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Abstract 1 

Chronic pain is often comorbid with anxiety and depression, altering the level of perceived 2 

pain, which negatively affects therapeutic outcomes. The role of the endogenous mu-opioid 3 

receptor (MOP) system in pain-negative affect interactions and the influence of genetic 4 

background thereon is poorly understood. The inbred Wistar-Kyoto (WKY) rat, which mimics 5 

aspects of anxiety and depression, displays increased sensitivity (hyperalgesia) to noxious 6 

stimuli, compared to Sprague-Dawley (SD) rats. Here, we report that WKY rats are 7 

hyporesponsive to the antinociceptive effects of systemically administered MOP agonist 8 

morphine in the hot plate and formalin tests, compared to SD counterparts. Equivalent plasma 9 

morphine levels in the two rat strains suggested that these differences in morphine sensitivity 10 

were unlikely to be due to strain-related differences in morphine pharmacokinetics. Although 11 

MOP expression in the ventrolateral periaqueductal grey (vlPAG) did not differ between WKY 12 

and SD rats, the vlPAG was identified as a key locus for the hyporesponsivity to MOP agonism 13 

in WKY rats in the formalin test. Moreover, morphine-induced effects on c-Fos (a marker of 14 

neuronal activity) in regions downstream of vlPAG, namely the rostral ventromedial medulla 15 

and lumbar spinal dorsal horn, were blunted in the WKY rats. Together, these findings suggest 16 

that a deficit in MOP-induced recruitment of the descending inhibitory pain pathway may 17 

underlie hyperalgesia to noxious inflammatory pain in the WKY rat strain genetically 18 

predisposed to negative affect. 19 

 20 

Keywords: pain, anxiety, depression, mu-opioid receptor (MOP), ventrolateral periaqueductal 21 

grey, formalin, Wistar-Kyoto rat 22 
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1. Introduction 1 

Pain and negative affective states (anxiety and depression) share a complex reciprocal 2 

relationship. Numerous clinical studies have reported alterations in pain sensitivity and 3 

tolerance in patients with anxiety and depression [3,42,72]. Furthermore, the prevalence rate 4 

of anxiety or depression in patients with chronic pain can be as high as 50 or 80%, respectively 5 

[26,67]. These comorbid conditions often amplify the severity of each individual disorder and 6 

result in poor therapeutic outcomes, thus reducing the overall quality of life of the patients and 7 

imposing a huge socioeconomic burden. 8 

The Wistar-Kyoto (WKY) rat is a selectively inbred strain suggested to mimic aspects of 9 

anxiety and depression [13,27,49,63,64]. Additionally, the WKY rats display 10 

hyperresponsivity to stress [39,71,73,82] and exhibit increased sensitivity to visceral 11 

[28,31,60,61], thermal [13], and inflammatory [13,70] noxious stimuli and exacerbated 12 

mechanical allodynia following peripheral nerve injury [93], compared with other commonly 13 

used rat strains. Therefore, the WKY rat represents a valuable model for preclinical studies of 14 

the neurobiology of pain-negative affect interactions and the influence of genetic background 15 

thereon. 16 

The endogenous opioid system is comprised of mu (MOP), kappa (KOP), delta (DOP), and 17 

nociceptin/orphanin FQ (NOP) opioid receptors and their endogenous ligands, and plays a key 18 

role in regulating various physiological functions including pain, emotion, and response to 19 

stress [8,47,88]. We have recently reported higher expression of the gene encoding MOP in the 20 

hippocampus (a key brain region implicated in negative affect) in WKY versus Sprague-21 

Dawley (SD) rats [12]. In addition, WKY rats exhibit reduced responsivity to the 22 

antinociceptive effects of systemically administered MOP agonists in models of acute (heat) 23 

[2,33,34,66,84] and chronic (inflammatory) pain [33], suggesting that dysregulation of the 24 
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MOP system may underlie their behavioural phenotype. However, the neural substrates and 1 

mechanisms underlying hyposensitivity to MOP agonists in the WKY rats are not yet fully 2 

understood. 3 

The midbrain periaqueductal grey (PAG) plays an important role in the descending modulatory 4 

pain pathway and in emotional coping strategies [6,9,37]. Of its four anatomically and 5 

functionally distinct subcolumns, the ventrolateral PAG (vlPAG) is a key neural substrate 6 

mediating MOP-induced antinociception [15,32,36,40,56,77,92]. Alterations in the MOP 7 

signalling system within vlPAG could contribute to hyposensitivity to MOP agonists and 8 

increased pain responding in WKY rats. Therefore, we hypothesised that reduced expression 9 

of MOP within the vlPAG, or reduced responsivity to MOP agonism, may underlie 10 

hyperalgesia in WKY rats. The first study presented herein aimed to compare the effects of 11 

systemically administered MOP agonist morphine on nociceptive responding to acute (thermal) 12 

and persistent (inflammatory) noxious stimuli in WKY versus SD rats. Cyprodime, a highly 13 

selective MOP antagonist [74], was employed to further elucidate MOP mediation of these 14 

behavioural responses. In a subsequent study, the effects of intra-vlPAG morphine 15 

administration on nociceptive responding to a persistent (inflammatory) noxious stimulus were 16 

investigated in WKY versus SD rats. Associated changes in neuronal activity in regions 17 

downstream of PAG, rostral ventromedial medulla (RVM) and lumbar spinal cord, were also 18 

examined to assess potential strain-related differences in top-down descending pain 19 

modulation. 20 

 21 

 22 

 23 

 24 
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2. Materials and methods 1 

2.1. Animals 2 

Male WKY and SD rats (8-10 weeks old on arrival; Envigo, UK) were used for both studies 3 

and maintained under a standard 12:12 h light/dark cycle (lights on from 07:00-19:00 h) in a 4 

temperature- (21±2°C) and humidity-controlled (45-55%) room. Upon arrival, all animals were 5 

housed in groups of 3-4 per cage in plastic bottom cages (45x20x20 cm) containing 3Rs basic 6 

bedding (>99% recycled paper; 3Rs Lab, UK) and sizzle nest material (LBS Biotechnology, 7 

UK) to acclimatise to the unit. Animals were housed singly in cages either for 7 days prior to 8 

commencing behavioural testing (Study 1) or following surgery (Study 2). A separate cohort 9 

of naïve WKY and SD rats were also included; they were singly-housed and did not undergo 10 

surgery or behavioural testing. Food (14% protein rodent diet; Envigo, UK) and water were 11 

available ad libitum. The experimental procedures were approved by the Animal Care and 12 

Research Ethics Committee, National University of Ireland Galway. The work was carried out 13 

under license from the Health Products Regulatory Authority in the Republic of Ireland and in 14 

accordance with EU Directive 2010/63. The experiments were also designed and carried out in 15 

accordance with the ARRIVE guidelines [38]. 16 

2.2. Chemicals and drug preparation 17 

In Study 1, the MOP agonist morphine sulphate (10 mg/mL solution for injection; 18 

MercuryPharma, UK) and the MOP antagonist cyprodime hydrochloride (Tocris, UK) were 19 

dissolved in the vehicle citrate buffer (50 mM citric acid monohydrate in sterile deionised 20 

water, pH 5). Drugs or vehicle were administered via the subcutaneous (s.c.) route in an 21 

injection volume of 1 mg/mL. The final doses of the drugs were corrected for the salt form and 22 

given as mg free base equivalent per kg body weight. In Study 2, morphine sulphate (60 mg/mL 23 

solution for injection; MercuryPharma, UK) was dissolved in 0.89% NaCl and solutions were 24 
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prepared at concentrations 0.017, 0.043, and 0.086 μM.  Morphine was injected bilaterally into 1 

the vlPAG in an injection volume of 0.2 μL, giving the final doses (after correcting for salt 2 

form) administered as 1, 2.5, and 5 μg/0.2 μL/side. Formalin (Sigma-Aldrich, Ireland) was also 3 

freshly prepared on the test day by diluting from a stock of 37% to 2.5% in sterile 0.89% NaCl. 4 

2.3. Study design 5 

2.3.1. Study 1 6 

Study 1 consisted of three separate experiments as depicted in Figure 1A. Animals were 7 

randomly assigned to treatment groups in Experiment 1 and subsequently reallocated into 8 

treatment groups for Experiment 2 and 3 following a within-subjects modified Latin square 9 

design to ensure counterbalancing of treatments over the course of the study. In Experiments 2 10 

and 3, each animal received two injections to control for the times of drug administration. The 11 

sequence of treatments was randomised in all experiments to control for the order of testing 12 

and time of the day. A period of 7 days was allowed for washout of the drugs between each 13 

experiment. 14 

Experiment 1: Compare the dose-response of morphine in SD and WKY rats. The effects of 15 

systemic administration of vehicle (50 mM citrate buffer) or morphine (0.5, 2, 5, and 7.5 mg/kg, 16 

s.c.) on nociceptive responding to noxious heat and anxiety-/depression-related behaviours 17 

were examined in SD and WKY rats. Following drug administration, rats were tested on the 18 

hot plate (at +30 and +60 min), followed 5 min later by exposure to the elevated plus maze 19 

