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List of abbreviations  

2-AGPI- 2-arachidonoyl-sn-glycero-3-phosphoinositol 

ACC- Anterior cingulate cortex 

BSA- Bovine serum albumin 

DMSO- dimethylsuphoxide 

ERK- extracellular signal- regulated kinase 

GFAP- Glial fibrillary acidic protein 

GPR55- G- protein couple receptor 55 

Iba-1-ionized calcium-binding adapter molecule 1 

LC-MS/MS- Liquid chromatography tandem mass spectrometry 

LPI- lysophosphatidylinositol 

MAPK- mitogen activate protein kinase 

NeuN- Hexaribonucleotide Binding Protein-3 

PAG-periaqueductal grey 

PBST- Phosphate buffered saline-Tween 

PFA- paraformaldehyde 

qRT-PCR- quantitative real time polymerase chain reaction 

RIPA- radio immunoprecipitation assay 

SD- Sprague-Dawley 

SDS-PAGE- sodium dodecyl sulphate polyacrylamide gel electrophoresis 

TBST- Tris buffered saline - Tween 
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Abstract 

The G-protein coupled receptor, GPR55, modulates nociceptive processing. Given the 

expression of GPR55 in the anterior cingulate cortex (ACC), a key brain region involved in the 

cognitive and affective dimensions of pain, the present study tested the hypothesis that GPR55 

signalling in the ACC facilitates inflammatory pain behaviour in rats.  The expression of 

GPR55 in the ACC was confirmed by both western blotting and immunostaining, with 

evidence for neuronal localisation.  Microinjection of the selective GPR55 antagonist 

CID16020046 into the ACC of adult male Sprague-Dawley rats significantly reduced second 

phase formalin-evoked nociceptive behaviour compared with vehicle-treated controls.  

CID16020046 administration was associated with a reduction in phosphorylation of 

extracellular signal-regulated kinase (ERK), a downstream target of GPR55 activation, in the 

ACC.  Intra-ACC administration of CID16020046 prevented the formalin-induced increases in 

expression of mRNA coding for the immediate early gene and marker of neuronal activity, c-

Fos, in the ipsilateral dorsal horn of the spinal cord.  Intra-plantar injection of formalin reduced 

tissue levels of the endogenous GPR55 ligand 2-arachidonoyl-sn-glycero-3-phosphoinositol 

(2-AGPI) in the ACC, likely reflecting its increased release/utilisation.  These data suggest that 

endogenous activation of GPR55 signalling and increased ERK phosphorylation in the ACC 

facilitates inflammatory pain via top-down modulation of descending pain control.    

Keywords: c-Fos; CID16020046; ERK; GPR55; Pain; Prefrontal cortex 
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The G-protein coupled receptor, GPR55, is now recognised as an endogenous receptor target 

for bioactive phospholipids and endocannabinoids (Ross, 2009, Sharir and Abood, 2010).  

GPR55 activation is linked with the modulation of multiple intracellular signalling pathways, 

in particular the activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) within 

the mitogen-activated protein kinase (MAPK) signalling cascade.   Recent studies have also 

implicated GPR55 in an array of physiological and pathophysiological processes, including a 

modulatory role in nociceptive processing (Breen et al., 2012, Gangadharan et al., 2013, Guy 

et al., 2015, Schuelert and McDougall, 2011, Staton et al., 2008, but see also Carey et al., 2017).   

However, the neuroanatomical sites within which GPR55 modulates nociceptive processing 

remain poorly understood.  One recent study showed that injection of L-α-lysophatidylinositol 

(LPI), an endogenous agonist of GPR55 (Oka et al., 2007), into the midbrain periaqueductal 

grey (PAG), was associated with a reduction in nociceptive threshold or increased sensitization 

to an acute thermal noxious stimulus in rats (Deliu et al., 2015).  The PAG is a key component 

of the descending pain pathway, an endogenous pain modulatory system, the activation of 

which alters nociceptive transmission at the level of the spinal cord dorsal horn (Ossipov et al., 

2010, Basbaum and Fields, 1984). The components of the descending pain pathway, in 

particular the PAG, are also subject to modulation by other higher brain centres, in particular 

the anterior cingulate cortex (ACC) (Fuchs et al., 2014, Shackman et al., 2011, An et al., 1998, 

Valet et al., 2004).  The ACC plays a key role in the modulation of cognitive and affective 

components of pain (Barthas et al., 2015, Donahue et al., 2001, Fuchs et al., 2014, Johansen et 

al., 2001, Qu et al., 2011, Rainville et al., 1997).  

The expression of GPR55 in the ACC has previously been reported (Henstridge et al., 2011), 

however, the functional relevance or contribution of GPR55 signalling in the ACC to pain 

processing is unknown.  In view of the anatomical connectivity between the ACC and the 
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descending pain pathway, and the recent evidence of a key role for GPR55 signalling in the 

PAG in nociceptive processing, the present study investigated whether GPR55 signalling in 

the ACC contributes to nociceptive responding in an animal model of inflammatory pain.   

