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Several lines of evidence indicate group III metabotropic glutamate receptors 

(mGluRs) have systemic anti-hyperalgesic effects. We hypothesized this could occur 

through modulation of TRP channels on nociceptors. The following studies used a 

multifaceted approach to examine the interaction between group III mGluRs (mGluR8) 

and two TRP channels: TRPV1 and TRPA1. In the first study, we examined the 

interaction between group III mGluRs and TRPV1. Anatomical studies demonstrated that 

group III mGluR8 is expressed on cutaneous axons and is co-localized with TRPV1 in 

the dorsal root ganglia (DRG). In behavior studies, peripheral activation of group III 

mGluRs had no effect on paw withdrawal latency (PWL) to heat in naïve rats. However, 

local peripheral activation of group III mGluRs significantly attenuated capsaicin (CAP, 

TRPV1 agonist)-induced lifting/licking and reduced flinching behavior. Finally 

peripheral group III mGluR activation reversed forskolin (FSK)-induced heat sensitivity, 

suggesting that group III could modulate TRPV1 by down-regulating cAMP-PKA 

activity. In the second part of the study, we examined the interaction between group III 

mGluR8 and TRPA1. Ca
2+

 imaging studies demonstrated co-localization and functional 
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coupling of TRPA1 and mGluR8, since DCPG (mGluR8 agonist) significantly reduced 

the number of mustard oil (MO, TRPA1 agonist) responsive cells. Behavioral studies 

demonstrated that peripheral DCPG reversed the MO-induced decrease in PWT. At the 

single fiber level, DCPG significantly attenuated MO-induced nociceptor activity and 

reversed the MO-induced decrease in mechanical threshold. Furthermore, DCPG 

significantly reduced the number of MO-induced mechanically sensitive fibers. Inhibition 

of PKA using RpCAMPS significantly reduced MO-induced calcium mobilization and 

there was a trend to reduce the number of MO-responsive cells. Taken together, these 

results show that group III mGluRs can negatively modulate TRPV1 and TRPA1 activity. 

Furthermore, it is likely that this modulation occurs at the level of the cAMP/PKA 

pathway. Additionally, these studies demonstrate that group III agonists may be effective 

in treatment of mechanical allodynia which can develop as a result of inflammation, 

nerve injury, chemotherapy or other disease states. 
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CHAPTER 1: EXPANDED INTRODUCTION 

Over 1.5 billion people across the globe suffer from chronic pain (AAPM). For 

many, treatments include taking opioids and/or NSAIDs. Unfortunately the consumption 

of these drugs can lead to detrimental side effects. Patients on opioid therapy often 

experience various adverse effects, including, but not limited to: addiction, nausea, 

constipation, vomiting, and dizziness. In the case of NSAIDs, prolonged use may lead to 

gastrointestinal ulcers, including bleeding ulcers and kidney failure. Thus, development 

of non-opioid and non-NSAID drugs to relieve both acute and chronic pain would 

improve the quality of life for millions of people.  

Pain is “an unpleasant sensory and emotional experience associated with actual or 

potential tissue damage, or described in terms of such damage,” as defined by the 

International Association for the Study of Pain (IASP). Primary afferent nociceptors 

(Levine et al., 1993) are sensory neurons that respond to stimuli that have the potential 

for causing damage (Willis, 2007).  Nociceptors are pseudounipolar with cell bodies 

contained within the dorsal root ganglia (DRG) or trigeminal ganglion (TG) with both a 

peripheral process and a central process (Willis, 2007). Early studies classified afferents 

as either thermoreceptors, mechanoreceptors or polymodal nociceptors (Perl, 1968; 

Bessou and Perl, 1969). Several studies indicated that nociceptors were polymodal, 

responding to noxious heat, irritant chemicals, and moderate mechanical stimuli with 

weak activity in response to low temperatures (Bessou and Perl, 1969; Torebjörk, 1974). 

Nociceptors are described as either unmyelinated C fibers or lightly myelinated Aδ fibers 

with each group having different conduction velocities (Burgess and Perl, 1967; Bessou 
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and Perl, 1969; Torebjörk, 1974; Harper and Lawson, 1985a, b; Traub and Mendell, 

1988). The various classifications of nociceptors include ADM (Aδ-mechano), ADMH 

(Aδ-mechanoheat), ADMC (Aδ-mechanocold), CMH (C-mechanoheat), CM (c-

mechano), CMC (c-mechanocold), and CMHC (c-mechanoheatcold) (Leem et al., 1993). 

Using an in vivo preparation, Leem et al. (1993) reported that on average Aδ nociceptors 

had a mean CV of 14.17±5.86 m/s while C nociceptors had a mean CV of 0.77±0.14 m/s. 

Using our in vitro skin-nerve preparation, Du et al. (2001) reported C fibers as having 

CVs of <1.6 m/s and Aδ fibers as having CVs in the range of 1.6 – 12 m/s. Beginning 

with the nociceptor, painful information can be sent to the brain through various 

pathways. 

Pain Pathways 

There are at least five pathways by which information regarding tissue damage is 

transmitted to the brain. These pathways include the spinothalamic, spinoreticular, 

spinomesencephalic, cervicothalamic, and spinohypothalamic tracts. The most prominent 

and well-studied pathway is the spinothalamic tract since it brings pain, temperature and 

crude touch information to conscious levels. 

SPINOTHALAMIC TRACT 

When a noxious stimulus activates nociceptors, signals are sent from the 

peripheral processes through the central processes and enter the spinal cord through 

Lissauers tract. At the spinal cord, the axons may ascend or descend 1-2 spinal segments 

before making the first synapse in either laminae I (marginal zone) or II (substantia 

gelatinosa). It should be noted that there are some projections from laminae II to laminae 
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V, which is part of the nucleus proprius. From the synapse at either laminae I, II or V, the 

2nd order neuron crosses to the anterolateral quadrant of the contralateral side of the 

spinal cord via the anterior commissure and ascends through the brainstem and synapses 

at the ventral posterior medial or lateral nucleus of the thalamus. From the thalamus the 

3rd order neuron carries the signal through the internal capsule to the post central gyrus, 

the primary somatic sensory cortex (Purves et al., 2001). It is likely that information from 

TRP channels utilize the spinothalamic tract, since nociceptors express TRP channels. 

Transient Receptor Potential (TRP) ion Channels and Pain 

TRP CHANNEL DISCOVERY  

The TRP channels were first described on photoreceptors in Drosophila. The trp 

gene mutation was first described by Cosens and Manning (1969), and later termed the 

transient receptor potential mutant (trp) by Minke et al. (1975). Flies with the trp 

mutation, which was found to occur spontaneously, were indistinguishable from WT in 

appearance (Cosens and Manning, 1969). In the presence of a continuous light stimulus, 

the WT photoreceptor maintained a sustained potential during stimulation. However, the 

trp mutation resulted in a transient receptor potential in the presence of continuous light 

during which the potential decayed to baseline (Minke et al., 1975). Since these first 

studies, over 30 TRP isoforms have been identified, making up 7 subfamilies: dTRP, 

TRPC, TRPV, TRPM, TRPML, TRPP, TRPA and TRPN, the latter is only found in 

Xenopus and zebrafish (Hardie, 2007). Of these TRP isoforms, TRPV1 and TRPA1 have 

been shown to play an important role in pain signaling (Patapoutian et al., 2009; 

Brederson et al., 2013; Julius, 2013).  
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TRPV1  

Caterina et al. (1997) first cloned TRPV1, which appeared to resemble TRP-like 

ion channels, and termed it Vanilloid Receptor subtype 1 due to its site of action 

(Szallasi, 1994). Expression has been shown in keratinocytes, smooth muscle, neurons, 

astrocytes, microglia, oligodendrocytes, and ependymal cells (line ventricular system of 

brain and spinal cord), the hypothalamus (Cavanaugh et al., 2011), GABA cells of the 

dorsal horn (Kim et al., 2012), and in sensory neurons of the dorsal root ganglia (DRG) 

and trigeminal ganglia (TG) (Caterina et al., 1997; Fernandes et al., 2012; Zhang et al., 

2014b). Further analysis identified it as the capsaicin (CAP) receptor (Caterina et al., 

1997). CAP is an ingredient found in hot chili peppers. In addition to CAP, TRPV1 is 

activated by acidic pH, spider toxins, noxious heat (> 40 ºC), and endocanabinoids 

(Caterina et al., 1997). In recent years, TRPV1 has gained much attention due to evidence 

which implicates it as an important transducer of pain information or noxious stimulation. 

Several lines of evidence indicate that TRPV1 plays an important role in the development 

of hyperalgesia, neuropathic and inflammatory pain (Caterina et al., 2000; Davis et al., 

2000; Stucky et al., 2009; Carlton et al., 2011; McDougall, 2011; Govea et al., 2012; 

Nakamura et al., 2012; Barabas and Stucky, 2013). For example, studies from knockout 

(KO) mice indicate that these mice maintain normal responses to noxious stimuli, while 

displaying an attenuated development of hyperalgesia in the inflammatory state (Caterina 

et al., 2000; Davis et al., 2000; Bölcskei et al., 2005). Compared to WT, TRPV1 KO mice 

display an attenuated development of carrageenan-induced mechanical hyperalgesia 

(Watanabe et al., 2015). Interestingly, in contrast to WT mice, the KO mice did not 

develop contralateral mechanical hypersensitivity, suggesting that TRPV1 plays a role in 
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development of contralateral secondary hypersensitivity following inflammation. In an 

incision model, TRPV1 KO mice display an attenuated development of thermal 

hyperalgesia compared to WT (Barabas and Stucky, 2013). Several studies indicate that 

TRPV1 activity can be enhanced by various modulators or inflammatory mediators (De 

Petrocellis et al., 2001; Bhave et al., 2002; Rathee et al., 2002; Huang et al., 2006; Jeske 

et al., 2008; Chaudhury et al., 2011; Malek et al., 2015), including PKA, which 

potentially increases surface membrane expression (Of note, a study with Xenopus 

oocytes and Aplysia demonstrates conflicting reports of the cAMP/PKA pathway in 

sensitizing TRPV1 currents, see Lee et al. [2000]). Repeated application of CAP induces 

desensitization of the TRPV1 receptor (Ruparel et al., 2008). This TRPV1 desensitization 

is attenuated by PKA activation, resulting in an enhanced 2nd response to CAP compared 

to control (Bhave et al., 2002). Taken together, these findings suggest that TRPV1 plays 

an important role in both thermal hyperalgesia and mechanical hypersensitivity and its 

activity can be modulated by PKA.  

TRPV1: MORE THAN A PAIN RECEPTOR  

Studies suggest that TRPV1 plays a role in body temperature regulation (Iida et 

al., 2005), since administration of TRPV1 antagonists induces hyperthermia (Swanson et 

al., 2005b; Gavva et al., 2007b; Gavva et al., 2007a; Honore et al., 2009; Wong and 

Gavva, 2009). Inhibition of TPRV1 appears to attenuate anxiety-like behaviors, fear 

conditioning behaviors and stress sensitization (Zhang and Liao, 2014). Interestingly, 

activation of TRPV1 appears to induce hypothermia which has been shown to be 

neuroprotective in a transient middle cerebral artery occlusion model (Cao et al., 2014). 

Furthermore, studies indicate that TRPV1 is an attractive target in other hypoxic/ischemic 
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events (Khatibi et al., 2011; Xu et al., 2011) . Additionally, TRPV1 function has been 

demonstrated in dendritic cell maturation, vascular dilation, adipocyte differentiation, 

pro-inflammatory responses of CD4+T cells, and neurogenesis (Basu and Srivastava, 

2005; Hwang et al., 2005; Hsu and Yen, 2007; Fernandes et al., 2012; Bertin et al., 2014; 

Stock et al., 2014). In keratinocytes, TRPV1 activation induces the release of several 

inflammatory mediators, including prostaglandin E2 (PGE2) and interleukin (IL)-8 

(referred to as an autocrine inflammatory mediator [Atta-ur-Rahman et al., 1999]) 

(Southall et al., 2003; Fernandes et al., 2012). These latter findings suggest that TRPV1 

indirectly plays a role in potentiating inflammation and likely inflammation-associated 

pain. 

TRPA1  

TRPA1 is the first receptor identified in the TRPA subfamily (Jaquemar et al., 

1999). This receptor is known as the mustard oil (MO) receptor (Jordt et al., 2004). In 

addition to MO, TRPA1 is activated by various stimuli, including cinnamaldehyde, 

noxious mechanical and noxious cold (<17 °C) (Story et al., 2003; Jordt et al., 2004; 

Kwan et al., 2006; Barabas et al., 2012). Similar to TRPV1, several reports have 

highlighted the importance of TRPA1 in pain transmission (Lapointe and Altier, 2011; 

Bautista et al., 2013; Premkumar and Abooj, 2013). For example, studies indicate that 

TRPA1 is key to the development of mechanical sensitivity following inflammation or 

nerve injury (Obata et al., 2005; Ji et al., 2008; da Costa et al., 2010; Lennertz et al., 

2012). Administration of a TRPA1 antagonist significantly attenuates complete Fruends 

Adjuvant (CFA)-induced mechanical hypersensitivity (da Costa et al., 2010). In line with 

these findings, studies at the single fiber level demonstrate that administration of a 
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TRPA1 antagonist prevents CFA-induced mechanical sensitization in C fibers (Lennertz 

et al., 2012).  

