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Abstract 

Aims: The novel cannabinoid receptor GPR55 is expressed by rodent islets and it has been implicated 

in β-cell function in response to a range of ligands. This study evaluated the effects of GPR55 ligands 

on intracellular calcium ([Ca2+]i) levels and insulin secretion from islets isolated from GPR55 knockout 

(GPR55-/-) mice, age-matched wildtype (WT) mice, and human pancreas. 

Materials and methods: GPR55 expression was determined by western blotting and fluorescent 

immunohistochemistry. Changes in [Ca2+]i were measured by Fura-2 microfluorimetry. Dynamic 

insulin secretion was quantified by radioimmunoassay following perifusion of isolated islets. RhoA 

activity was monitored using a Rho binding domain pull down assay.  

Results: Western blotting indicated that MIN6 β-cells, mouse and human islets express GPR55 and 

its localisation on human β-cells was demonstrated by fluorescent immunohistochemistry. The 
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pharmacological GPR55 agonist O-1602 (10μM) significantly stimulated [Ca2+]i and insulin secretion 

from WT mouse islets and these stimulatory effects were abolished in islets isolated from GPR55-/-

mice. In contrast, while the putative endogenous GPR55 agonist lysophosphatidylinositol (LPI, 5μM) 

and the GPR55 antagonist cannabidiol (CBD, 1μM) also elevated [Ca2+]i and insulin secretion, these 

effects were sustained in islets from GPR55-/- mice. Stimulatory effects of O-1602 on [Ca2+]i and 

insulin secretion were also observed in experiments using human islets, but O-1602 did not activate 

RhoA in MIN6 β-cells. 

Conclusions: Our results therefore suggest that GPR55 plays an important role in the regulation of 

mouse and human islet physiology, but LPI and CBD exert stimulatory effects on islet function by a 

GPR55-independent pathway(s).  

Introduction 

GPR55 is a seven transmembrane spanning G-protein coupled receptor (GPCR) whose 

activation is regulated by endogenous and pharmacological cannabinoid ligands, and it has been 

proposed as a novel cannabinoid receptor (1). However, its low sequence homology with the classic 

CB1 and CB2 cannabinoid receptors (2) and its activation by the non-cannabinoid endogenous 

phospholipid L-α-lysophosphatidylinositol (LPI)  (3-10) means that its identity as a cannabinoid 

receptor is questionable. In addition, identifying the physiological roles of GPR55 has been 

hampered by the complicated pharmacology of GPR55 ligands. Thus, the CB1 receptor antagonist 

rimonabant acts as a GPR55 agonist as does AM251, a rimonabant analogue (1, 9). O-1602 is a 

synthetic compound derived from the native phytocannabinoid, cannabidiol (CBD), which was 

developed as a selective GPR55 agonist with little binding affinity for CB1 and CB2  (1, 5, 11). 

However, O-1602 may exert GPR55-independent effects to stimulate food intake (12, 13), and it 

increases calcium and activates MAP kinase in a cell line overexpressing the GPCR GPR18 (14). CBD is 

reported to act as a GPR55 antagonist (1, 4, 10, 15), but it may also possess GPR55 agonist activity 

since it provided protection against acute pancreatitis in mice to an extent similar to that observed 

using its synthetic analogue O-1602 (16). To further confound interpretation of studies using CBD, 
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there are several reports that it can modulate cellular responses in a GPR55-independent manner 

(17-20). Similarly, LPI also exhibits GPR55-independent effects in endothelial cells (21-23), suggesting 

alternative mechanisms for transducing LPI-mediated signalling.  