Thus, working with the hypothesis that selective blockade of GPR55 in the ACC will reduce 

inflammatory pain-related behaviour, we investigated the effects of the selective GPR55 

antagonist, CID16020046 (Kargl et al., 2013), on formalin-evoked nociceptive behaviour in 

rats.  In order to identify possible molecular mechanisms underlying the effects of 

CID16020046, we measured ERK protein phosphorylation, a downstream target of GPR55 

activation, in the ACC. The effects of CID16020046 injection into the ACC on the activity of 

the descending pain pathway were determined by measuring expression of c-Fos in the spinal 

cord dorsal horn, a molecular correlate of descending pain pathway activity. Evidence from 

mass spectrometric analysis and activity binding assays suggest that endogenous LPI in the 

rodent brain is comprised of a variety of molecular species which differ in their fatty acid 

moieties. The arachidonic acid containing species, 2-arachidonoyl-sn-glycerol-3-

phosphoinositol (2-AGPI) is considered to be the most potent species at GPR55 (Oka et al., 

2009). Thus, in a separate group of rats, the effect of intra-plantar formalin injection on 2-AGPI 

levels in the ACC was determined using liquid chromatography-tandem mass spectrometry 

(LC-MS/MS).  Expression of GPR55 in the ACC was also investigated using western blotting 

and immunofluorescence histochemistry. 

Materials and Methods 

Animals 

Adult male Sprague-Dawley rats (n=22, Experiment 1) weighing 225-250g, were obtained 

from Harlan (Bicester, UK).  Animals were housed in groups of three to four prior to surgery 

and singly housed post-surgery in plastic bottomed cages (45x20x20 cm) containing wood 
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shavings as bedding.  Animal housing rooms were maintained at a constant temperature (21°C 

± 0.5°C) under standard lighting conditions (12:12 h light : dark, lights on from 07:00 to 19:00 

h).  Food and water were provided ad libitum.   Adult male Sprague-Dawley rats used in 

Experiment 2 (n=11, 225-250g) were bred in-house and housed under similar conditions and  

time lines to rats in Experiment 1 without undergoing any surgical procedures.  All in vivo 

procedures were approved by the Animal Care and Research Ethics Committee, National 

University of Ireland, Galway, and carried out under license from the Irish government in 

accordance with EU Directive 2010/63/EU and ARRIVE guidelines (Kilkenny et al., 2010).   

 

Intra-ACC guide cannulae implantation 

Implantation of guide cannulae into the ACC was carried out as previously described (Okine 

et al., 2014). In brief, rats were implanted stereotaxically with stainless steel guide cannulae 

(5mm length, 0.71 mm outer diameter, Plastics One Inc, Roanoke, VA, USA), bilaterally 1mm 

above the target injection site within the ACC (anteroposterior + 1.5mm, mediolateral ± 1.3mm 

relative to bregma at an angle of 12°, dorsoventral – 1.3 mm from dura) (Figure 1A), under 

isoflurane anaesthesia (1-3% in O2 ; 0.60 L/min).  The cannulae were permanently fixed to the 

skull using stainless-steel screws and carboxylate cement.  A stainless steel stylet (Plastics One 

Inc) was inserted into each guide cannula to prevent blockage by debris.  The non-steroidal 

anti-inflammatory agent carprofen (5mg/kg subcutaneously; Rimadyl, Pfizer, Kent, UK), was 

administered during surgery to manage postoperative pain.  The antibiotic enrofloxacin 

(2.5mg/kg subcutaneously; Baytril, Bayer Ltd., Dublin, Ireland) was administered on the day 

of surgery and for 4 consecutive days after surgery to prevent infection.  Rats were allowed a 

period of 7-8 days to recover from surgery before formalin testing.  Body weight and general 

health were monitored daily during the recovery period. 
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Chemicals and drug preparation 

The GPR55 antagonist, CID16020046 (cat# SML0805, Sigma-Aldrich, Dublin, Ireland), was 

administered in 100% dimethylsulfoxide (DMSO) vehicle at a concentration of 10µM.  This 

concentration of CID16020046 was chosen on the basis of in vitro studies demonstrating the 

ability of the drug to block the effects of LPI-mediated activation of GPR55 in mammalian cell 

lines (Kargl et al., 2013) and the relative absence of mixed agonist/antagonist effects associated 

with other well characterised antagonists of GPR55 notably ML193 and cannabidiol (Heynen-

Genel S, 2010, Viudez-Martínez et al., 2017). 100% DMSO has been used widely in previously 

published pain-related intracerebral microinjection studies from our group and other groups 

(Finn et al., 2003; Hohmann et al., 2005; Suplita et al., 2005; Connell et al., 2006; Roche et 

al., 2007; Roche et al., 2010; Olango et al., 2011; Okine et al., 2014; Rea et al., 2014).  