 In addition to mechanical hypersensitivity, cold hypersensitivity has been shown 

to develop following inflammation or nerve injury (Jasmin et al., 1998; Allchorne et al., 

2005; Scherer et al., 2010). While TRPA1 as a cold receptor is controversial, several lines 

of evidence indicate that TRPA1 is important in the development of this pain related cold 

hypersensitivity (Obata et al., 2005; Ji et al., 2008; da Costa et al., 2010). Obata et al. 

(2005) found that CFA induces an increase in TRPA1 expression in the DRG. 

Furthermore, knockdown of TRPA1 using an antisense oligodeoxynucleotide prevents 

and reverse both CFA- and nerve injury-induced cold hypersensitivity.  

 Similar to TRPV1, TRPA1 appears to be modulated by various mediators (Wang 

et al., 2008; Schmidt et al., 2009), including PKA. Wang et al. (2008) showed that 

forskolin (FSK), an adenylyl cyclase (AC) activator, potentiated MO-induced TRPA1 

currents. Interestingly, Schmidt et al. (2009) found that FSK can induce translocation of 

TRPA1 to the surface membrane. Moreover, agonist activation of TRPA1 can induce 

translocation. Taken together, these studies suggest that TRPA1 is important in the 

development of both mechanical and cold hypersensitivity in various pain states. 

TRPA1: MORE THAN A PAIN RECEPTOR  

Expression of TRPA1 has been detected in the gastrointestinal tract and in the 

lung (Lapointe and Altier, 2011), smooth muscle (bladder) (Du et al., 2008b), skeletal 

muscle (Lapointe and Altier, 2011), keratinocytes (Atoyan et al., 2009), inner hair cells 

(Corey et al., 2004), cerebellar neurons (Garrison and Stucky, 2011), and in sensory 

ganglia expressing TRPV1 (Story et al., 2003; Nagata et al., 2005). Additionally, TRPA1 
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function has been demonstrated in immune cells (monocytes and macrophages) (Lee et 

al., 2005; Chao et al., 2008) as well as in the vasculature (Earley et al., 2009).  

Findings from Corey et al. (2004) initially proposed TRPA1 as a hair cell 

transduction channel. However, subsequent studies demonstrated that TRPA1 KO mice 

display a normal startle response, sense of balance, auditory brainstem response and 

transduction of currents in vestibular hair cells (Kwan et al., 2006; Prober et al., 2008). 

Interestingly, in macrophages and monocytes, agonist activation of TRPA1 appears to 

play an anti-inflammatory role, inhibiting either gram negative bacteria-induced nitric 

oxide release (Lee et al., 2005), or  IL-1 and TNF release (Chao et al., 2008), 

respectively. Additionally, TRPA1 has been shown to play a role in keratinocyte 

proliferation, differentiation and cell cycle regulation, as well as regulating the release of 

pro-inflammatory ILs: IL-1α and IL-1β (Atoyan et al., 2009). Similar to TRPV1, these 

latter findings suggest that TRPA1 is indirectly involved in the inflammatory response 

and likely to potentiate inflammatory pain. 

Metabotropic Glutamate Receptors (mGluRs) 

GROUPS I, II, III  

The metabotropic glutamate receptors are divided into 3 groups based on 

sequence-homology and pharmacology (Conn and Pin, 1997; Schoepp and Conn, 2002; 

Niswender and Conn, 2010). Group I mGluRs, consisting of mGluR1 and mGluR5, are 

positively coupled to phospholipase C (PLC) and are associated with neuronal excitation. 

Group II mGluRs include mGluR2 and mGluR3. Group III mGluRs include mGluR4, 

and mGluR6-8. Group II and III mGluRs are negatively coupled to AC and the 
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cAMP/PKA pathway and are thus associated with neuronal inhibition (Goudet et al., 

2009). Several lines of evidence, detailed below, suggest that group III mGluRs are 

attractive targets for modulating nociceptor activity. 

MGLUR8 LOCALIZATION  

Prominent mGluR8 expression has been found in numerous brain regions, 

including the thalamus  (Saugstad et al., 1997; Turner and Salt, 1999), amygdala (Palazzo 

et al., 2008; Ren et al., 2011), periaqueductal grey (PAG) (Marabese et al., 2007a; 

Marabese et al., 2007b), NTS (Young et al., 2008; Liu et al., 2012), enteric nervous 

system (Tong and Kirchgessner, 2003), spinal cord (Thomas et al., 2001), sensory 

neurons (Carlton and Hargett, 2007; Govea et al., 2012; Boye Larsen et al., 2014) as well 

as in both myelinated and unmyelinated digital axons (Govea et al., 2012).  

GROUP III MGLURS (MGLUR8 AND PAIN)  

Drugs targeting group III mGluRs are currently being investigated for treatment 

of Parkinson’s disease, anxiety, schizophrenia as well as epilepsy(Conn et al., 2005; 

Swanson et al., 2005a; Patil et al., 2007; Folbergrová et al., 2008; Conn et al., 2009; 

Hopkins et al., 2009). Drugs (e.g. gabapentin, pregabalin, carbamazepine, valproate) that 

successfully reduce epileptic events, associated with neuronal hyperexcitability, often 

become part of the arsenal for treating chronic pain patients, where neuronal 

hyperexcitability is contributing to and/or driving the pain. The group III mGluRs have 

been shown to be effective in attenuating pain behaviors (Neugebauer et al., 2000; 

Marabese et al., 2007a; Goudet et al., 2009; Govea et al., 2012). Group III mGluRs are 

often localized on the presynaptic terminals, potentially outside of the active zone 
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(Schoepp, 2001), inhibiting neurotransmitter release (Niswender and Conn, 2010). 

Several lines of evidence indicate mGluR8 is important in modulating pain centrally 

(Thomas et al., 2001). 

Activation of mGluR8 in the PAG using DCPG, a potent agonist with 100-fold 

selectivity over mGluR4 (Thomas et al., 2001; Zhai et al., 2002), attenuated both 

formalin and carrageenan-induced pain behaviors (Marabese et al., 2007a).  Furthermore, 

administration of DCPG into the central nucleus of the amygdala of the amygdala 

attenuated spinal nocifensive reflexes in arthritic animals, and inhibited both audible and 

ultrasonic vocalizations in arthritic animals compared to control (Palazzo et al., 2008). To 

date no studies examining the effects of peripheral administration of DCPG have been 

reported.   

MGLUR8: MORE THAN A PAIN MODULATOR  

Several lines of evidence indicate that mGluR8 plays a role in epilepsy 

(Folbergrová et al., 2008), stress and anxiety (Linden et al., 2002; Pałucha et al., 2004; 

Duvoisin et al., 2005; Swanson et al., 2005a; Palazzo et al., 2008; Fendt et al., 2010), 

schizophrenia (Robbins et al., 2007), alcohol-seeking behavior (Bäckström and Hyytiä, 

2005), as well as in gastrointestinal motility and insulin secretion (Tong et al., 2002; 

Tong and Kirchgessner, 2003). Higher levels of anxiety are seen in mGluR8 KO mice 

compared to WT littermates using the elevated plus maze and the open field test (Linden 

et al., 2002; Duvoisin et al., 2005). In the pancreas, group III mGluR8 activation on α–

cells reduces glucagon release (Tong et al., 2002). In the gastrointestinal tract, agonist 

activation of mGluR8 increases both the rate of propulsion and stimulation-induced 

contraction of longitudinal muscle of ileal segments compared to control (Tong and 
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Kirchgessner, 2003). Interestingly, DCPG dose-dependently reduces ethanol self-

administration and attenuates reinstatement behavior (Bäckström and Hyytiä, 2005). It 

should be noted that in this study, all doses of DCPG also reduce ambulatory and vertical 

locomotor activity potentially altering behavioral responses. Folbergrová et al. (2008) 

demonstrate that administration of DCPG has a pronounced anticonvulsant effect on DL-

HCA-induced seizures. Furthermore, results from this study also indicate that 

pretreatment with DCPG has a substantial neuroprotective effect.  

 The following studies in this dissertation use a multifaceted approach to examine 

the interaction between group III mGluRs (mGluR8) and two TRP channels: TRPV1 and 

TRPA1. In the first study, we demonstrate for the first time that mGluR8 is localized on 

digital axons using electron microscopy. Immunohistochemistry in DRG neurons 

demonstrate that TRPV1 and mGluR8 are co-localized.  Behavioral assays demonstrate 

the functional relevance of this co-localization as activation of group III mGluRs 

significantly attenuate TRPV1-induced nocifensive responses. Furthermore, a behavioral 

assay demonstrated that group III mGluRs negatively modulate TRPV1 through the 

cAMP/PKA pathway.  In the second study, Ca
2+

 imaging is used to show co-localization 

of TRPA1 and mGluR8. Functional relevance of this co-localization is addressed in a 

behavioral assay where activation of mGluR8 significantly attenuates TRPA1-induced 

mechanical hypersensitivity. Using the skin-nerve preparation, TRPA1-induced 

mechanical hypersensitivity of Aδ and C fibers is attenuated by activation of mGluR8. 

Using Ca
2+

 imaging, modulation of TRPA1 by mGluR8 was found to be partially 

mediated through the cAMP/PKA pathway. 
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CHAPTER 2: GROUP III MGLURS NEGATIVELY MODULATE TRPV1 

ACTIVITY 

Introduction 

Glutamate, a major excitatory neurotransmitter in the nervous system, is 

important in peripheral pain transmission and acts on both ionotropic and metabotropic 

receptors (Carlton, 2001; Goudet et al., 2009). The eight cloned metabotropic glutamate 

receptors (mGluRs) are G-protein coupled receptors and are divided into three groups 

depending on sequence-homology and pharmacological properties. Group I (mGluRs 1 

and 5) are excitatory and coupled to Gq, thus associated with the stimulation of 

phospholipase C (PLC) and intracellular calcium signals. Group II (mGluRs 2 and 3) and 

III (mGluRs 4, 6, 7, and 8) are inhibitory and coupled to Gi/o, thus negatively coupled to 

adenylyl cyclase (AC) (Goudet et al., 2009). The inhibitory functions of group II and III 

make these receptors attractive targets for peripheral pain modulation. Several lines of 

evidence have implicated group II receptor agonists in the attenuation of peripheral pain 

(Anjaneyulu et al., 2008; Du et al., 2008a). Data indicating that group III mGluR agonists 

are also effective in treatment of pain are accumulating. For example, administration of 

the group III agonist, L-(+)-2-Amino-4-phosphonobutyric acid (L-AP-4), in the primate 

dorsal horn, inhibits capsaicin (CAP)-induced central sensitization (Neugebauer et al., 

2000; Goudet et al., 2009). Additionally, application of L-AP-4 to spinal lamina II in 

nerve injured rats results in greater inhibition of evoked excitatory postsynaptic currents 

(EPSCs) compared to control rats (Zhang et al., 2009). Finally, systemic administration 

of (S)-3,4-dicarboxyphenylglycine (DCPG), a selective mGluR8 agonist, attenuates 
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formalin and carrageenan-induced hyperalgesia (Marabese et al., 2007a). Currently, 

studies investigating the effects of group III mGluR activation in the periphery are 

limited (Walker et al., 2001; Jin et al., 2009; Chen et al., 2010). Furthermore, no studies 

have examined the relationship between peripheral group III mGluR agonists and the 

transient receptor potential ion channels.  

Transient receptor potential vanilloid 1 (TRPV1) is most widely known as the 

CAP receptor. CAP is an ingredient found in hot chili peppers and activates the channel 

(Caterina et al., 1997). In addition to CAP, TRPV1 can be activated by a variety of 

noxious stimuli, including heat (above 40°C) (Caterina et al., 1997), acidic pH 

(Tominaga et al., 1998; Jordt et al., 2000), cannabinoid anandamide (Zygmunt et al., 

1999; Smart et al., 2000), HETE (Hwang et al., 2000), and spider toxins (Costa et al., 

1997; Siemens et al., 2006). Thus, TRPV1 is a polymodal receptor. Several studies have 

demonstrated that TRPV1 knockout mice maintain responses to acute noxious stimuli 

while showing attenuated development of hyperalgesia in the inflammatory state 

(Caterina et al., 1997; Davis et al., 2000; Bölcskei et al., 2005). These studies highlight 

the role TRPV1 plays in development of hyperalgesia and the importance of targeting 

TRPV1 in the treatment of pain. 

Pain modulation at the source is an attractive strategy, especially in aiming to 

reduce side-effects common to most widely available analgesics (Patapoutian et al., 2009; 

McDougall, 2011). Since the TRP family makes up a large group of temperature sensing 

ion channels (Patapoutian et al., 2009), it is of great interest to examine the modulation of 

TRP channels, TRPV1 in particular, in the periphery. In the present study, we examined 
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the effects of group III mGluR activation by L-AP-4 on CAP-induced nociception in the 

periphery. 

Methods 

ANIMAL USE AND CARE 

All experiments were approved by the University Animal Care and Use 

committee and followed the guidelines for the ethical care and use of laboratory animals 

(Zimmermann, 1983). Steps were taken to minimize both the number of animals used and 

their discomfort.    