GPR55 may be involved in the regulation of islet β-cell function. GPR55 mRNA has been 

detected in β-cell lines and in rodent and human islets (24-26), and GPR55 protein expression in 

rodent islets is localised primarily to β-cells. It has long been known that LPI generated in islets from 

phosphatidylinositol hydrolysis stimulates insulin release (27), although its mode of action in β-cells 

has not been established, and two studies using pharmacological GPR55 agonists reported the 

stimulation of insulin release from rodent islets and BRIN-BD11 insulinoma cells (25, 26). However, 

the potential lack of specificity of GPR55 agonists means that such studies cannot be considered as 

conclusive. We have therefore used islets isolated from a transgenic mouse model with homozygous 

deletion of the GPR55 gene (GPR55/- mice) to investigate the specificity for GPR55 of LPI, 0-1602 and 

CBD, and we have studied the effects of GPR55 activation on human islet function. 

 

Materials and methods 

Materials. Culture media and supplements, cell dissociation solution, collagenase type XI, Fura-2, LPI 

and glucagon antibody: Sigma-Aldrich (Dorset, UK). ECL western blotting reagents and Hyperfilm: GE 

Healthcare Life Sciences (Little Chalfont, UK). GPR55 antibody for Western blotting: Cayman 

(Cambridge, UK); Tissue culture flasks, Petri dishes, cover slips, 10% polyacrylamide gels, NuPAGE® 

sample buffer and transfer buffer, GPR55 antibody for immunohistochemistry and anti-rabbit 

secondary antibody: Thermo Fisher Scientific (Paisley, UK). Insulin antibody: DAKO (Cambridge, UK), 

somatostatin antibody Abcam (Cambridge, UK). Rainbow molecular weight markers and 

polyvinylidene fluoride (PVDF) membrane: Millipore (Watford, UK). RhoA Activation Assay KitTM: 

Cytoskeleton Inc. (Denver, USA). CBD and O-1602: Tocris Biosciences (Bristol, UK).  
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Experimental animals. GPR55-/- mice were generated by homologous recombination, with a loxP-

flanked Neo cassette replacing a single GPR55 coding exon and backcrossed for 11 generations 

towards C57BL/6. Mice heterozygous for the deletion were inter-crossed to produce homozygous 

C57BL/6 GPR55-/- offspring (28), a colony of which was maintained at King’s College London, with 

food and water supplied ad libitum. Wild type (WT) C57BL/6 mice were purchased from Harlan 

(Bicester, UK). We did not detect any significant changes in CB1 and CB2 mRNA expression following 

GPR55 deletion (cerebral cortex, CB1 expression relative to β-actin; WT: 1.12±0.05; GPR55-/-: 

1.10±0.14; CB2 expression relative to β-actin; WT: 0.11±0.03; GPR55-/-: 0.07±0.01; n=4; p>0.2). 

 

Islets and MIN6 cells. Islets were isolated from 8-12 week old male GPR55-/- mice and from age-

matched WT C57BL/6 mice by collagenase digestion (29), and human islets were isolated from non-

diabetic pancreas donors at King’s College Hospital Islet Transplantation Unit with appropriate 

ethical approval (30). Islets were maintained overnight at 37°C in culture medium supplemented 

with 5.6mM glucose, 10% FCS, 2mM glutamine and penicillin-streptomycin (100 U/ml, 0.1 mg/ml), 

and MIN6 β-cells were maintained as for islets, but in culture medium supplemented with 25mM 

glucose. 

 

SDS-PAGE/Western blotting and immunohistochemistry. Protein-matched extracts from MIN6 β-

cells, and mouse and human islets were fractionated on 10% polyacrylamide gels, transferred to 

PVDF membranes and GPR55 expression was detected by Western blotting (1:160 dilution of rabbit 

anti-GPR55 antibody and 1:7,500 dilution of a HRP-linked anti-rabbit secondary antibody). Mouse 

and human pancreas sections were incubated overnight at 4°C with a rabbit anti-GPR55 antibody 

(1:10 dilution) in combination with antibodies directed against insulin, glucagon or somatostatin (at 

1:100, 1:50 and 1:25 dilutions, respectively). Immunoreactive GPR55 was detected by incubation 

with an AlexaFluor488-conjugated secondary antibody (1:150) and islet hormones were detected 

with AlexaFluor594-conjugated secondary antibodies (all at 1:150).  
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Single cell calcium microfluorimetry. Mouse and human islets were dispersed using cell dissociation 

solution, and groups of 100,000 islet cells or 100,000 MIN6 β-cells were seeded onto glass coverslips. 

