 

kilobase pair (kbp) of template length. This was followed by cooling (hold) at 4 ºC. 
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3.3.1.12.1  Primers 

The forward primer consisted of a restriction enzyme site of choice (BamH1), 

followed by the sequence for the receptor, starting at residue 2, with the removal of 

start codon to allow insertion of the SNAP tag. The reverse primer was designed to 

introduce a stop codon, plus the code for a desired restriction enzyme site (EcoRI). 

 

 

Forward (5ô        3ô) TTC-AGG-ATC-CAT-CAC-CCT-GAA-CAA-TCA-AGA-TCA-ACC 

 

Reverse (5ô           3ô) CCA-TGA-ATT-CTC-ATA-ACA-TTT-CAC-TGT-TTA-TAT-TGC 

 

 

 

 

 

 

 

 

 

 

BamHI  
GPR18 

cDNA  

EcoRI  GPR18 

cDNA  
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3.3.1.12.2  Analysis and gel extraction of PCR product 

Following PCR amplification of GPR18 cDNA sequence, the entire reaction (50 ɛl) 

was run on a 1 % (w/v) agarose gel as described before. Having confirmed the size 

of the amplified PCR product, the relevant band was excised from the agarose gel 

and the DNA extracted as previously described (Fig 3.4.). 

 

 

 

 

 

 

 

 

 

Figure 3-4 : Agarose gel electrophoresis of PCR products prior to digestion by EcoRI and 
BamHI showing GPR18 cDNA at 1000 kbp, which confirms that PCR did not introduce any 
change to the size of the GPR18 cDNA. 

 

GPR18 receptor cDNA was inserted into pre-existing plasmid vector (pcDNA4/TO) 

between restriction sites BamHI (5ô) and EcoRI (3ô) using the following protocol. 

 

GPR18 clone Ladder 

7000 bp 

4000 bp 

3000 bp 

2500 bp 

1500 bp 

1000 bp 

750 bp 

500 bp 

250 bp 

6000 bp 

5000 bp 
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3.3.1.12.3  Preparation of ñinsertò cDNA  

The ñinsertò was defined as the receptor cDNA. This was prepared by restriction 

digestion, isolated by electrophoresis on an agarose gel, visualised using UV light, 

cut out and purified (Fig 3.5.). 

 

3.3.1.12.4  Preparation of ñvectorò cDNA 

The ñvectorò was defined as the plasmid. The vector underwent shrimp alkaline 

phosphatase (SAP) treatment (2 ɛl (2U) SAP buffer (supplied with enzyme; 100 mM 

Tris-HCl, 50 mM MgCl2, 1 M KCl, 0.2 % (v/v) Triton X-100, 1 mg/ml BSA; pH 8.0) 

and 2 ɛl SAP) for 1.5 h at 37 ÁC, followed by 20 min at 75 °C to heat inactivate the 

enzyme. This step was to dephosphorylate the 5ô end of the DNA, to prevent self-

re-ligation. The vector was then purified using a PCR Clean-Up Kit (Sigma-Aldrich), 

to remove contaminants using a silica binding format as before, according to the 

manufacturerôs instructions, except that the DNA was eluted into 40 ɛl dH2O. 

 

3.3.1.12.5 Ligation 

The insert and vector were ligated together overnight, in a 3:1 insert : vector ratio, 

where DNA amounts were initially calculated using the equation as follows, 

assuming 80% yield from the gel purification kit (insert) or PCR clean up kit (vector) 

and starting from 2 ɛg DNA: 

 

 

 

No. of moles of vector in 50 ng   =  

No.of moles of insert in 50 ng 

(Ratio of sizes of vector: insert in base pairs) ng 
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Thus, positive and negative control reactions were set up in 0.5 ml tubes in a total 

volume of 10 ɛl containing: 50 ng vector DNA, plus (positive) or minus (negative) 

three times the molar ratio of insert DNA, 1 ɛl 10X T4 DNA ligase buffer (Fermentas), 

1 ɛl (5 units) T4 DNA ligase (Fermentas) and ddH2O. The reaction mixture was 

incubated at 16 ºC for 16 h, and both positive and negative controls were 

subsequently transformed into competent XL-1 bacteria. 

 

 

 

 

 

Figure 3-5 Agarose gel electrophoresis of PCR products after digestion by restriction 
enzymes BamHI and EcoRI shows clones 4 and 2 have the correct insert (GPR18 PCR, 1000 
bp) whereas clones 1, 3 have the original insert from the vector (ghrelinR 1.2 kbp) which was 
used as a positive control for restriction digestion reaction. 

 

Vector 

Insert 

Clone 2 Clone 1 Ladder Clone 3 Clone 4 

5000 bp 

1000 bp 

2000 bp 

2500 bp 

3000 bp 

3500 bp 

4000 bp 

4500 bp 
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3.3.1.12.6 Large-scale (maxiprep) isolation of recombinant   
plasmid cDNA from E.coli  

Large yield plasmid preparations were obtained using previously grown 5 ml XL-1 

E.coli strain starter cultures, obtained as previously described, by the inoculation of 

a single colony into 5 ml LB broth. Depending on the growth of the starter culture, 

between 100 ɛl ï 1 ml (typically ~200 ɛl) was used to inoculate 120 ml sterile LB 

broth (containing the appropriate antibiotic) in a 500 ml conical flask. This culture 

was grown overnight at 37 ºC with agitation (250 rpm). 

DNA was subsequently isolated from the cells using the GenElute HP Plasmid 

Maxiprep kit (Sigma-Aldrich), using the columns and reagents provided and 

following the manufacturerôs instructions resulting in a 3 ml eluate containing the 

plasmid DNA (in a 50 ml conical bottomed tube). 

The next day, the overnight culture was pelleted by centrifugation for 15 min at 4,000 

rpm. This pellet was resuspended in resuspension buffer, which was a hyperosmotic 

sucrose solution containing RNase that degraded any RNA that may be present. 

Then, an alkaline-detergent solution (NaOH/SDS) was added, followed by 

immediate inversion to lyse the cells. Again, the SDS degraded the cell walls, 

liberating cell contents, allowing the alkaline pH to irreversibly denature the 

chromosomal DNA, whilst leaving the plasmid DNA unaffected. The chromosomal 

DNA, along with proteins and lipids, becomes coated with dodecyl sulphate. This 

solution was allowed to sit for 3-5 min, until clear and viscous. During this time, a 

filter syringe was prepared by removing the plunger and the barrel was placed 

upright in a rack.  

This solution was then neutralised with chilled neutralisation solution containing 

potassium acetate and gently inverted. The chromosomal DNA, proteins and lipids 
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undergo precipitation into a white aggregate, due to the replacement of Na+ with K+ 

(Ish-Horowicz and Burke, 1981), which leaves the plasmid DNA intact in the 

supernatant. 

