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Abstract 

Title of Dissertation: Peripheral Receptor Mechanisms Underlying Orofacial Muscle Pain 

and Hyperalgesia 

 

Jami L. Saloman, Doctor of Philosophy, 2012 

Dissertation Directed by: Dr. Jin Y. Ro, Associate Professor, Department of Neural and   

                                         Pain Sciences 

 

Musculoskeletal pain conditions, particularly those associated with temporomandibular 

joint and muscle disorders (TMD) are severely debilitating and affect approximately 12% 

of the population. Identifying peripheral nociceptive mechanisms underlying mechanical 

hyperalgesia, a prominent feature of persistent muscle pain, could contribute to the 

development of new treatment strategies for the management of TMD and other muscle 

pain conditions. This study provides evidence of functional interactions between ligand-

gated channels, P2X3 and TRPV1/TRPA1, in trigeminal sensory neurons, and proposes 

that these interactions underlie the development of mechanical hyperalgesia. In the 

masseter muscle, direct P2X3 activation, via the selective agonist αβmeATP, induced a 

dose- and time-dependent hyperalgesia. Importantly, the αβmeATP-induced hyperalgesia 

was prevented by pretreatment of the muscle with a TRPV1 antagonist, AMG9810, or the 

TRPA1 antagonist, AP18. P2X3 was co-expressed with both TRPV1 and TRPA1 in 

masseter muscle afferents confirming the possibility for intracellular interactions. 

Moreover, in a subpopulation of P2X3/TRPV1 positive neurons, capsaicin-induced Ca
2+

 

transients were significantly potentiated following P2X3 activation. Inhibition of Ca
2+

-

dependent kinases, PKC and CaMKII, prevented P2X3-mechanical hyperalgesia whereas 

blockade of Ca
2+

-independent PKA did not. Finally, activation of P2X3 induced 

phosphorylation of serine, but not threonine, residues in TRPV1 in trigeminal sensory 



 
 

neurons. Significant phosphorylation was observed at 15 minutes, the time point at which 

behavioral hyperalgesia was prominent. Similar data were obtained regarding another 

nonselective cation channel, the NMDA receptor (NMDAR). Our data propose P2X3 and 

NMDARs interact with TRPV1 in a facilitatory manner, which could contribute to the 

peripheral sensitization underlying masseter hyperalgesia. This study offers novel 

mechanisms by which individual pro-nociceptive ligand gated ion channels form 

functional complexes in nociceptors. It is also important to further elucidate peripheral 

anti-nociceptive mechanisms to improve clinical utilization of currently available 

analgesics and uncover additional therapeutic targets. A side project examined the 

mechanisms underlying sex differences in the anti-hyperalgesic effects of delta opioid 

receptors (DORs). This study provides evidence of a sex difference in the potency at 

DORs that is mediated by differences in the expression of ATP-sensitive potassium 

channels. Collectively, understanding detailed molecular events that underlie the 

development of pathological pain conditions could benefit future pharmacotherapies.  

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

Peripheral Receptor Mechanisms Underlying Orofacial Muscle Pain and Hyperalgesia 

 

By  

Jami L. Saloman 

 

 

 

 

 

 

 

 

 

 

 

 

Dissertation submitted to the faculty of the Graduate School 

 of the University of Maryland, Baltimore in partial fulfillment  

of the requirements for the degree of 

Doctor of Philosophy  

2012 

 

 



 
 

 

 

 

 

 

 

 

 

 

© Copyright 2012 by Jami L. Saloman 

All Rights Reserved



iii 
 

Dedication 

 

 

 

 

 

 

 

 

Although I graciously acknowledge the immeasureable love, support, and wisdom from 

all family, friends, and colleagues, this work is dedicated to the two pillars on whose 

shoulders I rest daily, who have raised me up to meet life’s challenges: Charles (Dad) and 

Tracey (sister) Saloman.  

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

Acknowledgements 

I would like to express my utmost appreciation for my mentor Dr. Jin Y. Ro. He 

provided me with the opportunity to learn how to be a scientist in an independent, but 

nurturing environment. Dr. Man-Kyo Chung deserves many thanks for teaching me 

everything about Ca
2+

 imaging, and being my partner in crime. They gave me the 

confidence to survive. 

I appreciate all comments, ideas, and support from the members of the pain 

research group, specifically my thesis committee Drs. Man-Kyo Chung (reader), Dean 

Dessem (reader), Ronald Dubner, and Asaf Keller. In particular, I would also like to 

acknowledge Drs. Hiroaki Misono and Guang Bai for technical advice.  

Thank you to all the current and former members of the Ro Muscle Lab for their 

contributions in training me, specific contributions to the work presented in this 

dissertation (described below), and general lab support.  

Gregory Haynes was essential to the completion of the behavioral studies 

presented throughout this entire study.  

P2X3 project: Leelah Jaberi assisted with the HEK293 cell Ca
2+

 imaging 

experiments. Yongseok Chang assisted with the CaMKII-DN biochemical experiments as 

well as provided administrative/technical support during the preparation of this 

document. Sen Wang from the Chung Laboratory provided transfected HEK293 cells as 

well as amplified DNA. CaMKII-DN was a gift from the Thomas Blanpied Laboratory.  

NMDAR project: Gustave Weiland assisted with the Ca
2+

 imaging experiments. 

Dr. Jongseok Lee performed the biochemical experiments and Youping Zhang performed 

the immunohistochemical studies.  

DOR project: Katelyn Niu performed the Real-Time RT-PCR, biochemical 

studies, and staged the female rats. Youping Zhang performed the 

immunohistochemistry.  

 

Several staff and faculty provided me with academic and personal support without which 

this dissertation would not have come to fruition.  

Dept. of Neural and Pain Sciences: Judy Pennington, Yulvonnda Brown, Fran Addison 

Graduate Program in Life Science/Program in Neuroscience: Jennifer Aumiller,  

Drs. Frank Margolis, Jessica Mong, Thomas Abrams, Brad Alger 

Adoptive Homes: Dept. of Microbial Pathogenesis and Patricio O’Donnell Lab 

 

Several of my classmates taught me as much as the faculty and provided me with 

academic and personal support: in particular, Ross Cardarelli, Dr. Tracey Hermanstyne, 

the Student Research Group, and incoming class of 2006.  

 

I thank you all! 

 

Funding:  DE20966 to JLS; DE16062 to JYR; DE20866 to MKC; T32 DE007309 

 

Thank you to Elsevier, Lippincott Williams & Wilkins, Netter Images, Dr. Geoffrey 

Burnstock, and Dr. Danton O’Day for permissions to reprint their figures.  

 

 



v 
 

Table of Contents 

1. Introduction ......................................................................................................................1 

1.1 Temporomandibular Joint and Muscle Disorders ....................................................... 1 

1.2 Hyperalgesia and Sensitization ........................................................................3 

1.3 TRPV1 is a key player involved in hyperalgesia and sensitization .................5 

1.4 Role of TRPA1 in nociception and pain ..........................................................8 

1.5 ATP is released during inflammation and injury ...........................................10 

1.6 ATP activates GPCRs ....................................................................................11 

1.7 TRPV1 integrates ATP-GPCR signaling .......................................................12 

1.8 ATP activates ionotropic channels: role in muscle nociception & craniofacial  

      tissue ...............................................................................................................13 

1.9 Potential P2X3-TRPV1 and P2X3-TRPA1 interactions .................................15 

1.10 Sex differences in pro- and anti-nociception ................................................17 

1.11 Conclusion ....................................................................................................18 

2. Methods..........................................................................................................................20 

2.1 Animals  .........................................................................................................20 

2.2 Behavioral Studies  .........................................................................................20 

2.2a Paradigm ...............................................................................................20 

2.2b Drug Preparation and Administration ...................................................22 

2.2c Experimental and Control Groups ........................................................22 

2.2d Data Analysis ........................................................................................24 

2.3 Retrograde Labeling of Masseter Afferents for Immunohistochemistry  ......25 

2.4 Immunohistochemistry  ..................................................................................25 



vi 
 

2.4a Immunohistochemical Protocols ...........................................................25 

2.4b Data Analysis ........................................................................................26 

2.5 HEK293 Cell Culture and Transfection  ........................................................27 

2.6 Primary Trigeminal Ganglia Culture  .............................................................28 

2.7 Ca
2+

 Imaging  .................................................................................................28 

2.7a Primary TG culture preparation ............................................................28 

2.7b Drug Preparation ...................................................................................29 

2.7c Ca
2+

 Imaging Protocols .........................................................................30 

2.7d HEK293 Cell Ca
2+

 Imaging Studies .....................................................32 

2.7e Data Analysis ........................................................................................32 

2.8 Phosphorylation Studies  ................................................................................33 

2.8a TG primary culture preparation ............................................................33 

2.8b Drug preparation and Administration ...................................................33 

2.8c Immunoprecipitation Protocol ..............................................................34 

2.8d Data analysis .........................................................................................35 

2.9 CaMKII Biochemistry in TG  ........................................................................36 

2.9a CaMKII Antibody Specificity ...............................................................36 

2.9b P2X3 induced activation of CaMKII .....................................................37 

2.9c Transfection of TG cultures: K42M CaMKII-DN ................................37 

3. P2X3 interacts with TRPV1 ...........................................................................................39 

3.1 Introduction  ...................................................................................................39 

3.2 P2X3-induced masseter hyperalgesia  ............................................................41 

3.3 TRPV1 mediates P2X3- induced masseter hyperalgesia  ...............................44 



vii 
 

3.4 Co-expression of TRPV1 and P2X3 in masseter afferents  ............................48 

3.5 Co-immunoprecipitation of P2X3-TRPV1 .....................................................49 

3.6 P2X3 sensitizes TRPV1 Ca
2+

 transients  ........................................................50 

3.7 Another Ca
2+

 permeable channel, NMDA receptor, sensitizes TRPV1 Ca
2+

     

     transients in trigeminal sensory neurons  ........................................................54 

3.8 Discussion  .....................................................................................................59 

4. P2X3-TRPV1 interaction is mediated by PKC and CaMKII  ........................................66 

4.1 Introduction  ...................................................................................................66 

4.2 The role of PKC in P2X3-induced masseter hyperalgesia  .............................67 

4.3 The role of kinase(s) in P2X3-induced sensitization of TRPV1 .....................70 

4.4 The role of CaMKII in P2X3-induced masseter hyperalgesia  .......................71 

4.5 A non-Ca
2+

-dependent kinase is not involved in P2X3-induced masseter  

      hyperalgesia  ...................................................................................................72 

4.6 P2X3 activation induces serine phosphorylation on TRPV1 ..........................74 

4.7 Kinase inhibition blocks phosphorylation of TRPV1 ....................................76 

4.8 Discussion  .....................................................................................................81 

5. P2X3-TRPA1 interactions in trigeminal nociceptors  ....................................................86 

5.1 Introduction  ...................................................................................................86 

5.2 Co-expression of TRPA1 and P2X3 in masseter afferents  ............................87 

5.3 TRPA1 mediates P2X3-induced masseter mechanical hyperalgesia  .............88 

5.4 There are no sex differences in P2X3-TRPA1 interaction  ............................89 

5.5 PKC may be involved in P2X3-TRPA1 interaction  ......................................90 

5.6 Discussion  .....................................................................................................91 



viii 
 

6. Overall Discussion  ........................................................................................................97 

6.1 Summary  .......................................................................................................97 

6.2 Purinergic signaling in trigeminal ganglia  ....................................................97 

6.3 P2X3 interacts with TRP channels ..................................................................99 

6.4 TRP activity is required for mechanical hyperalgesia ..................................103 

6.5 Sensitization in masseter afferents ...............................................................105 

6.6 Sex differences in channel-channel interactions ..........................................107 

6.7 Conclusion/Future Directions ......................................................................108 

Appendix I. NMDA receptors-TRPV1 interactions in trigeminal sensory neurons ........109 

Appendix II. Sex differences in delta opioid receptor-induced anti-hyperalgesia is  

          mediated by the ATP-sensitive potassium channel  .................................133 

References  .......................................................................................................................165 

 

 

 

 

 

 

 

 

 

 

 



ix 
 

List of Tables 

Table 2.1 Behavior experiments in chapter 3 ....................................................................23 

Table 2.2 Behavior experiments in chapter 4 ....................................................................24 

Table 2.3 Behavior experiments in chapter 5 ....................................................................24 

Table 2.4 Antibodies used for immunohistochemistry  .....................................................26 

Table 2.5 Ca
2+

 imaging protocols for primary TG culture  ...............................................31 

Table 2.6 HEK293 cell experimental protocols in chapter 3  ............................................32 

Table 2.7 Antibodies used for immunoprecipitation studies .............................................35 

Table 2.8 Antibodies used for control studies  ..................................................................36 

Table 3.1 Response profile of neurons in Ca
2+

 imaging study  .........................................50 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 
 

List of Figures 

Figure 1.1 Anatomy of the TMJ and facial muscles ............................................................2 

Figure 1.2 Effect of insult on stimulus response curves at the behavioral  

                 and cellular level  ................................................................................................3 

Figure 1.3 Structure and example agonists of TRPV1 ........................................................5 

Figure 1.4 Inflammatory mediators sensitize TRP channels through GPCR-signaling  .....7 

Figure 1.5 Topology and phylogeny of P2X receptors  .....................................................13 

Figure 1.6 Model of hypothesis  ........................................................................................19 

Figure 2.1 CaMKII activation  ...........................................................................................36 

Figure 3.1 Effect of P2X3 activity on Masseter Sensitivity  ..............................................42 

Figure 3.2 The effect of topical benzocaine on nociception and masseter                         

                  mechanosensitivity  ..........................................................................................43 

Figure 3.3 Role of TRPV1 in P2X3 induced masseter hyperalgesia .................................45 

Figure 3.4 Sex differences in P2X3-induced masseter hyperalgesia  .................................46 

Figure 3.5 The effect of AMG9810 on αβmeATP-evoked Ca
2+

 responses in trigeminal  

                  sensory neurons  ...............................................................................................47 

Figure 3.6 The somata of masseter afferents labeled by retrograde transport of Fast Blue  

                  (FB) were assessed for TRPV1 and P2X3 immunoreactivity  .........................49 

Figure 3.7 The effects of αβmeATP on capsaicin-induced Ca
2+

 responses in TG neurons   

                  from population 1 .............................................................................................51 

Figure 3.8 The effects of αβmeATP on capsaicin-induced Ca
2+

 responses in TG neurons  

                  from population 2 .............................................................................................52 

Figure 3.9 Specificity of P2X3 and TRPV1 agonists  ........................................................53 

Figure 3.10 The effect of A-317491 on αβmeATP-evoked responses in TG neurons  .....54 

Figure 3.11 The sensitizing effect of NMDA on capsaicin-induced responses in TG  

                    neurons  ..........................................................................................................56 

Figure 3.12 NMDA effect on capsaicin-evoked responses in a subset of TG neurons  ....57 

Figure 3.13 The effect of 100nmol AMG9810 on capsaicin-evoked responses in TG  

                    neurons  ..........................................................................................................58 

Figure 3.14 The effect of 100nmol AMG9810 on NMDA/glycine-evoked responses in  

                    TG neurons ....................................................................................................59  

Figure 4.1 Role of PKC in P2X3 induced masseter hyperalgesia  .....................................68 

Figure 4.2 Role of TRPV1 in PKC induced hyperalgesia of masseter  .............................69 

Figure 4.3 The effect of a PKC inhibitor, GF109203x, on αβmeATP-induced potentiation  

      of capsaicin-induced Ca
2+ 

responses in TG neurons  .......................................70 

Figure 4.4 Role of CaMKII in P2X3 induced masseter hyperalgesia  ...............................72 

Figure 4.5 PKA induced masseter hyperalgesia  ...............................................................73 

Figure 4.6 PKA has no role in P2X3 induced masseter hyperalgesia  ...............................74 

Figure 4.7 The effect of αβmeATP on TRPV1 serine phosphorylation in TG cultures  ...75 

Figure 4.8 The effect of αβmeATP on TRPV1 threonine phosphorylation in TG cultures              

                 ...........................................................................................................................75 

Figure 4.9 The effect of αβmeATP on TRPV1 expression in TG cultures  ......................76 

Figure 4.10 Representative blot demonstrating the effect of a PKC inhibitor, GF109203x,  

                   on P2X3 induced phosphorylation of TRPV1 in TG cultures  ........................77 

Figure 4.11 The detection of p-CaMKII byAbcam antibody  ...........................................78 



xi 
 

Figure 4.12 The specificity of Cayman Chemicals CaMKII antibody ..............................79 

Figure 4.13 Levels of p-CaMKII in TG cultures treated with αβmeATP or vehicle  ........80  

Figure 4.14 Confirmation of successful electroporation of CaMKII-DN or vehicle in TG  

                   cultures  ...........................................................................................................81 

Figure 5.1 The somata of masseter afferents labeled by retrograde transport of Fast Blue  

                  (FB) were assessed for TRPA1 and P2X3 immunoreactivity  .........................88 

Figure 5.2 αβmeATP-induced masseter hyperalgesia involves TRPA1 ...........................89 

Figure 5.3 P2X3-induced masseter hyperalgesia in male and female rats  ........................90  

Figure 5.4 Role of TRPA1 in PKC-mediated masseter hyperalgesia  ...............................91 

Figure AI.1 The effects of intramuscular injection of NMDA and AMG9810 on masseter  

                    mechanical sensitivity  .................................................................................117 

Figure AI.2 NR1 and TRPV1 expression and co-immunoprecipitation in trigeminal  

                    ganglia (TG) .................................................................................................120  

Figure AI.3 The effects of NMDA treatment on the phosphorylation of TRPV1 in  

                    cultured trigeminal ganglia neurons ............................................................122 

Figure AI.4 The involvement of CaMKII in NMDA-induced serine phosphorylation of  

                    TRPV1 and mechanical hyperalgesia  .........................................................124 

Figure AI.5 The involvement of protein kinase C in NMDA-induced serine  

                    phosphorylation of TRPV1 and mechanical hyperalgesia  ..........................125 

Figure AI.6 Protein kinase A is not involved in NMDA-induced TRPV1 phosphorylation  

                    ......................................................................................................................126  

Figure AII.1 The effect of capsaicin on mechanical sensitivity in male and female rats      

                    ......................................................................................................................146 

Figure AII.2 DPDPE-induced sex dependent effects on masseter hypersensitivity  .......148 

Figure AII.3 DOR levels in male and female TG  ...........................................................150 

Figure AII.4 Expression of KATP mRNA in male and female TG ................................151 

Figure AII.5 Sex differences in the expression of KATP protein in male and female TG  

                      ....................................................................................................................151 

Figure AII.6 Immunohistochemical analysis of Kir expression in male and female  

                      masseter afferents ......................................................................................153 

Figure AII.7 The effects of pinacidil on masseter hypersensitivity in male rats  ............154 

Figure AII.8 Pinacidil has no effect in female rats  .........................................................155 

Figure AII.9 The sex differences in the anti-hyperalgesic effects of KATP were  

                      confirmed with another KATP opener, diazoxide  ....................................156 

Figure AII.10 A KATP antagonist inhibits the DPDPE effect on capsaicin-induced  

                       masseter hypersensitivity  .........................................................................157 

 

 

 

  

 

 



xii 
 

 Abbreviations 

 

αβmeATP: alpha,beta-methylene adenosine triphosphate  

ΔF: averaged change in fura response   

AA: arachidonic acid  

ADP: adenosine diphosphate      

ATP: adenosine triphosphate       

AUC: area under the curve 

CaMKII: Ca
2+

/calmodulin kinase II   

cAMP: cyclic adenosine monophosphate 

CFA: complete Freund’s adjuvent       

CGRP: calcitonin gene related peptide       

CIB: Ca
2+

 imaging buffer       

CIP: calf intestine phosphatase       

Co-IP: co-immunoprecipitation       

CQ: chloroquine       

CREB: cAMP response element binding       

DAG: diacylglycerol 

Di: diestrus 

DMSO: dymethyl sulfoxide 

DN: dominant negative 

DOR: delta (δ) opioid receptor 

DRG: dorsal root ganglia 

ECL: enhanced chemiluminescence 

EDTA: Ethylenediaminetetraacetic acid 

eGFP: enhanced green fluorescent protein 

F: Fura response 

FB: Fast Blue 

Fura2-AM: Fura-2 acetoxymethyl ester  

gluR: glutamate receptor 

GPCR: G-protein coupled receptor 

HEK293: human embryonic kidney 293 

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HS: horse serum 

i.m.: intramuscular 

i.p.: intraperitoneal 

IP: immunoprecipitation 

IP3: inositol trisphosphate 

KATP: ATP-sensitive potassium (K
+
) channel 

Kir: inwardly rectifying potassium (K
+
) channel 

KO: knockout 

KOR: kappa (κ) opioid receptor 

mGluR5: metabotropic glutamate receptor 5 

MO: mustard oil 

MSCs: mechanosensitive channels 

NGF: nerve growth factor 



xiii 
 

NMDAR: NMDA receptor 

NOS: nitrous oxide 

OR: opioid receptor 

p-: phospho 

PAR2: protease activated receptor 2 

PGE2: prostaglandin E2 

PIP2: phosphatidylinositol 4,5-bisphosphate 

PKA: protein kinase A 

PKC: protein kinase C 

PLC: phospholipase C 

PLA2: phospholipase A2 

PMA: phorbol 12-myristate 13-acetate 

Pro: proestrus 

PSG: penicillin/streptomycin/glutamine 

ROS: reactive oxygen species 

SACs: stretch activated channels 

s.c.: subcutaneous 

SE: standard error of the mean 

Ser: serine 

SUR: sulphonylurea receptor 

TG: trigeminal ganglia 

Thr: threonine 

TMD: temporomandibular joint and muscle disorder 

TMJ: temporomandibular joint 

TRP: transient receptor potential 

UDP: uridine diphosphate 

UTP: uridine triphosphate 

VF: Von Frey 

WT: wildtype



1 
 

Chapter 1. Introduction 

1.1 Temporomandibular Joint and Muscle Disorders 

Temporomandibuar joint and muscle disorder (TMD) is a cluster of clinical 

problems involving the masticatory musculature, temporomandibular joint (TMJ) and 

associated structures (Fig. 1.1).  Patients suffer from ongoing muscle and joint pain as 

well as pain during mastication, locking and clicking of the TMJ, tenderness upon 

palpation, reduced force output, and limited range of motion (Benoliel and Sharav, 2008).   

The etiology and pathophysiology of TMD are unclear and can differ on a case by 

case basis.  A patient may develop TMD as a result of macro- or microtrauma or from a 

specific dental/occlusal source as well as structural damage to the TMJ or associated 

structures. In contrast, another group of patients have no apparent physical abnormalities 

but psychological state/traits or other environmental conditions manifest as TMD pain. 

Finally, a persistent local inflammation (multifactorial causes), TMJ arthralgia 

(clenching/bruxism), reduced blood supply and nutrition, and even osteoarthritis 

(gender/genetics) have all been linked to TMD. 

Regardless of the etiology, 5 to 12% of the population presents with TMD 

symptoms (NIDCR.nih.gov). Depending on the duration and severity of symptoms, there 

are a variety of therapies available. However, due to the multifactorial nature of TMD, it 

is difficult to fashion specific mechanism-based treatment and pain management. Short-

term therapies include opioid analgesics, non-steroidal anti-inflammatories, muscle 

relaxants, and physical therapy. Pharmacotherapies in particular have negative side 

effects. Opioids, for example, can induce tolerance, addiction, and respiratory issues 

(Cowan et al., 1988; Sheldon et al., 1990; Cheng et al., 1993).  More long-term  
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treatments include intra-oral appliances, behavioral therapy, relaxation therapy, anti-

depressants, and in some cases surgery. Unfortunately, unless the etiology can be 

determined these treatments, even surgery, are temporary fixes. The symptoms are 

suppressed but the problem returns.  One of the main pain related symptoms associated 

Figure 1.1 Anatomy of the TMJ and facial muscles. (A,B) Sagittal sections of the temporomandibular 

articulation after the capsule has been cut away. (Hiatt and Gartner, 2010)  (C) Facial muscles including 

the masseter and temporalis muscles of mastication (pterygoids not pictured).  

 

Netter illustration from www.netterimages.com.  

© Elsevier Inc. All rights reserved. 
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with TMD is mechanical hyperalgesia of the muscles of mastication. The primary goal of 

this study was to investigate how this mechanical hyperalgesia develops, furthering our 

understanding of the underlying mechanisms and moving the field towards development 

of better tools for pain management (Chapter 3-5 and APPENDIX I). 

 

1.2 Hyperalgesia and Sensitization  

Hyperalgesia is characterized by three properties: increased responses to an 

already noxious stimulus, decreased threshold to evoke a nocifensive response, and 

increased spontaneous pain (Fig. 1.2A).  Although patients and animals experience 

hyperalgesia at the behavioral level a similar phenomenon occurring at the cellular level 

is referred to as sensitization. Nociceptive neurons exhibit lowered thresholds, increased 

responses to the same intensity stimulus, and increased spontaneous activity. These 

changes result in a leftward shift of the stimulus-response function of a nociceptive 

neuron (Fig. 1.2B).  Both hyperalgesia and sensitization can be studied at multiple levels, 

peripherally and centrally. Peripheral and central mechanisms have been implicated in 

Figure 1.2 Effect of insult on stimulus response curves at the behavioral and cellular level. (A) Pain 

intensity to the same noxious stimulus increases following inflammation/injury. (B) Neuronal responses 

also increase to the same noxious stimulus following insult. 
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pain and hyperalgesia. The sensitization of primary afferent nociceptors has been 

suggested as the peripheral mechanism underlying behavioral symptoms such as 

mechanical hyperalgesia in muscle tissue (Mense, 1993). The central nervous system is 

required for the consciousness of pain, but, in most cases, it is initiated with peripheral 

input. Thus, I focus on the peripheral mechanisms with the assumption that reducing 

activity or blocking input to the central nervous system can reduce or alleviate 

downstream consequences of that input. The focus of this study is on the nociceptors 

innervating the masseter muscle because it is the predominant muscle associated with 

TMD related pain (Orhbach et al., 2011; Fig. 1.1B). There are established rodent 

behavioral models for assessing mechanical hyperalgesia from the masseter muscle 

which allow the investigation of mechanism based hypotheses involving nociceptors.  

Several different types of molecules that are released during injury and 

inflammation from damaged tissue (e.g. muscle, neurons, immune cells) have been 

implicated in hyperalgesia and peripheral sensitization. Amino acids such as glutamate 

are released in peripheral tissue (Piani et al., 1991; Parpura et al., 1995; Lawand et al., 

1997; McAdoo et al., 1997; Omote et al., 1998; Lawand et al., 2000). Direct activation of 

glutamate receptors in muscle produces mechanical hyperalgesia (Cairns et al., 2003; Ro 

et al., 2005; Svensson et al., 2005; Lee and Ro, 2007b). Peptides like bradykinin are 

found in inflammatory exudates. Direct administration of bradykinin induces 

sensitization of the masseter (Ro and Capra, 2006). Neurotrophins such as nerve growth 

factor (NGF) are also released and sensitize masseter muscle nociceptors (Mann et al., 

2006; Svensson et al., 2010). These various inflammatory mediators and their cognate 
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receptors have been rigorously investigated as important molecules that initiate and/or 

maintain hyperalgesia and nociceptor sensitization. 

  

1.3 TRPV1 is a key player involved in hyperalgesia and sensitization  

In pursuit of the mechanisms underlying peripheral sensitization, several members 

of the Transient Receptor Potential (TRP) channel superfamily were identified and 

implicated in nociception and sensitization (Levine and Alessandri-Haber, 2007; Chung 

et al., 2011a), in particular TRPV1 and TRPA1. 

TRPV1 was first cloned in 1997 (Caterina et al., 1997). Each subunit has six 

transmembrane domains that form a functional tetramer (Fig. 1.3).  This nonselective 

cation channel can be activated by a variety 

of agonists including heat ( > 43
o
C), protons, 

vanilloids, lipid metabolites, cannabinoids, 

and tarantula toxin (Cortright and Szallasi, 

2004; Bohlen et al., 2010). Initially TRPV1 

was implicated as a heat transducer and 

shown to play a role in cutaneous thermal 

hyperalgesia under inflammatory conditions 

(Caterina et al., 2000; Davis et al., 2000; Levine and Alessandri-Haber, 2007). There is a 

discrepancy regarding the role of TRPV1 in cutaneous mechanical hyperalgesia in so far 

as TRPV1 knockout (KO) mice do not exhibit baseline changes or deficits following 

complete Freund’s adjuvant (CFA) or carrageenan injections (Caterina et al., 2000; Davis 

et al., 2000). However, other groups have implicated TRPV1 in mechanical 

Figure 1.3 Structure and example agonists of 

TRPV1. 
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hypersensitivity following both CFA inflammation and nerve ligation (Pomonis et al., 

2003; Gavva et al., 2005; Honore et al., 2005). 

TRPV1 has been more clearly implicated in mechanical hyperalgesia in deep 

tissue. TRPV1 is associated with joint pain in arthritis models as well as bone cancer pain 

(Ghilardi et al., 2005; Honore et al., 2005; Keeble et al., 2005). Specifically in muscle, 

TRPV1 mediates colorectal muscle afferent mechanosensitivity and visceral hyperalgesia 

(Jones et al., 2005; Ravnefjord et al., 2009). Blocking TRPV1 attenuates mechanical 

hyperalgesia induced by eccentric contraction of the gastrocnemius muscle (Fujii et al., 

2008). Additionally, masseteric injection of the TRPV1 agonist capsaicin significantly 

lowers noxious mechanical thresholds in humans and rats (Arendt-Nielsen et al., 2008; 

Ro et al., 2009). 

The concept surrounding TRPV1 involvement in hyperalgesia is sensitization. 

Nociceptors become sensitized through a variety of modifications (functional 

competence, expression, trafficking) that increase TRPV1 function. Several pro-

inflammatory molecules including glutamate, bradykinin, prostaglandins (e.g. PGE2), and 

neurotrophins converge on TRPV1 to form ‘functional units’ through G-protein coupled 

receptor (GPCR) and tyrosine kinase receptor signaling (Fig. 1.4). In some cases, 

multiple pathways have been implicated.  
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For example, NGF leads to increased synthesis and insertion of TRPV1 into the 

membrane (Ji et al., 2002; Zhang et al., 2005). NGF and bradykinin have also been 

shown to sensitize TRPV1 through phospholipase C (PLC) hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2), releasing a tonic inhibition of the channel 

(Chuang et al., 2001). Glutamate has been shown to increase TRPV1 function through 

metabotropic glutamate receptor 5 (mGluR5) initiating an autocrine pathway involving 

the PLC-diacylglycerol (DAG) induced release of PGE2 which then activates protein 

kinase A (PKA) (Hu et al., 2002b). In the trigeminal system, mGluR5-induced masseter 

mechanical hyperalgesia also involves protein kinase C (PKC) (Lee and Ro, 2007b), 

which upon activation can modulate TRPV1. Inflammatory mediators can also utilize a 

Figure 1.4 Inflammatory mediators sensitize TRP channels through GPCR-signaling. 

(Levine and Alessandri-Haber, 2007) 
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variety of signaling pathways to phosphorylate TRPV1 thereby increasing functional 

competence of the channels. Protease activation of protease activated receptor 2 (PAR2) 

induces hyperalgesia through both PKC and PKA sensitization of TRPV1 (Amadesi et 

al., 2004; Amadesi et al., 2006). Substance P, on the other hand, sensitizes TRPV1 

through only PKC (Sculptoreanu et al., 2008). Multiple other kinases are known to 

phosphorylate TRPV1 including protein kinase D, MAPK, CDk5, PI3K, and 

Ca
2+

/calmodulin-dependent protein kinase II (CaMKII) (Jung et al., 2004; Chung et al., 

2011a). This project will test the hypothesis that TRPV1 contributes to P2X3-mediated 

mechanical hyperalgesia. (Chapter 4) 

 

1.4 Role of TRPA1 in nociception and pain 

 TRPA1 (formerly ANKTM1) is also a 6 transmembrane domain nonselective 

cation channel. TRPA1 can be activated by a variety of compounds including mustard oil 

(MO), formaldehyde, and cinnemaldehyde. It can also be activated by endogenous 

agonists such as those generated by tissue damage and oxidative stress including 

prostaglandin J2, ROS, NOS, and H2O2 (Chung et al., 2011a). Many of these agonists 

work through covalent modification at cysteine residues inducing prolonged residual 

activity. TRPA1 is predominantly co-expressed in TRPV1 positive nociceptors (Story et 

al., 2003; Jordt et al., 2004; Diogenes et al., 2007; Salas et al., 2009). TRPA1 was first 

found to be a cold sensor (Story et al., 2003; Karashima et al., 2009), responding to 

temperatures below 17
o
C, and has been implicated in cold thermal hyperalgesia (Obata et 

al., 2005; Katsura et al., 2006).  
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More recently TRPA1 has been suggested as a mechanoreceptor. The TRPA1 

antagonist HC-030031 inhibits mechanically evoked firing in c-fibers in an ex-vivo skin-

nerve preparation (Kerstein et al., 2009). However, conduction velocity and initial 

response to sustained force remain unchanged. TRPA1 KO mice exhibit some deficit to 

punctate mechanical stimuli, and fewer KO mice compared to wildtype (WT) show a 

pain response in the randall-selitto test (Kwan et al., 2006). In another study, baseline 

mechanical thresholds are unchanged, but MO-induced hypersensitivity is abolished in 

TRPA1 KO mice (Bautista et al., 2006). Furthermore, TRPA1 antagonists HC-030031 

and AP18 attenuate mechanical hypersensitivity induced by CFA inflammation and 

spinal nerve ligation (Petrus et al., 2007; Eid et al., 2008; da Costa et al., 2010). These 

data suggest that TRPA1 may not function as a mechanoreceptor, but as a downstream 

component that modulates mechanical sensitivity. Specifically in muscle, masseteric 

injections with MO evoke reliable, concentration-dependent, nocifensive responses and 

prolonged mechanical hypersensitivity, effects that are specifically mediated via local 

TRPA1 (Ro et al., 2003; Ro et al., 2009). Thus, it is likely that TRPA1, along with 

TRPV1, contributes to pathological muscle pain responses under injury or inflammatory 

conditions.  

