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Abstract: 21 

Negative affective state has a significant impact on pain, and genetic background is an 22 

important moderating influence on this interaction. The Wistar–Kyoto (WKY) inbred rat strain 23 

exhibits a stress-hyperresponsive, anxiety/depressive-like phenotype and also displays a 24 

hyperalgesic response to noxious stimuli.  Transient receptor potential subfamily V member 1 25 

(TRPV1) within the midbrain periaqueductal grey (PAG) plays a key role in regulating both 26 

aversive and nociceptive behaviour. In the present study, we investigated the role of TRPV1 in 27 

the sub-columns of the PAG in formalin-evoked nociceptive behaviour in WKY versus 28 

Sprague-Dawley (SD) rats. TRPV1 mRNA expression was significantly lower in the 29 

dorsolateral (DL) PAG and higher in the lateral (L) PAG of WKY rats, compared with SD 30 

counterparts. There were no significant differences in TRPV1 mRNA expression in the 31 

ventrolateral (VL) PAG between the two strains. TRPV1 mRNA expression significantly 32 

decreased in the DLPAG and increased in the VLPAG of SD, but not WKY rats upon intra-33 

plantar formalin administration. Intra-DLPAG administration of either the TRPV1 agonist 34 

capsaicin, or the TRPV1 antagonist 5’-Iodoresiniferatoxin (5’-IRTX), significantly increased 35 

formalin-evoked nociceptive behaviour in SD rats, but not in WKY rats.  The effects of 36 

capsaicin were likely due to TRPV1 desensitisation, given their similarity to the effects of 5’-37 

IRTX. Intra-VLPAG administration of capsaicin or 5’-IRTX reduced nociceptive behaviour in 38 

a moderate and transient manner in SD rats, and similar effects were seen with 5’-IRTX in 39 

WKY rats. Intra-LPAG administration of 5’-IRTX reduced nociceptive behaviour in a 40 

moderate and transient manner in SD rats, but not in WKY rats. These results indicate that 41 

modulation of inflammatory pain by TRPV1 in the PAG occurs in a sub-column-specific 42 

manner.  The data also provide evidence for differences in the expression of TRPV1, and 43 

differences in the effects of pharmacological modulation of TRPV1 in specific PAG sub-44 

columns, between WKY and SD rats, suggesting that TRPV1 expression and/or functionality 45 
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in the PAG plays a role in hyper-responsivity to noxious stimuli in a genetic background prone 46 

to negative affect.  47 

Keywords: TRPV1; Pain; Negative affective state; Periaqueductal grey; Capsaicin; Rat 48 

Abbreviations: 49 

TRPV1: Transient receptor potential subfamily V member 1 50 

PAG: Periaqueductal grey 51 

DLPAG: Dorsolateral Periaqueductal grey 52 

VLPAG: Ventrolateral Periaqueductal grey 53 

LPAG: Lateral Periaqueductal grey 54 

SD: Sprague Dawley rats 55 

WKY: Wistar Kyoto rats 56 

RVM: Rostral ventromedial medulla 57 

CAP: Capsaicin 58 

 5’-IRTX: 5’-Iodoresiniferatoxin 59 

CAP+5’-IRTX: Capsaicin in combination with 5’-Iodoresiniferatoxin  60 

DMSO: Dimethylsulfoxide 61 

Chemical Compounds: Capsaicin (PubChem CID: 1548943); 5’-Iodoresiniferatoxin 62 

(PubChem CID: 16219535); Formalin (PubChem CID: 712); Dimethylsulfoxide (PubChem 63 

CID: 679) 64 



4 
 

1. Introduction:  65 

The ability to experience pain is essential for an organism’s survival and to prevent potential 66 

tissue damage. The International Association for the Study of Pain (IASP) has defined pain as 67 

‘an unpleasant sensory and emotional experience associated with actual or potential tissue 68 

damage or described in terms of such damage’. There is high comorbidity between affective 69 

disorders and chronic pain states [1–3], and it is increasingly clear that there is involvement of 70 

common neural substrates and mechanisms in the modulation of both pain and negative 71 

affective states including anxiety and depression [4–6] 72 

Genetic background is an important moderating influence on the interaction between negative 73 

affective state and pain. The Wistar–Kyoto (WKY) inbred rat strain exhibits a stress-74 

hyperresponsive [7,8], anxiety/depressive-like phenotype [9,10] and also displays a 75 

hyperalgesic response to a variety of noxious stimuli [11–14]. Thus, the WKY rat represents a 76 

useful model of hyperalgesia associated with negative affective state and may facilitate 77 

understanding of the underlying neurobiological mechanisms, and identification of novel 78 

therapeutic targets for pain and its co-morbidity with affective disorders. 79 

The transient receptor potential subfamily V member 1 (TRPV1) is a non-selective ligand-80 

gated ion-channel which can be activated by protons, capsaicin (active constituent of chilli 81 

peppers), and thermal stimuli [15]. Upon activation, TRPV1 induces release of the 82 

neuropeptides calcitonin gene-related peptide and substance P by increasing intracellular 83 

calcium levels in sensory nerve terminals within the dorsal horn of the spinal cord [16]. While 84 

TRPV1 is highly expressed in the peripheral nervous system where it plays a key role in 85 

nociception [17], a number of lines of evidence indicate that TRPV1 is expressed and 86 

functional supraspinally [4,18–20].  87 



5 
 

The periaqueductal grey - rostral ventromedial medulla (PAG-RVM) pathway plays a pivotal 88 

role in pain processing and modulation. Antinociception caused by activation of the descending 89 

inhibitory pain pathway involves the PAG-mediated activation of neurons within the RVM 90 

[21]. Expression of TRPV1 in the PAG has been demonstrated using immunohistochemistry 91 

[22–24], in situ hybridization [25], radioligand binding [26] and gene reporter studies [25]. 92 

McGaraughty and colleagues have shown that activation of TRPV1 in the dorsal PAG 93 

produced an initial reduction in tail-flick latency, followed later by an increase in latency likely 94 

mediated by agonist-induced desensitisation of TRPV1. These effects were associated with 95 

increased activity of ON-cells and OFF-cells in the RVM, respectively [27]. Starowicz et al. 96 

have shown that direct administration of the TRPV1 agonist capsaicin into the ventrolateral 97 