A binding solution was then added, which contained the chaotropic binding salts 

that enabled the plasmid DNA to become bound to silica. This solution was then 

immediately poured into the barrel of the filter syringe, and allowed to sit for 5 min. 

During this step, the binding column was placed into a 50 ml collection tube, column 

preparation solution was added and the assembly was centrifuged at 4,000 rpm for 

2 min, which allows for maximum DNA binding to the membrane in the column. Half 

of the cleared lysate was expelled from the syringe into the binding column, 

centrifuged at 4,000 rpm for 2 min and the eluate discarded. The remaining lysate 

was also centrifuged in the same way, resulting in the DNA becoming bound to the 

silica-gel matrix. 

Next, the filter was washed with two wash solutions, the first  (salt buffer in 20% (v/v) 

ethanol) at 4,000 rpm for 2 min; then the second wash solution containing solvent 

(80 % (v/v) ethanol) which removes residual salts and other contaminants from the 

DNA.  This was removed by centrifugation at 4,000 rpm for 5 min. The binding 

column was then moved to a clean 50 ml collection tube, 3 ml of elution solution 

was added, and centrifuged at 4,000 rpm for 5 min. This eluate then underwent a 

further ethanol precipitation treatment to concentrate and purify the DNA.  

The ethanol precipitation was as follows: 3 M sodium acetate (pH 5.0) was added 

in a 1:10 ratio (300 µl, resulting in a final concentration of 0.3 M) to the 3 ml DNA 

eluate and 2.2 volumes of ice-cold 100 % (v/v) ethanol (7.2 ml) was also added. 

Ethanol displaced the less polar water molecules that surrounded the DNA 

phosphates, which then allowed the Na+ ions from the sodium acetate to bind to the 
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DNA phosphates instead. This reduced the repulsive charges between DNA and 

caused the DNA to undergo precipitation. The mixture was centrifuged at 4,000 rpm 

for 30 min, which produced a DNA pellet. 1 ml of ice-cold 70 % (v/v) ethanol was 

then added, and the sample re-centrifuged for 10 min at 4,000 rpm, to remove salt 

contaminants. The supernatant layer was then poured off and the DNA pellet was 

left to air-dry for approximately 15 min. After this, the pellet was resuspended in TE 

buffer (10 mM Tris-HCl, 1 mM EDTA; pH 7.5), typically 200 µl (Birnboim and Doly, 

1979). The purity and concentration was then estimated using a spectrophotometer 

(BioPhotometer, Eppendorf) as described earlier in Section 3.3.1.6. 

 

3.3.1.13 Transfection  

Stable transfections of GPR18 and SNAP-tagged GPR18 constructs in HEK293TR 

cell line were performed to generate mixed populations using Lipofectamine in Opti-

MEM® (Invitrogen, UK). For transfection of cells in a flask (T25) of 90 % confluency, 

a reaction mixture of 2 ɛg DNA (in 200 ɛl Opti-MEM®) to 18 ɛl Lipofectamine (1:9 

ratio; also in 200 ɛl Opti-MEM®) was prepared, and then combined to make a total 

volume of 400 ɛl in a 30 ml tube. This was left at room temperature for 45 min, whilst 

1.2 ml Opti-MEM® was added to replace the medium in the flask (T25) of HEK293TR 

cells and also left for 45 min at 37°C. A further 800 µl Opti-MEM® was added to the 

DNA-Lipofectamine reaction mix, which was then added to the cells and left for 24 

h at 37 °C. The next day, the cells were passaged as per standard protocol and 

stable GPR18-HEK293TR and SNAP-tagged-GPR18-HEK293TR cells were 

generated by using antibiotics for selection (blasticidin 5 ɛg/ml and zeocin 200 

ɛg/ml). Stable transfected cell lines were maintained in low levels of blasticidin (5 

mg/ml), zeocin (50 mg/ml) to ensure continued selection pressure. 
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3.3.1.14 Cell surface expression & fluorescent labelling of GPR18 
receptor  

SNAP-GPR18 HEK293TR cells were seeded at 25,000 cells per well in poly-D-

lysine coated 96 well clear-bottomed black-sided plates (Greiner 655090; from 

Greiner Bio-One, Stonehouse, UK). The next day, receptor expression was induced 

by incubating the cells with tetracycline at two different concentrations (1 µg/ml, 100 

ng/ml) for 20 h. Then, on the day of the experiment, plates were incubated with 

DMEM/10 % (v/v) FBS containing 0.2 ɛM SNAP-surface AlexaFluor (AF)-488 for 30 

min at 37°C. Cells were washed and then incubated in HBSS for 10 min at 37°C. 

After this, cells were rinsed twice with PBS, then fixed in 3 % (v/v) paraformaldehyde 

(PFA) in PBS for 10 min at room temperature, followed by another two 5 min washes 

with PBS, then treatment with nuclear stain H33342 (2 µg/ml in PBS), followed by 

two more washes in PBS, all at room temperature. Plates were then imaged on the 

IX Ultra confocal plate reader (Molecular Devices), with four central sites being 

imaged per well, using a Plan Fluor 40x NA0.6 (numerical aperture; signifies the 

objectiveôs acceptance cone, the range of angles over which light can be accepted 

into the lens i.e. its light gathering power) extra-long working distance air objective 

and 405 nm (H33342; cell nuclei) or 488 nm (SNAP-surface AF-488; receptor) laser 

excitation. 

SNAP-tag is a mutant version of a DNA repair protein, an alkyl guanine-DNA 

transferase (AGT). It consists of 182 residues polypeptide (19.4 kDa) that can be 

fused to any protein of interest and covalently reacts with (labels) a suitable ligand, 

such as a fluorescent benzyl-guanine (BG) dye leading to irreversible labelling of 

the SNAP-tag with a fluorescent probe and enabling receptor visualization (Crivat 

and Taraska, 2012). SNAP-tag system allows the tagged cell line to be labelled with 

a variety of different wavelength dyes, and because the SNAP-tag label is 
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membrane impermeant, only the receptors that are expressed and reach the cells 

surface are labelled and not any nascent intracellular polypeptide (Crivat and 

Taraska, 2012; Gautier et al., 2008) (see Fig 3.6).  

The transfected HEK293TR cell line utilises a tetracycline inducible system to initiate 

gene expression, consequently, in the absence of tetracycline pre-treatment, there 

was no receptor expression. The ñno tetracyclineò controls thus show that the SNAP-

surface label was specific for the receptor, as there was no labelling in the absence 

of receptor. Comparison of the images indicates that 100 ng / ml tetracycline was 

sufficient to induce receptor expression, and the use of 0.2 µM SNAP-surface AF-

488 resulted in sufficient labelling (Fig 3.7) comparing to 0.4 µM SNAP-surface AF-

488 (not shown). The intracellular labelling is interpreted as constitutive 

internalisation of the receptor after labelling at the surface. 