TRPA1 has been implicated in sensitization. Inflammatory mediators known to 

modulate TRPV1 such as NGF, bradykinin, and proteases have now been shown to 

sensitize TRPA1 as well (Bautista et al., 2006; Kwan et al., 2006; Dai et al., 2007; 

Diogenes et al., 2007). Depletion of PIP2, PKA, and increased trafficking to the 

membrane are pathways implicated in TRPA1 sensitization (Dai et al., 2007; Wang and 

Huang, 2008; Schmidt et al., 2009). Increases in intracellular calcium have been shown to 
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sensitize MO-induced currents (Jordt et al., 2004). Therefore, common Ca
2+

 dependent 

pathways (e.g. PKC) may also contribute to the sensitization of TRPA1. This project will 

test the hypothesis that TRPA1 contributes to P2X3-mediated mechanical hyperalgesia. 

(Chapter 5)  

 

1.5 ATP is released during inflammation and injury 

ATP is released from most cells. As part of the purinergic system it functions 

within an auto- and paracrine signaling network for intercellular communication to 

regulate organ function. The primary mechanisms of release include vesicular exocytosis, 

leaking out following cell damage, and potentially transporter/anion channel mediated 

release (Vassort, 2001; Burnstock, 2007a; Abbracchio et al., 2009; Praetorius and 

Leipziger, 2009). In vitro and ex vivo studies demonstrate that during injury or 

inflammation the release of cytosolic contents, specifically ATP, following cell damage 

activates nociceptors (Cook and McCleskey, 2002; Reinohl et al., 2003). Particularly in 

muscle, tissue injury and inflammation damage the integrity of myofiber membranes 

allowing the exchange of intracellular and extracellular components as early as 15 

minutes after the insult and persisting 21 days (Lovering and De Deyne, 2004). Nuclear 

magnetic resonance spectroscopy on myocytes revealed the concentration of cytoplasmic 

ATP to be ~7.6mM (Stewart et al., 1994). The concentration of ATP is diluted 

approximately 1000 fold when cells are lysed releasing it into extracellular space. This 

concentration of ATP activates 67-76% of group IV muscle afferents (Reinohl et al., 

2003; Hoheisel et al., 2004), suggesting that injury or inflammation produces ATP-

mediated muscular pain. These studies intimate the amount of ATP in muscles is so 
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abundant that the diluted concentration is within the 50% maximal effective 

concentration (EC50) range of ATP receptors. Consistent with these observations direct 

application of ATP induces nociception in rodents (Sawynok and Reid, 1997; Hamilton 

et al., 1999) and evokes significant increases in level and duration of pain/tendernesss 

when injected into human muscles (Mork et al., 2003). 

 

1.6 ATP activates GPCRs  

 The P2Y subfamily of GPCRs is comprised of eight subunits which have a typical 

seven transmembrane domain structure, an extracellular N terminus, and intracellular C 

terminus. The P2Y1, P2Y2, P2Y4, and P2Y6 subunits are coupled to the Gq/11 protein 

which leads to the activation of PLC and inositol trisphosphate (IP3). P2Y12, P2Y13, and 

P2Y14 are coupled to Gi or Gi/o which inhibit adenylyl cyclase. Multiple ligands are 

capable of activating the receptors. For instance, UTP and ATP are equipotent for P2Y2. 

However, ADP is the most potent agonist for P2Y1, P2Y12, and P2Y13.  UDP binds 

human P2Y6 while UDP and UTP bind rat and mouse P2Y6. UTP binds P2Y4 and uridine 

sugars agonize P2Y14. Additionally, ligand identity can specify which signaling pathway 

is initiated. The P2Y11 subunit has been shown to couple to both Gq/11 and Gs. When ATP 

binds to P2Y11 cyclic adenosine monophosphate (cAMP), IP3, and calcium
 
increases. 

When UTP binds to
 

P2Y11 calcium is mobilized independently of IP3 or cAMP. 

(Burnstock, 2007b; Burnstock, 2007a; Abbracchio et al., 2009) 
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1.7 TRPV1 integrates ATP-GPCR signaling  

Like other pro-nociceptive molecules, the ATP released during injury and 

inflammatory situations initiates signaling cascades via its cognate GPCRs which can 

converge on TRPV1.  In vitro studies using human embryonic kidney 293 (HEK293) 

cells expressing TRPV1 and dissociated dorsal root ganglia (DRG) testify that 

extracellular ATP potentiates capsaicin-, proton-, and heat-evoked inward currents 

(Tominaga et al., 2001). This effect is blocked by a PKC inhibitor and nonspecific P2Y1 

antagonists. Patch-clamp recordings from DRG reveal that ATP and UTP potentiate 

capsaicin-evoked currents in wild type and P2Y1 KO DRG, suggesting TRPV1-P2Y2 

interactions occur (Moriyama et al., 2003). Ca
2+

 imaging reveals that DRG neurons from 

P2Y2 KO mice exhibit desensitized capsaicin responses; exposing wild-type DRG 

neurons to ATP or UTP potentiates more than 60% of subsequent capsaicin responses 

(Malin et al., 2008). P2Y2 KO mice show deficits in noxious heat sensation and 

development of thermal hyperalgesia; behavioral responses to capsaicin are also absent 

suggesting signaling between TRPV1 and P2Y2 is essential for thermal nociception and 

hyperalgesia. Single topical capsaicin treatment in the forearm induces a burning and 

hyperalgesia in human subjects that is significantly aggravated when followed by 

iontophoretic application of ATP (Hamilton et al., 2000). These data suggest ATP 

receptors and TRPV1 interact in humans as well as animal models. 
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1.8 ATP activates ionotropic channels: role in muscle nociception & craniofacial tissue 

 Interestingly, in addition to metabotropic P2Y receptors, ATP is the endogenous 

agonist for the ionotropic P2X receptors (Fig. 5A).  P2X receptors are comprised of two 

transmembrane domain subunits, that oligomerize into trimers (Fig. 5B). Both the C and 

 N termini are intracellular while a large extracellular loop sits between two 

transmembrane domains.  There are cysteines conserved across species in all subunits. 

Each subunit has n-linked glycosylation sites essential for trafficking to the cell surface 

and for proper channel function. ATP acts as an agonist for all seven subunits, but with 

an EC50 of 1-10µM for P2X1-6 and an EC50 of 100-1000µM for P2X7.  

Although mRNAs for multiple P2X receptors are found in sensory neurons, P2X3 

homomers and heteromers are of particular interest since they are expressed exclusively 

in primary afferent neurons in the peripheral nervous system with expression levels 

several fold higher than other P2X subunits (Chen et al., 1995; Bradbury et al., 1998; 

Dunn et al., 2001). During a maintained agonist application, P2X3 homomers are 

characterized by a rapidly rising inward current that strongly desensitizes whereas P2X2 

homomers exhibit slowly desensitizing or non-desensitizing currents. The heteromeric 

 A 

(Burnstock, 2008)
 

B 
 

Figure 1.5 Phylogeny and topology of P2X receptors. (A) Phylogenetic tree for P2X subfamily of 

receptors. (B) Prototypic structure of a P2X receptor subunit. 



14 
 

P2X2/3 receptors are characterized by inward currents which rise somewhat more slowly 

than the P2X3 homomer and do not significantly decline during agonist applications 

(Burnstock and Wood, 1996; Dunn et al., 2001; North, 2002; Gever et al., 2006). Several 

pharmacological agents are currently available for specific manipulation of P2X3 

receptors. Alpha,beta-methylene adenosine triphosphate (αβmeATP) is a selective 

agonist for the P2X1 and P2X3 containing receptors, and A-317491 is a selective P2X3 

antagonist that does not readily cross the blood brain barrier (Jarvis et al., 2002; Wu et 

al., 2004). These compounds will be utilized to investigate P2X3-mediated masseter 

mechanical hyperalgesia and to elucidate the underlying mechanisms. 

P2X3 has been implicated in a variety of pain conditions including chemotherapy 

induced cutaneous and muscular mechanical hyperalgesia, neuropathic pain, 

inflammatory hyperalgesia and bone cancer pain (Tsuda et al., 2007; Oliveira et al., 2009; 

Hori et al., 2010; Kaan et al., 2010). P2X3 signaling in bladder and colorectal muscle 

afferents contributes to mechanosensitivity and hypersensitivity as well (Shinoda et al., 

2009; Chen and Gebhart, 2010; Shinoda et al., 2010).  

P2X3 has also been implicated in craniofacial nociception and pain. Simple tooth 

movement induces nocifensive behavior that is reduced by a P2X3 antagonist (Yang et 

al., 2009). Similarly, direct application of the P2X3 agonist, αβmeATP, to tooth pulp 

induces genioglossus muscle activity and nocifensive behavior that can be attenuated by a 

P2X antagonist (Adachi et al., 2010). Inflammation of the masseter muscle via eccentric 

muscle contraction or CFA induces up-regulation of P2X3 expression (Ambalavanar et 

al., 2005; Dessem et al., 2010). Functionally, masseteric injection of αβmeATP dose-

dependently reduces pressure pain threshold, a condition reversed by the nonselective 
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P2X antagonist PPADS (Shinoda et al., 2008). Similar results are seen when αβmeATP is 

injected into the TMJ, and hyperalgesia is inhibited when PPADS is co-administered with 

carrageenan (Oliveira et al., 2005). Conversely, P2X3 KO mice demonstrate reductions in 

formalin-induced nocifensive behavior though they have little defect in the development 

of intraplantar ATP-induced mechanical hyperalgesia (Cockayne et al., 2000; Souslova et 

al., 2000). Such differences could be due to many factors including species or tissue, and 

developmental compensations in the KO. This study will provide additional validation 

clarifying the role of P2X3 in peripherally mediated mechanical hyperalgesia in 

craniofacial muscle tissue. (Chapter 3) 

 

1.9 Potential P2X3-TRPV1 and P2X3-TRPA1 interactions 

Currently, P2X3, TRPV1, and TRPA1 have been independently implicated in 

sensitization and hyperalgesia. It is conceivable that ATP initiates signaling cascades via 

its ionotropic channels as well as its GPCRs that converge on TRPV1 and/or TRPA1. 

However, these channel-channel interactions are relatively under studied. Recently, 

accumulating evidence points to ionotropic channel-channel interactions in sensory 

neurons (Nakazawa et al., 1994a, b; Searl et al., 1998; Khakh et al., 2000, 2005; Ruparel 

et al., 2008; Sala et al., 2009; Birdsong et al., 2010). TRPV1/TRPA1 agonist-evoked 

calcitonin gene related peptide (CGRP) release and nocifensive behavior are inhibited by 

treatment with the agonist for the other TRP channel (Ruparel et al., 2008). The number 

of responding neurons and the magnitude of TRPA1 currents are significantly smaller in 

trigeminal ganglia (TG) neurons isolated from TRPV1 KO mice (Salas et al., 2009). 

Several groups have reported an inhibitory functional interaction between P2X receptors 

and nicotinic acetylcholine receptors in peripheral neurons and heterologus systems 
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(Nakazawa, 1994a, b; Searl et al., 1998; Khakh et al., 2000; Khakh et al., 2005). These 

data provide a precedent for ionotropic channel-channel interactions. 

Of direct relevance to this study, functional interactions between TRPV1 and 

P2X3 in DRG have recently been reported. Pretreatment of dissociated DRG neurons or 

HEK293 cells transiently expressing P2X3 and TRPV1 with capsaicin reduces subsequent 

responses to ATP or αβmeATP (Piper and Docherty, 2000; Stanchev et al., 2009). 

Although this type of interaction could happen in some conditions my model predicts the 

reverse interaction in which TRP channel function is enhanced following P2X receptor 

activation. This interaction is physiologically relevant since a high concentration of ATP 

is released in injured muscle tissues. To the best of my knowledge there is no 

unequivocal data showing TRP desensitization following P2X receptor activation. 

Furthermore, functional interactions between these channels have never been investigated 

at a systems level. This study will examine P2X3-TRPV1 and P2X3-TRPA1 interactions 

at both a systems and cellular level. (Chapters 3 -5) 

 As already mentioned there is evidence that activation of glutamatergic GPCRs 

(e.g. mGluR5) converge on TRPV1. However, like ATP, excess glutamate released 

during injury and inflammation also activates ionotropic nonselective cation channels 

such as the NMDA receptor (NMDAR), which has been implicated in nociception 

(Omote et al., 1998; Lawand et al., 2000; Rosendal et al., 2004). Activation of NMDARs 

results in an influx of Ca
2+

 and invokes CaMKII, PKC, or PKA (Gao et al., 2005; 

Giordano et al., 2005; Matsumura et al., 2010; Xiaoping et al., 2010). Therefore, like 

other cation channels, e.g. P2X3, there is a similar potential to initiate signaling cascades 

that converge on TRP channels. In addition to investigating P2X3-TRP interactions, I 
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investigated the hypothesis that NMDARs functionally interact with TRPV1 in the 

context of orofacial myositis. (Chapter 3, Appendix I).  

 

1.10 Sex differences in pro- and anti-nociception 

TMD presents twice as often in women than in men (Goulet et al., 1995; 

Johansson et al., 2003; Osteoarthritis Initiative (OAI), 2007). Therefore, when 

investigating the basic mechanisms underlying TMD symptoms it is essential to 

determine whether the mechanism exhibits sex differences. There is no difference in the 

expression of P2X3 in TG of females with low or high estradiol and that of males 

(Tashiro et al., 2007). 17β-estradiol has been shown to mediate the voltage-gated calcium 

channel component of ATP-induced calcium influx, however, the P2X receptor 

component is unaffected (Chaban et al., 2003). Similarly, αβmeATP currents are 

unaffected by estrogen receptor antagonists (Xu et al., 2008). Therefore, I hypothesized 

there would be no sex difference in P2X3-induced hyperalgesia. To determine if a sex 

difference exists in the development of P2X3-induced mechanical hyperalgesia initial 

experiments were completed in gonadally intact males and females (Greenspan et al., 

2007).  

Interestingly, some treatments currently used for TMD and other pain conditions, 

particularly opioids, also exhibit sex differences. The three types of opioid receptors 

include µ, κ, and δ opioid receptors. Analgesics that target µ opioid receptors (MORs) are 

more efficacious in male rats than females (Cai et al., 2001). On the other hand, agonists 

for κ opioid receptors (KORs) work better for females (Clemente et al., 2004). A clearer 

understanding of sex-related mechanisms can better identify which treatments may be 
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best for a particular patient. Although MORs and KORs have been extensively studied δ 

opioid receptors (DORs) have not. The secondary goal of this project was to understand 

the mechanism underlying DOR anti-nociception in order to further elucidate how best to 

utilize this signaling pathway for pain management (APPENDIX II). 

 

1.11 Conclusion 

 TMD is a severely debilitating disorder that affects a significant portion of the 

population. A prominent symptom associated with TMD is mechanical hyperalgesia of 

the masticatory musculature, particularly the masseter muscle. Characteristics associated 

with hyperalgesia are correlated with nociceptor sensitization. TMD symptoms can 

develop from inflammation and/or injury. During injury/inflammation ATP is released 

and can activate both its metabotrobic P2Y and ionotropic P2X receptors. Previously, the 

pro-nociceptive ion channels P2X3, TRPV1, and TRPA1 have been independently 

implicated in mechanical hyperalgesia. Additionally, TRPV1 and TRPA1 have been 

suggested as downstream signal integrators of inflammatory signals including those 

initiated by P2Y receptors. Finally, P2X receptors have been shown to activate signaling 

pathways (e.g. PKC/CaMKII) known to modulate TRPV1/TRPA1. Therefore, I 

hypothesize that P2X3-induced masseter mechanical hyperalgesia is mediated by 

TRPV1/TRPA1 through activation of distinct kinases (Fig 1.6). 
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Figure 1.6 Model of Hypothesis. ATP released during/inflammation activates 

P2X3. Ca
2+

 activates kinase signaling pathways which induce the potentiation of 

TRP channels and manifest as mechanical hyperalgesia. 
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Chapter 2. Methods 

2.1 Animals 

Male Sprague Dawley rats (100-150 and 250-350 gm; Harlan, Indianapolis) were 

used in the present study, however in one set of behavioral experiments age-matched 

female (225-260 gm) Sprague Dawley rats were included for comparison. All animals 

were housed in a temperature-controlled room under a 12:12 light-dark cycle with access 

to food and water ad libitum. All procedures were conducted in accordance with the NIH 

Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23) and 

under a University of Maryland approved Institutional Animal Care and Use Committee 

protocol. 

 

2.2 Behavioral Studies 

2.2a Paradigm 

Noxious chemical or mechanical stimulation of the masseter muscle evokes 

characteristic shaking of the ipsilateral hindpaw in lightly anesthetized rats (Ro et al., 

2003; Han et al., 2008; Sanchez et al., 2010). This behavior has previously been 

described for testing mechanical sensitivity of the masseter muscle in rats (Ro et al., 

2007; Ro et al., 2009). Briefly, rats were initially anesthetized with an intraperitoneal 

(i.p.) injection of sodium pentobarbital (40 mg/kg for male; 35 mg/kg for females). A 

level of ‘light’ anesthesia was determined by providing a noxious pinch to the tail or the 

hindpaw with a serrated forceps. Rats typically respond to the noxious pinch on the tail 

with an abdominal contraction and with a withdrawal reflex about 15 minutes after the 



21 
 

initial anesthesia in males and 30 minutes in females. Once the animals reached this level 

a metal clip calibrated to produce 600 gm of force was applied 5 consecutive times, and 

experiments were continued only after the animals showed a reliable reflex response to 

every clip application. In males only, a tail vein was connected to an infusion pump 

(Harvard Apparatus, Pump11) for continuous infusion of pentobarbital. The rate of 

infusion was adjusted to maintain a relatively light level of anesthesia throughout the 

duration of the experiment (3 mg/hour). A separate series of experiments revealed that in 

order to achieve comparable anesthetic planes males and females required different 

regimens (see Appendix II). Therefore, in this study female rats received only 35 mg/kg 

pentobarbital i.p. while males received infusion as well as a bolus (40 mg/kg) of 

anesthetic.  

The baseline mechanical threshold for evoking the hindpaw responses was 

determined 15 minutes prior to drug injections using an electronic von Frey (VF) 

anesthesiometer (IITC Life Science, Inc, Woodland Hills, CA). A rigid tip (diameter 2 

mm) attached to the VF meter was applied to the masseter muscle until the animals 

responded with hindpaw shaking. The animal’s head was rested flat against the surface of 

the table when pressing the anesthesiometer on the masseter in order to provide a stable 

set-up. The threshold was defined as the lowest force necessary to evoke the hindpaw 

response. Changes in masseter sensitivity were then assessed at 15, 30, 45, 60 and 90 

minutes following drug treatments. Percent changes in VF thresholds following drug 

treatments were calculated with respect to the baseline threshold and plotted against time. 

In order to assess the overall magnitude of drug-induced changes in masseter sensitivity 

over time, the area under the curve (AUC) was calculated for the normalized data for 
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each rat using the trapezoid rule. All animals were kept warm throughout the experiments 

with thermal blankets. 

2.2b Drug Preparation and Administration 

αβmeATP (pH 7.0) and A-317491 (Sigma) were dissolved in phosphate buffer 

solution (PBS).  KT5720, AMG9810, and KN93 (Tocris) as well as GF109203x (Sigma) 

were dissolved in 5% dimethyl sulfoxide (DMSO), 10% Tween 80, and 85% PBS 

(Ruparel et al., 2008).  AP18 (Enzo Life Sciences) was dissolved in 1% DMSO, 10% 

Tween-80, and 89% PBS. Forskolin (Sigma) and phorbol 12-myristate 13-acetate (PMA) 

(Tocris) were dissolved in DMSO. In order to ensure that the drugs and vehicles were 

administered in the same target region of the muscle, the injection site was determined by 

palpating the masseter muscle between the zygomatic bone and the angle of the 

mandible. Injections were made with a 27-gauge needle. Upon contacting the mandible 

the needle was slowly withdrawn into the mid-region of the masseter and injections were 

made for 5-10 seconds. 

 

2.2c Experimental and Control Groups 

To assess whether activation of P2X3 induces mechanical hyperalgesia, the 

masseter muscle was treated with a specific P2X3 agonist, αβmeATP or vehicle. To 

confirm the effects of P2X3 activation on muscular sensitivity, topical anesthesia (20% 

benzocaine) was applied to the skin overlying the muscle prior to injecting the masseter 

with αβmeATP. There is also a possibility that αβmeATP injected into the masseter can 

mediate its effects by activating centrally located P2X3. In order to evaluate possible 
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systemic effects, in a separate group of animals, the highest dose of P2X3 (750 μg) was 

administered into the masseter contralateral to the muscle being tested for mechanical 

sensitivity. To confirm the specificity of αβmeATP effects, the masseter muscle was 

pretreated with a selective P2X3 antagonist, A-317491. To determine if TRPV1 are 

involved in P2X3-mediated effects, animals were pretreated with a TRPV1 antagonist, 

AMG9810. Drug doses were adapted from the literature (Jarvis et al., 2002; Shinoda et 

al., 2008; Lee et al. 2012). In groups in which animals received multiple injections, the 

drugs were administered 5 minutes apart. These experimental groups are listed in Table 

2.1 and the results are described in Chapter 3.  

Table 2.1 Behavior Experiments in Chapter 3 

Experiment Injection #1 Injection #2 

1 (250, 500, 750 µg/20 µl) αβmeATP or PBS n/a 

2 
750 µg/20 µl αβmeATP w/ or w/o topical 

benzocaine 

n/a 

 

3 
750 µg/20 µl αβmeATP into ipsilateral or 

contralateral masseter 
n/a 

4 (7.5, 150, 250 µg/10 µl) A-317491 or PBS 750 µg/20 µl αβmeATP 

5 
(1, 10, 100 nmol/10 µl) AMG9810 or 10% 

DMSO/10% Tween-80/80% PBS 
750  µg/20 µl αβmeATP 

6 100 nmol/10 µl AMG98010 n/a 

 

In a second series of experiments the role of kinases in P2X3-induced masseter 

mechanical hyperalgesia was investigated. The masseter was pretreated with either the 

PKC inhibitor GF109203x, which preferentially inhibits the calcium dependent isoforms 

of PKC, the CaMKII inhibitor KN93, or the vehicle. To determine if there is a role for 

non-calcium dependent kinases, rats were pretreated with a PKA inhibitor KT5720. The 

specific groups in this series of experiments are listed in Table 2.2 and are described in 

Chapter 4. 

 



24 
 

Table 2.2 Behavior Experiments in Chapter 4 

Experiment Injection #1 Injection #2 

1 
10 or 100 pmol/10 µl GF109203x or 

5%DMSO/10%Tween-80/85%PBS 
750 µg/20 µl αβmeATP 

2 
10 or 100 nmol/10 µl AMG9810 or 

5%DMSO/10%Tween-80/85%PBS 
300 nmol/30 µl PMA 

3 
50 or 500 nmol/20 µl KN93 or 

5%DMSO/10%Tween-80/85%PBS 
750µg/20µl αβmeATP 

4 
30 nmol KT5720 or 5%DMSO/10%Tween-

80/85%PBS 
750 µg/20 µl αβmeATP 

5 30 nmol KT5720 20 µg /20 µl forksolin 

 

In a third series of experiments the role of TRPA1 in P2X3-induced masseter 

mechanical hyperalgesia was investigated. Similar experiments as described above were 

conducted. However, a TRPA1 antagonist, AP18, was substituted for the TRPV1 

antagonist (Table 3.3). The results from these experiments are described in Chapter 5.  

Table 2.3 Behavior Experiments in Chapter 5 

Experiment Injection #1 Injection #2 

1 
20 or 200 nmol/ 10 µl AP18 or 1% 

DMSO/10%Tween-80/89%PBS 
750 µg/20 µl αβmeATP 

2 
20 or 200 nmol/ 10 µl AP18 or 1% 

DMSO/10%Tween-80/89%PBS 
300 nmol/30 µl PMA 

 

2.2d Data Analysis 

For behavioral studies, the time-dependent mean percent changes in mechanical 

thresholds were normalized to the baseline threshold and analyzed with a repeated 

measures two-way ANOVA with drug as the between subjects variable and time as the 

within subjects variable. In addition, either the student t-test or one-way ANOVA was 

used to analyze AUC. For this and all subsequent analyses described multiple group 

comparisons were followed by the appropriate post hoc test. The significance of all 

statistical analyses was set at P < 0.05.  
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2.3 Retrograde Labeling of Masseter Afferents for Immunohistochemistry 

Rats (250-350 gm) were given an i.p. injection of sodium pentobarbital (40-50 

mg/kg) and masseter muscles were exposed to receive a retrograde dye. Needles (30-

gauge) attached via PE 10-tubing to 1 ml syringes were used to administer the retrograde 

tracer Fast Blue (FB). Injections of 2% FB (10 μl) were administered bilaterally under 

asceptic conditions. After inserting the needle into the center of the masseter muscle 

approximately three millimeters, the needle was angled dorsally towards the eye, 

ventrally, and posteriorly towards the ear. To avoid leakage the needle was left in place 

for 1-2 minutes before slow retraction. The injection site was covered with petroleum 

jelly to prevent any leaking dye from reaching the dermis. Silk (4.0) was used to suture 

the dermis.  

 

2.4 Immunohistochemistry 

2.4a Immunohistochemical Protocols 

One week following FB injection, rats underwent transcardial perfusion with 4% 

paraformaldehyde in PBS (250 ml; pH 7.2). Trigeminal ganglia (TG) were extracted and 

post-fixed for 90 minutes, placed in 30% sucrose at 4
o
C overnight, and sectioned 

coronally at 12 μm. Alternate sections were collected and mounted on gelatin-coated 

slides for double-labeling. Sections were washed three times for 10 minutes in 0.1 M 

potassium phosphate buffer solution (KPBS) between each step of the protocol.  First 

sections were treated with 0.3% H2O2 (H2O) for 5 minutes. Following 1 hour of blocking 

(0.4% TritonX-100, 3% Normal goat serum, 0.1M KPBS), sections were incubated 

overnight at room temperature with primary antisera for TRPV1 (1:1000; rabbit; 
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Neuromics) and P2X3 (1:3000; guinea pig; Millipore). For immunofluorescence, sections 

were incubated for 1 hour in Alexafluor-488 conjugated goat anti-rabbit antiserum 

(1:250; Invitrogen, West Grove, PA) and Cy3 goat anti-guinea pig antiserum (1:250; 

Jackson ImmunoResearch) at room temperature.  

In a similar experiment, the remaining alternate sections were incubated overnight 

at 4
o
C with primary antibodies for P2X3 (1:3000) and TRPA1 (1:500; rabbit; Neuromics). 

This was followed by secondary antibodies, Alexafluor-488 conjugated goat anti-rabbit 

antiserum and Cy3 goat anti-guinea pig antiserum (1:250), for 1 hour at room 

temperature.  The primary antibodies used for immunohistochemistry experiments are 

described in table 2.4.  

Table 2.4 Antibodies used for Immunohistochemistry 

ANTIGEN IMMUNOGEN CONC. REFERENCE MANUFACTURER 

P2X3 
c-terminal of rat P2X3 

aa 383-397 
1:3000 

(Vulchanova et 

al., 1997; Kim et 

al., 2008) 

Millipore 

TRPV1 
aa 4-21 of rat TRPV1 

RASLDSEESESPPQENSC 
1:1000 (Guo et al., 1999) Neuromics RA10110 

TRPA1 CEKHELIKLIIQKME-amide 1:500 
(Ro et al., 2009; 

Kim et al., 2012) 
Neuromics RA14135 

 

2.4b Data Analysis 

P2X3/TRP/FB positive cells were counted, categorized according to size (small < 

400 µm
2
, medium 400-1000 µm

2
, and large > 1000µm

2
), and the percentages of labeled 

masseter afferents are reported. The method of categorization was adapted from (Chun et 

al., 2008). The immunohistochemical data were analyzed using Image J threshold 

analysis. Using the Image threshold function, the blue (FB), green (TRP), and red (P2X3) 

channels were examined separately from one representative section. Neurons in the 

mandibular division with a defined nucleus that were distinctly immunoreactive were 
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used to set an arbitrary threshold. These thresholds were then used to identify the 

immunopositive neurons in the remainder of the sections examined. For the rest of the 

study, if a cell fit the morphological criteria and its fluorescence was above that threshold 

it was considered immunoreactive.  

 

2.5 HEK293 Cell Culture and Transfection 

HEK293 cells were obtained from the laboratory of Dr. Man-Kyo Chung. 

HEK293 cells were cultured on 10 cm dishes in Dulbecco’s Modified Eagle Medium 

High Glucose (Gibco #11965) containing 10% fetal bovine serum (FBS), 1% 

penicillin/streptomycin/glutamine (PSG), and 1% glutamine at 37
o
C under 5% CO2 and 

maintained to a confluence of 80-90%. Upon reaching confluence, the media was 

aspirated and ~500 µl 1 mM Ethylenediaminetetraacetic acid (EDTA) was used to collect 

the HEK293 cells.  The contents of the dish were centrifuged for 5 minutes at 1,000 

RPM. Following centrifugation, some cells were resuspended in media and plated on new 

10 cm dishes at reduced concentrations to maintain the cell line while the rest were used 

for transfection. In preparation for transfection, cells were plated onto 24-well plates and 

incubated at 37
o
C under 5% CO2. The lipofectamine 2000 (Invitrogen) reagent was used 

for transfection according to the manufacturer’s instructions. Briefly, Opti-MEMI 

reduced serum medium (Gibco #31985), cDNA encoding mouse P2X3 (0.25 μg; Origene) 

or rat TRPV1 (0.25 μg) along with cDNA encoding mCherry (0.25 μg), as a reporter of 

positive transfection, (gifts from the Michael Caterina Laboratory, (Caterina et al., 1997)) 

were mixed with 4 μl lipofectamine 2000 (Invitrogen). The cDNA mixture was added to 

the culture after removal of an equivalent volume of media and incubated for 2.5 hours. 
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Then cells were re-plated on poly-ornithine coated glass coverslips within a 35 mm dish. 

Thirty minutes after re-plating additional media was added to the dish containing the 

coverslips and incubated overnight at 31
o
C under 5% CO2. 12-24 hours later, cells were 

used for experiments. 

 

2.6 Primary Trigeminal Ganglia Culture  

 TG were extracted from 100-150 gm rats and minced in Dulbecco’s Modified 

Eagle Medium (DMEM/F12; Sigma #D8347) containing 10% Horse Serum (HS) and 

PSG on ice, incubated in this media containing 1 mg/ml collagenase type XI (Sigma) for 

30 minutes at 37
o
C with agitation. Following trituration with fire-polished Pasteur 

pipettes of descending diameter, cells were incubated for 2 minutes in Trypsin 

(0.05%)/EDTA (0.1%) in PBS at 37
o
C with manual agitation. From this step forward 

cultures were prepared according to individual technique or experiment being performed, 

which are described in the appropriate section.  

 

2.7 Ca
2+

 Imaging  

2.7a Primary TG culture preparation  

Cultures were prepared as described in section 2.6. Cell bodies were separated via 

a Percoll gradient for 12 minutes at 900 g and plated on poly-L-ornithine and laminin-

coated glass coverslips (8 mm). The neurons were cultured in 2 ml DMEM (Gibco 

#11965) containing 10% HS and 1% PSG at 37
o
C under 5% CO2. 12-24 hours later, 

cultures were loaded with 1 mM Fura-2 acetoxymethyl ester (Fura2-AM) and 20% 

Pluronic acid (Anaspec Inc) for 40 minutes at 37
o
C.  Following a 15 minute wash period 
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for de-esterification, dual images (510 nm emission) were collected every 2 seconds 

using NIS Elements (Nikon). The fura response (F) was defined as the ratio of emissions 

measured during excitation at 340 and 380 nm. Calcium Imaging Buffer (CIB) was as 

follows in mM: NaCl 130; KCl 3; CaCl2 2.5; MgCl2 0.6; 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) 10; Sucrose 10; NaHCO3 1.2 (pH 7.45, 320 

mOsm adjusted with mannitol).  

In some experiments prior to the entire culture protocol injections of 20% Dextran 

rhodamine (10 μl) were performed to retrogradely label masseter afferents in the manner 

described in section 2.3.  

In a separate series of experiments designed to investigate NMDA receptors the 

CIB was adjusted as follows during loading of Fura2-AM and pluronic acid: NaCl 130, 

KCl 3, MgCl2 0.5, CaCl2 0.9, HEPES 10, sucrose 10, NaHCO3 1.2 (in mM, pH 7.45, 320 

mOsm adjusted with mannitol) (Li et al., 2004). The CIB used during recording was as 

follows in mM: NaCl 130; KCl 3; CaCl2 2.5; HEPES 10; sucrose 10; NaHCO3 1.2; pH 

7.45; and 320 mOsm. I omitted Mg
2+

 from the buffer to facilitate the response of 

NMDARs.  

 

 2.7b Drug Preparation 

Drugs were diluted to final concentrations in CIB: αβmeATP (50 μM), capsaicin 

(10 nM, 100 nM, 1 μM), NMDA (500 μM), glycine (10 μM), AMG9810 (100 nM, 1 

μM), A-317491 (500 nM, 1 μM, 3 μM), and AP5 (125 μM). Stock solutions were 

generated as follows: αβmeATP 10 mM, pH 7, glycine 100 mM, and A-317491 10 mM 

in H2O, AP5 300 mM in PBS, NMDA 100 mM, pH 7 in CIB, capsaicin 10 mM in 
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ethanol, AMG9810 10 mM in DMSO. The final concentration of ethanol and DMSO was 

< 0.01%. αβmeATP, capsaicin, glycine and A-317491 were purchased from Sigma. 

AMG9810, AP5, and NMDA were purchased from Tocris. 