(VL) PAG leads to antinociceptive effects in the rat tail-flick test, while the combination of the 98 

TRPV1 antagonist 5’-IRTX and capsaicin resulted in pronociceptive effects. Again, 99 

antinociceptive effects were associated with an increase in RVM OFF-cell activity, while 100 

pronociceptive effects correlated with an increase in ON-cell activity [28]. Blockade of TRPV1 101 

has also been shown to antagonise palmitoylethanolamide-induced antinociception at the level 102 

of the VLPAG in the tail-flick test, with an associated decrease in OFF cell activity in the RVM 103 

[29].  A role for TRPV1 has also been demonstrated in modulation of anxiety- and depression-104 

related behaviour [4,30–39]. Specifically within the PAG, intra-DLPAG microinjection of 105 

capsaicin increased anxiety-related behaviour and fear-related behaviour, effects blocked by 106 

administration of TRPV1 antagonists [36–39].  107 

Thus, while there is evidence that TRPV1 in the PAG modulates both nociceptive behaviour 108 

and anxiety-related behaviour, there is a paucity of studies examining its role in hyperalgesia 109 

associated with negative affective state such as is exhibited by the WKY rat. The aim of the 110 

present studies was to test the hypothesis that TRPV1 in the different sub-columns of the PAG 111 
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differentially regulates formalin-evoked nociceptive behaviour in WKY rats versus Sprague-112 

Dawley (SD) rats, the most commonly used comparator strain for the WKY rat.  113 

 114 

 2. Methods 115 

2.1. Animals 116 

For all experiments, male Sprague–Dawley (SD) or Wistar–Kyoto (WKY) rats (260-290g) 117 

(Harlan, Bicester, UK) were used. Animals were group housed for the duration of experiment 118 

1, and initially for experiments 2, 3, 4, with single housing following surgery. Holding rooms 119 

were maintained at a constant temperature (21±2°C) under standard lighting conditions (12:12-120 

hour light–dark, lights on from 0800 to 2000h). Experiments were carried out during the light 121 

phase between 0800 and 1700h. Food and water were available ad libitum. The experimental 122 

procedures were approved by the Animal Care and Research Ethics Committee, National 123 

University of Ireland Galway, under license from the Irish Department of Health and Children 124 

and in compliance with the European Communities Council directive 86/609.  All sections of 125 

the study adhered to the ARRIVE Guidelines for reporting in animal research [40]. 126 

 127 

2.2. Experimental design 128 

Four separate experiments were performed. In all experiments, animals were randomly 129 

assigned to treatment groups and the sequence of treatments was randomised to control for the 130 

order of testing. In experiment 1 we compared TRPV1 gene expression in WKY and SD rats, 131 

and investigated the effects of intra-plantar injection of formalin thereon. 12 male SD rats and 132 

12 male WKY rats received an intra-plantar injection of 50µL formalin (2.5% in 0.9% saline, 133 

s.c.) or 0.9% saline (control group) into the right hind paw immediately after a 10-minute 134 
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habituation exposure to the formalin test arena and were returned to the arena for recording the 135 

formalin-evoked nociceptive behaviour. This design resulted in 4 experimental groups, as 136 

follows: SD-Saline (SD-Sal); SD-Formalin (SD-Form); WKY-Saline (WKY-Sal); and WKY-137 

Formalin (WKY-Form) (n=5-6 per group). The data on formalin-evoked nociceptive behaviour 138 

of these rats have been published previously [Figure 1 in ref 11].  Rats were killed by 139 

decapitation at the peak of the second phase [12] of the formalin test (30 minutes after formalin 140 

injection).  Brains were removed rapidly, snap-frozen on dry ice, and stored at -80°C before 141 

microdissection of the sub-columns of PAG for TRPV1 gene expression using qRT-PCR. 142 

In experiment 2, we investigated the effects of pharmacological modulation of TRPV1 in the 143 

DLPAG on formalin-evoked nociceptive behaviour in WKY rats and SD rats. Male SD and 144 

WKY rats (n=5-6) were implanted bilaterally under isoflurane anaesthesia with stainless steel 145 

guide cannulae targeting the DLPAG. On the test day, animals received bilateral intra-DLPAG 146 

injections of either vehicle (100% DMSO), the TRPV1 agonist capsaicin (CAP; 147 

6nmoles/0.2µL), the TRPV1 antagonist 5’-IRTX (0.5nmoles/0.2µL) or co-administration of 148 

capsaicin and 5’-IRTX, and were placed in the formalin test arena for 10 minutes before intra-149 

plantar formalin injection (2.5%, 50µl) under brief isoflurane anaesthesia. Rats were then  150 

returned to the formalin test arena and behaviour was recorded for a period of 60 minutes. Rats 151 

were killed by decapitation following behavioural testing. A 0.3µL quantity of 1% fast green 152 

dye was microinjected via the guide cannula, and brains were rapidly removed, snap-frozen on 153 

dry ice, and stored at -80°C until injection site verification. 154 

In experiments 3 and 4, we investigated the effects of pharmacological modulation of TRPV1 155 

in the VLPAG and LPAG, respectively, on formalin-evoked nociceptive behaviour in WKY 156 

rats and SD rats. The methods and experimental design were identical to experiment 2 above, 157 

except the animals had guide cannulae implanted in the VLPAG (experiment 3; n = 5-8) or 158 

LPAG (experiment 4; n = 8-11) sub-columns (Fig 1). 159 
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 160 

 161 

Fig 1: Design/timeline (left to right) of experiments employing drug microinjections into the 162 

sub-columns of the PAG.   163 

 164 

2.3 Drug preparation 165 

The TRPV1 agonist capsaicin (CAP) (PubChem CID: 1548943) was purchased from TOCRIS 166 

(Bristol, UK). TRPV1 antagonist 5-Iodo-Resiniferatoxin (5’-IRTX) (PubChem CID: 167 

16219535) was bought from Abcam (Cambridge UK). For intra-PAG microinjections, CAP 168 

and 5’-IRTX were prepared to concentrations of 6nmol and 0.5nmol per 0.2 µL respectively in 169 

DMSO vehicle (dimethylsulfoxide, 100%). For co-administration of CAP and 5’-IRTX we 170 

prepared 2X concentrations of CAP and 5’-IRTX in DMSO and then combined them to give 171 

final concentrations equal to those of the drugs administered alone. Formalin (PubChem CID: 172 