 

 

 

 

 

 

Figure 3-6 : A schematic view of the SNAP-tag receptor system: The first panel shows the 
modified receptor containing the SNAP-tag protein fused to the N terminus. The second and 
third panels showing the reaction of the (BG) benzyl-guanine label (SNAP-surface 
fluorophore) undergoing the specific reaction which results in the receptor becoming 
fluorescently labelled. 
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Figure 3-7 SNAP-surface AF488 specifically labelled SNAP-GPR18: HEK293TR cells were 
stably transfected with SNAP-GPR18 cDNA. Receptor expression was induced by 20 h 
treatment with tetracycline (tet) (II) 100 ng/ml and (III) 1 µg/ml. Cells were then treated with 0.2 
ɛM SNAP-surface AF-488 and H33342 dyes to stain GPR18 receptor and nuclei respectively 
and were imaged on the IX Micro, using 488 nm excitation, scale bar=50 µm. images are from 
a single experiment, repeated on a further occasion 
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 Summary: 

 

 

 

 

 

 

 

 

Figure 3-8 Generalised scheme for the sub-cloning of GPR18-cDNA sequences into 
pcDNA4/TO expression plasmids. GPR18 cDNA had been excised from the original plasmid 
(pcDNA3.1+) and ligated to the inducible vector (pcDNA4/TO) using restriction-digestion 
reaction with appropriate restriction enzymes (EcoRI and BamHI). The sequence of GPR18 
cDNA was confirmed by automated DNA sequencer and then transformed into chemically 
competent E coli (XL-1) with subsequent small-scale (mini-prep) and large-scale (maxi-prep) 
isolation and purification of GPR18 pcDNA. PCR was used to insert the SNAP tag into GPR18 
sequence (at N-terminus) which allowed for fluorescent labelling. The amplified PCR product 
(SNAP-GPR18 construct) sequence was confirmed and then subjected to small and large-
scale isolation and purification processes. GPR18 and SNAP-tagged GPR18 constructs were 
stably transfected in HEK293TR cell line to generate two clones of GPR18-HEK293TR cells, 
one with and the other without SNAP tagging. 
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 Discussion 

Human GPR18 receptor cDNA was inserted into the expression vector, 

pcDNA4T/O, between endonuclease enzyme restriction sites (BamHI and EcoRI). 

The appropriate sequence of GPR18 constructs generated in this study was 

confirmed using an automated DNA sequencer prior to transformation into 

chemically competent (XL-1) E. coli cells. Culturing the transformed (XL-1) E. coli 

strain and subsequent DNA purification allowed for increasing the number of copies 

of GPR18 constructs. The receptor insert was then placed downstream of the 

SNAP-tag sequence which enabled fluorescent labelling. The SNAP and non-

SNAP-tagged constructs were then transfected into HEK293TR cells, so that 

receptor expression was under the control of a tetracycline inducible system (Fig 

3.8). Imaging of the transfected HEK293TR cell line with the IX Ultra confocal plate 

reader indicated that the addition of the SNAP-tag did not affect receptor expression 

and that the receptor can be successfully labelled (Fig 3.7).  

The classification of GPR18 as a third cannabinoid receptor is a controversial issue 

(Alexander, 2012). NAGly and particular cannabinoid compounds have been 

reported to induce a pertussis toxin-sensitive rise in intracellular Ca2+ levels and 

ERK phosphorylation in transfection systems heterologously expressing GPR18 

receptor, including HEK293 cells (Kohno et al., 2006; McHugh et al., 2010; McHugh 

et al., 2012a). In 2014, Console-Bram et al. observed that GPR18 mediated ERK 

phosphorylation and Ca2+ mobilisation was also sensitive to Gq heterotrimeric 

protein inhibition in GPR18 transfected HEK293 cells. It has also been found that 

O-1918 caused an increase in MAPK activity via GPR18 activation, which is in 

contrast to the previously reported GPR18 antagonist activity of O-1918 in migration 

studies, using BV-2 and HEK-GPR18 cells (McHugh et al., 2010). Activation of 

GPR18 receptors by the ligands described by McHugh et al., (2010; 2012) was not 
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reproducible in a recent study employed HEK293 cell line stably and transiently 

expressing GPR18 (Finlay et al., 2016). Considering that very similar GPR18 

constructs had been used to transfect HEK293 cells utilized in the studies conducted 

by McHugh et al., (2010; 2012); Console-Bram et al., (2014) and Finlay et al., (2016) 

it seems plausible that the discrepancy in the literature describing NAGly-GPR18 

coupling may possibly relate to phenotype drift of cell lines used as host for GPR18 

expression or endogenous GPR18 expressers within different laboratories. This 

assumption is further supported by the inconsistency in reports describing GPR18 

expression in BV2 (Atwood et al., 2011; Finlay et al., 2016; McHugh et al., 2010; 

McHugh et al., 2014; McHugh et al., 2012b) and HEC-1B endometrial cells (Finlay 

et al., 2016; McHugh et al., 2012a).  

The model that we have generated for studying GPR18 signalling allows us to use 

the ideal control ï the very same cell line - in functional analysis.  This avoids the 

problem of clonal variability which is an issue of particular importance with the HEK 

cell line (Babnigg et al., 2000). The localization of GPR18 receptors within the 

HEK293/GPR18 cells has been reported to be both intracellular, and on the plasma 

membrane (Console-Bram et al., 2014). SNAP tagging of GPR18 receptor enabled 

receptor visualization in the current study. SNAP-surface labelling is membrane 

impermeant, so that only receptors efficiently delivered to the cell surface were 

fluorescently labelled, while the intracellular labelling indicates constitutive 

internalisation of the receptor. It is unlikely that the receptor tagging by SNAP could 

interfere with binding to the ligands or receptor signalling given the frequent 

utilization of such tag in GPCR research (Calebiro et al., 2013; Watson et al., 

2012b). However, expression of untagged GPR18 receptor in the same host cells 

and conducting the functional tests alongside SNAP-tagged GPR18 transfected 
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cells help to rule out this theoretical possibility by allowing any possible influence of 

the SNAP tag to be identified. 

The following chapter describes the experiments that were conducted to assess the 

capability of putative GPR18 ligands to activate signalling pathway(s) in GPR18-

transfected HEK293TR with and without SNAP-tagging. 
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Chapter 4 Assessment of Ca2+ mobilisation and 
ERK phosphorylation in GPR18-transfected 
HEK293TR cells  
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 Introduction 

N- Arachidonyl glycine (NAGly) has been shown to induce calcium mobilisation in 

CHO, K562 and L929 cell lines transfected with GPR18-cDNA; these effects led to 

the suggestion of NAGly as the endogenous ligand of GPR18 (Kohno et al., 2006). 

