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ABSTRACT 

 Previous studies have demonstrated that peripherally-administered 

cannabinoids at the site of injury produce antinociception in animal models of 

acute and persistent pain. Peripheral cannabinoid one (CB1) receptor-mediated 

antinociception has been attributed to CB1 receptors located on nociceptive DRG 

neurons and their peripheral nerve terminals. Although these studies suggest 

that activation of peripheral CB1 receptors located on nociceptive nerve terminals 

produces antinociception, how cannabinoids modulate nociceptor activity is not 

known. The overall aim of this thesis was to relate the behavioral antinociceptive 

effects of locally-administered cannabinoids with changes in the response 

properties of nociceptors during non-inflamed and inflamed conditions. It was 

hypothesized that activation of peripheral CB1 receptors attenuated nociception 

and nociceptor activity only during inflammation. In behavioral studies, 

intraplantar administration of complete Freund's adjuvant (CFA), but not saline, 

produced mechanical allodynia, mechanical hyperalgesia, and heat hyperalgesia. 

Activation of peripheral CB1 receptors produced antiallodynia and 

antihyperalgesia following inflammation, but did not alter nociception during non-

inflamed conditions. In electrophysiological studies, only cutaneous nociceptors 

(Aδ and C) from inflamed skin were sensitized, and not Aβ mechanoreceptors. 

Local administration of CB1 receptor agonists attenuated mechanically-evoked 

responses of Aδ nociceptors from inflamed skin, but did not alter the evoked 

responses of Aδ nociceptors from non-inflamed skin. The responses of C 

nociceptors and Aβ mechanoreceptors from either non-inflamed or inflamed skin 
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were not altered following local administration of cannabinoids. Our results 

demonstrated that peripherally-mediated cannabinoid antinociception through 

CB1 receptors is mediated, at least in part, by attenuation of Aδ nociceptor 

activity. The results from the present studies suggest that peripherally-acting CB1 

receptor agonists could be administered alone or co-administered with other 

analgesic drugs to treat acute and persistent pain in humans and animals.  
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Somatosensation and Sensory Receptors 

 Somatosensation, sensations produced by stimulation throughout the 

body, involves activation of distinct sensory receptors originating from the distal 

processes of sensory ganglion neurons. These terminal endings innervate a vast 

array of different structures throughout the body including skin, muscle, joints, 

and visceral structures and are broadly categorized based on the conduction 

velocity of the nerve fiber from which they originate.  Generally, Aα fibers have 

conduction velocities between 120-70 meters/second (m/s), Aβ fibers between 

70-25 m/s, Aδ fibers between 25-2.5m/s, and C fibers below 2.5 m/s. The 

submodalities of somatosensation include proprioception, mechanosensation, 

thermosensation, and nociception. Each of these submodalities involves 

specialized sensory receptors responsible for the transduction of specific stimuli. 

  

Proprioception 

 Proprioception is the sensation of bodily movement and position. 

Proprioceptors are found inside joint capsules, muscles, and at the junction of 

tendons and muscle. All proprioceptors have fast conducting, myelinated nerve 

fibers. Three types of proprioreceptors are found inside the joint capsule; Ruffini 

endings and golgi tendon organs, which are excited by joint flexion and extension 

(Burgess and Clark 1969), and pacinian corpuscles that respond to vibration 

(Burgess and Clark 1969).  Muscle spindle afferents innervate intrafusal fibers 

and are excited following muscle stretch (Hunt 1954).  Golgi tendon organs are 
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located at the junction of muscles and are excited during muscle contractions 

(Hunt 1954; Jansen and Rudjord 1964). Golgi tendon organs and muscle spindle 

afferents have Aα fibers, while Ruffini endings and Pacinian corpuscles originate 

from Aβ fibers.  Together these proprioceptors provide information regarding the 

position and movements of the body.  

 

Mechanosensation 

 Mechanosensation is the sensation of touch produced by innocuous 

mechanical forces, pressure or stretch. Mechanoreceptors are found throughout 

the body, localized mostly to cutaneous structures and hollow visceral organs. A 

majority of mechanoreceptors have myelinated fibers; however, some also arise 

from unmyleinated fibers. Mechanoreceptors are broadly classified into two 

categories, slowly adapting (SA) and rapidly adapting (RA), based on their 

responses to mechanical stimulation (Adrian and Zotterman 1926a, b). Slowly 

adapting responses to mechanical stimulation include two components, a 

dynamic and static phase (Adrian and Zotterman 1926a, b). The dynamic phase 

encodes the velocity of stimulation, while the static phase encodes the duration 

of stimulation (Adrian and Zotterman 1926a, b). SA mechanoreceptors encode 

the magnitude and duration of displacement/indentation. Rapidly adapting 

receptors only exhibit a dynamic phase in response to mechanical stimulation. 

RA mechanoreceptors encode the frequency of displacement/indentation. 
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 Two SA mechanoreceptors have been identified; Merkel's discs and 

Ruffini endings.  Merkel's discs are excited by indentation, while Ruffini endings 

respond to stretch of the skin (Munger 1965; Lindblom 1965; Werner and 

Mountcastle1965; Iggo and Muir 1969; Chambers et al. 1972).  Similarly, two RA 

mechanoreceptors have been identified; Meissner's and Pacinian corpuscles.  

Meissner's corpuscles respond to indentation and are important for detection of 

edges, while Pacinian corpuscles respond optimally to both indentation and 

vibration (Cauna 1956; Hubbard 1958; Munger et al. 1971; LaMotte and 

Whitehouse 1986). Merkel discs, Ruffini endings, Meissner's and Pacinian 

corpuscles have Aβ fibers. Collectivity, SA mechanoreceptors provide sensations 

of touch-pressure while RA mechanoreceptors give rise to sensations of flutter-

vibration (Willis Jr. and Coggeshall 2004).  

 Other mechanoreceptors have also been identified, but these originate 

from slowly conducting myelinated fibers and unmyelinated fibers. Hair follicle 

afferent fibers are excited by mechanical displacement of the hair shaft and 

typically conduct in the Aδ fiber range (Brown and Iggo 1967). Previous studies 

have also identified low threshold mechanoreceptors that innervate skin and 

hollow organs that conduct in the C fiber range (Iggo 1960; Bessou et al. 1971).  

 

Thermosensation 

 Thermosensation is defined as the sensation evoked by non-noxious 

changes in temperature. Thermoreceptors have either slowly conducting, thinly 
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myelinated Aδ fibers or unmyelinated C fibers. Thermoreceptors are broadly 

classified into two types, cold and warm receptors (Hensel et al. 1960; Hensel 

1974). Cold receptors typically respond optimally to non-noxious cooling of the 

skin, while warm receptors are excited by non-noxious warming of the skin 

(Hensel and Zotterman 1951; Dodt and Zotterman 1952).  

 

Nociception 

 Nociception is the sensation of pain as well as other events evoked by 

noxious or potentially damaging stimuli. Nociceptors are classified into a variety 

of subtypes based on their conduction velocities and the specific modalities 

(mechanical, heat, cold, or chemical) that excite them. Most nociceptive afferent 

fibers are thinly myelinated (Aδ) or unmyelinated (C) (Zotterman 1939).  

Nociceptors are excited by a variety of different stimuli including noxious heat, 

cold, and chemical mediators. Under normal conditions, nociceptors encode the 

modality and intensity of noxious stimuli in their discharge rates.   

 

Central Somatosensory Pathways  

 Following the transduction of peripheral events, primary sensory neurons 

then relay information to the central nervous system (CNS) for further processing 

and integration. Typically, somatosensory information from the body ascends in 

two major pathways, the dorsal column-medial lemniscus (DCML) system and 

the spinothalamic pathway (Willis Jr. and Coggeshall 2004). Both of these 



 
 
 

6

pathways terminate in different nuclei in the thalamus where thalamic neurons 

then relay information on to various areas of the cerebral cortex.  

 Proprioceptive afferent fibers ascend via both the spinomedullothalamic 

pathway and the DCML system. In the spinomedullothalamic pathway, 

proprioceptors from the hindlimbs synapse in or around Clarke's column and then 

ascend and terminate in the ipsilateral nucleus z located in the medulla (Willis Jr. 

and Coggeshall 2004). From nucleus z, third-order neurons send projections, 

which decussate via the medial lemniscus, to the contralateral thalamus (Willis 

Jr. and Coggeshall 2004). Some forelimb proprioceptive afferents also synapse 

in the spinal cord while others project directly to the cuneate nucleus via the 

dorsal columns.  

 Mechanosensory afferent fibers enter the spinal cord and ascend via the 

DCML pathway. The terminals of these afferents ascend in the dorsal funiculus 

or dorsal columns and terminate in the dorsal column nuclei in the medulla. 

Afferents from the hindlimbs and the lower parts of the body terminate in gracile 

nucleus, while afferents from the upper parts of the body and forelimbs terminate 

in the cuneate nucleus (Willis Jr. and Coggeshall 2004).  The secondary neurons 

in the cuneate and gracile nuclei project to the contralateral thalamus via the 

medial lemniscus.  

 Visceral afferent fibers originating from the vagus nerve project to the 

nucleus of the solitary tract which sends projections to thalamic structures 

sometimes with intermediate connections to the thalamus via the parabrachial 
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nucleus (Willis Jr. and Coggeshall 2004). Visceral afferents originating from 

dorsal root ganglion neurons ascend in both the DCML pathway and the spinal 

thalamic tract.  

 Nociceptive and thermoreceptive information is primarily conveyed to the 

CNS via the spinothalamic pathway. Nociceptors and thermoreceptors typically 

terminate in the dorsal horn of the spinal cord. Following their termination, 

secondary nociceptive spinal cord neurons decussate and ascend to the 

contralateral thalamus via the spinal thalamic tract located in the ventral lateral 

funiculus of the spinal cord (Willis Jr. and Coggeshall 2004).   

 

Neural Mechanisms of Nociception 

Acute Pain and Hyperalgesia 

 Pain is a complex perception that is influenced by a variety of physical and 

psychological factors. Generally, pain is defined as "an unpleasant sensory and 

emotional experience associated with actual or potential tissue damage, or 

described in terms of such damage" (IASP 2008). Typically, pain is felt following 

the application of a noxious stimulus and subsequent activation of nociceptors. 

Nociceptive pain is defined as pain resulting from noxious or potentially 

damaging stimuli. However, pain can also occur without any detectable activation 

of nociceptors or identifiable pathology. To account for this complex situation, the 

use of the term pain in this text will refer to nociceptive pain.  
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Types of Pain 

  The sensation of pain has been divided into first pain (sharp, pricking) 

and second pain (dull, burning) relative to the onset of a noxious stimulus (Lewis 

1942). The nerve fibers responsible for first and second pains were determined 

by the use of cuff-block to transiently disrupt blood supply to the nerve and 

suppress A fiber conduction (Sinclair and Hinshaw 1950; Mackenzie et al. 1975; 

Burke et al. 1975; Price et al. 1977). First pain, or the pain felt immediately after 

an experience with a noxious stimulus, is characterized by a sharp, stabbing 

quality and is due to activation of Aδ nociceptors. Second pain or the pain felt 

following first pain is characterized by a dull, burning quality and is due to activity 

of C nociceptors. These earlier observations were later confirmed by stimulating 

cutaneous nerve fibers during human microneurography experiments (Konietzny 

et al. 1981; Ochoa and Torebjörk 1983; Schmelz et al. 1997).  

 

Nociceptor Subtypes 

 Aδ nociceptors are broadly classified based on their responsiveness to 

mechanical and thermal stimuli. Mechanically sensitive Aδ nociceptors (AM) are 

further grouped if they are heat responsive (AMH), cold responsive (AMC) or 

heat and cold responsive (AMHC). AMH nociceptors are further classified into 

type I and II based on their heat response thresholds. Type I Aδ nociceptors 

typically have high heat response threshold (>53°C), while type II Aδ nociceptors 

have lower heat response thresholds (Treede et al. 1995). Further studies have 
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also classified another subclass of Aδ nociceptors that are mechanically 

insensitive (AMIA) and may be excited by thermal and chemical stimuli under 

normal conditions (Treede et al. 1998). 

 C nociceptors are also broadly classified based on their responsiveness to 

mechanical and thermal stimuli. Mechanically sensitive C nociceptors (CM) are 

further divided if they are heat responsive (CMH), cold responsive (CMC), or heat 

and cold responsive (CMHC). Mechanically insensitive C nociceptors (C-MIA) 

are further divided if they are heat responsive (CH) or heat insensitive (CMiHi). 

Similar to Aδ nociceptors, many C nociceptors are also excited by algesic 

chemical stimuli.  

 

Neural Mechanisms of Hyperalgesia 

 Pain serves a vital protective function by preventing bodily injury; however, 

persistent pain can lead to suffering and a reduction in the quality of life. Under 

certain conditions, there can be enhanced pain states that include hyperalgesia 

and allodynia. Hyperalgesia was classically defined as a decrease in pain 

threshold and/or increased sensitivity to painful stimuli (Hardy et al. 1952). 

Currently, hyperalgesia is defined as "an increased response to a stimulus which 

is normally painful" (IASP 2008). Allodynia is currently used to describe a 

decrease in pain threshold or "pain due to a stimulus which does not normally 

provoke pain" (IASP 2008). The terms hyperalgesia and allodynia represent a 
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continuum of enhanced nociception that often occurs following tissue injury and 

inflammation.   

 Following tissue injury or damage, nociceptors can become sensitized. 

Nociceptor sensitization is physiological correlate of hyperalgesia and 

characterized by a decrease in response threshold, increased responses to 

suprathreshold stimuli, and ongoing activity (Bessou and Perl 1969; Fitzgerald 

and Lynn 1977; Campbell et al. 1979). Sensitization of both Aδ and C 

nociceptors has been demonstrated following exposure to a variety of chemical 

mediators and experimental injuries. For example, following an experimental 

burn-injury to non-glabrous skin, cutaneous C nociceptors develop sensitization. 

Specifically, CMH nociceptors from both humans and non-human primates 

exhibited decreased heat response thresholds, enhanced suprathreshold 

responses to heat, and ongoing activity following a mild burn injury (LaMotte et 

al. 1982, 1983, 1984; Torebjörk et al. 1984). The sensitization of CMH 

nociceptors from humans and non-human primates correlated with 

psychophysical measures of hyperalgesia to heat in humans following the same 

mild burn injury.  Some AMH nociceptors developed mild sensitization to heat 

stimuli, but their enhanced responses did not correlate with psychophysical 

measures of heat hyperalgesia.  However, AMH nociceptors from glabrous skin 

developed sensitization following a mild burn injury that correlated with 

psychophysical measures of hyperalgesia to heat (Campbell and Meyer 1981; 

Campbell and Meyer 1983). Interesting, CMH nociceptors from glabrous skin 
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developed fatigue to heat stimuli following the mild burn injury. Overall these 

studies indicate that following injury, nociceptor sensitization is a 

neurophysiological correlate of hyperalgesia.    

 Nociceptor sensitization also correlates with behavioral hyperalgesia in 

experimental pain models in laboratory animals. For example, cutaneous 

nociceptors are sensitized following inflammation produced by complete Freund's 

adjuvant (Andrew and Greenspan 1999; Djouhri and Lawson 1999; Du et al. 

2003, 2006; Wenk et al. 2006; Xiao and Bennett 2007), carrageenan (Kocher et 

al. 1987; Kirchhoff et al. 1990; Koltzenburg et al. 1999), formalin (Puig and Sokrin 

1996), and UV-irradiation (Rukwied et al. 2008). Following nerve injury produced 

by chemotherapeutic agents (Xiao and Bennett 2008), STZ-induced diabetes 

(Khan et al. 2002; Suzuki et al. 2002; Chen and Levine 2003), or direct trauma 

(Wu et al. 2002; Shim et al. 2005; Djouhri et al. 2006) nociceptors also exhibit 

sensitization. Sensitization of nociceptors also correlates with behavioral 

hyperalgesia following an incision on the hindpaw (Hämäläinen et al. 2002; 

Pogatzki et al. 2002).   

 Nociceptor sensitization is likely to due to a complex milieu of neuronal 

and non-neuronal events. Following injury, non-neuronal cells respond by 

releasing a variety of inflammatory mediators that can act directly on nociceptors 

to produce sensitization. Some of these mediators include prostaglandins (Martin 

et al. 1987; Schaible and Schmidt 1988; Cohen and Perl 1990; Chen et al. 1999), 

cytokines (Martin and Murphy 1995; Sorkin et al. 1997; Junger and Sorkin 2000; 
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Obreja et al. 2002; Yu et al. 2007), bradykinin (Beck and Handwerker 1974; 

Liang et al. 2001), endothelins (Gokin et al. 2001), ATP (Cook and McCleskey 

2002), and serotonin (Zeitz et al. 2002). Nociceptors also sensitize following 

exposure to acidic conditions (Steen et al. 1992, 1993; Kress et al. 1997; Jiang et 

al. 2006).  

 The neural mechanisms underlying sensitization also involve changes in 

nociceptor excitability through modulation of ion channel activity. Tetrodotoxin-

resistant-resistant (TTX-R) voltage-gated sodium channels are predominately 

expressed by nociceptive DRG neurons and previous studies have demonstrated 

that following inflammation, TTX-R voltage-gated sodium channel expression is 

increased (Coggeshall et al. 2004) with enhanced activation following exposure 

to inflammatory mediators (Gold et al. 1996; Zhou et al. 2002). Previous studies 

have also demonstrated that calcium channel activity is increased following 

inflammation and after exposure to inflammatory mediators (Lu and Gold 2008; 

Czeschik et al. 2008).   

 Nociceptor sensitization also involves changes to intracellular second 

messengers and kinase activity. Activation of protein kinase A (Taiwo and Levine 

1991; Rueff and Dray 1993; England et al. 1996; Kress et al. 1996; Wang et al. 

1996; Fitzgerald et al. 1999), protein kinase C (Dray et al. 1988; Gold et al. 1998; 

Cesare et al. 1999; Khasar et al. 1999; Aley et al. 2000), extracellular signal-

regulated kinases (ERKs) 1 and 2 (Aley et al 2001) and nitric oxide (Aley et al 

1998; Schmidtko et al. 2008) contribute to nociceptor sensitization. 
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 The transduction of thermal and algesic chemical stimuli occur, in part, 

through the activation of transient receptor potential (TRP) channels located on 

nociceptors. The transient receptor potential vanilloid type one (TRPV1) receptor 

is activated by algesic chemicals such as capsaicin (Caterina et al. 1997) and 

resiniferatoxin (Szallasi et al. 1999) as well as and noxious heat (Caterina et al. 

1997). The TRPV2 receptor is activated by noxious heat >52°C (Caterina et al. 

1999). Previous studies have also shown that vanilloid receptor expression and 

function are increased following inflammation.  Transient receptor potential 

vanilloid type one (TRPV1) and two (TRV2) receptors expression is increased 

following inflammation and hyperalgesia (Amaya et al. 2003, 2004, 2006; Ji et al. 

2002; Shimosato et al. 2005; Breese et al. 2005). 

 Sensitization of nociceptors is not the only physiological change that 

contributes to hyperalgesia. Nociceptive spinal cord neurons can also become 

sensitized, a process referred to as central sensitization (Wolf 1983; Dubner and 

Ruda 1992). Like nociceptors, nociceptive spinal cord neurons also develop 

enhanced responses to suprathreshold stimuli, decreased thresholds for 

activation, increased ongoing activity, and sometimes enlarged receptive field 

areas following injury and inflammation (Menétrey and Besson 1982; Cook et al. 

1987; Hylden et al. 1989; Simone et al. 1991; Wolf and Thompson 1991).  

 Although much information regarding the neural mechanisms underlying 

nociception has been obtained, therapeutic advances for treating chronic pain 

have been limited. Opiates and non-steroid anti-inflammatory drugs (NSAIDS) 
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remain the primary analgesics administered; however, it is estimated that 

between 40-50% of patients do not receive adequate analgesia while under 

clinical care (Glajchen 2001). This deficiency in pharmacological treatments for 

chronic pain has driven the search for novel analgesic agents. One novel class of 

compounds that has recently been explored for analgesic properties are 

cannabinoids. The term cannabinoid is derived from the scientific name for the 

plant Cannabis sativa and is used to describe compounds that exhibit bioactivity 

similar to those isolated from the plant.  

 

Historical Use of Cannabis  

 Archaeological evidence dating back over 5000 years ago demonstrates 

that Cannabis sativa (cannabis) was cultivated for a variety of purposes. 

Evidence suggests that the ancient Chinese were the first to cultivate cannabis 

where oil from its seeds was used in cooking and its fiber was used to make 

paper and rope (Booth 2003). Writings from the earliest known pharmacopoeia, 

from China, indicate that cannabis was also used medicinally (Touw 1981). 

Cannabis was used to treat a variety of ailments including gastrointestinal 

disorders, rheumatism, headaches, and parasites. Cannabis was also used 

medicinally in ancient India and Egypt for its antibiotic, analgesic, anti-

inflammatory, and hypnotic effects (Russo 2007). For the treatment of burns, 

bruising, and inflammatory lesions, cannabis preparations were often applied 

topically to the affected site to alleviate pain and inflammation (Zuardi 2006).  
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 Cannabis was also used for religious purposes in ancient civilizations. 

Assyrians, Indians, Scythians, and Tibetans used cannabis during religious 

ceremonies for its mood-altering, psychoactive effects (Touw 1981). During these 

ceremonies cannabis was often ingested orally or burned to inhale the smoke to 

procure its psychoactive effects. The effects of cannabis during these 

ceremonies included seeing visions, communicating with spirits, and leaving 

one's body (Zuardi 2006).  

 As ancient peoples migrated and traded, the cultivation of cannabis 

eventually spread throughout Asia, the Middle East, and Africa where it 

continued to be used for its fiber. Cannabis cultivation spread into Europe around 

the 5th century C.E. and eventually into North and South America by the mid 

15th century C.E. (Booth 2003).  Accounts of its medicinal and intoxicant usage 

remained as cannabis spread throughout the world.  

 

Cannabinoids and Cannabinoid Receptors  

 Despite its continued use for thousands of years, the main psychoactive 

constituent of cannabis was not discovered until (-)-∆9-tetrohydrocannabidiol (∆9-

THC) was isolated in the mid 1960's (Mechoulam and Gaoni 1965; Gaoni and 

Mechoulam 1971). Over 60 plant-derived cannabinoids (phytocannabinoids) 

have been isolated, prominent among these are (-)-∆8-tetrohydrocannabidiol (∆8-

THC), cannabidiol, (-)-∆9-tetrohydrocannabivarin, and cannabigerol (Turner et al. 

1980). Of these phytocannabinoids, (-)-∆9-tetrohydrocannabivarin and (-)-∆8-
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tetrohydrocannabidiol have shown psychoactivity or cannabimimetic properties 

(Turner et al. 1980; Pertwee 2008). Following the derivation of 

phytocannabinoids, synthetic analogs of these naturally occurring compounds 

were developed that exhibited cannabimimetic properties. The synthetic 

cannabinoid receptor agonists HU-210 and CP55940 were developed as analogs 

of THC (Howlett et al. 2002, 2004).  

 The mechanism through which cannabinoids produce their biological 

effects was not determined until the first cannabinoid receptor was isolated and 

cloned. This cannabinoid receptor, named cannabinoid one (CB1) receptor, is a 

G-protein coupled receptor that is mainly localized to neurons (Matsuda et al. 