Cells were maintained in culture overnight then loaded with 5μM Fura-2 AM and perifused (1 

ml/min) on a heated stage with a physiological salt solution (31) in the absence or presence of 

pharmacological agents. Real-time changes in [Ca2+]i were determined by illuminating cells 

alternately at 340nm and 380nm, with the emitted light being filtered at 510nm.  

 

Dynamic insulin secretion. Isolated mouse or human islets were perifused (37°C, 0.5 ml/min) with a 

physiological salt solution (31) in the absence or presence of O-1602, LPI or CBD. Samples were 

collected at 2 min intervals and secreted insulin was measured by radioimmunoassay (32).  

 

RhoA activation assay. Serum-starved MIN6 β-cells were treated for 10 minutes with a salt solution 

containing 2mM or 20mM glucose, in the presence or absence of 10μM O-1602 and activity of RhoA 

was determined using a kit in which the Rho binding domain (RBD) of the Rho effector protein 

rhotekin binds specifically to GTP-bound RhoA. In brief, 50μg of rhotekin-RBD affinity beads was 

added to protein-matched MIN6 cell samples, the mixtures were incubated (4°C, 1 hour) to allow 

active RhoA binding, then beads were pelleted and samples were fractionated by SDS-PAGE. Total 

and active RhoA was detected by Western blotting (1:500 dilution of anti-RhoA primary antibody; 

1:5,000 dilution of anti-mouse secondary antibody).  

 

Statistical analyses. Numerical data are expressed as means±SEM and statistical comparisons were 

made by Student’s t tests. Values of P<0.05 were considered statistically significant. 

 

Results 

Expression of GPR55 by MIN6 β-cells and mouse and human islets 
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GPR55 is a 319 amino acid protein with a predicted molecular weight of 37kDa (2). An 

immunoreactive protein of 37kDa was detected in Western blots of MIN6 β-cells, human islets and 

islets from wildtype mice, but, as expected, not in islets isolated from GPR55-/- mice (Figure 1A). 

Proteins of 33kDa and 50kDa were also detected in MIN6 β-cells and islets from WT mice but not in 

those isolated from GPR55-/- mice, nor in human islet extracts. Fluorescence immunohistochemistry 

indicated that GPR55 was not detected in pancreases from GPR55-/- mice, as expected, while it was 

present in islets of WT mice (Figure 1B). Dual immunostaining with GPR55 and islet hormone 

antibodies in mouse and human pancreas sections indicated that GPR55 was highly expressed by β-

cells of both species (Figure 1C-1F). It was also present in a small proportion of mouse islet α-cells 

(Figure 1E) and in the majority of human islet α-cells (Figure 1D, 1F), but it was absent or at very low 

levels in δ-cells of both species (Figure 1C-1F). The immunohistochemical staining also indicated that 

GPR55 was preferentially expressed in the endocrine pancreas, with only faint immunoreactivity in 

the exocrine pancreas in mice and humans. 

O-1602, but not LPI and CBD, increases β-cell [Ca2+]i via activation of GPR55 

To identify the roles of the putative GPR55 ligands O-1602, LPI and CBD in β-cells, and to 

examine the requirement of GPR55 for their functional effects, [Ca2+]i was measured by single cell 

microfluorimetry in islets isolated from WT and GPR55-/- mice. Previous studies have identified β-cell 

responses in dispersed islet populations through elevated [Ca2+]i levels in response to stimulatory 

concentrations of glucose and to the KATP channel blocker tolbutamide (33-35), so in our experiments 

dispersed islet cells were classified as β-cells if they responded to 20mM glucose and to 100µM 

tolbutamide. Figure 2A shows that 10μM O-1602 caused a rapid and reversible increase in [Ca2+]i in 