(EPM) for 5 min, then in the open field (OF) for another 5 min and subsequently in the forced 20 

swim test (FST) for a period of 15 min. The doses of morphine used in subsequent experiments 21 

were chosen based on the results of Experiment 1. 22 

Experiment 2: Assess antagonist blockade of the activity of morphine in SD and WKY rats. To 23 

determine if morphine-induced effects were mediated via MOP, the effects of morphine (2 24 
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mg/kg, s.c.) and cyprodime (0.3 and 1 mg/kg, s.c.), alone or in combination, on nociceptive 1 

responding to heat and anxiety-/depression-related behaviours were investigated in SD and 2 

WKY rats in a series of behavioural tests as in Experiment 1. Cyprodime was administered 3 

subcutaneously 30 min before morphine injection. The time point of cyprodime administration 4 

was determined from a pilot study (data not shown) demonstrating the time course of its action 5 

in blocking the antinociceptive effect of morphine in the hot plate test. 6 

Experiment 3: Examine the effects of morphine and/or cyprodime in SD and WKY rats in a 7 

model of persistent inflammatory (formalin) pain. The effects of morphine (0.5 and 2 mg/kg, 8 

s.c.) and cyprodime (0.3 mg/kg, s.c.), alone or in combination, were further investigated on 9 

formalin-evoked nociceptive behaviour in SD and WKY rats. Cyprodime was administered 15 10 

min before morphine injection. 30 min following morphine administration, all rats received an 11 

intraplantar formalin injection into the right hind-paw under brief isoflurane anaesthesia. The 12 

rats were assessed in the formalin test for 60 min after which they were immediately euthanised 13 

by decapitation and trunk blood was collected. 14 

Behavioural testing protocols and results linked to anxiety/depression-related tests are given in 15 

Supplementary Materials. 16 

2.3.2. Study 2 17 

The effects of pharmacological modulation of MOP in the vlPAG on formalin-evoked 18 

nociceptive behaviour in WKY and SD rats were investigated in Study 2. The experimental 19 

timeline is illustrated in Figure 1B. Animals underwent stereotaxic implantation of guide 20 

cannulae into the vlPAG under isoflurane anaesthesia. On the test day, after randomly assigning 21 

animals to treatment groups, vehicle (0.89% NaCl) or morphine (1, 2.5, or 5 μg) was bilaterally 22 

administered into the vlPAG. The doses of morphine were chosen based on previous studies 23 

demonstrating its antinociceptive efficacy upon direct injection into the vlPAG in rats  24 
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[29,32,40,57,86]. Ten minutes later, all rats received an intraplantar formalin injection into the 1 

right hind-paw under brief isoflurane anaesthesia. The rats were assessed in the formalin test 2 

for 90 min, after which they were euthanised by terminally anaesthetising with sodium 3 

pentobarbital (0.7 mL/kg, i.p.; Vetoquinol Ireland Ltd, Ireland) and transcardially perfusing 4 

with heparinised saline (5000 I.U. of heparin per litre of 0.89% NaCl; Wockhardt Ltd, UK) 5 

followed by cold 4% paraformaldehyde (PFA; Serosep Ltd, Ireland). At the end of perfusion, 6 

brain and spinal cord were removed, post-fixed overnight in 4% PFA at 4°C, and then stored 7 

in cryoprotective solution (25% sucrose and 1% sodium azide in 0.1 M phosphate-buffered 8 

saline) until sectioning. The animals in the naïve cohort remained in their home cages until 9 

they were euthanised by decapitation. Whole brains were rapidly collected, snap frozen on dry 10 

ice, and stored at -80°C for later use. 11 

2.4. Intra-vlPAG guide cannula implantation 12 

Following acclimatisation into the animal unit for 10 days, animals underwent stereotaxic 13 

implantation of stainless steel guide cannulae (length: 9 mm, 22G; Plastics One Inc, USA) 1 14 

mm above the vlPAG on both sides under isoflurane anaesthesia (3% induction and 2% 15 

maintenance in 0.5 L/min O2). Rats were considered to be sufficiently anaesthetised when the 16 

tail-pinch withdrawal reflex was lost. The incisor bar was set at -3 mm for all surgeries. The 17 

coordinates for cannula implantation were as follows – SD: anteroposterior (AP) = {(difference 18 

from bregma to lambda) X 0.96 mm} from bregma, mediolateral (ML) = ±1.9 mm at an angle 19 

of 10°, dorsoventral (DV) = 5.3 mm from the dura; WKY: AP = {(difference from bregma to 20 

lambda) X 0.974 mm} from bregma, ML = ±2.0 mm at an angle of 10°, DV = 5.4 mm from 21 

the dura, according to the rat brain atlas [65]. The cannulae were permanently fixed to the skull 22 

using four stainless steel screws and carboxylate cement (DurelonTM, USA). A stainless steel 23 

stylet (length: 9 mm, 31G; Plastics One Inc, USA) was inserted into each guide cannula to 24 

prevent blockage by debris. The nonsteroidal anti-inflammatory drug (NSAID), carprofen (2.5 25 
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mg/kg, s.c.; Rimadyl, Pfizer, UK), and the broad spectrum antibiotic, enrofloxacin (10 mg/kg, 1 

s.c.; Baytril, Bayer Ltd, Ireland), were administered before surgery to manage postoperative 2 

pain and to prevent infection, respectively. Following implantation of cannulae, the rats were 3 

housed singly and enrofloxacin (10 mg/kg, s.c.) was administered once daily for a further 3 4 

days. The rats were allowed to recover for at least 6 days post-surgery before any behavioural 5 

testing. During this period, the rats were handled daily, stylets checked, and their body weights 6 

and general health monitored once daily. 7 

2.5. Intra-vlPAG microinjection 8 

On the test day, rats were gently restrained and received a bilateral microinjection (volume: 0.2 9 

μL/side) of morphine (1, 2.5, or 5 μg) or vehicle (0.89% NaCl). A 28G injection needle was 10 

inserted through the cannula into the vlPAG that protruded 1 mm beyond the tip of the pre-11 

implanted guide cannula. A 1 µL Hamilton microsyringe attached to a polyethylene tubing 12 

(length: ~50 cm, external diameter: 0.75 mm, internal diameter: 0.28 mm; Harvard Apparatus, 13 

UK) and a Harvard PHD2000 infusion pump (Harvard Apparatus, UK) was used for injection 14 

over a period of 60 s, as described previously [24,70]. The needle was left in place for another 15 

60 s before removal to allow diffusion of the drug and prevent any backflow through the guide 16 

cannula. 17 

2.6. Verification of microinjection site 18 

Following transcardial perfusion, 0.2 μL of 1% fast green dye (dissolved in 0.89% NaCl) was 19 

slowly injected through each cannula to mark the site of vlPAG microinjection. Brains were 20 

then removed, post-fixed in 4% PFA overnight, and stored in cryoprotective solution. Before 21 

sectioning, brains were snap-frozen on dry ice and coronal sections (thickness: 30 µm) were 22 

then sliced in a cryostat (Leica Biosystems, Germany). Sections containing the PAG (from AP 23 

-7.30 to -8.72 mm relative to bregma) were collected with the aid of rat brain atlas [65], 24 
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mounted on glass slides, and examined under a light microscope to obtain precise location of 1 

microinjection sites. 2 

2.7. Behavioural testing 3 

2.7.1. Hot plate test 4 

The hot plate test (HPT) was used to assess nociceptive responding to an acute noxious heat 5 

stimulus. On the test day, baselines were measured once in WKY and SD rats 30 min before 6 

administering morphine. Rats were again tested on the hot plate at two time points, +30 and 7 

+60 min, relative to drug/vehicle administration. The animal was placed onto the hot plate 8 

(IITC Life Science Inc, USA) that was heated at 54.5±1°C. Nociceptive behaviour was 9 

measured manually with a stopwatch as the time elapsed (latency to respond) between placing 10 

the animal on the hot plate and when the animal first licked one of its hind-paws or jumped off 11 

the surface of the hot plate. A cut-off time of 40 s was set to avoid any tissue damage. The hot 12 

plate was cleaned between animals using a cleaning solution (Milton:tap water = 1:5; Milton 13 

Sterilising Fluid, CW Distributors Ltd, Ireland). 14 

2.7.2. Formalin-induced nociceptive behaviour 15 

Nociceptive responding to a tonic persistent noxious inflammatory stimulus was assessed in 16 