IMMUNOSTAINING OF THE DIGITAL NERVE AT THE ELECTRON MICROSCOPIC LEVEL 

Naïve male Sprague-Dawley rats (n = 3, 250-300 g) were deeply anesthetized 

with pentobarbital (100 mg/kg) and perfused transcardially with heparinized saline 

followed by a mixture of 2.5 % glutaraldehyde, 1.0 % paraformaldehyde and 0.1 % picric 

acid in 0.1 M phosphate buffer (PB) at 4° C. The digital nerves were dissected and cut 

into 2.0-2.5 mm segments. Prior to immunostaining, all tissue was placed for 1 hr in 1 % 

sodium borohydride to remove excess glutaraldehydes and rinsed in graded alcohols to 

increase antibody penetration. The tissue was placed in 10 % normal goat serum (NGS) 

for 1 hr and incubated in antiserum made in guinea pig directed against mGluR8 (1:2000, 

Chemicon, Temecula, CA) for 72 hr at 4° C. Following incubation, the tissues were 

rinsed in phosphate buffered saline (PBS), followed by 3 % NGS for 30 min, incubated in 

biotinylated goat anti-guinea pig IgG in 1 % NGS for 1 hr, rinsed in 1 % NGS followed 

by 3 % NGS for 30 min each and incubated in the ABC reagent (Vector Laboratories, 

Burlingame, CA) for 2 hr. The tissue was incubated in a solution of diaminobenzidine 
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(0.05 %) containing 0.01 % hydrogen peroxide for approximately 4-6 min. After 

immunostaining, tissue was placed in 1 % phosphate buffered osmium tetroxide for 2 hr, 

dehydrated and embedded in plastic. For all tissue, ultrathin sections of the digital nerves 

were cut at right angles to the long axis of the fibers. The sections were mounted on 

formvar coated slot grids and viewed on a JEOL 100CX electron microscope. A digital 

nerve cut in cross section from each animal was photographed and montaged, and all 

labeled and unlabeled axons counted in order to obtain a percentage of mGluR8-labeled 

axons. For some tissues, the primary antiserum was omitted and the tissue was otherwise 

treated as described above. Absorption controls were also run with the peptide obtained 

from Chemicon. Tissue was incubated in a solution containing antibody (1:2000) that 

was preabsorbed with 100 µg/ml of peptide. Specific immunoreaction product was absent 

in both of these controls. 

IMMUNOSTAINING THE DORSAL ROOT GANGLIA AT THE LIGHT MICROSCOPIC LEVEL 

Tissue Collection  

Naïve male Sprague-Dawley rats (n = 3, 250-300 g) were deeply anesthetized 

with pentobarbital (100 mg/kg) and perfused transcardially with 4 % paraformaldehyde 

and 0.1 % picric acid in 0.1 M PB at 4º C. The L4 dorsal root ganglia (DRG) were 

dissected out. The ganglia were fast frozen using liquid nitrogen in a cryoembedding 

compound. The tissue was sectioned (8 µm thick) on a cryostat (Microm International, 

GmbH), along the short axis and placed on gelatin-dipped 3-well, Teflon-printed slides 

(Electron Microscopy Sciences, Fort Washington, PA). Serial section sets (3 – 5 sets per 

ganglia) were collected with a defined section separation so that cell counts could be 
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determined by stereological analysis. Tissue sections were allowed to dry overnight at 

room temperature (RT).  

Immunohistochemistry  

Slides containing tissue were first incubated in PB+0.2 % TritonX for 10 min. 

Sections were blocked in 10 % normal donkey serum (NDS) for 1 hr. Sections were 

incubated in guinea pig polyclonal anti-mGluR8 (1:200,000, Chemicon) for 48 hr at RTº 

and rinsed with PBS. Next, sections were incubated in biotinylated goat anti-guinea pig 

IgG (1:200, Vector Laboratories) for 1 hr. After rinsing in PBS, sections were incubated 

in Vectastain Elite ABC peroxidase reagent (avidin-biotin complex, Vector Laboratories) 

for 1 hr and rinsed in PBS. Sections were incubated in Cyanine 3-labeled tyramide (1:75, 

Perkin-Elmer Life Science, Waltham, MA) for 7 min, using the TSA (Tyramide Signal 

Amplification) protocol, rinsed in PBS, and incubated in 0.03 % H2O2 for 20 min to 

inactivate residual peroxidase, followed by a rinse in PBS. Next, sections were incubated 

in goat anti-TRPV1 (1:500 Santa Cruz, Santa Cruz, CA) for 24 hr. Sections were rinsed 

in PBS and incubated in a Cyanine 2-conjugated mouse anti-goat IgG (1:300 Jackson 

Laboratories, West Grove, PA) for 1 hr and were rinsed in PBS, then dH2O. Slides were 

cover slipped using VectaShield mounting media (Vector Laboratories). In separate sets 

of tissue used for controls, the primary antiserum was omitted and the tissue was 

otherwise treated as described above. Absorption controls for TRPV1 (Carlton et al., 

2009) and mGluR8 (Carlton and Hargett, 2007) have been reported previously from our 

lab.  

Cresyl Violet  
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To obtain total cell counts, one serial section set representing each DRG was 

stained with cresyl violet for 2 min. 

Analysis  

Pairs of serial sections (disector pairs) were photographed and analyzed using the 

physical disector method (Coggeshall, 1992; Coggeshall and Lekan, 1996; West, 1999). 

Total cell counts were determined for each DRG by multiplying the number of Tops 

(cells only present in 1 of the 2 disector sections) by section separation, and dividing by 2 

(the number of disector sections). Tissue labeled with mGluR8 and TRPV1 were used to 

determine percentages of single- and double-labeled cells. Percentages were calculated 

by dividing the number of single- and double-labeled Tops by the total cell count 

(obtained from the cresyl violet stained sections) and multiplying by 100. Cell diameters 

were determined by taking the sum of the length and width of neurons containing a 

visible nucleus and dividing by 2. 

BEHAVIOR 

Drug Preparations  

A 10 % CAP stock solution was diluted with the CAP vehicle (7 % Tween-80 in 

saline) in order to produce a working solution of 0.05 % CAP. The following drugs were 

dissolved in 1N NaOH and made up as a 100 mM stock solution: L-AP-4 (Tocris 

Cookson Ltd., Ellisville, MO, USA), a selective group III mGluR agonist and α-methyl-

3-methyl-4-phosphonophenylglycine (UBP1112 [UBP], Tocris), a potent group III 

mGluR antagonist. Forskolin (FSK) was dissolved in distilled water to a 1 mM stock 
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solution. L-AP-4, UBP and FSK stock solutions were diluted to desired concentrations 

using PBS (pH 7.4) and the pH was adjusted to 7.4.  

Drug Injections  

Intraplantar drug injections were administered using a 28-gauge needle attached 

to a 50 µl Hamilton syringe using PE20 tubing. Since spontaneous nociceptive behaviors 

are most robust during the first 5-10 min following CAP injection, rats were not 

anesthetized during these drug injections. In contrast, rats receiving injections for the 

FSK paradigm were anesthetized with 3% isofluorane (anesthesia could be used since it 

would not interfere with the evoked heat responses being measured). The needle 

punctured the plantar skin and was guided through the subcutaneous space to a site just 

proximal to the pads. All drugs were administered into the same place in the chosen hind 

paw and all injected volumes were kept constant within an experimental paradigm. Each 

animal was only used once and the investigator was unaware of the drug combinations 

injected. 

Habituation for behavioral testing  

After arrival at the Animal Care Facility, animals were acclimated for at least 3 

days before behavioral testing began. Animals were housed in groups of 3 in plastic 

cages with soft bedding under a reversed light/dark cycle of 12 hr/12 hr. All behavioral 

testing was performed between 8AM and 5PM, during the animal’s dark cycle. Care was 

taken to keep the animals in low lighting conditions during transport, habituation and 

testing. Rats were habituated for thermal testing for 1 hr on each of 5 days by placing 

them in plexiglass cages (8x8x18 cm) on a glass plate which was ¼ inch thick and 
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maintained at 23˚ C. During the habituation period, each hind paw was tested twice 10 

min apart. A modified Hargreaves et al. (1988) method was used, however, the radiant 

heat source was replaced by a laser. The laser system was custom-made in house and 

consisted of a 980 nm (near infrared) continuous wave, solid-state laser (4W) with a spot 

size of 2 mm. Rats were habituated for CAP-induced behavioral testing by placing them 

on a wire screen platform in plexiglass cages for 1 hr. Each rat was habituated twice 

before being placed into an experimental group. 

Testing for thermal and CAP-induced behaviors  

Paw withdrawal latency (PWL) was assessed by examining changes in the length 

of time the hind paw remained on the glass, when the laser heat stimulus was applied. For 

the L-AP-4 dose response relationship, PWL was tested at 10 min intervals, for 60 min 

post-injection and plotted as the percent change from baseline. For the FSK paradigm, 

PWL for each group was tested at 30 and 60 min post-injection. CAP-induced 

spontaneous behaviors were assessed by counting the number of flinches and the number 

of seconds an animal spent lifting and/or licking (L/L) the injected paw at 5 min intervals 

for 60 min. A flinch was defined as a spontaneous, rapid jerk of the hind paw whether it 

was on the screen or in the air. The time course of the nociceptive behaviors was plotted 

as the mean number of flinches and amount of time spent L/L in 5-min intervals for 60 

min. 

Data Analysis  

Data are presented a Mean ± SE (unless noted otherwise). Differences between 

groups were evaluated with a one way ANOVA. Differences between groups over a time 



 

36 

course were evaluated with a two way RM ANOVA (if a normality test was passed). *P 

< 0.05 was considered significant. 

Results 

MGLUR8-LABELED DIGITAL AXONS  

Analysis of montages of hind paw digital nerves demonstrated mGluR8-labeled 

axons.  An axon was considered labeled when dense reaction product was observed 

associated with the axonal membrane or with microtubules in the axoplasm (Figure 1). In 

naïve rats 21.9 ± 6.2 % of unmyelinated axons and 19.4 ± 6.9 % of myelinated axons 

were labeled for mGluR8 in the digital nerves (Table 2.1). 

 

Figure 2.1: Localization of mGluR8 on axons in the digital nerves 

Electron microscopic plate of labeled (arrows) and unlabeled (asterisks) axons. The top 

panel (A) contains unmyelinated axons while lower panel (B) demonstrates myelinated 

axons. Scale bar = 10 µm. 
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Table 2.1: Percent of mGluR8-labeled axons in hindpaw digital nerves 

Rat # Unmyelinated axon 

Labeled/total 

Percent Myelinated axons 

Labeled /total 

Percent 

# 195 53/195 27.2 20/136 14.7 

# 196 38/251 15.1 21/129 16.2 

# 197 57/245 23.3 29/106 27.4 

Mean ± S.D.  21.9 ± 6.2  19.4 ± 6.9 

MGLUR8 AND TRPV1 ARE CO-LOCALIZED ON RAT DRG CELLS 

Initial observations indicated a large number of mGluR8-labeled cells and a much 

smaller number of TRPV1-labeled cells in the DRG. Cells labeled for mGluR8 displayed 

numerous (red) fluorescent puncta in the cytoplasm but the nuclei were unlabeled (Figure 

2.2A).  Among the DRG cells, the degree of mGluR8 fluorescent label varied from light 

to heavy. In some cells the puncta were distributed throughout the cytoplasm while in 

others the puncta were concentrated in one area of the cell. Cells were considered labeled 

when they contained several fluorescently labeled puncta in the cytoplasm. Control 

sections contained no puncta.  mGluR8 label was also found in satellite glial cells (SGC), 

the support cells surrounding DRG cells.  
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Figure 2.2: Co-localization of mGluR8 and TRPV1 in rat DRG  

Immunostaining for mGluR8 (A) and TRPV1 (B) and  merged (C) in the same section. 

Examples of single- (arrowhead) and double-labeled (arrows) DRG neurons are 

indicated. Scale bar = 50 µm. 
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Unlike mGluR8, cells labeled for TRPV1 displayed a homogeneous (non-punctate 

green) fluorescence that filled the cytoplasm but the nuclei were unlabeled (Figure 2.2B). 

Cells were considered labeled when the fluorescent cytoplasm was distinctly brighter 

than the background level. Control sections did not contain any level of fluorescence. 

Cells were considered double-labeled when they contained both the red fluorescent 

puncta for mGluR8 and the green fluorescent cytoplasm for TRPV1 (merged image 

resulted in a yellow fluorescence, Figure 2.2C). Analysis demonstrated that 80.0 ± 23.3 

% and 28.5 ± 8.9 % of cells in the L4 DRG were labeled for mGluR8 and TRPV1, 

respectively. Results also demonstrated that 25.1 ± 7.1 % of cells labeled for mGluR8 

were double-labeled for TRPV1 and 71.0 ± 21.9 % of cells labeled for TRPV1 were 

double-labeled for mGluR8 (Table 2). 

Table 2.2: Percent mGluR8- and TRPV1-labeled cells in the DRG 

Rat # 

 

% mGluR8 

single-

labeled 

% mGluR8 

double-labeled 

with TRPV1 

% TRPV1 

single-

labeled 

% TRPV1 

double-labeled 

with mGluR8 

 # 2 60.6 25.3 28.3 54.2 

 # 3 73.6 32.1 37.5 63.0 

 # 4 105.9 17.9 19.8 95.7 

Mean ± S.D. 80.0 ± 23.3 25.1 ± 7.1 28.5 ± 8.9 71.0 ± 21.9 

 

 

When nuclei were present, cell diameters were measured by placing 2 lines 

perpendicular to each other through the center of the cell. Line measurements were added 
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together and divided by 2. The average diameter of mGluR8-labeled cells was 30.9 µm 

(range of 12.5 - 58.5 µm) and for TPRV1-labeled cells was 23 µm (range 12.5 - 39.0 µm) 

(Figure 2.3). Double-labeled cells had an average diameter of 23.3 µm (range 12.5 – 39.0 

µm). 

 

Figure 2.3: Diameters of single- and double-labeled DRG neurons 

Diameters of mGluR8-(A) and TRPV1-(B) single-labeled and double-labeled (C) DRG 

neurons. 