712) and DMSO (PubChem CID: 679) were purchased from Sigma Aldrich (Dublin, Ireland). 173 

The doses of capsaicin and 5’-IRTX were chosen based on previous studies demonstrating their 174 

efficacy following direct injection into the sub-columns of the PAG [27,28,41,42]. 175 

 176 

2.4. Formalin test 177 
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For experiment 1, rats were placed in a Perspex observation chamber (30×30×40cm; LxWxH, 178 

30lux) for a pre-formalin habituation period of 10 mins. For experiments 2, 3 and 4  rats  first 179 

received intracerebral injection of drug or vehicle into one of the PAG subcolumns and were 180 

then placed immediately into the observation chamber for 10 mins during which the effects of 181 

drug treatment on general exploratory behaviours were evaluated. After this 10 min pre-182 

formalin trial, rats in both Experiments 1 and 2 received an intra-plantar injection of 50 µL 183 

formalin (2.5% in 0.9% saline) or 0.9% saline into the right hindpaw under brief isoflurane 184 

anaesthesia as described previously [11,12]. Rats were then returned to the same Perspex 185 

observation chamber for a period of 30 mins (experiment 1) or 60 mins (experiment 2,3,4). A 186 

video camera located beneath the observation chamber was used to record animal behaviour 187 

onto DVD for subsequent analysis. Behaviour was analysed with the aid of EthoVision XT8.5 188 

software (Noldus, The Netherlands) by a rater blinded to treatments. Formalin-evoked 189 

nociceptive behaviour was categorized as time spent raising the formalin-injected paw above 190 

the floor without contact with any other surface (C1) and time spent holding, licking, biting, 191 

shaking, or flinching the injected paw (C2) to obtain a composite pain score 192 

[CPS=(C1+2(C2))/(total duration of analysis period)] [43]. 193 

 194 

2.5. Punch microdissection of sub-columns of PAG tissue 195 

In experiment 1, frozen coronal brain sections (300µm in thickness) containing the PAG were 196 

cut on a cryostat (MICROM, Germany). A series of 300µm-thick sections (from AP -5.80 to -197 

8.72mm relative to bregma) were punched using cylindrical brain punchers (Harvard 198 

Apparatus; internal diameter 0.75mm), with the aid of the rat brain atlas of Paxinos and 199 

Watson[44]. PAG sub-columns DLPAG (from AP -5.80 to -8.00mm relative to bregma), 200 

VLPAG (from AP -7.30 to -8.30mm relative to bregma) and LPAG (from AP -7.3 to -8.30mm 201 
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relative to bregma) were punched accordingly. These samples were weighed and stored at -202 

80°C before extraction of total RNA for determination of TRPV1 gene expression in each 203 

individual sample using quantitative RT-PCR . 204 

 205 

2.6. Quantitative RT-PCR analysis of the expression of TRPV1 206 

qRT-PCR was carried out as described previously [11].   Briefly, total RNA was extracted from 207 

post-mortem tissue using a Machery–Nagel extraction kit (Nucleospin RNA II;Fischer 208 

Scientific, Ireland) according to the manufacturer's instructions. TRPV1 gene primers were 209 

generated using 3.0 Primer Express software and acquired from Eurofins MWG UK. The 210 

following sequences were used in generating the TRPV1-FAM labelled primers 211 

FORWARD PRIMER: CAGCAGCAGTGAGACCCCTAA 212 

REVERSE PRIMER: TGTCCTGTAGGAGTCGGTTCAA  213 

PROBE: CGTCATGACATGCTTCTCGTGGAACC  214 

VIC-labelled GAPDH (Rn_4308313; Applied Biosystems, UK) was used as the house-keeping 215 

gene and endogenous control. Expression of TRPV1 and endogenous control assessed using 216 

an Applied Biosystems ‘StepOne plus’ instrument (Bio-Sciences, Dun Laoghaire, Ireland). A 217 

no-template control reaction was included in all assays in order to validate the instrument and 218 

the samples in every assay. Samples were ran as duplicates and in multiplex assay. Reactions 219 

were performed for each sample and Ct values were normalized to the housekeeping GAPDH 220 

gene expression. The relative expression of the target gene to GAPDH was calculated by using 221 

the 2∆∆Ct method. The 2∆∆Ct values for each sample were then expressed as a percentage of the 222 

mean of the 2∆∆Ct values for the control group (SD-SAL). 223 
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 224 

2.7. Stereotactic implantation of guide cannulae into the DLPAG, VLPAG and LPAG 225 

For experiments 2, 3 and 4, rats were acclimatised to the animal unit following arrival for 4-8 226 

days prior to surgery. Under isoflurane (2-3% in O2, 0.5L/min) anaesthesia, stainless steel 227 

guide cannulae (9mm length, Plastics One Inc., Roanoke, Virginia, USA) were stereotactically 228 

implanted bilaterally 1mm above the DLPAG (experiment 2), VLPAG (experiment 3) and 229 

lPAG (experiment 4) of each rat. For experiment 2, DLPAG SD coordinates: AP = ((difference 230 

from Bregma to lambda) X 0.91mm) from Bregma, ML = ±1.9mm at an angle of 10°, DV = 231 

4.8mm from the meningeal dura matter; WKY coordinates: AP = ((difference from Bregma to 232 

lambda) X 0.91mm) from Bregma, ML = ± 1.8mm at an angle of 10°, DV = 5.0mm from the 233 

meningeal dura matter according to the Paxinos and Watson rat brain atlas [41]. For experiment 234 

3, VLPAG SD coordinates: AP = ((difference from Bregma to lambda) X 0.91mm) from 235 

Bregma, ML = ±1.9mm at an angle of 10°, DV = 5.3mm from the meningeal dura matter; 236 

WKY coordinates: AP = ((difference from Bregma to lambda)/ X 0.91mm) from Bregma, ML 237 

= ± 1.8mm at an angle of 10°, DV = 5.5mm from the meningeal dura matter according to the 238 

rat brain atlas [41]. For experiment 4, LPAG SD coordinates: AP = ((difference from Bregma 239 

to lambda) X 0.91mm) from Bregma, ML = ±1.9mm at an angle of 10°, DV =5.0mm from the 240 

meningeal dura matter; WKY coordinates: AP = ((difference from Bregma to lambda) X 241 