WKY and SD rats in the formalin test as described previously [13,70]. On the test day, rats 17 

were habituated in a darkened Perspex arena with clear base (30x30x40 cm3, 30 lux) for 10 18 

min prior to formalin injection (pre-formalin trial). The rats then received an intraplantar 19 

formalin injection (2.5%, 50 µL) into the right hind-paw under brief isoflurane anaesthesia (3% 20 

in 0.8 L/min O2) and were immediately returned to the same Perspex arena. The test began 21 

when the rat righted itself lasting for 60 and 90 mins in Study 1 and 2, respectively. Behaviours 22 

were recorded with a video camera located underneath the arena and manually scored later 23 

using the Ethovision software (EthoVision XT 11.5; Noldus, Netherlands). The arena was 24 
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cleaned between animals with Milton cleaning solution. Formalin-evoked nociceptive 1 

behaviour was categorised as times spent (a) elevating the formalin-injected paw above the 2 

floor without contact to any other surface (P1) and (b) holding, licking, biting, shaking, or 3 

flinching the injected paw (P2). A weighted composite pain score (CPS) was then obtained 4 

using equation [91]: CPS = P1+(2 ×P2) 
Duration of analysis period

 5 

2.8. Liquid chromatography/tandem mass spectrometry 6 

Immediately after decapitation of the animals (90 min post-morphine administration) in Study 7 

1, trunk blood was collected in 10 mL K2EDTA-coated tubes (Becton Dickinson, UK) to 8 

prevent coagulation and centrifuged at 1600g (Eppendorf Centrifuge 5810 R, Germany) for 10 9 

min at 4°C. Plasma was collected in microcentrifuge tubes and stored at -80°C until further 10 

use. Morphine levels in plasma were measured in the vehicle- and morphine-treated (0.5 and 2 11 

mg/kg) WKY and SD rats to investigate whether strain-related pharmacokinetic differences 12 

may underpin the observed difference in antinociceptive effectiveness of morphine in the two 13 

strains. Plasma samples were analysed using a 20 µL aliquot volume and a protein-precipitation 14 

extraction procedure was employed.  A mixture of plasma and acetonitrile (1:4) was vortexed 15 

and centrifuged. The supernatant was then removed and diluted with water (1:1). 5 µL of this 16 

mixture was injected for liquid chromatography/tandem mass spectrometry (LC-MS/MS) 17 

analysis. The mobile phase consisted of 0.1% formic acid in water (mobile phase A) and 0.1% 18 

formic acid in acetonitrile (mobile phase B), and was delivered via Shimadzu LC-30AD at a 19 

flow rate of 0.4 mL/min onto an Acquity UPLC BEH C18 column (particle size: 1.7 µm, length: 20 

50 mm, internal diameter: 2 mm; Waters®, USA). Under these conditions, the retention time 21 

for elution of morphine was 1.97 min. An AB Sciex Qtrap® 5500 was operated in the Selected 22 

Reaction Monitoring (SRM) mode under optimized conditions for the detection of morphine 23 

and morphine-d3 (internal standard) positive ions formed by electrospray ionization. Morphine 24 
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concentrations were calculated with a 1/x linear regression over a concentration range of 1 to 1 

1000 ng/mL using the internal standard morphine-d3. 2 

2.9. c-Fos immunohistochemistry 3 

After collecting PAG sections for verification of microinjection site in Study 2, the remaining 4 

brain containing the RVM (from AP -9.30 to -11.30 mm relative to Bregma) and the lumbar 5 

regions (L4-L6) of the spinal cord were sectioned in the cryostat, according to the rat brain 6 

atlas [65]. RVM and spinal cord sections (thickness: 30 µm) were collected in 12 and 6 series, 7 

respectively, and stored in 0.1 M phosphate buffer (PB) containing 0.1% sodium azide. Free 8 

floating immunohistochemical staining of c-Fos was then carried out in these sections. The 9 

immediate early gene product c-Fos is used as a marker of neuronal activity due to its transient 10 

and rapid expression following a noxious stimulus, enabling visualisation of activity within 11 

functionally-related neural substrates [18]. 12 

Briefly, sections were quenched in 3% hydrogen peroxide/10% methanol in deionised water 13 

and then blocked using 3% normal goat serum (NGS; Abcam, UK) in phosphate-buffered 14 

saline (PBS) with 0.2% Triton-X. Primary antibody directed against full length protein 15 

corresponding to human c-Fos amino acid 1-380 (rabbit polyclonal to c-Fos, 1 mg/ml, diluted 16 

to 1:2000 in 1% NGS/0.2% Triton-X in PBS; cat#ab190289, Abcam, UK) was then added to 17 

the sections and incubated overnight at room temperature. Secondary antibody (biotinylated 18 

goat anti-rabbit antisera, 1 mg/ml, diluted to 1:200 in 1% NGS in PBS; cat#ab97049, Abcam, 19 

UK) was added to the sections and incubated for another 3 h. Next the sections were incubated 20 

in the avidin-biotin-peroxidase complex (1:200 in 1% NGS in PBS, Vectastain Elite ABC Kit; 21 

Vector Laboratories Ltd, UK) for 2 h. The sections were then immersed in 0.02% 3,3-22 

diaminobenzidine tetrachloride (DAB, 4 mg per mL PB) containing 0.01% hydrogen peroxide 23 

until a brown colour developed. Sections were mounted on gelatin-coated microscope slides, 24 
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air-dried, dehydrated in ascending series of absolute alcohols, and then cleared in xylene. The 1 

slides were cover-slipped using DPX mountant. 2 

Images of the immunostained sections were taken with an Olympus C-5060 Wide Zoom digital 3 

camera (at 10X magnification) linked to an Olympus X5 microscope (Mason Technologies, 4 

Ireland). c-Fos-positive immunoreactive profiles were counted in the nucleus raphe magnus 5 

(NRM) in the RVM and in the superficial laminae (I and II) of the dorsal horn of lumbar spinal 6 

cord (L4-L6), identifying relevant regions with the aid of rat brain atlas [65]. These regions 7 

were chosen based on tract tracing studies revealing projections in the PAG-RVM-spinal cord 8 

circuit in the descending pain pathway. The vlPAG predominantly projects to the NRM 9 

[7,14,35] that, in turn, along with neurons from other RVM nuclei projects to the spinal dorsal 10 

horns [5,17,21,22] and modulate nociceptive transmission. Counting was done manually in 11 

these regions of interest using the “cell counter” tool of NIH Image J1.52p software (Bethesda, 12 

USA). For both regions, the number of c-Fos-positive profiles per rat was calculated as the 13 

mean of three representative sections and an overall mean was then calculated for each 14 

treatment group. 15 

2.10. Western immunoblot 16 

vlPAG tissue was obtained from fresh-frozen brains of naïve SD and WKY rats using the 17 

punch-microdissection method as described previously [70]. Frozen coronal brain sections 18 

(thickness: 300 µm) containing the vlPAG (from AP -7.64 to -8.72 mm relative to bregma) 19 

were sliced on the cryostat with the aid of the rat brain atlas [65] and punched using cylindrical 20 

brain punchers (internal diameter: 0.75 mm; Harvard Apparatus, USA). The samples were 21 

weighed (3±0.3 mg) and stored at -80°C before extracting protein for Western immunoblotting. 22 

vlPAG tissue was lysed by brief sonication in 75 µL radioimmunoprecipitation (RIPA) lysis 23 

buffer [150 mM NaCl, 25 mM Tris-HCl (pH 7.6), 0.5% Triton X-100, 1% sodium 24 
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deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 1 mM Na3VO4, 10 mM NaF containing 1 

1% protease inhibitor cocktail (Sigma-Aldrich, Ireland) at a ratio of 1:10 (w/v)]. Tissue 2 

homogenate was placed on a shaker for 45 min at 4°C and then centrifuged at 14000g for 20 3 

min at 4°C (Eppendorf Centrifuge 5415R, UK). The supernatant was collected and total protein 4 

content determined using Bradford assay [11]. The samples were then equalised to 1.5 mg/mL 5 

protein concentration. A 36 μg protein sample in sample loading buffer [4X sample loading 6 

buffer containing 25% v/v 1 M Tris HCl (pH 6.8), 5% w/v SDS, 20% v/v glycerol, 2.5% 7 

Bromophenol blue (0.2% w/v in 100% ethanol), and 20% v/v of 2-mercaptoethanol, made up 8 

to a total volume of 20 mL in deionised water] was boiled at 95°C for 5 min, briefly centrifuged, 9 

and subjected to 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) at a constant 10 

voltage of 120 V for 2 h. The separated protein samples were electroblotted onto a 11 

nitrocellulose membrane (GE Healthcare Life Sciences, Germany) at 100 V for 50 min. The 12 

membrane was blocked in 5% non-fat powder milk (Aptamil®, Ireland) in 0.1% Tris-buffered 13 

saline/Tween20 (TBST) solution for 1 h at room temperature. The membrane was incubated 14 

with primary antibody targeting the C-terminal amino acids 384-398 of rat MOP (rabbit 15 

polyclonal to MOP, 1-10 mg/ml, diluted to 1:1000 in 5% milk/0.1% TBST; cat#ab10275, 16 