WT islet β-cells at 2mM glucose, and these cells then responded to 20mM glucose with a similar 

amplitude of calcium increase (peak response, 340:380 ratio: 0.821 vs 0.815). Subsequent exposure 

to carbachol (500μM) and tolbutamide (100μM) also resulted in reversible elevations in [Ca2+]i. O-

1602 also stimulated elevations in [Ca2+]i at 20mM glucose in islet β-cells from WT mice (Figure 2B) 
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and these β-cells were able to reversibly respond to carbachol and tolbutamide after removal of O-

1602. Analysis of responses by individual cells indicated that the stimulatory effect of O-1602 at 

2mM glucose was observed in 48±2% of β-cells, and 49±7% of β-cells responded to O-1602 at 20mM 

glucose (Figure 2E). The individual [Ca2+]i traces indicated that the stimulatory effects of O-1602 at 

both basal and stimulatory glucose levels were no longer observed in β-cells from GPR55-/- mice 

(Figure 2C and 2D), and analysis of all cells demonstrated an absence of effect of O-1602 in the 

majority of β-cells, as expected (Figure 2E). The putative GPR55 endogenous ligand LPI (5μM) also 

induced reversible increases in [Ca2+]i at both basal and stimulatory glucose concentrations in β-cells 

from WT mice (Figure 2F and 2G). In contrast to the loss of O-1602-induced elevations in [Ca2+]i in β-

cells from GPR55-/- mice (Figure 2C and 2D), the effects of LPI to increase [Ca2+]i at both basal and 

stimulatory glucose levels were sustained in β-cells from GPR55-/- mice (Figure 2H and 2I). Analysis of 

data from all β-cells (Figure 2J) indicated that similar proportions of β-cells from WT and GPR55-/- 

mice responded to LPI at 2mM glucose (WT: 56±3%, GPR55-/-: 62±1%) and 20mM glucose (WT: 

53±4%, GPR55-/-: 58±20%), indicating that it increases [Ca2+]i in β-cells by a GPR55-independent 

mechanism.  

The effects of CBD on [Ca2+]i in β-cells from WT and GPR55-/- mice were also examined in 

these experiments. Surprisingly, in contrast to the proposed antagonist effect of this cannabinoid on 

GPR55, CBD (1μM) induced reversible elevations in [Ca2+]i in β-cells at both 2mM and 20mM glucose 

(Figure 2K and 2L). These stimulatory effects of CBD were not mediated via interaction with GPR55 

since they were still observed in β-cells from GPR55-/- mice (Figure 2M and 2N), with no decline in 

the total number of β-cells responding at either 2mM glucose (WT: 45±9%, GPR55-/-: 44±11%) or 

20mM glucose (WT: 38±8%, GPR55-/-: 39±15%; Figure 2O). 

 

O-1602 increases [Ca2+]i in MIN6 and human β-cells 

Since GPR55 is also expressed by MIN6 β-cells and human islets (Figure 1), the effects of the 

GPR55-selective agonist O-1602 on calcium handling in MIN6 cells and dispersed human islet cells 
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was also investigated. It can be seen from Figure 3A that 10μM O-1602 induced a robust, reversible 

increase in [Ca2+]i in MIN6 cells and subsequent exposure to 100μM tolbutamide also promoted 

reversible elevation in [Ca2+]i, demonstrating the viability of MIN6 cells following treatment with O-

1602. Similar stimulatory effects of O-1602 were observed in calcium microfluorimetry experiments 

in dispersed human β-cells (Figure 3B). Thus, 10μM O-1602 stimulated elevations in [Ca2+]i at 2mM 

glucose in dispersed human β-cells and these β-cells were able to reversibly respond to tolbutamide 

after removal of O-1602. Stimulatory effects of O-1602 on [Ca2+]i at 2mM glucose were observed in 

42±3% of the 19 human β-cells analysed. 