In 2010, McHugh et al (2010) demonstrated that O-1918 could block or attenuate 

the cellular migration induced by nanomolar concentrations of NAGly, AbnCBD and 

O-1602 in BV2 and GPR18-transfected HEK293 cells and hypothesized that GPR18 

receptor represents the molecular identity of AbnCBD receptor.  

Recent publications presented further evidence that GPR18 receptor could be 

activated by the endogenous metabolite NAGly and the phytocannabinoid ȹ9-THC 

in migration assays (McHugh et al., 2012a) and in the Path-Hunter ɓ-arrestin 

recruitment assay (Rempel et al., 2013).  

NAGly-induced concentration-dependent inhibition of cAMP and cellular migration 

has been observed to be completely abolished by pertussis toxin (PTX), indicating 

GPR18 coupling to GŬi (Kohno et al., 2006; McHugh et al., 2010; McHugh et al., 

2012a). 

By contrast, Yin et al. (2009) used the ɓ-arrestin Path Hunter assay system and 

HEK293 cells stably expressing a ɓ-arrestin2- ɓ-gal-EA fusion protein found that 

NAGly was inactive at GPR18 but did not present any data or details concerning the 

concentration(s) of NAGly employed in their GPR18 experiment (Yin et al., 2009). 

Lu et al., (2013) found that the putative GPR18 ligands, NAGly, AEA, AbnCBD and 

O-1602 were inactive at GPR18 heterologously expressed in sympathetic neurones. 

This study examined calcium mobilisation through N-type voltage-gated calcium 

channels of GPR18-transfected rat superior ganglion cells. N-type voltage-gated 

calcium channels are inhibited by GŬi/o proteins due to the interaction between Gɓɔ 



   

 
106  

dimers and ɓ subunits of this type of calcium channels (Herlitze et al., 1999, Ikeda, 

1996); GŬi/o receptor agonists are presumed to decrease calcium mobilisation 

through this mechanism. However, Lu et al. (2013) observed an increase in calcium 

mobilisation and thereby concluded none of the ligands tested in this study was an 

agonist at GPR18 (Lu et al., 2013). 

Further investigation of the signalling pathway(s) and the physiological role of 

GPR18 are vitally important if this putative novel cannabinoid receptor has potential 

as a novel pharmacotherapeutic target.  

 

 

 Aims 

The rationale of the present study was to investigate the effects of the 

endocannabinoid NAGly and the phytocannabinoid ȹ9-THC on calcium mobilisation 

and MAP kinase activity in the unique transfection system that we have generated 

by transfecting the GPR18 cDNA, with and without SNAP tagging, into HEK293TR 

cells under the control of the tetracycline regulated expression system in an attempt 

to resolve the discrepancy in the literature about the deorphanization of GPR18.  
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 Materials and methods 

 Cell culture 

 HEK293TR, GPR18-HEK293TR and SNAP-GPR18-HEK293TR cells were 

maintained in a humidified environment at 37ºC (95% air:5% CO2) in Dulbeccoôs 

Minimum Eagleôs medium (DMEM) with 5% (v/v) foetal bovine serum (FBS) (Sigma-

Aldrich, UK) and passaged when confluent by trypsinisation with 1X-trypsin solution 

(0.5g/l porcine trypsin and 0.2g/l EDTA.4Na in 0.09% (w/v) sodium chloride) diluted 

in PBS (Sigma-Aldrich, UK. mixed population stable lines were selected by 

resistance to blasticidin (TR vector, 5 µg/ml; Life Science Technologies LTD) and 

phleomycin (Zeocin 20µg/ml; Invitrogen). GPR18-HEK293TR and SNAP-GPR18-

HEK293TR cell lines were generated by selection of GPR18-transfected cells. 

Routine culturing of stable transfected cell lines included lower media 

concentrations of blasticidin (2.5 µg/ml) to maintain selection pressure. For receptor-

inducible expression, cells were seeded onto experimental plates 48 h before 

experiments and, as appropriate, DMEM containing 1 µg/ml tetracycline was added 

24h later 

 

  Fluo-4 calcium mobilisation assay 

SNAP-GPR18-HEK293TR and GPR18-HEK293TR cells were seeded (25,000 cells 

per well) into poly-D-lysine-coated 96-well black-wall, clear-bottom microtitre plates 

(Costar 3904; Thermo Fisher Scientific, Loughborough, UK). Next day, receptor 

expression was induced by incubation with 1 µg/ml tetracycline in culture media for 

18-21 h and the assays were conducted in the same way described in 2.3. The data 

were analysed by peak agonist response (difference between maximum and 

minimum response) and area under the curve (AUC) integration function (which 



   

 
108  

represents the total intracellular calcium level) estimated following agonist 

application. 

 

 Single cell calcium imaging 

The introduction of the calcium-sensitive dye fura-2 revolutionized the measurement 

of intracellular Ca2+ in whole cell suspensions, populations of adherent cells, single 

cells, and in subcellular regions (Grynkiewicz et al., 1985). Fura-2 is a ratiometric 

dye in that when Ca2+ binds, the excitation spectrum shifts rightward. In the 

presence of Ca2+, maximum fura-2 fluorescence (at 510 nm emission) is observed 

at a wavelength of 340 nm and in Ca2+-free conditions at 380 nm. Therefore, it 

follows that the concentration of free intracellular Ca2+ is proportional to the ratio of 

fluorescence at 340/380 (Paredes et al., 2008). 

Fura2-free acid is Ca2+ sensitive but membrane impermeant. To effect cell loading, 

cells are incubated with fura2 pentaacetoxymethyl (AM) ester ((L-[2-(carboxyoxazol-

2-yl)-6-amino-benxofuran-5-oxy]-2-(2'-amino-5'methylphenoxy) ethane-N,N,N,N-

tetraacetic acid pentaacetoxymethylester); this form of the dye is Ca2+ insensitive. 

Once inside the cell, esterase enzymes sequentially cleave the AM groups to leave 

fura2ïfree acid trapped inside the cell, where it is able to bind Ca2+. The technique 

is quite straightforward and involves incubating cells with fura2-AM, a post 

incubation period to allow full de-esterification and extensive washing. 