0.91mm) from Bregma, ML = ± 1.8mm at an angle of 10°, DV = 5.2mm from the meningeal 242 

dura matter according to the rat brain atlas [41]. The 9mm cannulae were permanently fixed to 243 

the skull using stainless steel screws and carboxylate cement (Durelon TM, Minnesota, USA). 244 

A stylet made from stainless steel tubing (9mm, 31 G) (Plastics One Inc., Roanoke, Virginia, 245 

USA) was inserted into the guide cannulae to prevent blockage by debris. The non-steroidal 246 

anti-inflammatory agent, carprofen (2.5mg/kg, s.c., Rimadyl, Pfizer, Kent, UK), was 247 

administered before the surgery to manage postoperative analgesia. To prevent postoperative 248 
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infection, rats received a single daily dose of the antimicrobial agent enrofloxacin (5mg/kg, 249 

s.c., Baytril, Bayer plc, Berkshire, UK) on the day of surgery and a subsequent 3 days. 250 

Following cannulae implantation, the rats were housed singly and allowed at least 5 days 251 

recovery prior to experimentation. During this recovery period, the rats were handled, cannulae 252 

checked, and their body weight and general health monitored once daily. 253 

 254 

2.8. Histological verification of microinjection sites 255 

For experiment 2, 3 & 4, the sites of intra-cerebral microinjection were determined before data 256 

analysis and only those rats that had cannulae correctly positioned in the relevant PAG sub-257 

column were included in the final analysis. Brain sections with fast-green dye mark were 258 

collected on a cryostat (30µm thickness), mounted on gelatinised glass slides, and 259 

counterstained with cresyl violet to locate the precise position of microinjection sites under 260 

light microscopy. 261 

 262 

2.9. Data analysis 263 

The SPSS statistical package (IBM SPSS v22.0 for Windows; SPSS, Inc., Chicago, IL) was 264 

used to analyse all data. Shapiro–Wilk test confirmed that all data with the exception of 265 

defecation data were normally distributed. Further analysis of data collapsed over extended 266 

periods of the formalin trials or analysis of mRNA data was carried out using 2-way analysis 267 

of variance (ANOVA) followed by Fisher's least significant difference (LSD) post hoc test 268 

where appropriate. Defecation (pellet number) data were non-parametric and analysed using 269 

Kruskal-Wallis test. Data were considered significant when P<0.05. Results are expressed as 270 
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group mean ± standard error of the mean (SEM) for parametric data and median (with 271 

interquartile range) for nonparametric data. 272 

3. Results 273 

3.1. Experiment 1: Formalin injection differentially regulates TRPV1 gene expression in 274 

subcolumns of the PAG in SD versus WKY rats. 275 

TRPV1 mRNA levels were significantly lower in the DLPAG (Fig 2a SD-SAL vs. WKY-SAL, 276 

*P<0.05), and higher in the LPAG (Fig 2c SD-SAL vs. WKY-SAL, *P<0.05) of saline-treated 277 

WKY rats, compared with SD counterparts. There were no significant differences in TRPV1 278 

mRNA expression in the VLPAG between the two strains (Fig 2b). Intra-plantar injection of 279 

formalin (Fig 2a SD-SAL vs. SD-FORM, *P<0.05) significantly reduced TRPV1 mRNA levels 280 

in the DLPAG of SD rats, but not WKY rats. In contrast, formalin injection  significantly 281 

increased TRPV1 mRNA levels in the VLPAG of SD rats (Fig 2b SD-SAL vs. SD-FORM, 282 

**P<0.001), but not in WKY rats, and had no significant effect on levels of TRPV1 in the 283 

LPAG of either SD or WKY rats (Fig 2c). 284 

 285 

  286 

 287 

 288 

 289 

 290 

 291 

Fig 2: (a) TRPV1 mRNA levels in the DLPAG of SD and WKY rats that received intra-plantar injection of either 292 
saline or formalin. Two-way ANOVA (strain: F1,18 = 0.646, P = 0.432; formalin: F1,18 = 0.100, P = 0.756 and 293 
strain × formalin interaction: F1,18 = 8.209, P < 0.05) followed by Fisher's LSD post-hoc test (*P < 0.05 vs SD-294 
SAL). (b) TRPV1 mRNA levels in the VLPAG of SD and WKY rats that received intra-plantar injection of either 295 
saline or formalin. Two-way ANOVA (strain: F1,19 = 0.840, P = 0.371; formalin: F1,19 = 9.10, P < 0.01 and strain 296 
× formalin interaction: F1,19 = 3.382, P = 0.082) followed by Fisher's LSD post-hoc test (**P < 0.01 vs SD-SAL). 297 
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(c) TRPV1 mRNA levels in LPAG of SD and WKY rats that received intra-plantar injection of either saline or 298 
formalin. Two-way ANOVA (strain: F1,18 = 8.714, P < 0.01; formalin: F1,18 = 0.137, P = 0.715 and strain × 299 
formalin interaction: F1,18 = 1.346, P = 0.261) followed by Fisher's LSD post-hoc test (*P < 0.05 vs SD-SAL). 300 
FORM, formalin; SAL, 0.9% saline solution; SD, Sprague–Dawley; WKY, Wistar–Kyoto. Data are expressed as 301 
mean ± SEM (n = 5 - 6 rats per group).  302 

 303 

3.2. Experiment 2: Intra-DLPAG administration of capsaicin or 5’IRTX increased formalin-304 

evoked nociceptive behaviour in SD rats, but not in WKY rats. 305 

63% and 73% of the injections were placed within the borders of both the right and left DLPAG 306 

of SD and WKY rats, respectively (Fig 3), with the remaining 37% and 27% of rats having one 307 

or both cannulae positioned in the LPAG, or outside of the PAG in the deep white layer of the 308 

superior colliculus. Only the results of experiments in which injections were correctly 309 

positioned in the DLPAG were included in the analysis.   310 

 311 

Fig 3: Schematic representation of vehicle ( ) or capsaicin ( ) or 5’-IRTX ( ) or combination of capsaicin and 312 
5’-IRTX ( ) injections into DLPAG for (A) SD and (B) WKY rats. 313 