Abcam, UK) for 1 h at room temperature and then overnight at 4°C. The specificity of this 17 

antibody for MOP has previously been confirmed using transfected cells, knockout mice, and 18 

dermorphin-saporin ablation of MOP-containing neurons [25,45,75]. The membrane was then 19 

incubated with secondary antibody containing IRDye (800CW) conjugated goat anti-rabbit 20 

antisera (1 mg/ml, diluted to 1:10000 in 1% milk/0.1% TBST; cat#926-32211, LI-COR Inc, 21 

USA) for 2 h at room temperature. The blot was scanned in a LI-COR imager (Lincoln, USA) 22 

with an exposure time of 2 min for the targeted channel. The membrane was then stripped for 23 

5 min in stripping buffer (25 mM glycine and 1% SDS in deionised water, pH 2) and blocked 24 

again in 5% milk/ 0.1% TBST for 1 h at room temperature. It was reprobed with mouse 25 



15 
 

monoclonal antibody to β-actin (1-4 mg/ml, diluted to 1:10000 in 5% milk/0.1% TBST; 1 

cat#A5441, Sigma-Aldrich, Ireland) for 1 h at room temperature and then overnight at 4°C, 2 

followed by incubation in secondary antibody containing IRDye (680-LT) conjugated goat 3 

anti-mouse antisera (1 mg/ml, diluted to 1:10000 in 1% milk/0.1% TBST; cat#926-68020, LI-4 

COR Inc, USA) 2 h at room temperature. The blot was then scanned in the LI-COR imager as 5 

before. The LI-COR Image StudioTM imaging software (version 5.2) was used to automatically 6 

generate immunoreactive band intensities for expressions of MOP (~50 kDa) and β-actin (~42 7 

kDa) proteins for each sample using the background subtraction method. The intensity ratio of 8 

MOP to β-actin was calculated for each sample, which was then normalised to the intensity 9 

ratio of the control group (SD) on a given blot; an overall mean was then calculated for each 10 

group. 11 

2.11. Statistical analysis 12 

All datasets were analysed using IBM SPSS Statistics 24 (SPSS Inc, USA). The normality and 13 

homogeneity of variance of the datasets were checked using Shapiro-Wilk and Levene’s tests, 14 

respectively. The time course for behavioural data was analysed with repeated measures 15 

analysis of variance (RM ANOVA) with strain and drug treatment as between-subject factors 16 

and time as within-subject factor. All other behavioural data were analysed using two-way 17 

ANOVA with strain and drug treatment as factors. Post hoc Student-Newman-Keuls (SNK) 18 

test was carried out for pairwise group comparisons, where appropriate. Student’s t-test was 19 

employed to analyse the results of MOP expression in the vlPAG of naïve rats. Dose-response 20 

curves were analysed using nonlinear regression (least-squares method) to derive the dose of 21 

morphine required to produce 50% maximal antinociceptive effect (ED50) and the 95% 22 

confidence intervals. p<0.05 was deemed statistically significant. For the datasets that were not 23 

normally distributed and/or the variance was not homogeneous, non-parametric statistical 24 

analysis was performed using Kruskal-Wallis (KW) one-way analysis of variance, followed by 25 
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post hoc Mann-Whitney U-test with Bonferroni-Holm correction, where appropriate. Data are 1 

expressed as either mean ± standard error of the mean (SEM) or median with interquartile range 2 

(IQR) depending on the statistical approach undertaken (parametric or non-parametric, 3 

respectively). 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 



17 
 

3. Results 1 

3.1. Study 1 2 

3.1.1. Effects of systemically administered morphine and cyprodime, alone or in combination, 3 

on nociceptive responding to noxious heat in WKY and SD rats 4 

In Experiment 1, the HPT was used to examine the dose response of morphine (0.5-7.5 mg/kg, 5 

s.c.) on nociceptive responding to acute noxious heat in WKY and SD rats (Figure 2). Latency 6 

to respond on the hot plate did not differ between WKY and SD rats at baseline (Figure 2A). 7 

Animals were tested on the hot plate again at +30 and +60 min post-morphine administration. 8 

Two-way RM ANOVA revealed significant effects of time (F1.7.03,165.213=52.823, p<0.001), 9 

time x strain (F1.7.03,165.213=16.940, p<0.001), and time x treatment (F6.813,165.213=11.119, 10 

p<0.001) in tests of within-subjects effects on response latency. A significant overall effect of 11 

treatment (F4,97=40.563, p<0.001) was also revealed in tests of between-subjects effects on 12 

response latency. Post hoc analysis showed that morphine dose-dependently increased 13 

response latency in SD and WKY rats at both post-drug time points (Figure 2A). However, 30 14 

min after drug administration, morphine 0.5 mg/kg produced significant antinociception in SD 15 

rats but not in WKY counterparts (SD-Morphine 0.5 mg/kg vs SD-Vehicle, p<0.05; WKY-16 

Morphine 0.5 mg/kg vs SD-Morphine 0.5 mg/kg, p<0.05), indicating that the minimum 17 

antinociceptive dose of morphine was higher in the WKY rats than SD rats. The data were 18 

further analysed to construct morphine dose-response curves in the HPT for each strain. 19 

Nonlinear regression analysis revealed that the ED50 of morphine was higher in WKY rats than 20 

that of SD rats [SD: 0.94 mg/kg (0.50-1.53), WKY: 2.25 mg/kg (1.72-2.89), p<0.01] at +30 21 

min (Figure 2B). Morphine ED50 did not differ between SD and WKY rats [SD: 2.07 mg/kg 22 

(1.50-2.73), WKY: 2.46 mg/kg (1.80-3.46), p>0.05] at +60 min (Figure 2C). These data 23 



18 
 

suggest that the WKY rats displayed reduced responsivity to systemically administered 1 

morphine in the HPT, compared to SD counterparts. 2 

Next, in Experiment 2, WKY and SD rats received subcutaneous injection of morphine (2 3 

mg/kg) and cyprodime (0.3 or 1 mg/kg), alone or in combination, and nociceptive responding 4 

to noxious heat was evaluated in the HPT again (Figure 3). There was no significant difference 5 

in the baseline response latency of the WKY and SD rats, similar to Experiment 1. Two-way 6 

RM ANOVA revealed significant effects of time (F2,194=5.465, p<0.01), time x strain 7 

(F2,194=5.099, p<0.01), and time x treatment (F8,194=5.273, p<0.001) in tests of within-subjects 8 

effects and a significant overall effect of treatment (F4,97=3.375, p<0.05) in tests of between-9 

subjects effects on response latency. Post hoc tests revealed that systemic administration of 10 

morphine 2 mg/kg significantly increased latency to respond on the hot plate in SD rats (SD-11 

Morphine 2 mg/kg vs SD-Vehicle, p<0.05), but not in WKY counterparts (WKY-Morphine 2 12 

mg/kg vs WKY-Vehicle, p>0.05), 60 min post-drug administration (Figure 3). Pretreatment 13 

with cyprodime (0.3 or 1 mg/kg) attenuated morphine-induced antinociception in the SD rats. 14 

Cyprodime (1 mg/kg), administered alone, did not affect response latency on the hot plate in 15 

either strain. 16 

3.1.2. Effects of systemically administered morphine and cyprodime, alone or in combination, 17 

on formalin-evoked nociceptive behaviour in WKY and SD rats 18 

Following the pre-formalin trial in Experiment 3, rats received an intraplantar injection of 19 

formalin into the right hind-paw and were observed for 60 min. The CPS data were analysed 20 

temporally in 5 min time bins (Figure 4). Two-way RM ANOVA revealed significant effects 21 

of time (F6.139,583.173=72.475, p<0.001), time x strain (F6.139,583.173=7.350, p<0.001), and time x 22 

treatment (F30.693,583.173=2.705, p<0.001) in tests of within-subjects effects on formalin-evoked 23 

nociceptive behaviour. Significant overall effects of strain (F1,95=40.140, p<0.001) and 24 

treatment (F5,95=8.092, p<0.001) were revealed in tests of between-subjects effects on 25 
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nociceptive behaviour. Further post hoc analysis showed that vehicle-treated WKY rats 1 

exhibited higher formalin-evoked nociceptive behaviour in the first 15 min post-formalin 2 

injection, compared to SD counterparts (T5-10: WKY-Vehicle vs SD-Vehicle, p<0.05; Figure 3 

4A). Figure 4B and 4C show the effects of systemically administered morphine and/or 4 

cyprodime on nociceptive responding induced by formalin in SD and WKY rats, respectively. 5 

Morphine (0.5 and 2 mg/kg) significantly reduced formalin-evoked nociceptive behaviour in a 6 

dose-related manner in the SD (T15-20: SD-Morphine 0.5 mg/kg vs SD-Vehicle, p<0.05; T15-20, 7 

T20-25, T25-30, and T30-35: SD-Morphine 2 mg/kg vs SD-Vehicle, p<0.05) rats but not in the 8 

WKY counterparts. Furthermore, morphine-induced antinociception was attenuated by 9 

pretreatment with cyprodime in SD rats (T15-20 and T20-25: SD-Morphine 2 mg/kg+Cyprodime 10 