1990). Typically, CB1 receptors associate with Gi/o proteins and activation of 

these receptors decreases cAMP production by inhibiting adendylyl cyclase 

(Matsuda et al. 1990). Activation of CB1 receptors has been shown to modulate 

ion channel activity. Through deceases in cAMP concentrations, CB1 receptors 

activate A-type potassium channel current which results from decreased 

phosphorylation of potassium channels by protein kinase A (Childers and 

Deadwyler 1996).  CB1 receptors also activate G-protein coupled inwardly 

rectifying potassium (GIRK) channels via Gβγ subunits (Mackie et al. 1995; 

McAllister et al. 1999). Further studies have also demonstrated that activation of 

CB1 receptors inhibits L-(Gebremedhin et al. 1999), N- (Mackie and Hille 1992; 

Caulfield and Brown 1992; Pan et al. 1996; Khasabova et al. 2004), P- (Twitchell 
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et al. 1997; Fisyunov et al. 2006), and Q-type (Twitchell et al. 1997) calcium 

channels.  

 A later study characterized a second cannabinoid receptor, named 

cannabinoid two (CB2) receptor, which has 48% homology with the CB1 receptor 

(Munro et al. 1993).  CB2 receptors are mainly localized to leukocytes; however, 

CB2 receptors have been localized to small subsets of neurons (Van Sickle et al. 

2005; Onaivi et al. 2006). CB2 receptors also associate with Gi/o G-proteins and 

activation of CB2 receptors produces decreases in cAMP concentrations (Slipetz 

et al. 1995). Activation of CB2 receptors also modulates cytokine secretion to 

produce a shift from cell-mediated (Th1) to humoral (Th2) immunity (Klein et al. 

2003). Activation of CB2 receptors has also been shown to reduce proliferation of 

T- and B-cells to mitogens through activation of apoptotic pathways (Lombard et 

al. 2007).  Monocyte chemotaxis has also been shown to be suppressed 

following CB2 receptor activation through PI3K/Akt and ERK1/2 signaling 

(Montecucco et al. 2008).  

 Recently a third cannabinoid receptor was discovered, named GPR55, 

which has 13.5% and 14.4% homology to CB1 and CB2 receptors, respectively 

(Ryberg et al. 2007). GPR55 receptors are localized to adrenal glands, 

gastrointestinal tract, and the central nervous system. Unlike CB1 and CB2 

receptors, GPR55 receptors associate with G13, G12, and Gq G-proteins (Ryberg 

et al. 2007; Lauckner et al. 2008). Activation of GRP55 receptors increases 

intracellular calcium concentrations through release of internal stores and inhibits 
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M-type potassium current (Lauckner et al. 2008).  Other G-proteins such as 

RhoA, cdc42, and rac1 are also activated by GRP55 receptors (Ryberg et al. 

2007).   

 Following the isolation and cloning of cannabinoid receptors, endogenous 

cannabinoid receptor ligands or endocannabinoids, were discovered. The first 

and most thoroughly studied endocannabinoid, arachidonylethanolamide 

(anandamide), is synthesized on-demand from membrane phospholipids. So far 

all other endocannabinoids isolated are also polyunstaurated fatty acids and 

include: 2-arachidonoyl glycerol (2-AG) (Mechoulam et al. 1995; Sugiura et al. 

1995), 2-arachidonoylglyceryl ether (noladin ether) (Hanus et al. 2001), O-

arachidoyl-ethanolamine (virdodhamine) (Porter et al. 2002), and N-

arachidonoylethanolamine (NADA) (Bisogno et al. 2000; Huang et al. 2002).  

  

Behavioral Pharmacology of Cannabinoids 

Human Studies 

 The oft cited effect of consuming cannabis is the subjective "high" 

experienced by the user. This "high" is generally reported as feelings of euphoria 

or well-being, followed by a state of sedation (Abood and Martin 1992). These 

subjective effects are thought to be primarily due to ∆9-THC, which produces 

similar effects when administrated alone to human participants (Abood and 

Martin 1992). Excessive consumption of cannabis has been reported to produce 

paranoia, hallucinations, and depersonalization (Abood and Martin 1992).  
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 Consumption of cannabis also produces mild cognitive and psychomotor 

impairment in humans with the severity of impairment dependent on the ∆9-THC 

content. Studies have demonstrated that cannabis can impair learning, attention, 

reaction time, and psychomotor function (Abel 1971; Abood and Martin 1992).  

Reports of these cognitive and psychomotor deficits are not consistent across all 

studies, likely due to differences between participants, ∆9-THC content, and route 

of administration. Participants' level of experience as moderate or heavy 

cannabis-users likely also influences performance on cognitive and psychomotor 

tasks as does the amount of ∆9-THC administered (Ramaekers et al. 2006).  

 

Animal Studies 

 Administration of cannabinoids to laboratory animals generally produces 

central nervous system depression and a series of behavioral cannabimimetic 

effects. Typically most behavioral assays have employed the use of canines, 

non-human primates, and rodents. Administration of cannabinoids to canines 

produces static ataxia, hyperreflexia, tucked-tail, and decreases in prancing and 

spontaneous activity (Razdan 1986). Non-human primates given cannabinoids 

display a reduction of aggressiveness and motor activity and develop stupor and 

ataxia (Razdan 1986). In rodents these cannabimimetic effects include 

antinociception, catalepsy, hypothermia, and decreased spontaneous locomotor 

activity (Martin 1985). Previous studies have also documented that cannabinoids 

impair learning and memory in laboratory animals (Carlini et al. 1970; Ferraro 
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and Grilly 1973; Miller and Drew 1974; Sullivan 2000; Lichtman and Martin 1996; 

Varvel et al. 2001).  

 

CNS expression of Cannabinoid Receptors  

 Autoradiographic, in situ hybridization, and immunohistochemical studies 

have demonstrated that CB1 receptors are broadly expressed throughout the 

central nervous system. In these studies, CB1 receptors are most densely 

expressed in the cerebral cortex, hippocampal formation, striatum, and 

cerebellum (Herkenham et al. 1990, 1991; Mailleux and Vanderhaeghen 1992; 

Matsuda et al. 1993; Tsou et al. 1998; Egertová and Elphick 2000). The 

localization of CB1 receptors in the central nervous system likely reflects the 

behavioral cannabimimetic effects observed following administration of 

cannabinoids (Howlett et al. 2002, 2004). In addition to this broad localization, 

further studies revealed that these receptors are associated with a low density of 

GTP-ases compared to opioid receptors (3 versus 20) (Sim et al. 1996; Breivogel 

et al. 1997; Gifford et al. 1999).  

  

Analgesic Properties of Cannabinoids 

Human Studies 

 Archaeological evidence indicates that cannabis was used for its 

analgesic properties. Despite these historical claims, few controlled trials have 

been conducted. The lack of controlled studies on cannabis is due to its legal 
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prohibition in most countries including the United States. Smoked cannabis has 

been shown to produce analgesia in patients suffering from neuropathic pain 

(Abrams et al. 2007; Wilsey et al. 2008), while cannabis-extracts were found to 

produce analgesia for treating post-operative pain (Holdcroft et al. 2006) and 

neuropathic pain (Rog et al. 2005). Despite these few studies, a survey of 

patients with chronic non-cancer pain patients in Canada who used marijuana to 

treat their pain indicated that 47% of patients reported it very effective at relieving 

their symptoms (Ware et al. 2003).  

 Other studies have examined the effects of synthetic cannabinoids on pain 

in humans and have produced mixed results. The analgesic efficacy of ∆9-THC 

was similar to codeine in patients with chronic cancer pain (Noyes Jr. et al. 

1975a,b). CT-3 (Karst et al. 2003) and ajulemic acid (Salim et al. 2005), both 

analogs of ∆9-THC, have been shown to have analgesic efficacy in patients with 

chronic neuropathic pain. Sativex, a mixture of ∆9-THC and cannabidiol, was also 

found to reduce neuropathic pain in humans (Nurmikko et al. 2007). However, 

previous studies found that synthetic analogs of ∆9-THC did not produce 

analgesia for treating post-operative pain (Jain et al 1981; Buggy et al. 2003; 

Beaulieu 2006). Synthetic cannabinoids have also been shown to act 

synergistically when co-administered with opioids in humans (Roberts et al. 

2006; Narang et al. 2008). 

 The testing of cannabinoids on experimental pain models in humans has 

also been limited. Smoked cannabis or synthetic cannabinoid receptor agonist 
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HU210 attenuated the hyperalgesia produced by capsaicin (Rukwied et al. 2003; 

Wallace et al. 2007). However, oral administration of ∆9-THC failed to alter 

hyperalgesia produced by UV irradiation or capsaicin (Kraft et al. 2008).  

Animal Studies 

 Systemic administration of cannabinoids to lab animals also produces 

analgesia. Previous studies have demonstrated that administration of ∆9-THC 

produces antinociception in rodents (Buxbaum 1972; Sofia et al. 1975; Wilson 

and May 1975; Moss and Johnson 1980; Varvel et al. 2005), dogs (Kaymakçalan 

et al. 1974) and non-human primates (Vivian et al. 1998). Systemically 

administered synthetic cannabinoid receptor agonists have also been shown to 

attenuate hyperalgesia produced by neuropathic injury (Herzberg et al. 1997; Fox 

et al. 2001; Bridges et al. 2001; Costa et al. 2004; Doğrul et al. 2004), formalin 

(Jaggar et al. 1998), capsaicin (Li et al. 1999), carrageenan (Conti et al. 2002; 

Elmes et al. 2005), complete Freund's adjuvant (Dyson et al. 2005), and cancer 

(Kehl et al. 2003; Hamamoto et al. 2007).  

 

Peripheral Antihyperalgesic Effects of Cannabinoids  

Behavioral Studies 

 The analgesic actions produced by systemically administered 

cannabinoids are likely due to activation of cannabinoid receptors throughout the 

CNS. Since systemically administered cannabinoids alter motor function, the 

analgesic effects could potentially result from motor impairment. This is unlikely, 
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since previous studies have demonstrated that systemically administered 

cannabinoid attenuate the responses of nociceptive spinal cord neurons and 

thalamic neurons (Martin et al. 1996; Hohmann et al. 1999). To avoid these 

centrally-mediated effects, further studies have employed site-directed 

administration of cannabinoids to the periphery.  

 Previous studies have demonstrated that locally-administered 

cannabinoids produce analgesia in animal models of acute and persistent pain 

through activation of peripheral CB1 receptors. Local administration of 

cannabinoids produced antihyperalgesia induced by capsaicin (Ko and Woods 

1999; Johanek et al. 2001), formalin (Calignano et al. 1998; Guindon et al. 2006), 

carrageenan (Richardson et al. 1998; Gutierrez et al. 2007), complete Freund's 

adjuvant (Amaya et al. 2006; Potenzieri et al. 2008b), cancer (Guerrero et al. 

2008; Khasabova et al. 2008; Potenzieri et al. 2008a) and nerve injury (Fox et al. 

2001; Ulugol et al. 2004; Guindon and Beaulieu 2006; Agarwal et al. 2007).  

 Further studies have also demonstrated that locally-administered 

cannabinoids produce antinociception through activation of CB2 receptors. 

Activation of peripheral CB2 receptors results in antinociception to noxious heat 

(Malan Jr. et al. 2001; Ibrahim et al. 2005; Ibrahim et al. 2006). Local 

administration of CB2 receptor agonists attenuated hyperalgesia produced by 

carrageenan (Nackley et al. 2003; Quartilho et al. 2003; Elmes et al. 2005; 

Gutierrez et al. 2007), capsaicin (Hohmann et al. 2004), and nerve pain (Ibrahim 

et al. 2003). The exact mechanism responsible CB2 receptor-mediated 
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antinociception is unclear, but likely involve both neuronal and non-neuronal 

components.  

 

Peripheral Neural Mechanisms of Cannabinoid Antihyperalgesia  

 The peripherally-mediated antihyperalgesia produced by locally- 

administered cannabinoid is likely mediated, in part, by activation of CB1 

receptors located on primary afferent nerve terminals. Previous studies have 

demonstrated that DRG neurons express CB1 receptors (Hohmann and 

Herkenham 1999; Ahluwalia et al. 2000; Bridges et al. 2003). These studies 

indicate that CB1 receptors are localized mainly to large diameter, DRG neurons 

the give rise to myelinated nerve fibers (presumably both nociceptive and non-

nociceptive). Activation of CB1 receptors on DRG neurons decreased high-

voltage activated calcium currents (Ross et al 2001; Khasabova et al. 2002, 

2004) and reduced capsaicin-evoked calcium transients (Millns et al. 2001; 

Sagar et al. 2005). Targeted deletion of CB1 receptors from Nav1.8 expressing 

nociceptive sensory neurons produced a loss peripherally-mediated cannabinoid 

analgesia, indicating that nociceptors are affected by cannabinoids (Agarwal et 

al. 2007). Although numerous studies indicate that activation of peripheral CB1 

receptors mediates the antihyperalgesia produced by locally-administered 

cannabinoids, the extent to which cannabinoids alter responses of nociceptors to 

decrease hyperalgesia is not currently known.  
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Statement of Purpose 

 Numerous studies have demonstrated that activation of peripheral 

cannabinoid receptors produced antinociception in a variety of animal models of 

acute and persistent pain. Further in vitro studies have demonstrated that 

cannabinoids decrease the responses of nociceptive neurons. Taken together, 

these studies suggest that cannabinoids act on nociceptors to produce 

antinociception. The specific mechanisms of how cannabinoids modulate 

nociceptor activity and the types of nociceptors sensitive to cannabinoids, are not 

known. Using correlative behavioral and in vivo teased-fiber electrophysiological 

methods, the overall aim of this thesis is to determine the peripheral neural 

mechanisms by which cannabinoids attenuate nociception. 

 Although previous studies have demonstrated that locally-administered 

cannabinoids produce antinociception, very few studies have examined the 

effects of cannabinoids during naive, control conditions. To account for this state-

dependent effect, the first specific aim was formulated:  

To determine if peripheral CB1 receptor activation decreases mechanical 

and thermal sensitivity during non-inflamed and inflamed conditions.  

 To assess the ability of locally-administered cannabinoids to alter 

mechanical and thermal sensitivity, a model of inflammatory pain was employed. 

Complete Freund's adjuvant (CFA) was administered into the hindpaw to 

produce inflammation, allodynia, and hyperalgesia. The non-inflamed condition 

was induced by an intraplantar injection of an equal volume of saline. Paw 
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withdrawal thresholds and frequencies evoked by von Frey monofilaments 

applied to the plantar surface of the hindpaw were determined to assay 

mechanical sensitivity. Latencies to paw withdrawal from radiant heat were 

determined to assay thermal sensitivity. The effect of the cannabinoid receptor 

agonists arachidonyl-2’-chloroethylamide (ACEA) and (R)-(+)-methanandamide 

(methAEA) on mechanical and thermal sensitivity was determined before and at 

several time-points following injection into the affected hindpaw. It is 

hypothesized that neither ACEA nor methAEA will have an effect on mechanical 

and thermal sensitivity during control, non-inflamed conditions, but will attenuate 

nociception during CFA-evoked inflammation via CB1 receptors.  

 Despite previous studies demonstrating a reduction in the excitability of 

nociceptive DRG neurons following CB1 receptor activation, how cannabinoids 

modulate the response properties of nociceptors is not known.  Thus, the second 

specific aim was formulated:  

To determine if peripheral CB1 receptor activation decreases evoked 

responses of cutaneous nociceptors during non-inflamed inflamed 

conditions.  

 Cutaneous Aδ and C nociceptors were isolated from the tibial nerve 

following intraplantar injection of saline or CFA into the hindpaw, in the same 

manner as in behavioral studies.  To assess the ability of locally-administered 

cannabinoids to alter the response properties of nociceptors, responses to 

controlled mechanical and heat stimuli were determined before and at several 
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time-points after injection of ACEA, methAEA into the receptive field (RF) located 

on the plantar surface of the hindpaw. It is hypothesized that neither ACEA nor 

methAEA will alter evoked responses of Aδ and C nociceptors in non-inflamed 

conditions. However, it is hypothesized that ACEA and methAEA will decrease 

evoked responses of both Aδ and C nociceptors from inflamed skin via CB1 

receptors. 

 Previous studies have demonstrated that CB1 receptors are mainly 

expressed on large diameter DRG neurons that give rise to myelinated nerve 

fibers (Bridges et al. 2003). Since these expression studies cannot specifically 

determine if these large diameter DRG neurons are nociceptive or non-

nociceptive, it is possible that Aβ mechanoreceptors are also express CB1 

receptors. Thus, the third specific aim was formulated:  

To determine if peripheral CB1 receptor activation decreases evoked 

responses of cutaneous mechanoreceptors during non-inflamed and 

inflamed conditions.  

 Cutaneous Aβ mechanoreceptors were isolated from the tibial nerve 

following intraplantar injection of saline or CFA into the hindpaw, in the same 

manner as in behavioral studies.  To assess the ability of locally-administered 

cannabinoids to alter the response properties of mechanoreceptors, responses to 

controlled mechanical stimuli were determined before and at several time-points 

after injection of ACEA into the receptive field (RF) located on the plantar surface 
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of the hindpaw. It is hypothesized that ACEA will not alter evoked responses of 

Aβ mechanoreceptors from either non-inflamed or inflamed skin.  

 Although prior studies employed the cannabinoid receptor agonists ACEA 

and methAEA, preliminary studies tested the ability of the endogenous 

cannabinoid receptor agonist, arachidonylethanolamide (AEA) to attenuate 

inflammatory hyperalgesia. Unlike ACEA and methAEA, AEA did not attenuate 

inflammatory hyperalgesia. AEA has also been characterized as an endogenous 

vanilloid receptor agonist, and to further characterize its effects, a fourth specific 

aim was formulated: 

To determine if peripheral administration of anandamide excites cutaneous 

nociceptors and produces nocifensive behaviors through activation of 

transient receptor potential vanilloid type one (TRPV1) receptors. 

 AEA was injected into the RFs of cutaneous Aδ and C nociceptors 

isolated from the tibial nerve to determine if excitation occurred.  The presence of 

nocifensive behavior was assessed following intraplantar injection of AEA. 

TRPV1 receptor antagonists were pre-administered prior to anandamide to 

determine receptor selectivity.  It is hypothesized that AEA will excite cutaneous 

nociceptors and produce nocifensive behavior through activation TRPV1 

receptors.  
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Chapter 2 

 

 

CANNABINOID MODULATION OF NOCICEPTION DURING NON-INFLAMED 

AND INFLAMED CONDITIONS 
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 Introduction 

 Systemic administration of cannabinoids produces antinociception and 

attenuates hyperalgesia and allodynia in animal models of acute and chronic 

pain (for reviews see Walker et al. 1999; Hohmann 2002; Walker and Huang, 

2002; Mbvundula et al. 2004). The efficacy of systemically delivered 

cannabinoids is limited by adverse cannabimimetic effects (catalepsy, 

hypolocomotion, and disruptions in memory) which are mediated through CB1 

receptor activation in the central nervous system (for review see Iversen 2003). 

One way to avoid these centrally-mediated cannabimimetic effects, while still 

providing analgesia, is through the selective targeting of peripheral CB1 receptors 

expressed on nociceptive primary afferent dorsal root ganglion (DRG) neurons 

(Hohmann and Hekenham, 1999; Ahluwalia et al. 2000) and cutaneous nerve 

terminals (Ständer et al. 2005; Amaya et al. 2006; Agarwal et al. 2007). 

 Peripheral administration of cannabinoids attenuated hyperalgesia in 

animal models of inflammatory pain (Richardson et al. 1998; Amaya et al. 2006; 

Gutierrez et al. 2007), neuropathic pain (Fox et al. 2001; Guidon and Beaulieu 

2006), heat injury (Johanek and Simone 2004), and capsaicin-evoked 

hyperalgesia (Johanek at al. 2001) through activation of CB1 receptors. Although 

previous studies have demonstrated that locally-administered cannabinoids 

produce antinociception, few studies have examined the effects of cannabinoids 

during naive, control states. To account for this state-dependent effect, the 

overall aim of the present study was to determine if peripheral CB1 receptor 
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activation decreases mechanical and thermal sensitivity during non-inflamed and 

inflamed conditions. A report of this study has been published and is included in 

this thesis with permission from the American Physiological Society (Potenzieri et 

al. 2008b).  
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Methods 

Subjects 

 Adult, male, Sprague–Dawley rats weighing 280–350 g were used in this 

study. Animals were obtained from Harlan (Indianapolis, IN), housed on a 12-

hour light/dark schedule, and allowed ad libitum access to food and water. 

Experiments were performed during the light cycle. All procedures were 

approved by the Animal Care Committee at the University of Minnesota, and 

experiments were conducted according to the guidelines established by the 

International Association for the Study of Pain. 

 

Induction of inflammation 

 Rats were anesthetized with a mixture of isoflurane gas (Phoenix 

Pharmaceuticals, St. Joseph, MO) in air (2% for induction and maintenance) and 

received a single intraplantar injection of complete Freund’s adjuvant (CFA) 

(Sigma Chemical, St. Louis, MO) or sterile isotonic saline as a control (Baxter, 

Deerfield, IL). CFA (1 mg/mL) and saline were given in a volume of 50 µl using a 

28-guage needle. Behavioral experiments were performed 24 hours after 

injection of CFA or saline.   

 

Drug preparation and administration 

 The cannabinoid receptor agonists were N-(2-Chloroethyl)-

5Z,8Z,11Z,14Z-eicosatetraenamide (ACEA) and (R)-N-(2-Hydroxy-1-
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methylethyl)-5Z,8Z,11Z,14Z-eicosatet raenamide (methAEA).  The CB1 receptor 

antagonist used was N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophen yl)-

4-methyl-1H-pyrazole-3-carboxamide (AM251) which exhibits ≈ 300-fold 

selectivity over CB2 receptors (Gatley et al. 1996). The CB2 receptor antagonist 

was 6-Iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-y l](4-

methoxyphenyl)methanone  (AM630) which exhibits ≈ 160-fold selectivity over 

CB1 receptors (Pertwee et al. 1995; Hosohata et al. 1997). All drugs were 

obtained from Tocris Bioscience (Ellisville, MO).  ACEA was supplied pre-

dissolved in ethanol (5 mg/mL). MethAEA was supplied pre-dissolved in a water 

soluble emulsion (TocrisolveTM) (5 mg/mL).  AM251was dissolved in anhydrous 

ethanol (25 µg/µl). AM630 was dissolved in a vehicle containing 5% Tween80 

and 5% DMSO in isotonic saline (20 µg/µl). All drugs were diluted to their final 

concentration in sterile isotonic saline and administered via subcutaneous 

intraplantar injection in a volume of 50 µl.  

 

Paw withdrawal thresholds  

 Paw withdrawal thresholds to mechanical stimuli were used as a measure 

of mechanical allodynia. Withdrawal thresholds were determined using a series 

of eight calibrated Semmes-Weinstein von Frey monofilaments of logarithmic 

incremental stiffness (0.40-15 g) (Stoelting, Wood Dale, IL). Animals were placed 

on an elevated plastic mesh platform under individual plastic cages and allowed 

to acclimate to the testing environment for 30 minutes prior to testing. The 
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monofilaments were applied to the mid-plantar surface of the hindpaw for 1-2 s 

with an interstimulus interval of 5-6 s. The paw withdrawal threshold (g) was 

calculated according to the methods described by Chaplan et al. (1994). Baseline 

measures were determined for each animal for three consecutive days prior to 

injection of saline or CFA. Mechanical allodynia was defined as a decrease in 

paw withdrawal threshold.  