In cell suspensions, an estimate of global changes in intracellular Ca2+ can only be 

made. This is useful in combination with the currently available pharmacological 

agents to study sources of Ca2+ (intracellular vs extracellular) in a given response 

and to screen for Ca2+ mobilizing drugs and receptors.  
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4.3.3.1  Method 

4.3.3.1.1 Preparation and coating of the coverslips  

19 mm glass coverslips were washed in 10% (v/v) Decon (Decon Sciences) 

overnight, before being rinsed in distilled water (dH2O) for 2 h. The coverslips were 

then soaked in concentrated hydrochloric acid (4M HCI) for 4hrs. Cover-slips were 

rinsed again in dH2O for 2 h then autoclaved before being stored at room 

temperature in sterile water. Cover-slips were coated with 2ml sterile 10µg/ml poly-

D-Iysine in dH2O and left for 90minutes at room temperature then washed twice with 

culture media before seeding the cells on to it. 

 

 

4.3.3.1.2 Imaging 

For calcium imaging studies, cells were cultured on 19 mm coverslips coated with 

poly-D-lysine solution (10 µg/ml) in 10% (v/v) FBS/DMEM overnight (20ï24 h). On 

confluency, the coverslips were transferred into petri dish and the cells were washed 

three times in HEPES buffer (145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM 

MgSO4.7H2O, 10 mM HEPES and 10mM glucose; pH 7.4) then incubated with the 

same buffer with 5µM Fura2-AM solution for 30 minutes at 37°C in the dark. After 

that, cells were washed three times in the dye-free buffer to remove extracellular 

Fura-2AM, and left for at least 15 min before being imaged to allow for complete de-

esterification of the dye. Subsequently, the coverslips with adherent cells were fixed 

to a Perspex chamber using vacuum grease and positioned on the stage of an 

inverted fluorescence microscope equipped with Rotiga chilled digital intensified 

charge-coupled device (CCD) camera. Images were taken at a rate of one image 

per 5 seconds. Intracellular Ca2+ concentrations ([Ca2+]i) in individual cells in fields 
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of 40ï60 cells were estimated as the ratios of peak fluorescence emission intensities 

(measured at 510 nM) following alternate excitation at wavelengths of 340 and 380 

nM, respectively (Improvision system). Images were acquired and analysed using 

Andors IQ imaging system (Andor Technology, Northern Ireland).  

The ratio of the fluorescence signals (340/380 nm) was converted to Ca2+ 

concentrations according to the equation indication above (Grynkiewicz et al., 

1985). 

The cells were superfused (2 ml ù min) with the agonists at appropriate 

concentrations for 2 min and then, after a 2 minute wash-out period, with the Ca2+ 

loading buffer, followed immediately by the positive control carbachol  at appropriate 

concentrations as before, 2 min). Following another 2 min wash-out period, cells 

were superfused with ionomycin (10 µM, 1 min). 

 

 

 Immunoblotting 

GPR18-HEK293TR cells with and without SNAP tagging were cultured in 25 mm 

plates until about 75% confluent. Receptor expression was induced by incubation 

of the cells with 1 µg/ml tetracycline in serum-free media for 18-21 h. Following 5 

min incubation with drugs (tested agonists) at 37°C, the cells were harvested in 250 

µl of ice-cold lysis buffer (20 mM Tris, 1 mM EGTA, 0.1% (v/v) Triton X100, 1 mM 

NaF and 10 mM ɓ-glycerol-phosphate, pH 7.6) containing freshly mixed protease 

inhibitor cocktail solution (100 µl in 10 ml lysis buffer) (Sigma-Aldrich, UK) incubating 

the plates on ice for 15 min. The plunger from a 1 ml syringe was used to scrape 

the cells which were then transfer to labelled 1.5 ml microfuge tubes. The cell 
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suspensions were then centrifuged for 5 min at 3300 g. 50 µl of supernatant solution 

was taken without disturbing the pellets, transferred to new pre-labelled microfuge 

tubes and then 10 µl of 6X solubilisation buffer (SB) were added to the samples 

which were then stored at -20°C. Proteins were separated by sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) (4-20%) and then 

transferred to nitrocellulose membranes. Membranes were blocked in 5 % (w/v) fat 

free milk in TBST (25 mM Tris, 12 mM NaCl, in 1 L distilled water adjusted to pH 7.6 

and 0.1 % (v/v) Tween 20) for 1 hr at room temperature (RT) and then incubated 

with primary antibody solution mouse monoclonal anti phospho-ERK 42/44 and 

rabbit polyclonal anti total ERK 42/44 (Cell Signalling Technologies #9106, #9102 

respectively) were diluted (1/1000 for both antibodies), in blocking buffer, incubated 

overnight at 5 °C with gentle shaking. Next day after washing with TBST for 1 h, 

goat anti mouse IRDye 800 for detecting the phospho ERK primary antibody 

(emitting a green fluorescence) and goat anti rabbit IRDye700 for total ERK (emitting 

a red fluorescence) were diluted in 30 ml of 5% (w/v) milk in TBST buffer (both 

secondary antibodies were diluted to 1:10000), the nitrocellulose membrane was 

then incubated for 60 min at room temperature. The blot was then washed with 

TBST buffer as previously, and finally washed with distilled water. A LiCor Odyssey 

scanner was used to scan the blots with software setting, Resolution for scanning = 

84 µm; offset = 0.0; 700-red image intensity 5.0; 800-green image intensity 5.0.  

Data were analysed using the Image Studio V3 software connected to the LiCor 

Odyssey scanner. IRDye800 intensity represented phosphorylated ERK and 

IRDye700 represented total ERK.  
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 Data analysis 

For Ca2+ FlexStation experiments, data were analysed as described previously in 

2.3.6.1. by peak agonist response (difference between maximum and minimum 

response) and area under the curve (AUC) integration function (which represents 

the total intracellular calcium exposure) estimated following agonist application. For 

immunoblotting, data were recorded using the Image Studio V3 software and 

Normalised values were generated in MS-Excel using the formulae described 

previously in 2.3.5.7. For single cell imaging, the changes in intracellular calcium 

were measured as a ratio of peak fluorescence emission intensities (measured at 

500 nm) at excitation wavelengths of 340 nm and 380 nm over time. 