GROUP III MGLUR AGONIST L-AP-4 ATTENUATES CAP-INDUCED NOCICEPTIVE 

BEHAVIORS 

In the behavioral studies, we first examined the effects of L-AP-4 on naïve rats. 

Separate groups of rats were injected with one of the following: 0.1, 1.0 or 10.0 µM L-
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AP-4, or PBS and tested for sensitivity to heat every 10 min. Compared to baseline, there 

was no significant change in thermal PWL following these injections, (although L-AP-4 

did tend to increase PWL), demonstrating that administration of L-AP-4 in this dose 

range had little or no effect in the naïve state (Figure 2.4). 

Next, the effects of L-AP-4 on CAP-induced nociception were examined. 

Separate groups of rats received consecutive intraplantar injections of one of the 

following drug combinations with a 10 min interval between the 1
st
 and 2

nd
 drug 

injection: 10 µM L-AP-4 (30 µl, n = 8) + 0.05 % CAP  (30 µl); PBS (30 µl, n = 9) + 0.05 

% CAP (30 µl). Our lab has previously determined that 2 consecutive injections of PBS 

do not result in Lifting/Licking (L/L) or flinching (data not shown) thus double injections 

did not contribute to the nociceptive behaviors observed here. The PBS + CAP group 

responded robustly with L/L and flinching behaviors during the first 5 min following 

CAP injection (Figure 2.5C and D). Responses returned to baseline 40 to 50 min post-

injection. Rats that received L-AP-4 prior to CAP showed attenuated nociceptive 

behaviors: L-AP-4 significantly reduced L/L during the first 5 min interval and 

significantly reduced the total time engaged in this behavior (Figure 2.5A and C); 

however, while there was a downward trend, the L-AP-4-induced reduction in flinching 

did not reach significance (Figure 2.5B and D).  
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Figure 2.4: L-AP-4, a group III agonist, has no effect in the naïve state 

Intraplantar administration of L-AP-4 (0.1, 1.0, and 10.0 µM) in the naïve rat does not 

produce any significant change in paw withdrawal latency (PWL) to heat when compared 

to baseline (p=0.196) and intraplantar PBS (p=0.291). Two Way Repeated Measures 

ANOVA. 

 

In order to demonstrate receptor specificity of L-AP-4, this group III agonist was 

co-injected with a selective group III antagonist, UBP. A separate group of rats received 

intraplantar injections with the following drug combination with a 10 min interval 

between the 1
st
 and 2

nd
 drug injections:  cocktail of 100 µM UBP + 10 µM L-AP-4 (30 

µl, n = 9), 0.05 % CAP (30µl). UBP blocked the inhibitory effect of L-AP-4 such that 

this group showed behavior that was not significantly different from the group receiving 

CAP alone (Figure 2.5A). UBP significantly reversed the L-AP-4 inhibitory effect on 

CAP during the 0 - 10 min interval (Figure 2.5C).    

In order to show that L-AP-4 was acting locally, a separate group of rats received 

10 µM L-AP-4 (30 µl, n = 8) in one hind paw + PBS (30 µl) followed 10 min later by 

0.05 % CAP (20 µl) in the contralateral hind paw. This group showed behavioral 
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responses that were no different from the PBS + CAP group, indicating L-AP-4 was not 

having a systemic effect (data not shown). 

 

Figure 2.5: L-AP-4 produces an anti-hyperalgesic effect on CAP-induced nociception  

Intraplantar administration of CAP (0.05 %) produces lifting/licking (A, total time spent 

lifting/licking in 1 hr; C, time course of lifting/licking) and flinches (B, total flinches in 1 

hr; D, time course of flinching).  L-AP-4 (10 µM) significantly reduces the time spent 

lifting/licking (A, *p < 0.05, significantly different from all other groups, one way 

ANOVA, Holm-Sidak post hoc test) and there is a tendency for a reduction in the number 

of flinches (B). L-AP-4 (10 µM) + UBP (100 µM), a group III antagonist, demonstrates 

selective group III activation by L-AP-4 since UBP inhibits the anti-hyperalgesic effects 

of L-AP-4 (C, +p<0.05, significantly different from L-AP-4 + CAP, two way RM 

ANOVA, Holm-Sidak post hoc test).   

 

If group III mGluRs were tonically active, blocking activity with an antagonist 

would result in nociceptive behaviors (Carlton et al., 2001). To determine if group III 

mGluRs were tonically active, rats received an intraplantar injection of 100 µM UBP (30 
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µl, n = 7) alone. This injection did not result in the generation of nociceptive behaviors, 

demonstrating that group III mGluRs are not tonically active (data not shown). 

GROUP III MGLUR ACTIVATION MODULATES THE CYCLIC AMP (CAMP)/PROTEIN 

KINASE A (PKA) PATHWAY  

 In order to examine whether group III mGluR activation inhibits the cAMP/PKA 

pathway, the AC activator, forskolin (FSK), was used. We hypothesized that FSK would 

induce heat sensitization that could be blocked by group III mGluR activation. Separate 

groups of rats received intraplantar injections of one of the following drug(s): PBS alone 

(20 µl, n = 6), 10 µM FSK alone (20 µl, n = 6), or 10 µM L-AP-4 + 10 µM FSK (20 µl, n 

= 6). Compared to the PBS group, PWL to heat was significantly lowered in the FSK 

group at both the 30 min (data not shown) and 60 min time points (Figure 2.6). 

Administration of L-AP-4 reversed the effects of FSK such that the L-AP-4 + FSK group 

was not significantly different from the PBS group (Figure 2.6). 

 

Figure 2.6: L-AP-4 inhibits FSK-induced heat sensitization  

Intraplantar administration of FSK (10 µM) significantly lowers PWL, compared to PBS 

at both the 30 min (data not shown) and 60 min time points (shown above). 

Administration of L-AP-4 (10 µM) + FSK (10 µM) reverses the effects of FSK, bringing 

PWL back to baseline. *p < 0.05, significantly different from all other groups, one way 

ANOVA, Holm-Sidak post hoc test. 
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Discussion 

The present study examined the effects of group III mGluR activation on CAP-

induced nociception in the periphery. Our results demonstrate that 1) mGluR8 is 

localized on unmyelinated axons in digital nerves, 2) mGluR8 and TRPV1 are co-

localized in rat DRGs, 3) intraplantar administration of L-AP-4, a selective group III 

mGluR agonist, has an anti-hyperalgesic effect on CAP-induced nociceptive behaviors, 

and 4) group III mGluR activation inhibits forskolin-induced heat sensitization. 

Our data demonstrate for the first time, the localization of group III mGluR8 in peripheral 

unmyelinated axons, presumably nociceptors, which would allow mGluR8 agonists 

and/or antagonists to have a direct effect on nerve terminals. We confirmed TRPV1 

localization on small diameter sensory neurons (Carlton and Coggeshall, 2001; Carlton et 

al., 2009), suggesting that a direct interaction between group III mGluRs and TRPV1 is 

possible. Analysis indicated approximately 40 % of digital axons labeled for mGluR8 in 

the periphery, while 80 % of cells labeled for mGluR8 in the DRG. There are several 

possible explanations for this disparate finding. First, mGluR8-labeled cells in the DRG 

may have been overestimated due to the fact that background staining was variable in 

each case.  Second, the cells contained within the DRG send axons to various regions of 

the body, including viscera, joints, and muscles in addition to cutaneous tissue, many of 

which could express mGluR8. Therefore, those DRG cells involved in cutaneous 

innervations make up only a subpopulation of the total mGluR8 population. Third, in 

contrast to paraformaldehyde (LM fixative for DRG), conformational changes caused by 

glutaraldehyde (EM fixative for digital nerves) can cause tighter cross-linking of the 

proteins which could reduce antibody-antigen recognition, resulting in fewer axons being 
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labeled. Fourth, the receptor is not continuously expressed along the length of the axon 

(Carlton and Coggeshall, 2002). Thus, the location of the cut/section may or may not 

display label even though the axon is in fact labeled. Finally, it is unknown if 

postganglionic sympathetic neurons express mGluR8 so we cannot exclude the 

possibility that some of the labeled unmyelinated axons represent sympathetic fibers. 

Therefore, due to these caveats, the estimates of labeled axons in the digital nerves are 

conservative compared to estimates in the DRG.  

Our results provide the first anatomical evidence for the co-localization of 

mGluR8 and TRPV1 receptors in the rat DRG. The percentage of DRG cells that single-

labeled for each receptor is consistent with previous reports (Guo et al., 1999; Carlton et 

al., 2004; Carlton and Hargett, 2007; Carlton et al., 2009; Hoffman et al., 2010). These 

data provide further support for a possible direct interaction between mGluR8 and 

TRPV1 receptors. Additionally, mGluR8 is only one of four group III mGluRs; thus it is 

highly possible that there is a higher percentage of co-localization of TRPV1 with at least 

two other group III mGluRs (mGluR4 and 7). The results confirm that group III is also 

expressed in SGCs (Carlton and Hargett, 2007), however their function in this glial 

population remains unknown (Pocock and Kettenmann, 2007; D'Antoni et al., 2008). 

While mGluR1α and mGluR2/3 have been localized on keratinocytes (Genever et al., 

1999), expression of mGluR8 by these cells has not been investigated. Since TRPV1 is 

expressed by keratinocytes (Ständer et al., 2004), we cannot completely rule out that the 

effect of L-AP-4 on nociceptors could be indirect. 

In the present study, L-AP-4 was chosen because it is a potent nonselective 

agonist for group III mGluR subtypes. Although nonselective, studies demonstrate 
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greater affinity of this drug at mGluR8, mGluR4 and mGluR6 (localization appears to be 

limited to retina cells [Nakajima et al., 1993; Nomura et al., 1994]) compared to mGluR7. 

Receptor potency for L-AP-4 appears to be as follows: mGluR8> 

mGluR4>mGluR6>>mGluR7 (Conn and Pin, 1997; Saugstad et al., 1997; Wu et al., 

1998; Cartmell and Schoepp, 2000; Yang, 2005; Selvam et al., 2007; Niswender et al., 

2008). 

The lack of an L-AP-4 effect in naïve is consistent with studies that demonstrated 

sub-cutaneous injections of this drug, in the mM dose range, had no effect on PWL (Jin et 

al., 2009) or paw withdrawal threshold (PWT) (Walker et al., 2001). The anti-

hyperalgesic effects of group III mGluR activation have been demonstrated through 

central administration of the agonists DCPG and L-AP-4 (Neugebauer et al., 2000; 

Marabese et al., 2007a; Zhang et al., 2009). In the isolated spinal cord preparation, L-AP-

4 application on the spinal cord dose-dependently inhibited CAP-induced ventral root 

potentials (Ault and Hildebrand, 1993). However, the present study demonstrates a local 

anti-hyperalgesic effect can also be evoked following peripheral administration. Our 

findings are consistent with a previous report that peripheral group III mGluR activation 

attenuates bee-venom induced hyperalgesia (Chen et al., 2010). These findings suggest 

that a regimen that includes both a central and peripheral administration of a group III 

mGluR agonist could be advantageous in the treatment of pain.  

The direct inhibition of TRPV1, through administration of TRPV1 antagonists, 

has been shown to produce hyperthermia in rats (Swanson et al., 2005b; Gavva et al., 

2007b; Wong and Gavva, 2009) and humans (Gavva et al., 2007a; Honore et al., 2009). 

In the human studies, onset of hyperthermia occurred following one or more doses of a 
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TRPV1 antagonist but attenuated with repeated dosing. While there has been some 

progress in the development of TRPV1 antagonists that do not induce hyperthermia 

(Watabiki et al., 2011), other issues remain. For example, in a randomized healthy 

volunteer trial, the thermosensory profile of the subjects was shifted, causing patients to 

perceive hotter temperatures as optimal temperatures (Rowbotham et al., 2011). Thus 

targeting the TRPV1 receptor directly leads to unwanted side effects.  However, 

modulating downstream effectors of TRPV1 such as cAMP/PKA, that are negatively 

coupled to group III mGluR activity, could possibly avoid these adverse effects.  

These two receptor families, TRPV1 and group III mGluRs, most likely interact at the 

level of intracellular downstream effectors and of particular interest is PKA. TRPV1 

activity (Bhave et al., 2002; Jeske et al., 2008) and its membrane insertion (Rathee et al., 

2002) appear to be modulated through phosphorylation by PKA and other kinases 

(Cesare et al., 1999; Numazaki et al., 2002; Bhave et al., 2003; Zhang et al., 2005). In 

contrast, group III mGluRs are negatively coupled to AC, thus inhibiting cAMP 

formation and cAMP-dependent PKA activity (Neugebauer and Carlton, 2002). This 

group III mGluR-induced inhibition may decrease the phosphorylation of TRPV1 thereby 

inhibiting the enhancement of TRPV1 activity and/or its insertion into the plasma 

membrane. 