 314 

WKY rats that received intra-DLPAG vehicle exhibited higher nociceptive behaviour, 315 

compared with SD counterparts (Fig 4a WKY-Vehicle vs SD-Vehicle, $$$P<0.001), confirming 316 

the hyperalgesic phenotype in the WKY strain. In SD rats, intra-DLPAG administration of 317 
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capsaicin (Fig 4b SD-CAP vs SD-Vehicle, *P<0.05 **P<0.01) or 5’-IRTX (Fig 4b SD-5’-IRTX 318 

vs SD-Vehicle, #P<0.05, ##P<0.01, ###P<0.001) significantly increased formalin-evoked 319 

nociceptive behaviour, in the second phase of the formalin trial, compared with vehicle-treated 320 

SD controls. Interestingly, these effects of capsaicin and 5’-IRTX were not observed in WKY 321 

rats (Fig 4c). Co-administration of capsaicin with 5’-IRTX had no effect on formalin-evoked 322 

nociceptive behaviour when compared with vehicle treatment in either SD or WKY rats (Fig 323 

4b, Fig 4c). Intra-DLPAG administration of capsaicin or 5’-IRTX or the combination of both 324 

had no significant effect on distance moved, grooming or  defecation when compared with 325 

vehicle-treated SD or WKY controls. Capsaicin and 5’-IRTX treated WKY rats exhibited  326 

lower rearing activity compared with SD counterparts (Table 1: *P<0.05 WKY-CAP vs SD-327 

CAP,  #P<0.05 WKY-5’-IRTX vs SD-5’-IRTX), and similar trends were observed in WKY 328 

rats receiving vehicle or the combination of CAP and 5’-IRTX, compared with SD 329 

counterparts. 330 

         331 
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 343 

Fig 4: (a) Temporal profile of formalin-evoked nociceptive behaviour in SD and WKY rats receiving intra-344 
DLPAG administration of  vehicle. Intra-DLPAG administration of either the TRPV1 agonist capsaicin or the the 345 
TRPV1 antagonist 5’-Iodoresiniferatoxin  (5’-IRTX) significantly increased formalin-evoked nociceptive 346 
behaviour in (b) SD rats, but not in (c) WKY rats. Repeated measures ANOVA (Time: F11,781= 15.463, P < 0.001; 347 
time × strain: F11,781= 2.492, P < 0.01; time × drug treatment : F33,781= 1.818, P < 0.01; and time × strain × drug 348 
treatment interaction: F33,781= 0.724, P = 0.874) followed by Fisher's LSD post-hoc test (Fig 2a $$$P < 0.001, 349 
WKY-Vehicle vs SD-Vehicle; Fig 2b *P < 0.05, **P < 0.01, SD-CAP vs SD-Vehicle; #P < 0.05, SD-5’-IRTX vs 350 
SD-Vehicle). Data are expressed as mean ± SEM (n = 5 - 6 rats per group). 351 

 352 
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Table 1: Effects of intra-DLPAG microinjection of either vehicle, capsaicin, 5’-IRTX or the combination of 366 
capsaicin and 5’-IRTX on locomotor activity, grooming and defecation  in SD and WKY rats.  Distance moved: 367 
Two-way ANOVA effects of strain  (F1,35=0.108, P =0.785); treatment (F3,35=0.805, P = 0.5) and strain X drug 368 
interaction (F1,35= 1.371, P = 0.268); Grooming: Two-way ANOVA effects of strain (F1,35=0.002, P = 0.967); 369 
treatment (F3,35= 1.353, P = 0.273) and  strain X drug interaction (F1,35=0.881, P = 0.460); Rearing: Two-way 370 
ANOVA effects of strain  (F1,35=11.792, P <0.002); treatment (F3,35=0.243, P = 0.866) and strain X drug 371 

interaction (F1,35= 0.272, P = 0.845) followed by Fisher's LSD post-hoc test (*P < 0.05 vs SD-CAP; #P<0.05 vs 372 
SD-5’-IRTX);  Defecation: Kruskal Wallis variance of  analysis by rank (X2 = 3.174, P =0.868). Data are 373 
expressed as mean ± SEM for parametric data and median (interquartile range) for non-parametric data (n = 5 - 6 374 
rats per group). 375 

 376 

 377 

3.3. Experiment 3: Intra-VLPAG administration of capsaicin or 5’-IRTX reduced nociceptive 378 

behaviour in a moderate and transient manner in SD rats, and similar effects were seen with 379 

5’-IRTX (only) in WKY rats. 380 

71% and 64% of the injections were placed within the borders of both the right and left VLPAG 381 

in SD and WKY rats respectively (Fig 5), with the remaining 29% and 36% having one or both 382 

cannulae positioned in the DLPAG or LPAG, or outside the PAG in the deep white layer of the 383 

superior colliculus. Only the results of experiments in which injections were correctly 384 

positioned in the VLPAG were included in the analysis.   385 

Group   Distance 
moved(cm)     

grooming(s) rearing(s)   Defecation 

(Pellet number)  

SD-Vehicle  

SD-CAP  

SD-5’-I-RTX  

SD-CAP+5’-I-RTX 

 1966.3±146.8 

1964.7±159.3 

1847.2±111 

1414.2±186.3 

5.3±1.7 

23.6±14.5 

10.2±2.8 

3.4±1.6 

45.2±15.3 

53.8±14.9 

55.5±13.1 

41±15.5 

0 (0-1) 

1 (0-1) 

0 (0-1) 

0 

WKY-Vehicle  

WKY-CAP  

WKY-5’-I-RTX  

WKY- CAP+5’-I-RTX 

 1525.3±270.4 

1843.9±202.3 

2165.1±376.7 

1889.8±239.7 

13.5±3.5 

11.3±4.3 

13.4±9.3 

5.1±1.6 

18.3±4.1 

22.6±7.1* 

23.9±8.5# 

26.5±7.3 

0 (0-1) 

0 (0-1) 

0  

0 (0-1) 
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 386 

 387 

Fig 5: Schematic representation of vehicle ( ) or capsaicin ( ) or 5’-IRTX (  ) or combination of capsaicin and 388 
5’-IRTX ( ) injections into the VLPAG of (A) SD and (B) WKY rats. 389 