 

O-1602 does not activate RhoA in MIN6 β-cells 

To determine whether GPR55 activation is also coupled to activation of RhoA, a key Rho 

small GTPase activated by GPR55 in other cells (1, 6, 15, 36), MIN6 cells were exposed to buffers 

supplemented with 2 or 20mM glucose in the absence or presence of 10μM O-1602, and RhoA 

activity was measured. As shown in Figure 4, exposure of MIN6 cells to 20mM glucose for 10 

minutes induced RhoA activation, which was detected by immunoblotting after a pull down assay, 

but 10μM O-1602 failed to elicit RhoA activation at either 2mM or 20mM glucose.    

 

O-1602, but not LPI and CBD, increases insulin secretion via activation of GPR55 

The effects of O-1602, LPI and CBD on dynamic insulin secretion were examined in perifusion 

experiments using islets isolated from WT and GPR55-/- mice. There was no significant difference in 

glucose-stimulated insulin secretion in islets from GPR55-/- and WT mice (insulin secretion in 

response to 20mM glucose, AUC; WT: 126±37; GPR55-/-: 120±21; n=4, p>0.2). In WT islets the GPR55 

agonist, O-1602, stimulated an approximately 3-fold sustained increase in insulin release at 2mM 

glucose that was reversible upon removal of the agonist. Islets were then perifused with a buffer 

supplemented with 20mM glucose, which induced a rapid, biphasic increase in insulin release and 

exposure to O-1602 potentiated the plateau phase of this secretory response (Figure 5A, solid line). 
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In parallel experiments performed using islets isolated from GPR55-/- mice O-1602 did not have any 

effect on insulin secretion, either at 2mM or 20mM glucose (Figure 5A, dotted line), confirming that 

the stimulatory effects of O-1602 on insulin secretion are mediated through activation of GPR55. 

Perifusions were also used to investigate the effects of LPI on dynamic insulin secretion, using islets 

isolated from WT and GPR55-/- mice. In several separate experiments with islets from WT mice it was 

observed that 5μM LPI only produced a transient, non-significant elevation of insulin release at 2mM 

glucose, but it promoted a sustained potentiation of glucose-induced insulin secretion (Figure 5B, 

solid line). This potentiation of insulin release by LPI was independent of GPR55 activation since 

similar stimulatory profiles of LPI-induced insulin secretion were observed in islets obtained from 

both WT and GPR55-/- mice (Figure 5B, dotted line). The effect of CBD on insulin secretion and the 

requirement for GPR55 in this process was also investigated in perifusions using islets isolated from 

WT and GPR55-/- mice. Data presented in Figure 5C demonstrated that CBD does not have an 

antagonistic effect on insulin secretion, which is in agreement with its effect on [Ca2+]i observed in 

our calcium microfluorimetry experiments. Instead, in islets obtained from both WT and GPR55-/- 

mice, 1μM CBD induced a small increase in insulin secretion at 2mM glucose and a transient 

elevation in glucose-stimulated insulin secretion. Thus, although glucose-induced insulin secretion 

from GPR55-/- islets peaked at a lower level than that from WT islets in the experiments shown in 

Figure 5C, 1μM CBD was able to potentiate glucose induced insulin secretion from both WT and 

GPR55-/- islets with similar magnitudes. 

 

O-1602 stimulates insulin secretion from isolated human islets 

The insulinotropic effect of the GPR55-dependent agonist O-1602 was further investigated in 

perifusions with human islets. It can be seen from Figure 5D that 10µM O-1602 induced a significant 

elevation in insulin secretion at 2mM glucose that was readily reversible upon removal of the 

agonist, and the islets then responded to a subsequent exposure to 20mM glucose. 10μM O-1602 
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also potentiated glucose-induced insulin secretion from human islets, stimulating a transient 

elevation above the plateau phase after exposure to 20mM glucose (Figure 5E).  