 

  Statistical analysis 

Statistical significance was determined as indicated in figure legends, using GraphPad 

Prism 7.01. Typically, data were analysed by one way and two-way ANOVA (analysis 

of variance) with post-hoc corrections. The choice of post-hoc test was dependent on 

the number of comparisons. Two-way ANOVA with Bonferroni post-tests were used 

when analysing Ca2+ imaging and ERK1/2 data to compare the responses of 

tetracycline (tet) and non-tetracycline treated cells and Dunnettôs corrections were used 

when comparing responses to tested ligands relative to the controls within either tet 

and non-tet-treated groups. With FlexStation experiments, one-way ANOVA with 

Dunnettôs corrections was used when comparing peak and total calcium responses of 

the tested ligands to that of the vehicle controls as stated. Two-way ANOVA with 

Bonferroni post-tests was used to analyse the experiments related to assessment of 

the effect of inclusion of BSA in the assay buffer on Ca2+ responses elicited by tet and 

non-tet treated (SNAP) GPR18-HEK293TR and also in analysing the data related to 

the effect of NAGly on Ca2+ responses mediated by low concentrations of carbachol. 
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Data were collected from at least 3 independent experiments using different passages 

of cells, and expressed as mean ± S.E.M. (Prism v7.01; GraphPad Software, Inc., San 

Diego, CA, USA) after baseline correction when appropriate. Differences were 

considered to be significant when the P value was < 0.05. 
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 Results 

 Effect of NAGly and THC on ERK1/2 phosphorylation in 
SNAP-GPR18 transfected HEK293TR cells 

Following induction of receptor expression, SNAP-GPR18 transfected HEK293TR 

cells were treated with high concentrations (10 µM) of the putative GPR18 ligands, 

NAGly and THC for 5 min and phospho-ERK levels measured by immunoblotting in 

tetracycline (tet) treated and untreated cells. Analysis of the baseline corrected data 

revealed that the vehicle control (0.1% (v/v) EtOH) did not alter basal ERK1/2 

response of SNAP-GPR18-HEK293TR with and without tet-induction of receptor 

expression. The positive control (100 µM Cch) evoked a clear change in phospho 

ERK1/2 levels which was about twice as basal in both tet-induced and non-induced 

cells. However,  neither of the cannabinoid ligands elicited a significant ERK1/2 

response (Fig 4.1) that could be ascribed to the GPR18 expression as there was no 

difference in ERK responses in tet (GPR18 expressing) and no tet-treated (devoid 

of GPR18) cells (two-way ANOVA with Bonferroni corrections, P< 0.05). NAGly and 

THC also failed to alter ERK responses relative to the vehicle control (two-way 

ANOVA with Dunnettôs post-hoc test, P< 0.05) in both GPR18 expressing and not 

expressing HEK293TR cells. 
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Figure 4-1 Effect of 10µM NAGly and THC on ERK phosphorylation in SNAP-GPR18 
transfected HEK293TR cells following 5 min agonist incubation. (A) Representative scans for 
phospho ERK1/2 (green), total ERK1/2 (red) and phospho and total ERK1/2 (green +red) 
together. (B) Summary graphs showing no effect of either of NAGly or THC relative to vehicle 
control (two-way ANOVA with Dunnettôs corrections) on (ɯ) ERK1phosphorylation. (ɯɯ) ERK2 
phosphorylation. Basal (dH2O), 0.1% (v/v) ethanol was used as vehicle control. 100µM 
carbachol was used as a positive control. The data are presented as baseline-corrected mean 
± S.E.M of 3 individual experiments. *=P<0.05, **=P<0.0 
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  Effect of further cannabinoid ligands on ERK1/2 
phosphorylation in GPR18 transfected HEK293TR 

A panel of putative GPR18 cannabinoid agonists at high concentrations (10 µM) 

were tested for their potential to induce ERK phosphorylation in GPR18 transfected 

HEK293TR with and without tet-treatment following 5 min agonist incubation. Non-

SNAP-GPR18 transfected HEK293TR cells were used in these experiments to rule 

out the minor possibility of the SNAP-tag interfering with receptor-ligand binding. 

The positive control (100 µM Cch) produced a 2-3-fold increase in phospho-ERK, 

which was significant compared to the vehicle control in tet and non-tet treated cells 

(Fig 4.2; two-way ANOVA p<0.05). Drugs included in the ligand screen were the 

putative GPR18 agonists NAGly, THC, abnormal cannabidiol (Abn-CBD), and the 

putative GPR18 antagonist/partial agonist O-1918 and N-arachidonoyl serine 

(NARAS). None of the cannabinoid agonists tested significantly altered phospho-

ERK levels relative to the vehicle controls (Fig 4.2; two-way ANOVA p<0.05 followed 

by Dunnettôs post-hock test). Additionally, no statistical significant difference was 

observed between tet and no tet treated cells (two-way ANOVA with Bonferroni 

corrections, P< 0.05). 
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Figure 4-2 Effect of an array of cannabinoid compounds on ERK phosphorylation in GPR18 
transfected HEK293TR cells at 5 min agonist incubation. (A) Representative scans for 
phospho ERK1/2 (green), total ERK1/2 (red) and phospho and total ERK1/2 (green +red) 
together. (B) Summary graphs showing no significant effect of any of the tested compounds 
at 10µM concentration compared to vehicle controls (two-way ANOVA with Dunnettôs 
corrections) on (ɯ) ERK1 phosphorylation. (ɯɯ) ERK2 phosphorylation. Basal (dH2O), 0.1% (v/v) 
ethanol were used as vehicle control. 100 µM carbachol was used as a positive control. The 
data are presented as baseline-corrected mean ± S.E.M of 3 individual experiments. *=P<0.05 
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 Effect of NAGly on ERK1/2 activity in GPR18-transfected 
HEK293TR cells in the presence and absence of BSA 

Since the putative GPR18 ligand NAGly failed to activate ERK1/2 in GPR18 

transfected HEK293TR cells at 5 min agonist incubation (Fig 4.1), the effects of the 

fatty acid carrier protein (1 mg/ml BSA) in the assay buffer were investigated.  

However, BSA failed to enhance the effects of the lipophilic compound NAGly to 

GPR18 (two-way ANOVA with Bonferroni corrections, P< 0.05) for ERK1/2 levels in 

tetracycline treated (GPR18 expressing) or non-treated cells (devoid of GPR18). 

The consistent response to the positive control, Cch validate the assay performance 

whereas NAGly failed to alter ERK phosphorylation comparing to the vehicle control.  
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Figure 4-3 Effect of 10µM NAGly on ERK phosphorylation in GPR18 transfected HEK293TR 
cells at 5min agonist incubation. (A) Representative blots for phospho ERK1/2 (green), total 
ERK1/2 (red) and phospho and total ERK1/2 (green +red) together. (B) Summary figures 
showing no effect of 10µM NAGly (two-way ANOVA with Bonferroni corrections) on (ɯ) 
ERK1phosphorylation. (ɯɯ) ERK2 phosphorylation. Basal (dH2O), 0.1% (v/v) ethanol were used 
as vehicle control. 100µM carbachol was used as a positive control. Data are presented as 
baseline-corrected mean ± S.E.M of 3 individual experiments. ***=P<0.001. 
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 Ca2+ mobilisation induced by NAGly and THC in native (non-
transfected) HEK293TR cells 

Assessment of Ca2+ mobilisation in native HEK293TR revealed that the vehicle 

controls, ethanol and DMSO did not change the basal intracellular Ca2+ while the 

positive controls, Cch and NECA evoked significant transient mobilisation of 

intracellular Ca2+ within seconds of exposure. Cch and NECA trigger Ca2+ 

mobilisation by two distinctive mechanisms. NECA represents Ca2+ mobilisation    

secondary to the elevation of cAMP while the response to the high concentration of 