 390 

WKY rats that received intra-VLPAG vehicle exhibited higher nociceptive behaviour, 391 

compared with SD counterparts (Fig 6a WKY-Vehicle vs SD-Vehicle, $P<0.05, $$P<0.01), 392 

confirming the hyperalgesic phenotype in the WKY strain. In SD rats, intra-VLPAG 393 

administration of capsaicin (Fig 6b SD-CAP vs SD-Vehicle, *P<0.05) or 5’-IRTX (Fig 6b SD-394 

5’-IRTX vs SD-Vehicle, #P<0.05) or the combination of both drugs (Fig 6b SD-CAP+5’-IRTX 395 

vs SD-Vehicle, +P<0.05) significantly decreased formalin-evoked nociceptive behaviour, 396 

intermittently in the second phase of the formalin trial, compared with vehicle-treated SD rats, 397 

but not in WKY rats (Fig 6c, except for 5’-IRTX which had a similar effect at one time bin in 398 

WKY rats (WKY-5’-IRTX vs WKY-Vehicle, #P<0.05)). Intra-VLPAG administration of 399 
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capsaicin or 5’-IRTX or the combination of both (Table 2) had no significant effect on 400 

locomotor activity, grooming or defecation when compared to their respective controls. 401 

 402 
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Fig 6: (a) Temporal profile of formalin-evoked nociceptive behaviour in SD and WKY rats receiving intra-422 
VLPAG administration of vehicle. (b) Intra-VLPAG administration of the TRPV1 agonist capsaicin or the TRPV1 423 
antagonist 5’-IRTX reduced formalin-evoked nociceptive behaviour in SD rats. (c) Intra-VLPAG administration 424 
of 5’-IRTX, but not capsaicin, transiently reduced formalin-evoked nociceptive behaviour in WKY rats. Repeated 425 
measures ANOVA,  time: F11,418= 9.038, P < 0.001;  time ×  strain: F11,418= 3.927, P < 0.001; time × drug 426 
treatment: F33,418= 1.564, P < 0.05; and time × strain × drug treatment interaction: F33,418= 1.212, P = 0.199) 427 
followed by Fisher's LSD post-hoc test (Fig 3a $P < 0.05, $$P < 0.01, SD-Vehicle vs WKY-Vehicle; Fig 3b *P < 428 
0.05, SD-CAP vs SD-Vehicle; #P < 0.05, SD-5’-IRTX vs SD-Vehicle; +P < 0.05, SD-CAP+5’-IRTX vs SD-429 
Vehicle; Fig 3c  #P < 0.05, WKY-5’-IRTX vs WKY-Vehicle). Data are expressed as mean ± SEM (n = 5 - 8 rats 430 
per group). 431 

 432 

 433 

Table 2: Effects of intra-VLPAG microinjection of either vehicle, capsaicin, 5’-IRTX or the combination of 434 
capsaicin and 5’-IRTX on locomotor activity, grooming and defecation in SD and WKY rats. Distance moved: 435 
Two-way ANOVA effects of strain  (F1,38=0.076, P =0.784); treatment (F3,38=0.27, P = 0.847) and strain X drug 436 
interaction (F1,38= 0.741, P = 0.534); Grooming: Two-way ANOVA effects of strain (F1,38=0.186,  P = 0.669); 437 
treatment (F3,38= 1.544, P = 0.219) and  strain X drug interaction (F1,38=0.898, P = 0.451); Rearing:  Two-way 438 
ANOVA effects of strain  (F1,38=0.701, P =0.408); treatment (F3,38=0.637, P = 0.596) and strain X drug interaction 439 
(F1,38= 2.432, P = 0.08);  Defecation: Kruskal Wallis variance of  analysis by rank (X2 = 1.329, P = 0.988). Data 440 
are expressed as mean ± SEM for parametric data and median (interquartile range) for non-parametric data (n = 5 441 
- 8 rats per group).  442 

 443 

Group   Distance  

moved(cm) 

Grooming(s) Rearing(s)  Defecation 

(pellet number)     

SD-Vehicle  

SD-CAP  

SD-5’-IRTX  

SD-CAP+5’-IRTX 

 1860.0±57.2 

1785.4±143.2 

1767.6±78.7 

1782.7±84.9 

13.4±3.4 

21.9±5.6 

15.2±4.5 

23.2±5.7 

65.0±4.6 

58.0±10.4 

69.6±4.2 

63.8±12.3 

0 (0-1) 

0.5 (0-1) 

0 (0-1) 

0 (0-1) 

      

WKY-Vehicle  

WKY-CAP  

WKY-5’-IRTX  

WKY-CAP+5’-IRTX   

 1693.6±30.4 

1736.3±106.1 

1787.3±74.3 

1902.6±149.1 

10.4±4.2 

28.0±8.3 

26.1±8.6 

16.6±4.1 

50.3±8.2 

75.2±6.9 

45.6±8.3 

65.6±6.7 

0 

0 (0-1) 

0 (0-1) 

0 (0-2) 
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3.4. Experiment 4: Intra-LPAG administration of 5’-IRTX moderately decreased formalin-444 

evoked nociceptive behaviour in SD rats, but not in WKY rats. 445 

67% and 64% of the injections were placed within the borders of both the right and left LPAG 446 

in SD and WKY rats, respectively (Fig 7), with the remaining 23% and 26% having one or 447 

both cannulae positioned in the dorsolateral/ventrolateral, or outside the PAG in the deep white 448 

layer of the superior colliculus. Only the results of experiments in which injections were 449 

correctly positioned in the LPAG were included in the analysis.   450 

 451 

Fig 7: Schematic representation of vehicle ( ) or capsaicin ( ) or 5’-IRTX ( ) or the combination of capsaicin 452 
and 5’-IRTX ( ) injections into the LPAG of (A) SD and (B) WKY rats. 453 
 454 

WKY rats that received intra-LPAG vehicle exhibited higher nociceptive behaviour, compared 455 

with SD counterparts (Fig 8a WKY-Vehicle vs SD-Vehicle, $P<0.05), confirming the 456 

hyperalgesic phenotype in the WKY strain. In SD rats, intra-LPAG administration of 5’-IRTX 457 

significantly decreased formalin-evoked nociceptive behaviour intermittently in the second 458 

phase of the formalin trial compared with vehicle-treated SD rats (Fig 8b SD-5’-IRTX vs SD-459 