 

Discussion  

The endocannabinoid system (ECS) plays an important role in fuel homeostasis via effects on 

the central nervous system and on peripheral tissues involved in metabolic regulation (24, 37, 38). It 

is now acknowledged that some cannabinoids that were previously thought to act exclusively 

through CB1 and CB2 receptors may exhibit activities on other receptors such as GPR55 (1, 39), and 

this has informed studies on cannabinoid signalling in islets. For example, we have reported 

previously that antagonism of the CB1 receptor by AM251 does not inhibit insulin release from 

human islets in response to the CB1 agonist ACEA, and AM251 alone exerts reversible, stimulatory 

effects on insulin secretion (40). Since AM251 is a potent agonist for GPR55 (9, 41), its direct 

stimulation of insulin secretion may be a consequence of activation of GPR55.  

We have previously detected GPR55 mRNA in MIN6 β-cells and mouse and human islets (24), 

and have now confirmed that it is translated into a 37kDa protein in these cells. Two additional 

immunoreactive proteins of 33kDa and 50kDa were detected in MIN6 β-cells and islets from WT 

mice, but absent in islets from GPR55-/- mice. GPR55 undergoes degradation (42) and glycosylation 

(36), so the lower and higher molecular weight proteins most likely represent a GPR55 degradation 

product and a glycosylated form of GPR55, respectively. There appears to be species-specific 

processing of GPR55, since only the native 37kDa protein was identified in human islets. 

Fluorescence immunostaining indicated that GPR55 is localised to β-cells in mouse and human islets, 

consistent with two previous rodent studies where GPR55 was reported to be expressed in the BRIN-

BD11 cell line and mouse islet β-cells (26) and rat islet β-cells (25). We have also shown here that 

GPR55 is highly expressed by human islet α-cells, whereas very few mouse α-cells express this 

receptor, suggesting that it may play a more important role in regulating α-cell function in man than 
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in mouse. Further studies are required to identify its role in the regulation of glucagon secretion 

from human islets. 

GPR55 couples to Gαq and/or Gα13, both of which have been associated with elevations in 

[Ca2+]i following activation of PLC and IP3 generation (1, 4, 6). GPR55 also activates Rho small 

GTPases via Rho-associated protein kinase (ROCK), which in turn increases [Ca2+]i both via PLC-

mediated IP3 synthesis, and through actin cytoskeleton remodelling (4). O-1602 elevates [Ca2+]i in 

human endothelial cells (5) and our data demonstrate that it also increases [Ca2+]i in mouse islet 

cells, consistent with earlier reports in BRIN-BD11 cells (26) and rat islets (25). The lack of effect of O-

1602 on RhoA activity in our studies indicates that, at least in β-cells, GPR55 signalling downstream 

of O-1602 binding to elevate [Ca2+]i is not through the Gα13 pathway and is most likely via Gαq 

activation. Signalling cascades downstream of GPR55 may therefore be cell type-specific since 

GPR55-mediated RhoA activation has previously been reported in HEK293 and PC12 cells (1, 6, 36). 

However, two of these earlier studies used LPI as a GPR55 agonist (6, 36), which we have shown 

here not to function via GPR55 in islets, and cells in which GPR55 had been overexpressed were used 

in two of the previous reports (1, 6).  

It is intriguing that only approximately 50% of β-cells responded to O-1602 treatment in our 

experiments. This most likely reflects functional heterogeneity of islet β-cells, which has been 

observed previously in terms of β-cell [Ca2+]i responses (43-45). Similar proportions of mouse islet β-

cells also showed elevations in [Ca2+]i in response to LPI, and, surprisingly, to the phytocannabinoid 

CBD, which is proposed to act as a GPR55 antagonist. The use of islets isolated from GPR55-/- mice 

indicated that only the O-1602-induced increases in [Ca2+]i were via GPR55-dependent signalling, 

while similar proportions of islet cells from both WT and GPR55-/- mice responded to LPI and CBD, 

indicating that these responses were not via GPR55. These findings are in line with previous studies 

in other cells demonstrating that LPI increased [Ca2+]i independently of GPR55 activation (21-23).   