 

Paw withdrawal frequencies 

  The frequency of paw withdrawal evoked by a standard mechanical 

stimulus was used to measure mechanical hyperalgesia. The frequency of paw 

withdrawal evoked by a Semmes-Weinstein von Frey monofilament (Stoelting, 

Wood Dale, IL) with a weight of 26 g was determined. Animals were placed on an 

elevated plastic mesh platform under individual plastic cages and allowed to 

acclimate to the testing environment for 30 minutes prior to testing. The filament 

was applied to the mid-plantar surface of the hindpaw ten times for 1-2 s each 

with an interstimulus interval of 5-6 s and the paw withdrawal frequency (%) was 

determined. Baseline measures were determined for each animal for three 

consecutive days prior to injection of saline or CFA. Mechanical hyperalgesia 

was defined as an increase in the paw withdrawal frequency.  

 

Paw withdrawal latencies 
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  The latency of paw withdrawal (s) from radiant heat stimulation was used 

to measure heat hyperalgesia. Withdrawal responses to radiant heat stimuli were 

determined using a custom built device that uses an encased 50W bulb to deliver 

a radiant heat source similar to methods described by Hargreaves et al. (1988). 

Rats were placed under a clear plastic cage on a 3-mm thick glass plate that was 

elevated to allow maneuvering of the radiant heat source beneath it. Rats were 

acclimated to the testing environment for at least 15 min prior to stimulation. The 

heat source was positioned such that the focused beam of radiant heat (8 mm 

diameter) was applied to the mid-plantar surface. Withdrawal latencies to the 

nearest 0.1 s were measured automatically by use of a photocell that terminated 

each trial and stopped the timer upon withdrawal of the hindpaw. A 19 s cutoff 

was imposed to prevent tissue damage. Four stimuli were applied to each 

hindpaw, alternating between paws, with an interstimulus interval of at least 60 s. 

Withdrawal latency for each paw was defined as the average of the last three 

trials. Withdrawal latencies were obtained daily for each hindpaw during a 

training period of 3 consecutive days. Hyperalgesia to heat was defined as a 

decrease in paw withdrawal latency.  

 

Experimental design  

 Paw withdrawal thresholds and latencies were determined concurrently, 

while paw withdrawal frequencies were determined in separate groups of 

animals. Following three consecutive days of baseline testing, animals received 
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an intraplantar injection of either CFA or saline into the left hindpaw. Twenty-four 

hours following injection, animals were randomly divided into groups of eight to 

ten rats each. Paw withdrawal thresholds, frequencies, and latencies were 

determined for both hindpaws before and 30, 60, and 120 minutes after 

cannabinoid or vehicle administration into the left hindpaw. In separate groups of 

rats, ACEA or methAEA was injected into the contralateral hindpaw and paw 

withdrawal thresholds, frequencies, and latencies were determined in the 

inflamed (ipsilateral) hindpaw. The doses of either ACEA or methAEA given were 

0.1, 1, or 10 µg. AM251 or AM630 were each given in doses of 30 µg and were 

co-injected with either ACEA (10 µg) or methAEA (10 µg). Each animal was used 

in only one experiment and the experimenter was blinded to the identity of the 

drug administered.  

 

Data analysis  

 To determine the effect of cannabinoids or their vehicles on withdrawal 

thresholds, frequencies, and latencies to heat compared to baseline measures, 

comparisons were made using one-way repeated-measures ANOVA followed by 

paired t-tests with the Bonferroni correction for multiple comparisons. A one-way 

ANOVA followed by unpaired t-tests with the Bonferroni correction for multiple 

comparisons was used to determine the effect of cannabinoids or their vehicles 

on withdrawal thresholds, frequencies, and latencies between groups. Within 

group comparisons of the main effect of CFA and saline injection on withdrawal 
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thresholds, frequencies, and latencies were made using paired t-tests. For all 

statistical analyses, a probability value <0.05 was considered significant. All data 

are presented as mean (±S.E.M). 
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Results 

Mechanical allodynia, mechanical hyperalgesia, and heat hyperalgesia following 

inflammation 

 Twenty-four hours after intraplantar injection of CFA, rats exhibited 

mechanical allodynia, mechanical hyperalgesia, and heat hyperalgesia in the 

injected hindpaw. Paw withdrawal thresholds decreased from 13.6±0.2 g to 

5.0±0.2 g (n=140, p<0.001), paw withdrawal frequencies increased from 

26.9±0.7% to 94.8±0.6% (n=188, p<0.0001), and paw withdrawal latencies 

decreased from 11.3±0.1 s to 6.0±0.1 s (n=140, p<0.0001).  Withdrawal 

thresholds (n=37), withdrawal frequencies (n=32), and withdrawal latencies 

(n=32) did not change 24 hours after intraplantar injection of saline (from 

13.1±0.3 g to 12.9±0.4 g, 24.6±1.7% to 25.7±1.3%, and 10.9±0.2 s to 10.4±0.3 s, 

respectively). No changes in withdrawal thresholds, frequencies, or latencies 

were observed in the contralateral hindpaw in either CFA- or saline-treated rats.  

 

Effects of ACEA and methAEA on mechanical allodynia 

 Intraplantar injection of ACEA or methAEA, but not vehicle, attenuated 

mechanical allodynia produced by CFA. Increases in withdrawal threshold 

occurred following the 1 and 10 µg doses of both cannabinoids (Figure 1-2). The 

antiallodynic effects of both cannabinoids peaked 30 minutes after administration 

and withdrawal thresholds returned to baseline values by 60 minutes after 

administration (Figure 1-2).  Mean paw withdrawal thresholds 30 minutes after 
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administration of 1 and 10 µg of ACEA were 9.2±1.6 g and 14.3±0.7 g, 

respectively (p<0.05). Mean paw withdrawal thresholds 30 minutes after 

administration of 1 and 10 µg of methAEA were 9.6±1.8 g and 13.8±1.1 g, 

respectively (p<0.05).  

 To determine if the antiallodynia produced by ACEA and methAEA was 

mediated by peripheral cannabinoid receptors, rather than through a systemic 

mechanism, ACEA (10 µg) or methAEA (10 µg) was injected into the 

contralateral hindpaw and paw withdrawal thresholds were determined in the 

inflamed (ipsilateral) hindpaw. Withdrawal thresholds 30, 60, and 120 minutes 

after administration of ACEA into the contralateral paw (4.1±0.9 g, 3.5±0.3 g, 

3.7±0.4 g, respectively) were not different from baseline withdrawal thresholds 

(5.0±0.5 g). Similarly, withdrawal thresholds 30, 60, 120 minutes after 

administration of methAEA into the contralateral paw (3.1±0.4 g, 3.1±0.8 g, 

3.8±0.5 g, respectively) also did not differ from baseline withdrawal thresholds 

(4.4±0.6 g).These results indicate that the antiallodynia following administration 

of ACEA and methAEA was mediated by peripheral cannabinoid receptors.  

 ACEA and methAEA were co-administered with either the CB1 receptor 

antagonist, AM251, or the CB2 receptor antagonist, AM630, to determine which 

cannabinoid receptor subtype mediated the antiallodynic effects produced by 

either cannabinoid. Co-administration of either ACEA (10 µg) or methAEA (10 

µg) with AM251 (30 µg), but not with AM630 (30 µg), blocked the increase in 

withdrawal thresholds produced by ACEA and methAEA (Figure 1-2).  These 
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results suggest that the antiallodynia following administration of ACEA and 

methAEA are mediated by peripheral CB1 receptors. Administration of AM251 or 

AM630 alone, or their vehicles, did not alter withdrawal thresholds (data not 

shown).  

 

Effects of ACEA and methAEA on mechanical hyperalgesia 

 Intraplantar injection of ACEA or methAEA, but not vehicle, dose-

dependently attenuated mechanical hyperalgesia. Decreases in withdrawal 

frequencies occurred following administration of the 1 or 10 µg doses of each 

cannabinoids (Figure 3-4). The antihyperalgesic effects of both cannabinoids 

peaked 30 minutes after administration and paw withdrawal frequencies returned 

to baseline values by 60 minutes after administration (Figure 3-4). Mean paw 

withdrawal frequencies 30 minutes after administration of 1 or 10µg of ACEA 

were 66.3±2.6 % and 38.8±5.6 %, respectively. Mean paw withdrawal thresholds 

30 minutes after administration of 1 or 10µg of methAEA were 70.0±2.5 % and 

44.0±6.1 %, respectively. 

 Similar to the results for mechanical allodynia, intraplantar injection of 

either ACEA (10 µg) or methAEA (10 µg) into the contralateral hindpaw did not 

alter paw withdrawal frequencies in the inflamed (ipsilateral) hindpaw. Withdrawal 

frequencies 30, 60, and 120 minutes after administration of ACEA into the 

contralateral paw (96.0±2.0 %, 92.0±3.7 %, 98.0±2.0 %, respectively) were not 

different from baseline withdrawal thresholds (96.0±2.4 %). Similarly, withdrawal 
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frequencies 30, 60, and 120 minutes after administration of methAEA into the 

contralateral paw (95.0±1.6 %, 96.6±1.6 %, 95.0±1.6 %, respectively) were not 

different from baseline withdrawal thresholds (94.0±2.2 %).  Again, these results 

indicate that the antihyperalgesic effects of locally-administered ACEA and 

methAEA are mediated by peripheral cannabinoid receptors.  

 The decrease in withdrawal frequencies produced by either ACEA (10 µg) 

or methAEA (10µg) was blocked by co-administration of the CB1 receptor 

antagonist AM251 (30 µg), but not by CB2 receptor antagonist AM630 (30 µg) 

(Figure 3-4). These results suggest that the antihyperalgesia produced by ACEA 

and methAEA are mediated by peripheral CB1 receptors. Administration of 

AM251 or AM630 alone, or their vehicles, did not alter paw withdrawal 

frequencies (data not shown).  

 

Effects of ACEA and methAEA on heat hyperalgesia 

 Similar to results obtained for mechanical hyperalgesia, intraplantar 

administration of ACEA or methAEA also attenuated heat hyperalgesia. 

Decreases in withdrawal latencies occurred following administration of the 10 µg 

dose of either drug (Figure 5-6). The antihyperalgesic effects of both 

cannabinoids peaked 30 minutes after administration and paw withdrawal 

latencies returned to baseline values by 60 minutes after administration (Figure 

5-6). The mean withdrawal latencies 30 minutes after administration of 10 µg of 

ACEA and methAEA were 10.0±0.86 s and 9.1±0.6 s, respectively.   
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 Administration either ACEA (10 µg) or methAEA (10 µg) into the 

contralateral hindpaw did not alter paw withdrawal latencies in the inflamed 

(ipsilateral) hindpaw.  Withdrawal latencies 30, 60, and 120 minutes after 

administration of ACEA into the contralateral paw (6.0±0.3 s, 5.6±0.3 s, 5.8±0.3 

s, respectively) were not different from baseline withdrawal thresholds (6.7±0.3 

s). Similarly, withdrawal frequencies 30, 60, and 120 minutes after administration 

of methAEA into the contralateral paw (5.2±0.2 s, 5.8±0.3 s, 5.7±0.3 s, 

respectively) were not different from baseline withdrawal thresholds (5.5±0.3 s). 

Again, these results indicate that the antihyperalgesic effects of locally-

administered ACEA and methAEA into the inflamed hindpaw are mediated by 

peripheral cannabinoid receptors.  

 The decrease in withdrawal latencies produced by either ACEA (10 µg) or 

methAEA (10 µg) was blocked by the CB1 receptor antagonist AM251 (30 µg), 

but not by CB2 receptor antagonist AM630 (30 µg) (Figure 5-6). These results 

suggest that the antihyperalgesia produced by ACEA and methAEA is mediated 

by peripheral CB1 receptors. Administration of AM251 or AM630 alone, or their 

vehicles, did not alter paw withdrawal latencies (data not shown).   

 

Effects of ACEA and methAEA in control, non-inflamed rats 

 Twenty-four hours after intraplantar injection of saline, rats received an 

intraplantar injection of ACEA (10 µg), methAEA (10 µg), or vehicle. In contrast to 

the antinociceptive effects observed when given into the inflamed hindpaw, 



 
 
 

43

ACEA and methAEA, as well as their vehicles, produced a small decrease in paw 

withdrawal thresholds and a trend for an increase paw withdrawal frequencies 

(Figure 7-8). The decrease in withdrawal thresholds produced by ACEA and 

methAEA did not differ from their vehicles at any time point tested. Withdrawal 

latencies also decreased following administration of ACEA, but did not differ from 

its vehicle at any time point test (Figure 9). Intraplantar administration of 

methAEA did not alter withdrawal latencies, but withdrawal latencies decreased 

60 and 120 minutes after administration of its vehicle (Figure 9). These results 

suggest that peripheral administration of ACEA or methAEA did not produce 

antinociception to mechanical and heat stimuli during control, non-inflamed 

conditions.  
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Discussion 

 In the present study, local administration of the cannabinoid receptor 

agonists, methAEA or ACEA, into the inflamed hindpaw attenuated mechanical 

allodynia, mechanical hyperalgesia, and heat hyperalgesia. In contrast, 

administration of ACEA or methAEA into the contralateral hindpaw did not alter 

allodynia and hyperalgesia in the ipsilateral inflamed hindpaw. The antiallodynic 

and antihyperalgesic effects of ACEA and methAEA were blocked by co-

administration with the CB1 receptor antagonist AM251, strongly suggesting that 

activation of peripheral CB1 receptors underlies these effects. Administration of 

neither methAEA nor ACEA produced antinociception to mechanical or heat 

stimuli in control, non-inflamed rats. Together, these results suggest that local 

injection of ACEA and methAEA attenuated inflammatory allodynia and 

hyperalgesia through activation peripheral CB1. 

 

Attenuation of allodynia and hyperalgesia by cannabinoids  

 The results of our behavioral studies agree with prior studies 

demonstrating antiallodynia/antihyperalgesia following local administration of 

cannabinoids into inflamed tissue occurs through activation of peripheral CB1 

receptors (Richardson et al. 1998; Amaya et al. 2006; Gutierrez et al. 2007). 

Local administration of cannabinoids have also been shown to attenuate 

hyperalgesia produced by nerve injury (Fox et al. 2001; Guindon and Beaulieu 

2006), cutaneous heat injury (Johanek and Simone 2004), and cancer (Guerrero 
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et al. 2008; Potenzieri et al. 2008a) through activation of peripheral CB1 

receptors.    

 Previous studies have demonstrated that ACEA (Hillard et al. 1999; 

Meybohm et al. 2008) and methAEA (Abadji et al. 1994) given systemically 

produced typical cannabinemic effects such as hypothermia, hypolocomotion, 

catalepsy, and antinociception through activation of CB1 receptors in the central 

nervous system. The doses required to produce these cannabinemic effects 

were 3 to 10 fold greater than the highest doses of ACEA and methAEA used in 

the present study (Abadji et al. 1994; Hillard et al. 1999; Meybohm et al. 2008). 

No antiallodynia or antihyperalgesia occurred when the doses of cannabinoids 

used in the present study were injected into the paw contralateral to the inflamed 

paw, demonstrating that the effects of cannabinoids occurred through peripheral, 

and not central, mechanisms. The antiallodynia and antihyperalgesia produced 

by ACEA and methAEA were blocked by co-administration with the CB1 receptor 

antagonist AM251, but not with the CB2 receptor antagonist AM630. The 

contribution of CB1 receptors to the antiallodynia/antihyperalgesia produced by 

ACEA and methAEA is consistent with their higher affinity for CB1 over CB2 

receptors, 1400- and 40-fold, respectively (Abadji et al. 1994; Hillard et al. 1999).  

 We found that intraplantar administration of ACEA and methAEA 

attenuated withdrawal responses to mechanical and heat stimuli only during 

inflammation. Similarly, the ability of ACEA to attenuate behavioral responses to 

heat was greater during inflammation (Amaya et al. 2006). The enhancement of 
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ACEA's antinociceptive effects was related to increased CB1 receptor labeling in 

both nociceptive DRG neurons and their peripheral nerve terminals (Amaya et al. 

2006). Similarly, up-regulation of CB1 receptors also occurred in DRG neurons 

two weeks following spinal nerve ligation (SNL) (Mitrirattanakul et al. 2006) and 

was related to the enhanced antinociception produced by locally-administered 

cannabinoids in this model of neuropathic pain (Fox et al. 2001). These studies 

suggest that peripherally-mediated antinociception produced by locally-

administered cannabinoids may result from increased CB1 receptor expression in 

nociceptive DRG neurons; however, the specific nociceptor subtypes involved 

have not been determined. It is possible that acute changes also exist to regulate 

CB1 receptor activity, since locally-administered cannabinoids also produce 

peripherally-mediated antinociception in animal models of acute pain such as 

intraplantar injection of capsaicin (Johanek et al. 2001), cutaneous heat injury 

(Johanek and Simone 2004), and intraplantar injection of formalin (Calignano et 

al. 1998; Guindon et al. 2006) through activation of peripheral CB1 receptors.  

 We found that administration of CB1 receptor antagonist AM251 or CB2 

receptor antagonist AM630 alone did not alter mechanical allodynia or 

hyperalgesia following inflammation. These results suggest that changes in 

endocannabinoid tone do not occur or are not functionally observable following 

inflammation. A similar observation was noted by Gutierrez et al. (2007) using 

different CB1 and CB2 receptors antagonist (SR141716A and SR144528, 

respectively).  
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Summary 

 In conclusion, allodynia and hyperalgesia produced by inflammation was 

attenuated by local administration of ACEA or methAEA into the inflamed 

hindpaw. The antiallodynia and antihyperalgesia produced by ACEA and 

methAEA was mediated by CB1 receptors and was not due to systemic effects. 

Administration of ACEA and methAEA did not produce antinociception to 

mechanical and heat stimuli under non-inflamed conditions. Based on results 

from the present study, peripherally-acting cannabinoid receptor agonists may be 

useful to treat inflammatory pain and hyperalgesia.  
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Figure 1. Attenuation of mechanical allodynia by ACEA through activation of 

peripheral CB1 receptors. Peripheral administration of ACEA (A) dose-

dependently increased paw withdrawal thresholds at doses of 1 and 10 µg 

(values shown indicate 30 minutes after administration). Co-administration with 

the CB1 receptor antagonist AM251 (30 µg), but not the CB2 receptor antagonist 

AM630 (30 µg), blocked the antiallodynic effects of 10 µg ACEA. BL: mean 

baseline paw withdrawal thresholds 24 hours prior to injection of CFA. CFA: 

mean paw withdrawal thresholds 24 hours after intraplantar injection of CFA, and 

also serves as the pre-drug baseline. PWT: paw withdrawal threshold. Time: time 

after intraplantar injection of drugs. * indicates a significant difference from 

vehicle (p<0.05). # indicates a significant difference from 1 µg of ACEA (p<0.05). 

‡ indicates significant difference from 10 µg of ACEA (p<0.05).  n= 8-10 animals 

per dose. 



 
 
 

50

Figure 2 
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Figure 2. Attenuation of mechanical allodynia by methAEA through activation of 

peripheral CB1 receptors. Peripheral administration of methAEA (A) dose-

dependently increased paw withdrawal thresholds at doses of 1 and 10 µg 

(values shown indicate 30 minutes after administration). Co-administration with 

the CB1 receptor antagonist AM251 (30 µg), but not the CB2 receptor antagonist 

AM630 (30 µg), blocked the antiallodynic effects of 10 µg methAEA (B). BL: 

mean baseline paw withdrawal thresholds 24 hours prior to injection of CFA. 

CFA: mean paw withdrawal thresholds 24 hours after intraplantar injection of 

CFA, and also serves as the pre-drug baseline. PWT: paw withdrawal threshold. 

Time: time after intraplantar injection of drugs. * indicates a significant difference 

from vehicle (p<0.05). # indicates a significant difference from 1 µg of methAEA 

(p<0.05). ‡ indicates significant difference from 10 µg of methAEA (p<0.05).  n= 

8-10 animals per dose. 
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Figure 3 
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Figure 3. Attenuation of mechanical hyperalgesia by ACEA through activation of 

peripheral CB1 receptors. Peripheral administration of ACEA (A) dose-

dependently decreased paw withdrawal frequencies at doses of 1 and 10µg 

(values shown indicate 30 minutes after administration). Co-administration with 

the CB1 receptor antagonist AM251 (30 µg), but not the CB2 receptor antagonist 

AM630 (30 µg), blocked the antihyperalgesic effects of 10 µg ACEA (B). BL: 

mean baseline paw withdrawal frequency 24 hours prior to injection of CFA. 

CFA: mean paw withdrawal frequency 24 hours after intraplantar injection of 

CFA, and also serves as the pre-drug baseline. PWF: paw withdrawal frequency. 

Time: time after intraplantar injection of drugs.  * indicates a significant difference 

from vehicle (p<0.05).  # indicates a significant difference from 1 µg of ACEA 

(p<0.05). ‡ indicates significant difference from 10 µg ACEA (p<0.05).  n= 8-10 

animals per dose. 



 
 
 

54

Figure 4 
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Figure 4. Attenuation of mechanical hyperalgesia by methAEA through activation 

of peripheral CB1 receptors. Peripheral administration of methAEA (A) dose-

dependently decreased paw withdrawal frequencies at doses of 1 and 10µg 

(values shown indicate 30 minutes after administration). Co-administration with 

the CB1 receptor antagonist AM251 (30 µg), but not the CB2 receptor antagonist 

AM630 (30 µg), blocked the antihyperalgesic effects of 10 µg methAEA (B). BL: 

mean baseline paw withdrawal frequency 24 hours prior to injection of CFA. 

CFA: mean paw withdrawal frequency 24 hours after intraplantar injection of 

CFA, and also serves as the pre-drug baseline. PWF: paw withdrawal frequency. 