Vehicle, #P<0.05), an effect not observed  in WKY rats (Fig 8c). Intra-LPAG administration 460 
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of either capsaicin alone or in combination with 5’-IRTX had no effect on formalin evoked 461 

nociceptive behaviour in SD (Fig 8b) or WKY rats (Fig 8c) when compared to respective 462 

vehicle-treated controls. Intra-LPAG administration of capsaicin or 5’-IRTX or combination 463 

of both drugs had no significant effect on locomotor activity, grooming or  defecation in either 464 

strain (Table 3). Vehicle- and 5’-IRTX-treated WKY rats exhibited lower rearing activity 465 

compared with SD counterparts (Table 1: $P<0.05 WKY-Vehicle vs SD-Vehicle,  #P<0.05 466 

WKY-5’-IRTX vs SD-5’-IRTX).  467 
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 474 

Fig 8: (a) Temporal profile of formalin-evoked nociceptive behaviour in SD and WKY rats receiving intra-475 
LPAG administration of vehicle. Intra-LPAG administration of 5’-IRTX reduced formalin-evoked nociceptive 476 
behaviour in (b) SD rats, but not in (c) WKY rats. Repeated measures ANOVA (Time: F11,781= 15.463, P < 477 
0.001; time × strain: F11,781= 2.492, P < 0.01; time × drug treatment : F33,781= 1.818, P < 0.01; and time × strain 478 
× drug treatment interaction: F33,781= 0.724, P = 0.874) followed by Fisher's LSD post-hoc test (Fig 4a $P < 0.05 479 
SD-Vehicle vs WKY-Vehicle) (Fig 3b #P < 0.05, SD-5’-IRTX vs SD-Vehicle). Data are expressed as mean ± 480 
SEM (n = 8 – 11 rats per group). 481 

 482 

 483 

Table 3: Effects of intra-LPAG microinjection of either vehicle, capsaicin, 5’-IRTX or the combination of 484 
capsaicin and 5’-IRTX on locomotor activity, grooming and defecation in SD and WKY rats.  Distance moved: 485 
Two-way ANOVA effects of strain (F1,79=1.710, P = 0.195); treatment (F3,79=0.639, P = 0.592) and strain X drug 486 
interaction (F1,79= 1.075, P =0.364); Grooming: Two-way ANOVA effects of strain (F1,79=1.668,  P=0.200); 487 
treatment (F3,79= 1.439, P = 0.279) and  strain X drug interaction (F1,79=1.410, P = 0.246); Rearing:  Two-way 488 
ANOVA effects of strain  (F1,79=8.341, P<0.01); treatment (F3,79=0.899, P = 0.446) and strain X drug interaction 489 
(F1,79= 1.494, P = 0.223) followed by Fisher's LSD post-hoc test ($P < 0.05 vs SD Vehicle;  #P<0.05 vs SD-5’-490 
IRTX);  Defecation: Kruskal Wallis variance of  analysis by rank  (X2 = 8.562, P = 0.286). Data are expressed as 491 
mean ± SEM for parametric data and median (interquartile range) for non-parametric data (n = 8 – 11 rats per 492 
group). 493 

 494 

 495 

 496 

Group   Distance  
moved(cm) 

Grooming(s) Rearing(s)    Defecation 

(pellet number)     

SD-Vehicle  

SD-CAP  

SD-5’-IRTX  

SD-CAP+5’-IRTX 

 1749.9±86.4 

1687.4±75.1 

1487.6±71.3 

1602.1±87.7 

20.1±7.4 

31.6±4.9 

21.1±3.5 

17.7±4.4 

61.04±10.1 

55.7±6.0 

72.0±10.6 

58.7±7.0 

0.5 (0-1) 

0.5 (0-1) 

0 (0-1) 

0 

      

WKY-Vehicle  

WKY-CAP  

WKY-5’-IRTX  

WKY-CAP+5’-IRTX   

   1471.4±102.4 

1597.3±82.4 

1554.3±96.0 

1551.5±144.0 

38.2±7.4 

25.9±6.6 

27.3±6.0 

19.8±4.9 

28.1±5.6$ 

52.4±4.9 

44.5±7.8# 

52.6±11.3 

1 (1-2) 

1 (0-1.5) 

0 (0-1) 

1 (0-1) 
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4. Discussion 497 

The data presented herein demonstrate that TRPV1 in the DLPAG and VLPAG regulates 498 

formalin-evoked nociceptive behaviour differentially in SD rats versus WKY counterparts and 499 

that alterations in TRPV1 expression or functionality might contribute to the hyperalgesic 500 

phenotype displayed by the stress-sensitive WKY strain. Formalin-injected WKY rats 501 

exhibited greater formalin-evoked nociceptive behaviour compared with formalin-injected SD 502 

rats over the 30 min trial and formalin-treated SD and WKY rats exhibited significant formalin-503 

evoked nociceptive behaviour when compared to saline-treated counterparts which exhibited 504 

no formalin-evoked nociceptive behaviour [Figure 1 in ref 11].  In SD rats, this formalin-505 

evoked nociceptive behaviour was associated with reduced TRPV1 expression in the DLPAG. 506 

WKY rats also had lower levels of TRPV1 expression in the DLPAG compared with SD rats 507 

and we hypothesised that this may explain their propensity to respond in a hyperalgesic manner 508 

to formalin injection. Moreover, we observed a formalin-induced increase in TRPV1 509 

expression in the DLPAG of WKY rats and hypothesised that this may represent a 510 

compensatory change in an attempt to reduce pain behaviour in the WKY strain. To further test 511 

these hypotheses, we investigated the effects of pharmacological manipulation of TRPV1 in 512 

the DLPAG on formalin-evoked nociceptive behaviour in both strains using the TRPV1 agonist 513 

capsaicin and the TRPV1 antagonist 5’-IRTX. In SD rats, intra-DLPAG administration of 514 

either capsaicin or 5’-IRTX had a pronociceptive effect. The effect of capsaicin was likely due 515 

to desensitisation of TRPV1 in the DLPAG, given that its effects were similar to the effects of 516 