Alternatively, group III mGluR activation may modulate TRPV1 through other 

mechanisms. First, basal vesicular cycling (Chavis et al., 1998) and glutamate release 

(Kumar et al., 2010) have been shown to decrease following activation of group III 

mGluRs. This could counteract the membrane depolarization caused by TRPV1-induced 

glutamate release (Ueda et al., 1993; Jin et al., 2009). Second, in a related fashion, this 
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reduced extracellular glutamate may curtail activation of group I mGluRs (Bhave et al., 

2001) and ionotropic glutamate receptors (iGluRs) N-Methyl-D-aspartate (NMDA) (Du 

et al., 2003), alpha-amino-3-hydroxy-5-methylisoxazolone-4-propionic acid (AMPA) 

(Carlton et al., 1995; Coggeshall and Carlton, 1998) and kainate receptors (Du et al., 

2006) known to be present on peripheral nociceptors. Third, group III mGluR activation 

may inhibit voltage-gated Ca
2+ 

channels, reducing neuronal excitability (Takahashi et al., 

1996; Perroy et al., 2000; Capogna, 2004; Guo and Ikeda, 2005). Fourth, activation of 

group III mGluRs may lead to opening of K
+
 channels, both background K

+
 channels and 

G-protein coupled inwardly rectifying K
+
 (GIRK) channels (Saugstad et al., 1997; Cain et 

al., 2008; Niswender et al., 2008). Potassium efflux from the cell results in a more 

negative membrane potential, thus the opening of K
+
 channels could decrease excitability 

enough to prevent depolarization. However, based on our results in the present study, the 

interaction between TRPV1 and group III mGluRs most likely includes down regulation 

of the cAMP/PKA pathway.  

It is now apparent that TRPV1 activity can be modulated indirectly through a 

variety of cell surface receptors expressed on nociceptors, resulting in inhibition (via 

mGluRs as shown here), or in sensitization. For example, activation of the bradykinin B2 

receptor or nerve growth factor (NGF) TrkA receptor will sensitize TRPV1 channels, 

enhancing heat hyperalgesia and heat-evoked currents (Chuang et al., 2001; Ferreira et 

al., 2004). Furthermore, activation of prostaglandin E2 (PGE2) and PGI2 receptors (EP1 

and IP, respectively), will indirectly enhance/sensitize TRPV1 responses (Moriyama et 

al., 2005). These actions occur through stimulation of PLC and protein kinase C (PKC) 

signaling pathways (Chuang et al., 2001; Julius and Basbaum, 2001). It is attractive to 
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pursue Group III mGluRs for drug development because TRPV1 is the ultimate target for 

so many algogenic substances and second messenger pathways. 

Conclusion 

In conclusion, the present study identifies several important characteristics of the 

group III mGluRs. Their activation has an anti-hyperalgesic effect; this effect can be 

evoked locally at cutaneous nociceptors, and most likely involves down regulation of the 

AC/cAMP/PKA pathway. An ideal candidate for pain therapy is one that has few side 

effects, which might be attainable with a peripherally applied group III mGluR agonist. 

Additionally, the use of anti-hyperalgesics is favorable over analgesics since 

administration of the former inhibits enhanced nociceptive responses while allowing for 

normal responses to potentially noxious stimuli. Due to the fact that mGluR8 is highly 

co-localized with TRPV1 and significantly attenuates TRPV1-induced nociceptive 

behaviors, Group III mGluRs are attractive targets for novel therapies in peripheral pain 

treatment. 
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CHAPTER 3: GROUP III MGLUR8 NEGATIVELY MODULATES TRPA1 

ACTIVITY 

Introduction 

Several lines of evidence indicate that transient receptor potential (TRP) ion 

channels play an important role in hypersensitivity after injury and/or inflammation. 

transient receptor potential ankyrin 1 (TRPA1) is a member of a subfamily of TRP ion 

channels. Similar to other TRP channels, TRPA1 is a calcium permeable non-selective 

cation channel (Story et al., 2003; Zhang and Liao, 2014). Activators of TRPA1 include a 

wide variety of chemical compounds such as mustard oil, bradykinin, arachidonic acid, 

environmental irritants (Bandell et al., 2004; Bautista et al., 2006), formalin (0.01%, 

Fluo-4 Ca2+, (McNamara et al., 2007)]), an assortment of pungent plant compounds and 

extracts including cinnamaldehyde (cinnamon), eugenol (cloves), gingerol (ginger), 

methyl salicylate (wintergreen) (Bandell et al., 2004), allicin (found in garlic) 

(Macpherson et al., 2005; Bautista et al., 2006), D9-tetrahydrocannabinol (THC) (Jordt et 

al., 2004), as well as noxious cold (< 17 °C) (Story et al., 2003) and mechanical (Bautista 

et al., 2006; Kwan et al., 2006; Kwan et al., 2009) stimuli.  More recently, it was reported 

that TRPA1 plays a role in acute and chronic itch (Wilson et al., 2011; Wilson et al., 

2013).  

Several lines of evidence suggest that TRPA1 plays a role in hypersensitivity 

associated with a variety of pain states. These include inflammation, neuropathic pain 

(resulting from either traumatic injury or metabolic disease), migraine, dental pain, and 

colicky pain in the gastrointestinal tract (Haas et al., 2011; Bautista et al., 2013; Benemei 
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et al., 2013; Tsumura et al., 2013; Kaneko and Szallasi, 2014). For example, intraplantar 

formalin, an inflammatory mediator, or 4-hydroxynoneal (4HNE) an endogenous 

aldehyde, induces flinching and/or licking/lifting behavior and tactile allodynia that is 

attenuated by TRPA1 antagonists (McNamara et al., 2007; Trevisani et al., 2007). 

However, TRPA1 KO mice do not show any nociceptive responses to 4HNE injection. 

At the single fiber level, the TRPA1 antagonist HC-030031 inhibits formalin-induced 

activity and reduces formalin-induced mechanical sensitivity in C-fibers (Kerstein et al., 

2009). Following peripheral nerve injury, TRPA1 protein levels are increased in the 

spinal cord and the rats show increased mechanical sensitivity that is blocked by systemic 

administration of HC-030013 (Zhang et al., 2014a). Therefore, modulation of TRPA1 

could prove to be an effective therapeutic target in a variety of pain states. 

Previous reports from our lab demonstrate that group II and III metabotropic 

glutamate receptors (mGluRs) negatively modulate transient potential receptor vanilloid 

1 (TPRV1) activity (Carlton et al., 2009; Govea et al., 2012). TRPV1 plays an important 

role in the development of hyperalgesia (Caterina et al., 2000; Davis et al., 2000; 

Bolcskei et al., 2005). Group III mGluRs (mGluR4, 6, 7, and 8) are negatively coupled to 

adenylyl cyclase and the cAMP/PKA intracellular pathway, and are thus associated with 

neuronal inhibition. Furthermore, group III mGluRs exert activity-dependent modulation 

of TRPV1 (Carlton et al., 2011). Several lines of evidence indicate that TRPV1 and 

TRPA1 are highly co-localized in DRG neurons (Story et al., 2003; Kobayashi et al., 

2005; Dai et al., 2007), thus we hypothesized that group III mGluRs might also 

negatively modulate TRPA1. In the present study, we incorporated a multifaceted 
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approach (calcium imaging, behavior, electrophysiological recording) to investigate the 

possible interactions between group III mGluR8 and TRPA1.  

Methods 

ANIMAL USE AND CARE 

All experiments were approved by the University Animal Care and Use 

Committee at the University of Texas Medical Branch (Galveston, TX) and followed the 

International Association for the Study of Pain guidelines for the ethical care and use of 

laboratory animals (Zimmermann, 1983). Adult male Sprague-Dawley rats (150 - 300 g, 

Harlen, Houston, TX) were used in all experiments. Steps were taken to minimize both 

the number of animals used and their discomfort.  

DRUG PREPARATIONS 

Mustard oil (MO) was made fresh daily. The stock solution of MO was diluted 

using 1% DMSO (vehicle) in order to produce a working solution of 10 mM MO. α-

methyl-3-methyl-4-phosphonophenylglycine (UBP1112 [UBP], Tocris), a selective group 

III antagonist and (S)-3,4-dicarboxyphenylglycine (DCPG, Tocris), a selective group III 

mGluR8 agonist were dissolved in 1 N NaOH to produce a 100 mM stock solution. Rp-

cyclic 3′,5′-hydrogen phosphorothioate adenosine triethylammonium salt (Rp-cAMPS, 

Santa Cruz Biotech), a cell permeable PKA inhibitor, was dissolved in dH2O to produce a 

10 mM stock solution. All stock solutions were diluted with PBS (vehicle) unless 

otherwise noted and the pH was adjusted to 7.4. 

DRUGS: TOPICAL APPLICATION AND INJECTION  
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MO was applied topically, using a sterile Q-tip, to the plantar surface of the rat 

hind paw. All other drugs were delivered via intraplantar injection using a 28-gauge 

needle attached to a 50 µl Hamilton syringe with PE20 tubing. Rats were not anesthetized 

since it would potentially alter their initial responses to MO. The needle punctured the 

plantar surface of the hind paw and was guided through the subcutaneous space to a site 

proximal to the pads. All drugs were administered to the same place in the chosen hind 

paw and all injected volumes were kept consistent within each paradigm, unless 

otherwise noted.  Each animal was only used once in an experimental paradigm and the 

researcher was unaware of the drug combinations being given to an animal. 

HABITUATION FOR BEHAVIORAL TESTING 

Upon arrival at the animal care facility, animals were acclimated for at least 3 

days prior to being placed into an experimental group. They were housed in groups of 

three in plexiglass cages with soft bedding and were kept on a reversed light/dark cycle 

(12hr/12hr). All experiments were performed between 8AM to 5PM, during the animal’s 

dark cycle. Care was taken to ensure minimal lighting conditions during transport, 

habituation, and testing. Rats were habituated for mechanical threshold by placing them 

on a wire screen platform in plexiglass cages for 1 hr followed by stimulation using the 

3.41 von Frey filament three times, on each of 2 days. 

TESTING FOR MUSTARD OIL-INDUCED BEHAVIORS AND MECHANICAL SENSITIVITY 

Application of MO to the hind paw induced flinching behavior. This behavior 

made the assessment of mechanical threshold using von Frey filaments difficult; 

however, the flinching behavior ceased 30 min post-MO application and it was at this 
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time that mechanical threshold testing began. Prior to any drug treatment, rats were  

baselined using the Dixon Up-Down method (Chaplan et al., 1994) then changes in 

mechanical threshold were assessed beginning 30 min post-MO at 10 min intervals for 30 

min. Mechanical threshold was plotted as a percent change of baseline. 

ELECTROPHYSIOLOGICAL RECORDINGS 

In vitro skin-nerve preparation  

Rats (300 g) were killed with an overdose of CO2. For both hind paws, the 

glabrous skin from the ankle to the tips of the toes was dissected free with the medial and 

lateral plantar nerves still attached. The preparation was placed corium side up in an 

organ bath and superfused (15 ml/min, 34 ˚C) with an oxygenated synthetic interstitial 

fluid (SIF, in mM: NaCl, 123; KCl, 3.5; MgSO4, 0.7; CaCl2, 2.0; Na gluconate, 9.5; 

NaH2PO4, 1.7; Glucose, 5.5; Sucrose, 7.5; and HEPES, 10; pH 7.45 ± 0.05). All muscle 

and tendon tissues were removed from the preparation. The plantar nerves were guided to 

a separate chamber containing a bottom layer of SIF and a superficial layer of mineral oil. 

The plantar nerves were desheathed and delicately teased apart on a mirror stage. Small 

nerve bundles were repeatedly teased apart until single unit activity was obtained by 

recording with a gold wire electrode.  

Thermal and chemical testing procedures  

Only units responding to mechanical probing of the glabrous skin with a blunt 

glass rod with a clearly defined receptive field were studied in detail.  

THERMAL STIMULATION. Radiant heat (unit was built in house) was applied to 

each receptive field by a lamp placed beneath the organ bath. The light beam was focused 
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through the bottom of the organ bath onto the epidermal surface of the glabrous skin. A 

thermocouple was placed into the corium above the light beam to measure intracutaneous 

temperature. A standard heat ramp from 34 ˚C to 51 ˚C in 10 s was applied to each unit 

from the epidermal side. The threshold for heat response was defined as the temperature 

evoking the second spike after initiation of the heat ramp. 

MECHANICAL STIMULATION. A dual mode lever system (Aurora Scientific Inc., 

Ontario Canada) was used to determine mechanical threshold and discharge rate. The 

system has a motor-driven stylus that delivered a force in the form of either a continuous 

ascending ramp (from 0-250 mN in 20 s) or a square wave suprathreshold stimulus (250 

mN for 10 s) to determine mechanical threshold and discharge rate, respectively. The 

stylus (1.5 mm diameter) was placed in the receptive field of the unit on the corium side. 

The first spike occurring above mean background discharge rate once the ramp force was 

activated was considered threshold for that unit. Mechanical discharge rate was 

determined by measuring the discharge rate in response to the square wave mechanical 

stimulus. The mean background discharge rate for each fiber was determined by 

measuring the mean discharge rate for 10 s prior to any mechanical stimulation. 

CHEMICAL STIMULATION. A small hollow cylinder (hereafter referred to as a 

“well”, (5 mm diameter) was placed over the receptive field of each unit. The SIF in the 

well was replaced with the drug(s) made as described above, but SIF was used for final 

dilutions (pH 7.4).  

CONDUCTION VELOCITY. The conduction velocity of each unit was determined by 

monopolar electrical stimulation (1 ms duration, 1 Hz) at the most mechanosensitive site 

in the receptive field for each unit using a Teflon-coated steel electrode (5 MΩ 
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impedance, 250 µm shaft diameter).  Conduction velocity was calculated by determining 

the latency of the action potential and the distance from the stimulating electrode to the 

recording site.  

Spike Sorting 

Action potentials were acquired and analyzed with a CED 1401 (Cambridge, UK) 

using Spike 2 (v7.0) software. Single spike units were isolated from multi-unit 

recordings, using template matching. A minimum number of 8 spikes was needed for a 

template to be created. If the amplitude of a spike was no greater than 25 % of the 

template amplitude it was considered a match. If 60 % of the points of an action potential 

over-laid one of the templates it was considered a match.  