Cch represents IP3-mediated capacitative Ca2+ entry which involve an initial release 

phase from the endoplasmic reticulum followed by sustained influx from the 

extracellular space.  NAGly and THC at 10 µM failed to alter peak (Fig 4.4B) or total 

(Fig 4.4A) intracellular calcium levels compared to the vehicle controls (one-way 

ANOVA with Dunnettôs corrections, P< 0.05). NAGly and THC also failed to alter 

peak calcium responses in native HEK293TR cells evoked by 100 µM carbachol or 

(Fig 4.5AI) 10 µM NECA (Fig 4.5BI). However, NAGly, but not THC, significantly 

inhibited total calcium mobilisation (AUC, one-way ANOVA with Dunnettôs 

corrections, P< 0.05) in native HEK293TR cells evoked by carbachol (Fig 4.5AII), 

but not NECA (Fig 4.5BII).  
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Figure 4-4 Effects of NAGly and THC on intracellular calcium ion levels in HEK293TR cells. 
Representative graphs of (A) AUC ï total calcium mobilisation. (B) Peaksïmaximum calcium 
response. Neither NAGly nor THC at 10µM concentration caused any statistically significant 
change in peak or total intracellular calcium levels relative to vehicle controls (one-way 
ANOVA with Dunnettôs post-hoc corrections). 100 µM carbachol (Cch) and 10 µM NECA were 
used as positive controls, 0.1 %( v/v) Ethanol and DMSO were used as vehicle controls. Data 
were collected from 3 individual experiments (n=3) and presented as mean ± S.E.M. *=P<0.05, 
***=P<0.001. Exposure of the cells to the tested ligands (Cch, NECA, NAGly and THC) were 
proceeded by treatment with appropriate vehicle control.  
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Figure 4-5 Effects of NAGly and THC on calcium mobilisation induced by 100 µM carbachol 
(Cch) and 10 µM NECA in HEK293TR cells. (A) Representative curves showing the time 
courses of intracellular calcium mobilisation responses to the tested agonists comparing to 
(I) Cch (II) NECA, measured by Fluo-4 fluorescence in HEK293TR cells with blue arrows 
indicating the time of agonist addition.  (B) Graphs showing the effect of NAGly and THC on 
total calcium responses (AUC) to (I) Cch (II) NECA respectively. (C) Representative graphs 
showing the effect of NAGly and THC on peak (maximum) calcium responses to (I) Cch (II) 
NECA respectively. 0.1 %( v/v) Ethanol and DMSO were used as vehicle controls. Data are 
presented with baseline correction and expressed as percentage of the control agonists 
(carbachol and NECA). Statistical analysis (one-way ANOVA with Dunnettôs post-tests) was 
performed on the original data (before baseline correction) (n=3). **=P<0.01. 
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 Effects of tetracycline induction on Ca2+ levels in GPR18-
transfected HEK293TR cells 

In the absence of GPR18 receptor expression (without tetracycline treatment), the 

transfected HEK293TR cells exhibited a pattern of calcium mobilisation response 

which was similar to that of native HEK293TR cells before GPR18 cDNA 

transfection. Statistical analysis revealed that both NAGly and THC at 10 µM 

concentration failed to alter Ca2+ levels relative to the vehicle control (one-way 

ANOVA with Dunnettôs corrections, P< 0.05) (Fig 4.6). NAGly and THC also failed 

to alter peak calcium response induced by carbachol or NECA (Fig 4.7. AI, BI), 

However, 10 µM NAGly significantly reduced total calcium mobilisation induced by 

carbachol (Fig 4.7. AII), but not NECA (Fig 4.7. BII) (one-way ANOVA with Dunnettôs 

post-hoc corrections, P< 0.05). 
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Figure 4-6 Effects of NAGly and THC on intracellular calcium ion levels in GPR18-HEK293TR 
cells without tetracycline induction Representative graphs of (A) AUC ï total calcium 
mobilisation. (B) Peaksïmaximum calcium response. The graphs clearly showing that neither 
NAGly nor THC caused any statistically significant change in peak or total intracellular 
calcium levels relative to vehicle controls (one-way ANOVA with Dunnettôs post-hoc 
corrections). 100 µM carbachol (Cch) and 10 µM NECA were used as positive controls, 
0.1 %( v/v) Ethanol and DMSO were used as vehicle controls. The data were collected from 3 
individual experiments (n=3) and presented as mean ± S.E.M. *=P<0.05, ***=P<0.001. 
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Figure 4-7 Effects of NAGly and THC on calcium mobilisation induced by 100 µM carbachol 
(Cch) and 10 µM NECA in GPR18-HEK293TR cells without tetracycline (tet) induction of 
receptor expression. (A) Representative curves showing the time courses of intracellular 
calcium mobilisation responses to the tested agonists comparing to (I) Cch (II) NECA, 
measured by Fluo-4 fluorescence in HEK293TR cells with blue arrows indicating the time of 
agonist addition.  (B) Graphs showing the effect of NAGly and THC at 10µM concentration on 
total calcium responses (AUC) to (I) Cch (II) NECA respectively. (C) Representative graphs 
showing the effect of NAGly and THC on peak (maximum) calcium responses to (I) Cch (II) 
NECA respectively. 0.1 %( v/v) Ethanol and DMSO were used as vehicle controls. Data are 
presented with baseline correction and expressed as percentage of the control agonists 
(carbachol and NECA). Statistical analysis (one-way ANOVA with Dunnettôs post-tests) was 
performed on the original data (before baseline correction) (n=3). *=P<0.05. 

 

A 

B 

C 
II I 

II I 

I II 



   

 
126  

 Ca2+ effects of NAGly and THC in GPR18-transfected 
HEK293TR cells following tetracycline induction 

In HEK293TR cells heterologously expressing GPR18, the total and peak calcium 

responses induced by 100 µM carbachol or 10 µM NECA were not altered by THC 

treatment (Fig 4.9AI, AII, BI, BII.). However, exposure of the cells to10 µM NAGly 

reduced the calcium response elicited by both carbachol and NECA, although only 

the effects on the carbachol response reached statistical significance (one-way 

ANOVA with Dunnettôs post-hoc corrections, P< 0.05). When 10 µM NAGly was 

applied to tet-induced cells, a gradual increase in intracellular calcium levels was 

apparent, which was readily distinguished in profile from that induced by the positive 

controls (Fig 4.9 AII, BII). No significant calcium response to NAGly or THC was 

observed comparing to vehicle controls (one-way ANOVA with Dunnettôs post-hoc 

corrections, P< 0.05) (Fig 4.8 A and B). 