 

2.7c Ca
2+

 Imaging Protocols 

Initially, capsaicin (10 nM) was applied followed by a 10 minute washout to 

control for desensitization. Then vehicle (H2O) or the P2X3 agonist, αβmeATP (50 μM), 

was applied for 1 minute followed by a 2
nd

 application of 10 nM capsaicin. A 

submaximal concentration of capsaicin was used so sensitization could be observed and 

ceiling effects were avoided. In the control condition, application of αβmeATP followed 

the 2
nd

 10 nM capsaicin application for the purposes of identifying P2X3 positive cells. At 

the end of the experiment, in both experimental and control conditions, a supramaximal 

concentration of capsaicin (1 μM) was applied to confirm the identification of all TRPV1 

neurons.  In a subset of experiments, some animals were injected with 20% dextran 

rhodamine (10 µl) to retrogradely label masseter afferents one week prior to primary TG 

culture in the manner described in section 2.3. The summary of experimental protocols is 

described in Table 2.5. 
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Table 2.5 Ca
2+

 Imaging Protocols for Primary TG culture

 

meATP can activate both P2X1 and P2X3, P2X2/3 (Torres et al., 1998; North 

and Surprenant, 2000). Therefore, a second experiment (Table 2.5, Protocol 2a,b) was 

used to confirm that the responses observed were primarily from P2X3 containing 

receptors. A P2X3/P2X2/3 selective antagonist, A-317491, was applied for 60 seconds, 

followed by co-application with meATP (50 μM) for 30 seconds. A similar paradigm 

was utilized to confirm the AMG9810 effect observed in the behavioral studies was due 

to the antagonist acting directly on TRPV1 (Table 2.5, Protocol 3a,b).  In order to 

determine which kinases may be involved in the interaction between P2X3 and TRPV1 a 

kinase inhibitor was introduced into protocol 1 (Table 2.5, Protocol 4a,b). However, the 

experiment did not yield results that could be statistically analyzed.  

The NMDA experiment followed the same design as protocol 1 (Table 2.5, 1a,b), 

however, the inter-capsaicin interval was increased by three minutes in order to maximize 

NMDA responses.  
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2.7d HEK293 Cell Ca
2+

 Imaging Studies 

HEK293 cells transiently transfected with either P2X3 or TRPV1 were loaded 

with Fura2-AM in the same manner described above, however, they were incubated at 

31°C. Following a 15 minute wash period they were imaged using the same parameters 

described above. The following protocols were used to confirm the specificity of the 

TRPV1 and P2X3 agonists for their cognate receptors (Table 2.6).  

Table 2.6 HEK293 Cell Experimental Protocols in Chapter 3 

HEK-TRPV1 1. αβmeATP             capsaicin (+ control) 

HEK-P2X3 2. αβmeATP (+ control)  capsaicin 

  

2.7e Data Analysis 

The changes in Fura response (ΔF, F minus baseline) were calculated for every 

cell. Baseline was defined as the average of the five data points prior to a given stimulus 

application. A neuron was considered to be a responder if the Fura response to αβmeATP 

or any of the three capsaicin applications was above threshold.  

Threshold was determined following a similar method as Chung et al. (2003). A 

histogram was generated from a population of neurons to a given stimulus protocol. The 

ΔF greater than two standard deviations from the peak ΔF of non-responding neurons 

was classified as responsive. For the protocols described in protocol 1, the ΔF of the first 

and second capsaicin application were analyzed with two-way ANOVA with repeated 

measures, followed by Bonferroni’s test. For protocol 2, a Kruskal-Wallis one-way 

ANOVA was used to compare both the magnitude of αβmeATP responses and the 

number of responses. For protocol 3, a Mann-Whitney U t-test was used to compare the 

magnitude of the αβmeATP responses and Fisher’s exact test was used to compare the 
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number of responses between conditions. For the HEK cell experiments, only the 

confirmation of the presence or absence of responses was made. Therefore, no statistical 

analysis was performed.  

  

2.8 Phosphorylation Studies 

2.8a TG primary culture preparation 

Cultures were prepared as described in section 2.6. Then cells were plated on 

laminin-coated 12-well plates. Two rats were used per culture for phosphorylation 

studies. For all experiments cells were incubated in DMEM containing 10% HS and 1% 

PSG at 37
o
C under 5% CO2.  

 

2.8b Drug preparation and Administration 

Drugs were diluted to final concentrations in fresh media (DMEM/F12 containing 

HS and PSG): αβmeATP (50 μM), GF109203x (10 μM), and KN93 (10 μM).  Stock 

solutions were generated as follows: αβmeATP 10 mM, pH 7 in PBS, GF109203x and 

KN93 in DMSO (concentration variable). In one experiment αβmeATP (50 μM) was 

applied for 0, 15, 30, and 45 minutes (two wells per condition). In a separate series of 

experiments the PKC inhibitor, GF109203x (10 μM), CaMKII inhibitor, KN93 (10 μM), 

or fresh media were applied to TG cultures 15 minutes prior to co-administration with 50 

µM αβmeATP. Protein was collected 15 minutes post αβmeATP administration.  
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2.8c Immunoprecipitation Protocol 

Cells were washed with cold PBS, collected with cold lysis buffer (200 µl/well), 

and the samples were pooled. Cultures were dissociated with Ripa lysis buffer (Cell 

Signaling; Danvers, Ma). The lysis buffer was diluted in H2O with NaF, EDTA-free 

protease inhibitor (cOmplete; Roche, Mannheim, Germany), and phenylmethanesulfonyl 

fluoride. Lysates were centrifuged for 20 minutes at 4
o
C and 12,000 RPM to purify the 

protein. The protein concentration was measured via Biorad’s Bradford protein assay 

utilizing bovine serum albumin as a standard. Protein samples of known and equal 

concentrations were incubated overnight, rotating at 4
o
C, with 3 µl of TRPV1 antibody 

(Cat#PC420; Calbiochem; San Diego, CA).  

The next day A/G Agarose beads (40 µl/sample; Santa Cruz, CA) were washed, 

once with cold PBS and twice with cold lysis buffer (300 µl each). The 

substrate/antibody complex was then incubated with the protein A/G Agarose beads 

(Santa Cruz Biotechnology; Santa Cruz, CA) for 2 hours at 4
o
C.  Beads were washed 

once with 300 µl cold lysis buffer.  1 M dithiothreitol (4 µl), 4X lithium dodecyl sulfate 

sample buffer (10 µl), and RIPA lysis buffer (26 µl) were added to elute proteins from 

the protein A/G beads. Samples were boiled for 5 minutes. Samples were loaded on a 4-

12% NuPAGE gel (Invitrogen; Carlsbad, CA) and proteins separated by electrophoresis 

and subjected to immunoblotting. 

To assess the level of Serine and Threonine phosphorylation membranes were 

treated with primary monoclonal antibodies against p-Ser 16B4 (1:1000; mouse; Santa 

Cruz) or p-Thr 14B3 (1:1000; mouse; Calbiochem) followed by the secondary antibody 

mouse IgG-HRP (1:5000). Membranes were developed with Amerhsam ECL plus 
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reagents (GE HealthCare Life, Piscataway, NJ), then stripped and re-probed with anti-

TRPV1 (1:1000; rabbit; Calbiochem) follow by rabbit-HRP (1:5000) to verify the 

amount of protein. Chemoluminscence was applied to visualize antigen-antibody 

complexes on blots that were exposed to X-ray film.  

 

Table 2.7 Antibodies used for Immunopreciptiation Studies 

ANTIGEN IMMUNOGEN CONC. REFERENCE MANUFACTURER 

p-serine 

(clone 16B4) 

 

synthetic phosphopeptides 

containing phosphoserine, 

conjugated to KLH 

1:1000 (Lee et al., 2012) 
Santa Cruz 

SC-81514 

p-threonine 

(clone 14B3) 

synthetic phosphopeptides 

containing phosphothreonine, 

conjugated to KLH 

1:1000 (Lee et al., 2012) Calbiochem 

TRPV1 aa 824-838 rTRPV1 1:1000 

(Jeske et al., 

2006; Pabbidi et 

al., 2008) 

Calbiochem 

 

As a control for TRPV1 translation, western blots were performed on separate TG 

cultures treated with 50 µM αβmeATP. The expression of TRPV1 (1:500; goat; P-19 

Santa Cruz) was normalized to expression of GAPDH (Table 2.8). 

 

2.8d Data analysis 

Films were scanned and quantified using Image J Software (NIH). 

Phosphorylation signals were normalized to that of pan-TRPV1, which served as the 

control and confirmation of the TRPV1 band. The data were subjected to one-way 

ANOVAs. All multiple group comparisons were followed by a post-hoc test (Duncan’s). 

Data are shown as mean ± SE. 
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Table 2.8 Antibodies used for Control Studies 

ANTIGEN IMMUNOGEN CONC. REFERENCE MANUFACTURER 

TRPV1 

(VR1 p-19) 
n-terminal rTRPV1 1:500 

(Chung et al., 

2011) 
Santa Cruz  Sc-12498 

GAPDH 

(clone 71.1) 
 1:5000  Sigma G8795 

p-CaMKII 
Synthetic phosphopeptide derived 

from hCaMKIIα containing T286 
1:1000 

(Liu and Cooper, 

1994) 
Abcam Ab5683 

CaMKII  1:1000  
Cayman Chemical 

10011437 

 

2.9 CaMKII Biochemistry in TG 

2.9a CaMKII Antibody Specificity 

To assess whether CaMKII is involved in P2X3-TRP interactions it is important to 

have valid tools to evaluate CaMKII activity. CaMKII is a holoenzyme with distinct sub-

steps involved in its regulatory cycle. Ca
2+

/calmodulin initiates autophosphorylation at 

T
286 

located within
 
the autoinhibitory domain to induce activation (Fig. 2.1).  

 

 

Subsequently, autophosphorylation at T
305 

located within the calmodulin-binding site 

prevents further rebinding of Ca
2+

/calmodulin. Therefore, I confirmed the specificity of a 

T
286

 p-CaMKII and a total CaMKII antibody using a variety of treatments combined with 

 

Figure 2.1 CaMKII 

Activation. CaMKII is a 

holoenzyme whereby 

Ca
2+

/calmodulin complexes 

bind and conformational 

changes allow for 

autophosphorylation of T
286 

to 

induce full activation. 

Subsequent decreases in 

cytosolic Ca
2+

 concentration 

releases the Ca
2+

/calmodulin 

complex
 

and induces 

autophosphorylation at
 

T
305

, 

which is located within the 

calmodulin binding domain. 

Graphic courtesy of Prof. 

Danton O'Day, Biology, UTM 
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the western blot technique (Table 2.8). The lipofectamine method (described in section 

2.5) was utilized to transfect HEK293 cells with wildtype (WT) CaMKII, empty vector 

(pcDNA3), or a T305D mutant dominant negative (DN) form of CaMKII. HEK293 cells 

were treated with 3 µM ionomycin for 15 minutes to ensure there was enough free Ca
2+

 

to induce the autophosphorylation process. The second set of experiments used to further 

confirm the specificity of the p-CaMKII antibody involved treating rat brain lysates or 

TG cultures with alkaline phosphatase or vehicle for 1 hour at 37
o
C to induce 

dephosphorylation prior to western blot. TG cultures were treated with 30 mM KCl for 3 

minutes to ensure autophosphorylation.  

 

2.9b P2X3 induced activation of CaMKII  

To determine if P2X3 activity induces the activation of CaMKII, TG cultures were 

treated with 100 µM αβmeATP for 10 minutes. Protein was collected and tested using the 

western blot technique as described earlier. The p-CaMKII antibody was used to compare 

the levels of activated CaMKII in αβmeATP and vehicle treated samples. 

 

2.9c Transfection of TG cultures: K42M CaMKII-DN 

Cultures were prepared as described in section 2.5.  Cells were then separated via 

a Percoll gradient and plated on laminin-coated 24 well plates. Three-day old cultures 

were used for electroporation via a Y Unit Nucleofector (Lonza) according to 

manufacturer’s instructions. cDNA encoding enhanced GFP (eGFP) (Lonza) or the 

kinase-dead K42M mutant form of CaMKII, 15-20 µg, (gift from the Thomas Blanpied 

laboratory, p-eGFP-C1 vector) in 350 µl supplement were transfected using the ER137 
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pulse. Transfection was confirmed through visualization of the GFP signal and western 

blots. Experiments were conducted one day post-transfection.  
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Chapter 3. P2X3 interacts with TRPV1 

3.1 Introduction 

Transient Receptor Potential V1 (TRPV1) have been implicated in the 

development of mechanical hyperalgesia (Pomonis et al., 2003; Walker et al., 2003; 

Honore et al., 2005; Fujii et al., 2008). Specifically in muscle, blocking TRPV1 

attenuates mechanical hyperalgesia induced by eccentric muscle contraction (Fujii et al., 

2008). Additionally, masseteric injection of the TRPV1 agonist capsaicin significantly 

lowers noxious mechanical thresholds in humans and rats (Arendt-Nielsen et al., 2008; 

Ro et al., 2009) which could result from sensitization of TRPV1 expressed in nociceptive 

muscle afferents (Hoheisel et al., 2004).  

TRPV1 function as signal integrators downstream of several pro-inflammatory G-

protein coupled receptors (GPCRs) (Levine and Alessandri-Haber, 2007). For example, 

TRPV1 functionally interact with the P2Y subfamily of purinergic GPCRs. P2Y2 

knockout (KO) mice exhibit deficits in capsaicin-induced Ca
2+

 transients and thermal 

hyperalgesia (Malin et al., 2008). Similarly, TRPV1 KO mice exhibit no ATP-induced 

thermal hyperalgesia. UTP, a selective P2Y2 agonist, potentiates capsaicin currents in 

dorsal root ganglia (DRG) neurons (Moriyama et al., 2003).  

Recently, TRPV1 were also reported to be linked to ligand-gated channels such as 

the P2X3 and P2X2/3 (hereafter referred to as P2X3) subtypes of ATP receptor. Cross-talk 

between P2X3 and TRPV1 in DRG has been suggested (Piper and Docherty, 2000; 

Stanchev et al., 2009). Also, the channels co-immunoprecipitate when co-transfected in 

HEK293 cells (Stanchev et al., 2009). Alpha,beta-methylene adenosine triphosphate 
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(αβmeATP), a P2X3 agonist, restores the attenuation of capsaicin-induced TRPV1 up-

regulation in DRG following sympathectomy (Xu et al., 2010). These data suggest P2X3 

and TRPV1 can interact at the cellular level.  

The P2X3 subtypes of ATP receptor have also been implicated in craniofacial 

pain. Increased face wiping behavior following tooth movement is attenuated by the P2X 

antagonist TNP-ATP (Yang et al., 2009).  Carrageenan or αβmeATP injections into the 

temporomandibular joint (TMJ) evoke nociceptive responses that are significantly 

blocked by co-injection with the P2X antagonist PPADS (Oliveira et al., 2005). In 

muscle, masseteric injection of αβmeATP dose-dependently reduces pressure pain 

threshold (Shinoda et al., 2008). Although the involvement of peripheral P2X3 in 

craniofacial pain is evident the cellular mechanisms remain to be elucidated.  

Previous data demonstrates that TRPV1 is downstream of GPCRs coupled to Ca
2+

 

dependent signaling pathways, including ATP receptors. In vitro and 

immunohistochemical studies examining DRG suggest the Ca
2+

 permeable P2X3 and 

TRPV1 interact (Piper and Docherty, 2000; Stanchev et al., 2009; Xu et al., 2010). 

Finally, P2X3 and TRPV1 have been independently implicated in masseter mechanical 

hyperalgesia. Therefore, I hypothesize that ATP, known to be released during masseter 

inflammation, invokes P2X3 signaling cascades that converge on TRPV1, and that such 

interactions form the underlying basis for the development of mechanical hyperalgesia. 

In this project, I validated P2X3-induced mechanical hyperaglesia in our orofacial muscle 

pain model. Then I investigated whether (1) P2X3-induced masseter mechanical 

hyperaglesia is TRPV1-dependent, (2) P2X3 and TRPV1 co-express in masseter 

afferents, and (3) P2X3 activation enhances TRPV1 function in TG sensory neurons. (4) 
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As a corollary to this experiment, I also explored potential interactions between TRPV1 

and another Ca
2+

 permeable ion channel, namely, the NMDA receptor. 

 

3.2 P2X3-induced masseter hyperalgesia 

Shinoda and colleagues (2008) previously demonstrated that intramuscular 

αβmeATP produces hyperalgesia in an awake model of masseter mechanical sensitivity. 

Here, I confirmed in our lightly anesthetized orofacial muscle pain model that intra-

muscular injection of αβmeATP induced a dose and time dependent mechanical 

hyperalgesia (Fig. 3.1). Hyperalgesia is inferred by the significant reduction in 

mechanical threshold from the baseline. Specifically, the two higher doses of αβmeATP, 

500 and 750 µg, induced mechanical hyperalgesia (Drug: F = 33.251, P < 0.001, Fig. 

3.1A). Significant hyperalgesia was observed at 15, 30 and 45 minutes post injection of 

αβmeATP, with mechanical threshold returning to baseline by 60 minutes (Time: F = 

66.046, P < 0.001, Fig. 3.1A).  The area under the curve (AUC) data revealed that both 

500 and 750 µg of αβmeATP induced significantly greater overall magnitude of drug 

effects on mechanical hyperalgesia compared to PBS (F = 34.701, P < 0.001, Fig. 3.1B).  

A separate group of animals was tested to rule out the possibility that a high dose 

of αβmeATP (750 µg) could induce nonspecific systemic effects. Mechanical sensitivity 

was tested in the muscle contralateral to the αβmeATP injection. The AUC was 

significantly different from the ipsilateral masseter which suggests the αβmeATP effect 

was mediated by local P2X3 receptors (t = -11.977, P < 0.001, Fig. 3.1C). Based on these 

data, the dose of 750 µg of αβmeATP was used throughout the remainder of this study.  
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αβmeATP is also a P2X1 agonist (Torres et al., 1998; North and Surprenant, 

2000). However, sensory ganglia from P2X3 knockout mice exhibited no αβmeATP (30-

100 μM)-induced current suggesting P2X1 have limited, if any, contribution to 

αβmeATP-mediated responses in sensory ganglia  (Cockayne et al., 2000; Souslova et al., 

2000; Cockayne et al., 2005). In order to confirm the specificity of αβmeATP, the 

masseter was pretreated with the selective P2X3 antagonist A-317491 (Jarvis et al., 2002; 

Figure 3.1 Effect of P2X3 activity on masseter sensitivity. (A,B) The P2X3 agonist αβmeATP dose-

dependently induced masseter hyperalgesia.  (C) When 750 µg αβmeATP was administered there was no 

contralateral hyperalgesia. (D) A-317491, a selective P2X3-receptor antagonist, dose-dependently blocked 

the highest dose of αβmeATP. A-317491 was injected into the masseter 5 minutes prior to αβmeATP.  BL 

indicates baseline 15 minutes prior to αβmeATP injection. Black arrow indicates αβmeATP injection at 0 

minutes. +, * indicates group and time effects respectively. 
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Wu et al., 2004). A-317491 dose-dependently blocked the effects of αβmeATP (F = 

40.426, P < 0.001, Fig. 3.1D). Taken together, intra-masseter αβmeATP produces a local 

P2X3-mediated masseter mechanical hyperaglesia.  

The VF anesthesiometer was applied to the masseter through the overlying skin. 

Therefore, similar to experiments performed previously (Ro and Capra, 2006), the 

overlying skin was anesthetized with a 20% benzocaine gel to confirm that changes in 

mechanical sensitivity resulted from activation of muscular afferents rather than 

cutaneous afferents. Intramuscular injections of αβmeATP induced a mechanical 

hyperalgesia, as shown by the AUC, that were not significantly different between animals 

with and without anesthetized skin (t = 0.274, P = 0.790, Fig. 3.2A). Intramuscular 

capsaicin, a known algesic, evoked nocifensive hindpaw behavior in the presence of 

topical benzocaine. The same concentration of benzocaine completely prevented 

nocifensive responses induced by intradermal capsaicin treatment (Fig. 3.2B).  

 

 

 

 

 

Figure 3.2 The effect of topical benzocaine on nociception and masseter mechanosensitivity. (A) 

Intramuscular (i.m.) αβmeATP-induced hyperalgesia as measured by AUC in the presence (benzo) or 

absence (contr) of topical benzocaine. (B) Nocifensive behaviors evoked by intradermal (i.d) or i.m. 

capsaicin in the presence or absence of benzocaine.  
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No spontaneous nocifensive behaviors were observed nor could I evoke responses 

with mechanical probing following intradermal capsaicin plus topical benzocaine. 

Intradermal injections of capsaicin in the absence of benzocaine produced nocifensive 

hindpaw shaking behavior that lasted 45 minutes (unpublished observation).  From these 

observations, I concluded that topical benzocaine successfully anesthestized the skin 

overlying the masseter muscle, confirming the selectivity and efficacy of the anesthetic. 

The data suggest that intramuscular injections of αβmeATP are activating muscular 

afferents expressing P2X3 and there is little if any contribution from cutaneous 

nociceptors. 

3.3 TRPV1 mediates P2X3- induced masseter hyperalgesia  

To determine if TRPV1 are involved in P2X3-induced masseter hyperalgesia, 

animals were treated with a TRPV1 antagonist, AMG9810, prior to αβmeATP.  

AMG9810 dose-dependently prevented P2X3-induced masseter hyperalgesia (Drug: F = 

43.106, P < 0.001, Fig. 3.3A).  Mechanical hyperalgesia was observed at 15, 30, and 45 

minutes (Time: F = 170.503, P < 0.001, Fig. 3.3A).  
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The AUC data showed that AMG9810 significantly reduced the overall magnitude of 

αβmeATP effects on mechanical hyperalgesia compared to vehicle (F = 54.797, P < 

0.001, Fig. 3.3B). When the highest dose of AMG9810 (100 nmol) was given alone there 

was no significant difference in responses compared to DMSO alone, its vehicle control 

(F = 2.619, P = 0.137, Fig. 3.3C). While there was a slight but significant elevation of the 

mechanical sensitivity over time neither AMG9810 nor DMSO altered mechanical 

thresholds at earlier time points during which αβmeATP effects are prominent. 

Mechanical hyperalgesia was generally resolved by these later time points (Fig. 3.1A) 

and 10 nmol AMG9810, a 10-fold lower dose, significantly prevented αβmeATP effects 

(Fig. 3.3A,B).  

As discussed earlier, TMD is more prevalent in females than in males. Since there 

is a sex-dependence in the human condition it is possible that αβmeATP may produce 

Figure 3.3 Role of TRPV1 in P2X3 induced masseter hyperalgesia. (A) Line graph shows dose- and 

time-dependent prevention of αβmeATP-induced hyperalgesia by the TRPV1 antagonist, AMG9810. (B) 

Bar graph shows the overall magnitude of drug effect as measured by AUC. (C) Mechanical thresholds 

were measured at the indicated time points following the injection of AMG9810 (100 nmol) or vehicle. 

(n=6/group). BL: baseline 15 minutes prior to αβmeATP injection.  Gray arrow: vehicle or antagonist 

injection 5 minutes prior to αβmeATP injection. Black arrow: αβmeATP injection at 0 minutes. +, * 

indicates group and time effects respectively. 
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sex-dependent effects as well. Thus, I tested the highest dose of αβmeATP (750 μg) in 

female rats. αβmeATP produced mechanical hyperalgesia of similar magnitude and time 

course in males and females (Sex: F = 2.323 P = 0.166, Time: F = 93.997 P < 0.001, Fig. 

3.4A).  There was no effect of sex on the overall magnitude of αβmeATP-induced 

mechanical hyperalgesia (P = 0.108, Mann-Whitney, Fig. 3.4B). As shown for males 

(Fig. 3.3A,B), AMG9810 (100 nmol) prevented αβmeATP-induced mechanical 

hyperalgesia in female rats (Fig. 3.4C). These data suggest that, regardless of sex, 

activation of P2X3 results in the development of mechanical hyperalgesia and that 

blockade of TRPV1 prevents the αβmeATP-induced mechanical hyperalgesia in both 

sexes.  

Figure 3.4 Sex differences in P2X3-induced masseter hyperalgesia. (A) Line graph shows αβmeATP-

induced hyperalgesia in male and female rats. (B) Bar graph compares αβmeATP-induced hyperalgesia in 

male and female rats. (C) Bar graph shows the overall magnitude of effect of the TRPV1 antagonist, 

AMG9810, as measured by the area under the curve in female rats. BL: baseline 15 minutes prior to 

αβmeATP injection.  Black arrow: αβmeATP injection at 0 min. +, * indicates group and time effects 

respectively. 
 

In order to exclude the possibility that AMG9810 is directly suppressing P2X3, I 

examined the effects of AMG9810 on αβmeATP responses. Since it is difficult to assess 

nonspecific effects of AMG9810 on P2X3 in vivo, I examined Ca
2+

 responses evoked by 

αβmeATP (50 μM) following pretreatment and co-application with either a  high 

concentration of AMG9810 (1 μM) or vehicle in cultured TG neurons (Fig. 3.5A). There 
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was no significant difference in the amplitude of αβmeATP–evoked Ca
2+

 responses 

between AMG9810 and vehicle treated neurons (AMG9810 = 0.36, vehicle = 0.33, P = 

0.96, Mann-Whitney Test, Fig. 3.5B). 

Figure 3.5 The effect of AMG9810 on αβmeATP-evoked Ca
2+

 responses in trigeminal sensory 

neurons. (A) Example traces showing αβmeATP-evoked responses in the presence of vehicle or 

AMG9810. (B) Box-and-whisker plot demonstrating the magnitude of αβmeATP-evoked responses in the 

presence or absence of AMG9810 (1µM). The numbers within the boxes represent the proportion of 

neurons responding to αβmeATP. There were no statistical differences in either the amplitudes or 

proportion of αβmeATP-evoked responses. 

 

In addition, the percentage of viable cells that responded to 50 μM αβmeATP in 

the presence of vehicle (27%, 62/225) or 1 μM AMG9810 (24%, 44/182) was not 

statistically significant (P = 0.58, Fisher’s exact test, two-tailed). This suggests 

AMG9810 works selectively on TRPV1 as previously reported (Gavva et al., 2005), and 

did not directly modulate P2X3 in the previous behavioral studies. Taken together, these 

behavioral and Ca
2+

 imaging data provide compelling evidence that TRPV1 is involved 

in P2X3-induced mechanical hypersensitivity in masseter muscle. 
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3.4 Co-expression of TRPV1 and P2X3 in masseter afferents 

Although co-expression of P2X3 and TRPV1 has been demonstrated in sensory 

neurons (Eriksson et al., 1998; Ichikawa et al., 2004; Ichikawa and Sugimoto, 2004; Kim 

et al., 2011), to my knowledge, their co-expression in masseter afferents has not been 

reported. To establish a cellular basis for the functional interaction observed between 

P2X3 and TRPV1, I sought to confirm co-expression of these channels in masseter 

afferents. The expression profile of TRPV1 and P2X3 was assessed in 400 masseter 

afferents from 7 TG. The retrograde labeling of masseter afferents by Fast Blue (FB) was 

limited to the mandibular division of TG. TRPV1 were observed in predominantly small 

to medium sized neurons (Fig. 3.6A). While P2X3 were expressed in all sized cells they 

were predominant in medium sized neurons (Fig. 3.6A).  Specifically, TRPV1 were 

expressed in 34.6 ± 5.3% in masseter afferents and P2X3 29.5 ± 7.2% (Fig. 3.6B). 

TRPV1 and P2X3 were co-expressed in 7.2 ± 3.1% of masseter afferents, with a mean 

soma size of 646.2 ± 59.7 µm
2 
(Fig. 3.6B).  

 

Figure 3.6 The somata of masseter afferents labeled by retrograde transport of Fast Blue (FB) were 

assessed for TRPV1 and P2X3 immunoreactivity. (A) Micrographs illustrating TRPV1 and P2X3 

expression in TG neurons, an arrow indicates the FB positive neuron. (B) Soma size distribution of TRPV1 

and P2X3 positive masseter afferents in TG based on cell body area (µm
2
),  small (< 400µm

2
), medium 

(400-1000 µm
2
), and large (> 1000 µm

2
). The expression profile of TRPV1 and P2X3 was assessed in 400 

masseter afferents from 7 TG. Scale bar = 20μm 
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3.5 Co-immunoprecipitation of P2X3-TRPV1 

Co-immunoprecipitation (Co-IP) is used to demonstrate that proteins are capable 

of physically interacting. One study was able to successfully immunoprecipitate P2X3 and 

immunoblot for TRPV1 from HEK293 cells transfected with both channels (Stanchev et 

al., 2009). However, due to the fact that the reported molecular weight of P2X3 is so 

similar to the heavy chain of IgG (~50-55kDa) they were unable to do the reverse Co-IP, 

i.e. pull-down TRPV1 and blot for P2X3. I attempted to repeat this experiment in native 

TG culture using several different antibodies. In order to verify the specificity of the 

antibodies, I utilized peptide preadsorption. As a positive control for Co-IP, the same 

antibody was used for the IP and immunoblot. In some experiments, the Clean-blot IP 

detection reagent (Thermo Scientific) was used in place of a traditional secondary 

antibody. This reagent is designed to not detect the heavy IgG chain. Unfortunately, only 

the positive controls were successful when using the Cleanblot reagent intimating that 

P2X3 and TRPV1 do not co-immunoprecipitate in native tissue or the reagent/protocol 

did not work efficiently. Regardless, I was unable to obtain positive interpretable results. 

One possible concern was that the lysis buffer was too stringent. However, when the 

experiments were repeated with a less stringent buffer I still obtained negative results. 

My overall hypothesis is that TRPV1 and P2X3 interact via a signaling cascade, which 

does not necessitate the two channels form a physical complex. Therefore, negative or no 

data from this experiment does not falsify my hypothesis.  
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3.6 P2X3 sensitizes TRPV1 Ca
2+

 transients 

To assess the P2X3-TRPV1 interaction at the cellular level, I utilized the 

following protocol in conjunction with the Ca
2+

 imaging technique. As described in the 

methods (Table 2.5, protocol 1), I compared the ΔF (Fpeak minus Fbaseline) of 10 nM 

capsaicin-induced Ca
2+

 transients before and after treatment with either vehicle or 

αβmeATP (50 µM; N = 12). At the end of each experiment a high concentration of 

capsaicin (1 µM) was used to identify TRPV1 positive neurons. αβmeATP was applied at 

the end of each vehicle experiment for the purposes of identifying P2X3 positive cells.   

The proportion of capsaicin responsive neurons that responded to αβmeATP was 

the same across conditions (Table 3.1). The proportion of αβmeATP responsive neurons 

that responded to capsaicin was also similar across condition (Table 3.1). In the 

subsequent analysis, only the neurons that responded to both capsaicin and αβmeATP 

were included (experimental = 217 and vehicle = 180).  

Table 3.1 Response Profile of Neurons in Ca
2+

 Imaging Study 

 Vehicle/Control Experimental 

% of capsaicin responders that 

respond to meATP 
31% (180/588) 31% (217/703) 

% of meATP responders that 

respond to capsaicin 
90% (180/199) 92% (217/235) 

Proportion of meATP/capsaicin 

responders exhibit sensitization 
33% (67/180) 37% (71/217) 

Proportion of meATP/capsaicin 

responders exhibit desensitization 
62% (111/180) 64% (139/217) 

 

Neuronal responses to repeated application of capsaicin were not homogeneous 

but exhibited two types of responses. Some neurons exhibited decreased responses to the 

second capsaicin treatment (desensitization; Fig. 3.7A,B) while others displayed 

increased responses (sensitization; Fig. 3.8A,B). The proportion of neurons showing 
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desensitizing responses and sensitizing responses were similar in vehicle and 

experimental groups (Table 3.1).  In the subset of neurons exhibiting desensitization, the 

second capsaicin-evoked response was significantly smaller compared to the first (Time: 

F = 72.573, P < 0.001, Fig. 3.7C). This desensitization occurred to the same extent in 

both control and αβmeATP treated neurons (Drug: F = 1.193, P = 0.276; ΔFexperimental, 1
St 

= 0.28 ± 0.04
 
2

nd 
= 0.08 ± 0.02; ΔFvehicle, 1

St 
= 0.21 ± 0.30

 
2

nd 
= 0.07 ± 0.01, Fig. 3.7C).  

   

In the subset of neurons that exhibited sensitization, however, αβmeATP treatment 

resulted in a significantly greater increase in Ca
2+

 influx compared to vehicle in response 

to the second capsaicin application (Drug: F = 8.672, P = 0.004; Time: F = 18.632, P < 

0.001, Fig 3.8C). Furthermore, cells exhibiting desensitizing behavior typically showed a 

larger Ca
2+

 influx during the initial capsaicin application compared to the cells exhibiting 

sensitizing responses regardless of treatment group (Desensitizing: ΔFexperimental 1
St 

= 0.28 

Figure 3.7 The effects of αβmeATP on 

capsaicin-induced Ca
2+

 responses in TG 

neurons from population 1. Representative 

traces show Fura ratio (F) from TG neurons in 

(A) αβmeATP and (B) vehicle treated groups. 

Each color represents responses from one 

neuron. (C) Averaged changes in Fura response 

(ΔF) of the second 10 nM capsaicin application 

in both αβmeATP and vehicle-treated groups 

were significantly smaller than the first 

application.  

 



52 
 

± 0.04, ΔFvehicle 1
St 

= 0.21 ± 0.30; Sensitizing: ΔFexperimental 1
St 

= 0.06 ± 0.01, ΔFvehicle1
St 

= 

0.04 ± 0.01). This suggests that P2X3 activation potentiates sensitization of TRPV1 

responses in a subset of TG neurons.  

In 7 of the 12 experiments described above, masseter afferents had been 

retrogradely labeled with dextran rhodamine. Seven days following dye injection, TG 

cultures were prepared and the same protocol described above was applied. Due to 

multiple limitations, the efficiency of this aspect of the experiment yielded too little data 

for separate statistical analysis. However, the few masseter afferents which responded to 

both capsaicin and αβmeATP, (experimental = 3, vehicle = 2), produced interesting 

Figure 3.8 The effects of αβmeATP on 

capsaicin-induced Ca
2+

 responses in TG 

neurons from population 2. Representative 

traces show Fura ratio (F) from TG neurons 

in (A) αβmeATP and (B) vehicle treated 

groups. Each color represents responses from 

one neuron. (C) Averaged changes in Fura 

response (ΔF) of the first and second 10 nM 

capsaicin application in αβmeATP and 

vehicle-treated groups. + denotes significant 

effect at p < 0.05 and * indicates p<0.05 

following post-hoc analysis. 
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responses consistent with the population data described above. Cells in the experimental 

condition expressed sensitizing responses to the second capsaicin application while cells 

in the vehicle condition demonstrated desensitizing responses to the second application. 