Time: time after intraplantar injection of drugs.  * indicates a significant difference 

from vehicle (p<0.05).  # indicates a significant difference from 1 µg of methAEA 

(p<0.05). ‡ indicates significant difference from 10 µg methAEA (p<0.05).  n= 8-

10 animals per dose. 
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Figure 5 
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Figure 5. Attenuation of heat hyperalgesia by ACEA through activation of 

peripheral CB1 receptors. Peripheral administration of ACEA (A) increased paw 

withdrawal latencies at a dose of 10 µg (values shown indicate 30 minutes after 

administration). Co-administration with the CB1 receptor antagonist AM251 (30 

µg), but not the CB2 receptor antagonist AM630 (30 µg), blocked the 

antihyperalgesic effects of 10 µg ACEA (B). BL: mean baseline paw withdrawal 

latencies 24 hours prior to injection of CFA. CFA: mean paw withdrawal latencies 

24 hours after intraplantar injection of CFA, and also serves as the pre-drug 

baseline. PWL: paw withdrawal latency. Time: time after intraplantar injection of 

drugs. * indicates a significant difference from vehicle (p<0.05). ‡ indicates 

significant difference from 10 µg of ACEA (p<0.05).  n= 8-10 animals per dose. 
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Figure 6 
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Figure 6. Attenuation of heat hyperalgesia by methAEA through activation of 

peripheral CB1 receptors. Peripheral administration of methAEA (A) increased 

paw withdrawal latencies at a dose of 10 µg (values shown indicate 30 minutes 

after administration). Co-administration with the CB1 receptor antagonist AM251 

(30 µg), but not the CB2 receptor antagonist AM630 (30 µg), blocked the 

antihyperalgesic effects of 10 µg methAEA (B). BL: mean baseline paw 

withdrawal latencies 24 hours prior to injection of CFA. CFA: mean paw 

withdrawal latencies 24 hours after intraplantar injection of CFA, and also serves 

as the pre-drug baseline. PWL: paw withdrawal latency. Time: time after 

intraplantar injection of drugs. * indicates a significant difference from vehicle 

(p<0.05). ‡ indicates significant difference from 10 µg of ACEA (p<0.05).  n= 8-10 

animals per dose. 
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Figure 7 
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Figure 7. Effects of ACEA and methAEA on paw withdrawal thresholds during 

non-inflamed conditions. Effects of intraplantar injection of ACEA (10 µg) or 

vehicle on mean paw withdrawal thresholds (A) 24 hours after intraplantar 

injection of saline. Effects of intraplantar injection of methAEA (10 µg) or vehicle 

(B) on mean paw withdrawal thresholds 24 hours after intraplantar injection of 

saline. BL: mean baseline paw withdrawal threshold and withdrawal frequency 24 

hours before intraplantar injection of saline. SAL: mean paw withdrawal threshold 

and mean withdrawal frequency 24 hours after intraplantar injection of saline, 

and also serves as the pre-drug baseline. * indicates a significant difference from 

SAL (p<0.05).  n=8-10 animals per dose. 
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Figure 8 
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Figure 8. Effects of ACEA and methAEA on paw withdrawal frequencies during 

non-inflamed conditions. Effects of intraplantar injection of ACEA (10 µg) or 

vehicle on mean paw withdrawal frequencies (A) 24 hours after intraplantar 

injection of saline. Effects of intraplantar injection of methAEA (10 µg) or vehicle 

(B) on mean paw withdrawal frequencies 24 hours after intraplantar injection of 

saline. BL: mean baseline paw withdrawal frequency 24 hours before intraplantar 

injection of saline. SAL: mean paw withdrawal frequency 24 hours after 

intraplantar injection of saline, and also serves as the pre-drug baseline. * 

indicates a significant difference from SAL (p<0.05).  n=8-10 animals per dose. 
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Figure 9 

BL SAL 30 60 120
0

4

8

12

BL SAL 30 60 120
0

4

8

12

Time (minutes)

P 
W

L 
(s

)
P 

W
L 

(s
)

10µg ACEA

10µg methAEA

vehicle

vehicle

A

B

* *

* * *

 

 



 
 
 

65

Figure 9. Effects of ACEA and methAEA on paw withdrawal latencies during 

non-inflamed conditions. Effects of intraplantar injection of ACEA (10 µg) or 

vehicle on mean paw withdrawal latencies (A) 24 hours after intraplantar injection 

of saline. Effects of intraplantar injection of methAEA (10 µg) or vehicle (B) on 

mean paw withdrawal latencies 24 hours after intraplantar injection of saline. BL: 

mean baseline paw withdrawal latency 24 hours before intraplantar injection of 

saline. SAL: mean paw withdrawal latency 24 hours after intraplantar injection of 

saline, and also serves as the pre-drug baseline. * indicates a significant 

difference from SAL (p<0.05).  n=8-10 animals per dose. 
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Chapter 3 

 

 

CANNABINOID MODULATION OF CUTANEOUS NOCICEPTORS DURING 

NON-INFLAMED AND INFLAMED CONDITIONS 
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Introduction 

 Several studies have demonstrated that locally-administered cannabinoids 

produce antinociception in animal models of both acute and persistent pain 

through peripheral mechanisms (for reviews see Walker et al. 1999; Hohmann 

2002; Walker and Huang 2002; Mbvundula et al. 2004). Two main receptors for 

cannabinoids have been isolated, cannabinoid 1 (CB1) and cannabinoid 2 (CB2), 

and both are G-protein coupled receptors (Matsuda et al. 1990; Munro et al. 

1993) which have been localized to various tissues. CB1 receptors are most 

commonly expressed on neurons, and their activation can decrease neuronal 

excitability by decreasing calcium channel conductance and increasing 

potassium channel conductance (for review see Howlett et al. 2004). CB2 

receptors are predominately expressed on leukocytes, and their activation can 

produce a variety of different immunological effects (for review see Klein et al. 

2003; Massi et al. 2006).  

 Locally-administered cannabinoids produce antinociception through 

activation of peripheral CB1 and CB2 receptors. CB1 receptor-mediated 

antinociception has been attributed to activation of CB1 receptors expressed by 

nociceptive dorsal root ganglion neurons (Hohmann and Herkenham 1999; 

Ahluwalia et al. 2000) and their peripheral nerve terminals (Ständer et al. 2005; 

Amaya et al. 2006). Conditional knockdown of CB1 receptors in Nav1.8-

expressing nociceptive sensory neurons prevented cannabinoids applied to the 

periphery from producing antinociception in models of neuropathic and 
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inflammatory pain (Agarwal et al. 2007). Consistent with these observations, 

activation of CB1 receptors decreased high-voltage activated calcium currents 

(Ross et al. 2001; Khasabova et al. 2002, 2004) and reduced capsaicin-evoked 

calcium transients (Millns et al. 2001; Sagar et al. 2005) in nociceptive dorsal root 

ganglion neurons in vitro. A recent study also showed that mechanically-evoked 

responses of primary afferent fibers were decreased by CB1 receptor activation in 

vivo; however, the types of afferent fibers affected were not known (Kelly and 

Donaldson 2008). The precise mechanisms underlying CB2 receptor-mediated 

antinociception remain unclear, but likely involve both indirect and direct actions 

on neuronal tissue (for review see Guidon and Hohmann 2008). 

 Although behavioral studies have indicated that activation of peripheral 

CB1 produces antinociception, it is currently unknown if cannabinoids alter the 

response properties of nociceptors and which subtypes of functionally-identified 

nociceptors are cannabinoid-sensitive. In the present study, electrophysiological 

studies were conducted to determine the effects of cannabinoids on nociceptor 

activity. In our behavioral studies, we showed that intraplantar administration of 

the cannabinoid receptor agonists arachidonyl-2’-chloroethylamide (ACEA) and 

(R)-(+)-methanandamide (methAEA) attenuated inflammatory mechanical 

allodynia, mechanical hyperalgesia, and heat hyperalgesia through activation of 

peripheral CB1 receptors.  In these correlative studies, we investigated the 

effects of intraplantar administration of ACEA and methAEA on evoked 

responses of cutaneous nociceptors from inflamed and control, non-inflamed 
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skin. A report of this study has been published and is included in this thesis with 

permission from the American Physiological Society (Potenzieri et al. 2008b).  
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Methods 

Subjects 

 Adult, male, Sprague–Dawley rats weighing 280–350 g were used. 

Animals were obtained from Harlan (Indianapolis, IN), housed on a 12-hour 

light/dark schedule, and allowed ad libitum access to food and water. 

Experiments were performed during the light cycle. All procedures were 

approved by the Animal Care Committee at the University of Minnesota, and 

experiments were conducted according to the guidelines established by the 

International Association for the Study of Pain. 

 

Induction of inflammation 

 Rats were anesthetized with a mixture of isoflurane gas in air (2% for 

induction and maintenance) (Phoenix Pharmaceuticals, St. Joseph, MO) and 

received a single intraplantar injection of complete Freund’s adjuvant (CFA) 

(Sigma Chemical, St. Louis, MO) or sterile isotonic saline as a control (Baxter, 

Deerfield, IL). CFA (1 mg/mL) and saline were given in a volume of 50 µl using a 

28-guage needle. Behavioral experiments were performed 24 hours after 

injection of CFA or saline.   

 

Drug preparation and administration 

 The cannabinoid receptor agonists used were N-(2-Chloroethyl)-

5Z,8Z,11Z,14Z-eicosatetraenamide (ACEA) and (R)-N-(2-Hydroxy-1-
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methylethyl)-5Z,8Z,11Z,14Z-eicosatet raenamide (methAEA).  All drugs were 

obtained from Tocris Bioscience (Ellisville, MO).  ACEA was supplied pre-

dissolved in ethanol (5 mg/mL). MethAEA was supplied pre-dissolved in a water 

soluble emulsion (TocrisolveTM) (5 mg/mL).The CB1 receptor antagonist used 

was N-(Piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophen yl)-4-methyl-1H-

pyrazole-3-carboxamide (AM251) which exhibits ≈ 300-fold selectivity over CB2 

receptors (Gatley et al. 1996).  AM251 was dissolved in anhydrous ethanol (25 

µg/µl). All drugs were diluted to their final concentration in sterile isotonic saline 

and administered via subcutaneous intraplantar injection in a volume of 20 µl.  

 

Electrophysiological studies 

 Surgical preparation. Rats were initially anesthetized by intramuscular 

injection of ketamine (100 mg/kg) and xylazine (45 mg/kg). The trachea was 

cannulated and a catheter was placed in the external jugular vein to provide 

supplemental anesthesia with sodium pentobarbital (10 mg/kg/h).  Core body 

temperature was maintained at 37°C using a feedback-controlled heating pad 

(Harvard Apparatus, Holliston, MA).  

 

 Electrophysiological recording. Recordings were made from cutaneous 

afferent fibers of the left tibial nerve using a teased-fiber approach. The tibial 

nerve was dissected from the surrounding tissue and the overlaying skin was 

sewn to a metal ring to form a pool that was filled with warm mineral oil. The tibial 
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nerve was placed onto a mirror platform for fine dissection with sharpened 

Dumont # 5 forceps (Fine Science Tools, Foster City, CA). Teased fibers were 

placed onto a tungsten wire electrode and action potentials were recorded 

extracellularly. Action potentials were amplified, audio monitored, displayed on 

an oscilloscope, and stored on a PC computer for data analysis. Only fibers with 

clearly discriminated single unitary action potentials (units) were studied. 

Responses of individual units were analyzed off-line using a customized data 

analysis program (LabVIEW, version 5.1; National Instruments, Austin, TX). 

 

 Identification of units. Afferent units were found by mechanically 

stimulating the plantar surface of the hindpaw with the experimenter's finger or by 

stimulation with calibrated von Frey monofilaments. Once a single unit was 

identified, its mechanical receptive field (RF) was marked on the skin using a felt-

tipped pen. 

 

 Conduction velocity. The conduction velocity of each unit was determined 

by electrically stimulating the skin outside the unit’s RF with pin electrodes to 

electrically activate the unit (200 µs pulse width at 0.5 Hz).  The unit was 

stimulated 1.5X its electrical threshold and the conduction latency was measured 

from the time of the electrical stimulus artifact to the evoked unitary action 

potential. Conduction distance was determined by measuring the distance from 
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the unit's RF to the recording electrode. Conduction velocity (m/s) was calculated 

by dividing conduction distance by conduction latency. 

 

 Functional classification of nociceptors. Units were classified functionally 

according to their responses evoked by mechanical and heat stimuli applied to 

the RF. Mechanical stimuli units included light brushing with the tip of a cotton 

swab, mildly pinching with a pair of forceps, and application of von Frey 

filaments. Mechanical response thresholds were determined using a series of 

calibrated von Frey monofilaments and defined as the weight (g) required to 

evoke at least one impulse when applied to the RF for 1 s. Heat stimuli were 

delivered using a feedback-controlled Peltier device (Yale Electronics, New 

Haven, CT) with a contact area of 1 cm2.  A unit was considered heat-responsive 

if it responded with at least one impulse to a stimulus temperature of 51°C for 5 

s. Units were classified as nociceptors if they exhibited a slowly adapting 

response to noxious pinch but not to light touch (Leem et al. 1993). Units were 

further classified as Aδ nociceptors if they had a conduction velocity between 2.5 

- 25.0 m/s and as C nociceptors if the conduction velocity < 2.5 m/s.  

 

 Responses evoked by mechanical stimuli. Once a nociceptor was 

characterized, baseline responses evoked by a 26 g von Frey monofilament were 

determined. This was the same filament used to determine mechanical 

hyperalgesia in our behavioral studies. The monofilament was secured in a 
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manipulator and lowered onto the mechanical RF for 5 s. The monofilament was 

applied twice to the same location with an interstimulus interval of 180 s. The 

number of evoked impulses and the discharge rate (from the first to the last 

evoked impulse) were averaged over the two trials. For nociceptors that exhibited 

ongoing activity, the number of impulses that occurred 5 s prior to the stimulus 

was subtracted from the number of impulses evoked during stimulation. To 

assess the variability between stimulus trials, the number of impulses elicited 

during the second stimulus trial was expressed as a percent of the number of 

impulses elicited during the first stimulus trial (Wenk et al. 2006).  

 

 Responses evoked by heat stimuli. Heat stimuli were applied to the RF of 

isolated nociceptors using a feedback-controlled Peltier device. Heat stimuli 

consisted of a ramp from 32°C to 49°C and then immediately back down to 32°C 

at a constant rate of 1°C (total stimulus time of 34 s). This heat ramp was applied 

twice with an interstimulus interval of 600 s. The number of evoked impulses and 

the discharge rate (from the first to the last evoked impulse) were averaged over 

the two trials. Heat response thresholds were defined as the temperature at 

which the first impulse was evoked. For nociceptors that exhibited ongoing 

activity, the number of impulses that occurred 34 s prior to the stimulus was 

subtracted from the number of impulses evoked during heat stimulation. To 

assess the variability between stimulus trials, the number of impulses elicited 
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during the second stimulus trial was expressed as a percent of the number of 

impulses elicited during the first stimulus trial. 

 

Experimental design  

 After baseline responses to mechanical and heat stimuli were determined, 

cannabinoid or vehicle was injected into the RF. The needle was inserted outside 

the RF and the injectate was observed as a bleb of fluid centered in the unit's RF. 

Ongoing activity was recorded before, during, and for 300 s after injection of drug 

or vehicle. Responses evoked by injection were separated into injection 

responses, the response during injection, and post-injection responses, the 

response after injection of drug and withdrawal of the needle from the skin. 

Injection and post-injection response magnitudes are indicated as both the 

number of impulses elicited and discharge rate (Hz).  

 The effects of cannabinoids on responses to mechanical and heat stimuli 

were studied in separate groups of nociceptors. Mechanical response thresholds 

heat response thresholds, mechanically-evoked responses, heat-evoked 

responses, and the variability in responses between stimulus trials were 

determined at 30, 60, 90, and 120 minutes after injection of drug or vehicle as 

described above. The dose of either ACEA or methAEA given was 10 µg. In 

some experiments, the CB1 receptor antagonist, AM251 (30 µg), was injected 5 

minutes prior to injection of ACEA (10 µg) or methAEA (10 µg). Only one 

nociceptor was studied per animal. 
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Data analysis  

 To determine the effect of cannabinoids or their vehicles on the number of 

evoked impulses (heat and mechanical), heat response thresholds, and the 

variability between stimulus trials compared to baseline measures, comparisons 

were made using a one-way ANOVA with repeated-measures followed by paired 

t-tests with the Bonferroni correction for multiple comparisons. Two-way ANOVAs 

followed by unpaired t-tests with the Bonferroni correction for multiple 

comparisons was used to determine the effect of cannabinoids or their vehicles 

on evoked responses between groups. Between group comparisons of 

conduction velocity and evoked responses (# of impulses) of nociceptors isolated 

from CFA- and saline-injected hindpaws were made using unpaired t-tests. To 

determine the effect of cannabinoids or their vehicles on mechanical response 

thresholds compared to baseline measures, comparisons were made using the 

Kruskal-Wallis ANOVA followed by Mann-Whitney rank sum tests. The effects of 

drug or vehicle on mechanical response thresholds between groups were 

compared using Mann-Whitney rank sum tests. Injection and post-injection 

response magnitudes (# of impulses and average discharge rate) were 

compared between groups using one-way ANOVA followed by un-paired t-tests 

with the Bonferroni correction for multiple comparisons. The proportions of units 

exhibiting injection and post-injection responses between groups were made 

using Chi-square test followed by pair-wise comparisons using the Fisher Exact 
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test. For all statistical analyses, a probability value <0.05 was considered 

significant. All data are presented as mean (±S.E.M). All statistical analysis was 

performed using Sigma Stat software (Systat Software, San Jose, CA). 
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Results 

Responses of Aδ nociceptors to mechanical stimuli 

 A total of 145 Aδ nociceptors were studied for their responses to 

mechanical stimuli: 40 from control, non-inflamed (saline-injected) skin and 105 

from inflamed (CFA-injected) skin. The mean conduction velocity of Aδ 

nociceptors isolated from non-inflamed skin was 15.7±0.6 m/s with a range of 

4.2-20.8 m/s and was similar to the mean conduction velocity of Aδ nociceptors 

in inflamed skin (15.1±0.4 m/s with a range of 3.1-21.8 m/s). Examples of 

conduction latency traces are displayed in Figure 1. The median mechanical 

response threshold of Aδ nociceptors from inflamed skin was 2.5 g (interquartile 

range =3.4 g), which was lower than the median mechanical response threshold 

of Aδ nociceptors from non-inflamed skin (4.7 g; interquartile range =4.3 g) 

(p<0.001). None of the Aδ nociceptors from control, non-inflamed skin exhibited 

ongoing activity, whereas 25% (26/105) of Aδ nociceptors from inflamed skin 

exhibited ongoing activity with an average discharge rate of 0.16±0.03 Hz (range 

= 0.02 to 0.61 Hz). None of the Aδ nociceptors from non-inflamed skin were 

excited by noxious heat; however, 4% (4/105) of Aδ nociceptors from inflamed 

skin were excited by heat. Examples of responses to heat for a single Aδ 

nociceptor from inflamed skin are shown in Figure 1.  

 We determined the effects of cannabinoids or vehicle on responses 

evoked by the 26 g von Frey filament, the same stimulus used in behavioral 

studies to characterize mechanical hyperalgesia (see Chapter 2). A concern was 
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the potential variability of responses to repeated application of the stimulus, since 

responses at each time point were averaged over two stimulus trials (see 

methods). We determined the variability of responses by expressing the number 

of impulses evoked during the second stimulus trial as a percent of the number of 

impulses evoked during the first stimulus trial.  It was found that the variability 

between stimulus trials for baseline responses of Aδ nociceptors isolated from 

non-inflamed and inflamed hindpaws did not differ, and were 110.8±4.9% (n=40) 

and 105.6±3.0% (n=105), respectively. Units were classified as cannabinoid-

sensitive if the evoked responses after cannabinoid administration were two 

standard deviations below the baseline response (Wenk et al. 2006). Thus, units 

that had a decrease in response of ≤ 44% after cannabinoid administration were 

considered cannabinoid-sensitive.  

 The mean number of impulses evoked by the 26 g von Frey filament was 

33.4±1.9 impulses (6.6±0.3 Hz) for all Aδ nociceptors from non-inflamed skin. For 

Aδ nociceptors from inflamed skin (n=105), the mean number of impulses was 

78.4±3.9 impulses (16.0±0.8 Hz), and was greater than the responses of 

nociceptors from non-inflamed skin (p<0.001). Aδ nociceptors from inflamed 

skin also exhibited enhanced responses to stimulation with 10 and 60 g von Frey 

monofilaments compared to Aδ nociceptors from non-inflamed skin (n=6 per 

group; p<0.001; Figure 2).  

 

Effects of methAEA on Aδ nociceptors from inflamed skin  
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 Administration of the cannabinoid receptor agonist methAEA (10 µg) into 

the RF decreased mechanically-evoked responses. The number of impulses 

evoked by the 26 g von Frey monofilament decreased from 81.1±10.1 impulses 

to 42.3±6.6 impulses (a decrease of ≈ 48%) at 30 minutes after administration 

and returned to baseline values by 60 minutes. (Figure 3). Unlike the decreases 

in mechanically-evoked responses observed after injection of methAEA (10 µg), 

injection of vehicle produced a small increase in mechanically-evoked responses 

at all time points tested (p<0.01) (Figure 3). Seven of the 20 (35%) Aδ 

nociceptors treated with methAEA were cannabinoid-sensitive. Neither vehicle 

nor methAEA altered mechanical response thresholds or the variability in 

responses (# of evoked impulses) between stimulus trials at any time point tested 

compared to baseline measures (data not shown).  

 To determine if the attenuation of mechanically-evoked responses by 

methAEA was mediated by CB1 receptors, the CB1 receptor antagonist AM251 

(30 µg) was administered into the RF five minutes prior to injection of methAEA 

(10 µg). Pretreatment with AM251 blocked the attenuation of mechanically-

evoked responses produced by methAEA (Figure 3). No changes in mechanical 

response thresholds or the variability in responses between stimulus trials 

occurred at any time point tested after administration of AM251 followed by 

methAEA  compared to baseline measures (data not shown).  

 

Effects of ACEA on Aδ nociceptors from inflamed skin 



 
 
 

81

 Administration of the cannabinoid receptor agonist ACEA (10 µg) also 

attenuated mechanically-evoked responses of Aδ nociceptors. Before 

administration, the 26 g von Frey filament evoked 80.0±9.1 impulses and this 

decreased to 51.3±6.1 impulses (a decrease of ≈36%) 30 minutes after 

administration and returned to baseline values 60 minutes after administration 

(Figure 4). Six of the 17 (35%) Aδ nociceptors treated with ACEA were 

cannabinoid-sensitive. Neither vehicle nor ACEA altered mechanical response 

thresholds or the variability in responses between stimulus trials at any time point 

tested compared to baseline measures (data not shown). The injection of vehicle 

did not alter mechanically-evoked responses. 

 As with methAEA, AM251 (30 µg) also blocked the attenuation of 

mechanically-evoked responses produced by ACEA (Figure 4). No changes in 

mechanical response thresholds or the variability in responses between stimulus 

trials occurred at any time point tested after administration of AM251 followed by 

ACEA compared to baseline measures (data not shown).  

 

Effects of ACEA and methAEA on Aδ nociceptors from non-inflamed skin 

 In contrast to the decrease in responses of Aδ nociceptors from inflamed 

skin, responses of Aδ nociceptors from non-inflamed skin evoked by the 26 g 

monofilament increased after methAEA (10 µg) or its vehicle (Figure 5). The 

small increase in mechanically-evoked responses produced by methAEA and 

vehicle did not differ from each other at any time point tested. Neither methAEA 



 
 
 

82

nor its vehicle altered mechanical response thresholds or variability in responses 

between stimulus trials at any time point tested. Similarly, administration of ACEA 

(10 µg), but not vehicle, increased mechanically-evoked responses compared to 

baseline measures (Figure 6). As with methAEA, the changes in mechanically-

evoked responses produced by ACEA and vehicle did not differ at any time point 

tested. Neither ACEA nor vehicle altered mechanical response thresholds or the 

variability in responses between stimulus trials at any time point tested compared 

to baseline measures (data not shown).  

 

Responses of Aδ nociceptors evoked by methAEA, ACEA, and their vehicles 

 Previous studies have demonstrated that both ACEA (Price et al. 2004) 

and methAEA (Ralevic et al. 2001; Roberts et al. 2002) can activate TRPV1 

receptors. To determine if Aδ nociceptors were excited by ACEA or methEA, we 

recorded nociceptor activity during injection of drug (injection response) and for a 

5 minute period after injection (post-injection response). Injection and post-

injection response magnitudes are indicated as both the number of impulses 

evoked and discharge rate (Hz).  Injection responses of Aδ nociceptors from non-

inflamed skin did not differ in either proportion or magnitude regardless of the 

cannabinoid or vehicle injected. Similarly, injection responses of Aδ nociceptors 

from inflamed skin did not differ in either proportion or magnitude regardless of 

the cannabinoid or vehicle injected. The magnitude of injection responses of Aδ 

nociceptors from inflamed skin, but not the proportion excited, were greater than 
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those of Aδ nociceptors from non-inflamed skin (p<0.01). Since only a small 

proportion of Aδ nociceptors from non-inflamed skin exhibited post-injection 

responses (5/40), differences between cannabinoids and vehicle could not be 

ascertained. Post-injection responses of Aδ nociceptors (53/105) from inflamed 

skin did not differ in either proportion or magnitude regardless of cannabinoid or 

vehicle injected. Overall, the magnitude (p<0.01) and proportion (p<0.0001) of 

post-injection responses of Aδ nociceptors from inflamed skin were greater than 

those of Aδ nociceptors from non-inflamed skin. These data show that injection 

of cannabinoids or their vehicles into the plantar surface of the hindpaw evokes 

non-specific excitation of Aδ nociceptors, and inflammation increases the 

magnitude of this response.  