CALCIUM IMAGING 

Cell Culture  

Rats (150 g) rats were killed with an overdose of CO2. The L4-L6 DRG were 

removed bilaterally and placed into a culture dish containing ice-cold oxygenated 

dissecting solution (in mM: 130 NaCl, 5 KCl, 2 KH2PO4, 6 MgCl2, 1.5 CaCl2, 10 

glucose, 10 HEPES, pH adjusted to 7.2 with NaOH base.  Osmolality was adjusted with 

sucrose to 300 mOsm (Xu and Huang, 2002). The DRG were minced into small pieces. 

DRG fragments were digested in 0.5 mg/ml trypsin and 1 mg/ml collagenase D in a warm 

bath (37 ˚C) shaker for 1 hr and then rinsed with extracellular solution (ES), containing 

the same components as dissecting solution with the following adjustments: 1 mM MgCl2 

and 2.5 mM CaCl2. The DRG cells were mechanically dissociated using fire polished 

glass pipettes until the solution was clear. Dissociated cells (0.1 ml) were plated on poly 
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D-lysine coated glass coverslips inside 35 mm culture dishes. ES (2 ml) was added to 

each culture dish 15 min after cells were plated, and cells were maintained for 30 min at 

room temperature before adding Fura-2 AM. DRGs from 3 to 4 rats were used for each 

treatment paradigm.  

Cytosolic Ca
2+

 imaging  

DRG cells were incubated in 3 µM Fura-2 AM in ES containing 0.2% pluronic 

acid F-127 at room temperature for 45 min, rinsed with ES, and allowed to stabilize in the 

dark for 1 hr at room temperature. Ratiometric Ca
2+

 imaging was performed using an 

inverted fluorescent Nikon microscope equipped with a 340 nm and 380 nm excitation 

filter changer, a 510 nm long-pass emission filter, and a 12-bit digital monochrome 

cooled CCD camera controlled by Metafluor software v6.5 (Molecular Devices). 

Fluorescent images and ratios were acquired every 5 s and processed using MetaMorph 

software (Molecular Devices). The ES in the dish was replaced with the drug(s) made as 

described above, but ES was used for final dilutions (pH 7.4).  Cells were considered 

responsive if the F340/F380 ratio change was >20% during drug application. All 

experiments were performed at room temperature.  

DATA ANALYSIS 

Data were expressed as mean ± SEM unless otherwise noted and evaluated using 

SigmaStat (Systat software). For the behavioral studies, paired t-tests and one way 

ANOVA analyses were used. For the unit recordings, paired and unpaired t-tests, Chi-

Square and Fischer Exact analyses were used when appropriate. For the calcium imaging 

studies, parametric (one-way ANOVA followed by Holm Sidak test), nonparametric 
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(one-way ANOVA on ranks followed by Dunn’s Method or Student-Newman-Keuls), or 

Chi-square analyses were used when appropriate. *p < 0.05 was considered significant. 

Results 

DCPG REDUCES THE NUMBER OF MO-RESPONSIVE CELLS 

Ca
2+

 imaging of acutely dissociated DRG cells was used to determine co-

localization of mGluR8 and TRPA1on cells since TRPA1 antibodies with high specificity 

were not available. At the start of each experiment a 2 min baseline of Ca
2+

 activity was 

recorded for each cell, then cells were exposed to one of the following conditions: 30 µM 

MO; 10 µM DCPG + 30 µM MO; 1 µM DCPG + 30 µM MO; or 0.3 µM DCPG +30 µM 

MO.  

Addition of 10 µM DCPG resulted in an initial delay in Ca
2+

 mobilization  

followed by enhanced Ca
2+

 mobilization compared to MO alone (Figure 3.1C). 

Compared to baseline, 30 µM MO induced robust Ca
2+

 mobilization in DRG neurons 

(Figure 3.1C). Unexpectedly, results demonstrated that 10 µM DCPG + MO induced 

more Ca
2+

 mobilization and 1 µM and 0.3 µM DCPG tended to reduce Ca
2+

 mobilization 

compared to MO alone (Figure 3.1B, one way ANOVA, *p < 0.05). Both 10.0 µM and 

0.3 µM DCPG significantly reduced the number of viable DRG cells responding to MO 

(Figure 3.1A, Chi-Square, *p < 0.05). These findings provide a strong line of evidence 

for functional coupling and co-localization of mGluR8 and TRPA1. 
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Figure 3.1: DCPG Dose-Response Relationship  

 

DCPG significantly reduced the percent of cells responding to MO (A). There was a 

trend for DCPG to reduce total Ca
2+

 mobilization induced by MO but significance was 

not reached (B). B is a summary graph representing total Ca
2+

 mobilization from 0-800 

sec from C. Time course showing the Ca
2+

 response of cells to various drug combinations 

(C). 30 µM MO (n=6 animals), 30 µM MO + 10 µM DCPG (n=5 animals), 30 µM MO + 

1 or 0.3 µM DCPG (n=4 animals); *p < 0.05, significantly different vs MO, Chi-Square 

analysis (A) and one way ANOVA (B). 

DCPG ATTENUATES MO-INDUCED MECHANICAL SENSITIVITY 

In order to determine whether activation of mGluR8 could block TRPA-induced 

mechanical sensitivity, rats were separated into the following groups: Vehicle only (20 

µl, n=7), Vehicle (20 µl) + 10 mM MO (n=10), or 30 µM DCPG (20 µl) + 10 mM MO 

(n=10) with 10 min between 1st and 2nd drug deliveries. Application 10 mM MO 

enhanced mechanical sensitivity evidenced by a significant reduction in paw withdrawal 
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threshold (PWT, Figure 3.2, inset, paired t-test, *p < 0.05). Conversely, rats that received 

DCPG prior to MO application did not display changes in mechanical sensitivity for their 

PWT was not different from baseline (Figure 3.2, 2nd column). In order to demonstrate 

receptor specificity, DCPG was co-injected with a group III selective antagonist, 

UBP1112. Thus, a separate group of rats received intraplantar 30 µM DCPG + 300 µM 

UBP1112 (20 µl, n=5) 10 min prior to application of 10 mM MO. UBP1112 blocked the 

inhibitory effect of DCPG such that there was a significant reduction in PWT (one way 

ANOVA, *p < 0.05) and this group was not different from MO alone (Figure 3.2, 3rd 

column).  

In order to show that DCPG was having a local versus a systemic effect, a 

separate group of rats received an intraplantar injection of 30 µM DCPG (20 µl, n=5) in 

one hind paw and Vehicle (20 µl) followed 10 min later by 10 mM MO application to the 

contralateral hind paw. This group (Figure 3.2, 4th column) also developed mechanical 

sensitivity that was no different from the MO alone group, indicating that the effects of 

DCPG were local in the injected hind paw and not systemic. 
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Figure 3.2: DCPG inhibits MO-induced mechanical sensitivity in vivo 

A 2 min exposure to MO induced mechanical sensitivity, significantly reducing the PWT 

from 15 g to 6 g (inset, *p < 0.05, paired t-test). 30 µM DCPG significantly reversed 

MO-induced mechanical sensitivity such that the DCPG treatment group was not 

significantly different from baseline. The group III antagonist UBP1112 reversed the 

DCPG effect. The inhibitory effect of DCPG was local since administration of DCPG in 

one paw and application of MO on the contralateral (contra) paw resulted in a PWT that 

was not significantly different from MO alone. *p < 0.05, significantly different from 

baseline, one way ANOVA followed by Student-Newman-Keuls. Numbers in the bars 

represent the N for each group 

 

DCPG ATTENUATES MO-INDUCED NOCICEPTOR ACTIVITY AND MECHANICAL 

SENSITIVITY 

In order to confirm that the behavioral results reflected what was occurring at the 

single fiber level, we recorded from primary afferent nociceptors using the in vitro 

glabrous skin-nerve preparation. We recorded from c-mechano (CM, n = 25), c-
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mechanoheat (CMH, n = 3), and Aδ (n = 13) units in 9 naive rats. The mean background 

discharge rate for all units was 0.23 ± 0.03 imp/sec.  The average conduction velocity for 

the c fibers was 0.62 ± .05 and for Aδ fibers was 3.07 ± 0.71 m/s. Once the receptive 

field of a nociceptor was identified the unit activity, mechanical threshold and 

mechanical discharge rate were measured before and after a 2 min exposure to either 30 

µM MO or 10 µM DCPG + 30 µM MO (Figure 3.3 C-D). Nociceptor activity 

significantly increased from 0.18 ± 0.08 to 0.48 ± 0.1 imp/sec following exposure to MO 

(Figure 3.3A, inset, paired t-test, *p < 0.05). DCPG returned nociceptor activity to 

baseline (Figure 3.3A, t-test, *p < 0.05). Mechanical threshold decreased from 138.99 ± 

16.66 to 92.28 ± 15.95 mN following exposure to MO (Figure 3.4A, inset, paired t-test 

*p < 0.05). DCPG reversed MO-induced decrease in mechanical threshold beyond 

baseline, from 69 % to 204 % of baseline (Figure 3.4A, t-test *p < 0.05, C-D). There was 

a trend for an increase in mechanical discharge rate, 2.03 ± 0.45  to 2.41 ± 0.69 imp/sec 

to a supra-threshold stimulus following exposure to MO (Figure 3.5A, paired t-test, *p < 

0.05, C-D). The number of fibers that increased vs decreased in mechanical discharge 

rate was examined following exposure to either MO or MO + DCPG. DCPG significantly 

reduced the number of fibers that increased mechanical discharge rate in response to a 

supra-threshold stimuli compared to MO (Figure 3.5B, Chi-Square, *p < 0.05).   
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Figure 3.3: DCPG attenuates MO-induced nociceptor activity in vitro 

MO increases nociceptor activity at the single fiber level (inset in A, *p < 0.05paired t-

test). DCPG returns the enhanced nociceptor discharge rate to baseline levels. Single 

spike and raw data traces from the same unit pre MO (B) post MO (C). Responses to 

MO+DCPG (D) were recorded from a different unit. *p < 0.05, significantly different 

from MO alone, Mann-Whitney test). Numbers in the bars represent the N for each 

group. 
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Figure 3.4: DCPG attenuates the MO-induced decrease in mechanical threshold in vitro 

MO sensitizes the nociceptors, significantly reducing their mechanical threshold (inset in 

A, *p < 0.05, t-test). DCPG reverses the MO effect, bringing mechanical threshold to 

above baseline levels. *p < 0.05, significantly different from MO alone, Mann-Whitney 

test. Single spike and raw data traces from the same unit pre MO (B) post MO (C). 

Responses to MO+DCPG (D) were recorded from a different unit. 
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Figure 3.5: DCPG reduces the number of mechanically sensitive fibers in vitro 

There was a trend for MO to increase the discharge rate to mechanical stimulation: mean 

discharge rates were 2.03 ± 0.45 imp/sec pre MO and 2.41 ± 0.69 imp/sec post MO but 

this increase did not reach significance (A). However, when comparing the number of 

fibers with increased vs decreased discharge rates following MO, DCPG significantly 

reduced the number of fibers that were excited by MO (B). Single spike and raw data 

traces from the same unit pre MO (C) post MO (C). Responses to MO+DCPG (E) were 

recorded from a different unit. *p < 0.05 significantly different from MO alone, Chi-

Square analysis (B). 

 

PKA INHIBITION ATTENUATES MO-INDUCED CA
2+

 MOBILIZATION 

 In order to investigate whether TRPA1 can be modulated by PKA activity we 

used a PKA inhibitor, RpCAMPS. Using calcium imaging, a 2 min baseline of Ca
2+
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activity was obtained, and then cells were exposed for 6 min to one of the following 

conditions: 30 µM MO; 10 µM RpCAMPS + 30 µM MO; or 1 µM RpCAMPS + 30 µM 

MO. Compared to MO alone, RpCAMPS (10 µM and 1 µM) induced a delay in Ca
2+

 

mobilization (Figure 3.6A) and this resulted in a significant reduction in total Ca
2+

 

mobilization (Figure 3.6B, one-way ANOVA, *p < 0.05). Furthermore, 10 µM 

RpCAMPs reduced the total number of viable cells responding to MO, however this did 

not reach significance (Figure 3.6C, Chi-Square analysis, *p < 0.05). 

 

Figure 3.6: RpCAMPS attenuates MO-induced Ca
2+

 mobilization 

Application of 1 or 10 µM RpCAMPS, a PKA inhibitor, significantly attenuated MO-

induced Ca
2+

 mobilization (A and B). There was a trend for RpCAMPS to also reduce the 

number of MO-responsive cells but this did not reach significance (C). B is a summary 

graph representing total Ca
2+

 mobilization from 0-300 sec from A. *p < 0.05, 

significantly different from MO alone, one way ANOVA followed by Holm-Sidak test 

(B) and Chi-Square analysis (C). 
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Discussion 

In the present study we investigated the interaction between group III mGluR8 

and TRPA1. Findings demonstrate that mGluR8 and TRPA1 are co-localized in sensory 

neurons of the DRG. Behaviorally, peripheral activation of mGluR8 significantly 

attenuated TRPA1-induced mechanical sensitivity. Furthermore, activation of mGluR8 

significantly attenuates TRPA1-induced activity and mechanical hypersensitivity at the 

single fiber level. Further analysis suggest that the cAMP/PKA pathway is at least one 

mechanism by which mGluR8 negatively modulates TRPA1 activity. 