Consistent with its effects on [Ca2+]i, O-1602 reversibly stimulated insulin secretion from 

mouse and human islets. The use of islets from GPR55-/- mice indicated that GPR55 was required for 
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O-1602-induced insulin secretion, demonstrating that this cannabidiol analogue is a selective GPR55 

agonist in β-cells. In accordance with these data, O-1602 improves glucose tolerance in rats, an 

effect that has been attributed to its stimulation of insulin secretion via GPR55 activation (25, 26), 

and GPR55 deletion in mice is associated with insulin resistance (46). However, although our data 

also support LPI being an effective insulin secretagogue, its capacity to stimulate insulin release does 

not require interaction with GPR55 since it was equally effective in GPR55-/- islets. LPI can activate 

non-selective cation channels, Ca2+-activated K+ channels and L-type voltage-gated calcium channels 

(21-23, 47), all of which are expressed by islet β-cells and play regulatory roles in β-cell 

electrophysiology and insulin secretion (48-50). In addition, LPI has been reported to inhibit Na+/K+ 

ATPase to alter [Ca2+]i independently of GPR55 (21) and it may exert its effects via this mechanism in 

islets. We also found that CBD has insulinotropic effects in mouse islets despite it being considered 

as a potent inhibitor of GPR55 in HEK293 cells overexpressing GPR55 (1, 4, 15), and being able to 

inhibit O-1602- and LPI-induced responses in osteoclasts (15). It has been proposed that certain 

cannabinoid ligands bind to an orthosteric binding site on GPR55 and act as agonists when applied 

alone, but bind to an allosteric site and inhibit agonist-induced activation in a non-competitive 

manner when used in tandem (51). However, our demonstration that CBD increased both [Ca2+]i and 

insulin secretion following deletion of GPR55 indicates that it transduces its effects by a signalling 

pathway(s) other than through interaction with GPR55. In particular, CBD may act as an agonist at 

TRPV2 cation channels (17), PPARγ (52) and 5-HT1A receptors (18), and activation of TRPV2 (53) and 

PPARγ (54) are known to stimulate insulin secretion. Deletion of GPR55 did not significantly affect 

glucose-induced insulin secretion, so the differences in response to these ligands were not a 

consequence of alterations in glucose responsiveness of the islets.  

In summary, this study has demonstrated that GPR55 is expressed by islet β-cells and it plays 

a positive role in regulating [Ca2+]i and insulin secretion in response to the pharmacological agonist 

O-1602. The putative GPR55 antagonist CBD and endogenous ligand LPI induced similar effects to O-

1602 on calcium handling and insulin secretion, but, unlike O-1602, they act independently of GPR55 
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activation in islets. The precise signalling pathways downstream of GPR55 activation in islets remain 

to be defined but Gα12/13 is not implicated as O-1602 did not stimulate β-cell RhoA activity. Our 

identification of O-1602 as a selective GPR55 agonist in β-cells highlights a therapeutic potential for 

O-1602-related compounds in type 2 diabetes, especially given the non-psychoactive effects of O-

1602, which are most likely a consequence of its lack of activity at the abundant CB1 receptors in the 

central nervous system.  However, our observations that O-1602 can stimulate insulin secretion in 

the absence of a glucose stimulus suggest that its use in vivo may be associated with hypoglycaemia, 

as may occur with sulphonylureas, and further investigation of this is necessary in future studies.  
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Figure legends 

 

Figure 1. Expression of GPR55 by islets. 

Panel A: Western blotting indicates that GPR55 is expressed by MIN6 β-cells, mouse and human 

islets.  

Panel B: Fluorescence immunohistochemistry demonstrates that GPR55 (green) is expressed by 

islets in pancreases from WT mice, while it is absent in islets of GPR55-/- mice. 

Panel C: Fluorescence immunohistochemistry in individual mouse pancreas sections demonstrates 

that GPR55 (green) is co-localised with insulin (red) but not with glucagon or somatostatin (both in 

red). 