Unexpectedly the patterns of calcium mobilisation responses of tet and non-tet 

treated GPR18-transfected HEK293TR were very similar (Fig 4.7 and 4.9). This 

indicates that the human recombinant GPR18 receptor failed to be activated by its 

presumptive ligands in this transfection system. 
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Figure 4-8 Effects of NAGly and THC on intracellular calcium ion levels in GPR18-HEK293TR 
cells with tetracycline induction of receptor expression. Representative graphs of (A) AUC ï 
total calcium mobilisation. (B) Peaksïmaximum calcium response. The graphs clearly 
showing that neither NAGly nor THC at 10µM concentration caused any statistically 
significant change in peak or total intracellular calcium levels relative to vehicle controls (one-
way ANOVA with Dunnettôs post-hock corrections). 100 µM carbachol (Cch) and 10 µM NECA 
were used as positive controls,   0.1 %( v/v) Ethanol and DMSO were used as vehicle controls. 
The data were collected from 3 individual experiments (n=3) and presented as mean ± S.E.M. 
*=P<0.05, **=P<0.01. 
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Figure 4-9 Effects of NAGly and THC on calcium mobilisation induced by 100 µM carbachol 
(Cch) and 10 µM NECA in GPR18-HEK293TR cells with tetracycline (tet) induction of receptor 
expression. (A) Representative curves showing the time courses of intracellular calcium 
mobilisation responses to the tested agonists comparing to (I) Cch (II) NECA, measured by 
Fluo-4 fluorescence in HEK293TR cells with blue arrows indicating the time of agonist 
addition.  (B) Graphs showing the effect of 10 µM NAGly and THC on total calcium responses 
(AUC) to (I) Cch (II) NECA respectively. (C) Representative graphs showing the effect of NAGly 
and THC on peak (maximum) calcium responses to (I) Cch (II) NECA respectively. 0.1 %( v/v) 
Ethanol and DMSO were used as vehicle controls Data are presented with baseline correction 
and expressed as percentage of the control agonists (carbachol and NECA). Statistical 
analysis (one-way ANOVA with Dunnettôs post-tests) was performed on the original data 
(before baseline correction) (n=3). *=P<0.05. 
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 Effect of BSA on the Ca2+ mobilisation induced by NAGly 
and æ9THC in GPR18 transfected HEK293TR cells 

The effect of the carrier protein albumin on the calcium mobilisation induced by 

NAGly (1 nM ï 10 µM) or THC (10 nM ï 20 µM) in GPR18 transfected HEK293TR 

cells was investigated in the absence and presence of 1 mg/ml bovine serum 

albumin (BSA).  NAGly or THC failed to elicit any change in peak or total Ca2+ 

mobilisation in tetracycline-treated and non-treated cells (Figure 4.10 A and B; 

Figure 4.11 A and B). Normalization of calcium responses to that induced by 

carbachol also revealed that NAGly and THC had no statistically significant effect 

on calcium mobilisation in the presence and absence of BSA in GPR18-transfected 

HEK293TR with and without tetracycline induce receptor expression. Neither NAGly 

nor THC showed any significant change in calcium response compared to the 

vehicle control in all groups (two-way ANOVA with Dunnettôs corrections). 
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Figure 4-10 Effects of 1mg/ml BSA upon calcium mobilisation induced by range of conc. 
(10nM -10µM) of NAGly in GPR18-transfected HEK293TR cells, with (+Tet) and without (-Tet) 
1µg/ml tetracycline treatment. 100 µM carbachol (Cch) was used as a positive control and 
0.1% (v/v) Ethanol was used as a vehicle control. (A) AUC ï total calcium mobilisation of 
different concentrations of NAGly. (B) Peaks of calcium response of different concentrations 
of NAGly (n=3).RFU = relative fluorescent unit which represent intracellular calcium 
concentration. (Tet+ BSA+)= receptor expression was induced by tetracycline and BSA was 
added to the assay buffer. (Tet- BSA+)=+) = receptor expression was not induced by 
tetracycline and BSA was added to the assay buffer. (Tet+ BSA-)= receptor expression was 
induced by tetracycline and BSA was not added to the assay buffer. (Tet- BSA-)= receptor 
expression was not induced by tetracycline and BSA was not added to the assay buffer. 
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Figure 4-11 Effects of 1mg/ml BSA upon calcium mobilisations induced by range of conc. 
(10nM -20µM) of THC in GPR18-transfected HEK293TR cells, , with (+Tet) and without (-Tet) 
1µg/ml tetracycline treatment. 100 µM carbachol (Cch) was used as a positive control and 
0.1% (v/v) Ethanol was used as a vehicle control. (A) AUC ï total calcium mobilisation of 
different concentrations of THC. (B) Peaks of calcium response of different concentrations of 
THC. (n=3).RFU = relative fluorescent unit which represent intracellular calcium 
concentration. . (Tet+ BSA+)= receptor expression was induced by tetracycline and BSA was 
added to the assay buffer. (Tet- BSA+)=+) = receptor expression was not induced by 
tetracycline and BSA was added to the assay buffer. (Tet+ BSA-)= receptor expression was 
induced by tetracycline and BSA was not added to the assay buffer. (Tet- BSA-)= receptor 
expression was not induced by tetracycline and BSA was not added to the assay buffer. 
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 Effect of NAGly or æ9THC on Ca2+ mobilisation induced by 
low concentrations of carbachol 

Investigation of the effect of 10 µM NAGly and THC on calcium mobilisation 

evoked by lower concentrations of carbachol (1 and 10 µM) showed that 

both NAGly and THC failed to significantly modify total or peak calcium 

response in GPR18-transfected HEK293TR with and without tetracycline 

(tet) induction of receptor expression (two-way ANOVA with Dunnettôs post-

hoc corrections) (Fig 4.12. A and B). No statistically significant differences 

were observed between calcium mobilisation responses in tet and non-tet 

treated cells (two-way ANOVA, (P<0.05)).  
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Figure 4-12 Effects of 10µm NAGly and THC on (A) total and (B) peak calcium mobilisation 
induced by low concentrations (1, 10µM) of carbachol in GPR18 transfected HEK293TR cells 
with and without 1µg/ml tetracycline induced receptor expression. NAGly and THC failed to 
significantly potentiate 1µM or 10µM carbachol-induced (A) total and (B) peak calcium 
response in tetracycline (Tet) treated and untreated (No tet) cells (two-way ANOVA with 
Dunnettôs corrections).  No significant difference in calcium response had been shown 
between tetracycline and none tetracycline treated cells (two-way ANOVA with Bonferroni 
corrections).100 µM carbachol was used as a positive control and 0.1 %( v/v) Ethanol was 
used as a vehicle control. (n=4).  
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