0.3 mg/kg vs SD-Morphine 2 mg/kg, p<0.05). Cyprodime (0.3 mg/kg), administered alone, did 11 

not affect formalin-induced nociceptive behaviour in either strain. 12 

3.1.3. Levels of morphine in the plasma in WKY and SD rats 13 

Levels of morphine (90 min post-morphine administration) were assayed in the plasma from 14 

WKY and SD rats (Table 1). KW test revealed a significant main effect (χ2(11)=47.722, 15 

p<0.001) on the plasma morphine level. Further post hoc tests revealed significant differences 16 

only between groups that received morphine systemically compared to vehicle counterparts in 17 

both SD (SD-Morphine 0.5 mg/kg or SD-Morphine 2 mg/kg vs SD-Vehicle, p<0.001) and 18 

WKY (WKY-Morphine 0.5 mg/kg or WKY-Morphine 2 mg/kg vs WKY-Vehicle, p<0.001) 19 

rats. However, no strain difference was observed in the plasma levels of circulating morphine. 20 

3.2. Study 2 21 

3.2.1. Histological verification of microinjection site in vlPAG 22 

Histological verification under the light microscope confirmed that 65% and 68% of the 23 

injections were correctly placed within the borders of the left and right vlPAG in SD and WKY 24 
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rats, respectively (Supplementary Figure 4). The remaining 35% and 32% of injections in SD 1 

and WKY rats, respectively, had either one or both cannulae placed in the lPAG or outside the 2 

borders of PAG. Only those rats in which the injections were accurately positioned within both 3 

left and right vlPAG were included in subsequent analysis. 4 

3.2.2. Effects of bilateral intra-vlPAG administration of morphine on formalin-evoked 5 

nociceptive behaviour in WKY and SD rats 6 

The CPS data were analysed temporally in 5 min time bins over the 90 min course of the trial 7 

(Figure 5). Two-way RM ANOVA revealed significant effects of time (F3.807,159.902=3.062, 8 

p<0.05), time x strain (F3.807,159.902=3.080, p<0.05), and time x treatment (F11.422,159.902=2.075, 9 

p<0.05) in tests of within-subjects effects on formalin-evoked nociceptive behaviour. 10 

Significant overall effects of strain (F1,42=36.538, p<0.001), treatment (F3,42=56.263, p<0.001), 11 

and strain x treatment interaction (F3,42=8.601, p<0.001) were also found in tests of between-12 

subjects effects on nociceptive behaviour. Further post hoc tests showed that WKY rats 13 

receiving intra-vlPAG vehicle microinjection exhibited higher formalin-evoked nociceptive 14 

behaviour for the first 30 min of the trial, compared to SD counterparts [T0-30 (in 5 min bins): 15 

WKY-Vehicle vs SD-Vehicle, p<0.05; Figure 5A]. Figure 5B and 5C illustrate the effects of 16 

bilateral intra-vlPAG administration of morphine at different doses on nociceptive responding 17 

induced by formalin in SD and WKY rats, respectively. Morphine 1 µg significantly attenuated 18 

formalin-evoked nociceptive behaviour in the SD rats [T15-60 (in 5 min bins): SD-Morphine 1 19 

µg vs SD-Vehicle, p<0.05], whereas it had no such significant antinociceptive effect in the 20 

WKY counterparts, indicating that the WKY rats were markedly hyporesponsive to the 21 

antinociceptive effects of a low dose of morphine injected into the vlPAG.  Morphine at higher 22 

doses (2.5 and 5 µg) were antinociceptive in both SD [T0-5, T20-65 (in 5 min bins), and T70-75: 23 

SD-Morphine 2.5 µg or SD-Morphine 5 µg vs SD-Vehicle, p<0.05) and WKY [T0-90 (in 5 min 24 

bins): WKY-Morphine 2.5 µg or WKY-Morphine 5 µg vs WKY-Vehicle, p<0.05] rats. 25 
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3.2.3. Effects of bilateral intra-vlPAG administration of morphine on immunoreactive c-Fos-1 

positive cells in the RVM and dorsal lumbar spinal cord 2 

The expression of c-Fos-positive profiles was measured in the NRM (Figure 6A) that is the 3 

rostral-most structure in the RVM and restricted to the midline, just above the pyramidal tract 4 

at the base of the brainstem. Two-way ANOVA revealed a significant effect of treatment 5 

(F3,47=32.798, p<0.001) on the number of c-Fos-positive profiles in the NRM. Further post hoc 6 

test showed that bilateral intra-vlPAG administration of morphine dose-dependently increased 7 

the number of c-Fos-positive profiles expressed in the NRM in SD and WKY rats, compared 8 

to respective vehicle counterparts (Figure 6B). Of interest, this morphine-induced increase in 9 

the number of NRM c-Fos-positive profiles was blunted in the WKY rats, compared to SD rats 10 

(SD-Morphine 1 µg or SD-Morphine 2.5 µg or SD-Morphine 5 µg vs SD-Vehicle, p<0.05; 11 

WKY-Morphine 5 µg vs WKY-Vehicle, p<0.05). 12 

The number of c-Fos-positive profiles was also counted in the superficial laminae I and II of 13 

the dorsal horn of spinal cord (DHSC) in the L4-L6 lumbar segment (Figure 7A). KW test 14 

revealed a significant main effect (χ2(15)=81.024, p<0.001) on the number of c-Fos-positive 15 

profiles in the DHSC. Post hoc tests showed that the expression of c-Fos-positive profiles in 16 

all groups, regardless of strain and drug treatment, was significantly higher on the ipsilateral 17 

side relative to the contralateral side (ipsilateral vs contralateral side, p<0.01). Furthermore, 18 

two-way ANOVA on the ipsilateral side revealed significant effects of strain (F1,46=25.342, 19 

p<0.001) and treatment (F3,46=38.868, p<0.001) on the number of c-Fos-positive profiles 20 

(Figure 7B). Post hoc analysis showed that bilateral intra-vlPAG administration of morphine 21 

at low dose (1 µg) significantly reduced expression of c-Fos-positive profiles on the ipsilateral 22 

side in SD rats (SD-Morphine 1 µg vs SD-Vehicle, p<0.05); however, this effect was not seen 23 

in the WKY counterparts. High doses of morphine (2.5 and 5 µg) microinjected into the vlPAG 24 

resulted in a significant decrease in the number of c-Fos-positive profiles expressed on the 25 
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ipsilateral side in both SD (SD-Morphine 2.5 µg or SD-Morphine 5 µg vs SD-Vehicle, p<0.05) 1 

and WKY (WKY-Morphine 2.5 µg or WKY-Morphine 5 µg vs WKY-Vehicle, p<0.05) rats. 2 

3.2.4. Expression of MOP in the vlPAG in naïve WKY and SD rats 3 

No difference was found in the expression of MOP protein in the vlPAG between naive WKY 4 

and SD rats (left/contra: t6= -1.266, p>0.05; right/ipsi: t6= -1.351, p>0.05; Figure 8). 5 

 6 
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4. Discussion 1 

The data presented here provide evidence for hyporesponsivity to MOP agonism in WKY 2 

versus SD rats, and identify the vlPAG as a key locus within the descending pain modulatory 3 

pathway for this hyporesponsivity in the WKY strain. In Study 1, WKY rats exhibited 4 

hyporesponsivity to the antinociceptive effects of systemically administered morphine in tests 5 

of acute thermal (HPT) and persistent inflammatory (formalin) pain, compared to SD rats. 6 

Systemic administration of morphine did not produce consistent effects in either rat strain on 7 

anxiety- and depression-related behaviours, but had a differential effect on locomotor activity 8 

in an OF arena in SD (reducing) versus WKY (increasing) rats. Plasma morphine levels were 9 

similar in both strains. In the subsequent study using the formalin model of persistent 10 

inflammatory pain, WKY rats displayed hyporesponsivity to the antinociceptive effects of 11 

morphine administered into the vlPAG, compared to SD counterparts. Moreover, these 12 

behavioural responses were associated with blunted responsivity of c-Fos expression to intra-13 

vlPAG morphine administration in downstream neural substrates, NRM and lumbar spinal 14 

dorsal horn, in the WKY versus SD rats. Finally, MOP expression in the vlPAG did not differ 15 

between the two strains. 16 

In the HPT, dose-dependent antinociceptive effects of systemically administered morphine 17 

were apparent in both SD and WKY rats, though the minimum effective dose varied between 18 

the two strains (0.5 and 2 mg/kg respectively). Moreover, at 30 min post-injection, the ED50 19 

for morphine was lower in SD rats than in WKY rats, and there was a rightward shift in the 20 

morphine dose-response curve in WKY rats, compared to SD counterparts. Together, these 21 

results indicate reduced sensitivity to morphine in the WKY rats in acute thermal nociceptive 22 

assay, in agreement with previous studies [33,34,66,78,84]. Of note, the WKY rats did not 23 

show greater nociceptive responding to noxious heat at baseline, compared to SD rats, in 24 

contrast to a previous report [13]. Methodological differences between the two studies and 25 
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stress-hypersensitivity displayed by WKY rats when exposed to a novel environment [62] may 1 

account for the discrepancies here. It is worth mentioning that several other studies also did not 2 

find a difference in thermal response latency between WKY and SD rats [33,34,66,81]. In the 3 

formalin test, vehicle-treated WKY rats displayed higher nociceptive behaviour in the early 4 

phase of the test than SD counterparts, confirming their hyperalgesic phenotype to noxious 5 

inflammatory stimulus [13,70]. Systemically administered morphine produced dose-related 6 

antinociception in SD but not in WKY rats, indicating that the WKY rats are also 7 

hyporesponsive to morphine in the persistent inflammatory pain model, and seemingly to a 8 

greater extent than that observed in the acute thermal HPT. Morphine-induced antinociception 9 

in the formalin test was similar in WKY and SD rats in a previous study [48], although this 10 

discrepancy could be due to using a higher dose of morphine (3 mg/kg) and formalin (5%) than 11 

in our study. 12 

Morphine preferentially binds to MOP in vitro [55,69] but also shows affinity for KOP and 13 