The small number of afferents examined show a trend consistent with the hypothesis that 

masseter afferents comprise a component of the sensitizing population of TG sensory 

neurons.  

In order to confirm the selectivity of αβmeATP and capsaicin, Ca
2+ 

transients in 

HEK293 cells transiently transfected with TRPV1 or P2X3 were examined. αβmeATP (50 

μM) evoked no responses in HEK-TRPV1 cells. These same cells responded to capsaicin 

(1 μM), a known TRPV1 agonist, confirming successful transfection (Fig. 3.9A). 

Similarly, αβmeATP, but not capsaicin, evoked robust responses in HEK-P2X3 cells (Fig. 

3.9B).  

Figure 3.9 Specificity of P2X3 and TRPV1 agonists. (A) Example traces from HEK293 cells transfected 

with TRPV1 in which capsaicin, but not αβmeATP evoked Ca
2+

 responses. (B) Example traces from 

HEK293 cells transfected with P2X3 in which αβmeATP, but not capsaicin evoked Ca
2+

 responses.  

 
αβmeATP can also activate P2X1 receptors (Torres et al., 1998; North and 

Surprenant, 2000). In order to test the specificity of αβmeATP-evoked responses for 

P2X3 receptors, I examined responses in the presence of the selective P2X3 antagonist A-

317491 (500 nM, 1 µM, 3 µM) in cultured TG neurons. There was a significant dose-
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dependent reduction in the percentage of responsive neurons (P < 0.001, Kruskal-Wallis 

One-Way ANOVA, Fig. 3.10A). Like previous reports (Jarvis et al., 2002), I observed a 

significant and dose-dependent reduction in the amplitude of αβmeATP-evoked Ca
2+ 

transients (P < 0.001, Kruskal-Wallis One-Way ANOVA, Fig. 3.10B). These data 

suggest that the αβmeATP effects observed are mediated primarily by P2X3. Taken 

together, αβmeATP activates P2X3 which results in TRPV1 sensitization in a subset of 

trigeminal neurons. 

Figure 3.10 The effect of A-317491 on αβmeATP-evoked responses in TG neurons. The number of 

responses (A) and the magnitude of responses (B) evoked by 50 μM αβmeATP are dose-dependently 

inhibited by the selective P2X3, 2/3 antagonist A-317491. 
  

3.7 Another Ca
2+

 permeable channel, NMDA receptor, sensitizes TRPV1 Ca
2+

 transients 

in trigeminal sensory neurons 

Like ATP, excess glutamate is released from numerous sources in peripheral 

tissue, including muscle tissue, upon injury or inflammation (Piani et al., 1991; Parpura et 

al., 1995; Lawand et al., 1997; McAdoo et al., 1997; Omote et al., 1998; Lawand et al., 

2000). Intramuscular activation of glutamate receptors, specifically NMDA receptors 

(NMDARs), has been implicated in peripheral pain mechanisms. In a parallel study, I 
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designed a protocol to examine the effects of activating NMDARs on TRPV1 Ca
2+

 

transients. Although cells were prepared in the same manner as described in chapter 2 the 

CIB was adapted in order to elicit reliable NMDA-evoked Ca
2+

 transients (Li et al., 

2004). Additionally, a slightly different time-course for drug application was required 

(Fig. 3.11).  

The proportion of the total neuronal population that responded to both capsaicin 

and NMDA was similar across treatment groups: vehicle [9% (84/896)] and NMDA 

[14% (140/979)]. Interestingly, the co-expression was higher for αβmeATP and 

capsaicin, 30% for both treatment groups (αβmeATP = 217/721, vehicle = 180/607). 

Like neurons responding to both αβmeATP and capsaicin, neurons responding to both 

NMDA and capsaicin showed sensitizing and desensitizing responses. The percentages of 

neurons exhibiting sensitizing and desensitizing responses, still similar across conditions, 

were also similar across subpopulation: sensitizing vehicle [55% (46/84)], NMDA [49% 

(69/140)]; desensitizing vehicle [45% (38/84)], NMDA [51% (71/140)].  

The cells with a low Ca
2+

 influx during the initial capsaicin treatment tended to 

show sensitizing responses to the second capsaicin treatment in both vehicle and NMDA-

treated groups (Fig. 3.11A,B). Among the cells that showed sensitizing responses, 

responses to the initial application of capsaicin were similar between the vehicle (ΔFvehicle 

= 0.06 ± 0.02) and NMDA-treated groups (ΔFexperimental = 0.06 ± 0.01). However, the 

NMDA-treated group showed a significantly greater enhancement of the response 

following the second application of capsaicin compared to the vehicle treated group 

(ΔFvehicle = 0.15 ± 0.02, ΔFexperimental = 0.27 ± 0.03, P = 0.048, Fig. 3.11C).   
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The cells with higher initial Ca
2+

 responses tended to show desensitizing 

responses in both vehicle and NMDA-treated groups (Fig. 3.12A,B). Among the cells 

that showed desensitizing responses, responses to both the initial and second applications 

of capsaicin were not significantly different between the vehicle and NMDA-treated 

groups (ΔFvehicle 1
St 

= 0.27 ± 0.06, 2
nd

 = 0.06 ± 0.02; ΔFexperimental 1
st 

= 0.24 ± 0.04, 2
nd 

= 

0.09 ± 0.02, P = 0.993, Fig. 3.12C). 

Figure 3.11 The sensitizing effect of 

NMDA on capsaicin-induced responses 

in TG neurons. Representative traces show 

Fura ratio, F, in NMDA (A) and vehicle (B) 

treated groups. (C) Averaged changes in 

Fura responses to 10 nm capsaicin 

application before and after NMDA or 

vehicle treatment. *, P < 0.05 in two-way 

ANOVA with repeated measures. 
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 Although to a lesser extent than P2X3 activation, NMDAR activation also 

produced significant potentiation of a subset of TG neurons. To verify that NMDA-

induced Ca
2+

 responses were mediated by NMDARs, NMDA (500 µM)/glycine (10 µM) 

was applied in the presence of a specific NMDAR antagonist AP5 (125 µM), or vehicle 

in cultured TG neurons. The number of neurons exhibiting a response to NMDA was 

reduced 5-fold by the presence of 125 µM AP5 (vehicle: n = 53; AP5: n = 10).  

  

Figure 3.12 NMDA effect on capsaicin-

evoked responses in a subset of TG neurons. 

Representative traces show Fura ratio, F, from 

NMDA (A) and vehicle (B) treated groups. (C) 

Averaged changes in Fura responses to 10 nm 

capsaicin application before and after NMDA 

or vehicle treatment. *, P < 0.05 in two-way 

ANOVA with repeated  measures. 
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The Ca
2+

 imaging technique was also utilized to test for nonspecific effects of 

AMG9810 on NMDARs. As a positive control, it was confirmed that 100 nmol 

AMG9810, the highest dose used behaviorally in the current studies, was sufficient to 

significantly reduce 100 nmol capsaicin-induced Ca
2+

 responses in cultured TG neurons 

(Fig. 3.13). There was a significant reduction in the probability of evoking a capsaicin 

response in the presence of 100 nmol AMG9810 compared to vehicle (K-S = 3.372, P = 

0.000, Fig. 3.13A). Additionally, the magnitude of capsaicin-evoked responses in the 

presence of 100 nmol AMG9810 was significantly reduced (vehicle = 1.372, AMG9810 

= 0.245, P < 0.001, Mann-Whitney, Fig. 3.13B).  AMG9810, 1 µM, abolished all 

capsaicin-evoked responses (500 nM).   

Figure 3.13 The effect of 100nmol AMG9810 on capsaicin-evoked responses in TG neurons. (A) The 

probability of capsaicin evoking a response in the presence of AMG9810 or vehicle. (B) The amplitude 

of capsaicin-evoked responses in the presence of AMG9810 compared to vehicle-treated neurons. 
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There was no difference in the probability of NMDA evoking a response in the 

presence of AMG9810 compared to vehicle in cultured TG neurons (K-S = 0.660, P = 

0.776, Fig. 3.14A). The amplitude of NMDA-evoked responses was not significantly 

affected by the presence of AMG9810 (vehicle = 0.351, AMG9810 = 0.479, P = 575, 

Mann-Whitney, Fig. 3.14B).  

 

These data confirmed the selectivity of AMG9810 for TRPV1, but not NMDARs. 

For more information about the functional interactions between NMDARs and TRPV1 

see appendix I. 

 

3.8 Discussion 

The P2X3 type of ATP receptors are unique targets for nociceptor signaling 

because they are expressed almost exclusively in peripheral sensory neurons (Chen et al., 

1995; Bradbury et al., 1998; Dunn et al., 2001). P2X3 were previously implicated in 

masseter hyperalgesia. αβmeATP injected into the masseter induced a mechanical 

Figure 3.14 The effect of 100nmol AMG9810 on NMDA/glycine-evoked responses in TG neurons. (A) 

The probability of NMDA evoking a response by the presence of AMG9810 versus vehicle. (B) The 

amplitude of NMDA-evoked responses in the presence of AMG9810 compared to vehicle. 
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hyperalgesia that was blocked by the non-specific antagonist PPADS (Shinoda et al., 

2008). Here, I replicated αβmeATP-induced masseter hyperalgesia in another orofacial 

muscle pain model. In both models, no hyperalgesia was observed in the masseter 

contralateral to the αβmeATP injection suggesting a peripheral mechanism of action. I 

validated the effect with a specific P2X3 antagonist confirming it is P2X3-mediated.  The 

benzocaine control experiments confirmed the αβmeATP effect is mediated by P2X3 in 

muscle afferents. Together, the data suggest local P2X3 are mediating masseter 

mechanical hyperalgesia. In humans, ATP infusion during capsaicin application 

significantly enhances touch-evoked hyperalgesia (Hamilton et al., 2000) suggesting a 

facilitatory interaction between purinoceptors and TRPV1. In my data, P2X3-induced 

masseter hyperalgesia was prevented by TRPV1 blockade supporting the notion that 

P2X3 and TRPV1 interact in a facilitatory manner. 

Previously, there was little to no information available regarding the extent and 

pattern of co-expression in muscle afferents between P2X3 and TRPV1. 

Immunohistochemistry studies reported approximately 33-58% of all TG neurons co-

express P2X3 and TRPV1 (Eriksson et al., 1998; Ichikawa et al., 2004; Ichikawa and 

Sugimoto, 2004). More recently, the expression pattern of P2X3 and TRPV1 in masseter 

afferents has been looked at independently of each other. Specifically, 22% and 24-38% 

of masseter afferents express P2X3 and TRPV1, respectively (Ambalavanar et al., 2005; 

Takeda et al., 2005; Simonetti et al., 2006; Staikopoulos et al., 2007; Ro et al., 2009). I 

found the percentages of P2X3 (29.5 ± 7.2%) and TRPV1 (34.6 ± 5.3%) immunoreactive 

masseter afferents consistent with the current literature and that 7.2 ± 3.1% of medium-
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sized masseter afferents co-express P2X3 and TRPV1. To my knowledge, this is the first 

report of the co-expression pattern of these two channels in masseter afferents.   

There is precedent for a specific but small population of receptor-specific neurons 

producing robust physiological effects. For instance, TRPM8, which is expressed in only 

5-10% of DRG neurons (Reid and Flonta, 2001; McKemy et al., 2002; Peier et al., 2002) 

mediate cold sensation in the range of 22-27
o
C (Peier et al., 2002; Bautista et al., 2007). 

TRPM8 null mice exhibit an array of deficits including a reduction in avoidance of cold 

zones, increased response latencies to the cold plate test, and reduced responses to 

acetone (Bautista et al., 2007; Colburn et al., 2007; Dhaka et al., 2007). Similarly, 

MrgprA3 which is the major receptor responsible for chloroquine (CQ)-induced itch, is 

expressed in only 4-5% of DRG neurons (Liu et al., 2009). Mrgpr-cluster Δ
-/-

 mice have 

~30 Mrgpr genes deleted and they exhibit a significant reduction in CQ-induced 

scratching behavior (Liu et al., 2009). Mrgpr-cluster Δ
-/-

 DRG display a considerably 

reduced Ca
2+

 response to CQ, which is rescued by MrgprA3 expression.  

Furthermore, pathophysiological manipulations such as masseter or TMJ 

inflammation, masseter stretching or eccentric contraction, as well as tooth movement 

significantly increase P2X3 expression in TG for several days (Ambalavanar et al., 2005; 

Shinoda et al., 2005; Yang et al., 2009; Dessem et al., 2010).  Thus, it is likely that under 

clinical or injurious conditions the extent of co-expression between these channels 

increases, providing a greater opportunity for these channels to interact.  

When I applied capsaicin repeatedly in the Ca
2+

 imaging experiments, the 

averaged responses of the entire population were smaller during the second application. 
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However, in the P2X3 experiment for example, inspection of individual neurons revealed 

that desensitizing effects only occurred in ~65% of neurons. αβmeATP treatment did not 

alter the extent of desensitization of the overall population. When I focused our analysis 

on the 35% of neurons that do not undergo desensitization, the sensitizing effects of 

αβmeATP were uncovered.  

It is unclear why sensitization does not occur in the entire population co-

expressing TRPV1 and P2X3 or TRPV1 and NMDARs. I believe the desensitizing 

population is reflective of the classical Ca
2+

/calmodulin dependent desensitization that 

typically occurs following repeated application of capsaicin (Cholewinski et al., 1993; 

Docherty et al., 1996; Koplas et al., 1997). These cells typically exhibited greater initial 

Ca
2+

 responses. In this population, it is possible that the desensitization is masking the 

sensitizing effect of αβmeATP. Since the application of αβmeATP or NMDA did not 

alter the magnitude of desensitization in this population it is also possible that 

intracellular machineries necessary for functional interactions between the two channels 

are absent or not operational. The sensitizing population of neurons tended to show small 

initial capsaicin-induced Ca
2+

 influx which is unlikely to desensitize TRPV1. It has been 

shown that desensitization/sensitization of TRPV1 is dependent upon the initial 

concentration of Ca
2+

 influx in DRG (Zhang et al., 2011). Thus, within the heterogeneous 

population co-expressing TRPV1 and P2X3 or TRPV1 and NMDARs, there is a subset of 

neurons that have the capability of being sensitized by αβmeATP and NMDA, 

respectively. Differences in initial TRPV1
 
responses may confer the identity of neurons 

as sensitizers or desensitizers. The sources of heterogeneity of initial TRPV1 responses 

within the general TRPV1/P2X3 and TRPV1/NMDAR population could result from basal 
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differences in expression level or phosphorylation state of TRPV1, which requires further 

investigation. 

My data demonstrate sensitization of TRPV1 following pretreatment with 

αβmeATP. However, previous examination of DRG whole cell currents suggested 

possible inhibitory effects between P2X3 and TRPV1 (Piper and Docherty, 2000; 

Stanchev et al., 2009). For example, Stanchev et al., (2009) co-applied capsaicin and 

αβmeATP and compared the current to the sum of the current amplitudes when the 

agonists were applied alone. Due to differences between channels’ kinetics it is difficult 

to draw strong conclusions using this methodology. In their study, potentiation of TRPV1 

currents may not have been observed because there is not enough time for P2X3 to 

initiate signaling pathways and concomitant sensitization of TRPV1. Piper and Docherty 

(2000) based their conclusions on current shape utilizing ATP instead of more specific 

pharmacological agents for P2X3. Both of these studies use considerably higher capsaicin 

concentrations (10 µM) (Piper and Docherty, 2000; Stanchev et al., 2009). According to 

my data, potentiation is not likely to occur following initially high Ca
2+

 influx. Thus, 

these previous studies may not have observed potentiation of TRPV1 due to key 

methodological differences. Regardless, their data does suggest potential for interaction 

between P2X3 and TRPV1. However, it is still possible that both facilitatory and 

inhibitory interactions do occur under physiological conditions.  

Increased TRPV1 function, sensitization, is well documented. It has been well 

established that GPCRs form ‘functional units’ with TRPV1 (Levine and Alessandri-

Haber, 2007), but now there are data emerging to suggest ligand-gated channels form 

‘functional units’ as well. ATP is released in high concentrations during injury and 
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inflammation. Its receptor, P2X3, is a nonselective cation channel co-expressed with 

TRPV1 in masseter afferents making it possible for these channels to interact with one 

another. Akin to P2X3 activation, I demonstrated that NMDAR activation induces 

sensitization of TRPV1 in TG neurons. TRPV1 can be sensitized by several mechanisms. 

Previous literature reports TRPV1 is phosphorylated and sensitized by CaMKII and 

PKCα (Premkumar and Ahern, 2000; Bhave et al., 2003; Jung et al., 2004; Woo et al., 

2008).  Our study suggests NMDARs, Ca
2+

 permeable channels, sensitize TRPV1 via 

CaMKII and PKC as well (Appendix I). P2X3, also Ca
2+

 permeable, have been linked to 

CaMKII and PKCα kinase activation (Hasegawa et al., 2009; Xu et al., 2010). There are 

several instances in GPCR-TRP channel interactions in which multiple inflammatory 

mediators utilize the same signaling molecule to sensitize TRPV1. For example, both 

bradykinin and nerve growth factor can sensitize TRPV1 function through the relief of 

tonic inhibition via PLC hydrolysis of PIP2 (Chuang et al., 2001). Therefore, it is possible 

common mechanisms are shared by pro-nociceptive cation channels to sensitize TRPV1 

as well. The common Ca
2+

 influx could be the limiting factor that brings together ligand-

gated channels such as NMDARs or P2X3 with TRPV1.  

This series of studies demonstrated a functional interaction between P2X3 and 

TRPV1, which contributes to the development of masseter mechanical hyperalgesia. 

First, I validated that muscular P2X3 activation induces mechanical hyperaglesia with our 

own orofacial model. Second, I demonstrated that P2X3-induced mechanical hyperaglesia 

is mediated by TRPV1. Next, I determined that TRPV1 and P2X3 are expressed in a 

subpopulation of masseter afferents. Finally, I illustrated that P2X3 activation enhances 

capsaicin-induced responses in a subset of TG neurons. These data provide novel 



65 
 

information suggesting an interaction between two ligand-gated channels, P2X3 and 

TRPV1, contributes to the development of muscle mechanical hyperalgesia. In the next 

chapter, I will investigate the hypothesis that CaMKII and Ca
2+

-dependent PKC isoforms 

(e.g. PKCα) mediate P2X3-TRPV1 interactions.  
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Chapter 4. P2X3-TRPV1 interaction is mediated by PKC and CaMKII 

4.1 Introduction 

 Thus far, this project has led to the conclusion that P2X3 and TRPV1 interact in 

trigeminal sensory neurons. P2X3-mediated masseter hyperalgesia was prevented by a 

TRPV1 antagonist and P2X3 activation potentiated TRPV1-mediated Ca
2+

 transients in a 

subset of trigeminal ganglia (TG) neurons. However, the cellular mechanisms by which 

this facilitatory P2X3-TRPV1 interaction occurs remain elusive. One of the mechanisms 

through which modulation of TRPV1 function occurs is phosphorylation events by both 

Ca
2+

 dependent and independent kinases (Bhave et al., 2002; Bhave et al., 2003; Jung et 

al., 2004; Mandadi et al., 2006; Jeske et al., 2008; Woo et al., 2008; Jeske et al., 2009). 

Phosphorylation of TRPV1 leading to sensitization of the receptor is well documented. 

Receptors containing the P2X3 subunit are nonselective cation channels, with 

PCa/PNa≈1.5-5 (Valera et al., 1994; Lewis et al., 1995; Virginio et al., 1998). Therefore, 

the significant Ca
2+

 influx through these receptors could potentially initiate Ca
2+

-

dependent signaling cascades which could converge on TRPV1.  

In fact, recent work in DRG has linked P2X3 activation to Ca
2+

-dependent kinases 

known to sensitize TRPV1. Treatment of DRG cultures with ATP or αβmeATP results in 

the phosphorylation and translocation of CaMKII, hallmarks of its activation (Hasegawa 

et al., 2009). αβmeATP injections into the hindpaw induces up-regulation of both PKCα 

and TRPV1 (Xu et al., 2010). Additionally, αβmeATP restores the attenuation of TRPV1 

expression in DRG in a PKC dependent manner following sympathectomy (Xu et al., 

2010). PKC targets Ser-800, Ser-502, Thr-704, and Thr-144 on TRPV1 (Numazaki et al., 
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2002; Bhave et al., 2003; Mandadi et al., 2006). CaMKII, on the other hand, targets Ser-

502 and Thr-704 (Jung et al., 2004). Since P2X3 has been linked to activation of two 

serine/threonine kinases, CaMKII and PKC, which phosphorylate TRPV1, I hypothesized 

that P2X3-TRPV1 interactions are mediated by PKC/CaMKII. I investigated whether 

1) inhibiting PKC/CaMKII blocked P2X3-TRPV1 interaction at the behavioral level, 2) 

P2X3 activation induced phosphorylation of threonine/serine on TRPV1, and 3) inhibiting 

PKC/CaMKII prevented P2X3-induced modulation of TRPV1. 

 

4.2 The role of PKC in P2X3-induced masseter hyperalgesia 

The activation of P2X3 via intramuscular αβmeATP (750 µg) induced a robust 

mechanical hyperalgesia of the masseter which peaked by 15 minutes and resolved by 60 

minutes (Time: F = 164.493, P < 0.001, Fig. 4.1A). In order to assess whether PKC plays 

a role in this interaction, I pretreated the masseter muscle with a PKC inhibitor, 

GF109203x.  
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GF109203x selectively inhibits conventional Ca
2+

-dependent PKCs (Martiny-

Baron et al., 1993) including PKCα which has previously been linked to interactions 

between P2X3 and TRPV1 (Xu et al., 2010).  A lower dose of GF109203x (10 pmol) 

partially, but significantly prevented the development of mechanical hyperalgesia 

whereas the higher dose (100 pmol) completely abolished the effects of αβmeATP (Drug: 

F = 42.333, P < 0.001, Fig. 4.1A). In order to assess the overall magnitude of drug effect 

irrespective of time, a one-way ANOVA was performed on the AUC. GF109203x dose-

dependently prevented P2X3-induced masseter mechanical hyperalgesia (F = 46.977, P < 

0.001, Fig. 4.1B). This suggests that PKC, likely the Ca
2+

-dependent isoforms, mediates 

P2X3-induced hyperalgesia.  

Although this experiment demonstrates the involvement of PKC, it does not 

directly address whether the PKC-dependent mechanism is associated with TRPV1. 

Figure 4.1 Role of PKC in P2X3 induced masseter hyperalgesia. (A) Line graph shows dose- and 

time-dependent prevention of αβmeATP-induced hyperalgesia by the PKC antagonist, GF109203X. (B) 

Bar graph shows the overall magnitude of drug effect as measured by AUC. BL: baseline 15 minutes 

prior to αβmeATP injection.  Gray arrow: vehicle or antagonist injection into the masseter 5 minutes 

prior to αβmeATP. Black arrow: αβmeATP injection at 0 min. +, * indicates group and time effects 

respectively. 
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However, evaluating whether PKC is associated with TRPV1 underlying P2X3-induced 

masseter hyperalgesia is difficult to ascertain via a direct in vivo experiment. Therefore, I 

designed an indirect experiment to establish a connection between PKC and TRPV1. 

Using a direct activator of PKC, PMA (300 nmol), I induced a masseter mechanical 

hyperalgesia similar to that induced by 750 µg αβmeATP: it peaked by 15 minutes and 

resolved by 60 minutes (Time: F = 98.867, P < 0.001, Fig. 4.2A).  Furthermore, 

pretreatment of the masseter with the same doses of the TRPV1 antagonist, AMG9810, 

that blocked αβmeATP-induced effects (Fig. 3.3) also prevented PMA-induced 

hyperalgesia (Drug: F = 45.176, P < 0.001, Fig. 4.2A). A one-way ANOVA of the AUC 

reflects that AMG9810 dose-dependently prevented the PMA-induced hyperalgesia (F = 

48.622, P < 0.001, Fig. 4.2B). These data collectively implicate PKC as a downstream 

mediator of P2X3 and an upstream mediator of TRPV1 in mechanical hyperalgesia of 

masseter muscle. Therefore, it may indirectly suggest PKC could serve as the signaling 

factor mediating the interaction between P2X3 and TRPV1.  

Figure 4.2 Role of TRPV1 in PKC induced hyperalgesia of masseter. (A) Line graph shows dose- and 

time-dependent prevention of PMA-induced hyperalgesia by the TRPV1 antagonist, AMG9810. (B) Bar 

graph shows the overall magnitude of drug effect as measured by AUC. BL: baseline 15 minutes prior to 

PMA injection.  Gray arrow: vehicle or antagonist injection into the masseter 5 minutes prior to PMA. Black 

arrow: PMA injection at 0 minutes. +, * indicates group and time effects respectively. 
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4.3 The role of kinase(s) in P2X3-induced sensitization of TRPV1  

 To ascertain which kinase(s) play a role in P2X3-induced sensitization of TRPV1 

I designed Ca
2+

 imaging experiments. P2X3-induced potentiation of capsaicin-evoked 

responses was compared between kinase inhibitor and vehicle treated groups (protocol 

4a,b in Table 2.5). An analysis of the sensitizing population of neurons treated with the 

αβmeATP plus PKC inhibitor, GF109203x, versus αβmeATP plus vehicle, DMSO, 

revealed that inhibiting PKC did reduce the capsaicin response compared to the DMSO 

treated group, however it was not significant (Time: F = 12.284, P = 0.004; Drug: F = 

1.395, P = 0.257, Fig. 4.3). Additionally, compared to the initial αβmeATP alone data 

(Fig. 3.9) responses in all groups were depressed. Upon extensive characterization of data 

collected during this project, I determined that the vehicle for PKC inhibitors could 

produce confounding and inconsistent results.  

Due to the hydrophobicity of all the 

commercially available PKC inhibitors the 

best solvents are DMSO and ethanol. Since 

ethanol sensitizes TRPV1 (Trevisani et al., 

2002) I chose to continue using DMSO as a 

vehicle control. I repeated the experiment 

varying different factors: increased 

concentrations of capsaicin (25 µM) and 

GF109203x (20 µM), and decreased 

concentrations of DMSO (0.05%). Theoretically, the final concentration of DMSO, 

which was less than 0.5% should not have had any influence. However, I was unable to 

Figure 4.3 The effect of a PKC inhibitor, 

GF109203x, on αβmeATP-induced potentiation of 

capsaicin-induced Ca
2+ 

responses in TG neurons.  
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more distinctly unmask the P2X3-PKC-TRPV1 interaction. The CaMKII inhibitors are 

also hydrophobic and utilize the same vehicle. Therefore, I discontinued this series of 

experiments and assessed the role of CaMKII using other techniques.  

 

4.4 The role of CaMKII in P2X3-induced masseter hyperalgesia 

Since activation of P2X3 can induce CaMKII activity and CaMKII is known to 

sensitize TRPV1, I hypothesized that CaMKII may also mediate P2X3-TRPV1 

interactions which underlie P2X3-induced hyperalgesia. Therefore, I sought to replicate 

similar experiments as were completed for PKC except using a CaMKII inhibitor, KN93. 

αβmeATP reliably produced robust mechanical hyperalgesia that peaked from 15 minutes 

and was resolved by 1 hour post injection (Time: F = 150.508, P < 0.001, Fig. 4.4A). 

Interestingly, pretreatment with KN93 also dose-dependently prevented P2X3-induced 

hyperalgesia (Drug: F = 36.684, P < 0.001, Fig. 4.4A). A one-way ANOVA of the AUC 

reaffirms that blocking CaMKII dose-dependently prevents P2X3-induced hyperalgesia 

(Fig. 4.4B). These data support my hypothesis that CaMKII mediates P2X3-induced 

mechanical hyperalgesia. To my knowledge there are no specific activators of CaMKII 

available in order to directly assess the association between CaMKII and TRPV1 at the 

behavioral level. However, further examination can be achieved through investigation of 

P2X3-TRPV1 interactions at the cellular level.  
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4.5 A non-Ca
2+

-dependent kinase is not involved in P2X3-induced masseter hyperalgesia  

According to my hypothesis, P2X3-TRPV1 interaction and P2X3-induced 

mechanical hyperalgesia depend on Ca
2+

-dependent kinase signaling. I predicted that 

blocking a non-Ca
2+

-dependent kinase should not prevent P2X3-induced hyperalgesia. 

PKA is a non- Ca
2+

-dependent kinase that can be activated by forskolin. Direct injection 

of forksolin evokes a mechanical hyperalgesia that can be significantly blocked by 30 

nmol of the PKA inhibitor KT5720 (Time: F = 38.107, P < 0.001; Drug: F = 14.456, P = 

0.005, Fig. 4.5A). 

 

 

 

 

Figure 4.4 Role of CaMKII in P2X3 induced masseter hyperalgesia. (A) Line graph shows dose- and 

time-dependent prevention of αβmeATP-induced hyperalgesia by the CaMKII antagonist, KN93. (B) Bar 

graph shows the overall magnitude of drug effect as measured by AUC. BL: baseline 15 min prior to 

αβmeATP injection.  Gray arrow: vehicle or antagonist injection into the masseter 5 min prior to 

αβmeATP. Black arrow: αβmeATP injection at 0 min. +, * indicates group and time effects respectively. 
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A t-test comparing the AUC confirms that 30 nmol KT5720 prevents significant 

hyperalgesia from developing in rats injected with 20 µg forskolin (t = 3.905, P = 0.005, 

Fig. 4.5B). This same dose of KT5720 was then used to assess whether PKA has a role in 

P2X3-induced mechanical hyperalgesia. Again, αβmeATP reliably induced mechanical 

hyperalgesia that peaked at 15 minutes and lasted through 45 minutes (Time: F = 

147.076, P < 0.001, Fig. 4.6A). However, blocking PKA had no effect on the 

development of P2X3-induced hyperalgesia (Drug: F = 2.644, P = 0.135, Fig. 4.6A). A t-

test of the AUC revealed there is no significant difference in the magnitude of the P2X3-

induced hyperalgesia that develops between vehicle and KT5720 treated groups (t = -

1.687, P = 0.122, Fig. 4.6B), suggesting that PKA is not involved in P2X3-induced 

hyperaglesia.  

 

 

Figure 4.5 PKA induced masseter hyperalgesia. (A) Line graph shows effect of the PKA inhibitor, 

KT5720 on forskolin (FSK)-induced hyperalgesia. (B) Bar graph shows the overall magnitude of drug 

effect as measured by AUC. +, * indicates group and time effects respectively. 
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4.6 P2X3 activation induces serine phosphorylation on TRPV1 

 The behavioral data suggests that both PKC and CaMKII may be involved in 

mediating P2X3-TRPV1 interactions. Traditionally, kinases are known for catalyzing the 

transfer of phosphate groups. As literature suggests that TRPV1 can be sensitized through 

phosphorylation events, I hypothesized that P2X3 activation induces phosphorylation of 

TRPV1. Specifically, it is known that CaMKII and PKC phosphorylate threonine and 

serine residues on TRPV1 (Bhave et al., 2003; Jung et al., 2004). It is not feasible to test 

phosphorylation at the primary afferent terminal level since the neural elements in the 

muscle tissue are too low to detect meaningful biochemical changes. Therefore, I 

assessed the relative level of TRPV1 phosphorylation in dissociated TG cultures 15, 30, 

and 45 minutes following the application of αβmeATP (50 µM). The application of 

αβmeATP caused a time-dependent increase in serine phosphorylation (p-Ser) of TRPV1 

(Fig. 4.7A,B).  

Figure 4.6 PKA has no role in P2X3 induced masseter hyperalgesia. (A) Line graph shows αβmeATP-

induced hyperalgesia in the presence of  the PKA inhibitor, KT5720. (B) Bar graph shows the overall 

magnitude of drug effect as measured by AUC. * indicates time effects. 
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Figure 4.7 The effect of αβmeATP on TRPV1 serine phosphorylation in TG cultures. (A) An 

immunoblot for p-Ser following IP using an anti-TRPV1 antibody (upper). An immunoblot for total 

TRPV1 using an anti-TRPV1 antibody from the same membrane in the upper panel (lower).  (B) The 

relative optical densities (p-Ser/TRPV1). * denotes significant effect at P < 0.05. n = 6 for each time point. 

This increase peaked at 15 minutes but persisted 30 minutes after the application. 

However, statistical significance was reached only at 15 minutes. Interestingly, the 

mechanical hyperalgesia which develops following αβmeATP injection in the in vivo 

condition was most prominent during the same time period. The same concentration of 

αβmeATP did not induce significant changes in the phosphorylation of TRPV1 at 

threonine residues at any of the time points examined (Fig. 4.8A,B). 

 Figure 4.8 The effect of αβmeATP on TRPV1 threonine phosphorylation in TG cultures. (A) An 

immunoblot for p-Thr following IP using an anti-TRPV1 antibody (upper). An immunoblot for total 

TRPV1 using an anti-TRPV1 antibody from the same membrane in the upper panel (lower).  The samples 

were collected at the indicated time points following αβmeATP (50 μM) treatment. (B) Averaged relative 

optical densities (p-Thr/TRPV1). n = 6 for each time point. 
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 Additional experiments were completed using the western blot technique to assess if 

there were any changes in the levels of TRPV1 expression 15, 30, and 45 minutes 

following the application of αβmeATP (50 µM). There were no detectable differences in 

TRPV1 expression (Fig. 4.9A,B). These data provide support for P2X3-TRPV1 

interactions and that P2X3 activation leads to TRPV1 phosphorylation at specific sites.  

Figure 4.9 The effect of αβmeATP on TRPV1 expression in TG cultures.  (A) Representative western 

blot for TRPV1 following treatment with 50 µM αβmeATP for 15, 30, or 45 min. (B) Mean ratio of 

TRPV1 expression normalized to GAPDH in the same sample, p=0.182. n = 3 for each time point.  

 

4.7 Kinase inhibition blocks phosphorylation of TRPV1 

 To implicate PKC and/or CaMKII in the signaling cascade involved in P2X3-

induced phosphorylation of TRPV1, I repeated the immunoprecipitation study. In this 

experiment I pretreated the TG cultures for 15 minutes with kinase inhibitor (10 µM 

GF109203x, KN93) or vehicle (0.5% DMSO, 10 µM KN92) prior to co-administering 50 

µM αβmeATP for the remaining 15 minutes before immunoprecipitating TRPV1. 