 

Responses of C nociceptors to mechanical stimuli 

 A total of 56 C nociceptors were studied for their responses to mechanical 

stimuli: 20 from control, non-inflamed (saline-injected) skin and 36 from inflamed 

(CFA-injected) skin. The mean conduction velocity of C nociceptors from non-

inflamed skin was 0.75±0.03 m/s with a range of 0.53-1.1 m/s and was similar to 

the mean conduction velocity of C nociceptors from inflamed skin (0.93±0.07 m/s 

with a range of 0.43-2.1 m/s). The median mechanical response threshold of C 

nociceptors from inflamed skin was 6.7 g (interquartile range =3.1 g), which was 

lower than the median mechanical response threshold of C nociceptors from 

non-inflamed skin (10.5 g; interquartile range =6.87 g) (p<0.001). None of the C 
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nociceptors from non-inflamed skin exhibited ongoing activity, while 22% (8/36) 

of C nociceptors from inflamed skin exhibited ongoing activity with an average 

discharge rate of 0.26±0.06 Hz (range = 0.04 to 0.50 Hz). A similar proportion of 

C nociceptors from non-inflamed and inflamed skin were excited by heat (45% or 

9/20 and 42% or 15/36, respectively.  

 As described previously for Aδ nociceptors, the effects of cannabinoids or 

vehicle on mechanically-evoked responses of C nociceptors were studied using a 

26 g von Frey filament. The variability between stimulus trials for baseline 

responses of C nociceptors isolated from non-inflamed and inflamed hindpaws 

did not differ, and were 119.6±16.0% (n=20) and 103.7±6.1% (n=36), 

respectively. As for Aδ nociceptors, C nociceptors were classified as 

cannabinoid-sensitive if the evoked responses after cannabinoid administration 

were two standard deviations below the baseline response (Wenk et al. 2006). 

Thus, units that had a decrease in response of ≤ 97% after cannabinoid 

administration were considered cannabinoid-sensitive.  

 Across all C nociceptors from non-inflamed skin, the mean number of 

impulses evoked by the 26 g von Frey filament was 16.9±1.3 impulses (3.4±0.2 

Hz). For C nociceptors from inflamed skin (n=36), the mean number of impulses 

was 37.8±5.3 impulses (7.4±0.9 Hz), which was greater than the responses of 

nociceptors from non-inflamed skin (p<0.001).  

 

Effects of ACEA and methAEA on C nociceptors from inflamed skin 
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 Administration of either ACEA (10 µg) or its vehicle into the RF did not 

alter mechanically-evoked responses of C nociceptors at any time point tested 

(Figure 7A). Similarly, administration of methAEA (10 µg) or its vehicle did not 

alter mechanically-evoked responses of C nociceptors (Figure 7B). Neither 

ACEA, methAEA, nor their vehicles altered mechanical response thresholds or 

the variability between stimulus trials at any time compared to baseline 

measures.  

 

Effects of ACEA and methAEA on C nociceptors from non-inflamed skin 

 Administration of ACEA (10 µg) did not alter mechanically-evoked 

responses, whereas injection of vehicle increased the number of mechanically-

evoked impulses at 30 and 60 minutes after administration (p<0.05; Figure 8A). 

Administration of methAEA (10 µg) or its vehicle did not alter mechanically-

evoked responses at any time point tested (Figure 8B). Neither ACEA, methAEA, 

nor their vehicles altered mechanical response thresholds or the variability 

between stimulus trials at any time point tested compared to baseline measures. 

 

Responses of C nociceptors to heat stimuli 

 A total of 20 additional C nociceptors were studied for their responses to 

heat stimuli: 10 from non-inflamed skin and 10 from inflamed skin. Only 

nociceptors that discharged ≥ 1 impulse to a stimulus of 48°C for 3 s were 

studied. The mean conduction velocity of C nociceptors isolated from non-
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inflamed skin was 0.62±0.03 m/s with a range of 0.49-0.77 m/s and was similar 

to the mean conduction velocity of C nociceptors from inflamed skin (0.93±0.15 

m/s with a range of 0.51-1.7 m/s). Examples of conduction latency traces are 

displayed in Figure 9A. Responses to heat were determined using a heat ramp of 

32°C to 49°C and then immediately back down to 32°C at a constant rate of 1°C. 

Examples of a C nociceptor's response to the heat ramp stimulus are displayed 

in Figure 9B. Heat response thresholds were defined as the temperature at which 

the first impulse was evoked. The mean heat response threshold of C 

nociceptors from inflamed skin was 39.5±1.2°C, which did not differ from the heat 

response threshold of C nociceptors from non-inflamed skin (41.7±1.2°C). A total 

of 20% (2/10) of C nociceptors from inflamed skin were unresponsive to 

mechanical stimuli, while none of C nociceptors from non-inflamed were 

unresponsive to mechanical stimuli.  None of the C nociceptors from non-

inflamed skin exhibited ongoing activity, while 30% (3/10) of C nociceptors from 

inflamed skin exhibited ongoing activity.  

 To determine the effect of ACEA or vehicle on response to heat stimuli, 

the heat ramp was applied twice with an interstimulus interval of 600 s. To 

assess the variability between stimulus trials, the number of impulses elicited 

during the second stimulus trial was expressed as a percent of the number of 

impulses elicited during the first stimulus trial. Responses to heat for each 

nociceptor were defined as the number of evoked impulses and the discharge 

rate (from the first to the last evoked impulse) averaged over the two trials.  
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 The variability between stimulus trials for baseline responses of C 

nociceptors isolated from non-inflamed and inflamed hindpaws did not differ and 

was 116.4±82.0%. Units were classified as cannabinoid-sensitive if the evoked 

responses after cannabinoid administration were two standard deviations below 

the baseline response (Wenk et al. 2006). Thus, units that had a decrease in 

response of ≤ 98% after cannabinoid administration were considered 

cannabinoid-sensitive.  

  Prior to injection, the response to the heat ramp was a mean of 8.3±1.6 

impulses (0.24±0.04 Hz). This did not differ from the response of C nociceptors 

from non-inflamed skin (8.3±2.4 impulses or 0.29±0.12 Hz). 

 

Effect of ACEA and its vehicle on heat-evoked responses of C nociceptors  

 Administration of either ACEA (10 µg), or its vehicle, did not alter heat-

evoked responses of C nociceptors from non-inflamed or inflamed skin at any 

time point tested (Figure 10A). Neither ACEA nor its vehicle altered heat 

response thresholds or the variability between stimulus trials at any time point 

tested compared to baseline measures (Figure 10B).  

 

Responses evoked by methAEA, ACEA, and their vehicles 

 To determine if methAEA, ACEA, or their vehicles excited C nociceptors, 

activity was recorded during injection (injection response) and for 300 s after 

injection (post-injection response). Injection and post-injection response 
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magnitudes are indicated as both the number of impulses elicited and discharge 

rate (Hz). Injection responses of C nociceptors from non-inflamed skin did not 

differ in either proportion or magnitude regardless of the cannabinoid or vehicle 

injected. Similarly, injection responses of C nociceptors from inflamed skin did 

not differ in either proportion or magnitude regardless of the cannabinoid or 

vehicle injected. The magnitude of injection responses of C nociceptors from 

inflamed skin, but not proportions, were greater than injection responses of C 

nociceptors from non-inflamed skin (p<0.05). Since only a small proportion of C 

nociceptors from non-inflamed skin exhibited post-injection responses (2/20), 

differences between cannabinoids and vehicle could not be ascertained. Post-

injection responses of C nociceptors (23/36) from inflamed skin did not differ in 

either proportion or magnitude regardless of cannabinoid or vehicle injected. The 

proportion (p<0.0001), but not magnitude, of post-injection responses of C 

nociceptors from inflamed skin were greater than those of C nociceptors from 

non-inflamed skin. These data show that injection of cannabinoids or their 

vehicles into the plantar surface of the hindpaw evokes non-specific excitation of 

C nociceptors, and inflammation increases the likelihood of this response.  
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Discussion 

 In the present study, we found that 24 hours after intraplantar injection of 

CFA, a proportion of cutaneous Aδ and C nociceptors from inflamed skin 

exhibited enhanced responses to mechanical stimuli. Local administration of the 

cannabinoid receptor agonists, methAEA or ACEA decreased mechanically-

evoked responses of Aδ, but not C, nociceptors from inflamed skin. The 

decrease in mechanically-evoked responses produced by methAEA and ACEA 

were blocked by the CB1 receptor antagonist AM251, suggesting that activation 

of peripheral CB1 receptors underlies this effect. Administration of either 

methAEA or ACEA did not decrease mechanically-evoked responses of Aδ 

nociceptors from non-inflamed skin. Evoked responses (heat and mechanical) of 

C nociceptors from inflamed or non-inflamed skin were not altered following 

administration of ACEA and methAEA. These data suggest that antinociception 

produced by activation of peripheral CB1 receptors during inflammation is due in 

part to the attenuation of evoked-responses of Aδ nociceptors. 

 

Sensitization of nociceptors during inflammation 

 Under pathological conditions nociceptors can become sensitized which is 

characterized by a decrease in response threshold, increased responses to 

suprathreshold stimuli, and ongoing activity (Bessou and Perl 1969; for review 

see Raja et al. 1988; Treede et al. 1992). Nociceptor sensitization has been 

shown to correlate with psychophysical measures of primary hyperalgesia in 
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humans (Meyer and Campbell 1981; LaMotte et al. 1982; LaMotte et al. 1983; 

Torebjörk et al. 1984). Previous studies in vivo (Andrew and Greenspan 1999; 

Djouhri et al. 2006) and in vitro (Du et al. 2003; Du et al. 2006; Wenk et al. 2006) 

have demonstrated that cutaneous Aδ and C nociceptors innervating glabrous 

skin can become sensitized following intraplantar injection of CFA. Other studies 

of inflammatory pain using carrageenan have also demonstrated that Aδ and C 

nociceptors innervating non-glabrous (hairy) skin also exhibit enhanced 

responses to natural stimuli (Kocher et al. 1987; Kirchhoff et al. 1990; 

Koltzenburg et al. 1999).  

 We found that Aδ nociceptors innervating inflamed skin exhibited ongoing 

activity, a decrease in mechanical response thresholds, and enhanced 

responses to suprathreshold mechanical stimuli. Similar findings were reported 

by Andrew and Greenspan (1999), with the exception that they did not observe 

decreases in mechanical response thresholds, perhaps due to differences in 

sample size (40 versus 145 in the present study). Similar to that study, we found 

no heat-responsive Aδ nociceptors from non-inflamed skin, whereas a small 

proportion of Aδ nociceptors from inflamed skin were sensitive to heat, as also 

found by Wenk et al. (2006). However, a higher proportion of heat-responsive Aδ 

nociceptors were reported innervating the plantar surface of the hindpaw of naive 

rats as compared to our sample (Leem et al. 1993). The low proportion of heat-

responsive Aδ nociceptors in our study was likely due to heat stimuli used (51°C 
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for 5 s versus 52°C for 20 s) which would have excluded Aδ nociceptors with 

higher heat response thresholds (Leem et al. 1993).  

 Similar to Aδ nociceptors, C nociceptors from inflamed skin exhibited 

ongoing activity, a decrease in mechanical response thresholds, and enhanced 

responses to suprathreshold mechanical stimuli. As with Aδ nociceptors, our 

findings agree with those reported by Andrew and Greenspan (1999), with the 

exception that they did not observe decreases in mechanical response 

thresholds, perhaps also due to differences in sample size (10 versus 36 in the 

present study). We also found that heat-evoked responses and heat response 

thresholds of C nociceptors from inflamed skin were not different from C 

nociceptors from non-inflamed skin. This observation is similar to those reported 

by Andrew and Greenspan (1999). 

 

Contributions of nociceptor sensitization to allodynia and hyperalgesia after CFA 

 Consistent with mechanical hyperalgesia observed 24 hours after 

intraplantar injection of CFA, responses of Aδ nociceptors from inflamed skin 

evoked by the 26 g von Frey filament, the same filament used to characterize 

hyperalgesia in our behavioral studies, were enhanced as compared to 

responses of Aδ nociceptors from non-inflamed skin. This enhanced 

responsiveness of Aδ nociceptors during inflammation suggests a contribution of 

Aδ nociceptors to the mechanical hyperalgesia. Mechanical response thresholds 

of Aδ nociceptors from inflamed skin were lower than thresholds of Aδ 
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nociceptors from non-inflamed skin; however, their respective thresholds were 

still below paw withdrawal thresholds in behavioral studies of non-inflamed and 

inflamed rats.  The contribution of Aδ nociceptors to mechanical allodynia 

following intraplantar injection of CFA likely resides in their enhanced evoked 

responses, rather than changes in thresholds. In a similar study following an 

incision-injury to the plantar surface of the rat hindpaw, a decrease in mechanical 

response thresholds and increased responses to suprathreshold stimuli also 

correlated with decreases in paw withdrawal thresholds and increases in paw 

withdrawal frequencies (Hämäläinen et al. 2002; Pogatzki et al. 2002).  

 Also consistent with mechanical hyperalgesia observed 24 hours after 

intraplantar injection of CFA, responses of C nociceptors from inflamed skin 

evoked by the 26 g von Frey filament were also enhanced compared to 

responses of C nociceptors from non-inflamed skin. This suggests a contribution 

of C nociceptors to mechanical hyperalgesia produced by CFA. Mechanical 

response thresholds of C nociceptors from inflamed skin were lower than 

thresholds of C nociceptors from non-inflamed skin; however, their respective 

thresholds were slightly higher than paw withdrawal thresholds in behavioral 

studies of inflamed rats.  Therefore it is unlikely that C nociceptors contribute to 

the mechanical allodynia following intraplantar injection of CFA.   

 Although rats developed hyperalgesia to heat following intraplantar 

injection of CFA, the contribution of cutaneous nociceptors to heat hyperalgesia 

was not readily apparent. None of the Aδ nociceptors from non-inflamed skin 
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were heat-responsive, while only small proportions (4%) of Aδ nociceptors from 

inflamed skin were sensitive to heat. It is likely that these heat-responsive Aδ 

nociceptors contribute to the heat hyperalgesia during inflamed conditions.   

 We also found that the heat-evoked responses of C nociceptors from non-

inflamed and inflamed skin were not different.  A similar observation was also 

reported Andrew and Greenspan (1999) using multiple heat stimuli to 

characterize heat-evoked responses. It is possible that C nociceptors contribute 

to heat hyperalgesia following inflammation, but this likely occurs through 

modulation of their central input to nociceptive spinal cord neurons (Hylden et al. 

1989; Ren et al. 1992).   

 

Responses of nociceptors to intraplantar injection 

 Injection of cannabinoids or their vehicles into the mechanical RF of Aδ 

nociceptors from both non-inflamed and inflamed skin produced excitation during 

the injection, termed injection responses. There were no within-group differences 

of injection responses exhibited by Aδ nociceptors regardless of the cannabinoid 

or vehicle injected. These results suggest that injection responses are a non-

specific effect, possibly due to mechanical distention within RFs (Hilliges et al. 

2002). Responses during injections were greater in magnitude in Aδ nociceptors 

from inflamed skin than those of Aδ nociceptors from non-inflamed skin. This 

increase in the response during the injection is likely related to the enhanced 

sensitivity to mechanical stimulation during inflammation.  
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 Injection of cannabinoids or vehicle into mechanical RFs of both Aδ 

nociceptors from non-inflamed and inflamed skin produced excitation that 

persisted after injection, termed post-injection responses. A greater proportion Aδ 

nociceptors from inflamed skin exhibited post-injection impulses compared to Aδ 

nociceptors from non-inflamed skin. Post-injection responses of Aδ nociceptors 

from inflamed skin did not differ in proportion and magnitude regardless of the 

cannabinoid or vehicle injected, also suggesting a non-specific effect, and 

probably also reflects enhanced sensitivity to mechanical stimulation.  

 Similar to results for Aδ nociceptors, there were no within-group 

differences of injection responses exhibited by C nociceptors regardless of the 

cannabinoid or vehicle injected. These results further support the idea that 

injection responses are a non-specific effect. Responses during injections were 

greater in magnitude in C nociceptors from inflamed skin than those of C 

nociceptors from non-inflamed skin. 

 Injection of cannabinoid or vehicle into mechanical RFs of both C 

nociceptors from non-inflamed and inflamed skin also produced post-injection 

responses. A greater proportion of C nociceptors from inflamed skin exhibited 

post-injection impulses compared to C nociceptors from non-inflamed skin. 

However, unlike Aδ nociceptors, post-injection response magnitudes of C 

nociceptors from inflamed and non-inflamed skin did not differ.  

 

Cannabinoid modulation of nociceptors   
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 Following injection of either ACEA or methAEA into the RFs of Aδ 

nociceptors from inflamed skin, mechanically-evoked responses were attenuated 

and returned to baseline levels by 60 minutes after injection. This is similar to the 

time-course of antiallodynia/antihyperalgesia following injection of ACEA or 

methAEA in our behavioral studies. Additionally, administration of the CB1 

receptor antagonist, AM251, attenuated both the decrease in mechanically-

evoked responses and antiallodynia/antihyperalgesia produced by ACEA and 

methAEA, suggesting that activation of peripheral CB1 receptors underlies these 

effects. We did not administer the CB2 receptor antagonist AM630 in the 

electrophysiological studies, since AM630 did not alter the 

antihyperalgesic/antiallodynic effects of ACEA and methAEA in behavioral 

studies. Surprisingly, injection of cannabinoids or vehicles did not alter 

mechanical response thresholds of Aδ nociceptors from inflamed skin at any time 

point tested. This lack of change in mechanical response thresholds likely 

reflects the greater contributions of the magnitude of evoked responses in 

mediating changes in mechanical sensitivity.  

 The decrease in mechanically-evoked responses following administration 

of ACEA and methAEA was likely due in part to direct activation of CB1 receptors 

located on Aδ nociceptors. Previous studies using immunohistochemical 

methods have localized CB1 receptors to DRG neurons with nociceptive 

phenotypes that have either myelinated or unmyelinated fibers indicating that 

both Aδ and C nociceptors express CB1 receptors (Khasabova et al. 2002; 
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Bridges et al. 2003; Amaya et al. 2006; Agarwal et al. 2007). Despite these 

expression studies, we found that only the evoked responses of Aδ nociceptors 

were attenuated by cannabinoids.  It is not possible to completely rule out the 

actions of ACEA and methAEA on other cell types in the cutaneous environment, 

which could potentially affect nociceptive sensitivity and nociceptor activity. 

Fibroblasts (Ständer et al. 2005), endothelial cells (Liu et al. 2000), lymphocytes 

(Parolaro 1999), mast cells (Samson et al. 2003), keratinocytes (Maccarrone et 

al. 2003), T-cells (Maccarrone et al. 2001), and dendritic cells (Matias et al. 2002) 

all express CB1 receptors.  

 In contrast to the effects on Aδ nociceptors from inflamed skin, 

administration of methAEA or ACEA transiently increased mechanically-evoked 

responses of non-inflamed Aδ nociceptors. This small increase in evoked 

responses was related to decreased paw withdrawal thresholds and a trend for 

an increase in paw withdrawal frequencies in behavioral studies following 

intraplantar injection of either cannabinoid into non-inflamed hindpaws. This 

disparity between decreased paw withdrawal thresholds and a trend for an 

increase in paw withdrawal frequencies suggests that paw withdrawal threshold 

may be a more sensitive measure than withdrawal frequency testing using the 26 

g von Frey monofilament. The enhanced responses of Aδ nociceptors and 

increased mechanical sensitivity in behavioral studies likely resulted from 

irritation produced by the injection.  
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 We did not find any evidence that CB2 receptors mediated the 

antinociceptive effects of cannabinoids used in our study, since the CB2 receptor 

antagonist, AM630, did not block the antinociceptive effects produced by ACEA 

or methAEA. This was likely due to the higher selectivity of ACEA and methAEA 

for CB1 receptors over CB2 receptors (1400- and 40-fold, respectively). However, 

previous studies using selective CB2 receptor agonists have shown that these 

drugs produce antinociception to noxious heat (Malan Jr. et al. 2001; Ibrahim et 

al. 2005; Ibrahim et al. 2006) and in a variety of pain models including 

hyperalgesia produced by carrageenan (Nackley et al. 2003; Quartilho et al. 

2003; Elmes et al. 2005; Gutierrez et al. 2007), capsaicin (Hohmann et al. 2004), 

and neuropathic pain (Ibrahim et al. 2003). Locally-administered CB2 receptor 

agonists have also been shown to decrease evoked responses of nociceptive 

spinal cord neurons through activation of peripheral CB2 receptors (Sokal et al. 

2003; Elmes et al. 2004; Nackley et al. 2004). Although CB2 receptors are mainly 

expressed on leukocytes, studies have demonstrated that nociceptive DRG 

neurons express functional CB2 receptors (Sagar et al. 2005; Anand et al. 2008). 

Further studies are needed to determine how selective activation of peripheral 

CB2 receptors affects the excitability and response properties of nociceptors.   

 

Summary 

 Local administration of cannabinoids, ACEA or methAEA, into inflamed 

hindpaws attenuated mechanically-evoked responses of cutaneous Aδ 
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nociceptors from inflamed skin through activation of CB1 receptors. This effect 

was state-dependent, since ACEA and methAEA did not attenuate evoked 

responses of Aδ nociceptors from non-inflamed skin. Administration of ACEA or 

methAEA did not affect evoked responses (heat and mechanical) of cutaneous C 

nociceptors from inflamed and non-inflamed skin. Together, these results 

suggest cannabinoids differentially affect Aδ nociceptors' responses which 

contribute to the antinociception produced by activation of peripheral CB1 

receptors following local administration of ACEA and methAEA during 

inflammation. Our data suggest that peripherally-acting cannabinoids could be a 

potential therapeutic treatment for chronic inflammatory pain.  
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Figure 1. Examples of Aδ nociceptor activity. (A) Three overlaying conduction 

latency traces of a single Aδ nociceptor from non-inflamed skin. Arrowhead 

indicates electrical stimulus artifact. (B) The response of this nociceptor to 

noxious pinch but not brushing in its RF.  The line above each trace in (B) 

represents 2 s. (C) Responses of a single Aδ nociceptor from inflamed skin to 

increasing heat stimuli applied to the unit's RF. 
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Figure 2 
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Figure 2. Responses of Aδ nociceptors to mechanical stimulation. (A) Examples 

of responses of Aδ nociceptors evoked by stimulation with 10, 26, and 60 g von 

Frey monofilaments from non-inflamed (left) and inflamed (right) skin (line above 

each traces represent stimulation for 5 s). (B) The mean number impulses 

evoked by stimulation with 10, 26 and 60 g von Frey filaments of Aδ nociceptors 

are shown. # of imp/stim: number of impulses elicited by stimulation with a von 

Frey monofilament for 5 seconds. Groups that do not share letters are 

significantly different (p<0.05). n=6 units per group.  
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Figure 3 

BL 30 60 90 120
0

30

60

90

120

150

AM251 + 10 µg methAEA

vehicle

10µg methAEA

Vehicle methAEA AM251 + methAEA

B
L

30
 m

in
60

 m
in

# 
of

 im
p/

st
im

Time (minutes)

A

B

*

 



 
 
 

104

Figure 3. Local administration of methAEA decreases mechanically-evoked 

responses of Aδ nociceptors from inflamed skin by activation of CB1 receptors. 