MGLUR8 AND TRPA1 ARE EXPRESSED IN THE RAT DRG 

TRPA1 is widely expressed in both neuronal and non-neuronal cells. TRPA1 

expression has been shown in parts of the gastrointestinal tract and in the lung (Lapointe 

and Altier, 2011), smooth muscle (bladder) (Du et al., 2008b), skeletal muscle (Lapointe 

and Altier, 2011), keratinocytes (Atoyan et al., 2009), inner hair cells (Corey et al., 2004), 

cerebellar neurons (Garrison and Stucky, 2011), and in sensory ganglia (Story et al., 

2003; Nagata et al., 2005). Several lines of evidence indicate > 90 % of TRPA1 positive 

neurons express TRPV1 while < 66 % of TRPV1 positive neurons express TRPA1 (Story 

et al., 2003; Kobayashi et al., 2005; Dai et al., 2007). Furthermore, this agrees with Ca
2+

 

imaging studies which demonstrated 93 % of MO-responsive DRG neurons were also 

CAP-responsive (Zhang et al., 2014b).  

Using a variety of techniques, the distribution of mGluR8 has been shown to be 

widespread. Prominent mGluR8 expression has been found in numerous brain regions, 

including the olfactory bulb, piriform cortex, pontine gray, lateral reticular nucleus of the 
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thalamus and lower levels of expression in cerebral cortex, hippocampus, cerebellum, and 

mammillary bodies (Saugstad et al., 1997; Turner and Salt, 1999). Later studies have 

demonstrated mGluR8 expression in the amygdala (Palazzo et al., 2008), periaqueductal 

grey (PAG) (Marabese et al., 2007b), NTS (Liu et al., 2012), the enteric nervous system 

(Tong and Kirchgessner, 2003), spinal cord (Thomas et al., 2001), small to large DRG 

neurons (Carlton and Hargett, 2007; Govea et al., 2012) as well as in both myelinated and 

unmyelinated digital axons (Govea et al., 2012). 

Initially, it was proposed, from studies in mice, that TRPA1 is expressed in 

approximately 3.6% of DRG neurons (Story et al., 2003). However, subsequent reports 

indicate a larger percentage of expression in sensory neurons, ranging from 20 – 57 % 

(Jordt et al., 2004; Nagata et al., 2005; Obata et al., 2005). In the present study, MO was 

used because it is a potent specific agonist for TRPA1 (Jordt et al., 2004; Bautista et al., 

2006). Our findings from Ca
2+

 imaging studies demonstrate 10 % and 33 % of L4-L6 rat 

DRG neurons are responsive to 10 and 30 µM, respectively. These findings are supported 

by previous reports which demonstrate that the percentage of DRG neurons responsive to 

MO using Ca
2+

 imaging is dose-dependent (Sawada et al., 2007; Caspani et al., 2009; 

Barabas et al., 2012; Zhang et al., 2014a).  

MGLUR8 AND TRPA1 ARE CO-LOCALIZED IN THE RAT DRG 

Since our lab has previously demonstrated that activation of group III mGluRs 

negatively modulates TRPV1 activity (Govea et al., 2012) and there is a high level of co-

localization between TRPV1 and TRPA1, we investigated the potential relationship 

between TRPA1 and group III mGluR8. In the present study, Ca
2+

 imaging in DRG 

neurons allowed us to first assess the co-localization of mGluR8 and TRPA1 and then to 
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begin to assess the functional relevance of this co-localization. An attenuation of TRPA1 

induced activity by mGluR8 activation would suggest expression of TRPA1 and mGluR8 

on the same cell, using Ca
2+

 imaging. While the curves for various group did not 

completely overlap, there was a significant difference in the number of cells responding. 

In the present study DCPG was used because it is a potent specific agonist for mGluR8 

(Thomas et al., 2001). Our data demonstrate that DCPG significantly decreased the 

percent of cells responding to MO, suggesting that activation of mGluR8 inhibits TRPA1 

activity in DRG neurons.  

MGLUR8 ACTIVATION ATTENUATES TRPA1-INDUCED MECHANICAL SENSITIVITY 

Functional relevance of TRPA1 and mGluR8 co-localization was further assessed 

using a behavior assay. TRPA1 antagonists have been shown to attenuate mechanical 

sensitivity in a nerve root constriction model (Miyakawa et al., 2014), CFA models 

(Petrus et al., 2007; Eid et al., 2008; da Costa et al., 2010; Lennertz et al., 2012; 

Montrucchio et al., 2013), the spinal nerve ligation model (Eid et al., 2008), a 

postoperative pain model (Wei et al., 2012), and an oxaliplatin treatment model (Nassini 

et al., 2011). (da Costa et al., 2010) demonstrated that treatment with TRPA1 antisense 

prior to CFA injection prevented CFA-induced mechanical sensitivity. Using a global 

knockout of TRPA1, (Garrison and Stucky, 2011) demonstrated significantly higher 

mechanical thresholds in TRPA1 KO compared to WT up to 2 wk post CFA injection. 

However, it should be noted that Bautista et al 2006 found no difference in baseline 

mechanical thresholds between TRPA1 KO and WT mice, suggesting that TRPA1 may 

not play a role in acute normal responses to mechanical stimuli. Our findings support a 

role for TRPA1 in mechanical hypersensitivity since acute TRPA1 activation with MO, 
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an irritant, induced a significant reduction of mechanical threshold compared to baseline. 

To date, no studies have investigated the interaction of group III mGluRs and TRPA1. 

Our data demonstrate that activation of group III mGluR8 reverses MO-induced 

mechanical sensitivity. 

Previous studies have assessed activity at the single fiber level from the hairy skin 

(Garrison and Stucky, 2011). For the purposes of this study, we assessed single fiber 

activity from the glabrous skin; since in the behavioral assays, mechanical thresholds are 

determined by probing the glabrous surface of the rat hind paw. Similar to our behavioral 

data, we found a significant reduction in mechanical threshold following TRPA1 

activation with MO. Several electrophysiological studies indicate that TRPA1 antagonist 

attenuate mechanical hypersensitivity in CFA models (McGaraughty et al., 2010; 

Lennertz et al., 2012), in an osteoarthritis model (McGaraughty et al., 2010), and in a 

nerve root constriction model (Miyakawa et al., 2014). Our data indicate that a similar 

effect is seen when an mGluR8 agonist is applied with MO.  

MGLUR8 MODULATES TRPA1 ACTIVITY THROUGH THE CAMP/PKA PATHWAY 

The interaction of these two receptors most likely occurs at the level of second 

messengers, the cAMP/PKA pathway. (Wang et al., 2008) demonstrated that a PKA 

activator, forskolin (FSK), potentiates MO-induced currents in DRG neurons, suggesting 

that PKA can enhance TRPA1 activity. In a later study, (Schmidt et al., 2009) showed 

that FSK, at high concentrations (1mM) significantly enhanced nocifensive responses. 

Furthermore, live-cell imaging in transfected HEK293T cells demonstrates that FSK 

induces translocation of functional TRPA1 to the surface (Schmidt et al., 2009), 

suggesting that the PKA pathway plays a role in enhancing surface expression. Agonist 
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activation of TRPA1 can also induce translocation to the surface in both HEK293T cells 

and trigeminal ganglia (TG) neurons (Schmidt et al., 2009).  Taken together these studies 

suggest that the cAMP/PKA pathway is an important target for TRPA1 modulation. Thus 

negative modulators of the cAMP/PKA pathway would be ideal candidates for TRPA1 

modulation. Activation of group III mGluRs leads to down regulation of andenylyl 

cyclase and the cAMP/PKA pathway (Niswender and Conn, 2010). Similar to DCPG, 

inhibition of PKA by RpcAMPS attenuates MO-induced Ca
2+

 mobilization, suggesting 

that down-regulation of the cAMP/PKA pathway could be an important in negatively 

modulating TRPA1. A larger decrease in Ca
2+

 mobilization is seen in the presence of 

RpcAMPS compared to DCPG; however, it should be noted that RpcAMPS most likely 

inhibits all PKA while DCPG would only inhibit PKA downstream of the mGluR.  Since, 

activation of mGluR8 leads to a down-regulation of adenylyl cyclase and the cAMP/PKA 

pathway, it is possible that this is sufficient to prevent enhancement of TRPA1 activity 

and/or translocation to the surface. These findings suggest that the cAMP/PKA pathway 

is one potential mechanism by which mGluR8 negatively modulates TRPA1 activity. 

Alternatively, there are other mechanisms by which mGluR8 may modulate 

TRPA1 activity. Several studies indicate that activation of group III mGluRs inhibits 

vesicular cycling (Chavis et al., 1998) and glutamate release (Kumar et al., 2010; 

Erdmann et al., 2012). For example, in the hippocampus that mGluR8 inhibition was 

found to primarily function through inhibition of vesicle release (decreasing Ca
2+

 affinity 

of the release sensor), rather than inhibition of Ca
2+

 entry (Erdmann et al., 2012). This 

inhibitory action by mGluR8 may prevent TRPA1 activation-induced Ca
2+

 release 

(Kosugi et al., 2007; Sun et al., 2009; Yokoyama et al., 2011).  
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Conclusion 

Understanding how TRPA1 is modulated is clinically relevant. Emerging 

evidence suggest TRP channels underlie various pain syndromes; in particular, studies 

suggests that a gain of function mutation in TRPA1 underlies familial episode pain 

syndrome (FEPS) (Nilius et al., 2005; Kremeyer et al., 2010; Bennett and Woods, 2014). 

Persons that suffer from FEPS exhibit severe episodes of pain, which start at infancy, that 

are primarily localized to the upper part of the body. These pain episodes, lasting 60-90 

min, can be triggered by fatigue, hunger or cold and are not alleviated by typical 

analgesics. Furthermore, these patients display a hypersensitivity the TRPA1 agonist, 

MO. Interestingly, TRPA1 inhibitors appear to alleviate symptoms. Our findings, which 

demonstrate that activation of mGluR8 negatively modulates TRPA1 activity, suggest 

that mGluR8 is an attractive target for pain therapies.  
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CHAPTER 4: EXPANDED DISCUSSION 

TRPV1 and TRPA1 are often referred to as prominent integrators of painful 

stimuli. Activation of various inflammatory mediator receptors, such as BK2 and PAR2 

induces multiple second messenger pathways leading to phosphorylation of both TRPV1 

and TRPA1 and trafficking of TRPA1 to the cell surface membrane (Premkumar and 

Ahern, 2000; Dai et al., 2004; Patapoutian et al., 2009; Schmidt et al., 2009). A 

compelling amount of data have been generated concerning the interplay of these two 

receptors.  

TRPV1/TRPA1 interactions 

 Several lines of evidence suggest that TRPV1 and TRPA1 interact (Ruparel et 

al., 2008; Staruschenko et al., 2010; Fischer et al., 2014; Spahn et al., 2014). Numerous 

reports demonstrate that these receptors are highly co-localized, with over 90% of 

TRPA1 positive sensory neurons also expressing TRPV1 (Story et al., 2003; Kobayashi 

et al., 2005; Dai et al., 2007). In rat sensory neurons and in an expression system (CHO 

cells), TRPV1 and TRPA1 heteromeres appear to form as they can be co-precipitated 

(Staruschenko et al., 2010; Fischer et al., 2014). Also noted in this study is the presence 

of TRPA1-TRPA1 and TRPV1-TRPV1 homomeres.   

Several lines of evidence indicate that TRPA1 regulates TRPV1 activity (Spahn et 

al., 2014). In this study, TRPV1/TRPA1 transfected HEK cells that were pretreated with 

MO displayed an enhanced Ca
2+

 mobilization response to CAP compared to cells without 

MO pretreatment.  Interestingly, in DRG neurons that received the following in sequence: 
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MO, washout, TRPA1 antagonist, CAP; the CAP-induced current was enhanced 

compared to control. Further analysis demonstrated that inhibition of either AC or PKA 

prevented TRPA1-induced potentiation of TRPV1 current. These findings might suggest 

that activation of TRPA1 triggered downstream modulators of TRPV1 that were not 

inhibited by the presence of the TRPA1 antagonist. Similarly, TRPV1 has been shown to 

regulate TRPA1 activity (Kosugi et al., 2007; Staruschenko et al., 2010). For example, 

TRPA1 current is greater in WT compared to TRPV1 KO, suggesting a positive 

interaction between the two receptors (Staruschenko et al., 2010). Additionally in 

substantia gelatinosa, neurons pretreated with MO followed by exposure to CAP + MO 

showed an enhanced MO-current compared to that in neurons pretreated with MO 

followed by a second exposure to MO (Kosugi et al., 2007). These findings suggest that 

TRPV1 regulates TRPA1 activity and/or that TRPV1 plays a role in stabilizing functional 

TRPA1 surface expression.  

In contrast to these findings, TRPV1 and TRPA1 have been found to cross-

desensitize each other (Akopian et al., 2007; Kosugi et al., 2007; Ruparel et al., 2008; 

Salas et al., 2009). Pretreatment with CAP resulted in an attenuation of both CAP- or 

MO-induced calcitonin gene related peptide (CGRP) release compared to control in rat 

hind paw skin biopsies (Ruparel et al., 2008). Similarly, pretreatment with MO resulted 

in attenuation of both MO- or CAP-induced CGRP release compared to control. In vivo 

behavioral assays demonstrated similar effects: pretreatment with CAP attenuated both 

CAP- or MO-induced nocifensive behaviors and pretreatment with MO attenuated both 

MO- and CAP-induced nocifensive behaviors. There are two possibilities for an 

attenuated response after either TRPA1 or TRPV1 activation; first, the CGRP pool could 
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have been diminished, resulting in less CGRP available for the 2
nd

 stimulation; second, 

the TRPA1 or TRPV1 channel could have been cross-desensitized from the 1
st
 

stimulation. Another study reported enhanced MO-induced currents in TRPA1 expressing 

CHO cells compared to TRPA1/TRPV1 co-expressing CHO cells (Salas et al., 2009). 