Moreover, in order to determine whether intra-ACC administration of 100% DMSO has effects 

on formalin-evoked nociceptive behaviour, we collated data from previous studies carried out 

in our laboratory and performed a statistical analysis of composite pain scores between naïve 

rats and rats that received intra-ACC administration of 100% DMSO for the first 30 minutes 

post-formalin, the period during which the majority of pharmacological effects were observed 

in our studies (Naive: 0.61 ±0.39 and DMSO 0.67 ± 0.29, Mean ± SEM composite pain score 

data).  Repeated measures ANOVA did not reveal any significant differences between the two 

groups of rats, indicating that intra-ACC administration of 100% DMSO has no effect on 

formalin-evoked nociceptive behaviour thus ruling out any confounding effects on the effects 

of CID16020046. Formalin (2.5%) was prepared from a 37% stock solution of formaldehyde 

(cat# F1635, Sigma-Aldrich, Dublin, Ireland) diluted in 0.9% sterile saline.   
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Experimental procedures 

Rats were randomly assigned to treatment groups.  The sequence of testing was also 

randomized equitably across the experimental days to minimise its potential influence as a 

source of variability.  CID16020046 (10µM) or vehicle was microinjected (outer diameter of 

injection needle 0.36mm) into the ACC in a volume of 0.5 µL per side over 60 seconds (with 

injectors left in place for an additional 60 seconds to allow diffusion of drug away from the 

injector tip) using an injector and Hamilton syringe attached to polyethylene tubing.  

Immediately thereafter, rats were placed in a perspex chamber (30x30x40 cm, 30 lux) with 

blackened walls for the assessment of horizontal locomotor activity as well as rearing and 

grooming behaviours for 10 minutes.  A video camera located beneath the chamber was used 

to record animal behaviour for subsequent analysis.  Immediately after this 10 minute pre-

formalin trial, rats received an intra-plantar injection of 50 µL formalin (2.5% in 0.9% sterile 

saline) into the right hind-paw under brief isoflurane anaesthesia as described previously (Finn 

et al., 2003, Roche et al., 2007).  Following formalin injection, rats were immediately returned 

to the perspex chamber for a period of 60 minutes.  Formalin-induced oedema was measured 

as the change in diameter of the right hindpaw measured immediately before formalin 

administration and at the end of the experiment using Vernier callipers.  Behaviours during the 

formalin trial were rated as described previously (Okine et al., 2014, Rea et al., 2014, Finn et 

al., 2003, Roche et al., 2007). Briefly, EthoVision XT software package (Noldus Information 

Technology, Wageningen, The Netherlands) was used to analyze behaviour. Ethovision allowed for 

continuous event recording over the 10-minute pre-formalin and 60-minute post-formalin trials for each 

rat. A trained observer, blind to the experimental conditions, assessed behaviour. Formalin-evoked 

nociceptive behaviour was scored according to the weighted composite pain scoring technique 

described by (Watson et al., 1997). This method categorized pain behaviours as time spent raising the 

injured hind paw above the floor without contact with any other surface (Pain 1) and biting, licking, 
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holding, flinching or shaking the paw (Pain 2). These values were used to calculate the composite pain 

score: CPS = (Pain 1 + 2[Pain 2])/total duration of analysis period). At the end of the 60-minute 

formalin trial, rats were killed by decapitation, brain and spinal cord tissues harvested and snap-

frozen for post-mortem analysis of ERK protein phosphorylation in the ACC and c-Fos mRNA 

in the spinal cord dorsal horn.   

 

 

Histological verification of intra-cerebral microinjection sites 

Intra-cerebral microinjection sites were verified by bilateral injections of fast-green dye (1% 

in DMSO) into the ACC post-mortem.  Representative cryosections of the ACC (30µm 

thickness) were collected and mounted on gelatinised glass slides and viewed under light 

microscope for precise verification of cannula / injector placement in the ACC.  Only rats with 

correctly placed microinjections (~70% of total number of rats in the experiment, Figure 1A) 

were included in final analysis of behavioural data.  The remainder of the ACC was 

cryosectioned and punched for measurement of ERK protein phosphorylation. Frozen coronal 

brain sections (150μm thickness) at the level of the ACC (AP +1.5 to -1.0mm), based on rat 

brain atlas of (Paxinos and Watson, 1986), were cut on a cryostat (MICROM GMBH, Stuttgart, 

Germany).  The ACC was then punch-dissected from sections using 2mm cylindrical brain 

punchers (Harvard Apparatus, Holliston, MA, USA) as described previously (Okine et al., 

2014).  The mean ± standard error of mean (SEM) weight per rat of the punch-dissected ACC 

tissue was 10 ± 2.0 mg.   

 

Western blotting 
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Western blotting was performed as described previously (Okine et al., 2012a) with minor 

modifications.  Briefly, frozen punches of ACC tissue weighing approximately 10 mg were 

lysed by brief sonication in RIPA lysis buffer, (1:10 w/v), in a 1.5ml microcentrifuge tube.  The 

homogenate was placed on a shaker for 45 minutes at 4°C with gentle agitation to allow for 

complete dissociation of nucleo-protein complexes, followed by centrifugation at 16000g 

(Eppendorf Centrifuge 5415R, Stevenage, UK) for 20 minutes at 4°C.  The supernatant was 

collected and protein content determined by Bradford assay (Bradford, 1976).  Thirty 

micrograms of protein sample in 4X Laemmli sample loading buffer was boiled at 100°C for 

5 minutes, briefly centrifuged and subjected to 9% sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE) at a constant voltage of 120V for 2 hours.  The separated 

protein samples were electro-blotted onto a nitrocellulose membrane (Nitrocellulose 

membrane, CAS# 9004-70-0, Bio-Rad, Dublin, Ireland) at 100V for 1 hour.  Protein transfer 

efficiency was verified by Ponceau dye (0.1% dye in 5% acetic acid) staining.  Membranes 

were blocked in 5% non-fat dry milk in 0.1% Tris-buffered saline / Tween20 (TBST) solution 

for 1hr at room temperature and incubated overnight at 4oC with rabbit polyclonal antibody to 