(A) Examples of mechanically-evoked responses via stimulation with a 26 g von 

Frey filament before and after administration of methAEA (10 µg), vehicle, or 

AM251 (30 µg) followed by methAEA (10 µg) are shown. Each column 

represents responses of different Aδ nociceptors and each row represents a 

different time point indicated on the left. The line above each trace represents the 

time of stimulation (5 s). (B) The mean number impulses evoked by stimulation 

with a 26 g von Frey filament before and after administration of methAEA (10 µg), 

vehicle, or AM251 (30 µg) followed by methAEA (10 µg) are shown. BL: mean 

baseline pre-drug number of impulses. Time: time after administration of drug. # 

of imp/stim: number of impulses elicited by stimulation with a von Frey 

monofilament for 5 seconds.* indicates a significant difference from vehicle 

(p<0.05).  n=15-20 units per group. 
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Figure 4 
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Figure 4. Local administration of ACEA decreases mechanically-evoked 

responses of Aδ nociceptors from inflamed skin by activation of CB1 receptors. 

(A) Examples of mechanically-evoked responses via stimulation with a 26 g von 

Frey filament before and after administration of ACEA (10 µg), vehicle, or AM251 

(30 µg) followed by ACEA (10 µg) are shown. Each column represents 

responses of different Aδ nociceptors and each row represents a different time 

point indicated on the left. The line above each trace represents the time of 

stimulation (5 s). (B) The mean number impulses evoked by stimulation with a 26 

g von Frey filament before and after administration of ACEA (10 µg), vehicle, or 

AM251 (30 µg) followed by ACEA (10 µg) are shown. BL: mean baseline pre-

drug number of impulses. Time: time after administration of drug. # of imp/stim: 

number of impulses elicited by stimulation with a von Frey monofilament for 5 

seconds .* indicates a significant difference from vehicle (p<0.05). n=15-20 units 

per group. 
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Figure 5 

BL 30 60 90 120
0

15

30

45

60

10µg methAEA

vehicle# 
of

 im
p/

st
im

Time (minutes)

Vehicle methAEA
B

L
30

 m
in

60
 m

in
A

B
*

*
*

 



 
 
 

108

 

Figure 5. Effect of methAEA on mechanically-evoked responses of Aδ 

nociceptors from non-inflamed skin. (A) Examples of responses evoked by 

stimulation with the 26 g monofilament before and after administration of 

methAEA (10 µg) or vehicle. Each column represents responses of different Aδ 

nociceptors and each row represents a different time point indicated on the left. 

The line above each trace represents the time of stimulation (5 s). (B) The mean 

number impulses evoked by the monofilament before and after administration of 

methAEA (10 µg) or vehicle are shown. BL: baseline pre-drug number of 

impulses. Time: time after administration of drug. # of imp/stim: number of 

impulses elicited by stimulation with a von Frey monofilament for 5 seconds * 

indicates a significant difference from BL (p<0.05). n=10 units per group. 



 
 
 

109

Figure 6 
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Figure 6. Effect of ACEA on mechanically-evoked responses of Aδ nociceptors 

from non-inflamed skin. (A) Examples of responses evoked by stimulation with 

the 26 g monofilament before and after administration of ACEA (10 µg) or 

vehicle. Each column represents responses of different Aδ nociceptors and each 

row represents a different time point indicated on the left. The line above each 

trace represents the time of stimulation (5 s). (B) The mean number impulses 

evoked by the monofilament before and after administration of ACEA (10 µg) or 

vehicle are shown. BL: pre-drug number of impulses. Time: time after 

administration of drug. # of imp/stim: number of impulses elicited by stimulation 

with a von Frey monofilament for 5 seconds. * indicates a significant difference 

from BL (p<0.05). n=10 units per group. 
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Figure 7 
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Figure 7. Effect of ACEA and methAEA on mechanically-evoked responses of C 

nociceptors from inflamed skin. (A) The mean number impulses evoked by the 

monofilament before and after administration of ACEA (10 µg) or vehicle are 

shown. (B) The mean number impulses evoked by the monofilament before and 

after administration of methAEA (10 µg) or vehicle are shown. BL: pre-drug 

number of impulses. Time: time after administration of drug. # of imp/stim: 

number of impulses elicited by stimulation with a von Frey monofilament for 5 

seconds. n=8-10 units per group. 
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Figure 8 
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Figure 8. Effect of ACEA and methAEA on mechanically-evoked responses of C 

nociceptors from non-inflamed skin. (A) The mean number impulses evoked by 

the monofilament before and after administration of ACEA (10 µg) or vehicle are 

shown. (B) The mean number impulses evoked by the monofilament before and 

after administration of methAEA (10 µg) or vehicle are shown. BL: pre-drug 

number of impulses. Time: time after administration of drug. # of imp/stim: 

number of impulses elicited by stimulation with a von Frey monofilament for 5 

seconds. * indicates a significant difference from BL (p<0.05).n=5 units per 

group. 
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Figure 9 
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Figure 9. Examples of C nociceptor activity. (A) Three overlaying conduction 

latency traces of a single nociceptor from inflamed skin. Arrowhead indicates 

electrical stimulus artifact. (B) The response of the same nociceptor to 

application of 2 consecutive heat ramp stimuli applied to its RF.  
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Figure 10 
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Figure 10. Effect of ACEA on heat-evoked responses of C nociceptors from non-

inflamed and inflamed skin. (A) The mean number impulses evoked by heat 

ramp stimuli before and after administration of ACEA (10 µg) or vehicle are 

shown for C nociceptors from inflamed skin. (B) The mean number impulses 

evoked by heat ramp stimuli before and after administration of ACEA (10 µg) or 

vehicle are shown for C nociceptors from non-inflamed skin. BL: pre-drug 

number of impulses. Time: time after administration of drug. # of imp/stim: 

number of impulses elicited by stimulation with a heat ramp stimulus 

(32°C→49°C at a rate of 1°C) for 34 seconds. n=5 units per group. 
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Chapter 4 

 

 

CANNABINOID MODULATION OF CUTANEOUS MECHANORECEPTORS 

DURING NON-INFLAMED AND INFLAMED CONDITIONS 

 

 

 

 

 

 



 
 
 

120

Introduction 

 Previous studies have demonstrated that locally-administered 

cannabinoids attenuate mechanical hyperalgesia and mechanical allodynia in a 

variety of animal models of acute and persistent pain (Hohmann 2002). The 

attenuation of hyperalgesia and allodynia has been attributed to activation of CB1 

receptors located on primary afferent nerve terminals (for review see Kress and 

Kuner 2009). 

 CB1 receptors are located on primary afferent dorsal root ganglion (DRG) 

neurons. Expression studies have localized CB1 receptors to medium and large 

diameter DRG neurons (Hohmann and Herkenham 1999; Ahluwalia et al. 2000; 

Bridges et al. 2003), indicating that DRG neurons that give rise to myelinated 

nerve fibers express CB1 receptors. Other studies showed that CB1 receptors are 

also expressed on small diameter neurons (Ahluwalia et al. 2000; Amaya et al. 

2006; Agarwal et al. 2007), indicating that DRG neurons that give rise to 

unmyelinated nerve fibers also express CB1 receptors.  Taken together, these 

studies suggest that nociceptors (both Aδ and C) express CB1 receptors.  

However, it is probable that DRG neurons that give rise to non-nociceptive Aβ 

mechanoreceptors also express CB1 receptors, since expression studies cannot 

exclusively determine non-nociceptive phenotypes in large diameter DRG 

neurons.  

 Prior behavioral studies demonstrated that local administration of ACEA 

attenuated inflammatory mechanical allodynia and mechanical hyperalgesia (see 
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Chapter 1). Moreover, subsequent electrophysiological experiments showed that 

locally-administered ACEA attenuated mechanically-evoked responses of Aδ 

nociceptors from inflamed skin, but not from control, non-inflamed skin (see 

Chapter 2). Since CB1 receptors are located on large diameter DRG neurons, we 

sought to determine if peripherally-administered cannabinoid receptor agonist 

ACEA could attenuate mechanically-evoked responses of Aβ mechanoreceptors 

from non-inflamed and inflamed skin.  
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Methods 

Subjects 

 Adult, male, Sprague–Dawley rats weighing 280–350 g were used. 

Animals were obtained from Harlan (Indianapolis, IN), housed on a 12-hour 

light/dark schedule, and allowed ad libitum access to food and water. 

Experiments were performed during the light cycle. All procedures were 

approved by the Animal Care Committee at the University of Minnesota, and 

experiments were conducted according to the guidelines established by the 

International Association for the Study of Pain. 

 

Induction of inflammation 

 Rats were anesthetized with a mixture of isoflurane gas in air (2% for 

induction and maintenance) (Phoenix Pharmaceuticals, St. Joseph, MO) and 

received a single intraplantar injection of complete Freund’s adjuvant (CFA) 

(Sigma Chemical, St. Louis, MO) or sterile isotonic saline as a control (Baxter, 

Deerfield, IL). CFA (1 mg/mL) and saline were given in a volume of 50 µl using a 

28-guage needle. Behavioral experiments were performed 24 hours after 

injection of CFA or saline to document the development of mechanical 

hyperalgesia and mechanical allodynia.   

 

Drug preparation and administration 
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 The cannabinoid receptor agonist used was N-(2-Chloroethyl)-

5Z,8Z,11Z,14Z-eicosatetraenamide (ACEA) which was obtained from Tocris 

Bioscience (Ellisville, MO).  ACEA was supplied pre-dissolved in ethanol (5 

mg/mL), diluted to its final concentration in sterile isotonic saline, and 

administered via subcutaneous intraplantar injection in a volume of 20 µL.  

 

Electrophysiological studies 

 Surgical preparation. Rats were initially anesthetized by intramuscular 

injection of ketamine (100 mg/kg) and xylazine (45 mg/kg). The trachea was 

cannulated to maintain an unobstructed airway and a catheter was placed in the 

external jugular vein to provide supplemental anesthesia with sodium 

pentobarbital (10 mg/kg/h).  Core body temperature was maintained at 37°C 

using a feedback-controlled heating pad (Harvard Apparatus, Holliston, MA).  

 

 Electrophysiological recording. Recordings were made from cutaneous 

afferent fibers of the left tibial nerve using a teased-fiber approach. The tibial 

nerve was dissected from the surrounding tissue and the overlaying skin was 

sewn to a metal ring to form a pool that was filled with warm mineral oil. The tibial 

nerve was placed onto a mirror platform for fine dissection with sharpened 

Dumont # 5 forceps (Fine Science Tools, Foster City, CA). Teased fibers were 

placed onto a tungsten wire recording electrode and action potentials were 

recorded extracellularly. Action potentials were amplified, audio monitored, 
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displayed on an oscilloscope, and stored on a PC computer for data analysis. 

Only fibers with clearly discriminated single unitary action potentials (units) were 

studied. Responses of individual units were analyzed off-line using a customized 

data analysis program (LabVIEW, version 5.1; National Instruments, Austin, TX). 

 

 Identification of units. Afferent units were found by mechanically 

stimulating the plantar surface of the hindpaw with the experimenter's finger or 

with calibrated von Frey monofilaments. Once a single unit was identified, its 

mechanical receptive field (RF) was marked on the skin using a felt-tipped pen. 

 

 Conduction velocity. The conduction velocity was determined by 

stimulating the skin electrically with pin electrodes placed outside the unit’s RF to 

electrically activate the unit (200 µs pulse width at 0.5 Hz).  The unit was 

stimulated 1.5X its electrical threshold and the conduction latency was measured 

from the time of the electrical stimulus artifact to the evoked unitary action 

potential. Conduction distance was determined by measuring the distance from 

the unit's RF to the recording electrode. Conduction velocity (m/s) was calculated 

by dividing conduction distance by conduction latency. Units were classified as 

Aβ mechanoreceptors if they had a conduction velocity > 25.0 m/s.  

 

 



 
 
 

125

 Functional classification of mechanoreceptors. Units were classified 

functionally according to their responsiveness to mechanical stimulation. 

Mechanical stimuli used to classify units included light brushing with the tip of a 

cotton swab and application of von Frey filaments. Mechanical response 

thresholds were determined using a series of calibrated von Frey monofilaments 

and defined as the weight (g) required to evoke at least one impulse when 

applied to a unit's RF for 1 s. Units were classified mechanoreceptors if they 

responded to light touch (Leem et al. 1993). Mechanoreceptors were further 

classified as slowly adapting (SA) and rapidly adapting (RA) based on sustained 

mechanical stimulation with a von Frey filament (4 g) applied for 5 s. Units were 

classified as RA if the exhibited dynamic responses to application and removal of 

the stimulus only and as SA if they exhibited a dynamic and static response.  

 Mechanically-evoked responses. Once a mechanoreceptor was 

characterized, baseline responses evoked by 4 and 26 g von Frey monofilaments 

were determined. The monofilament was secured in a manipulator and lowered 

onto the mechanical RF for 5 s. The monofilament was applied twice to the same 

location with an interstimulus interval of 120 s. The number of evoked impulses 

and the discharge rate (from the first to the last evoked impulse) were averaged 

over the two trials. For mechanoreceptors that exhibited ongoing activity, the 

number of impulses that occurred 5 s prior to the stimulus was subtracted from 

the number of impulses evoked during stimulation. To assess the variability 

between stimulus trials for each von Frey filament, the number of impulses 
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elicited during the second stimulus trial was expressed as a percent of the 

number of impulses elicited during the first stimulus trial (Wenk et al. 2006).  

 

Experimental design for electrophysiological studies 

 After baseline responses were determined, ACEA (10 µg) or vehicle was 

injected into the unit's RF. The needle was inserted outside the RF and the 

injectate was observed as a bleb of fluid centered in the unit's RF. Ongoing 

activity was recorded before, during, and for 300 s after injection. Responses 

were separated into injection responses, the response during injection, and post-

injection responses, defined as the response after injection of drug and 

withdrawal of the needle from the skin. Injection and post-injection response 

magnitudes are indicated as both the number of impulses elicited and discharge 

rate (Hz).  

  Mechanical response thresholds, mechanically-evoked responses, and 

the variability between stimulus trials were determined 30, 60, 90, and 120 

minutes after injection of ACEA or vehicle as described above. Only one 

mechanoreceptor was studied per animal. 

 

Data analysis  

 To determine the effect of ACEA or vehicle on mechanically-evoked 

responses and the variability between stimulus trials compared to baseline 

measures, comparisons were made using a one-way repeated-measures 
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ANOVA followed by paired t-tests with the Bonferroni correction for multiple 

comparisons. A two-way ANOVA followed by unpaired t-tests with the Bonferroni 

correction for multiple comparisons was used to determine the effect of ACEA or 

vehicle on evoked responses between groups. Between group comparisons of 

conduction velocity and evoked responses of mechanoreceptors isolated from 

CFA- and saline-injected hindpaws were made using unpaired t-tests. To 

determine the effect of ACEA or vehicle on mechanical response thresholds 

compared to baseline measures, comparisons were made using the Kruskal-

Wallis ANOVA followed by Mann-Whitney rank sum tests. To compare the effect 

of ACEA or vehicle on mechanical response thresholds between groups, Mann-

Whitney rank sum tests were used. Injection and post-injection response 

magnitudes were compared between groups using one-way ANOVA followed by 

un-paired t-tests with the Bonferroni correction for multiple comparisons. The 

proportions of units exhibiting injection and post-injection responses between 

groups were made using Chi-square test followed by pair-wise comparisons 

using the Fisher Exact test. For all statistical analyses, a probability value <0.05 

was considered significant. All data are presented as mean (±S.E.M). All 

statistical analysis was performed using Sigma Stat software (Systat Software, 

San Jose, CA). 
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Results 

General properties of Aβ mechanoreceptors 

 A total of 71 Aβ mechanoreceptors were studied: 34 from control, non-

inflamed (saline-injected) skin and 37 from inflamed (CFA-injected) skin. The 

mean conduction velocity of Aβ mechanoreceptors isolated from non-inflamed 

skin was 39.4±0.8 m/s (range of 29.0-47.5 m/s) which did not differ from the 

mean conduction velocity of Aβ mechanoreceptors from inflamed skin (37.1±0.8 

m/s with a range of 29.1-46.6 m/s). Examples of conduction latencies from SA 

and RA mechanoreceptors are displayed in Figure 1A and 2A, respectively. Of 

the 34 mechanoreceptors from non-inflamed skin, 53% (18/34) were SA and 

47% (16/34) were RA. Of the 37 mechanoreceptors from inflamed skin, 54% 

(20/34) were SA and 46% (17/37) were RA. 27% (5/18) of SA mechanoreceptors 

from non-inflamed skin exhibited ongoing activity with a mean discharge rate of 

0.13±0.03 Hz (range 0.08-0.24 Hz). Similar to mechanoreceptors from non-

inflamed skin, 20% (4/20) SA mechanoreceptors from inflamed skin also 

exhibited ongoing with a mean discharge rate of 0.25±0.08 Hz (range 0.07-0.46 

Hz). None of the RA mechanoreceptors from inflamed skin exhibited ongoing 

activity, while 1/16 (6%) of RA mechanoreceptors from non-inflamed skin 

exhibited ongoing activity with a discharge rate of 0.1 Hz. The median 

mechanical response threshold of SA mechanoreceptors from inflamed skin was 

1.2 g (interquartile range =0.6 g), which was similar to the median mechanical 

response threshold of SA mechanoreceptors from non-inflamed skin (1.2 g; 
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interquartile range =0.7 g). The median mechanical response threshold of RA 

mechanoreceptors from non-inflamed and inflamed skin did not differ and were 

0.6 g (interquartile range =0.4 g) and 0.6 g (interquartile range =0.8 g), 

respectively.  

 

Mechanically-evoked responses of Aβ nociceptors 

 We determined the effects of ACEA or vehicle on responses evoked by 4 

and 26 g von Frey filaments, the same filaments used in behavioral studies to 

characterize allodynia and mechanical hyperalgesia, respectively (see Chapter 

2). A concern was the potential variability of responses to repeated application of 

stimuli, since responses at each time point were averaged over two stimulus 

trials (see methods). We determined the variability of responses by expressing 

the number of impulses evoked during the second stimulus trial as a percent of 

the number of impulses evoked during the first stimulus trial.  Overall, the 

variability between stimulus trials for baseline responses of SA 

mechanoreceptors isolated from non-inflamed and inflamed skin did not differ, 

and were 99.9±4.4% (n=40) and 100.2±6.0% (n=105), respectively. Similarly, 

variability between stimulus trials for baseline responses of RA 

mechanoreceptors isolated from non-inflamed and inflamed hindpaws also did 

not differ, and were 116.3±8.5% (n=16) and 111.0±8.2% (n=17), respectively. 

Units were classified as cannabinoid-sensitive if the evoked responses after 

cannabinoid administration were two standard deviations below the baseline 
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response (Wenk et al. 2006). Thus, SA mechanoreceptors that had a decrease in 

response of ≤ 64% and RA mechanoreceptors that had a decrease in response ≤ 

96% after cannabinoid administration were considered cannabinoid-sensitive.  

 Across all 18 SA mechanoreceptors from non-inflamed skin, the mean 

number of impulses evoked by the 4 g filament prior to injection was 50.7±9.4 

impulses (10.1±1.8 Hz). The mean baseline number of impulses evoked by the 

26 g filament was 141.8±10.6 impulses (28.3±2.1 Hz) which was greater than 

responses to the 4 g von Frey monofilament (p<0.01).  For SA 

mechanoreceptors from inflamed skin (n=20), the mean number of impulses 

evoked by the 4 g filament was 37.5±7.2 impulses (7.5±1.5 Hz). The mean 

number of impulses evoked by the 26 g filament was 137.5±17.5 impulses 

(27.5±3.5 Hz) which was also greater than responses to the 4 g monofilament 

(p<0.01). Examples of a SA mechanoreceptor's responses evoked by 4 and 26 g 

filaments are displayed in Figure 1 B and C, respectively.  

 Across all 16 RA mechanoreceptors from non-inflamed skin, the mean 

number of impulses evoked by the 4 g von Frey filament was 5.7±0.8 impulses 

(1.1±0.1 Hz) prior to injection. The mean baseline number of impulses evoked by 

the 26 g filament were 13.7±1.7 impulses (2.7±0.3 Hz) which was greater than 

responses to the 4 g von Frey filament (p<0.01). For RA mechanoreceptors from 

inflamed skin (n=17), the mean number of impulses evoked by the 4 g filament 

was 6.1±0.7 impulses (1.2±0.1 Hz). The mean number of impulses evoked by the 

26 g filament was of 15.2±1.4 impulses (3.0±0.2 Hz) which was also greater than 
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responses to the 4 g monofilament. Examples of a RA mechanoreceptor's 

responses evoked by 4 and 26 g filaments are displayed in Figure 2 B and C, 

respectively.    

 

Effects of ACEA on evoked responses of Aβ mechanoreceptors  

 Administration of ACEA (10 µg) or its vehicle did not alter mechanically-

evoked responses of SA mechanoreceptors from inflamed (Figure 3) or non-

inflamed skin (Figure 4). Likewise, neither ACEA nor vehicle altered 

mechanically-evoked responses of RA mechanoreceptors from inflamed (Figure 

5) and non-inflamed skin (Figure 6), except for a slight increase in mechanically 

evoked responses of RA mechanoreceptors from inflamed skin (Figure 5). 

Neither vehicle nor ACEA altered mechanical response thresholds or the 

variability in responses (# of evoked impulses) between stimulus trials at any 

time point tested (data not shown).  

 

Responses evoked by ACEA and its vehicle 

 To determine any potential excitatory effect of ACEA or vehicle on 

mechanoreceptors, we recorded action potential activity during injection of drug 

(injection response) and for a 5 minute period after injection (post-injection 

response). Overall, injection and post-injection responses of SA and RA 

mechanoreceptors from non-inflamed and inflamed skin did not differ in either 

proportion or magnitude. However, RA mechanoreceptors from inflamed skin 
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exhibited a greater proportion of post-injection responses (10/17) compared to 

mechanoreceptors from non-inflamed skin (2/16).  Injection and post-injection 

responses of SA mechanoreceptors did not differ in proportion or magnitude 

regardless of injection (ACEA or vehicle). Injection responses of RA 

mechanoreceptors did not differ in either proportion or magnitude regardless of 

injection (ACEA or vehicle). Post-injection responses evoked by ACEA or vehicle 

from RA mechanoreceptors from inflamed skin did not differ. Post-injection 

responses of RA mechanoreceptors from non-inflamed skin could not be 

compared since too few exhibited post-injection impulses (one per group). These 

data demonstrate that injection of ACEA or its vehicle into the plantar surface of 

the hindpaw evokes a non-specific excitation of Aβ mechanoreceptors that does 

not change during inflammation.  
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Discussion  

 In the present study, we found response properties of cutaneous Aβ 

mechanoreceptors 24 hours after intraplantar injection of CFA did not differ from 

mechanoreceptors from control, non-inflamed skin. Local administration of the 

CB1 receptor agonist ACEA or its vehicle did not alter mechanically-evoked 

responses of mechanoreceptors from either non-inflamed or inflamed skin. 

These results suggest that antihyperalgesia and antiallodynia produced by 

activation of peripheral CB1 receptors during inflammation is not likely mediated 

by changes in evoked responses of Aβ mechanoreceptors.  