DOP [16,54,85]. Morphine-induced antinociception is absent in MOP-null mice [52], 14 

suggesting the MOP to be major target of morphine in vivo. In our study, pretreatment with a 15 

highly selective MOP antagonist cyprodime [51,74] attenuated morphine-induced  16 

antinociception in SD rats in the hot plate and formalin tests, further supporting the contention 17 

that morphine-induced behavioural responses were mediated via MOP. Moreover, cyprodime 18 

alone did not affect nociception in either strain, suggesting the endogenous MOP tone might 19 

not be different between the two strains. Plasma morphine levels did not differ between SD 20 

and WKY rats. Therefore, a strain-related pharmacokinetic difference seems unlikely. 21 

Considering the differential antinociceptive effects of morphine in WKY versus SD rats, it 22 

appears reasonable to suggest that there could be a lack of adequate engagement of the MOP 23 

system within descending pain circuitry in the WKY rats. Therefore, we sought to further 24 
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investigate this hypothesis with a focus on the MOP system in the vlPAG to elucidate 1 

mechanisms underlying WKY hyperalgesic phenotype. 2 

The vlPAG plays a key role in both the descending modulation of pain and antinociception 3 

induced by MOP agonists. Robust antinociception results following microinjection of 4 

morphine into the vlPAG [43,56,77,92], which is reversed by systemic [92] or intra-vlPAG 5 

[10,32] administration of opioid antagonists. Conversely, pharmacological blockade of opioid 6 

receptors in the vlPAG attenuates antinociception produced by systemically administered 7 

morphine [40]. Our study herein is the first to investigate the effects of modulating MOP in the 8 

vlPAG in relation to hyperalgesia and morphine hyposensitivity in the WKY rats. Our results 9 

show that the WKY rats display clear dose-related hyporesponsivity to the antinociceptive 10 

effects of morphine injected into the vlPAG, compared to SD counterparts, in the persistent 11 

inflammatory (formalin) pain model. The vlPAG contains a high density of MOP 12 

[19,20,50,83,90] that play a key role in mediating morphine-induced antinociception 13 

[10,19,40]. We did not find a difference in basal levels of MOP expression in the vlPAG 14 

between SD and WKY rats. Therefore, altered MOP expression in the vlPAG may not account 15 

for the observed strain difference in morphine responsivity. Future study investigating potential 16 

strain difference in MOP functionality (e.g. using [35S]GTPγ assay) in the vlPAG is warranted. 17 

Behavioural and electrophysiology studies indicate supraspinal MOP-induced antinociception 18 

is mediated partly by suppressing the inhibitory GABAergic interneurons in vlPAG onto the 19 

output neurons, increasing OFF cell and decreasing ON cell activities in the RVM, which in 20 

turn disinhibits spinally projecting neurons. The net effect is inhibition of nociceptive 21 

transmission at the level of DHSC [41]. We also assessed neuronal activity by measuring 22 

expression of c-Fos-like profiles in these downstream regions in SD and WKY rats following 23 

intra-vlPAG morphine administration. Morphine-induced antinociception in SD rats was 24 

associated with dose-dependent increase in c-Fos expression in the NRM, perhaps due to 25 
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increased OFF cell activity [23,53,87]. Concomitantly, c-Fos expression in the ipsilateral 1 

DHSC in the lumbar segment, which receives nociceptive afferents from the periphery (hind-2 

paw) [80], was reduced in SD rats, reflecting the top-down inhibitory modulation of spinal 3 

nociceptive transmission [29,30,68]. Interestingly, changes in c-Fos expression following 4 

intra-vlPAG morphine administration were blunted in the WKY rats, particularly at the lower 5 

doses of morphine, both in the NRM and ipsilateral DHSC. These molecular changes in regions 6 

downstream of the PAG correlate well with the morphine-induced behavioural response 7 

observed in the two rat strains. Hence, it appears that there may be reduced MOP-induced 8 

engagement of the descending inhibitory pain pathway in WKY rats, compared to SD 9 

counterparts, resulting in morphine hyporesponsivity. Further electrophysiological studies are 10 

needed to unravel any strain-related functional differences in the neuronal populations in these 11 

key brain regions modulating nociceptive transmission. 12 

Collectively, these data support our hypothesis that reduced responsivity to MOP agonism 13 

within the vlPAG may contribute to hyperalgesia in the WKY rats. Our findings in this genetic 14 

background (WKY) prone to heightened stress and negative affect [13,39,64] also suggest that 15 

a maladaptive MOP system in the descending pain control circuitry (at least at the level of 16 

PAG) could underlie exacerbated pain sensitivity in comorbid chronic pain and stress-related 17 

affective disorders. Interestingly, a higher level of usage of opioid analgesics has been reported 18 

in patients with comorbid chronic pain and anxiety [4,58]. Since MOP is the major target for 19 

opioids used clinically to manage chronic pain [59], these findings may have implications for 20 

the treatment of chronic pain with associated negative affect. The misuse of opioids has been 21 

a major concern in pain management [89]. Accumulating evidence suggests that chronic pain 22 

and affective disorders can affect the mesolimbic pathway, leading to vulnerabilities to opioid 23 

addiction [76]. The PAG is heavily interconnected to the neural substrates (such as nucleus 24 

accumbens and amygdala) of the mesolimbic pathway [9]. Hence, future studies could examine 25 
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the role of MOP in these neuroanatomical regions in the WKY strain to understand the impact 1 

of the hyperalgesic phenotype on opioid addiction vulnerability. 2 

We acknowledge a limitation of our work is that the studies were conducted using male rats 3 

only to maintain consistency with our previous work [13,70]. Sex differences in response to 4 

pain and opioids have been widely reported [1,79]. Moreover, the PAG and its descending 5 

projections to RVM and spinal cord has been identified as sexually dimorphic neuroanatomical 6 

substrates contributing to sex differences in opioid-induced antinociception [44,46]. Therefore, 7 

future studies should explore any influence of sex on the genotype-dependent response to 8 

opioids reported herein. 9 

In conclusion, our data provide further evidence for an aberrant nociceptive response to 10 

persistent inflammatory stimuli in WKY rats that also mimics aspects of negative affect, in 11 

comparison to SD counterparts. The results presented here indicate that the WKY rats are 12 

hyporesponsive to MOP agonism in models of phasic acute and tonic persistent inflammatory 13 

pain, which is unlikely to be due to a difference in plasma pharmacokinetics of the drug 14 

between the two strains.  Furthermore, our results identify the vlPAG as a key locus within the 15 

descending pain pathway for this hyporesponsivity to morphine analgesia in WKY versus SD 16 

rats. The strain-related differences in c-Fos expression in regions downstream of vlPAG 17 

indicate a deficit in the MOP-induced engagement of the top-down nociception control system 18 

in WKY rats that might contribute to their hyperalgesic phenotype. 19 
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Table Legend: 1 

Table 1: Levels of morphine in the plasma of SD and WKY rats (90 min post-morphine 2 

administration). No difference was found in the plasma morphine levels between the two 3 

strains. Data are expressed as mean ± SEM; n = 8-10/group. ***p<0.001 (vs SD-Vehicle), 4 

+++p<0.001 (vs WKY-Vehicle). Morph: morphine, ND: not detected, s.c.: subcutaneous, SD: 5 

Sprague-Dawley, WKY: Wistar-Kyoto. 6 

 7 

Figure Legends: 8 

Figure 1: Schematic of (A) Study 1 and (B) Study 2 outlining the design, timeline, and 9 

behavioural tests. Cyp: cyprodime, EPM: elevated plus maze, Form: formalin, FST: forced 10 

swim test, HP: hot plate, OF: open field, Morph: morphine, Preform: pre-formalin, T: time, 11 