GPR55 (cat# orb101191, Biorbyt, UK), total ERK1/2 (cat# 9102, Cell Signalling, UK,) or 

phospho-ERK1/2 (cat# 9101, Cell Signalling, UK,) diluted 1,200, 1:1000 and1:1000 

respectively in 5% milk/0.1% TBST.  The detection of both total and phosphorylated ERK1/2 

immunoreactive bands were simultaneously performed on two replica gels containing identical 

amount of protein and loading order for each sample, and subjected to identical electrophoretic 

conditions.  Membranes were subjected to 3 x 10 minute washes in 0.1% TBST and incubated 

with secondary antibody solution containing IRDye® conjugated goat anti-rabbit (λ800) (LI-

COR® Biosciences Abingdon Park, Oxford UK) diluted 1:10000 in 1% milk/ 0.1% TBST for 

one hour at room temperature.  Three x 5 minute washing steps were then performed with 

washing solution and one final 5 minute wash in distilled H2O.  Blots were scanned on a LI-
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COR® Odyssey imager.  IR band intensities for total and phosphorylated ERK(1/2) protein 

expression (~ 44kDa for ERK 1 and ~ 42kDa for ERK 2) for each sample were generated 

automatically using the background subtraction method of the LI-COR Image Studio® Ver.  

2.0 imaging software.  The ratio of phosphorylated ERK(1/2) band intensity to total ERK (1/2) 

band intensity was then calculated for each sample, and then expressed as a % of mean vehicle-

treated group values.  

GPR55 immunofluorescence histochemistry in the ACC 

 One rat was used for the qualitative immunoflourescence analysis of the expression of GPR55 

in the ACC.  The rat was trans-cardially perfused under pentobarbital (60mg/kg) anaesthesia 

with heparanised 0.9% saline solution followed by 4% paraformaldehyde (PFA) as fixative. 

The  brain was harvested and post-fixed for 24hrs in 4% PFA solution followed by 

cryoprotection in  25% sucrose-azide solution and cut on a cryostat (Bright instruments, UK) 

at a thickness of 20µm. Sections containing the ACC based on the coordinates obtained from 

rat brain atlas were collected  and fixed to superfrost plus slides (VWR, UK). An antigen 

retrieval step was performed prior to immunostaining to enhance antibody-antigen interaction. 

Briefly, slides were immersed in citrate buffer solution, pH6 and boiled in a microwave for 10 

minutes, followed by brief rinsing in distilled water and simmering for a further 10 minutes in 

the microwave. Immunofluorescence histochemistry was performed according to standard 

procedures. Briefly slides were washed in a solution of phosphate buffered saline 0.1% 

Tween20 (PBST), blocked in 3% BSA for 1hr and incubated overnight with rabbit polyclonal 

primary antibody raised against GPR55 (1:200, cat# orb101191, Biobyrt UK) alone, or 

separately in combination with mouse  monoclonal primary antibodies raised against the 

neuronal marker NeuN (1:300, cat# ab104224, abcam UK) or astrocyte marker GFAP  (1:300, 

cat# 3898, sigma, UK) or goat polyconal antibody raised against the marker for microglia, 
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IBA1 (1:100 cat# ab 104159, abcam, UK) overnight at room temperature. Slides were washed 

in PBST solution and further incubated in a solution containing secondary antibodies raised in 

goat or donkey against rabbit or mouse (1:500, Alexa fluor, thermofisher, UK) as appropriate 

at room temperature for 2hrs. Sections were washed and mounted in Vectashield mounting 

medium (cat# 101098-042, Vector laboratories, USA) and cover-slipped for qualitative 

microscopic analysis.  A no primary antibody (anti-GPR55) condition was included as negative 

control for GPR55. Images were captured on a Zen Confocal microscope at X10 magnification. 

 

Quantitative real time polymerase chain reaction (qRT-PCR) 

Total RNA was extracted from post-mortem ipsi and contralateral spinal cord tissues and 

processed for cDNA synthesis as previously described (Okine et al., 2012b).  Taqman gene 

expression assay for rat c-Fos (assay ID - Rn 02396759_m1, Applied Biosystems, UK) 

containing forward and reverse primers and a FAM-labelled MGB Taqman probe was used to 

quantify genes coding for c-Fos mRNA on a ‘StepOne Plus’ instrument (Applied Biosystems, 

Warrington, UK).  VIC-labelled GAPDH (assay ID 4308313 Applied Biosystems, Warrington, 

UK) was used as the housekeeping gene and endogenous control.  A no template control 

reaction was included in all assays.  The relative expression of target genes to endogenous 

control was calculated using the formula 2-ΔCt, where ΔCt represents the magnitude of the 

difference between cycle threshold (Ct) values of the target and endogenous control, and the 

result expressed as a percentage of the mean value of the contralateral vehicle group.   
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Quantitation of the endogenous GPR55 ligand, 2-arachidonoyl-sn-glycerol-3-phosphoinositol 

(2-AGPI) in ACC tissue using liquid chromatography—tandem mass spectrometry (LC-

MS/MS) 

The levels of 2-AGPI, a potent endogenous agonist of GPR55, were measured in the ACC of 

separate groups of rats, 30 mins after they had received intraplantar injections of formalin or 

saline into the right hind-paw. The method of 2-AGPI extraction from post-mortem tissues was 

adapted from previously published methods (Masquelier and Muccioli, 2016, Oka et al., 2009).  