 

Effects of Cannabinoids on Aβ mechanoreceptors 

 Previous studies have shown that both large (Hohmann and Herkenham 

1999; Ahluwalia et al. 2000; Bridges et al. 2003) and small diameter (Ahluwalia et 

al. 2000; Amaya et al. 2006; Agarwal et al. 2007) DRG neurons express CB1 

receptors. Since DRG neuron cell body diameter is related to conduction velocity 

(Harper and Lawson 1985), DRG neurons that give rise to both myelinated (large 

diameter) and unmyelinated (small diameter) nerve fibers likely express CB1 

receptors.  In the present study, we found that administration of a CB1 receptor 

agonist (ACEA) into the RF did not alter response properties of Aβ 

mechanoreceptors. Overall, 25% of all DRG neurons express CB1 receptors, and 

69-82% of CB1 receptor-expressing DRG neurons give rise to myelinated nerve 

fibers (Bridges et al. 2003). Although we were unable to determine if the Aβ 
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mechanoreceptors we studied expressed CB1 receptors, our results suggest they 

do not express functional CB1 receptors. Moreover, it is not possible to rule out 

that CB1 receptors found on the terminal endings of Aβ mechanoreceptors 

couple to other cellular processes besides ion channel excitability.  Prior studies 

have demonstrated that local administration of CB1 receptor agonists attenuate 

evoked responses of Aδ nociceptors, but not C nociceptors (see Chapter 3). 

Taken together, these results agree with an earlier study that demonstrated 

conditional knockdown of CB1 receptors from Nav1.8-expressing nociceptive 

sensory neurons produced a loss of peripherally-mediated cannabinoid analgesia 

suggesting a differential effect of cannabinoids on nociceptors (Agarwal et al. 

2007).  

 

Peripheral contributions of Aβ mechanoreceptors to allodynia and hyperalgesia 

 Typically, Aβ mechanoreceptors encode low-threshold mechanical forces 

applied to bodily structures. Following damage or injury, nociceptors become 

sensitized, characterized as decreased threshold for activation, development of 

ongoing activity, and enhanced suprathreshold responses (Bessou and Perl 

1969; Fitzgerald and Lynn 1977; Campbell et al. 1979). Few previous studies 

have determined if Aβ mechanoreceptors sensitize following injury or 

inflammation. No differences in the response properties of Aβ mechanoreceptors 

occurred following an incision-injury, (Hämäläinen et al. 2002), ischemic nerve 

injury (Bulka et al. 2002; Bulka and Wiesenfeld-Hallin 2003), or CFA-evoked 
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inflammation (Djouhri et al. 2006; Wenk et al. 2006).  A greater proportion of 

modified rapidly-adapting receptors were found following spinal-nerve ligation; 

however, the response properties of other cutaneous mechanoreceptors 

subtypes were not altered (Na et al. 1993).  Results from the present study agree 

with these prior studies, since the response properties of mechanoreceptors from 

non-inflamed and inflamed skin did not differ in our study. Taken together, these 

studies suggest that Aβ mechanoreceptor do not sensitize following injury or 

damage.  

 Previous studies described nociceptors that have conduction velocities in 

the Aβ range, the so-called "Aβ nociceptors" (for review see Djouhri and Lawson 

2004).  Although it has been suggested that Aβ nociceptors represent a majority 

of nociceptors found in somatic DRG, few studies have systematically examined 

their response properties during pathological states. Although we did not 

exclusively search for such nociceptors in the present study, we did not find any 

nociceptors that had conduction velocities in the Aβ range in previous study 

characterizing nociceptive afferents (Chapter 3).  

 

Central contributions of Aβ mechanoreceptors to allodynia and hyperalgesia 

 Following damage or injury, nociceptive spinal cord neurons become 

sensitized, termed central sensitization (Wolf 1983; Dubner and Ruda 1992). 

Although previous studies do not indicate that Aβ mechanoreceptors become 
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sensitized during pathological states, further studies have shown that Aβ 

mechanoreceptors contribute to central sensitization. 

 The exact mechanism though which Aβ mechanoreceptors contribute to 

central sensitization is not known. Aβ mechanoreceptor input is thought to 

become facilitated and coupled to nociceptive spinal cord neurons during central 

sensitization. Previous studies have demonstrated that Aβ mechanoreceptor 

input to nociceptive spinal cord neurons is facilitated during inflammation (Baba 

et al. 1999), nerve injury (Palecek et al. 1992), and after intradermal injection of 

capsaicin (Simone et al. 1991). Human studies have shown that A-fiber 

conduction block attenuated capsaicin-evoked secondary hyperalgesia (Wasner 

et al. 1999; Ziegler et al. 1999) and mechanical allodynia in humans with 

neuropathic injuries (Campbell et al. 1988). Collectively, these studies suggest 

the Aβ mechanoreceptors contribute to hyperalgesia and allodynia through 

modulation of their central synaptic input in the spinal cord.  

 

Summary 

 Local administration of cannabinoid receptor agonist ACEA into either 

inflamed or non-inflamed hindpaws did not alter mechanically-evoked responses 

of cutaneous Aβ mechanoreceptors.  Also, the response properties of Aβ 

mechanoreceptors from non-inflamed and inflamed skin are not different. These 

results suggest that local administration of cannabinoids at the site of injury do 

not affect the response properties of Aβ mechanoreceptors. Previous studies 
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have demonstrated that local administration of cannabinoids attenuate 

hyperalgesia and Aδ nociceptor activity. Taken together, it is unlikely that Aβ 

mechanoreceptors contribute to the peripherally-mediated antinociceptive effects 

of cannabinoids.   
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Figure 1 
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Figure 1. Examples of SA mechanoreceptor activity. (A) Three overlaying 

conduction latency traces of a single SA mechanoreceptor from non-inflamed 

skin. Arrowhead indicates electrical stimulus artifact. Examples of responses of 

the same mechanoreceptor to stimulation with a 4 g (B) and 26 g (C) von Frey 

monofilament (line above each traces represent stimulation for 5 s).  
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Figure 2 
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Figure 2. Examples of RA mechanoreceptor activity. (A) Three overlaying 

conduction latency traces of a single RA mechanoreceptor from non-inflamed 

skin. Arrowhead indicates electrical stimulus artifact. Examples of responses of 

the same mechanoreceptor to stimulation with a 4 g (B) and 26 g (C) von Frey 

monofilament (line above each traces represent stimulation for 5 s). 
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Figure 3 

BL 30 60 90 120
0

20

40

60

80

BL 30 60 90 120
0

40

80

120

160

200

# 
of

 im
p/

st
im

# 
of

 im
p/

st
im

Time (minutes)

10µg ACEA

10µg ACEA

vehicle

vehicle

A

B

 

 



 
 
 

143

Figure 3. Effect of ACEA on mechanically-evoked responses of SA 

mechanoreceptors from inflamed skin. The mean number impulses evoked by 

stimulation with a 4 g (A) and 26 g (B) von Frey filament before and after 

administration of ACEA or its vehicle. BL: mean baseline pre-drug number of 

impulses. Time: time after administration of drug. # of imp/stim: number of 

impulses elicited by stimulation with a von Frey monofilament for 5 seconds. 

n=10 units per group. 
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Figure 4 
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Figure 4. Effect of ACEA on mechanically-evoked responses of SA 

mechanoreceptors from non-inflamed skin. The mean number impulses evoked 

by stimulation with a 4 g (A) and 26 g (B) von Frey filament before and after 

administration of ACEA or its vehicle. BL: mean baseline pre-drug number of 

impulses. Time: time after administration of drug. # of imp/stim: number of 

impulses elicited by stimulation with a von Frey monofilament for 5 seconds. 

n=10 units per group. # indicates a significant difference from vehicle (p<0.05). 

## indicates a significant difference from vehicle (p<0.01). n=9 per group.  
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Figure 5 
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Figure 5. Effect of ACEA on mechanically-evoked responses of RA 

mechanoreceptors from inflamed skin. The mean number impulses evoked by 

stimulation with a 4 g (A) and 26 g (B) von Frey filament before and after 

administration of ACEA or its vehicle. BL: mean baseline pre-drug number of 

impulses. Time: time after administration of drug. # of imp/stim: number of 

impulses elicited by stimulation with a von Frey monofilament for 5 seconds. 

n=10 units per group. * indicates a significant difference from BL (p<0.05). n=8-9 

per group.  
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Figure 6 
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Figure 6. Effect of ACEA on mechanically-evoked responses of RA 

mechanoreceptors from non-inflamed skin. The mean number impulses evoked 

by stimulation with a 4 g (A) and 26 g (B) von Frey filament before and after 

administration of ACEA or its vehicle. BL: mean baseline pre-drug number of 

impulses. Time: time after administration of drug. # of imp/stim: number of 

impulses elicited by stimulation with a von Frey monofilament for 5 seconds. 

n=10 units per group. n=8 per group.  
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Chapter 5 

 

 

EXICTATION OF CUTANEOUS C NOCICEPTORS BY INTRAPLANTAR 

ADMINISTRATION OF ANANDAMIDE 
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Introduction 

 Anandamide (AEA) is a membrane-derived fatty acid amide and was the 

first identified endogenous cannabinoid receptor agonist, or endocannabinoid 

(Devane et al. 1992). Currently, two receptors for cannabinoids have been 

isolated and cloned, cannabinoid one (CB1) and cannabinoid two (CB2) receptors 

(Matsuda et al. 1990; Munro et al. 1993), both being G-protein coupled receptors 

localized to various neuronal and non-neuronal tissues. CB1 receptors are most 

commonly expressed on neurons, and activation of these receptors has been 

shown to be inhibitory by decreasing calcium channel conductance and 

increasing potassium channel conductance (for review see Howlett et al. 2004; 

Demuth and Molleman 2006). AEA has affinity for both CB1 (Devane et al. 1992) 

and CB2 (Felder et al. 1996; Slipetz et al. 1995) receptors, with slightly higher 

affinity for CB1 receptors. Previous studies in laboratory animals have 

demonstrated that systemic administration of anandamide produces typical 

cannabimimetic effects such as hypothermia, hypolocomotion, catalepsy, and 

antinociception (Fride and Mechoulam 1993; Smith et al. 1994) primarily through 

activation of CB1 receptors (Wise et al. 2007).  Additionally, peripheral 

administration of anandamide attenuates formalin-evoked nociception (Calignano 

et al. 1998; Guindon et al. 2006) and hyperalgesia following inflammation 

(Richardson et al. 1998) and nerve injury (Guindon and Beaulieu 2006) through 

activation of peripheral CB1 receptors. 
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 In contrast to these inhibitory actions through CB1 receptors, AEA has also 

been identified as an endogenous ligand for the transient receptor potential 

vanilloid type one (TRPV1) receptor, and is part of a growing class of 

endovanilloids (Melck et al. 1999; Zygmunt et al. 1999; Smart et al. 2000). The 

TRPV1 receptor is a non-selective cationic channel that is activated by capsaicin 

(Caterina et al. 1997), resiniferatoxin (Szallasi et al. 1999), protons (Caterina et 

al. 1997; Tominaga et al. 1998), and noxious heat (Caterina et al. 1997). Unlike 

its inhibitory actions via cannabinoid receptors, high concentrations of AEA excite 

isolated nociceptive dorsal root ganglion neurons through activation of TRPV1 

receptors resulting in depolarizing inward current, increased intracellular calcium, 

and release of calcitonin-gene related peptide (CGRP) (Tognetto et al. 2001; 

Olah et al. 2001; Jerman et al. 2002; Ahluwalia et al. 2003; Fischbach et al. 

2007). Similar excitatory effects were observed for isolated nociceptive trigeminal 

ganglion neurons (Roberts et al. 2002; Price et al. 2004). Additional studies 

demonstrated that AEA excited bronchopulmonary (Lin and Lee, 2002; Kollarik 

and Undem, 2004; Lee et al. 2005), mesenteric (Zygmunt et al. 1999), and 

articular (Gauldie et al. 2001) C fibers through interactions with TRPV1 receptors.   

 Although in vitro studies have demonstrated that AEA can excite dorsal 

root ganglion neurons and visceral C fibers, it is not known whether AEA excites 

cutaneous nociceptors in vivo. Therefore, the aim of the present study was to 

determine if local injections of anandamide into the hindpaw excited cutaneous C 

nociceptors in vivo, and if so, whether activation of C nociceptors by AEA 
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produced nocifensive behaviors. A preliminary report of this study has been 

previously published and is included in this thesis with permission from the 

Elsevier Limited (Potenzieri et al. 2009).  
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Methods  

Subjects 

 A total of 130 adult, male, Sprague–Dawley rats (Harlan, Indianapolis, IN) 

weighing 280-350 g were used in this study. Animals were housed on a 12-hour 

light/dark schedule and allowed ad libitum access to food and water.  All animal 

procedures were approved by the Animal Care Committee at the University of 

Minnesota, and experiments were conducted according to the guidelines 

established by the International Association for the Study of Pain. 

 

Drug preparations and administration  

  Anandamide (N-(2-Hydroxyethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide), the 

TRPV1 receptor antagonists capsazepine (N-[2-(4-Chlorophenyl)ethyl]-1,3,4,5-

tetrahydro-7,8-dihy droxy-2H-2-benzazepine-2-carbothioamide) and SB 366791 

(4'-Chloro-3-methoxycinnamanilide), and TocrisolveTM100 were acquired from 

Tocris Bioscience (Ellisville, MO). AEA was supplied pre-dissolved in 

TocrisolveTM100 (5 µg/µl). Capsazepine and SB 366791 were both prepared in a 

stock solution of 100% ethanol (20 µg/µl). Capsazepine is a vanilloid receptor 

antagonist with an IC50 ≈ 230 - 600 nM (Dickenson and Dray, 1991; Seabrook et 

al. 2002). SB 366791 is a selective TRPV1 receptor antagonist with an IC50 ≈ 6 

nM (Gunthorpe et al. 2004). The doses of capsazepine (26.5 nmol) and SB 

366791 (10.4 nmol) used here were similar, but slightly higher than doses (1 

nmol each) used to attenuate capsaicin-evoked nocifensive behaviors in a 
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previous study (Andrade et al. 2008). All drugs were diluted to their final 

concentrations in sterile isotonic saline and were administered by subcutaneous 

injection into the plantar surface of the hindpaw in a total volume of 20 µl using a 

0.3 ml insulin syringe.  The vehicle used corresponded to the highest dose of 

AEA (100 µg).  

 

Electrophysiological recording 

 All animals were initially anesthetized by intramuscular injection of 

ketamine (100 mg/kg) and xylazine (45 mg/kg). A catheter was placed into the 

external jugular vein to provide supplemental anesthesia with sodium 

pentobarbital (10 mg/kg per hour) to maintain areflexia. Core body temperature 

was maintained at 37°C using a feedback-controlled heating pad (Harvard 

Apparatus, Holliston, MA). Animals were euthanized at the end of each 

experiment with an overdose of sodium pentobarbital.  

 Electrophysiological recordings were made from identified cutaneous 

afferent fibers from the left tibial nerve using a teased-fiber approach. The tibial 

nerve was dissected from the surrounding tissue and the overlaying skin was 

sewn to a metal ring to form a pool that was filled with warm mineral oil. The tibial 

nerve was placed onto a mirror platform for fine dissection with sharpened 

Dumont # 5 forceps (Fine Science Tools, Foster City, CA). Teased fibers were 

placed onto a tungsten electrode and action potentials were recorded 

extracellularly. Action potentials were amplified, audio monitored, displayed on 
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an oscilloscope, and stored on a PC computer for data analysis. Only fibers with 

clearly discriminated single unitary action potentials (units) were studied. 

Responses of individual units were analyzed off-line using a customized data 

analysis program (LabVIEW, version 5.1; National Instruments, Austin, TX). 

 

Identification of Afferent Units  

 Afferent units were found by mechanically stimulating the plantar surface 

of the hindpaw with the experimenter's finger or by stimulation with calibrated von 

Frey monofilaments. Once a single unit was identified, the location of its 

mechanical receptive field (RF) was identified with von Frey filaments and 

marked on the skin using a felt-tipped pen. 

 

Conduction Velocity 

 The conduction velocity was determined by electrically stimulating the skin 

with pin electrodes inserted just outside the RF. Electrical stimuli consisted of 

200-µs pulses delivered at a rate of 0.5 Hz. Units were excited at 1.5X their 

electrical threshold and the conduction latency was measured from the time of 

the electrical stimulus artifact to the evoked action potential. Conduction distance 

was determined by measuring the distance from the RF to the recording 

electrode. Conduction velocity (m/s) was calculated by dividing conduction 

distance by conduction latency. 
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Functional Classification of Nociceptors 

 Units were classified functionally according to their responses to 

mechanical, heat, and cold stimuli applied to the RF. Mechanical stimuli used to 

classify units included light brushing with the tip of a cotton swab, mildly pinching 

with a pair of forceps, and application of von Frey filaments. Mechanical 

response thresholds were determined using a series of calibrated von Frey 

monofilaments and defined as the smallest force (mN) that reliably evoked at 

least one impulse. Heat stimuli were delivered using a feedback-controlled Peltier 

device (Yale Electronics, New Haven, CT) with a contact area of 1 cm2.  Heat 

response thresholds were determined by stimulating the RF for 5 s using an 

ascending series of heat stimuli from 35 - 51°C with 2°C intervals and an 

interstimulus interval of 120 s. Heat response thresholds were defined as the 

temperature (°C) to evoke at least one impulse. A unit was considered heat-

responsive if it responded with at least one impulse to a stimulus temperature of 

51°C or less. A unit was classified as cold responsive if it discharged at least one 

impulse in response to placement of a small piece of ice on its receptive field for 

20 s. Units were classified as nociceptors if they exhibited a slowly adapting 

response to noxious pinch but not to light touch (Leem et al. 1993). Units were 

further classified as Aδ nociceptors if they had a conduction velocity between 2.5 

- 25.0 m/s and as C nociceptors if they has a conduction velocity < 2.5 m/s.  
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Nociceptor responses to intraplantar injection 

 Following the classification of a unit as a nociceptor, activity over 300 s in 

the absence of stimulation was recorded to determine if the unit exhibited 

ongoing activity. Drug was administered by inserting the needle outside the unit's 

RF and the injectate was observed as a bleb of fluid centered within the RF. 

Ongoing activity was also recorded during and for 300 s after injection. 

Responses were separated into the response during injection (injection 

responses), and responses that occurred after injection of drug and withdrawal of 

the needle from the skin (post-injection responses). Injection and post-injection 

responses are indicated as both the evoked number of impulses and mean 

discharge rate (Hz). A unit was considered responsive to drug if it discharged ≥ 2 

post-injection impulses. Only one nociceptor was studied per animal. 

 

Nocifensive behaviors 

 After three consecutive days of acclimation to the testing environment, 

animals were briefly restrained in a cloth towel and received an intraplantar 

injection of AEA or vehicle into one hindpaw. Animals were then placed under a 

clear plastic cage (23x3x13 cm3) on an elevated wire mesh platform for 

observation of nocifensive behaviors. Nocifensive behaviors consisted of 

spontaneous lifting, flinching, and licking of the hindpaw. Immediately following 

injection, a timer was started and the latency to onset (s) and the duration (s) of 
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nocifensive behaviors was recorded over a 5 minute period. The experimenter 

was blinded to the identity of drug given. 

 

Withdrawal responses to radiant heat 

 Paw withdrawal latency (s) was determined according to a method similar 

to that described by Hargreaves et al. (1988). Withdrawal responses to radiant 

heat stimuli were determined using a custom built device that uses an encased 

50W bulb to deliver a radiant heat source. Rats were placed under a clear plastic 

cage on a 3-mm thick glass plate that was elevated to allow maneuvering of the 

radiant heat source beneath it. Rats were acclimated to the testing environment 

for at least 15 min prior to stimulation. The heat source was positioned such that 

the focused beam of radiant heat (8 mm diameter) was applied to the mid-plantar 

surface. Withdrawal latencies to the nearest 0.1 s were measured automatically 

by use of a photocell that terminated each trial and stopped the timer upon 

withdrawal of the hindpaw. A 19 s cutoff was imposed to prevent tissue damage. 

Four stimuli were applied to each hindpaw, alternating between paws, with an 

interstimulus interval of at least 60 s. Withdrawal latency for each paw was 

defined as the average of the last three trials. Withdrawal latencies were 

obtained daily for each hindpaw during a training period of 3 consecutive days. 

Hyperalgesia and analgesia to heat were defined as a decrease or an increase in 

paw withdrawal latency, respectively. The experimenter was blinded to the 

identity of drug given. 
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Data analyses  

 All data are presented as mean±S.E.M. Injection responses produced by 

vehicles, AEA, and antagonists; dose-response relationships of anandamide on 

the number of post-injection impulses and mean discharge rates; and between 

group comparisons on the duration of nocifensive behaviors and paw withdrawal 

latencies to radiant heat were all made using one-way ANOVA followed by un-

paired t-tests with the Bonferroni correction for multiple comparisons. Analysis of 

the proportions of nociceptors exhibiting injection and post-injection impulses 

following vehicles, AEA, and antagonists were compared using the Chi-square 

test followed by pair-wise comparisons using the Fisher Exact test. The effect of 

antagonists on the number of post-injection impulses and mean discharge rate 

and were made using un-paired t-tests. The effect of antagonist pre-treatment on 

the proportion of C nociceptors exhibiting post-injection impulses was determined 

using the Fisher exact test. All statistical analyses were performed using Sigma 

Stat software (Systat Software, San Jose, CA). A probability value <0.05 was 

considered significant. 
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Results 

General properties of C nociceptors 

 A total of 91 cutaneous C nociceptors with mechanical RFs located on the 

plantar surface of the hindpaw were studied. Examples of conduction latency and 

responses to noxious pinch and heat are shown for a single nociceptor in Figure 

1. The mean conduction velocity of all C nociceptors was 0.66±0.01 m/s (range 

of 0.43-1.5 m/s), the mean mechanical threshold was 104.3±9.0 mN (range of 

24.1-674.2 mN), and the mean heat response threshold was 47.1±0.5°C (range 

of 41-51°C). Of the 91 C nociceptors studied, 40 (44%) responded to heat and 

mechanical stimuli (CMH nociceptors), 37 (41%) were excited by only 

mechanical stimuli (CM nociceptors), 8 (9%) responded to mechanical and cold 

stimuli (CMC nociceptors) and 6 (6%) exhibited responses to heat, mechanical, 

and cold stimuli (CMHC nociceptors).  None of the C nociceptors had ongoing 

activity prior to any drug injection.  

 

Responses of C nociceptors to injection of vehicle 

 Injection of vehicle (TocrisolveTM:saline) into the RFs excited 4 of 10 C 

nociceptors, probably due to mechanical distention of the RF (Hilliges et al. 

2002). Overall, injection of vehicle evoked 13.5±2.5 impulses with a mean 

discharge rate of 2.9±0.8 Hz. Importantly, responses only occurred during 

injection and no post-injection impulses were evoked once the needle was 
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removed from the skin.  An example of a typical response to vehicle for a single 

C nociceptor is displayed in Figure 2a.   

 

Dose-dependent excitation of C nociceptors by anandamide 

 Injection of AEA at doses from 0.001 to 100 µg into the RF excited 24 out 

of 52 C nociceptors (n=10-11 per dose). Injection responses did not vary as a 

function of AEA dose and the combined injection response produced by all doses 

of AEA was 10.3±1.8 impulses with a mean discharge rate of 3.0±0.1 Hz. This 

was similar to the proportion and magnitude of injection responses produced by 

vehicle. However, unlike vehicle, injection of AEA at doses greater than 0.001 µg 

evoked responses after the needle was withdrawn from the skin (post-injection 

impulses).  Examples of post-injection impulses evoked by injection of AEA at 

doses of 0.10 µg and 100 µg are shown for individual C nociceptors in Figure 2b 

and 2c, respectively. The proportion of nociceptors that exhibited post-injection 

impulses, as well as the number of impulses and discharge rate, were greater 

after AEA doses of 10 and 100 µg as compared to vehicle (p<0.05; Figure 3). 