Veh: vehicle, vlPAG: ventrolateral periaqueductal grey. 12 

 13 

Figure 2: Hot plate test in Experiment 1. (A) Effects of morphine (0.5, 2, 5, and 7.5 mg/kg, 14 

s.c.) and vehicle (50 mM citrate buffer, s.c.) on nociceptive responding to noxious heat in SD 15 

(solid bars) and WKY (striped bars) rats. Log dose-response curves for morphine-induced 16 

antinociceptive response (B) 30 min and (C) 60 min after drug administration in SD and WKY 17 

rats. Latency to respond on the hot plate is expressed as a percentage of the control (SD-18 

Vehicle) group (% response). Data are expressed as mean ± SEM, n= 9-11/group. *p<0.05 (vs 19 

SD-Vehicle), +p<0.05 (vs WKY-Vehicle), #p<0.05 (WKY-Morph 0.5 vs SD-Morph 0.5). 20 

Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, Veh: vehicle, WKY: Wistar-21 

Kyoto. 22 

 23 
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Figure 3: Hot plate test in Experiment 2. Effects of morphine (2 mg/kg, s.c.) and cyprodime 1 

(0.3 or 1 mg/kg, s.c.), alone or in combination, on nociceptive responding to noxious heat in 2 

SD (solid bars) and WKY (striped bars) rats. Vehicle-treated rats received s.c. injection of 50 3 

mM citrate buffer. Data are expressed as mean ± SEM, n= 9-11/group. *p<0.05 (vs SD-4 

Vehicle). Cyp: Cyprodime, Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: 5 

Wistar-Kyoto. 6 

 7 

Figure 4: Formalin test in Experiment 3. (A) Temporal profile of formalin-evoked nociceptive 8 

behaviour in SD and WKY rats receiving vehicle (50 mM citrate buffer) injection systemically. 9 

Temporal profile of the effects of morphine (0.5 or 2 mg/kg, s.c.) and cyprodime (0.3 mg/kg, 10 

s.c.), alone or in combination, on formalin-evoked nociceptive behaviour in (B) SD and (C) 11 

WKY rats. Data are presented in 5 min time bins and expressed as mean ± SEM, n = 8-12 

10/group. *p<0.05 (SD-Morph 0.5 mg/kg or SD-Morph 2 mg/kg or WKY-Vehicle vs SD-13 

Vehicle), &p<0.05 (SD-Morph 2 mg/kg+Cyp 0.3 mg/kg vs SD-Morph 2 mg/kg). CPS: 14 

composite pain score, Cyp: Cyprodime, Morph: morphine, s.c.: subcutaneous, SD: Sprague-15 

Dawley, WKY: Wistar-Kyoto. 16 

 17 

Figure 5: Formalin test in Study 2. (A) Temporal profile of formalin-evoked nociceptive 18 

behaviour in SD and WKY rats receiving intra-vlPAG microinjection of vehicle (0.89% NaCl). 19 

Temporal profile of the effects of bilateral intra-vlPAG microinjection of vehicle or morphine 20 

(1, 2.5, or 5 µg/0.2 µL/side) on formalin-evoked nociceptive behaviour in (B) SD and (C) WKY 21 

rats. Data are presented in 5 min time bins and expressed as mean ± SEM, n = 6-7/group. 22 

*p<0.05 (SD-Morph 1 µg or WKY-Vehicle vs SD-Vehicle), $p<0.05 (SD-Morph 2.5 µg or SD-23 

Morph 5 µg vs SD-Vehicle), +p<0.05 (WKY-Morph 2.5 µg or WKY-Morph 5 µg vs WKY-24 
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Vehicle). CPS: composite pain score, Morph: morphine, SD: Sprague-Dawley, vlPAG: 1 

ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 2 

 3 

Figure 6: Expression of c-Fos-positive profiles in the NRM. (A) Representative images (10X 4 

magnification) of the expression of c-Fos-positive profiles in the NRM in SD (left panel) and 5 

WKY (right panel) rats that received bilateral intra-vlPAG microinjection of vehicle or 6 

morphine. Grey arrows point out to some of the c-Fos-positive profiles in each section. Grey 7 

dotted box represents the area where c-Fos-like immunoreactive profiles were counted. Scale 8 

bar is represented in the figures. (B) Effects of bilateral intra-vlPAG administration of vehicle 9 

(0.89% NaCl) or morphine (1, 2.5, or 5 µg/0.2 µL/side) on c-Fos expression in the NRM in SD 10 

and WKY rats. Data are expressed as mean ± SEM, n = 5-7/group. *p<0.05 (SD-Morphine 1 11 

µg or SD-Morphine 2.5 μg or SD-Morphine 5 μg vs SD-Vehicle), +p<0.05 (WKY-Morphine 5 12 

μg vs WKY-Vehicle). Morph: morphine, NRM: nucleus raphe magnus, SD: Sprague-Dawley, 13 

vlPAG: ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 14 

 15 

Figure 7: Expression of c-Fos-positive profiles in the lumbar (L4-L6) spinal dorsal horn. (A) 16 

Representative images (10X magnification) of the expression of c-Fos-positive profiles in the 17 

superficial laminae of ipsi- and contralateral sides of DHSC in SD (left panel) and WKY (right 18 

panel) rats that received bilateral intra-vlPAG microinjection of vehicle or morphine. Grey 19 

arrows point out to some of the c-Fos-positive profiles in each section. Grey dotted area 20 

represents the area where c-Fos-like immunoreactive profiles were counted.  Scale bar is 21 

represented in the figures. (B) Effects of bilateral intra-vlPAG administration of vehicle (0.89% 22 

NaCl) or morphine (1, 2.5, or 5 µg/0.2 µL/side) on c-Fos expression in the superficial laminae 23 

of ipsilateral DHSC in SD and WKY rats. Data are expressed as mean ± SEM, n = 5-6/group. 24 
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*p<0.05 (SD-Morphine 1 µg or SD-Morphine 2.5 μg or SD-Morphine 5 μg vs SD-Vehicle), 1 

+p<0.05 (WKY-Morphine 2.5 μg or WKY-Morphine 5 μg vs WKY-Vehicle). DHSC: dorsal 2 

horn of spinal cord, Morph: morphine, SD: Sprague-Dawley, vlPAG: ventrolateral 3 

periaqueductal grey, WKY: Wistar-Kyoto. 4 

 5 

Figure 8: MOP expression in the vlPAG. (A) A separate cohort of naïve SD and WKY rats 6 

was used to examine the expression of MOP in the left/contra and right/ipsi (with respect to 7 

formalin injection in the drug-treated cohort) vlPAG. No strain difference was found in the 8 

expression of MOP in vlPAG. (B) Representative Western blot images showing the 9 

immunoreactive bands for MOP (~50 kDa) and β-actin (~42 kDa) in naïve SD and WKY rats. 10 

Data are expressed as mean ± S.E.M, n = 4/group. MOP: mu-opioid receptor, SD: Sprague-11 

Dawley, vlPAG: ventrolateral periaqueductal grey, WKY: Wistar-Kyoto. 12 
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S.1. Supplementary methods 

S.1.1. Elevated plus maze test 

The elevated plus maze (EPM) test assessed the effects of drug treatment on anxiety-related 

behaviours in WKY and SD rats. The wooden arena, which was elevated 50 cm above the 

floor, consisted of central platform (10x10 cm) connecting four arms (50x10 cm each) in the 

shape of a “plus”. Two arms were enclosed by walls (30 cm high, 25 lux) and the other two 

arms were without any enclosure (60 lux). On the test day, 5 min after the HPT, rats were 

removed from the home cage, placed in the centre zone of the maze with their heads facing an 

open arm, and the behaviours were recorded for 5 min with a video camera positioned on top 

of the arena. Ethovision system was used later to manually score entries and time spent in open 

arms (experimental indices for anxiety-like behaviour [6]). The EPM was cleaned between 

animals with Milton cleaning solution. 

S.1.2. Open field test 

Following EPM test, rats were immediately exposed to the open field (OF) test for 5 min. The 

circular arena (diameter: 75 cm) consisted of a white floor and reflective aluminium wall 40 

cm high. Animals were placed in the centre of the novel open environment that was brightly lit 

(280-300 lux). A video camera above the arena was used to record the behaviours. Using 

Ethovision software, entries and duration in the centre zone (diameter: 45 cm) were assessed 

as indices for anxiety-related behaviour. The total distance moved (cm) in the arena was tracked 

to assess general locomotor activity. The OF was cleaned between animals with Milton 

cleaning solution. 