Briefly, microdissected frozen ACC punches ~ 5mg were homogenised by sonication in 200µL 

of a medium containing Chloroform: Methanol: 2M HCl (2:1:1 v/v) spiked with 50ng (or 

26.6µL of 1.875ng/µL stock solution) of 1-(10Z-heptadecenoyl)-sn-glycero-3-phospho-1’-

myo-inositol) (cat# 110718, Avanti lipids, USA) included as internal standard. The 

homogenate was centrifuged at 10000 rpm for 10 minutes at 4oC and the chloroform (organic) 

layer containing 2-AGPI was collected for analysis by LC-MS/MS. Mobile phase Solvent A 

was millipore grade water containing 0.1% v/v Formic acid and solvent B was LC/MS grade 

acetonitrile containing 0.1% v/v formic acid. Samples were separated on a ACE3 C18 PFP 

column (dimensions 100mm length, 2.1mm internal diameter, 3µm particles, Cat# ACE-1110-

1002, ACE, UK)  by reversed-phase gradient elution. Gradient programme was 10% solvent B 

for one minute, then ramped linearly up to 100% solvent B over 9mins and held at this for a 

further 10 mins.. Analyte detection was carried out in electrospray-negative ionization and 

multiple reaction monitoring (MRM) mode on an Agilent 1100 HPLC system coupled to a 

triple quadrupole 6460 mass spectrometer (Agilent Technologies Ltd, Cork, Ireland). MRM 

transitions were 619.3 to 303.3 for 2-AGPI and 583.3 to 241.2 for the internal standard, with 

fragmentor voltage at 130V and collision energy at 40eV. Under these conditions, 2-AGPI 

eluted at a retention time of 10.5 mins . Quantification of 2-AGPI was performed by ratiometric 
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analysis of peak areas of 2AGPI: internal standard  and extrapolation  on a 10-point  calibration 

curve (0.072ng-18.75µg) derived from a four-fold dilution of a synthetic 2-AGPI analogue, 1-

arachidonoyl-2-hydroxy-sn-glycerol-3-phosphoinositol (cat # 80105P, Avanti lipids, USA). 

The concentration of 2-AGPI was expressed in nmol g−1 of tissue.  The limit of quantitation 

was 29ng on column.   

 

 

Data analysis 

SPSS statistical software (SAS Institute Inc, Ireland) was used to analyse all data. Parametric 

statistical tests were performed if the dataset passed the Kolmogorov-Smirnov’s (KS) 

normality test, and if the F-test for comparison of variances did not reveal any significant 

differences in between datasets. Where only one of these conditions was met, a Student’s t-test 

with Welch’s correction was used for pairwise group comparisons. Locomotor activity 

(distance moved), general rat behaviours (rearing and grooming) during the preformalin trial 

were analysed by Student’s unpaired, two-tailed t-test.  Formalin-evoked nociceptive 

behaviour (CPS, Pain 1 and Pain 2) data were analysed by one-way repeated measures ANOVA 

with treatment and time considered as between-subject and within-subject factors, respectively. 

Student’s unpaired, two-tailed t-test was used for comparison of specific time points between 

the two groups where appropriate.  ERK protein data, c-Fos mRNA data were analysed by 

Student’s unpaired, two-tailed t-test. LC-MS/MS data were analysed with Student’s unpaired, 

two-tailed t-test with Welch’s correction due to a significant difference in variances, although 

the KS normality test was passed.  Data were considered significant when p<0.05.  Results are 



15 

 

expressed as group means ± SEM. Individual data points are superimposed on bar graphs to 

show distribution of data. 

 

 

 

 

Results: 

GPR55 protein is predominantly expressed on neurons in the ACC   

The qualitative expression of GPR55 in the ACC was confirmed by both western blotting (WB) 

and immunostaining techniques. Analysis by WB revealed immunoreactive bands 

corresponding to the predicted molecular weight of GPR55 of approximately 37kDa (Figure 

1B). A non-specific band, possibly unidentified splice variant of GPR55 of approximately 30 

kDa was also observed. A whole rat brain lysate was included in the analysis as a positive 

control. Further qualitative analysis by  immunofluorescence  also revealed positive 

immunostaining for GPR55 in the ACC (Figure 1C) which was strongly co-localised with the 

neuronal marker NeuN, but not GFAP (astrocyte marker) or the marker for  microglia, IBA-1 

( Figure 1C). 
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Figure 1.  (A) Schematic depicting microinjection sites in the rat ACC.  Image was taken 

from the rat brain atlas of Paxinos and Watson (2006) AP=~ +1.6mm.  open circles = Vehicle, 

closed circles=CID16020046. n =6-8 rats per group (B) Expression of GPR55 protein in the 

rat ACC. Western blotting analysis of GPR55 expression revealed strong immunoreactive 

bands of approximately 37kDa in the ACC and whole rat brain homogenates (positive control). 