TRPV1 blockade with 5’-IRTX, and evidence from in vivo [27] and in vitro [45–47] studies 517 

that a single dose/concentration of capsaicin can desensitise TRPV1. Thus, these data are 518 

compatible with the idea that lower TRPV1 signalling in the DLPAG is associated with 519 

increased formalin-evoked nociceptive behaviour. Interestingly, the co-administration of 520 

capsaicin and 5’-IRTX had no effect on formalin-evoked nociceptive behaviour in SD rats, 521 
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likely due to both drugs competing dynamically for binding to TRPV1, with neither drug 522 

binding for long enough to desensitise (capsaicin) or block (5’-IRTX) the channel. In contrast 523 

to their effects in SD rats, intra-DLPAG administration of capsaicin or 5’-IRTX had no effect 524 

on formalin-evoked nociceptive behaviour in WKY rats. One possible explanation for these 525 

findings is that the formalin-evoked increase in TRPV1 expression in WKY rats serves to 526 

counteract/oppose the desensitisation or blockade caused by capsaicin or 5’-IRTX, 527 

respectively. Taken together, our data suggest that lower expression and/or functionality of 528 

TRPV1 in the DLPAG is associated with increased inflammatory pain behaviour and may 529 

underpin the hyperalgesic phenotype of WKY rats. 530 

Formalin-evoked nociceptive behaviour in SD rats was also associated with higher TRPV1 531 

expression in the VLPAG. Accordingly, capsaicin-induced desensitisation of TRPV1 in the 532 

VLPAG had an antinociceptive effect in SD rats. In contrast, WKY rats were non-responsive 533 

to intra-VLPAG capsaicin, possibly because formalin-treated WKY rats had lower TRPV1 534 

expression in the VLPAG compared with SD counterparts. Such an effect on TRPV1 535 

expression in WKY rats may constitute a compensatory change to counter the hyperalgesic 536 

response to formalin exhibited by this strain. Both strains exhibited modest and transient 537 

antinociceptive effects following intra-VLPAG administration of 5’-IRTX alone, or in 538 

combination with capsaicin. In the LPAG, although saline-injected WKY rats had higher levels 539 

of TRPV1 expression compared with SD counterparts, formalin injection had no effect on 540 

TRPV1 expression and there were no effects of intra-LPAG administration of capsaicin on 541 

formalin-evoked nociceptive behaviour, in either strain. There were some modest and transient 542 

antinociceptive effects of intra-LPAG administration of 5’-IRTX alone in SD rats, but overall 543 

the data suggest that modulation of TRPV1 activity in the LPAG has little effect on formalin-544 

evoked nociceptive behaviour in SD rats (unlike TRPV1 in the DLPAG and VLPAG) and does 545 

not contribute to the hyperalgesic state in WKY rats. The drug treatment had no significant 546 
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effect on locomotor activity/non-pain related behaviours in either strain when injected into any 547 

of the 3 sub-columns  which suggests that the effects of the drug treatments on formalin-evoked 548 

nociceptive behaviour were specific effects on nociceptive processing and were not 549 

confounded by non-specific, overt effects on locomotor activity. WKY rats exhibited less 550 

rearing behaviour when compared to SD rats as has been reported previously [10,12]. 551 

Our study is the first to demonstrate differential roles for TRPV1 in sub-columns of the PAG 552 

in regulation of formalin-evoked nociceptive behaviour in SD versus WKY rats. Previous 553 

studies have reported differential functional roles of the subcolumns in the PAG. It has been 554 

shown that DLPAG and LPAG are involved in non-opioid mediated analgesia [48–51] and the 555 

VLPAG in opioid mediated analgesia [52–57]. Previous studies focusing on thermal 556 

nociception have confirmed that TRPV1 within the PAG is involved in modulating pain 557 

behaviour. For example, capsaicin administration into the dorsal PAG of SD rats produces 558 

pronociceptive effects in the rat tail flick test, an effect associated with increased ON cell 559 

activity in the RVM [27]. Our data demonstrating that capsaicin injection into the DLPAG of 560 

SD rats was pronociceptive in the formalin test supports these results and extends them in the 561 

context of inflammatory pain. Conversely, capsaicin microinjection into the DLPAG has been 562 

shown to have an antinociceptive effect in the plantar test of thermoceptive sensitivity, an effect 563 

mediated by glutamate-induced activation of mGluR1 and NMDA receptors in the DLPAG 564 

[58]. Administration of AA-5HT, a FAAH inhibitor and TRPV1 antagonist, into the VLPAG, 565 

was antinociceptive in the rat formalin test, an effect associated with reduced ON cell and OFF 566 

cell activity in the RVM. The PAG - locus coeruleus (LC) - spinal cord pathway was implicated 567 

in these effects [59]. Liao et al reported that capsacin when injected into the VLPAG, increased 568 

paw withdrawal latency in the hot plate test in Wistar rats, similar to what we have reported in 569 

experiment 3 for SD rats (capsaicin microinjection into VLPAG decreased formalin-evoked 570 

nociceptive behaviour) [60]. They suggested that capsaicin activates TRPV1 on glutamatergic 571 
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neurons in the VLPAG, resulting in mGluR5-mediated production of 2-AG which in turn 572 

results in retrograde disinhibition of GABAergic neurons with consequent activation of the 573 

descending inhibitory pain pathway and antinociception [60]. Intra-VLPAG microinjection of 574 

5’-IRTX alone reduced the latency of the nociceptive reaction (pronociceptive effect) in the 575 

plantar test and this effect of 5’-IRTX was abolished when co-administered with capsacin [28]. 576 

The precise localisation of TRPV1 on either GABAergic or glutamatergic neurons in the PAG 577 

sub-columns is unknown, but differential effects of modulation of TRPV1 on these neuronal 578 

subtypes is likely to dictate the effects on nociceptive behaviour.  579 

 580 

5. Conclusions 581 

Here we have shown that modulation of inflammatory pain by TRPV1 in the PAG occurs in a 582 

sub-column-specific manner.  The data also provide evidence for differences in the expression 583 

of TRPV1, and differences in the effects of pharmacological modulation of TRPV1 in specific 584 

PAG sub-columns, between WKY and SD rats, suggesting that TRPV1 expression and/or 585 

functionality in the PAG plays a role in hyper-responsivity to inflammatory pain in a genetic 586 

background prone to negative affect.  These findings may have implications for the 587 

understanding and treatment of persistent pain that is co-morbid with, or exacerbated by, 588 

affective disorders. 589 
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