S.1.3. Forced swim test 

The effects of drug treatment on swim stress-induced immobility in WKY and SD rats were 

assessed using a single exposure of the modified forced swim test (FST) [3,4]. It should be 

noted that the WKY rats exhibit spontaneous immobility in the FST and, hence, it is deemed 



that a pre-test exposure to forced swimming 24 h before may not be necessary to induce 

immobility in this strain [1,2,5]. Immediately after the OF test, rats were placed into an 

inescapable glass cylinder (45 cm high and 20 cm in diameter) containing water (depth: 30 cm) 

at 25±1°C for 15 min. Behaviours were recorded using a video camera positioned in front of 

the cylinder. Ethovision software was used to manually score the time spent immobile (only 

floating, no additional movement of any paw). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S.2. Supplementary results 

S.2.1. Effects of systemically administered morphine and cyprodime, alone or in combination, 

on anxiety-related behaviour and general locomotor activity in WKY and SD rats 

In Experiment 1, 5 min after the HPT, animals were exposed to the EPM and then immediately 

to the OF to evaluate the effects of morphine on anxiety-related behaviours and general 

locomotor activity. In the EPM test, KW test revealed a significant main effect (χ2(9)=17.211, 

p<0.05) on time spent in open arms (Supplementary Figure 1A); further post hoc tests showed 

that there were no significant differences between relevant groups. KW also showed a 

significant main effect (χ2(9)=38.550, p<0.001) on number of entries in open arms 

(Supplementary Figure 1B). Post hoc test revealed that morphine at dose 7.5 mg/kg 

significantly reduced entries in open arms in SD (SD-Morphine 7.5 mg/kg vs SD-Vehicle, 

p<0.001), but not in WKY, rats. 

In the OF test (Experiment 1), KW test revealed a significant main effect (χ2(9)=20.652, 

p<0.05) on time spent in the centre zone (Supplementary Figure 1C) but post hoc tests showed 

there were no significant difference between relevant groups. KW test also revealed a 

significant main effect (χ2(9)=28.356, p<0.01) on number of entries into the centre zone of the 

arena (Supplementary Figure 1D). Post hoc test revealed that vehicle-treated WKY rats 

demonstrated a significant reduction in centre zone entries compared to SD counterparts (SD-

Vehicle vs WKY-Vehicle, p<0.01). Morphine reduced entries into the centre zone in SD rats, 

with the dose 5 mg/kg reaching statistical significance compared to vehicle controls (SD-

Morphine 5 mg/kg vs SD-Vehicle, p<0.01); these effects were not observed in the WKY rats. 

KW test revealed a significant main effect (χ2(9)=69.150, p<0.001) on the distance moved in 

the OF arena (Supplementary Figure 1F). Vehicle-treated WKY rats exhibited a significant 

reduction in distance moved in the OF compared to SD controls (SD-Vehicle vs WKY-Vehicle, 

p<0.001), indicating their hypolocomotor phenotype. Morphine significantly reduced distance 

moved in the arena in the SD rats (SD-Morphine 5 mg/kg vs SD-Vehicle, p<0.01; SD-



Morphine 7.5 mg/kg vs SD-Vehicle, p<0.001), whereas distance moved was increased in the 

WKY counterparts (WKY-Morphine 5 mg/kg or WKY-Morphine 7.5 mg/kg vs WKY-Vehicle, 

p<0.01), suggesting a differential effect of morphine on locomotor activity in WKY versus SD 

rats. 

Following the HPT in Experiment 2, animals were also tested in the EPM and thereafter in the 

OF as in Experiment 1. In the EPM, there was no significant effect of strain, treatment, or strain 

x treatment interaction on activities in the open arms in two-way ANOVA (Supplementary 

Figure 2A and 2B). KW test showed a significant main effect (χ2(9)=20.691, p<0.05) on time 

spent in the centre zone (Supplementary Figure 2C) but post hoc tests revealed there were no 

significant differences between relevant groups. In the OF, there was no significant main effect 

on number of entries into the centre zone in KW analysis (Supplementary Figure 2D). KW 

analysis did reveal a significant main effect (χ2(9)=56.724, p<0.001) on the distance moved in 

the OF arena (Supplementary Figure 2E). As observed in Experiment 1, vehicle-treated WKY 

rats exhibited a significant reduction in distance moved in the OF compared to SD counterparts 

(WKY-Vehicle vs SD-Vehicle, p<0.001), indicating their hypolocomotor phenotype. Systemic 

administration of morphine and/or cyprodime did not affect distance moved in SD or WKY 

rats. 

S.2.2. Effects of systemically administered morphine and cyprodime, alone or in combination, 

on swim stress-induced immobility in WKY and SD rats 

Following OF test in Experiment 1, animals underwent a single 15 min exposure to FST to 

evaluate the effects of morphine in this test (Supplementary Figure 3A). Two-way ANOVA 

revealed significant effects of strain (F4,107=18.814, p<0.001) and treatment (F1,107=7.666, 

p<0.001) on time spent immobile in the FST. Further post hoc test indicated there was no 

significant difference in duration of immobility in vehicle-treated WKY versus SD rats. 

Analysis of data as temporal profile divided into 5 min time bins showed that vehicle-treated 

WKY rats exhibited a progressive increase in duration of immobility compared to SD controls 



(RM ANOVA, T10-15: WKY-Vehicle vs SD-Vehicle, p<0.05; Supplementary Figure 3A inset), 

indicating behavioural despair in the WKY rats. In addition, morphine 7.5 mg/kg markedly 

increased duration of immobility in the WKY rats compared to vehicle controls (WKY-

Morphine 7.5 mg/kg vs WKY-Vehicle, p<0.05); this effect was not observed in the SD 

counterparts (Supplementary Figure 3A). 

In Experiment 2, systemic administration of morphine and cyprodime, alone or in combination, 

did not affect duration of immobility in SD or WKY rats (Supplementary Figure 3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



S.3. Supplementary figures 

 

Supplementary Figure 1: Effects of morphine (0.5-7.5 mg/kg, s.c.) on anxiety-related 

behaviours in the (A and B) EPM and (C and D) OF tests and on (E) general locomotor activity 

in the OF arena in SD and WKY rats. Data are expressed as median with IQR, n= 9-11/group. 

*p<0.05, **p<0.01, ***p<0.001 (vs SD-Vehicle); ++p<0.01 (vs WKY-Vehicle), ##p<0.01, 

###p<0.001 (vs SD counterpart). EPM: elevated plus maze, OF: open field, Morph: morphine, 

s.c.: subcutaneous, SD: Sprague-Dawley, WKY: Wistar-Kyoto. 

 



 

Supplementary Figure 2: Effects of morphine (2 mg/kg, s.c.) and cyprodime (0.3 or 1 mg/kg, 

s.c.), alone or in combination, on anxiety-related behaviours in the (A and B) EPM and (C and 

D) OF tests and on (E) general locomotor activity in the OF arena in SD and WKY rats. Data 

are expressed as (A and B) mean ± SEM and (C-E) median with IQR, n= 10-11/group. 

###p<0.001 (vs SD counterpart). Cyp: Cyprodime, EPM: elevated plus maze, FST: forced swim 

test, OF: open field, Morph: morphine, s.c.: subcutaneous, SD: Sprague-Dawley, WKY: 

Wistar-Kyoto. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 3: Forced swim stress-induced immobility (a measure of behavioural 

despair) in SD and WKY rats. (A) Effects of morphine (0.5-7.5 mg/kg, s.c.) on duration of 

immobility over 15 min in Experiment 1. Inset shows temporal profile (as 5 min time bins) of 

time spent immobile in the vehicle-treated WKY versus SD rats. (B) Effects of morphine (2 

mg/kg, s.c.) and cyprodime (0.3 or 1 mg/kg, s.c.), alone or in combination, on duration of 

immobility over 15 min in Experiment 2. Data are expressed as mean ± SEM, n= 10-11/group. 

*p<0.05 (WKY-Vehicle vs SD-Vehicle), +p<0.05 (WKY-Morph 7.5 mg/kg vs WKY-Vehicle). 

Cyp: cyprodime, FST: forced swim test, Morph: morphine, s.c.: subcutaneous, SD: Sprague-

Dawley, WKY: Wistar-Kyoto. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 4: Schema of histological verification of microinjection sites of vehicle 

(   ), morphine 1 µg (    ), morphine 2.5 µg (    ), and morphine 5 µg (    ) in the vlPAG in SD 

(left panel) and WKY (right panel) rats (adapted from Paxinos and Watson, 2007). Aq: 

Aqueduct, dlPAG: dorsolateral periaqueductal grey, lPAG: lateral periaqueductal grey, Morph: 

morphine, SD: Sprague-Dawley, vlPAG: ventrolateral periaqueductal grey, WKY: Wistar-

Kyoto. 
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Strain 
Plasma concentration (ng/mL) 

Vehicle, s.c. Morphine 0.5 mg/kg, 
s.c. 

Morphine 2 mg/kg, 
s.c. 

SD ND 18.64±2.34*** 77.27±4.03*** 

WKY ND 18.88±1.20+++ 91.93±7.33+++ 



Figure 1 

 

 

 

 

 

 

 

 

 

 

 



Figure 2 

 

 

 

 

 



Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure 4 

 



Figure 5 



Figure 6 
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Figure 7 
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Figure 8 
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