M: molecular weight marker (C) Qualitative immunostaining for GPR55, NeuN, GFAP and 

IBA-1 in the ACC.  GPR55 images from n=3 separate sections taken at X10 magnification. 

NeuN- neuronal marker, GFAP- astrocyte marker, IBA-1, marker for microglia, cc-corpus 

callosum. 
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Intra-ACC administration of CID16020046 does not alter preformalin locomotor activity, 

rearing or grooming  

Intra-ACC administration of CID16020046 did not alter preformalin locomotor activity           

(distance moved in arena) in rats compared with vehicle-treated counterparts [Veh vs CID: 

1374±74.95cm, n=8 vs 1279±125.4cm, n=6] or the duration of  rearing [Veh vs CID: 

79±11.01s, n=8 vs. 106.1±16.77s, n=6] and grooming [Veh vs CID: 44.7±11.15s, n=8 vs 

54.73± 22.27s, n=6] behaviours ; data are mean±SEM,  unpaired Student’s t-test p>0.05). 

  

 

Figure 2. Effects of bilateral microinjections of CID16020046 into the ACC on formalin-

evoked nociceptive behaviour in rats.  Intra-ACC administration of the selective GPR55 

antagonist, CID16020046, significantly reduced (A) the composite pain score during the 
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second phase from 21-35mins post-formalin, and (C) duration of licking/biting/flinching 

behaviour (Pain 2) from 21-30 mins post-formalin, compared with vehicle-treated counterparts, 

with no significant effect on (B) duration of paw elevation.  Data are means ± SEM.  *p<0.05 

and**p<0.01, CID16020046 vs Vehicle.  Repeated measures ANOVA followed by Student’s 

unpaired t-test.  Vehicle n = 8, CID16020046, n = 6 rats per group. Pain 1: duration of paw 

elevation, Pain 2: duration of licking/ biting/flinching. 

 

 

Intra-ACC administration of CID16020046 reduces formalin-evoked nociceptive behaviour  

Analysis of formalin-evoked nociceptive behaviour (as composite pain score) by repeated 

measures ANOVA revealed significant main effects of treatment (F(11,132)=4.95, p=0.046), time 

(F(11,132)=4.19, p<0.0001) and treatment x time interaction (F(1,12)=2.06, p=0.028).  Further 

temporal analysis by unpaired Student’s t-test revealed a significant (p<0.05) reduction in the 

peak of second phase (t=21 to t=35 mins) of formalin-evoked nociceptive behaviour in rats that 

received CID16020046 microinjections into the ACC, compared with vehicle-treated 

counterparts (Figure 2A). Further analysis of the component pain-related behaviours revealed 

that CID16020046 significantly reduced the duration of biting/licking/flinching behaviour 

(Pain 2) during the second phase of the formalin trial (Figure 2C). Duration of paw elevation 

(Pain 1) during the second phase was also lower in CID16020046-treated rats but this effect 

did not reach statistical significance (Figure 2B).  

Intra-ACC administration of CID16020046 had no significant effect on formalin-induced hind 

paw oedema (Veh: 1.95 ±0.49mm, n=8 versus CID16020046: 1.69 ± 0.17mm, n=6, Mean ± 

SEM). 
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Intra-ACC administration of CID16020046 reduced formalin-evoked ERK phosphorylation in 

the ACC  

Injection of CID16020046 into the ACC tended to reduce (p=0.06) total ERK1/2 protein 

phosphorylation in the ACC (Figure 3Ai & ii), compared with vehicle-treated counterparts.  

This effect was significant (p<0.05) for the ERK1 isoform alone (Figure 3B), with a similar 

albeit non-significant (p>0.05) trend in the same direction for the ERK2 isoform (Figure 3C). 

 

Figure 3.  Western blotting analysis of ERK (1/2) protein phosphorylation in the ACC.  

(Ai & Aii) Intra-ACC administration of CID16020046 robustly reduced total ERK 

phosphorylation in the ACC compared with vehicle-treated rats.  (B & C) Effects of 

CID16020046 on phosphorylation of ERK 1 and 2 isoforms, respectively.  Data are means ± 

SEM.  * p<0.05, CID16020046 vs Vehicle. Individual data points superimposed as black dots 
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on bar graphs. Student’s unpaired t-test.  Vehicle n = 8 and CID16020046, n = 6 rats per group.  

ERK: extracellular signal-regulated kinase, ACC: anterior cingulate cortex. Data are mean ± 

SEM, *p<0.05 

 

Figure 4 Effects of bilateral microinjections of CID16020046 into the ACC on levels of c-

Fos mRNA in the spinal cord dorsal horn.  Formalin treatment significantly increased levels 

of c-Fos mRNA in the ipsilateral spinal cord in vehicle-treated treated rats.  Injection of 

CID16020046 into the ACC prevented the formalin-induced increase in c-Fos mRNA levels 

in the ipsilateral spinal cord dorsal horn.  Data are mean ± SEM, *p<0.05,  vs  veh-contra, 

Student’s unpaired t-test. Individual data points superimposed as black dots on bar graphs. 