Immunoblots for p-Ser revealed that there was a slight decrease in the GF109203x group, 

compared to αβmeATP alone, but the DMSO treated group also decreased (Fig. 4.10). 
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Figure 4.10 Representative blot demonstrating the 

effect of a PKC inhibitor, GF109203x, on P2X3 

induced phosphorylation of TRPV1 in TG cultures.  

Lowering the concentration of DMSO to 0.2% and then 0.1% yielded inconsistent results 

regarding prevention of the decrease in αβmeATP-induced phosphorylation. I was unable 

to obtain similar increases in phosphorylation in the αβmeATP + DMSO as were 

observed in the αβmeATP alone group. Thus, DMSO may somehow inhibit αβmeATP’s 

initial function prior to any downstream signaling.  

 

 

 

 

As an alternative method, I tried to inhibit CaMKII using a dominant negative 

(DN) approach. CaMKII is activated through Ca
2+

-calmodulin complexes binding 

CaMKII and inducing autophosphorylation on Thr-286. In order to test the extent of 

phosphorylation of CaMKII, I confirmed the specificity of a p-CaMKII antibody 

(Abcam) in multiple tissues and cell types through the western blot technique (Fig. 4.11).  



78 
 

I also confirmed the specificity of a total CaMKII antibody (Cayman Chemicals) (Fig. 

4.12). First, HEK293 cells transfected with wildtype (WT) CaMKII or an empty vector 

(pcDNA3) were treated with a Ca
2+

 ionophore, ionomycin, to induce autophosphorylation  

of CaMKII. The antibody detected a darker band in the CaMKII-WT lane compared to 

pcDNA3 (Fig. 4.11A). In another experiment rat brain lysates were treated with either 

vehicle or alkaline phosphatase (CIP) for 60 minutes at 37
o
C and p-CaMKII was detected 

with the same Abcam antibody (Fig. 4.11B). A lighter band was shifted down in the CIP 

treated lane suggesting partial de-phosphorylation of p-CaMKII. Additionally, re-probing 

of the same membrane for total CaMKII indicated an increase whereas GAPDH was the 

same in both lanes. In a final test of the specificity of the Abcam antibody TG cultures 

were treated with KCl to induce Ca
2+

 release and assure autophosphorylation. TG lysates 

were then treated with CIP or vehicle as described above. CIP treatment resulted in 

almost the complete disappearance of the p-CaMKII band (Fig. 4.11C). Together, these 

data suggest the Abcam antibody is specific for p-CaMKII in that the p-CaMKII band is 

real and easily identifiable via the western blot technique.  

Figure 4.11 The detection of p-CaMKII byAbcam antibody. (A) HEK293 Cells transfected with 

CaMKII-WT or empty vector, pcDNA3. (B) Rat Brain lysate treated with phosphatase or vehicle and 

reprobed for total CaMKII and GAPDH. (C) TG cultures treated phosphatase (CIP) or vehicle. 
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 The antibody for total CaMKII (Cayman Chemicals) was verified by transfecting 

HEK293 cells with CaMKII-WT, pcDNA3, or a mutated form of CaMKII in which 

threonine 305 has been switched to aspartate (T305D). The T305D mutation mimics 

phosphorylation at this residue. T305 is within the binding site of calmodulin and 

prevents further activation of the kinase or phosphorylation by CaMKII. Thus, this 

mutant acts as a dominant negative (DN). The CaMKII antibody detected bands within 

the relevant size range (~50kDa for CaMKIIα, ~60kDa for CaMKIIβ) only when the 

CaMKII-WT construct had been transfected regardless of whether the pcDNA3 and/or 

CaMKII-DN were also present (Fig. 4.12). This antibody was also deemed specific to use 

for the experiment. 

 

Figure 4.12 The specificity of Cayman Chemicals CaMKII antibody. (A) CaMKII was compared in 

HEK293 cells transfected with wildtype (WT) CaMKII and empty vector (PCDNA3). (B) CaMKII was 

compared in HEK293 cells transfected with combinations of CaMKII-WT, PCDNA3, and dominant 

negative (DN) CaMKII. 
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In order to directly test whether CaMKII mediates P2X3-TRPV1 interactions I 

first assessed if P2X3 activation 

induces CaMKII activation. 

Adapted from Hasegawa et al. 

(2009), TG cultures were treated 

with 100 µM αβmeATP for 10 minutes. Western blots were used to detect p-CaMKII. 

The p-CaMKII band was weaker in the vehicle treated group (Fig. 4.13). Successful 

transfection of another CaMKII-DN K42M (gift from Thomas Blanpied laboratory) was 

confirmed through micrographs of GFP signal (Fig. 4.14A). Additionally, the CaMKII 

antibody detected a band ~20kDa larger than native CaMKII, indicative of CaMKII-GFP 

fusion protein (Fig. 4.14B).  

 Since this experiment is not yet complete there are several goals for the future of 

this experiment. First, it is important to replicate the finding that P2X3 activation 

indicates p-CaMKII activation. Second, it is essential to confirm the down-regulation of 

CaMKII activity by the CaMKII-DN. My hypothesis is the P2X3 induced serine 

phosphorylation of TRPV1 is mediated by CaMKII. Therefore, following electroporation 

of either CaMKII-DN or control vector TG cultures will be treated with αβmeATP. 

Cultures will undergo immunoprecipitation of TRPV1 followed by immunoblotting for p-

Ser. I predict control vector transfected cells will exhibit increased phosphorylation 

similar to previous phosphorylation results whereas CaMKII-DN treated cells will exhibit 

significantly decreased levels of phosphorylation. Such results would strengthen the 

evidence supporting the notion that CaMKII mediates P2X3-TRPV1 interactions. 

Figure 4.13 Levels of p-CaMKII in TG cultures treated 

with αβmeATP or vehicle.   
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4.8 Discussion 

The studies in this project have begun to elucidate the signaling mechanisms that 

may be involved in P2X3-TRPV1 interactions. Behavioral work suggests that PKC and 

CaMKII mediate P2X3-induced mechanical hyperalgesia and that TRPV1 is also coupled 

to PKC-induced behavioral effects. I also provided preliminary data to suggest that PKC 

plays a role in the sensitizing effects of αβmeATP on capsaicin-induced Ca
2+

 influx. 

P2X3 activation clearly induces phosphorylation of TRPV1. P2X3 activation also induces 

phosphorylation of CaMKII, a hallmark of its activation. These two ionotropic channels, 

Figure 4.14 Confirmation of successful electroporation of CaMKII-DN or vehicle in TG cultures. (A) 

Representative micrograph of GFP signal one day post electroporation. (B) Representative micrograph of 

CaMKIIDN-GFP one day post electroporation. (C) Western blot demonstrating activated CaMKII 

following transfection of either CaMKII-DN fused to GFP or GFP alone. Reprobing of the membrane for 

total CaMKII confirms transfection.  
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P2X3 and TRPV1, which were independently implicated in muscle pain and hyperalgesia, 

interact via signaling cascades that activate the two calcium dependent kinases. 

These data imply that TRPV1 is activated downstream of P2X3 under injury or 

inflammatory conditions. However, it is possible that bidirectional interactions do occur. 

It is unclear whether activation of TRPV1 induces sensitization of P2X3.  Additional 

experiments testing capsaicin induced mechanical hyperalgesia following pretreatment 

with a P2X3 antagonist would be required to assess such a possibility. However, 

desensitization of P2X channels following TRPV1 activation has been reported (Piper 

and Docherty, 2000). Pretreatment with capsaicin decreases the slow component (i.e. 

P2X2) of the ATP response and increases the proportion of cells displaying the fast 

component (i.e. P2X3). The authors interpret this as a one-way cross-desensitization 

between TRPV1 and heteromeric P2X receptors. Although the balance and the 

consequences of such mixed functional interactions between TRPV1 and P2X3 are not 

clear, I speculate that cross-desensitization could be a negative feedback mechanism 

dampening perpetual activation of these channels. My Ca
2+

 imaging data suggest that 

sensitization of TRPV1 following P2X3 activation is dependent upon initial Ca
2+

 influx. 

By the repeated activation of P2X3, TRPV1 will become increasingly sensitized. At some 

critical state of TRPV1 sensitization, a feedback mechanism could not only lead to the 

desensitization of TRPV1 but also induce cross-desensitization of P2X3. Consequently, 

the nature (e.g. direction) of the P2X3-TRPV1 interaction is altered, thereby preventing 

perpetual P2X3- or TRPV1-mediated hyperexcitability. Thus, the directionality of 

interactions between P2X3 and TRPV1 could depend upon the availability of endogenous 

ligands, the expression levels of the channels, and any requisite intracellular machinery. 
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Again, although it is possible for P2X3 to function downstream of TRPV1 

activation, the current data reflects more physiological conditions. Excess ATP is 

released during injury or inflammation in the periphery from a variety of tissues 

including endothelial cells, platelets, neurons, inflammatory cells, and muscle among 

others (Vassort, 2001; Praetorius and Leipziger, 2009). Although endogenous agonists 

for TRPV1 have been identified, their mechanism of release in the periphery during 

development of mechanical hyperalgesia is unknown. Finally, there is accumulating 

evidence suggesting that TRPV1 functions as a downstream signal integrator after the 

activation of GPCRs and tyrosine kinase receptors (Levine and Alessandri-Haber, 2007).   

TRPV1 is known to be sensitized by many inflammatory mediators. Individual 

kinases are capable of regulating the sensitization state of TRPV1 through 

phosphorylation events. For example, PKC phosphorylates TRPV1 at Ser-502, Ser-800, 

and Thr-704, whereas PKA activation results in the phosphorylation of Ser- 502, Ser-116, 

Thr-144, and Thr-370 residues (Bhave et al., 2002; Numazaki et al., 2002; Rathee et al., 

2002; Mandadi et al., 2006). CaMKII activation also leads to phosphorylation of TRPV1 

at Ser-502, Thr-370, and Thr-704 (Jung et al., 2004). Physiologically, however, different 

inflammatory mediators and pro-nociceptive molecules utilize unique signaling pathways 

to achieve sensitization of TRPV1. PGE2 activation targets PKA whereas bradykinin and 

substance P utilize the PKC pathway (Lee et al., 2005a; Jeske et al., 2008; Schnizler et 

al., 2008; Sculptoreanu et al., 2008; Tang et al., 2008). Meanwhile other inflammatory 

molecules such as proteases and glutamate utilize both PKC and PKA (Hu et al., 2002b; 

Amadesi et al., 2004; Amadesi et al., 2006; Lee and Ro, 2007b). NGF, on the other hand, 

exploits the unique c-src and PI3 kinases (Jin et al., 2004; Zhang et al., 2005; Zhu and 
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Oxford, 2007). In most of these cases there is a change in TRPV1 expression/trafficking 

or an indiscriminate change in phosphorylation. It is unclear whether a specific residue in 

TRPV1 is invoked by these interactions. The present studies reveal P2X3 and NMDAR 

(see Appendix I) activation result in phosphorylation of TRPV1 at serine residues. My 

data suggest residue specific serine phosphorylation of TRPV1 is involved in ligand-

gated sensitization of TRPV1 in TG sensory neurons.  

Activation of P2X3 increases Ca
2+

 influx, which invokes multiple intracellular 

signaling cascades including activation of CaMKII (Hasegawa et al., 2009). 

Pharmalogical blockade of P2X3 significantly attenuates mechanical allodynia following 

chronic nerve constriction (Jarvis et al., 2002). Following peripheral nerve injury, rats not 

only develop tactile allodynia, but DRG exhibit increased levels of activated cytosolic 

phospholipase A2 (cPLA2) (Tsuda et al., 2007; Hasegawa et al., 2009). Both a P2X3 

antagonist and CaMKII inhibitor prevent these phenomena whereas αβmeATP induces 

activation of CaMKII and cPLA2. However, to my knowledge this is the first report of 

P2X3 induced activation of CaMKII in TG sensory neurons. Together these data allow 

me to postulate the P2X3-CaMKII-TRPV1 cascade as an underlying mechanism for 

P2X3-induced mechanical hyperalgesia.  

Following sympathectomy there is a decrease in expression of activated PKCα (p-

PKCα) and TRPV1 (Xu et al., 2010). Treatment with αβmeATP restores p-PKCα 

suggesting sympathetic outflow, particularly P2X3 activation, contributes to the 

activation of the PKCα-TRPV1 pathway. In the current study, biochemical data suggest 

there is an increase in serine phosphorylation without any change in TRPV1 expression. 
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Thus, it seems the P2X3-PKC-TRPV1 cascade also contributes to the development of 

masseter mechanical hyperalgesia.  

My data provide novel observations that signaling cascades invoked by activation 

of ligand-gated ion channels also converge onto TRPV1. P2X3 induces the activation of 

CaMKII and the behavioral data supports the notion that both CaMKII and PKC could 

contribute to the sensitization of TRPV1. Further studies including the knockdown of 

both CaMKII and PKC to assess the effects on TRPV1 sensitization and phosphorylation 

could confirm the signaling mechanism underlying P2X3-TRPV1 interactions. 

Identification of a novel P2X3-PKC/CaMKII-TRPV1 pathway that parallels the 

NMDAR-PKC/CaMKII-TRPV1 pathway identified in Appendix I suggests that there 

may be a common Ca
2+

 dependent pathway amongst pro-nociceptive cation channels for 

sensitizing nociceptors. Understanding molecular mechanisms by which these channels 

are structurally and functionally organized and identifying essential molecules in the 

functional protein complexes should prove essential in finding novel targets for 

therapeutic interventions. Future studies delineating the signaling mechanisms could be 

interesting and useful for the pain research community.  
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Chapter 5. P2X3-TRPA1 interactions in trigeminal nociceptors 

 

5.1 Introduction 

 Data suggesting TRPA1 serve as sensory receptors for multiple chemical 

mediators of inflammation, injury or oxidative stress have been accumulating (Bautista et 

al., 2005; Trevisani et al., 2007; Andersson et al., 2008). Direct injections with the 

TRPA1 agonist mustard oil (MO) into the rat masseter muscle evoke reliable, 

concentration-dependent, nocifensive responses and prolonged mechanical 

hypersensitivity, effects that are specifically mediated via local TRPA1 in muscle 

afferents (Ro et al., 2003; Ro et al., 2009). Thus, it is likely that TRPA1, along with 

TRPV1, contributes to pathological muscle pain responses under injury or inflammatory 

conditions. However, the cellular mechanisms by which TRPA1 leads to muscular 

hyperalgesia have not been systematically investigated.   

 Similar to TRPV1, sensitization of TRPA1 by various pro-nociceptive mediators 

coupled to inflammatory GPCRs has been reported.  For example, bradykinin has been 

shown by multiple groups to induce nociception and hypersensitivity via downstream 

signaling involving TRPA1 (Bautista et al., 2006; Kwan et al., 2006). Bradykinin 

activates the bradykinin 2 receptor whose downstream signaling pathways are initiated by 

the PLC hydrolysis of PIP2. One consequence of PLC signaling is the activation of PKC, 

implying PKC may be involved in modulating TRPA1. Previous literature also 

demonstrates that although Ca
2+

 is not required to activate TRPA1, increasing 

intracellular Ca
2+

 potentiates TRPA1 currents (Jordt et al., 2004).  These earlier findings, 

along with my previous data implicating Ca
2+

-dependent PKC in the mediation of P2X3-

TRPV1 interactions, suggest that Ca
2+

 influx generated via P2X3 activation has the 
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potential to sensitize TRPA1. In the current study, I tested the hypothesis that P2X3-

induced masseter hyperalgesia is mediated via a PKC-TRPA1 dependent pathway.  I 

investigated whether (1) P2X3 and TRPA1 co-express in masseter afferents, (2) P2X3-

induced masseter mechanical hyperaglesia is TRPA1-dependent, and (3) the PKC 

pathway converges on TRPA1.  

 

5.2 Co-expression of TRPA1 and P2X3 in masseter afferents 

TRPA1 is expressed in a subset of TRPV1 afferents in both DRG and TG (Story 

et al., 2003; Jordt et al., 2004; Diogenes et al., 2007; Salas et al., 2009).  Co-expression of 

P2X3 and TRPV1 has previously been reported in sensory neurons (Eriksson et al., 1998; 

Ichikawa et al., 2004; Ichikawa and Sugimoto, 2004; Kim et al., 2011) and in particular 

in masseter afferents in this study (Fig. 3.7).  Additionally, Kim et al., (2011) reported co-

expression of P2X3 and TRPA1 mRNA in dental primary afferents. Since P2X3 and 

TRPA1 are both co-expressed with TRPV1 it is possible TRPA1 may also be co-

expressed with P2X3. Co-localization of P2X3 and TRPA1 would provide a 

morphological foundation for possible intracellular interactions between these channels. 

Therefore, I sought to establish whether P2X3 and TRPA1 can be found in the same TG 

neurons. Specifically, if P2X3 and TRPA1 are expressed in the same masseter afferents 

these potential interactions could underlie the development of mechanical hyperalgesia.  

Alternate sections from the TG previously prepared for the TRPV1/P2X3 

immunohistochemistry study were utilized to assess the expression profile of TRPA1 and 

P2X3 in retrogradely labeled masseter afferents.  TG sections were processed for double-

labeling for P2X3 and TRPA1. In earlier immunohistochemical studies multiple primary 
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antibodies were applied in parallel. However, due to the finicky nature of the TRPA1 

antibody the current sections were treated serially. Both TRPA1 and P2X3 were observed 

in predominantly small to medium sized masseter afferents (Fig. 5.1). Specifically, 

TRPA1 were expressed in 13.7 ± 0.9% and P2X3 in 21.6 ± 11.7% of masseter afferents. 

TRPA1 and P2X3 were co-expressed in 4.7 ± 1.4% of masseter afferents, with a mean 

soma size of 623.7 ± 50.9 µm
2 
(Fig. 5.1B).  

Figure 5.1 The somata of masseter afferents labeled by retrograde transport of Fast Blue (FB) were 

assessed for TRPA1 and P2X3 immunoreactivity. (A) Micrographs illustrating TRPA1 and P2X3 

expression in TG neurons, an arrow indicates the FB positive neuron. (B) Soma size distribution of TRPA1 

and P2X3 positive masseter afferents in TG based on cell body area (µm
2
),  small ( < 400µm

2
), medium 

(400-1000 µm
2
), and large ( > 1000 µm

2
). The expression profile of TRPV1 and P2X3 was assessed in 306 

masseter afferents. Scale bar = 20 μm 

 

5.3 TRPA1 mediates P2X3-induced masseter mechanical hyperalgesia 

To determine if TRPA1 contributes to P2X3-induced masseter hyperalgesia, 

animals were treated with a TRPA1 antagonist, AP18, prior to αβmeATP in the same 

muscle.  As I have shown before, intramuscular injection of αβmeATP induced time-

dependent hyperalgesia. Significant hyperalgesia was observed at 15, 30, and 45 minutes 

post injection, with mechanical threshold returning to baseline by 60 minutes (Time: F =  
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83.048, P < 0.001, Fig. 5.3A). AP18 dose-dependently prevented P2X3-induced masseter 

hyperalgesia (Drug: F = 21.686, P < 0.001, Fig. 5.2A). In order to assess the overall 

magnitude of drug effect irrespective of time, a one-way ANOVA was performed on the 

AUC. AP18 significantly prevented αβmeATP-induced mechanical hyperalgesia 

compared to vehicle (F = 22.014, P < 0.001, Fig. 5.2B).  

Figure 5.2 αβmeATP-induced masseter hyperalgesia involves TRPA1. (A) Line graph shows changes 

in masseter mechanical thresholds induced by αβmeATP in the presence of the TRPA1 antagonist, AP18. 

(B) Bar graph shows the overall magnitude of drug effect as measured by area under the curve. BL: 

baseline 15 min prior to αβmeATP injection.  Gray arrow: vehicle or antagonist injection 5 min prior to 

αβmeATP injection. Black arrow: αβmeATP injection at 0 min. (C) Mechanical thresholds were measured 

at the indicated time points following the injection of AP18 (200 nmol) or vehicle (n=6/group). +, * 
indicates significant (P < 0.05) group and time effects, respectively. 

When a dose of AP18 5 times higher than the dose needed to completely prevent P2X3- 

induced hyperalgesia was given alone mechanical thresholds were no different from 

vehicle responses (Drug: F = 4.171, P = 0.068, Fig. 5.2C). There was a slight but 

significant time effect that is possibly due to animal variation.  

 

5.4 There are no sex differences in P2X3-TRPA1 interaction 

Although no sex difference was observed in the P2X3-TRPV1 interaction it 

remains important to evaluate whether any differences may occur in the P2X3-induced 
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hyperalgesia that is mediated by TRPA1. Hence, I tested αβmeATP (750 μg) in female 

rats. There was no effect of sex on the extent of αβmeATP-induced mechanical 

hyperalgesia (Drug: F = 3.595, P = 0.095, Time: F = 87.267, P < 0.001, Fig. 5.3A). 

Similarly, an analysis of the AUC reveals there is no sex difference in 750μg αβmeATP-

induced mechanical hyperalgesia (t = -1.852, P = 0.101, Fig. 5.3B). Additionally, AP18 

(200 nmol) completely abolishes P2X3-induced hyperalgesia in female rats (t = 7.114, P 

< 0.001, Fig. 5.3C). Thus, my data showed no sex differences in the extent of AP18 in 

completely preventing P2X3 mediated mechanical hyperalgesia, and confirmed the 

interaction between P2X3 and TRPA1 in both sexes (Fig. 5.2, 5.3).  

 

Figure 5.3 P2X3-induced masseter hyperalgesia in male and female rats. (A) Line graph shows 

αβmeATP-induced hyperalgesia in male and female rats. BL: baseline 15 min prior to αβmeATP injection.  

Black arrow: αβmeATP injection at 0 min. (B) αβmeATP-induced hyperalgesia in male and female rats as 

measured by area under the curve. (C) The effect of AP18 on αβmeATP-induced hyperalgesia in female 

rats as measured by the area under the curve. +, * indicates group and time effects respectively. 

 

5.5 PKC may be involved in P2X3-TRPA1 interaction 

In the previous chapter, I illustrated that pretreatment of the masseter muscle with 

GF109203x, a PKC inhibitor, prevents the development of P2X3-induced mechanical 

hyperalgesia (Fig. 4.1). This suggests that P2X3 is functionally coupled to PKC. In order 

to examine whether PKC-induced masseter hyperalgesia also involves TRPA1, I utilized 
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a PKC activator, PMA, and a TRPA1 inhibitor, AP18.  A significant mechanical 

hyperalgesia was observed 15, 30, and 45 minutes following masseteric injection of 300 

nmol PMA and resolved by 60 minutes (Time: F = 123.544, P < 0.001, Fig. 5.4A). 

Pretreatment of the muscle with AP18 dose-dependently attenuated PKC-induced 

hyperalgesia (Drug: F = 31.445, P < 0.001, Fig. 5.4A). There was a drug and time 

interaction (F = 14.356, P < 0.001). A one-way ANOVA assessing the AUC confirms 

that AP18 dose-dependently inhibited PKC-induced hyperalgesia (F = 32.565, P < 0.001, 

Fig. 5.4B). These data suggest that PKC-induced masseter hyperalgesia involves TRPA1 

and, therefore, P2X3-mediated PKC activation invokes TRPA1-mediated signaling.  

Figure 5.4 Role of TRPA1 in PKC-mediated masseter hyperalgesia. (A) Line graph shows time-

dependent prevention of PMA-induced hyperalgesia by the TRPA1 antagonist, AP18. (B) Bar graph shows 

the overall magnitude of drug effect as measured by the area under the curve. BL: baseline 15 min prior to 

PMA injection.  Gray arrow: vehicle or antagonist injection 5 min prior to PMA injection. Black arrow: 

PMA injection at 0 min. +, * indicates group and time effects respectively. 
 

 

5.6 Discussion  

This study provides behavioral and immunohistochemical evidence to suggest 

that P2X3-induced mechanical hyperalgesia may also involve TRPA1. TRPA1 and P2X3 

are co-expressed in a subset of masseter afferents. Therefore, intracellular P2X3-TRPA1 
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interactions in muscle nociceptors are possible. The induction of hyperalgesia by the 

specific agonist αβmeATP can be prevented by pretreatment with the TRPA1 antagonist 

AP18. Finally, antagonizing TRPA1 prevents PKC-induced hyperalgesia. Taken together 

with earlier data suggesting that P2X3-induced hyperalgesia is mediated by PKC these 

results suggest a P2X3-PKC-TRPA1 pathway.  

 P2X3 expression (21.6 ± 11.7%) is lower than reported in the earlier TRPV1 study 

(29.5 ± 7.2%), however, this could be accounted for within the variability. Slightly 

different methodology was used for the application of the primary antibody. The primary 

antibodies were applied sequentially as opposed to simultaneously. Secondly, TRPA1 

expression in masseter afferents was found to be 13.7 ± 0.9%, within the realm of 

previously published reports (Ro et al., 2009). TRPA1 and P2X3 were co-expressed in 4.7 

± 1.4% of masseter afferents. This is similar to the low expression I reported for TRPV1 

and P2X3 (7.3%). As previously discussed in Chapter 3, there are multiple examples in 

which specific neuronal populations comprise only 4-5% of the total population yet they 

are responsible for behavioral phenotypes.  

 Like TRPV1, TRPA1 are reported to be sensitized by inflammatory mediators 

such as proteases, NGF, and Bradykinin (Bautista et al., 2006; Kwan et al., 2006; Dai et 

al., 2007; Diogenes et al., 2007).  The canonical Gq-coupled signaling pathway is through 

activation of PLC. PLC in turn hydrolyzes PIP2 into DAG and IP3. IP3 receptor activation 

leads to the release of intracellular calcium. DAG in concert with calcium leads to the 

activation of PKC while DAG lipase metabolizes DAG into polyunsaturated fatty acids 

which can activate and sensitize TRPs. However, the mechanisms can be substantially 

different across TRP channels. For example, sensitization of TRPV1 via PAR2 activation 
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depends on PKC and possibly PKA (Amadesi et al., 2004; Amadesi et al., 2006). On the 

other hand, similar to bradykinin/NGF sensitization of TRPV1 (Chuang et al., 2001), 

PAR2 mediated sensitization of TRPA1 involves PLC depletion of PIP2 (Dai et al., 

2007). Previously, it was hypothesized that bradykinin-induced sensitization was 

mediated by PKC. However, more recently bradykinin-induced sensitization of TRPA1 

has been shown to involve PLC and PKA (Wang et al., 2008).  Although some of the 

same kinases (e.g. PKC) have been implicated in P2X3-TRPV1 and P2X3-TRPA1 

interactions the previous literature suggests the underlying signaling mechanisms may 

still be unique to the individual ion channel interactions.   

Inhibiting either PKC or CaMKII prevented P2X3-induced hyperalgesia. 

Similarly, TRPA1 or TRPV1 inhibition prevented P2X3-induced hyperaglesia. PKC and 

CaMKII phosphorylate TRPV1 (Bhave et al., 2003; Jung et al., 2004). Experiments in 

chapter 4 (Fig. 4.7, 4.13) demonstrated that P2X3 activation induces phosphorylation of 

TRPV1 as well as CaMKII activation. However, phosphorylation of TRPA1 has never 

been demonstrated. Therefore, it is unclear at this time if PKC alone mediates this 

interaction and in what ways it might be modifying TRPA1.   

It is possible there are changes in TRPA1 translation or trafficking. Following 

CFA inflammation and spinal nerve ligation, expression of functional TRPA1 is 

increased in peripheral axons (Obata et al., 2005; Ji et al., 2008). One study has 

implicated both PKA and PLC in MO-induced sensitization of TRPA1 (Schmidt et al., 

2009). Direct activation of PKA and PLC not only increases the number of neurons that 

respond to MO, but pretreatment with PKA/PLC inhibitors reduces MO-induced 

potentiation of TRPA1. Interestingly, PKA/PLC activation increases TRPA1 surface 
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expression as well as membrane capacitance suggesting a possible mechanism of 

sensitization related to channel trafficking.  

Of direct relevance, Ca
2+

-dependent kinases have been implicated in the 

regulation of gene expression and trafficking. For example, over-expression of PKCα 

decreases gonadotropin-releasing hormone promoter activity (Sun et al., 1997). Another 

isoform, PKCβ, regulates dopamine transportor trafficking (DAT) in striatal 

synaptosomes (Chen et al., 2009). Striatal synaptosomes from PKCβ KO mice exhibit 

significantly reduced surface DAT as well as slower dopamine uptake, an effect 

mimicked by PKCβ inhibition in WT mice. Both PKCα and CaMKII have been 

implicated in activation of the transcription factor cAMP response element binding 

(CREB) (Yamamoto et al., 1988; Sun et al., 1994; Di Giulio et al., 2007). CREB has been 

associated with inflammatory pain as well. Wei et al. (2012) recently reported that a 

PKC/MAPK/NFκB/CREB pathway is involved in the production of interleukin-6 in 

fibroblast-like synoviocytes from adjuvant arthritis rats. Activation of CREB has also 

been demonstrated following CFA inflammation in DRG (Tamura et al., 2005), and the 

CaMKII-CREB pathway has been implicated in inflammation induced up-regulation of 

CGRP (Nakanishi et al., 2010). Further study to determine if CaMKII is involved in 

P2X3-TRPA1 interactions may also be warranted. However, based on current literature 

and my preliminary data, it is logical to hypothesize that P2X3-induced hyperalgesia is 

mediated by TRPA1 via Ca
2+

 dependent PKC-induced changes in expression and/or 

trafficking.  

There are several approaches that can be taken to address these hypotheses. To 

determine if there is an increase in TRPA1 transcription or translation RT-PCR, in situ 
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hybridization, and fractionated western blots can be performed following activation of 

P2X3 and/or PKC as well as with a PKC inhibitor. To delve into the trafficking 

hypothesis cells can be transfected with proteins fused to fluorescent tags. High-

resolution live-cell imaging can then be used to examine the movement of the channels. 

Additionally, live-labeling (peptide-antibody staining prior to fixation) and imaging of 

TRPA1 as well as electrophysiological capacitance measurements can be utilized as was 

performed by Schmidt et al., (2009). Pretreatment with αβmeATP, PMA, and 

GF109203x could be used in a similar series of experiments to examine whether P2X3 

and/or PKC modulate TRPA1 trafficking. 

Currently, all the data suggest similar kinases (e.g. PKC, CaMKII) are involved in 

the NMDA-TRPV1, P2X3-TRPV1, and P2X3-TRPA1 interactions. Although there are 

differences, previous work has implicated some common mechanisms for the 

sensitization of TRPV1 and TRPA1. For example, the depletion of PIP2 and PKA 

(Chuang et al., 2001; Rathee et al., 2002; Dai et al., 2007; Wang et al., 2008). Therefore 

there is precedent for both common and unique mechanisms. However, all of the 

previous data suggest that, like TRPV1, TRPA1 also form ‘functional units’ with GPCRs. 

Inflammatory mediators initiate signaling cascades that converge on TRPA1 to contribute 

to the development of hyperalgesia.  

 The data presented in this chapter reinforces that nonselective cation channels 

provide a robust underpinning for P2X3-mediated mechanical hyperalgesia. Ion channels, 

specifically P2X3, can also form ‘functional units’ with TRPA1. In the previous chapter, 

data suggest that sensitization of TRPV1 via activation of NMDARs and P2X3 contribute 

to the development of TRPV1 sensitization and mechanical hyperalgesia. The current 
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data reveal an entirely novel mechanism, P2X3 induced sensitization of TRPA1, possibly 

through PKC, may contribute to P2X3-induced masseter mechanical hyperalgesia.  

 However, the complete mechanisms underlying P2X3-TRPA1 interactions remain 

to be delineated. Can P2X3-induced PKC-mediated sensitization of TRPA1 be 

demonstrated using cellular/molecular techniques? Are other signaling pathways 

involved? The complete mechanism underlying P2X3-TRPA1 interactions must be 

delineated. Is the mechanism common or distinct from the ones that converge on 

TRPV1? Future studies that address these questions and elucidate the mechanism 

underlying P2X3-TRPA1 interactions could reveal novel targets for treating craniofacial 

myositis and other TMD-related pain conditions.  
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Chapter 6. Overall Discussion 

6.1 Summary 

The current study demonstrated that P2X3 functionally interacts with both TRPV1 

and TRPA1 in rat trigeminal sensory neurons. Specifically, these interactions proved 

essential for the development of masseter mechanical hyperalgesia. Direct activation of 

P2X3 by αβmeATP in masseter afferents induced mechanical hyperalgesia that was 

prevented by both a TRPV1 and TRPA1 antagonist. P2X3 are co-expressed with both 

TRPV1 and TRPA1 in masseter afferents. αβmeATP potentiated capsaicin induced Ca
2+

 

responses in a subset of TG neurons and induced phosphorylation of TRPV1. αβmeATP 

led to activation of CaMKII, and inhibition of either CaMKII or PKC prevented P2X3-

induced mechanical hyperalgesia. Similarly, TRPV1 and TRPA1 antagonists prevented 

PKC-induced mechanical hyperalgesia. These data provide evidence for novel 

mechanisms by which ligand-gated channels in nociceptors interact and form the 

underlying cellular basis for the development of mechanical hyperalgesia in masseter 

muscle. 

 

6.2 Purinergic Signaling in Trigeminal Ganglia  

ATP signaling in the periphery is quite complex.  Sensory neurons, particularly in 

TG, express the P2X1-6 subtypes of ATP ion channels. P2X3 is expressed exclusively in 

neurons and at significantly higher levels than other P2X channels, carrying the majority 

of P2X current. P2Y1 and P2Y4 are also expressed in TG neurons (Ruan and Burnstock, 

2003). mRNAs for other P2Y (e.g. P2Y2) receptors are expressed in TG, but the cell-type 
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is unclear. It is known that several subtypes of purinergic receptors, including ATP 

sensitive P2X4 and P2X7 are expressed on satellite glia.  