Panel D: Fluorescence immunohistochemistry in individual human pancreas sections demonstrates 

that GPR55 (green) is co-localised with insulin and glucagon (both in red) but not somatostatin (red). 

Panels E & F: Quantification of GPR55-expressing islet cells in multiple sections from mouse (E) and 

human (F) pancreases reveals that GPR55 is expressed by β-cells of both species; it is present in a 

small proportion of mouse islet α-cells and in the majority of human α-cells, but it was absent or at 

very low levels in δ-cells of both species.  

 

Figure 2. Effects of O-1602, LPI and CBD on [Ca2+]i in WT and GPR55-/- mouse islet β-cells. 

Panels A-D, F-I, K-N: Single microfluorimetry traces indicating that 10μM O-1602 increased [Ca2+]i at 

2mM glucose (A) and 20mM glucose (B) in β-cells from WT mice but not GPR55-/- mice (C,D). 5μM LPI 

increased [Ca2+]i in β-cells from WT (F,H) and GPR55-/- mice (G,I). 1μM CBD increased [Ca2+]i in β-cells 

from WT (K,M) and GPR55-/- mice (L,N).  

Panels E, J, O: Analysis of the percentage of β-cells responding to O-1602, LPI and CBD with changes 

in [Ca2+]i. Data are presented as mean+SEM, n=16-51 cells from 2-3 separate experiments per 

genotype. **p<0.01. 
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Figure 3. Effect of O-1602 on [Ca2+]i in MIN6 and human β-cells. 

10μM O-1602 increased [Ca2+]i at 2mM glucose in MIN6 β-cells (A) and human islet β-cells (B). 

Results for MIN6 cells are mean±SEM representative of at least 5 different experiments and for 

human islet β-cells are shown as a single trace representative of at least 19 cells from 2 experiments.  

 

Figure 4. O-1602 does not activate RhoA in MIN6 β-cells. 

Immunoblot (A) and fold change in RhoA activity (B) illustrated that 20mM glucose induced RhoA 

activation in MIN6 cells, but 10μM O-1602 was without effect at either 2mM or 20mM glucose. Data 

in panel B are presented as mean+SEM, n=3.  

 

Figure 5. Effects of O-1602, LPI and CBD on insulin secretion from isolated mouse and human 

islets. 

10μM O-1602 stimulated basal and glucose-induced insulin secretion from islets from WT mice but 

not from GPR55-/- mice (A; AUC; WT vs GPR55-/-, O-1602 at 2mM glucose: 209.8±31.3 vs 53.5±14.4; 

O-1602 at 20mM glucose: 605.0±68.4 vs 268.6±94.6; p<0.05). Stimulation of insulin secretion by 

1μM LPI (B; AUC; WT vs GPR55-/-, at 2mM glucose: 35.1±8.8 vs 27.9±8.2; at 20mM glucose: 

206.4±23.5 vs 213.3±107.2; p>0.2) and 5μM CBD (C; AUC; WT vs GPR55-/- at 2mM glucose: 82.9±26.9 

vs 80.4±20.5; at 20mM glucose: 586.9±112.6 vs 374.9±64.7; p>0.2) were observed in islets from WT 

and GPR55-/- mice. 10μM O-1602 increased insulin secretion from human islets at 2mM glucose (D; 

AUC; basal: 7.7±0.2; O-1602: 30.5±6.3; p<0.05) and 20mM glucose (E; AUC: plateau phase of 

glucose-stimulated insulin secretion: 60.5±8.1; O-1602: 94.5±5.0, p<0.05). Results for mouse islets 

are means±SEM, n=3, representative of 3 experiments for each agonist. Results for human islets are 
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means±SEM, n=3 for a single islet donor, representative of 3 experiments using islets from different 

donors.  
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Figure  4. O-1602 does not promote RhoA activation in MIN6 β-cells.
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