Altogether these studies demonstrate that TRPV1 and TRPA1 form complexes and in 

these complexes, channel properties are different when compared to each channel 

expressed in the absence of the other. Further studies will be needed to unravel the 

complexity of the TRPV1:TRPA1 interaction. 

TRP channel modulation 

TRPV1 SENSITIZATION  

Sensitization of TRPV1 has been shown to occur through phosphorylation by 

several kinases: PKA, PKC, Ca
2+

/CaM-dependent kinase II (CaMKII), or Src kinase 

(Premkumar and Ahern, 2000; Vellani et al., 2001; Bhave et al., 2002; Numazaki et al., 

2002; Bhave et al., 2003; Mohapatra and Nau, 2003; Tominaga and Tominaga, 2005; 

Jeske et al., 2008; Jeske et al., 2009). A-Kinase Anchoring Protein 150 (AKAP150) is a 

scaffolding protein that has been found to mediate PKA- and PKC-induced 

phosphorylation of TRPV1 (Jeske et al., 2008; Jeske et al., 2009).  

 Phosphorylation by PKC, at two sites: Ser-502 and Ser-800, appears to play an 

important role in TRPV1 sensitization, particularly bradykinin-, anadamide-, and PAR2-

induced sensitization (Premkumar and Ahern, 2000; Numazaki et al., 2002; Dai et al., 

2004). In one study, TRPV1 was found to co-localize with PAR2 in DRG neurons (Dai et 

al., 2004). Activation of PAR2, which induces release of substance P and CGRP, 
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enhanced CAP-induced currents in DRG cells demonstrating functional relevance of this 

interaction. Furthermore, this PAR2-induced enhancement of CAP current was blocked 

by PKC inhibitors. Additionally, studies indicate that bradykinin enhances TRPV1 

activity in a PKC dependent manner, since PKC inhibition prevents bradykinin-induced 

TRPV1 sensitization (Cesare and McNaughton, 1996; Cesare et al., 1999; Premkumar 

and Ahern, 2000).  

TRPV1 DESENSITIZATION  

Desensitization of TRPV1 can occur through repetitive heat or agonist activation 

(Tominaga et al., 1998). Several reports suggest Ca
2+

 dependent dephosphorylation of 

TRPV1 (Tominaga and Tominaga, 2005). For example, CAP-induced desensitization of 

TRPV1 has been shown to result from rapid influx of intracellular Ca
2+

 (Cholewinski et 

al., 1993; Koplas et al., 1997; Rosenbaum et al., 2004), which activates calcineurin and 

calmodulin (CaM). Inhibition of calcineurin or disruption of the CaM binding site 

attenuates TRPV1 desensitization (Docherty et al., 1996; Tominaga and Tominaga, 

2005).  

Recently, β-arrestin-2 has been identified as a scaffolding protein for TRPV1 that 

prevents PKA phosphorylation (Por et al., 2012). In this study, sensory neurons from β-

arrestin-2 KO animals displayed significantly attenuated TRPV1-desensitization 

compared to WT. Further analysis revealed that β-arrestin-2 regulated PKA 

phosphorylation of TRPV1 at two known phosphorylation sites (Ser-116, Thr-370). A 

later study demonstrated that phosphodiesterase PDE4D5 is particularly important for β-

arrestin-2-mediated dephosphorylation of TRPV1 (Por et al., 2013). Furthermore, 

phosphorylation of both Thr-370 on TRPV1 and Thr-382 on β-arrestin-2 are essential for 
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association of TRPV1 and β-arrestin-2 on the surface membrane, and this associate could 

be part of a negative feedback mechanism.  

TRPA1 SENSITIZATION  

Several mediators have been shown to sensitize TRPA1. Studies suggest that 

TRPA1 activity may be sensitized by PAR2 and bradykinin (both GPCRs) through 

phospholipase C (PLC) (Dai et al., 2007; Wang et al., 2008). PAR2 and TRPA1 were 

found to be co-localized in DRG neurons (Dai et al., 2007). Findings demonstrate that 

inhibition of PLC resulted in an inhibition of BK-induced potentiation of MO-induced 

currents (Wang et al., 2008). PLC has also been shown to potentiate MO-induced 

currents (Dai et al., 2007). Interestingly, PLC downstream effectors (DAG and PKC) do 

not appear to be associated with the PLC-induced sensitization of TRPA1. Rather, 

evidence suggests that PIP2 inhibits TRPA1 and thus when GPCR activation of PLC 

hydrolyzes PIP2 to IP3 the inhibition of TRPA1 by PIP2 is released, resulting in TRPA1 

current potentiation (Dai et al., 2007).  

TRPA1 DESENSITIZATION  

While TRPA1 can undergo desensitization after agonist activation or by TRPV1 

activation (described above) (Akopian et al., 2007; Dai et al., 2007; Ruparel et al., 2008), 

mechanisms are still being unraveled. For example, in HEK cells expressing TRPA1, 

MO-induced currents decreased with repeated MO application (Dai et al., 2007). 

Interestingly, CAP-induced desensitization of TRPA1 appears to be Ca
2+

 

dependent/calcineurin-independent while MO-induced desensitization of TRPA1 appears 

to be Ca
2+

-independent (Ruparel et al., 2008).  
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In contrast, one study suggests a lack of desensitization of TRPA1 upon agonist 

activation (Dunham et al., 2008). In this study, responses from primary afferents from 

both naïve and CFA-inflamed animals did not desensitize following repeated TRPA1 

agonist exposure (5 min interval).  

TRPA1 AND COLD SENSITIVITY 

While the role of TRPA1 in cold hypersensitivity following nerve injury, 

inflammation, or chemotherapy is well established (Ta et al., 2010; Cavaletti, 2014), its 

role as a cold receptor is controversial (Story et al., 2003; Babes et al., 2004; Bandell et 

al., 2004; Jordt et al., 2004; Nagata et al., 2005; Bautista et al., 2006; Kwan et al., 2006; 

Sawada et al., 2007; Zurborg et al., 2007). In one study using TRPA1 KO mice there is 

no difference between KO and WT in latency to paw lift in a cold plate assay with 

temperatures decreasing in 5 degree intervals from 20 to -10 °C (Bautista et al., 2006). 

Moreover, Ca
2+

 imaging analysis demonstrated no significant difference in TG neurons 

from either WT or TRPA1 KO in the magnitude of response when the temperature was 

reduced from 23 to 6 °C.   Furthermore, the percent of cells responding to the temperature 

reduction was similar between WT and KO, with a small percentage of these cold 

responders insensitive to menthol (TRPM8). In contrast to these findings, another study 

demonstrates a significant reduction in the number of paw lifts in TRPA1 KO compared 

to WT using a cold plate assay (5 °C) (Kwan et al., 2006).  Similar results were found in 

a later study, where the data demonstrate a significant reduction in nocifensive behaviors 

(shivering/paw lifts) in TRPA1 KO compared to WT mice in a cold plate assay at 0 °C 

(Karashima et al., 2009). However, WT mice displayed jumping behavior that was 
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significantly reduced in KO mice (only 3 of 25 KO mice), and a significant difference 

was seen in latency to first jump between KO and WT.  

Fueling the controversy, one report suggests that cold-induced TRPA1 activation 

was secondary to cold-induced release of intracellular Ca
2+

 stores (Zurborg et al., 2007). 

However, a later study demonstrates cold-induced TRPA1 currents in an intracellular 

Ca
2+

 free environment, using BAPTA, a Ca
2+

 chelator (Karashima et al., 2009). 

One study done in HEK cells reports that there is a decrease in MO-current 

following a decrease in bath temperature from 22 to 6 °C (Jordt et al., 2004). In line with 

this, findings from our skin-nerve study demonstrate that acute irritation with MO did not 

enhance cold responses. In this paradigm, we assessed cold sensitivity for 10 sec after a 

frozen SIF pellet was placed into the well. At 10 sec, the temperature dropped, on 

average, from 34 to 17.3 ± 6.2 ˚C. Overall, our results indicated a decrease in the cold 

response of nociceptors after MO was applied (Figure 4.1). This decrease in response 

might be attributed to cold-induced desensitization of TRPA1. 
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Figure 4.1: MO decrease cold response in primary afferents 

Application of MO to primary afferents induced a significant reduction in cold response 

from 2.36 ± 0.65 imp/sec before MO to 0.95 ± 0.23 imp/sec after MO. n=13 fibers from 8 

animals. *p < 0.05, significantly different from Pre MO, Wilcoxon Signed Rank test. 

 

Using the skin-nerve preparation to record directly from primary afferents, our 

findings demonstrate that 36 % of all fibers were MO responsive and of these 63 % were 

also cold responsive. These findings are in agreement with previous reports (Sawada et 

al., 2007; Caspani et al., 2009).  

One study, using Ca
2+

 imaging, demonstrated that 28.9 % of DRG cells were MO 

responsive. Of these MO responsive cells 119/135 (~88%) were also activated by deep 

cooling, described as less than 15.5 ± 0.52 ˚C (Sawada et al., 2007). A second study also 

using Ca
2+

 imaging, found that 45 % of DRG cells were MO responsive. Of these MO 
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responsive cells, only 18 % were also cold responsive (temperature decreased from ~30 

°C to ~10 °C) (Caspani et al., 2009).  

Of all fibers studied, 59% were cold responsive and of these 62 % of were cold 

responsive after pretreatment with MO. Interestingly after treatment with DCPG and MO 

only to 13 % of fibers were cold responsive (Figure 4.2). These findings suggest that 

mGluR8 inhibits TRPA1 expressing nociceptors. 

 

Figure 4.2: DCPG reduced the number of cold responsive fibers 

Following 30 µM MO treatment, 62 % (8 out of 13) of cold responsive fibers were still 

responsive to cold.  After treatment with 30 µM DCPG + 30 µM MO, only 13% (2 out of 

8) of cold responsive fibers were still activated by cold temperatures. *p < 0.05 

significantly different from MO alone, Fisher Exact test. 

 

Based on our findings we cannot confidently conclude whether TRPA1 is a cold 

receptor. Our paradigm was flawed in that it might have been optimum to investigate 

whether TRPA1 was a cold receptor by utilizing a TRPA1 antagonist in the presence of a 



 

83 

cold stimulus. Furthermore, in our set up we are unable to determine the cold activation 

threshold. We applied frozen SIF chips of consistent size; however, a peltier cooling 

system would allow for consistent control of temperature and possible measurement of 

the temperature threshold for cold activation.  

mGluR Signaling 

Our studies focused on the signaling pathway mediated by the Gαi/o subunit of the 

Group III mGluRs.  Upon agonist activation, the Gα subunit dissociates from the GPCR 

and binds to adenylyl cyclase (AC). Binding to AC leads to inhibition of cAMP and 

ultimately PKA. However, activation of group III mGluRs can mediate bidirectional 

signaling via the Gαi/o and Gβγ subunits (El Far and Betz, 2002).  

Several studies indicate an interaction, possibly through the Gβγ subunit, with 

voltage gated Ca
2+

 channels, thus inhibiting Ca
2+

 influx (Takahashi et al., 1996; Perroy et 

al., 2000; Capogna, 2004; Guo and Ikeda, 2005). Interestingly, one study found that 

mGluR8-induced inhibition does not inhibit Ca
2+

 influx, but dampens neuronal excitation 

by decreasing the Ca
2+

 affinity for the vesicle release sensor (Erdmann et al., 2012). In 

line with these findings, activation of group III mGluRs decreases vesicular cycling 

(Chavis et al., 1998) and glutamate release (Kumar et al., 2010). Inhibition of glutamate 

release would reduce extracellular glutamate, potentially reducing the likelihood of 

activation of excitatory group I mGluRs and ionotropic glutamate receptors known to be 

present on peripheral nociceptors (Carlton et al., 1995; Coggeshall and Carlton, 1998; 

Bhave et al., 2001; Du et al., 2003; Du et al., 2006). 
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Group III mGluRs are able to couple with G-protein regulated inwardly rectifying 

potassium (GIRK) channels when co-expressed in HEK cells (Saugstad et al., 1996; 

Saugstad et al., 1997). Further analysis has revealed that upon activation of group III 

mGluRs, it is the Gβγ subunit that activates GIRK channels (Niswender et al., 2008). 

Activation of GIRK channels results in hyperpolarization of the cell, thus reducing cell 

excitability (Lüscher and Slesinger, 2010). 

Concluding Remarks 

 In our study, results suggest that group III mGluR8 modulation of TRPV1 is 

likely to occur through the cAMP/PKA pathway (Figure 2.6). Additionally, our results 

indicated that group III mGluR8 modulation of TRPA1 may occur through the 

cAMP/PKA pathway, however, due to differences in inhibition of Ca
2+

 mobilization in 

MO-responsive cells (Figure 3.1 and 3.6), it is likely that down-regulation of cAMP/PKA 

is not the major player producing this modulation. Nonetheless, activation of group III 

mGluRs negatively modulated both TRPV1 and TRPA1 activity in vitro and in vivo. 

These findings demonstrate the group III mGluRs, mGluR8 in particular, is an attractive 

target in modulating these major integrators of pain information.  
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