The endogenous ligand for P2X3 is ATP, and thus extracellular ATP is necessary 

to initiate P2X3-TRP interactions under non-experimental conditions. Extracellular ATP 

can come from many sources. Neurons contain ~2-5mM cytoplasmic (vesicles ~100mM) 

ATP while muscular ATP is even higher (Stewart et al., 1994; Burnstock, 2007a). Often 

ATP functions as a co-transmitter, and it is likely released with peptides in TG. Although 

neuronal release of ATP is normally vesicular exocytosis, during injury or inflammation 

cytolysis is a common source of the majority of ATP. The efflux of adenine compounds 

following cytolysis into the blood changes the permeability of erythrocyte membranes 

inducing further efflux of ions and nucleotides including ATP; similar mechanisms occur 

in muscle and endothelial cells (Bodin and Burnstock, 2001). Shear fluid stress, 

mechanical stimulation, hypoxia, acidosis, and osmotic shock can also induce ATP 

release from non-neuronal cells including glia, platelets, mononuclear cells, and 

endothelial cells (Vassort, 2001; Burnstock, 2007a; Praetorius and Leipziger, 2009). The 

mechanism underlying release from non-neuronal cells is currently unclear but 

hypotheses include ATP-binding cassette proteins, hemichannels, stretch/voltage-

activated channels, anion conductances, and P2X7 channels (Bodin and Burnstock, 2001; 

Lazarowski et al., 2003; Burnstock, 2007a; Praetorius and Leipziger, 2009).  

Normally, ATP levels on various resting cells (e.g. endothelial cells) are at a 

steady state suggesting constitutive release to maintain homeostasis with ATP 

metabolism, keeping extracellular concentrations as low as the nanomolar range in some 

cases (Lazarowski et al., 2003; Praetorius and Leipziger, 2009). Membrane bound ecto-
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nucleotidases hydrolyze ATP to ADP or AMP thereby regulating the concentration of 

ligand in the synapse. Different ecto-nucleotidases have different substrate preferences. 

For example, NTPDase3 has been proposed to be a key regulator of nociceptive signaling 

and it prefers ATP and UTP (Vongtau et al., 2011). Although NTPDase1-3 are found in 

mouse lumbar DRG and spinal cord (Vongtau et al., 2011), no systematic study of ecto-

nucleotidases has been reported for TG. It is known in DRG and HEK293 cells that P2X3 

receptors are primed by the presence of nucleotides such as GTP and UTP and that this 

effect may be mediated by ecto-PKC activity (Wirkner et al., 2005; Stanchev et al., 

2006). During injury and inflammation extracellular ATP is increased, however, the 

specific milieu of ecto-nucleotidases present in TG could have important implications for 

the physiological regulation of the P2X3-TRP interactions.  

 

6.3 P2X3 interacts with TRP channels 

 Several pro-nociceptive channels have been studied independently and 

subsequently implicated in the development of pathological pain states. The current data 

suggest that, like GPCRs and tyrosine kinase receptors, ligand gated ion channels such as 

P2X3 and NMDARs form ‘functional units’ with TRP channels in micro-domains. This 

opens up a possibility as to whether all pro-nociceptive cation channels converge on 

TRPs via a common signaling pathway. Particularly, questions regarding how these 

functional units are recruited, which may depend on second messengers, becomes 

pertinent to study. In this particular case, the Ca
2+

 imaging data suggest that Ca
2+

 

concentration confers the ability for TRPV1 to become sensitized by NMDARs or P2X3. 
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Therefore, how the Ca
2+

 is mobilized may be the key to regulating the activity of 

functional units. Whether the same is true for TRPA1 is yet to be determined. 

The regulation of these functional units could be quite complex. In this study, 

behavioral, biochemical, Ca
2+

 imaging, and immunohistochemical data collectively 

implicated PKC and/or CaMKII in the modulation of TRPV1/TRPA1 by P2X3. The data 

further revealed that NMDAR activation also induced mechanical hyperalgesia and 

sensitization of TRPV1 via CaMKII/PKC pathways. However, some of the inflammatory 

mediators that modulate TRPV1 also modulate P2X3, and P2X3 is regulated by the same 

kinases implicated in the P2X3-TRP interactions. Once activated by P2X3 it is unclear 

what directs the kinase to act on TRPs versus back on P2X3 itself. CaMKII potentiates 

P2X3 by promoting trafficking (Xu and Huang, 2004) while the kinase phosphorylates 

TRPV1 (Jung et al., 2004). NGF positively modulates the plasticity of P2X3 in a PKC 

dependent manner (D'Arco et al., 2007). However, C-terminal src kinase (CSK) provides 

constitutive inhibition, but it is under the control of NGF. NGF antibodies increase 

membrane CSK and p-Tyrosine, which decreases P2X3 current. NGF also increases 

TRPV1 membrane expression and function (D'Arco et al., 2009). CGRP increases 

receptor transcription and trafficking (Fabbretti et al., 2006) and Substance P potentiates 

Ca
2+

 transients and currents evoked by αβmeATP (Park et al., 2010). Finally, although 

PGE2 potentiates P2X3 via the PKA pathway in normal rats (Wang et al., 2007a), the 

cAMP sensor EPAC plays a critical role in P2X3 sensitization through activation of de 

novo PKC-dependent signaling following inflammation (Wang et al., 2007b). Clearly, 

several inflammatory molecules are intimately involved in modulation/regulation of both 
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P2X3 and TRPV1. Therefore, there may be a threshold at which the channels reach a 

sensitized state when the interaction no longer occurs or its properties are altered.  

It is also possible that there is some sort of auto-regulation, which contributes to 

the sensitivity of the P2X3-TRPV1 interaction. Along with Zhang et al (2011), my Ca
2+

 

imaging data suggest TRPV1 sensitization is Ca
2+

 dependent. Therefore, increased P2X3 

or TRPV1 activity will increase intracellular Ca
2+

 and could eventually cause 

desensitization instead. Perhaps there is bi-directionality of the channel-channel 

interaction that serves as a feedback inhibition. For example, the extent of sensitization of 

the target channel could govern the direction of the interaction. When TRPV1 is 

maximally sensitized, the same kinases could act on P2X3 instead of TRPV1 inducing 

sensitization of P2X3. My Ca
2+

 imaging data suggests that following earlier increases in 

Ca
2+

 influx (e.g. channels already sensitized) TRPV1 desensitization is likely. This could 

be a situation which resets the interaction to act in the P2X3-TRPV1 direction.  

It would be interesting to test P2X3-TRP interactions in KO mice as one would 

predict the absence of P2X3-induced mechanical hyperalgesia. Mouse behavioral models 

for orofacial pain are being established, but none are available for craniofacial muscle 

pain. There is, however, data available examining visceral pain in TRPV1, P2X3, and 

TRPV1/P2X3 knockouts. Individual TRPV1 and P2X3 knockout mice show decreased 

visceromotor responses and muscular afferents could not be sensitized (Jones iii et al., 

2007; Shinoda et al., 2009). However, the TRPV1/P2X3 double knockout mouse shows 

enhanced pain-like responses (Kiyatkin, M. personal communication). In light of the 

current data suggesting P2X3 also interacts with TRPA1, it is possible TRPA1 is 

compensating in the knockout.  
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In the current behavioral data, it is interesting to see that maximal doses of the 

TRP antagonists or kinase inhibitors completely prevented P2X3-induced hyperalgesia. 

This suggests that with sufficient knockdown of one factor, the others do not compensate. 

However, it would be interesting to combine, for instance, submaximal concentrations of 

CaMKII and PKC inhibitors to assess whether partial inhibition of both kinases is 

sufficient to prevent the development of P2X3-induced mechanical hyperalgesia. 

Regardless of the mechanism, the data suggest that P2X3-induced hyperalgesia involves 

TRPV1. However, there is an apparent discrepancy between the small proportion of 

masseter afferents co-expressing TRPV1 and P2X3 and the robust behavioral phenotype. 

This disparity could be attributed to a variety of factors.  As previously mentioned, our 

Ca
2+

 imaging and immunohistochemical studies were conducted in naïve tissue whereas 

both of these channels are upregulated following inflammation. Additionally, other small 

populations of neurons (e.g. TRPM8 and MrgprA3) have been shown to regulate 

nociceptive and pruritic phenotypes. During an inflammatory event, mediators are 

released that can modulate TRPV1, further enhancing the observed behavioral effects. 

Thus, as opposed to a reduced in vitro preparation, other signaling sources could be 

present in vivo.  In the case of this study, it is possible that the mechanical stimulation or 

cation channel activation, particularly TRPV1, induced the activation of mast cells 

(Turner et al., 2007). Degranulation of mast cells induces release of a protease, tryptase, 

which is known to sensitize TRPV1 (Amadesi, 2004). Although additional sensitization 

of TRPV1 by resident modulators could enhance the effects of P2X3 in vivo, my 

behavioral and cellular data still support the notion that P2X3 contributes to a facilitatory 

interaction with TRPV1.  
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Focusing on how these signaling units (e.g. P2X3-TRPV1) are regulated within 

primary afferents may help us better understand nociceptor function in addition to 

studying the individual channels or receptors. The data from this project may help 

unravel the nature of dynamic interactions between various pro-nociceptive channels 

within the same nociceptors and how minute changes in the intracellular environment 

influence nociceptor excitability by engaging functional complexes within a specific 

region of the cell.  

 

6.4 TRP activity is required for mechanical hyperalgesia.  

 There are two key issues surrounding how TRP channels are associated with 

mechanosensation and mechanical hyperalgesia. The first is how TRP channels such as 

TRPV1 and TRPA1 are activated. My cellular studies used exogenous agonists to 

examine the sensitization state of TRP channels. However, the behavioral studies suggest 

that TRP channels are activated endogenously because TRP antagonists were effective in 

blocking P2X3-induced mechanical hyperalgesia. Several endogenous TRPA1 agonists 

(e.g. ROS, NOS, H2O2) are released during tissue injury or inflammation (Chung et al., 

2011a). In the periphery, derivatives of the membrane bilayer have been identified as 

endogenous ligands for TRPV1. The cytochrome P450 pathway has been implicated in 

the generation of 20-HETE from arachidonic acid (AA) which is released from 

membranes during stretch (Roman, 2002) as well as sensitizes skeletal muscle afferents 

(Gao et al., 2008). Lipoxygenase and cytochrome P450 have also been implicated in the 

generation of other AA and linoleic acid metabolites that activate TRPV1 (e.g. HpETEs, 
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HETEs and HODE, oxoODEs) (Roman, 2002; Patwardhan et al., 2010; Green et al., 

2012). 

Although TRPV1 agonists are known the mechanism of peripheral release in 

sensory neurons is still unclear. Heat can induce the generation of TRPV1 agonists (e.g. 

HODEs) in skin to induce thermal hyperalgesia (Patwardhan et al., 2010), but only 

intrathecal administration of HODEs has been shown to evoke mechanical allodynia 

(Patwardhan et al., 2009). This is in direct opposition to my data which suggests that 

peripheral, not central TRPV1, are involved in P2X3-induced mechanical hyperalgesia. 

Local administration of TRP antagonists prevented mechanical hyperalgesia while there 

was no change in mechanical sensitivity in the contralateral muscle suggesting a lack of a 

central component. Endogenous activation of TRP channels in the periphery seems to be 

required, particularly with regards to inflammatory mechanical hyperalgesia. The specific 

mechanism of activation remains unclear. However, P2X3 induced Ca
2+

 influx activates 

PLA2 (Tsuda et al., 2007) which is known to release AA. Therefore, it is possible that 

inflammation/injury could produce TRPV1 sensitization via P2X3 induced Ca
2+

 influx 

while simultaneously producing TRPV1 agonists through the production of AA and its 

subsequent degradation.  

A second issue is how this TRP channel activity is associated with 

mechanosensitivity. Several mechanosensitive channels (MSCs) have been identified,  

including piezos, DEG/ENaC family of Na
+
 channels, and some K

+
 channels, (Tsunozaki 

and Bautista, 2009; Coste et al., 2010; Kim et al., 2012b). Although MSCs are good for 

mechanotransduction and graded membrane depolarization additional support from other 

components of a larger protein complex may be required to achieve sufficient 
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depolarization to generate an action potential (Hamill and McBride, 1996; Chalfie, 2009). 

It is possible TRPV channels serve as just such effector proteins. For example, evidence 

has been put forth suggesting TRPV4 may interact with stretch-activated channels 

(SACs) involved in a mechanical transduction mechanism (Alessandri-Haber et al., 

2009). It is possible that TRPV1/TRPA1 contribute to mechanosensation through similar 

interactions with SACs. 

However, it is also possible that TRP channel activity is associated with 

mechanosensation through direct modulation of nociceptor excitability. Several ionic 

conductances mediate the membrane potential of nociceptors. Enhanced TRP activity can 

increase excitability of nociceptors, thus decreasing the threshold of activation. Since 

TRPs are expressed in mechanonociceptors in masseter afferents increased activity could 

enhance mechanical nociception. M-current, conducted by the KCNQ2/3 potassium 

channel, contributes to the regulation of action potential threshold and control of 

membrane excitability. Co-expression of KCNQ2/3 with TRPV1 shifts the half-activation 

potential to more depolarized potentials raising its threshold for activation (Zhang et al., 

2011b). Activation of TRPV1 attenuates the amplitude and conductance of KCNQ2/3 

channels as well. Although it is clear that TRPV1 activity can modulate ionic 

conductances future studies are required to uncover exactly how this activity is 

specifically contributing to mechanosensation.  

 

6.5 Sensitization in Masseter Afferents 

P2X3 sensitizes TRPV1 Ca
2+

 transients in a subset of TG sensory neurons. This is 

a key piece of evidence supporting the notion that P2X3-induced mechanical hyperalgesia 
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is mediated by TRPV1. However, this data would be stronger if this phenomenon 

specifically occurred in masseter afferents. I attempted to address this question by 

utilizing a retrograde tracer to label afferents prior to performing the Ca
2+

 imaging 

experiment. However, several limitations resulted in a lack of sufficient data to draw 

statistically significant conclusions. Statistically, the potential to identify a masseter 

afferent co-expressing TRPV1 and P2X3 and that exhibits the sensitizing effect is quite 

low. Another potential limitation of this experiment was the choice of tracer. Of the 

multiple types of retrograde tracers available, each labels slightly differently, with unique 

diffusion patterns and cell specificity preferences. For example, Fast Blue (FB) used for 

my immunohistochemistry labels both the cytoplasm and the nucleus. Although FB is 

commonly used in the peripheral nervous system, some reports suggest intramuscular 

injections are inconsistent and may label fewer cells than a more traditional HRP stain or 

flourogold (Illert et al., 1982; Richmond et al., 1994). Despite this, FB was used for both 

the TRPA1 and TRPV1 immunohistochemical studies so the data could be compared to 

previous literature. This could explain the variability in the number of masseter afferents 

observed across TG.  

The emission range of FB overlaps with that of Fura2-AM and thus, it could not 

be utilized for live cell imaging. DiI is the most commonly used fluorescent tracer for live 

cell experiments. It is a lipophilic non-toxic dye that diffuses slowly and laterally in the 

cell membrane. However, Gold et al. (2002) reported DiI induced a 16% increase in 

membrane capacitance which led to the decision to use dextran-rhodamine for the Ca
2+

 

imaging studies. I had difficulty identifying labeled afferents as many were stained only 

lightly, an effect that has been reported previously (Richmond et al., 1994). Additionally, 
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the total number of labeled neurons was low. This could be a result of the choice of dye 

or the duration of transport. To fully elucidate the role of P2X3 induced sensitization of 

TRPV1 and TRPA1 further examination of masseter afferents is required. Gold et al. 

(2002) found no significant differences in the active and passive electrophysiological 

properties between DiI-labeled and unlabeled neurons despite the change in capacitance. 

Utilization of a tracer such as DiI could improve the efficiency of such experiments. 

 

6.6 Sex differences in channel-channel interactions 

Based on a lack of qualitative sex differences in the initial behavioral studies the 

rest of the behavioral and cellular studies were carried out in males. P2X3-induced 

hyperalgesia was equally prevented by a maximal dose of TRPV1 or TRPA1 antagonist 

in both male and female rats. However, a lack of statistically significant sex differences 

does not necessarily mean there are none (Greenspan et al., 2007). For example, DOR-

mediated analgesia was achieved in both male and female rats with 100 µg of DPDPE 

which upon initial glance could suggest no sex difference. However, a tenfold lower dose 

of 10 µg produced analgesia in males only. A sex difference in the potency of DPDPE 

was uncovered. αβmeATP currents in TRPV1 positive sensory neurons are unaffected by 

17β-estradiol (Xu et al., 2008). P2X3 receptors are not specifically modulated by 17-β-

estradiol, however, P2X3-induced depolarization activates L-type calcium channels which 

are modulated by 17β-estradiol (Chaban and Micevych, 2005; Cho and Chaban, 2012). 

Voltage gated calcium channels were not blocked during the Ca
2+

 imaging experiments. 

It would be interesting to examine sex differences in P2X3-TRP interactions under those 

conditions as a quantitative sex difference might be uncovered. To confirm whether or 
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not there is a quantitative sex difference in the P2X3-TRP interaction, behavioral 

experiments utilizing a dose response curve for both TRP channel antagonists must be 

performed to assess potency. Regardless, the current data suggest the basic players 

involved in the development of P2X3 induced mechanical hyperalgesia are the same 

across the sexes.  

 

 

6.7 Conclusion/Future Directions 

The primary goal of this study was to investigate how mechanical hyperalgesia 

develops, furthering our understanding of the underlying mechanisms and moving the 

field towards development of better tools for pain management. This project reveals that 

prominent channels independently implicated in nociception, P2X3 and NMDARs, 

converge on TRP channels. This data opens up the possibility that other nonspecific 

cationic channels such as ASICs might also communicate with TRP channels via a 

specific or common intracellular signaling pathway. This work establishes that TRP 

channels are the core of functional units in nociceptive signaling under pathological 

conditions. Elucidating the mechanisms underlying channel-channel interactions should 

reveal novel targets for treating craniofacial myositis and other TMD-related pain 

conditions.  
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Appendix I. NMDA receptors-TRPV1 interactions in trigeminal sensory neurons 

 

7.1 Foreword 

This Appendix was adapted from the following publication: 

Lee, J.L., Saloman, J.L., Weiland, G., Auh, Q.S., Chung, M.K., & Ro, J.Y. (2012) 

Functional interactions between NMDA receptors and TRPV1 in trigeminal 

sensory neurons mediate mechanical hyperalgesia in the rat masseter muscle. 

Pain, 7, 1514-24. 

 

My contribution to this project was primarily the design, data collection, analysis, and 

interpretation of the Ca
2+

 imaging experiments as presented in Chapter 3. Earlier work 

primarily identified potential channel-channel interactions between P2X3 and TRP 

channels. This project, however, focuses on elucidating the possibility that other cationic 

channels also converge on TRP channels. This work addresses whether there is a final 

common pathway, TRPs, for nociceptive ion channels. These data also suggest Ca
2+

 and 

Ca
2+

-dependent pathways play a key role in inflammatory induced mechanical 

hyperalgesia. Fully elucidating the nociceptive mechanisms underlying the development 

of mechanical hyperalgesia could help lead to the prevention of painful symptomology 

associated with various myofacial pain disorders such as TMD. 

 

7.2 Introduction 
 
 

There is a large body of evidence demonstrating that endogenous release of 

glutamate in peripheral tissue after injury or inflammation can exacerbate pain conditions 

and modulate functional properties of nociceptors in skin, muscles, and joints (Omote et 

al., 1998; Lawand et al., 2000; Rosendal et al., 2004). A higher level of endogenous 

glutamate in the masseter muscle of temporomandibular disorder patients relative to 

healthy subjects further suggests the involvement of peripheral glutamate receptors 
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(gluRs) in persistent muscle pain conditions (Castrillon et al., 2010). Human and animal 

studies have consistently demonstrated the involvement of gluRs such as the NMDA 

receptor (NMDAR) and the metabotropic glutamate receptor 5 (mGluR5) in trigeminal 

sensory neurons in acute pain and mechanical hyperalgesia arising from orofacial muscle 

tissue (Cairns et al., 2003; Ro et al., 2005; Svensson et al., 2005; Lee and Ro, 2007b). 

However, the cellular mechanisms by which these gluRs lead to heightened mechanical 

sensitivity in deep craniofacial tissue are still unknown.  

Mice lacking functional TRPV1 display impaired behavioral responses to noxious 

heat stimuli applied to cutaneous tissue while responses to noxious mechanical stimuli 

remain intact (Caterina et al., 1997; Caterina et al., 2000). More recent studies, however, 

indicate that TRPV1 also contributes to the development of mechanical hyperalgesia. 

TRPV1 antagonists effectively reduce mechanical hyperalgesia in rats with spinal nerve 

ligation (Christoph et al., 2006; Christoph et al., 2007) as well as complete Freund’s 

adjuvant (CFA)–induced mechanical hyperalgesia (Pomonis et al., 2003; Gavva et al., 

2005; Honore et al., 2005). Aside from cutaneous tissue, TRPV1 has been suggested to 

play an important role in mechanical sensation in deep tissue such as the colon (Jones et 

al., 2005). In muscle tissue, the direct injection of capsaicin significantly lowers 

mechanical thresholds in both humans and rats (Arendt-Nielsen et al., 2008; Ro et al., 

2009), and the blockade of TRPV1 attenuates mechanical hyperalgesia resulting from 

eccentric muscle contraction (Fujii et al., 2008).  

Activation of NMDARs results in an influx of Ca
2+

 and invokes Ca
2+

 calmodulin-

dependent protein kinase II (CaMKII), protein kinase C (PKC), or protein kinase A 

(PKA) (Gao et al., 2005; Giordano et al., 2005; Matsumura et al., 2010; Xiaoping et al., 
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2010). These intracellular kinases directly modulate TRPV1 function, and 

phosphorylation of TRPV1 by such intracellular kinases has been suggested as a major 

mechanism that accounts for sensitization of TRPV1 (Numazaki et al., 2002; Numazaki 

et al., 2003; Rosenbaum et al., 2004). However, there are no data on whether NMDAR 

activation results in TRPV1 sensitization and phosphorylation in sensory neurons. These 

observations led us to hypothesize that the two important receptor/channel systems that 

have been independently implicated in muscle pain and hyperalgesia (i.e., NMDAR and 

TRPV1) functionally interact in nociceptors and these interactions constitute the 

peripheral mechanisms underlying the development of mechanical hyperalgesia. To test 

our hypothesis we specifically investigated (1) whether the activation of peripheral 

NMDARs leads to mechanical hyperalgesia via a TRPV1-dependent manner, (2) whether 

the activation of NMDARs enhances TRPV1 function in TG neurons, (3) whether 

NMDAR activation leads to TRPV1 phosphorylation in TG neurons, and (4) the 

intracellular mechanisms involved in NMDAR-TRPV1 interactions.  

 

7.3 Methods 

 7.3a Animals 

Adult male Sprague-Dawley rats (100 to 350 gm; Harlan, IN, USA) were used. 

All animals were housed in a temperature-controlled room under a 12:12 light-dark cycle 

with access to food and water ad libitum. All procedures were conducted in accordance 

with the National Institutes of Health Guide for the Care and Use of Laboratory Animals 

(publication no. 80-23) and under a University of Maryland approved Institutional 

Animal Care and Use Committee protocol. 
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7.3b Drug Preparation 

For behavioral experiments, NMDA, a specific agonist for the NMDAR, and 

AP5, a competitive NMDAR antagonist, were dissolved in phosphate-buffered saline 

(PBS). AMG9810, a specific antagonist for TRPV1, was dissolved in dimethyl sulfoxide 

(DMSO) (100%). A PKC inhibitor, GF109203X, a specific CaMKII inhibitor, KN93, a 

PKA activator, forskolin, and a specific PKA inhibitor, KT5720, were dissolved in 

DMSO and diluted in PBS with final concentration of DMSO < 1%. The concentration of 

mustard oil (MO) was 20%. For biochemical experiments, KN92 and KN93 (10 μM), 

GF109203x (10 μM), and a PKA inhibitor, KT5720 (1 μM), were diluted to final 

concentrations in culture media from the stock solution dissolved in DMSO. The final 

concentration of DMSO was < 0.1%. NMDA, AP5, forskolin, MO, and capsaicin were 

purchased from Sigma (St. Louis, MO, USA), AMG9810, GF109203x, KN93, and 

KT5720 from Tocris Bioscience (Ellisville, MO, USA), and KN92 from Calbiochem 

(San Diego, CA, USA).  

 

7.3c Behavioral studies—assessment of mechanical sensitivity in masseter muscle 

Please see Chapter 2 section 2.2b 

 

7.3d Experimental and control groups for behavioral studies 

To maintain the consistency of assessing behavioral responses, all behavioral 

observations were made by one experimenter blinded to the experimental conditions. 
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To test whether the activation of NMDARs induces mechanical hypersensitivity, NMDA 

(10 mmol/40 μl) or the same volume of vehicle was administered into the masseter 

muscle. To determine that NMDA-induced behavioral responses are receptor mediated, 

the masseter muscle was pretreated with AP5 (1 mmol/20 μl) 5 minutes before the 

injections with NMDA in the same muscle. To investigate the involvement of TRPV1 in 

NMDA-induced mechanical hypersensitivity, AMG9810 (10, 100 nmol/10 µl), or the 

same volume of vehicle was administered in the masseter 5 minutes before the NMDA 

treatment. The high dose of AMG9810 (100 nmol) was administered in the muscle 

contralateral to the NMDA treatment to confirm that the antagonist’s effects were 

mediated by blocking local TRPV1 receptors. To rule out the possibility that the 

antagonist alone could produce analgesic responses, AMG9810 (100 nmol) was 

administered in the masseter muscle without NMDA (Fig. 3.4). Separate groups of 

animals received intramuscular MO (20%, 20 μl) alone or in combination with 

AMG9810 (100 nmol) to test the specificity of AMG9810. For kinase experiments, 

GF109203x (100 nmol/20 μl), KN93 (0.1 and 1 mmol/20 μl), KT5720 (30 nmol/20 μl), 

or the same volume of vehicle was pre-administered in the masseter 5 minutes before 

NMDA injection in the same muscle. Finally, forskolin (50 nmol/20 μl) was administered 

with either KT5720 (30 nmol/20 μl) or vehicle. All injections were made directly in the 

mid-region of the masseter muscle with either a 25 μl or a 50 μl Hamilton syringe over 5 

to 10 seconds. Experimental and control groups were randomized, and all groups 

consisted of 6 to 8 rats per group. 
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7.3e Immunohistochemistry for TRPV1 and NR1 in masseter afferents 

Fast Blue (FB) (2%; 10 µl; Sigma) was injected in the masseter to retrogradely 

label TG muscle afferents in 3 rats. FB was injected into multiple sites in the masseter 

muscle using aseptic techniques. To avoid any leakage of the tracer, the injection needle 

was left in place for 1 to 2 minutes before it was slowly retracted. The injection site was 

then covered with petroleum jelly. After allotting 7 days for the FB to label the masseter 

afferents, the animals were transcardially perfused with cold PBS followed by 4% 

paraformaldehyde in PBS (250 ml; pH 7.3 to 7.4; Sigma). The right TG from each rat 

was extracted and post-fixed for 90 minutes, placed in 30% sucrose solution at 4
o
C 

overnight, and sectioned coronally at 12 μm. Every eighth section was collected and 

mounted on gelatin-coated slides for double-labeling immunohistochemistry. After 

blocking, the sections were incubated overnight with primary antisera for the NR1 

subunit of the NMDAR (1:100; goat polyclonal; Santa Cruz, CA), and incubated with 

Daylight 594 donkey antigoat antiserum for 60 minutes at 37
o
C for immunofluorescence. 

The NR1 antibody is directed against the human C-terminus of the NMDAζ1 receptor 

subtype. After staining for NR1, sections were incubated overnight with primary antisera 

for TRPV1 (1:1000; rabbit polyclonal; Neuromics, Edina, MN), followed by 60 minutes 

with Daylight 488 goat antirabbit antiserum (1:250; Jackson Immunoresearch West 

Grove, PA) for immunofluorescence. This antibody corresponds to amino acid residues 4 

to 21 of TRPV1. The primary antibody for TRPV1 or NR1 was omitted from the 

processing of selected sections to control for nonspecific background staining. TRPV1-, 

NR1-, and FB-positive cells were counted from 8 representative sections per ganglion 

from 3 TG. The somatotopic distribution of FB-positive cells within the TG was assessed 
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to ensure that the FB did not spread to other divisions of the TG. Trigeminal and facial 

motor nuclei were also evaluated as positive and negative controls for FB labeling, 

respectively. Only the labeled neurons that showed a clear nucleus were included in the 

counting. The percentages of masseter afferents labeled with TRPV1 and/or NR1 were 

calculated and presented as mean ± standard error of the mean. 

 

7.3f  Ca
2+

 Imaging 

Please see Chapter 2 section 2.7  

 

7.3g  Immunoprecipitation and coimmunoprecipitation 

Dissociated TG cultures were lysed with RIPA lysis buffer (cell signaling). The 

lysates were centrifuged at 12,000 rpm at 4
o
C for 20 minutes to remove cellular debris. 

The supernatant was incubated with anti-TRPV1 polyclonal antibody (Calbiochem) at 

4
o
C overnight, and then with protein A/G-Sepharose beads (Santa Cruz) for 2 hours. 

Lithium Dodecyl Sulfate (LDS) sample buffer including Sodium Dodecyl Sulphate 

(SDS) was added to elute proteins from the protein A/G beads. Each sample was 

separated by 4% to 12% NuPAGE gel (Invitrogen) electrophoresis and subjected to 

immunoblotting. To determine the level of p-Ser, p-Thr, or p-Tyr, the membranes were 

blocked and incubated with antiphosphoserine (1:1000; Santa Cruz, Billerica, 

Massachusetts) or antiphosphothreonine (1:1000; Calbiochem) or antiphosphotyrosine 

(1:1000; Millipore), further washed and incubated with antimouse immunoglobulin G 

Horseradish Peroxidase (HRP) (1:5000), and then developed with the Enhanced 

Chemiluminescence (ECL) detection kit (Amersham Bioscience, Piscataway, NJ). The 
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membranes were stripped and reprobed with anti-TRPV1 (1:1000; Calbiochem) to 

determine the amount of immunoprecipitated proteins. After immunoblotting, the bands 

on the membrane were scanned and quantified with an image analyzer (Image J software) 

and normalized to that of TRPV1, which served as the loading control. The data were 

subjected to either a one-way ANOVA or Kruskal-Wallis analysis, depending on the 

outcome of the normality test. All multiple-group comparisons were followed by a post-

hoc test. Data are shown as mean ± standard error of the mean obtained from 6 to 8 

repeated experiments. For coimmunoprecipitation (Co-IP) of NMDARs and TRPV1, 

intact TG were extracted and processed according to the protocol described earlier. For 

this experiment, the concentration of NP-40 (1%) in the lysis buffer was diluted to 0.5%, 

and the tissue incubation time was adjusted to 2 hours for anti-NR1 and 4 to 6 hours for 

anti-NR2B. The following antibodies were used: NR1 (1:500; Millipore) or NR2B 

(1:500; Millipore) and TRPV1 (1:1000; Calbiochem). The specificity of these antibodies 

was confirmed in previous studies (Zhao et al., 2005; Pabbidi et al., 2008; Beutler et al., 

2011). Two TG were used for each co-IP experiment. 

 

7.4 Results 

 7.4a NMDAR-mediated mechanical hyperalgesia involves TRPV1 

The baseline mechanical threshold that evoked a nocifensive response ranged 

from 501 to 582 gm in lightly anesthetized rats, forces similar to those we previously 

reported (Lee and Ro, 2007b; Ro et al., 2009). There were no significant differences in 

the baseline mechanical thresholds between any of the groups we examined. We first 

confirmed that direct activation of NMDARs in the masseter muscle evokes a time-
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dependent increase in mechanical sensitivity (Fig. AI.1A). There was a significant group 

effect (F=65.04, p<0.001) and a significant time effect (F = 33.59, P < 0.001). Masseteric 

injection of NMDA (10 μmol/40 μl) significantly decreased the mechanical threshold 

reaching the peak effect at 15 minutes (-39% ± 2.6) and gradually returning to the 

baseline level within 2 hours after the injection (Fig. AI.1A). A vehicle injection in the 

same manner did not alter the mechanical sensitivity of the masseter muscle.   

          

 

 

 

 

 

 

 

 

 

 

Figure AI.1 The effects of intramuscular injection of NMDA and AMG9810 on masseter 

mechanical sensitivity. (A) Changes in mechanical sensitivity after NMDA, phosphate buffered saline, 

or AP5 followed by NMDA administration in the masseter muscle. (B) NMDA-induced changes in 

mechanical sensitivity after pretreatment of the masseter with AMG9810, a specific TRPV1 antagonist, 

or vehicle. (C) The effects of AMG9810 administered in the masseter contralateral to the NMDA 

treatment or AMG9810 alone on masseter mechanical sensitivity. (D) The effects of AMG9810 

(100nmol) on mustard oil-induced mechanical hyperalgesia. (*P < 0.05 in group effects with respect to 

vehicle condition in two-way analysis of variance; #P  <  0.05 to the baseline in post-hoc test; n = 6 to 8 

per group). 
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Pretreatment of the muscle with a systemically low dose of AP5 (1 μmol) (Ro et al., 

2005), a competitive NMDAR antagonist, completely prevented the development of 

NMDA-induced masseter hyperalgesia, indicating that the responses are produced 

specifically by the activation of local NMDARs.  

We then examined whether the NMDA-induced mechanical hyperalgesia was 

altered by pretreatment of the muscle with a specific TRPV1 antagonist, AMG9810. 

There was a significant group effect (F = 37.7, P < 0.001) and a significant time effect (F 

= 44.8, P < 0.001) (Fig. AI.1B). The NMDA-induced mechanical hyperalgesia was 

significantly blocked when 100 nmol of AMG9810 was pre-administered in the masseter. 

A lower dose of AMG9810 (1 nmol) did not significantly block the NMDA-induced 

responses indicating a dose-dependent effect of the antagonist (Fig. AI.1B). The vehicle 

did not alter the NMDA-induced mechanical hyperalgesia. The higher dose of AMG9810 

(100 nmol) administered in the contralateral masseter muscle failed to attenuate the 

NMDA-induced masseter hypersensitivity, thus suggesting that the AMG9810 produced 

its effects via blocking local TRPV1 (Fig. AI.1C). The same dose of AMG9810 injected 

alone did not alter masseter sensitivity (Fig. 3.3). The pretreatment for all drugs was 

made 5 minutes before the NMDA injection.  