Vehicle, n = 8 and CID16020046, n = 6 rats per group, contra; contralateral, ipsi; ipsilateral.   
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Intra-ACC administration of CID16020046 prevented formalin-induced increases in c-Fos 

mRNA levels in the ipsilateral spinal cord 

In vehicle-treated rats, intraplantar administration of formalin resulted in a significant (p<0.05) 

increase in levels of c-Fos mRNA in the ipsilateral side of the spinal cord dorsal horn compared 

with the contralateral side.  However, this formalin-induced increase in ipsilateral c-Fos 

expression was prevented in rats receiving intra-ACC administration of CID16020046 (Figure 

4). 

 

Endogenous levels of 2-Arachidonoyl-sn-glycerol-3-phosphoinositol are reduced in formalin-

treated rats 

The levels of 2-arachidonoyl-sn-glycerol-3-phosphoinositol (2-AGPI), a potent endogenous 

agonist of GPR55, were measured in the ACC of separate groups of rats, 30 mins after they 

had received intraplantar injections of formalin or saline into the right hind-paw. The 30-minute 

time point was chosen on the basis that it coincided with the maximum effects of CID16020046 

in the pharmacological studies which also represented the peak phase of formalin-evoked 

nociceptive behaviour (Experiment 1). LC-MS/MS analysis revealed a significant (p<0.05) 

reduction in levels of 2-AGPI in the ACC of formalin-treated rats, compared with saline-treated 

counterparts (Figure 5A).  Representative chromatograms and calibration curve for 2-AGPI are 

depicted in Figures 5B and 5C, respectively. 
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Figure 5. LC-MS/MS analysis of 2-arachidonoyl-sn-glycero-3-phosphoinositol (2-AGPI) 

in the rat ACC.  (A) Comparison of 2-AGPI levels in the ACC of saline and formalin-treated 

rats,  (B) Representative chromatograms and precursor and product ion mass-to-charge (m/z) 

ratio for 2-AGPI (619.30000- 303.20000; top panel) and 1-(10Z-heptadecenoyl)-sn-glycero-3-

phospho-1’-myo-inositol) used as internal standard (583.30000-241.20000, bottom panel), (C) 

Calibration curve for 2-AGPI quantitation. Data are mean ± SEM *p<0.05. Individual data 

points superimposed as black dots on bar graphs Student’s unpaired t-test with Welch’s 

correction. saline, n=5 and formalin n=6 rats per group. 

 

Discussion  
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The present study investigated the role of GPR55 receptor signalling in the rat ACC in 

formalin-evoked nociceptive behaviour and the underlying molecular mechanisms.  First, the  

expression of GPR55 in the ACC and in whole rat brain homogenates was confirmed by 

western blotting analysis which revealed immunoreactive bands at ~37kDa, consistent  with  

the predicted molecular weight of GPR55 protein reported in literature (Pineiro et al., 2011).     

Further characterisation of GPR55 expression in the ACC using immunofluorescence 

histochemistry revealed a strong co-localisation between GPR55 and the neuronal marker, 

NeuN, but not the astrocyte or microglia markers, GFAP and IBA-1, respectively, in the ACC. 

These novel findings demonstrate a predominant expression of GPR55 on neurones rather than 

non-neuronal cells and suggest that, direct modulation of neuronal activity may underlie the 

effects of endogenous GPR55 signalling in the ACC.  Intra-ACC administration of the selective 

GPR55 antagonist, CID16020046, significantly reduced the second phase of formalin-evoked 

nociceptive behaviour in rats.  In addition, analysis of post-mortem ACC tissue revealed a 

robust reduction in ERK (1/2) protein phosphorylation in the ACC of rats that had received 

microinjection of CID16020046 into the ACC. Previously published work from our laboratory 

revealed significantly higher levels of pERK in the ACC of formalin-treated rats compared 

with saline-treated counterparts (Butler et al., 2011).  Furthermore, increased pERK induction 

in the ACC in response to formalin injection has also been demonstrated in other studies based 

on animal models of inflammatory pain (Wei et al., 2008; Toyoda et al., 2009).  Collectively, 

these findings demonstrate an association between increased ERK phosphorylation and the 

development of pain states. Thus the suppression of ERK phosphorylation in the presence of 

nociceptive tone (i.e. formalin treatment) may be an important mechanism that underpins the 

antinociceptive effects of CID16020046.   Furthermore, CID16020046 treatment prevented 

formalin-induced increases in c-Fos mRNA expression in ipsilateral spinal cord dorsal horn 

compared with the contralateral side.  Importantly, locomotor activity, rearing and grooming 
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prior to formalin injection were not altered by CID16020046, suggesting that changes in these 

parameters were unlikely to be confounding factors in the effects of CID16020046 on formalin-

evoked nociceptive behaviour.   In summary, these data suggest a facilitatory or pronociceptive 

role for GPR55 signalling in the ACC in inflammatory pain, effects possibly mediated locally 

by ERK (1/2) phosphorylation and via top-down modulation of descending pain control.   