Because it is possible that AMG9810 at 100 nmol can produce nonspecific effects 

such as desensitization of nociceptive afferents, we conducted additional experiments in 

which AMG9810 was used to block behavioral responses induced by MO (20%), a 

TRPA1 agonist. Fig. AI.1D shows that there was only a significant time effect (F = 67.8, 

P < 0.001), without a significant group effect (F = 1.5, P > 0.05). The dose of AMG9810 

that significantly attenuated the NMDA-induced responses failed to block the effects of 
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MO, suggesting that AMG9810 did not produce nonspecific effects, but by specifically 

antagonizing TRPV1. Additional Ca
2+

 imaging experiments were conducted to confirm 

that AMG9810 does not directly modulate NMDA-induced responses (Fig. 3.16). 

Together these data show that functional interactions between peripheral NMDARs and 

TRPV1 mediate the development of mechanical hyperalgesia. 

 

7.4b NMDAR and TRPV1 are co-expressed in TG neurons and form protein- 

        protein complexes 
 

We have previously shown that NMDA receptor subunits NR1, NR2A, and 

NR2B are expressed in TG, and that TRPV1 is expressed in distinct populations of TG 

neurons that innervate masseter afferents (Lee and Ro, 2007a; Ro et al., 2009). Here, we 

sought to investigate the extent to which NMDARs and TRPV1 are co-expressed in 

masseter afferents. NR1 positive neurons were more abundant in TG as the NR1 was 

expressed in all sized TG neurons, compared with TRPV1-positive neurons that were 

predominantly expressed in small TG neurons. Of the 1827 TRPV1-positive TG neurons 

we examined, 96% co-expressed NR1. These data are consistent with the ubiquitous 

expression of NR1 in TG (Hu et al., 2002a).  

Of the 111 FB-positive cells from 3 rats, 81.6 ± 4% were NR1 positive and 34 ± 

2% were TRPV1 positive. The percentage of FB-positive masseter afferents that co-

express NR1 and TRPV1 was 32 ± 3%. Fig. AI.2A shows examples of masseter afferents 

that contain both NR1 and TRPV1. These data suggest that most masseter afferents that 

express TRPV1 also contain NR1, and that functional interactions between the two 

receptor systems can occur at the intracellular level. 
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Figure AI.2 NR1 and TRPV1 expression and co-immunoprecipitation in trigeminal ganglia (TG). (A) 

Immunohistochemical staining of TG sections showing Fast blue–labeled muscle afferents, TRPV1- and 

NMDA-labeled neurons as indicated. The arrows indicate muscle afferents that co-express both NR1 and 

TRPV1. Scale bar: 50 µm. (B) Left: Immunoblot (IB) using anti-TRPV1 or anti-NR1 antibody after 

immunoprecipitation (IP) of TG extract with anti-NR1 antibody. Right: Reverse IP with anti-TRPV1 

antibody and IB with anti-NR1 or anti-TRPV1 antibody. (C) The same IB-IP protocols were used to show 

co-immunoprecipitation of TRPV1 and NR2B subunit. 

 

We then utilized co-IP techniques to demonstrate protein-protein interactions 

between NMDARs and TRPV1. Immunoprecipitation of TG extracts using a TRPV1 

antibody resulted in a clear immunoblot stained with an NR1 antibody (Fig. AI.2B). The 

membranes were then stripped and blotted with the TRPV1 antibody to confirm 

immunoprecipitation of TRPV1. The reverse immunoprecipitation in which TRPV1 was 

blotted after immunoprecipitation of TG extracts using the NR1 antibody confirmed the 
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co-IP of the two receptors. Because functional NMDARs require both NR1 and NR2 

subunits, we performed a similar experiment with an NR2B antibody. As with NR1, 

NR2B also co-immunoprecipitated with TRPV1 in TG extracts. These data provided 

evidence that NMDARs and TRPV1 are not only co-expressed in the same TG neurons, 

but also that they form protein-protein complexes. 

 

7.4c NMDA potentiates capsaicin responses in a subset of trigeminal sensory  

       neurons 

 

Please see Chapter 3 Section 3.6 

 

 

 7.4d NMDA phosphorylates TRPV1 at specific residues in TG 

To examine whether the activation of NMDARs leads to the phosphorylation of 

TRPV1, we examined the changes in TRPV1 phosphorylation in sensory neurons after 

the application of NMDA. It is not feasible to perform such analysis at the primary 

afferent terminal level because the neural elements in the muscle tissue are too low to 

detect meaningful biochemical changes. Instead, we assessed the relative level of 

phosphorylated TRPV1 in cultured TG neurons 15, 30, and 45 minutes after the 

application of NMDA (200 μM), a time course comparable to our behavioral 

experiments. 

The NMDA application caused a time-dependent elevation in serine 

phosphorylation (p-Ser) of TRPV1 (Fig. AI.3A). A significant increase in p-Ser could be 

observed at 15 minutes and 30 minutes, the time points at which mechanical hyperalgesia 

was most prominent after NMDA injection in the in vivo condition. The total TRPV1 

expression level did not change during this time course. The same concentration of 
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NMDA did not produce a significant alteration in phosphorylation of TRPV1 at either 

threonine or tyrosine residues (Fig. A1.3B,C). These data provide support for NMDAR-

TRPV1 interactions and that NMDAR activation leads to TRPV1 phosphorylation at 

specific sites.  
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7.4e CaMKII and PKC mediate NMDAR-TRPV1 interactions in TG 

Serine phosphorylation of TRPV1 can be mediated by various protein kinases 

including CaMKII, PKC, and PKA (Premkumar and Ahern, 2000; De Petrocellis et al., 

2001; Tominaga et al., 2001; Bhave et al., 2002; Rathee et al., 2002; Jung et al., 2004). 

Because NMDAR activation has been shown to invoke a CaMKII-mediated signaling 

pathway (Gao et al., 2005), we first examined whether the NMDA-mediated 

phosphorylation of serine residues in TRPV1 involves the CaMKII pathway. The 

significant increase in p-Ser of TRPV1 15 minutes after NMDA application was blocked 

when TG cultures were pretreated with a specific CaMKII inhibitor, KN93 (Fig. AI. 4A). 

The same concentration of KN92, an inactive analog of KN93, failed to block the 

NMDA-induced increase in p-Ser of TRPV1 (Fig. AI.4B). Consistent with the 

biochemical data, the NMDA-induced mechanical hyperalgesia was dose-dependently 

blocked when KN93, but not vehicle, was pre-administered in the same muscle (Fig. AI. 

4C). There was a significant group effect (F = 12.06, P < 0.01) and a significant time 

effect (F = 41.1, P < 0.001). The injection of KN93 alone did not alter the mechanical 

sensitivity in the muscle (data not shown). Collectively, these data provide evidence that 

activation of NMDARs invokes a CaMKII signaling cascade that results in serine 

phosphorylation of TRPV1 in TG.  
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Figure AI.4 The involvement of CaMKII in NMDA-induced serine phosphorylation of TRPV1 and 

mechanical hyperalgesia. (A) Examples of immunoblots and averaged relative p-Ser/TRPV1 after the 

NMDA (200 µM) treatment with and without KN93 (10 µM). (B) Examples of immunoblots and averaged 

relative p-Ser/TRPV1 after the NMDA treatment with and without KN92 (10 µM), an inactive analog of 

KN93. The samples were collected at the 15 minute time point, during which the NMDA-induced serine 

phosphorylation of TRPV1 was most prominent (*P < .05 in one-way analysis of variance; n = 6 to 8 per 

group in A and B). (C) The effects of KN93 pretreatment on NMDA-induced mechanical hyperalgesia (*P 

< .05 in group effects with respect to vehicle condition in two-way analysis of variance; #P < .05 to the 

baseline in post-hoc test; n = 6 to 8 per group). 

 

We performed similar experiments to examine whether PKC is also involved in 

NMDAR-TRPV1 interactions. The significant increase in p-Ser of TRPV1 15 minutes 

after NMDA application was blocked when TG cultures were pretreated with a PKC 

inhibitor, GF109203x (Fig. AI.5A). The same concentration of vehicle failed to block the 

NMDA-induced increase in p-Ser of TRPV1 (Fig. AI.5B). Again, consistent with the 

biochemical data, the NMDA-induced mechanical hyperalgesia was dose-dependently 

blocked when GF109203x, but not vehicle, was pre-administered in the same muscle 

(Fig. AI.5C). There was a significant group effect (F = 23.02, P < 0.001) and a significant 

time effect (F = 41.39, P < 0.001). The injection of GF109203x compound alone did not 

alter the mechanical sensitivity (data not shown). These data provide evidence that, in 

addition to the CaMKII signaling pathway, activation of NMDARs also invokes a PKC 

signaling cascade that results in serine phosphorylation of TRPV1 in TG. 
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Figure AI.5 The involvement of protein kinase C in NMDA-induced serine phosphorylation of 

TRPV1 and mechanical hyperalgesia. (A) Examples of immunoblots and averaged relative p-Ser/TRPV1 

after the NMDA (200 µM) treatment with and without GF109203x (10 µM). (B) Examples of immunoblots 

and averaged relative p-Ser/TRPV1 after the NMDA treatment with and without dimethyl sulfoxide 

(0.1%), the vehicle control for GF109203x. The samples were collected at the 15 minute time point (*P < 

.05 in one-way analysis of variance; n = 6 to 8 per group in A and B). (C) The effects of GF109203x 

pretreatment on NMDA-induced mechanical hyperalgesia (*P < .05 in group effects with respect to vehicle 

condition in two-way analysis of variance; #P < .05 to the baseline in post-hoc test; n = 6 to 8 per group). 

 

Finally, we examined whether NMDAR-TRPV1 interaction also involves a PKA 

signaling pathway. The NMDA-induced increase in p-Ser of TRPV1 was not 

significantly blocked when the TG was pretreated with a specific PKA inhibitor, KT5720 

(Fig. AI.6A). The dose of KT5720 was chosen based on the literature (Schnizler et al., 

2008). The NMDA-induced mechanical hyperalgesia was partially but significantly 

reduced when the muscle was pretreated with KT5720 (Fig. AI.6B). The same dose of 

KT5720 almost completely blocked the mechanical hyperalgesia induced by a direct 

injection of forskolin, a PKA activator (Fig. AI.6C). These data suggest that NMDAR-

induced mechanical hyperalgesia may involve PKA pathway, but the activation of that 

pathway does not result in TRPV1 phosphorylation in TG. 
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Figure AI.6 Protein kinase A is not involved in NMDA-induced TRPV1 phosphorylation. (A) 

KT5720, a protein kinase A inhibitor, or vehicle control failed to prevent the NMDA induced elevation of 

p-Ser of TRPV1 (*P < .05 in one-way analysis of variance; n = 6 to 8 per group in A and B). (B, C) 

NMDA-induced mechanical hyperalgesia was only partially attenuated at the dose that completely blocked 

the forskolin induced mechanical hyperalgesia (*P < .05 in group effects with respect to vehicle condition 

in two-way analysis of variance; #P < .05 to the baseline in post-hoc test; n = 6 to 8 per group). 

 

7.5 Discussion 

 The current study demonstrated that the NMDAR and TRPV1 functionally 

interact in rat trigeminal sensory neurons and that such interactions are essential for the 

development of mechanical hyperalgesia in the masseter muscle. Several lines of 

evidence support this conclusion. First, the NR1 subunit of the NMDAR and TRPV1 are 

co-expressed in a subset of trigeminal afferents that innervate the masseter muscle, and 

form protein-protein complexes in TG neurons. Second, NMDAR activation enhances 

capsaicin-induced responses in a subset of TG neurons. Third, NMDAR activation leads 

to phosphorylation of specific residues in TRPV1 in TG via intracellular kinases that 

have been implicated in sensitization. Finally, NMDA-induced mechanical hyperalgesia 

in the masseter muscle requires TRPV1, and the inhibition of kinases that mediate 

TRPV1 phosphorylation in TG attenuates NMDA-induced mechanical hyperalgesia. 

Especially noteworthy is that the NMDA-induced phosphorylation of TRPV1, which we 
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demonstrated in native sensory neurons, correlated with our behavioral responses, and 

that the pharmacological blockade of kinases produced corroborating biochemical and 

behavioral responses. These results strongly suggest that NMDARs and TRPV1 are 

functionally linked in peripheral terminals of nociceptors in the muscle tissue. These data 

offer novel mechanisms by which two distinct ligand gated channels in nociceptors 

interact and form the underlying cellular basis for the development of mechanical 

hyperalgesia. 

 The significance of our data is that these two important ligand gated ion channels, 

which have been independently implicated in muscle pain and hyperalgesia, interact and 

may operate as functional units, which bears important scientific and clinical 

implications. Our data provide molecular mechanisms of possible interactions between 

glutamate receptors and capsaicin receptors that have been suggested in animal as well as 

human experimental muscle pain models. For example, injecting glutamate into 

craniofacial deep tissues significantly enhances capsaicin-induced nociceptor activity and 

lowers mechanical thresholds (Lam et al., 2009). Similarly, capsaicin injections followed 

by glutamate in human tendon tissue significantly facilitate pain responses and decrease 

pressure pain thresholds (Gibson et al., 2009). 

 An important implication of these data is that the NMDAR is activated upstream 

to TRPV1 activation under injury or inflammatory conditions. We conducted additional 

behavioral experiments to test the possibility that TRPV1 is activated upstream to the 

NMDAR. The mechanical hyperalgesia induced by the direct injection of capsaicin in the 

masseter was significantly inhibited when the muscle was pretreated with AP5 (data not 

shown), suggesting that the functional interactions are bidirectional. The directionality of 
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interactions between TRPV1 and NMDARs could be governed by various factors such as 

the availability of endogenous ligands, the expression levels of TRPV1 and NMDARs, 

and the requisite intracellular machineries. It is likely that the intracellular mechanisms 

underlying the interactions in each direction are different from one another. 

 Therefore, although it is also plausible that the NMDAR functions as a 

downstream target of TRPV1 activation, we thought the present data may more 

realistically reflect pathological conditions for the following reasons. First, it is well 

established that excess glutamate is released in peripheral tissue, including muscle tissue, 

upon injury or inflammation from numerous sources (Piani et al., 1991; Parpura et al., 

1995; Lawand et al., 1997; McAdoo et al., 1997; Omote et al., 1998; Lawand et al., 

2000), which supports our data as physiologically tenable. Similar physiologically 

relevant endogenous agonists for TRPV1 in muscle tissue after injury may also be 

released, but they are yet to be fully characterized. Second, there is increasing evidence 

that TRPV1 functions as a downstream inflammatory signal integrator after the activation 

of G-protein coupled receptors (GPCRs) (Levine and Alessandri-Haber, 2007). Our data 

add to these observations in that signaling cascades invoked by activation of ligand-gated 

ion channels also converge onto TRPV1. 

 Functional interactions between glutamate receptors and TRPV1 have been 

suggested at the level of the spinal cord. Increased glutamate release due to enhanced 

presynaptic Ca
2+

 signaling after TRPV1 activation at the central terminals of nociceptors 

could result in prolonged activation of NMDARs in postsynaptic dorsal horn neurons 

(Sikand and Premkumar, 2007; Medvedeva et al., 2008) produced upon mGluR5 

activation directly activates TRPV1 in the same neuron in a membrane-delimited manner, 
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a mechanism that has been proposed to contribute to the modulation of synaptic 

transmission in the substantia gelatinosa neurons of the spinal cord (Kim et al., 2009). In 

this study, we demonstrated that NR1 subunits and TRPV1 co-express in a subset of 

trigeminal sensory neurons and that the two receptors form protein-protein complexes. At 

present, we do not know the precise nature of their association because co-IP data alone 

do not establish direct physical interactions. It is also not known whether the functional 

interactions between the two receptor systems require such physical interactions. Our 

data, however, provided novel information that the NMDAR and TRPV1 reside in close 

proximity within the same cell, and suggest mechanisms relevant for functional 

interactions resulting from intracellular changes initiated by NMDARs in a micro 

domain. 

 Phosphorylation of TRPV1 has been considered as a major mechanism that 

accounts for TRPV1 sensitization, and various second messenger pathways have been 

associated with TRPV1 phosphorylation (Bhave et al., 2002; Bhave et al., 2003; Jung et 

al., 2004; Mandadi et al., 2006; Jeske et al., 2008; Woo et al., 2008; Jeske et al., 2009). It 

is well known that different kinases phosphorylate different residues of TRPV1. For 

example, PKC phosphorylates TRPV1 at Ser-502, Ser-800, and Thr-704, whereas PKA 

activation results in the phosphorylation of Ser- 502, Ser-116, Thr-144, and Thr-370 

residues (Bhave et al., 2002; Numazaki et al., 2002; Rathee et al., 2002; Mandadi et al., 

2006). CaMKII activation also leads to phosphorylation of TRPV1 at Ser-502, Thr-370, 

and Thr-704 (Jung et al., 2004). It is also well known that activation of GPCRs, such as 

neurokinin, bradykinin, prostaglandin, and TrkA receptors, sensitize TRPV1 via 

pathways involving PKC, PKA, and CaMKII (Suzuki et al., 1994; Lee et al., 2005b; Zhu 
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and Oxford, 2007; Jeske et al., 2008; Schnizler et al., 2008; Tang et al., 2008). However, 

it is unclear whether the activation of these receptors phosphorylates a specific residue in 

TRPV1 by invoking a specific kinase pathway. The present study revealed that activation 

of NMDARs results in phosphorylation of TRPV1, primarily at serine residues through 

the activation of PKC and CaMKII, but not PKA, pathways. 

 Activation of NMDARs increases the influx of Ca
2+

, which invokes multiple 

intracellular signaling cascades, including activation of CaMKII (Aronowski et al., 1992; 

Suzuki et al., 1994). The NMDAR-CaMKII cascade functionally coupled to acid-sensing 

ion channels (ASICs) has been shown to contribute to acidotoxicity during ischemia (Gao 

et al., 2005). Specifically, CaMKII- induced phosphorylation of a specific serine residue 

in ASICs plays an essential role in ischemia-induced cell death in the presence of excess 

glutamate, an example of CaMKII-mediated mechanisms of channel-channel interactions. 

CaMKII is expressed in both peptidergic and nonpeptidergic TRPV1-positive DRG 

neurons (Carlton and Hargett, 2002). Blockade of CaMKII effectively reduces capsaicin-

induced CGRP release in TG neurons (Price et al., 2005). Our behavioral data 

corroborated the biochemical data by demonstrating that NMDA-induced masseter 

hypersensitivity is attenuated by a CaMKII inhibitor. Together, these data allow us to 

postulate the NMDAR-CaMKII-TRPV1 cascade as an underlying factor for the 

development of masseter hypersensitivity. 

 Induction of the PKC signaling pathway after NMDAR activation has been 

widely demonstrated in the central nervous system (Giordano et al., 2005; Sun et al., 

2008; Varela et al., 2009). In DRG neurons, activation of NMDARs enhances the activity 

of voltage-dependent Ca
2+

 channels through PKC (Chaban et al., 2004; Li et al., 2004). 
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Our data provided additional evidence that NMDAR activation in TG sensory neurons 

invokes PKC, which targets TRPV1 at serine residues. We have previously shown that 

the activation of another glutamate receptor, mGluR5, in the masseter muscle results in 

mechanical hyperalgesia via PKC (Lee and Ro, 2007b). Thus, it seems that both the 

NMDAR and mGluR5 activated by excess glutamate released under pathological 

conditions can recruit PKC, which then modulates the activity of other pro-nociceptive 

molecules such as TRPV1. 

 Hu et al., (2002a) showed mGluR5 activation in DRG neurons increases TRPV1 

function in a PKA- but not PKC-dependent manner. However, there are no data on 

whether the activation of NMDARs results in PKA activation in sensory neurons. The 

NMDA-induced mechanical hyperalgesia was partially attenuated by a PKA inhibitor at 

the dose that almost completely abolished forskolin-induced hyperalgesia. These data 

suggest that NMDAR activation may also recruit the PKA pathway. Although TRPV1 is 

a substrate for PKA, our biochemical data showed that NMDAR-mediated increase in 

TRPV1 phosphorylation does not involve PKA. Therefore, the NMDAR-PKA pathway 

may converge on other channels such as TRPA1 (unpublished observations). 

Collectively, our data suggest that the NMDAR engages TRPV1 in specific ways, 

primarily by CaMKII and PKC rather than PKA. 

 This work establishes that the two prominent channels in nociceptive circuitry 

cooperate as functional units. Our data also open up the possibility that other nonspecific 

cationic channels such as P2X and ASICs might also be communicating with TRPV1 via 

specific or common intracellular signaling pathways. Given that signals arising from 

GPCRs converge onto TRPV1 and TRPA1 (Levine and Alessandri-Haber, 2007), our 
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data further reinforce the notion that TRP channels are at the core of forming functional 

units in nociceptive signaling under pathological conditions. In a broader context, it 

would be interesting to explore whether similar interactions also take place in the central 

nervous system. Recently, TRPV1 were shown to be present in hippocampus, dentate 

gyrus, and nucleus accumbens (Gibson et al., 2008; Chavez et al., 2010; Grueter et al., 

2010), brain areas enriched in glutamate receptors. 
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Appendix II. Sex differences in delta opioid receptor-induced anti-hyperalgesia are  

          mediated by the ATP-sensitive postassium channel 

 

8.1 Foreword 

This Appendix was adapted from the following two publications: 

 

Saloman, J.L., Niu, K.Y. & Ro, J.Y. (2011) Activation of peripheral delta-opioid 

receptors leads to anti-hyperalgesic responses in the masseter muscle of male and 

female rats. Neuroscience, 190, 379-385.  

 

Niu, K., Saloman, J.L., Zhang, Y. & Ro, J.Y. (2011) Sex differences in the contribution 

of ATP-sensitive K+ channels in trigeminal ganglia under an acute muscle pain 

condition. Neuroscience, 180, 344-352. 

 

 

As a whole, I contributed to the conception and design of this study as well as preparation 

of the manuscripts. In terms of data collection, I ran the conventional RT-PCR 

experiments as well as participated in some of the antibody specificity testing (e.g. Kir6.1 

and Kir6.2). Finally, I coordinated all of the behavior studies. This involved drug 

preparation for the blinded experimenter, data analysis and figure preparation.   

This section is related to my project in several important ways. First, nociception 

and anti-nociception are essential parts of pain perception. Endogenous anti-nociceptive 

mechanisms exist in order to modulate the perception of pain in an inhibitory manner. In 

order to fully understand musculoskeletal pain conditions as well as potential targets for 

improved therapeutics we must understand the development of pain and the available 

mechanisms for pain inhibition. The results from my primary projects uncovered 

potential new peripheral mechanisms through which musculoskeletal pain develops. 

Currently, opioid analgesics are utilized in the clinic to provide pain relief. However, 

their use is accompanied by undesirable centrally mediated side effects and their efficacy 

is sex-dependent. In this study, I focus on investigating mechanisms underlying 
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peripheral restrictive opioid analgesia. Specifically, this project examines sex differences 

in delta opioid receptor analgesia in the context of an orofacial myositis condition.  

Understanding both nociceptive and anti-nociceptive systems provides the full picture of 

how sensory input is integrated and modulated at the peripheral level before it is 

processed by the central nervous system. Novel findings from these studies could provide 

putative targets for sex-specific pharmacological treatments that can be used to alleviate 

persistent muscle pain conditions in the trigeminal system. 

8.2 Introduction 

The functional role of peripheral opioid receptors (ORs) in attenuating pain and 

hyperalgesia has been demonstrated for decades (Ferreira and Nakamura, 1979; Stein et 

al., 2003; Sachs et al., 2004), and an overwhelming amount of animal data supporting the 

role of peripheral ORs under various pain conditions is continuously being accumulated 

(Garlicki et al., 2006; Nunez et al., 2007; Guan et al., 2008; Obara et al., 2009). 

Consistent with the animal data, pain relief from local application of opioids has been 

reported in patients with chronic rheumatoid and osteoarthritis, ischemic pain, dental 

pain, pancreatitis, and postoperative visceral pain (Duckett et al., 1997; Rorarius et al., 

1999; Dionne et al., 2001; Likar et al., 2001; Eisenach et al., 2003; Keskinbora and 

Aydinli, 2009; Modi et al., 2009).  

While all three major subtypes of opioid receptors, namely, , , and opioid 

receptors (MORs, DORs, KORs, respectively) have been implicated in peripheral 

analgesia and/or anti-hyperalgesia each subtype of OR may be associated with distinct 

regulatory mechanisms. Therefore, they may provide distinct therapeutic advantages in 

different pain conditions. There is evidence that direct activation of peripheral DORs 
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leads to potent anti-hyperalgesic effects under inflammatory and neuropathic pain 

conditions (Stein et al., 1989; Pacheco et al., 2005; Kabli and Cahill, 2007; Shinoda et al., 

2007). However, in comparison to MORs and KORs, the role of peripheral DORs is 

relatively under studied, and the role of peripheral DORs in a muscle pain condition has 

never been demonstrated. 

While sex differences in spinally- and supraspinally-mediated opioid analgesia 

have been documented few studies have examined sex differences in peripheral OR-

mediated analgesia (Craft, 2003; Flores et al., 2003; Bodnar and Kest, 2010). In a visceral 

pain model, activation of peripheral MORs produces more potent analgesia in male rats 

than in females (Ji et al., 2006). Similarly, local morphine in the temporomandibular joint 

(TMJ) of male rats, but not females, significantly reduces glutamate-evoked jaw muscle 

activity (Cai et al., 2001). However, a specific KOR agonist administered in the TMJ 

produces a greater reduction of formalin-induced nociceptive responses in female rats 

(Clemente et al., 2004). Sex differences in peripheral DOR-mediated analgesia have not 

been described. 

Specific agonists for ORs open inwardly rectifying K
+ 

channels through the 

activation of Gi/o proteins in neurons (North et al., 1987); one of which is the ATP-

sensitive K
+ 

channel (KATP). KATPs are inwardly rectifying K
+
 channels (Kir6 family), 

and they consist of two structurally different subunits: a pore-forming subunit of the 

Kir6-family (Kir6.1 or Kir6.2) and a sulfonylurea receptor (SUR1 or SUR2) with 

regulatory activity (O' Rourke, 2000).  Predominantly described in cardiac myocytes 

KATPs are believed to be cytoprotective, capable of preserving ionic homeostasis during 

metabolic stress, such as ischemic attacks (Chicco et al., 2007). In pancreatic cells, the 
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KATP, which is regulated by intracellular ATP levels, promotes the release of insulin 

during high glucose metabolism (Craig et al., 2008). KATP activation in neurons leads to 

membrane hyperpolarization, which results in reduced excitability and neurotransmitter 

release (Amoroso et al., 1990; Watts et al., 1995; Ye et al., 1997; Yamada et al., 2001). 

Pharmacological manipulation of KATPs modulates the anti-hyperalgesic effects 

induced by peripheral opioid receptors in various pain models (Rodrigues and Duarte, 

2000; Granados-Soto et al., 2002; Ortiz et al., 2002; Picolo et al., 2003; Amarante et al., 

2004; Pacheco and Duarte, 2005), suggesting the involvement of KATPs in nociceptive 

processing at the level of primary afferent neurons.  

Recent studies demonstrated that KATP subunits are expressed in sensory 

neurons in dorsal root ganglia (DRG), and that direct activation of KATPs regulates 

membrane excitability and reverses the inflammation-induced sensitization in dissociated 

DRG neurons (Chi et al., 2007; Kawano et al., 2009a). These data clearly suggest that 

KATPs in DRG neurons are functional and may potentially be an important therapeutic 

target for pain management.  However, there is no information on whether KATP is also 

expressed in sensory neurons in trigeminal ganglia (TG), and whether direct activation of 

KATP can modulate pain arising from orofacial structures.  

In the heart muscle, activation of KATP significantly reduces myocardiac infarct 

size and pharmacological blockade of KATP abolishes the infarct-sparing 

preconditioning effects of exercise, in a sex-dependent manner (Johnson et al., 2006; 

Chicco et al., 2007). A greater protective role of KATP in females can, in part, be 

explained by the greater expression levels of Kir6.2 and SUR2 in the myocardium from 

females compared to males (Ranki et al., 2001; Brown et al., 2005). Treatment with 17-
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estradiol elicits a marked increase in the expression of both Kir6.2 and SUR2A (Ranki et 

al., 2002), further suggesting that sex differences in the mechanism of KATP are present 

at the expression level in the myocardium. Thus, it would be interesting to know whether 

there are sex differences in KATP expression in sensory neurons, and whether activation 

of KATP in sensory neurons leads to sex differences in anti-hyperalgesic responses. 

These observations have led us to investigate whether activation of peripheral 

DORs effectively attenuates capsaicin-induced mechanical hypersensitivity in the 

masseter muscle and whether there are sex differences in peripheral DOR responses. 

Furthermore, we explored the role of KATP in trigeminal anti-nociception and its 

potential as an underlying mechanism for DOR responses. We assessed whether all four 

subunits of KATP are expressed in TG, there are sex differences in KATP expression in 

TG, direct activation of KATP results in attenuation of capsaicin-induced mechanical 

hyperalgesia in the orofacial muscle in a sex dependent manner, and the anti-hyperalgesic 

responses of peripheral DORs involves the KATP. 

8.3 Methods 

8.3a Animals 

Age matched adult male and female Sprague-Dawley rats (8 weeks old; 250-300 

gm for males and 225-260 gm for females; Harlan, Indianapolis) were used in this 

experiment. All animals were housed in a temperature-controlled room under a 12:12 

light-dark cycle with access to food and water ad libitum. All procedures were conducted 

in accordance with the NIH Guide for the Care and Use of Laboratory Animals (NIH 

Publications No. 80-23) and under a University of Maryland approved Institutional 

Animal Care and Use Committee protocol.  
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8.3b Determination of estrus phases 

For females rats in which estrus cycle phase was determined, microscopic 

cytology of vaginal smears was examined daily for two weeks prior to behavioral 

experiments and tissue extraction. The estrus cycle phase of a female rat can be 

determined by observing the appearance of various cell types within the vaginal smear, 

which correlate with the status of the vaginal mucosa, uterus, and ovaries as well as the 

concentrations of the circulating sex steroids and gonadotropins (Goldman et al., 2007). 

Female rats in either the proestrus (Pro; predominantly nucleated epithelial cells, 

complete absence of leukocytes) or the diestrus (Di; predominantly leukocytes) phase 

were used for the experiments (Marcondes et al., 2002; Goldman et al., 2007). 

 

8.3c Real Time RT-PCR 

To quantitatively compare DOR mRNA between male and female TG, Real-Time 

RT-PCR was performed. Total RNA was extracted from TG with Trizol (Sigma) and 

purified according to the RNeasy kit (Qiagen) that included a DNase treatment to remove 

genomic DNA. Reverse transcription was carried out using the Superscript First strand 

synthesis kit (Invitrogen). SuperScript II (Invitrogen) was used to generate cDNA from 1 

µg of RNA along with 2.5 ng of random primer per reaction. Real-time PCR analysis of 

cDNA equal to 25 ng of RNA was then performed using Maxima SYBR Green/ROX 

qPCR Master Mix (Fermentas) in an Eppendorf Mastercycler ep realplex 2.0. The 

following primers for DOR were used: sense 5’-TGGGTCTTGGCTTCAGGTGT-3’, 

antisense 5’-CGTGCATACCACTGCTCCAT-5’.  
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8.3d RT-PCR analyses 

Total RNA was extracted from TG with Trizol (Sigma) and purified according to 

the RNeasy kit (Qiagen) that included a DNase treatment to remove genomic DNA. 

Reverse transcription was carried out using the Superscript First strand synthesis kit 

(Invitrogen). SuperScript II (Invitrogen) was used to generate cDNA from 1 µg of RNA 

along with 2.5 ng of random primer per reaction. The following were the primers for two 

structurally different subunits of KATP: a pore-forming subunit of the Kir6 family 

(Kir6.1 and Kir6.2) and a sulfonylurea receptor (SUR1 and SUR2) with regulatory 

activity: Kir6.1: sense 5’-AGCCACTGACCTTGTCAACC-3’, antisense 5’-

GGAGTCATGAATTGCACCTT-3’; Kir6.2: sense 5’-CTGCCTTCCTTTTCTCCATC-

3’, antisense 5’-TTACCACCCACACCGTTCTC-3’; SUR1: sense 5’-

TGGACCCAGAGAAGAAATGC-3’, antisense 5’-ACAAAGGAGGCAAAGACGC- 3’; 

SUR2: sense 5’-CGAAAGAGCAGCATACTCATTA-3’, antisense 5’-

CCTCTCTTCATCACAATGACC-3’. PCR products were separated by gel 

electrophoresis using a 2% agarose gel in TAE buffer containing ethidium bromide and 

visualized with an imaging system (Kodak ID 3.5). 

 

8.3e Western Blot Experiment 

TG were homogenized in a lysis buffer including a protease inhibitor cocktail. 

Denatured proteins were fractionated on NuPAGE gels with a running buffer containing 

SDS (Invitrogen). Fractionated proteins were transferred onto PVDF membranes.  After 

blocking with 5% milk in phosphate buffer solution (PBS) for one hour at room 

temperature, the membranes were incubated in primary antibodies at 4°C overnight. The 
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bound primary antibodies were detected with appropriate secondary antibodies 

conjugated to HRP. The immunocomplex was visualized with ECL reagents. Four KATP 

subunit antibodies were used.  (1) A polyclonal rabbit antibody corresponding to amino 

acid residues 382-396 of rat Kir6.1 was raised against the peptide C-

KRNSMRRNNSMRRSN (1:500, Alomone Labs). (2) A polyclonal rabbit antibody 

corresponding to amino acid residues 372-385 of rat Kir6.2 was raised against the peptide 

C-SVAVAKAKPKFSIS (1:500, Alomone Labs). (3) A polyclonal goat antibody was 

raised against a peptide mapping the c-terminus of human SUR1 (1:200, Santa Cruz 

Biotechnology). (4) A polyclonal goat antibody was raised against amino acids 921-1000 

mapping an internal region of human SUR2 (1:200, Santa Cruz Biotechnology). The 

membranes were re-probed with anti-GAPDH antibody and the protein levels for each 

KATP subunit were normalized to that of GADPH in the same sample. For peptide 

control experiments, samples were incubated with control antigen provided by the 

respective companies in combination with the primary antibody. Antibody:antigen 

concentrations were as follows: Kir6.1 1:5, Kir6.2 1:3, SUR1 1:3, SUR2 1:3. 

 

8.3f Immunohistochemistry for KATP subunits in masseter afferents 

Fast Blue (FB) (2%; 10 l) was injected into multiple sites in the masseter 

muscle, using aseptic techniques, in order to retrogradely label muscle afferents in the TG 

of three male and three female rats. To avoid any leakage of the tracer the injection 

needle was left in place for 1-2 minutes before it was slowly retracted. After 7 days, 

animals were perfused transcardially with PBS followed by 4% paraformaldehyde in PBS 

(250 ml; pH 7.2). The TG from each rat were extracted and post-fixed at 4°C overnight, 
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placed in 30% sucrose solution at 4C overnight and sectioned coronally at 12 m. Every 

eighth section was collected and mounted on gelatin-coated slides for double-labeling 

immunohistochemistry. The sections were incubated overnight with the primary antisera 

for Kir6.1 (1:1000) or Kir6.2 (1:1500), the same antibodies described in the Western blot 

experiment. For immunofluorescence the sections were incubated with Alexa 488 

conjugated goat anti-rabbit antiserum (West Grove, PA; 1:250) at room temperature for 

one hour. The primary antibody for each KATP subunit was omitted from the processing 

of selected sections to control for non-specific background staining. 

Kir6 subunits and FB positive cells were counted from 8 representative sections 

per ganglion from three male and three female TG. Trigeminal and facial motor nuclei 

were also evaluated as positive and negative controls for FB labeling, respectively. Only 

the labeled neurons that showed a clear nucleus were included in the counting. 

Percentages of masseter afferents double labeled with Kir6.1 or Kir6.2 were calculated 

and presented as mean ± standard error of the mean (SE). The estrus cycle phase of 

female rats were not determined in these experiments. 

 

8.3g Drug Preparation and Administration 

Capsaicin (0.1%; Sigma) was dissolved in ethanol (23%), Tween 80 (7%) and 

phosphate buffer solution (PBS) (70%). [D-Pen
2
,D-Pen

5
]-Enkephalin (DPDPE) (Tocris 

Cookson) was dissolved in PBS. PBS was 0.01 M phosphate, 0.14 M NaCl, and 3 mM 

KCl, pH7.4. Pinacidil and diazoxide (Tocris Cookson) and glibenclamide (Tocris 

Cookson) were dissolved in DMSO. All drugs were administered intramuscularly into the 

masseter muscle. In order to make sure that the drugs and their corresponding vehicles 
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were administered in the same target region of the muscle the injection site was 

determined by palpating the masseter muscle between the zygomatic bone and the angle 

of the mandible. Injections were made with a 27-gauge needle. Upon contacting the 

mandible the needle was slowly withdrawn into the mid-region of the masseter and 

injections were made for 5-10 seconds. 

 

8.3h Behavioral Studies-Paradigm 

Please see Chapter 2 section 2.2b 

 

8.3i Experimental and control groups for behavioral studies 

To examine whether activation of peripheral DORs blocks capsaicin-induced 

mechanical hypersensitivity, the masseter muscle was pretreated with a specific agonist 

for the DOR, DPDPE (1, 10, 100, and 300 μg/50 µl) or vehicle, PBS, 5 minutes prior to 

capsaicin (0.1%, 100 μl) injection in both male and female rats. Another group of rats 

was treated with a selective DOR antagonist, naltrindole (100 μg/20 μl) prior to the 

injection of DPDPE (100 μg) in order to test the receptor specific action of DPDPE. The 

doses of DPDPE were adapted from a published study (Stein et al., 1989). Since it is 

possible that high doses of naltrindole can block other opioid receptors we chose a dose 

of 100 μg (≈0.33 mg/kg) which is 20 times lower than the dose (20 mg/kg, s.c.) shown to 

successfully antagonize the effects of the selective DOR agonist [D-Ser
2
, Leu

5
, 

Thr
6
]Enkephalin without blocking the antinociceptive effects of the KOR or MOR 

agonists morphine and U50488H, respectively (Portoghese et al., 1988). 
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There is a possibility that DPDPE injected into the masseter can mediate its 

effects by activating central DORs. To evaluate possible systemic effects, the highest 

dose of DPDPE (300 μg) was administered into the masseter muscle contralateral to the 

capsaicin injection in a separate group of animals.  

 To examine whether activation of KATP blocks capsaicin-induced mechanical 

hypersensitivity, the masseter muscle was pretreated with a specific KATP opener, 

pinacidil (2, 20, 100, 300 µg/10 µl) or the vehicle 5 minutes prior to capsaicin (0.1%, 100 

µl) injection in both male and female rats. In order to evaluate possible systemic effects, 

the highest dose of pinacidil (300 µg) was administered into the masseter muscle 

contralateral to the capsaicin injection in a separate group of animals. To explore 

potential hormonal influences on the KATP effect, a dose of pinacidil (20 µg), which 

showed significant effects in male rats, was tested in female rats in Pro and Di phases. 

Finally, another KATP opener, diazoxide (100, 300 µg/10 µl) was tested in the same 

manner to confirm the functional role of the KATP.  

To investigate whether the peripheral DOR-mediated anti-hyperalgesia involves 

the KATP, a specific KATP antagonist, glibenclamide (100 µg/20 µl), was administered 

prior to DPDPE and capsaicin treatments in the masseter muscle of male rats. The highest 

dose of each drug used in this study was administered in the masseter contralateral to the 

capsaicin treatment to rule out the possibility of systemic effects. Rats were randomly 

assigned to experimental and control groups, and each group consisted of 6-10 rats. 
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8.3j Data Analysis  

For Real-Time RT-PCR analysis, the amount of DOR mRNA was normalized to 

the amount of GAPDH mRNA. Relative quantification of the mRNA was calculated by 

the comparative Ct method (ΔΔCt method), and a t-test was used to compare males and 

females. The nature of this method is to automatically normalize data to a chosen control 

group. In our case, we chose to normalize the female data to male, which were set to 

100%. The ΔΔCt method calculates changes in gene expression as a relative fold 

difference between the experimental and the control samples. The cycle threshold, Ct, 

was determined as the cycle at which the fluorescence from a sample crossed the 

threshold level. Delta Ct was the difference between the Ct values of the experimental 

gene (DOR) and its internal control gene (GAPDH). ΔΔCt was calculated as the 

difference of the two delta Ct values. The relative amount of DOR mRNA in the 

experimental condition compared to the control condition was calculated as 2
-ΔΔCt

. 

The Western blot data were analyzed with a one-way ANOVA and the 

immunohistochemistry data with a t-test. 

For behavioral studies, the time-dependent mean percent changes in mechanical 

thresholds were normalized to the baseline threshold and analyzed with a two-way 

ANOVA with repeated measures. In addition, either the student t-test or one-way 

ANOVA was used to evaluate the overall magnitude of mechanical hypersensitivity 

assessed as the area under the curve (AUC), which was calculated from the normalized 

data for each rat. All multiple group comparisons were followed by a post hoc test 

(Dunnett’s or Bonferroni’s). The significance of all statistical analyses was set at P < 

0.05, and data are presented as mean  SE. 
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8.4 Results 

8.4a Determination of anesthetic regimen for lightly anesthetized behavioral  

        testing 

In this study we utilized the lightly anesthetized rodent behavioral model that was 

specifically designed for testing craniofacial muscular sensitivity. Since anesthetic effects 

of pentobarbital are different between male and female rats (Craft and Leitl, 2006), we 

performed two sets of preliminary experiments to ensure that the animals were 

maintained under similar anesthetic planes during the behavioral testing. First, we 

compared the changes in heart rate between male and female rats over the time course of 

the behavioral testing following the initial anesthesia. A single dose of pentobarbital (40 

mg/kg) administered in male rats kept the animals anesthetized for approximately 60 

minutes, during which the heart rates were maintained above 300 beats/minute. The heart 

rate recording was stopped after 60 minutes as the animals quickly came out of the 

anesthesia. Since our behavioral paradigm is at least 90 minutes additional anesthesia was 

required. When the same initial dose of anesthesia was accompanied by continuous 

infusion of additional pentobarbital (3 mg/hour) via the tail vein the heart rate was 

reduced by an average 116 beats/minute over the 90 minutes of testing.  

In contrast to male rats, the initial anesthesia, a lower dose of pentobarbital (35 

mg/kg), kept the female rats anesthetized with changes in heart rate comparable to those 

observed in male rats that received the continuous infusion of the anesthetic. We 

observed a gradual decline in heart rate, the peak reduction being an average 126 

beats/minute over the 90 minutes of testing. There was no significant difference in heart 

rate across the recording period between male and female rats. Thus, different anesthetic 
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regimens in male (40 mg/kg i.p. plus infusion) and female (35 mg/kg i.p.) rats produced 

similar changes in heart rates. The corneal and withdrawal reflexes were intact in all 

animals throughout the experiment. 

Second, we measured baseline mechanical thresholds of the masseter muscle in 

separate groups of male and female rats under the same anesthetic regimens described 

above. The baseline mechanical thresholds ranged between 500-600 gm as we have 

previously published (Lee and Ro, 2007a). There was no significant difference between 

the baseline mechanical threshold of male and female rats (t = 2.018, P = 0.060; Fig. 

AII.1A). Therefore, along with our routine monitoring of reflex responses during the 

experiment, these data provide additional support that we were able to maintain male and 

female rats under comparable anesthetic levels during the behavioral experiments.  

Figure AII.1 (A) Baseline mechanical thresholds of the masseter muscle were assessed in male and female 

rats. (B,C) Capsaicin induced a reduction in the mechanical threshold of both male and female rats in a 

time-dependent manner. The line graph shows the time course and bar graph shows the overall magnitude 

of responses. + denotes a significant time effect. 
 

8.4b DOR-mediated anti-hyperalgesic responses are sex-specific 

As we have shown previously (Ro et al., 2009), an intramuscular injection of 

capsaicin produced a reduction of the mechanical thresholds as early as 15 minutes, 

which then gradually returned to the baseline level in 90 minutes (Fig. AII.1B). There 



147 
 

was no significant difference in the capsaicin-induced reduction in mechanical thresholds 

over time between male and female rats (F = 0.129, P = 0.724; Fig. AII.1B). To examine 

the overall magnitude of the capsaicin effect irrespective of time, we calculated the area 

under the curve (AUC) for Fig. AII.1B and found there was no significant difference 

between the AUC of capsaicin induced hypersensitivity between male and female rats (t= 

0.497, P = 0.626; Fig. AII.1C).   

The masseter muscle was pretreated with the DOR agonist DPDPE to assess the 

role of peripheral DORs in anti-hyperalgesia. In male rats the capsaicin-induced 

mechanical hypersensitivity was significantly and dose-dependently attenuated by 

DPDPE (F = 9.241, P < 0.001; Fig. AII.2A). The AUC was almost completely prevented 

with 10 µg of DPDPE (Fig. AII.2B). At higher doses (100 and 300 µg) DPDPE produced 

slight analgesic responses. Pretreatment with a selective DOR antagonist, naltrindole 

(100 μg) prevented the anti-hyperalgesic effect of DPDPE, indicating that the effect is 

mediated specifically by DORs (t = -8.923, P < 0.001; Fig. AII.2C).   
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The same doses of DPDPE used in males also produced significant dose-

dependent responses in female rats (F = 51.671, P < 0.001; Fig. AII.2D). However, 

DPDPE at the lowest dose (1 µg) actually produced significantly more mechanical 
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hypersensitivity compared to vehicle. This indicates that females are not necessarily 

exhibiting more capsaicin induced hypersensitivity, but that DPDPE at low doses may be 

driving sensitivity in a pro-nociceptive manner. A dose of DPDPE which completely 

blocked the capsaicin-induced mechanical hypersensitivity in male rats (10 µg) was 

ineffective in females (Fig. AII.2E). Only at higher doses did DPDPE significantly 

attenuate the mechanical hypersensitivity. When the highest dose of DPDPE (300 µg) 

was administered in the masseter contralateral to the capsaicin injection site it failed to 

block the mechanical hypersensitivity, suggesting that even 300 µg of DPDPE does not 

produce systemic effects (t = 10.294, P < 0.001) (data not shown). Thus, peripheral 

application of DPDPE exhibited significant sex differences in attenuating the overall 

magnitude of capsaicin-induced mechanical hypersensitivity in the masseter muscle (F = 

15.03, P < 0.001; Fig. AII.2F). The dose-effect curve illustrates a leftward shift in the 

responses in males compared to females. The IC50 values calculated based on the AUC 

data were 2.7 µg and 20 µg for male and female rats, respectively. These data reveal that 

peripheral DPDPE is about 10 times more potent in male rats compared to females.  

 

8.4c DOR expression in male and female TG 

It is well known that opioid receptor antibodies are not always reliable. Although 

recent studies demonstrate DOR immunoreactivity in sensory neurons (Wang et al., 

2010) the issues related to antibody specificity remain controversial (Scherrer et al., 

2009). The specificity of DOR antibodies in western blot experiments has not been 

clearly demonstrated. In our hands, several commercially available antibodies for western 

blot failed to be validated in DOR KO tissue. Therefore, to establish whether differential 
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DOR expression underlies the observed sex difference, we measured DOR mRNA. There 

was no significant difference in the DOR mRNA expression from whole TG between 

naïve male and female rats (t = -1.760, P = 0.117; Fig. AII.3).  

 

 

 

 

 

8.4d Sex differences in KATP subunit expression in TG 

At spinal and supraspinal levels, inwardly rectifying potassium channels mediate 

analgesia as downstream targets of opioid receptors (North et al., 1987). Thus, we 

assessed whether KATPs are also expressed in TG. The genes for the four KATP 

subunits were amplified from TG cDNA through RT-PCR reactions and resulted in a 

single band for each subunit: two pore forming subunits, Kir6.1 (386 bp) and Kir6.2 (394 

bp), and two regulatory subunits, Sulfonylurea Receptor SUR1 (402 bp) and SUR2 (173 

bp) (Fig. AII.4). The primers for SUR2 were designed to target the SUR2B splicing 

variant. Similar results were obtained from male and female rats, indicating that mRNAs 

of all the subunits necessary for forming functional KATPs are expressed in the 

trigeminal ganglia of both male and female rats.  

 

 

 

 

 

 

Figure AII.3 Real-Time RT-PCR 

analysis of DOR mRNA in TG from 

naïve male and female rats revealed 

no significant difference (n=5 per 

group). Female data were normalized 

to male which were set to 100%. Data 

are presented as mean ± SE.  
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Figure AII.4 Conventional RT-PCR analysis demonstrated the presence of mRNAs for Kir6.1, Kir6.2, 

SUR1, and SUR2 subunits in the TG of both male and female rats. 

 

Subsequent Western blot experiments confirmed the RT-PCR data that protein for 

each KATP subunit is expressed in TG (Fig. AII.5). A single band corresponding to 

Kir6.1, Kir6.2, SUR1 or SUR2 was reliably detected in the TG of male as well as female 

rats, regardless of the estrus phase. The antibody specificity was confirmed with peptide 

control experiments (data not shown), and the omission of primary antibody failed to 

produce any protein bands.   

 

Figure AII.5 Western blot experiments confirmed that protein for each KATP subunit is expressed in TG. 

(Top) Examples of immunoblots for Kir and SUR subunits along with GAPDH from TG of males and 

females in Pro and Di phases are shown. (Bottom) The group data showed that Kir6.2 protein level in 

female TG was substantially less compared to that of male. Other KATP subunits were expressed at 

comparable levels between the two sexes (n=6 for each group). P < 0.05  
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In order to normalize KATP expression to GAPDH, a standard curve for GAPDH 

was generated to determine the amount of protein that falls within the linear range of the 

optical density. The western blot analysis showed that there were no significant 

differences in the levels of Kir6.1, SUR1 or SUR2 protein expression between the TG of 

male and that of female rats in either Pro or Di estrus phase (Fig. AII.5). However, the 

level of Kir6.2 protein in TG of female rats was significantly lower than that of male TG 

(F = 6.48, P = 0.009; Fig. AII.5B). A post-hoc analysis showed that the level of Kir6.2 

protein in females in either Di or Pro phase was significantly less than that of male TG.  

 

8.4e Sex differences in KATP subunit expression in masseter afferents in TG 

The western blot analysis detected bulk expression levels of the KATP subunits in 

entire TG. In order to confirm the sex differences in Kir6.2 expression at a more 

functionally relevant level, we compared the percentages of masseter afferents expressing 

Kir6.1 or Kir6.2 between male and female rats. Both Kir6.1 and Kir6.2 positive neurons 

were widely distributed in cells with all soma size in all three divisions of the TG. There 

were no obvious differences in morphological features between Kir6.1 and Kir6.2 

positive neurons. The retrograde labeling by FB was limited to the mandibular division of 

TG and appeared to label small to medium size TG neurons (Ro et al., 2009). FB labeled 

neurons could also be found in the trigeminal motor nucleus while there were no labeled 

cells in the facial motor nucleus, suggesting that the tracer did not leak out to overlying 

cutaneous tissue. Both Kir6 subunits were localized in FB positive muscle afferents in the 

TG of both male and female rats (Fig. AII.6A-F). The percentage of Kir6.1 positive 

muscle afferents in male TG (61.5  2.6% from 183 neurons) was significantly higher 
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than that in female rats (38  0.96% from 136 neurons) (Fig. AII.6). The percentage of 

Kir6.2 positive muscle afferents in male TG (58  16.6% from 196 neurons) was also 

significantly higher than those in female rats (33  7% from 178 neurons, respectively)  

(Fig. AII.6).  
 

 

 

 

 

 
Figure AII.6 Kir6.1 and Kir6.2 are expressed in trigeminal ganglion neurons (A and D, respectively). The 

somata of masseter afferents labeled by retrograde transport of Fast Blue (FB; B and E) expressed Kir6.1 

(C) or Kir6.2 (F). Bar graphs represent sex differences in the percentages of Kir6.1 (top) and Kir6.2   

(bottom) positive masseter afferents in TG. * P < 0.05, **P < 0.01 (n = 4 in each group). The estrus cycle 

phase of the female rats were not determined for these experiments. 

 

8.4f Sex differences in anti-hyperalgesic effects of the peripheral KATP 

We then examined whether direct activation of KATP modulates pain responses 

arising from the masseter, and whether there are sex differences in the function of the 

KATP. Both male and female rats developed acute mechanical hypersensitivity in the 

masseter muscle following capsaicin administration. Female rats tended to show a greater 

level of hypersensitivity compared to males, but the difference in AUC at baseline was 

not statistically significant (t = 1.839, P = 0.096). Pretreatment of the masseter with a 
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specific KATP opener, pinacidil, dose-dependently and significantly attenuated the 

capsaicin-induced masseter hypersensitivity in male rats (Fig. AII.7A).  

 

Figure AII.7 (Left) Line graphs show the time course of the effects of a specific KATP opener, pinacidil, 

on the capsaicin-induced masseter hypersensitivity. The dose of pinacidil (20 µg) that effectively attenuated 

the masseter hypersensitivity in male rats did not produce significant changes in female rats. Pinacidil at 

300 µg significantly attenuated the masseter hypersensitivity in female rats (Right). Bar graphs, which 

represent the overall magnitude of the response, show similar results. P < 0.05 

 

Pinacidil at 20 µg completely blocked the overall hypersensitivity responses (Fig. 

AII.7B). The same dose of pinacidil was ineffective when given in female rats (Fig. 

AII.7C). A 15 fold higher dose of pinacidil (300 µg) partially, but significantly, 

attenuated the capsaicin-induced masseter hypersensitivity in female rats (Fig. AII.7C,D). 
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Pinacidil (300 µg) was without effect when injected in the contralateral masseter muscle 

suggesting that the drug effect is not due to systemic responses.  

In order to investigate whether the different estrus phases influence the pinacidil 

effect, we repeated parts of the behavioral experiments in female rats in both the 

proestrus (Pro) and diestrus (Di) phases of the estrus cycle. We chose to test pinacidil at 

20 µg since this dose completely attenuated the masseter hypersensitivity in male rats. 

Pinacidil failed to attenuate the capsaicin-induced mechanical hypersensitivity in female 

rats in either the Pro or Di phase (Fig. AII.8A,B). These data confirmed that peripheral 

application of pinacidil is less potent in female rats regardless of the estrus phase.  

Figure AII.8 20 µg of pinacidil failed to attenuate the capsaicin-induced mechanical hypersensitivity in 

female rats in either the Pro (A) or Di (B) phase. 
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We confirmed the sex differences in the effects of KATP activation with another 

KATP opener, diazoxide. Diazoxide also significantly attenuated the mechanical 

hypersensitivity in male rats (Fig. AII.9A). The high dose of diazoxide (300 µg), 

administered in the same manner, failed to block the capsaicin-induced mechanical 

hypersensitivity in female rats (Fig. AII.9B). Since the pinacidil effect was not influenced 

by estrus stage in female rats we did not test the diazoxide effect in females in different 

estrus phases.  

Figure AII.9 The sex differences in the anti-hyperalgesic effects of KATP were confirmed with another 

KATP opener, diazoxide.  

 

 8.4g DOR-mediated anti-hyperalgesia involves KATP 

Finally, we investigated whether peripheral DOR-mediated attenuation of 

mechanical hypersensitivity involves KATP.  We injected a specific antagonist for the 
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KATP, glibenclamide (100 µg) prior to DPDPE (100 µg) into the masseter muscle of 

male rats. The anti-hyperalgesic effect of DPDPE was blocked when glibenclamide was 

pre-administered into the same muscle (F = 24.719, P < 0.001; Fig. AII.10). The same 

dose of glibenclamide given in the contralateral masseter did not block the DPDPE effect 

indicating that glibenclamide produced its effect via antagonizing local KATPs. The 

injection of glibenclamide by itself did not alter the mechanical sensitivity of the 

masseter muscle (data not shown). 

Figure AII.10 In male rats, the effect of DPDPE on capsaicin-induced masseter hypersensitivity was 

prevented when glibenclamide, a KATP antagonist, was pre-administered into the same muscle. The same 

dose of glibenclamide given in the contralateral masseter did not block the DPDPE effect indicating 

glibenclamide produced its effect via antagonizing local KATPs (Ipsi-ipsilateral, C- and Contra-

contralateral). BL: baseline; gray arrow: DMSO or glibenclamide injection; blue arrow: DPDPE injection; 

black arrow: capsaicin injection 

 

8.5 Discussion 

Accumulating studies provide a compelling rationale for targeting peripheral ORs 

as a novel treatment for various types of pain (Keskinbora and Aydinli, 2009). Peripheral 

application of DOR agonists produces potent anti-hyperalgesic effects under 

inflammatory and neuropathic pain conditions (Stein et al., 1989; Pacheco et al., 2005; 
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Kabli and Cahill, 2007; Shinoda et al., 2007). As with peripheral MORs the efficacy of a 

DOR agonist is not readily detectable in normal tissue, but it is greatly augmented under 

conditions of tissue injury and inflammation (Stein et al., 1989; Kabli and Cahill, 2007). 

The increase in peripheral DOR efficacy can be explained, in part, by the increased 

expression of DORs in dorsal root ganglia (DRG) as well as trafficking of the receptor 

protein to the site of injury under a nerve injury condition (Kabli and Cahill, 2007). 

However, unlike MORs, peripheral DORs are not significantly up-regulated under 

inflammatory conditions (Ji et al., 1995; Obara et al., 2009). Also, since the time course 

of increased OR synthesis and transport does not always correlate with increased opioid 

effects, which could appear within minutes, other mechanisms such as stimulus-induced 

insertion of ORs to the plasma membrane could play a greater role in increased peripheral 

DOR efficacy (Gendron et al., 2006). 

Inflammatory substances such as bradykinin, arachidonic acid and proteases 

rapidly increase the functional competence of DORs in sensory neurons by trafficking the 

receptor proteins to the plasma membrane (Patwardhan et al., 2006; Rowan et al., 2009). 

A local injection of capsaicin has also been shown to rapidly increase the cell surface 

availability of DORs in DRG neurons (Gendron et al., 2006). Our data showing the 

reduction of mechanical hypersensitivity as early as 15 minutes upon DPDPE 

administration suggest that acute myositis induced by capsaicin might be promoting 

functional competency of DORs, thus increasing the efficacy of DPDPE for attenuating 

hyperalgesic responses.  

Of the studies that show anti-hyperalgesic effects of peripheral DORs in rodents, 

to the best of our knowledge, there is no data that directly assess sex differences (Stein et 
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al., 1989; Pacheco and Duarte, 2005; Pacheco et al., 2005; Kabli and Cahill, 2007; 

Hervera et al., 2009; Leanez et al., 2009; Obara et al., 2009; Pena-dos-Santos et al., 

2009). Our data showed that a 10 fold higher dose of DPDPE was required to produce 

anti-hyperalgesic responses in female rats. Thus, peripheral DOR responses observed in 

one sex may not be easily generalized to both sexes. Our data also imply that the 

endogenous opioid peptides released under inflammatory conditions may produce 

different responses between the two sexes. A low level of endogenous opioid peptides 

that activate peripheral DORs can produce anti-hyperalgesic responses in males, but may 

produce opposite effects in females. 

The sex difference is likely to be modulated by sex hormones, but the data on 

their influence on peripheral ORs are limited. KORs in the TMJ produce greater anti-

nociceptive responses during diestrus compared to proestrus phase (Clemente et al., 

2004). Those authors suggested that a high level of estrogen attenuates KOR-mediated 

effects. In our data, the SE were not appreciably higher in females relative to males 

suggesting that cycling estrogen has little effect on the DOR responses. However, in 

order to obtain more precise information about the role of sex hormones in DOR 

responses, additional studies with female rats of known estrus stage or gonadectomized 

rats need to be performed.  

The expression of sex differences in DOR-mediated responses may involve 

multiple mechanisms. In the CNS, sexual dimorphism in the density of ORs provides an 

anatomical basis for sex differences in opioid-mediated behaviors (Flores et al., 2003; 

Carretero et al., 2004; Harris et al., 2004). Thus, it is possible that sex differences in the 

expression level of DORs in sensory neurons could serve as an underlying basis for sex 
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differences in DPDPE effects. In our study, however, there was no significant difference 

between the levels of DOR mRNA in male and female rats suggesting the sex differences 

in DOR-mediated responses result from mechanisms other than DOR expression. It is 

possible that we observed no differences because mRNA was measured from entire TG 

as opposed to specifically masseter afferents. However, another possibility is the sex 

difference results from differences in the downstream targets of DORs. ORs have been 

linked to adenylate cyclase, potassium channels (e.g. GIRKs and KATPs), and voltage 

gated calcium channels all of which could contribute to the observed DOR-mediated sex 

difference (Standifer and Pasternak, 1997).  

Functional KATPs require both Kir6 and SUR subunits (Ocana et al., 2004). In 

the present study, we demonstrated that mRNA and protein for all four subunits of the 

KATP, i.e. Kir6.1, Kir6.2, SUR1 and SUR2, are expressed in TG. The Kir6 subunit 

expression in TG was further confirmed by the immunohistochemistry data. Two recent 

studies report the presence of the KATP in the rat DRG, but in one case SUR2 was not 

detected and in another Kir6.1 (Chi et al., 2007; Kawano et al., 2009a), suggesting that 

the subunit compositions of KATP in DRG may be different from those in TG. However, 

neither of the two studies employed both mRNA and protein analyses in the same study. 

In an earlier study, mRNAs for all 4 subunits were indeed detected in DRG (Kawabata et 

al., 2006). Also, functional KATPs composed of SUR1 with Kir6.1 and Kir6.2 as well as 

SUR2 with Kir6.1 and Kir6.2 have been documented at the single cell level in DRG (Chi 

et al., 2007; Kawano et al., 2009a). Thus, it is possible that since all subunits are also 

present in TG, the KATP composition is comparable between DRG and TG.  



161 
 

Sex differences in KATP expression have been shown in cardiac muscle tissue. 

Higher levels of both Kir6.2 and SUR2 proteins in cardiac membrane fractions in female 

tissue compared with male tissue have been proposed as the cellular basis for sex 

differences in the susceptibility
 

of the heart to infarction and exercise-induced 

cardioprotection (Ranki et al., 2001; Brown et al., 2005). Sex differences in myocardiac 

infarct size and exercise-induced cardioprotection are abolished when KATP is 

pharmacologically blocked, further suggesting that KATP plays a critical role in sex 

differences in cardiac tissue (Johnson et al., 2006; Chicco et al., 2007). There has been a 

lack of data on sex differences in the expression of KATP in other cell types including 

neurons. Thus, we provide the first evidence that there are sex differences in KATP 

expression in trigeminal sensory neurons.  

Specifically, we showed that the relative expression level of Kir6.2 in TG was 

significantly lower in female rats regardless of the estrus stage. The 

immunohistochemistry data confirmed that Kir6.2 was expressed at a relatively lower 

level in masseter afferents in female rats. The discrepant results between western blot and 

immunohistochemistry data for Kir6.1 were surprising. A possible explanation could be 

that the sex difference in Kir6.2 is widespread in all sensory neurons whereas the sex 

difference in Kir6.1 is selective for certain afferent types, such as muscle afferents. A 

lower level of Kir6 subunits in female compared to male rats may contribute to higher 

nociceptive responses in female rats. 

 KATP mediates approximately 10-25% of total K
+
 currents in DRG neurons, 

which is significantly attenuated following peripheral nerve injury (Sarantopoulos et al., 

2003). The loss of KATP currents after painful nerve injury occurs selectively in large 
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diameter primary afferents, which has been proposed as an underlying basis for 

phenotypic changes in large A-type afferents that contribute to the generation of 

neuropathic pain (Kawano et al., 2009a). Direct activation of KATP in small and medium 

size DRG neurons suppresses the neuronal hyperexcitability induced by prostaglandin, an 

inflammatory agent (Chi et al., 2007). These studies with dissociated preparations suggest 

that KATP in somatic sensory neurons modulate neuronal excitability under 

inflammatory or nerve injury conditions. 

 In this report, we provided additional evidence that KATP plays a functionally 

important role in modulating nociceptive processing in sensory neurons under an acute 

inflammatory condition. Using the established model of an acute orofacial myositis 

condition (Ro et al., 2003; Ro et al., 2007; Ro et al., 2009), we demonstrated that direct 

activation of KATP significantly attenuated the capsaicin-induced masseter 

hypersensitivity in a dose dependent manner. A specific agonist for KATP, pinacidil, 

which targets the SUR2 containing KATPs, and diazoxide, which is the only KATP 

opener that can activate SUR1 containing KATPs (Moreau et al., 2005), effectively 

attenuated the mechanical hypersensitivity at doses that do not produce systemic effects 

in male rats. These findings indicate that Kir6 subunits form functional KATPs with both 

SUR1 and SUR2 in TG neurons.   

Peripherally localized KATPs function as a downstream effector of µ and δ, but 

not κ, opioid receptors, (Rodrigues and Duarte, 2000; Amarante et al., 2004; Pacheco and 

Duarte, 2005), and this effect is likely mediated by the nitric oxide and cGMP pathway 

(Sachs et al., 2004; Kawano et al., 2009b).  
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In this study, we showed that not only are DOR mediated responses significantly 

more potent in male rats, but there are also sex differences in KATP-mediated anti-

hyperalgesic responses. KATP agonists were also more potent in male compared to 

female rats. Since neither pinacidil nor diazoxide discriminates Kir6 subunits, these 

behavioral responses suggest that the sex differences, at least in part, result from the 

reduced level of functional Kir6.2 in female rats. Thus, it is possible that sex differences 

in peripheral DOR-mediated responses are expressed as a result of sex differences in the 

expression level of downstream targets such as KATP. We showed that the DOR-

mediated anti-hyperalgesia was prevented in the presence of glibenclamide, a KATP 

antagonist, indicating that the KATP is required for DOR function in our model. 

Therefore, we further corroborate recent findings in various pain models that local 

activation or blockade of KATPs modulates the anti-hyperalgesic effects induced by 

peripheral opioid receptors (Rodrigues and Duarte, 2000; Granados-Soto et al., 2002; 

Picolo et al., 2003; Amarante et al., 2004; Pacheco and Duarte, 2005).  

Sex differences in nociceptive responses are eliminated in mice lacking a specific 

subunit of the G-protein coupled inwardly rectifying K
+ 

channel (GIRK), which also 

serves as a downstream effector of opioid receptor activation in the spinal cord (Mitrovic 

et al., 2003). The impact of the deletion of the GIRK subunit on morphine is lower in 

female mice, suggesting that inwardly rectifying K
+ 

channels confer sex differences in 

analgesia (Blednov et al., 2003). These data, along with the data on KATP expression and 

function in cardiac muscles, suggest K
+
 channels are a potentially important source of sex 

specific responses in the nociceptive system.  
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As the importance of sex differences in the management of acute and chronic 

types of pain is increasingly recognized, an understanding of the underlying mechanisms 

becomes critical for the development of sex specific therapeutic interventions. Taken 

together, our data suggest that there is merit in pursuing the development of DOR 

agonists, especially since targeting this subtype of OR has distinct advantages over others 

such as reduced physical dependence, gastrointestinal dysfunction as well as respiratory 

depression (Cowan et al., 1988; Sheldon et al., 1990; Cheng et al., 1993). Since DPDPE 

is primarily a delta-1 receptor agonist the possibility of the involvement of delta-2 

receptors still needs to be pursued (Porreca et al., 1992).  

Another important new finding in this study is that sex differences exist in KATP 

responses, which may result from the differential expression of Kir6 subunits in TG. 

Therefore, behavioral or cellular responses implicating K
+
 channels observed in one sex 

should not be generalized to both sexes. These findings have significant clinical 

implications since potassium channels themselves are considered as new targets for 

alleviating pain and hyperalgesia in acute and chronic pain conditions (Ocana et al., 

2004). The novel findings from this study should offer important new insights for the 

development of sex specific pharmacological treatments that can be directed at the 

peripheral trigeminal system to ameliorate persistent muscle pain conditions, such as 

temporomandibular disorders. 
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