The suggestion of a pronociceptive or facilitatory role for GPR55 activation in the ACC within 

the CNS is consistent with findings from a previous study demonstrating a similar role for 

GPR55 in the PAG (Deliu et al., 2015).  In the study by Deliu and colleagues, direct intra-PAG 

microinjection of LPI, an endogenous ligand of GPR55 (Oka et al., 2007), was associated with 

reduced response latencies to noxious thermal stimuli in rats exposed to the hotplate test, an 

effect that was prevented by co-administration with a selective GPR55 antagonist, clearly 

demonstrating a role for GPR55 in mediating the pronociceptive effects of LPI.  Moreover, 

Deliu and colleagues demonstrated an antinociceptive effect (to noxious thermal stimulation) 

following selective blockade of GPR55 in the PAG, a finding similar to our observation, 

reported herein, of reduced formalin-evoked nociceptive behaviour following the 

microinjection of the GPR55 antagonist CID16020046 into the ACC.  Taken together, these 

findings reveal a facilitatory role for endogenously active GPR55 signalling in discrete brain 

regions associated with nociceptive processing within the CNS.   

Activation of GPR55 in the ACC during inflammatory pain states is likely facilitated by the 

release and binding of endogenous GPR55 ligands including 2-AGPI, a potent endogenous 

ligand of GPR55 in the rat brain (Oka et al., 2009).  Such release and subsequent degradation 

of 2-AGPI by endogenous lipases (Murase and Okuyama, 1985, Kobayashi et al, 1996) might 

be expected to result in a reduction in tissue levels of 2-AGPI in inflammatory pain states.  

Indeed, in the present study, we observed reduced tissue levels of 2-AGPI in the ACC of 
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formalin-treated rats compared with their saline-treated counterparts, likely reflecting 

increased release and subsequent degradation of 2-AGPI in the ACC following formalin 

injection. Moreover, the demonstration of a lysophosphatidyl inositol (LPI)-specific 

phoshospholipase lipase C (lysoPI-PLC) activity in synaptic plasma membranes of the rat brain 

(Kobayashi et al, 1996) provides a possible mechanism for the regulation of 2-AGPI-mediated 

GPR55 signalling. This interpretation is also consistent with the tight regulation of other 

endogenous lipid signalling molecules such as anandamide (AEA) and 2-arachidonoylglycerol 

(2-AG) by endogenous hydrolytic enzymes such as FAAH and MAGL, respectively. To the 

best of our knowledge, this finding represents the first evidence for involvement of an 

endogenous molecular species of LPI in the formalin model of tonic persistent inflammatory 

pain.  The pronociceptive role of GPR55 signalling in the CNS and, in particular the ACC, may 

represent a functionally relevant physiological mechanism that enables the organism to 

perceive pain and take the necessary action to escape harm.  Such a view is consistent with the 

role of the ACC as a key substrate for the modulation of affective and cognitive components 

of the pain experience (Fuchs et al., 2014) 

The reduction in ERK (1/2) phosphorylation following the injection of the antagonist 

CID16020046 suggests that ERK (1/2) phosphorylation may be a direct or indirect downstream 

molecular mechanism mediating the effects of GPR55 signalling in the ACC on formalin-

evoked nociceptive behaviour in rats.  The roles of ERK (1/2) activation in the ACC in 

modulating pain-related negative affect (Cao et al., 2009, Dai et al., 2011, Zhong et al., 2012) 

and facilitation of thalamo-cortical ascending nociceptive transmission (Wei and Zhuo, 2008) 

have previously been demonstrated in animal models of inflammatory and neuropathic pain.  

These findings, when taken together, suggest that GPR55 signalling in the ACC, via ERK (1/2) 
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activation, may play a role in both the affective and sensory components of nociceptive 

processing within the CNS. 

As described in the introductory paragraph of this manuscript, the descending pain pathway, 

of which the PAG is a key component, receives input from higher brain centres such as the 

ACC.  This anatomical arrangement also raises the possibility of a top-down modulatory 

influence of GPR55 signalling in the ACC on the descending pain pathway.   This view is 

further strengthened by the demonstration herein of suppressed formalin-induced increases in 

mRNA for c-Fos, a marker of neuronal activity (Hunt et al., 1987) in the spinal cord dorsal 

horn following injections of CID16020046 into the ACC.  The nature of this modulatory 

influence of GPR55 signalling in the ACC on the descending pain pathway however remains 

unclear, given that the descending pain pathway may be inhibitory or facilitatory (Ossipov et 

al., 2014).  In this regard, the effects of selective GPR55 blockade on the induction of c-Fos 

mRNA in the spinal cord dorsal horn may either reflect an enhancement of the inhibitory 

descending pain pathway or suppression of the facilitatory component.  Conversely the 

endogenous activation of GPR55 in the ACC is likely to modulate the descending pain pathway 

in a manner that will increase or enhance central sensitization of spinal cord dorsal neurons. 

Thus, given that the antinociceptive effects of CID16020046 in the present study were mainly 

restricted to the second phase of formalin-evoked nociceptive behaviour, a significant 

component of which is driven by central sensitization mechanisms (Coderre et al., 1990, 

Hunskaar and Hole, 1987, Shimoyama et al., 1997), it seems plausible that descending pain 

facilitation may constitute an important mechanism by which endogenously activated GPR55 

in the ACC modulates neuronal activity within the spinal cord.  
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In conclusion, these data demonstrate that endogenous activation of GPR55 in the rat ACC 

may contribute to the development of a persistent inflammatory pain state and provide further 

support for GPR55 signalling as a therapeutic target for the treatment of inflammatory pain. 
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