Post-injection discharge rates produced by 100 µg AEA were greater than those 

produced by 10 µg AEA (p<0.01; Figure 3). The latency to onset and the duration 

of post-injection impulse firing did not differ between the doses. The mean 

latency to onset of post-injection impulses was 60.3±2.8 s and the mean duration 

of response was 133.6±4.1 s across all doses. The proportion of C nociceptors 

excited by AEA was not related to functional subtype of C nociceptor. Overall, 
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these data demonstrate that peripheral administration of AEA excited cutaneous 

C nociceptors in a dose-dependent manner.  

 Excitation of cutaneous nociceptors by AEA appears to be restricted 

primarily to C nociceptors since in a small sample of mechanosensitive Aδ 

nociceptors studied, none were excited by 100 µg AEA (n=5) or vehicle (n=5) 

(data not shown). 

 

Attenuation of AEA-evoked responses by TRPV1 receptor antagonists    

 To determine whether excitation of nociceptors by AEA occurred through 

a TRPV1-dependent mechanism, either capsazepine or SB 366791, both 

competitive TRPV1 receptor antagonists, was injected into the RF 5 minutes 

prior to 100 µg AEA. Injection of capsazepine (10 µg), SB 366791 (3 µg), or 

vehicle (ethanol:saline) produced injection responses that did not differ in either 

proportion or magnitude from each other or AEA and its vehicle (data not shown). 

Capsazepine, SB 366791, or vehicle did not produce any post-injection impulses.  

Pre-treatment with either capsazepine (10 µg) or SB 366791 (3 µg) attenuated 

the excitation produced by 100 µg AEA. Pre-treatment with either capsazepine or 

SB 366791 attenuated the number of post-injection impulses (Figure 4b) and the 

mean discharge rates (Figure 4c) evoked by AEA. These data suggest that 

excitation of C nociceptors by AEA occurs, at least in part, via TRPV1 receptors.   
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Nocifensive behaviors produced by AEA 

 Since AEA excited cutaneous nociceptors, we determined if intraplantar 

injection of AEA also evoked nocifensive behaviors. Rats received a single 

intraplantar injection of 10 or 100 µg AEA, or vehicle, and the onset and duration 

of nocifensive behaviors were recorded. AEA, but not vehicle, produced 

nocifensive behaviors. Doses of 10 and 100 µg produced nocifensive behaviors 

that lasted for a duration of 15.0±7.5 s and 65.3±7.0 s, respectively (p<0.001; 

Figure 5). To determine if the nocifensive behaviors produced by AEA were 

mediated by TRPV1 receptors, rats received an intraplantar injection of 

capsazepine (10 µg), SB 366791 (3 µg), or vehicle prior to injection of 100 µg 

AEA. Capsazepine, SB 366791, or vehicle did not produce any nocifensive 

behaviors (data not shown). However, nocifensive behaviors produced by AEA 

were attenuated following pre-treatment with capsazepine or SB 366791, but not 

vehicle (Figure 5). The onset of nocifensive behavior produced by AEA did not 

differ between the groups, and the mean onset of nocifensive behavior across all 

groups was 63.5±5.9 s. These data are consistent with our electrophysiological 

studies and suggest that nocifensive behaviors produced by AEA occur, at least 

in part, through activation of TRPV1 receptors.   

 

Withdrawal responses to radiant heat following AEA 

 Since other TRPV1 receptor agonists produce nocifensive behaviors and 

hyperalgesia to heat, we determined whether AEA also produced heat 
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hyperalgesia. Paw withdrawal latencies from radiant heat were determined 

before and after intraplantar injection of vehicle or 100 µg AEA (n=6-7 per group). 

Vehicle produced a small decrease in the paw withdrawal latencies from 

10.7±0.6 s to a peak decrease of 8.3±0.5 s at 30 minutes after injection (p<0.05). 

AEA produced a similar decrease in paw withdrawal latency. Mean withdrawal 

latencies decreased from 10.9±0.8 s before injection to a peak decrease of 

8.4±0.8 s at 30 minutes after injection (p<0.05), which did not differ at any time 

point from the vehicle treated group (data not shown). Withdrawal latencies 

returned to baseline values by 60 minutes after injection of AEA or vehicle. 

These data suggest that intraplantar injection of AEA does not produce either 

hyperalgesia or antinociception to radiant heat.  
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Discussion  

 The present study demonstrated that intraplantar injection of AEA 

produced dose-dependent excitation of cutaneous C nociceptors which was 

attenuated by pre-treatment with TRPV1 receptor antagonists capsazepine and 

SB 366791. Similarly, intraplantar injection of AEA produced nocifensive 

behaviors that were also attenuated by either capsazepine or SB 366791. Unlike 

other TRPV1 receptor agonists, intraplantar injection of AEA alone did not alter 

withdrawal responses to radiant heat. Together, these results demonstrate that 

AEA excites cutaneous C nociceptors and produces nocifensive behaviors, in 

part, through activation of TRPV1 receptors.  

 

Activation of TRPV1 receptors by AEA 

 In previous studies conducted in vitro, AEA excited isolated DRG neurons 

(Tognetto et al. 2001; Olah et al. 2001; Jerman et al. 2002; Ahluwalia et al. 2003; 

Fischbach et al. 2007). The present study extends these observations and shows 

that cutaneous C nociceptors in vivo are also excited by AEA. The doses of AEA 

used here to excite cutaneous nociceptors were similar to those used to excite 

bronchopulmonary (Lin and Lee, 2002; Kollarik and Undem, 2004; Lee et al. 

2005), mesenteric (Zygmunt et al. 1999), and articular (Gauldie et al. 2001) C 

fibers.    

 Excitation of C nociceptors by AEA was attenuated by pre-treatment with 

the TRPV1 receptor antagonists capsazepine and SB 366791, consistent with 
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earlier studies in vitro (Tognetto et al. 2001; Olah et al. 2001; Jerman et al. 2002; 

Ahluwalia et al. 2003; Fischbach et al. 2007). Despite the higher affinity and 

selectivity of SB 366791 for TRPV1 receptors compared to capsazepine, both 

attenuated the excitation produced by AEA to a similar degree.  The results of 

the present study are in agreement with and extend earlier studies demonstrating 

that AEA can excite nociceptive dorsal root ganglion neurons through TRPV1 

receptors. Interestingly, synthetic cannabinoid receptor agonists, such as 

arachidonyl-2-chloroethylamide (ACEA), WIN 55,212-2, and AM1241 can also 

activate TRP channels (Price et al. 2004: Jeske et al. 2006; Akopian et al. 2008). 

 Although our results demonstrate that excitation of cutaneous C 

nociceptors by AEA is at least partly mediated by activation of TRPV1 receptors, 

some nociceptors were still excited by AEA after pre-treatment with capsazepine 

or SB 366791. This suggests that other mechanisms in addition to TRPV1 

receptors may be involved in the excitation of nociceptors by AEA. In a previous 

study it was found that AEA activated TRPV4 receptors following metabolism by 

cytochrome P450 epoxygenase (Watanabe et al. 2003).  Additional studies have 

shown that other enzymes can oxidize AEA, with unknown actions on 

nociceptors (for review see Burstein et al. 2000; Woodward et al. 2008).  

 Although responses of C nociceptors to capsaicin were not determined in 

the present study, prior studies have clearly documented the excitatory effects of 

capsaicin on cutaneous C nociceptors in rats (Ren et al. 2005), non-human 

primates (Baumann et al. 1991) and humans (LaMotte et al. 1992). Intradermal 
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injection of capsaicin produces excitation of C nociceptors immediately following 

injection that lasts for several minutes (Baumann et al. 1991; LaMotte et al. 1992; 

Ren et al. 2005). The excitation of C nociceptors following intradermal injection of 

capsaicin is consistent with the sensation of burning pain in humans (Simone et 

al. 1989; LaMotte et al. 1992) and nocifensive behaviors exhibited by rats 

(Gilchrist et al. 1996). In contrast to capsaicin, AEA did not produce hyperalgesia 

to radiant heat and had a longer onset (≈ 60 s) to excitation of C nociceptors. The 

decrease in paw withdrawal latencies likely resulted from irritation produced by 

injection, and we have also observed increased mechanical sensitivity following 

intraplantar injections (Potenzieri et al. 2008). Although administration of AEA 

into the RFs of C nociceptors evoked responses during injection, this likely 

represents a non-specific effect since the magnitude of these responses did not 

differ between doses of AEA, antagonists, or vehicles.  

 

Nocifensive behaviors produced by intraplantar injection of AEA 

 The excitation of cutaneous C nociceptors by AEA likely underlies the 

nocifensive behaviors evoked by AEA.  A strong correlation was found between 

the onset of nociceptor excitation and the onset of nocifensive behavior after 

administration of 100 µg AEA. The mean onset of nocifensive behaviors after 

injection was 64.6±9.4 s, which was similar to the onset of C nociceptor 

excitation (60.3±2.8 s). Although the duration of excitation of cutaneous C 

nociceptors by AEA did not differ between the doses used, the magnitude of 
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excitation was greater at higher doses. This increased magnitude of excitation 

likely contributes to the nocifensive behaviors produced by the higher doses of 

AEA. In a similar study, nocifensive behaviors following intraplantar injection of 

ATP in rats also correlated with the magnitude of C nociceptor excitation by ATP 

(Hamilton et al. 2001). The decrease in both nociceptor excitation and the 

attenuation of nocifensive behaviors by pre-treatment with capsazepine or SB 

366791 also demonstrates the importance of C nociceptors to the nocifensive 

behaviors following AEA. Prior studies have demonstrated that both capsazepine 

and SB 366791 can also attenuate nocifensive behaviors evoked by intraplantar 

injection of capsaicin (Andrade et al. 2008).  

 Although intraplantar injection of 100 µg AEA produced nocifensive 

behaviors, it did not alter withdrawal latencies to radiant heat.  A similar result 

was recently reported in which intrathecal administration of 100 µg AEA 

produced a temporary pro-nociceptive effect described as "vocalization and 

excitation" without subsequent hyperalgesia to heat (Horvath et al. 2008). This 

lack of hyperalgesia to heat following AEA differs from that of other endogenous 

TRPV1 agonists, such as N-arachidonoyldopamine (NADA) (Huang et al. 2002) 

and N-oleoyldopamine (OLDA) (Chu et al. 2003). The lack of hyperalgesia to 

heat after AEA may be related to its lower efficacy or its partial agonist activity at 

rat TRPV1 receptors (Zygmunt et al. 1999; Sprague et al. 2001; Smart et al. 

2001; Jerman et al. 2002).  
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 Peripheral administration of AEA does not always produce nocifensive 

behaviors. For example, application of NADA, but not AEA at doses of 61 to 608 

µg, to the cornea of rats elicited nocifensive behavior (Price et al. 2004). This 

observation is somewhat surprising given the dose-dependent activation of 

trigeminal ganglion neurons by AEA (Price et al. 2004). In humans, local 

application of 30 mM AEA into the skin of the forearm produced vasodilatation 

without sensations of pain (Movahed et al. 2005). The absence of pain sensation 

following injection of AEA could be related to the route of administration, since 

AEA was applied to the superficial skin using a lancet (Movahed et al. 2005), 

whereas in the present study AEA was administered via subcutaneous injection. 

 Peripheral injection of AEA has traditionally been shown to produce 

analgesia in rodent pain models (Richardson et al. 1998; Guindon and Beaulieu, 

2006; Guindon et al. 2006). This is a dose-dependent effect since the analgesic 

doses of AEA used in those studies were all in nanogram range and much lower 

than those needed to excite nociceptors in the present study.  These results are 

consistent with a concentration-dependent, biphasic model for AEA, where at low 

concentrations AEA acts as an agonist at CB1 receptors to inhibit nociceptive 

transmission, whereas higher concentrations produce excitation of nociceptors 

via activation of TRPV1 receptors (Tognetto et al. 2001; Ahluwalia et al. 2003). 

Thus, it is possible that AEA can produce peripherally-mediated analgesia at low 

doses without activating C nociceptors, but produce nocifensive behaviors at 

higher doses.  
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Physiological implications for excitation of C nociceptors by AEA 

 Previous studies have demonstrated that AEA is found in the skin of 

rodents at low levels (Felder et al. 1996; Calignano et al. 1998; Beaulieu1 et al. 

2000). Therefore, it is unlikely that the concentrations of AEA which excite 

cutaneous C nociceptors in this study exist under basal conditions. However, 

under certain conditions the effect of AEA on TRPV1 receptors may be 

potentiated. For example, the affinity of AEA for TRPV1 receptors increased 

following activation of PKA (de Petrocellis et al. 2001) and PKC (Vellani et al. 

2001), during acidification (pH ≤ 6), and after exposure to inflammatory mediators 

(Singh Tahim et al. 2005). Thus, under pathological conditions, endogenous AEA 

may activate TRPV1 receptors. In addition, concentrations of AEA have been 

shown to increase during cystitis and contractions of the urinary bladder by AEA 

via TRPV1 receptors were greatly enhanced during cystitis, suggesting that AEA 

contributes to this pathological state (Harrison et al. 2003; Dinis et al. 2004; 

Saitoh et al. 2007). During inflammatory conditions, it is possible that elevated 

concentrations of AEA could serve to promote nociceptive signaling by activating 

nociceptors via TRPV1 receptors. Further studies are needed to determine the 

contribution of endogenous AEA to the excitation and sensitization of nociceptors 

following injury and inflammation.  
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Summary 

 The present study demonstrated that AEA excited cutaneous C 

nociceptors dose-dependently and produced correlative nocifensive behaviors. 

Excitation of C nociceptors and nocifensive behaviors produced by AEA were 

attenuated by pre-treatment with TRPV1 receptor antagonists capsazepine or SB 

366791, suggesting that excitation by AEA occurs, at least in part, through 

activation of TRPV1 receptors. Additional studies are needed to determine the 

functional roles of AEA in modulating nociceptor activity under normal and 

pathological conditions.  
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Figure 1 
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Figure 1. Functional classification of cutaneous C nociceptors. (A) An example of 

a conduction latency trace for a single C nociceptor illustrating the latency of 

action potential discharge following electrical stimulation at the RF (arrow head). 

(B) An example of a response of a C nociceptor evoked by application of a cotton 

swab brushed across the RF followed by lifting the skin and pinching the RF with 

a pair of forceps. (C) Responses of a C nociceptor to increasing intensities of 

heat stimuli applied to the RF.  
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Figure 2 
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Figure 2. Responses of cutaneous C nociceptors to vehicle or AEA. (A) An 

example of a response of a single cutaneous C nociceptor to injection of vehicle 

(TocrisolveTM:saline). (B) An example of excitation produced by injection of 100 

ng AEA. (C) An example of the response evoked by injection of 100 µg AEA. 

Downward arrow designates the time of injection.  
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Figure 3 
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Figure 3. Dose-dependent excitation of cutaneous C nociceptors by AEA. (A) 

The percent of C nociceptors responsive to each dose of AEA. (B) The mean 

number of post-injection impulses evoked by each dose of AEA. (C) The mean 

discharge rate of post-injection impulses evoked by AEA. * indicates a significant 

difference from vehicle (p<0.05). ** indicates a significant difference from vehicle 

(p<0.01).  ## indicates a significant difference from 10 µg AEA (p<0.01). n=10-11 

per group.  
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Figure 4 
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Figure 4. Capsazepine and SB 366791 attenuate excitation of C nociceptors 

evoked by AEA. (A) The change in the percent of C nociceptors responsive to 

100 µg AEA following pre-treatment with either capsazepine (10 µg) or SB 

366791 (3µg). Capsazepine and SB 366791 produced a significant decrease in 

both the number of post-injection impulses (B) and the mean discharge rate of 

post-injection impulses (C) evoked by injection of 100 µg AEA. * indicates a 

significant difference from 100 µg AEA (p<0.05). CAPZ: capsazepine. SB: SB 

366791 ** indicates a significant difference from 100 µg AEA (p<0.01). n=11–12 

per group. 
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Figure 5 
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Figure 5. Nocifensive behavior following intraplantar injection of AEA is 

attenuated by capsazepine and SB 366791. The duration of nocifensive behavior 

(s) was quantified following injection of AEA at doses of 10 or 100 µg alone or 

100 µg AEA following pre-treatment with capsazepine (10 µg), SB 366791 (3 µg),  

or vehicle. CAPZ: capsazepine. SB: SB 366791. Vehicle: vehicle for capsazepine 

and SB 366791. Note: neither anandamide's vehicle (Tocrisolve:saline), 

CAPZ/SB's vehicle (ethanol:saline), CAPZ alone, or SB alone evoked nocifensive 

behaviors. *** indicates a significant difference from 100 µg AEA (p<0.001). n=6–

10 per group. 
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Chapter 6 

 

 

SUMMARY OF RESULTS AND DISCUSSION 
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Summary of Results 
 
 The main objective of these studies was to determine how activation of 

peripheral CB1 receptors affects both nociception and nociceptor activity during 

non-inflamed and inflamed conditions. Activation of peripheral CB1 receptors 

attenuated allodynia and hyperalgesia following inflammation, but had no effect 

on nociception during non-inflamed conditions. Activation of peripheral CB1 

receptors also attenuated the responses of Aδ nociceptors only during 

inflammation. The responses of C nociceptors and Aβ mechanoreceptors were 

not altered following administration of CB1 receptor agonists during either non-

inflamed or inflamed conditions. The dual TRPV1 and cannabinoid receptor 

agonist, AEA, excited C nociceptors and produced transient nocifensive 

behaviors through TRPV1 receptors, but did not alter sensitivity to radiant heat. 

Our results demonstrated that peripherally-mediated cannabinoid antinociception 

through CB1 receptors is mediated, at least in part, by attenuation of Aδ 

nociceptor activity. Below is a detailed account of the major findings of these 

studies. 

 

Behavioral studies: modulation of nociception by cannabinoids 

1. Intraplantar administration of CFA (inflamed condition), but not saline (non-

inflamed condition) produced mechanical hyperalgesia, mechanical allodynia, 

and heat hyperalgesia.  
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2. Local administration of either ACEA or methAEA attenuated hyperalgesia and 

allodynia through peripheral CB1 receptors.  

3. Local administration of either ACEA or methAEA did not alter nociception 

(mechanical or heat) during non-inflamed conditions.  

 

Electrophysiological studies: modulation of cutaneous nociceptors and 

mechanoreceptors by cannabinoids 

1. Cutaneous Aδ and C nociceptors were sensitized only after intraplantar 

administration of CFA, but not saline.  

2. Local administration of either ACEA or methAEA attenuated mechanically-

evoked responses of cutaneous Aδ nociceptors from inflamed skin, but not from 

non-inflamed skin, through activation of CB1 receptors.  

3. Neither ACEA nor methAEA attenuated evoked responses of C nociceptors 

from non-inflamed and inflamed skin.  

4. The response properties of Aβ mechanoreceptors from non-inflamed and 

inflamed skin did not differ.  

5. Local administration of ACEA did not alter evoked responses of Aβ 

mechanoreceptors from either non-inflamed or inflamed skin.  

 

Behavioral and electrophysiological studies: effects of AEA on nociception and 

nociceptor activity 
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1. Local administration of AEA dose-dependently excited C nociceptors, but not 

Aδ nociceptors, through TRPV1 receptors.  

2. Intraplantar administration of AEA produced nocifensive behaviors through 

activation of TRPV1 receptors, but not either analgesia or hyperalgesia to heat.  

 

Discussion 

 Archaeological evidence dating back over 5000 years ago indicates that 

cannabis was used medicinally for its analgesic properties (Touw 1981; Zuardi 

2006; Russo 2007). The mechanism through which cannabis and other 

cannabinoids produce their biological effects was not determined until the first 

cannabinoid receptor was isolated and cloned in 1990 (Matsuda et al. 1990). 

Since then, a total three cannabinoid receptors have been isolated: CB1 

(Matsuda et al. 1990), CB2 (Munro et al. 1993), and GPR55 receptors (Ryberg et 

al. 2007). Numerous studies have demonstrated that systemic administration of 

cannabinoids produce antinociception in laboratory animals through activation of 

CB1 receptors located in the central nervous system.  

 Local administration of cannabinoids at the site of injury also produces 

antinociception; however, the underlying mechanisms mediating these effects 

have not been determined. Although these effects have been attributed to both 

CB1 and CB2 receptors, the primary aim of this thesis was to determine the 

mechanism underlying peripheral CB1 receptor-mediated antinociception. 

Targeted deletion of CB1 receptors from Nav1.8 expressing DRG neurons 
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prevented locally-administered cannabinoids from producing analgesia, but did 

not block systemically-administered cannabinoids from producing analgesia 

(Agarwal et al. 2007). Peripheral CB1 receptor-mediated antinociception has 

been attributed to CB1 receptors located on Nav1.8 expressing DRG neurons, 

which are primarily found on nociceptive neurons or nociceptors (Djouhri et al. 

2003). Although deletion of CB1 receptors from nociceptors prevented peripheral 

cannabinoid antinociception, how cannabinoids modulate nociceptors is not 

known. The overall aim of this thesis was to relate the behavioral antinociceptive 

effects of locally-administered cannabinoids with changes in the response 

properties of cutaneous nociceptors.  

 

Peripheral CB1 Receptor-Mediated Analgesia 

 Administration of either ACEA or methAEA dose-dependently attenuated 

mechanical hyperalgesia and mechanical allodynia through activation of 

peripheral CB1 receptors. The attenuation of heat hyperalgesia by 

ACEA/methAEA was not dose-dependent and of lower magnitude compared to 

the antinociception to mechanical stimuli. One possible reason for this difference 

is through the actions of cannabinoids on different subtypes of nociceptors. We 

found that ACEA or methAEA only attenuated the responses of Aδ nociceptors, 

but not C nociceptors. A greater proportion of C nociceptors were heat-

responsive compared to Aδ nociceptors (42% versus 4%, respectively) during 

inflammation. Since the responses of C nociceptors to heat were not attenuated, 
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it is likely the overall magnitude of noxious heat input to nociceptive spinal cord 

neurons was not reduced enough to completely attenuate hyperalgesia to heat 

after administration of ACEA/methAEA. Although we did not determine if Aδ 

nociceptor responses to heat were affected by cannabinoids, the partial 

attenuation of heat hyperalgesia following administration of ACEA/methAEA was 

likely to due attenuation of heat-responsive Aδ nociceptors.  

 Although previous studies have attributed the antinociception of 

peripherally-administered cannabinoids to direct actions on nociceptors, our 

studies could not exclude the involvement of other cell-types in the skin. CB1 

receptors are expressed on numerous cell-types within the cutaneous 

environment, including: fibroblasts (Ständer et al. 2005), endothelial cells (Liu et 

al. 2000), lymphocytes (Parolaro 1999), mast cells (Samson et al. 2003), 

keratinocytes (Maccarrone et al. 2003), T-cells (Maccarrone et al. 2001), and 

dendritic cells (Matias et al. 2002). Following inflammation, these cells could 

contribute to the changes in nociception and nociceptor activity by cannabinoids. 

To date, no studies have addressed whether activation of CB1 receptors found 

on these cells influence the excitability of nociceptors. The site of action 

mediating the attenuation of nociception and nociceptor activity was likely due, in 

part, to activation of CB1 receptors expressed on the terminal endings of 

nociceptors.  

 Local administration of either ACEA or methAEA decreased the number of 

evoked impulses of Aδ nociceptors during application of von Frey monofilaments 
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by activation of CB1 receptors. Although our studies did not determine the 

mechanism mediating the decrease in evoked impulses, it is likely that this effect 

was due to modulation of current through potassium ion channels. Activation of 

CB1 receptors on hippocampal neurons activates A-type potassium channel 

current through inhibition of adendylyl cyclase and subsequent decreases in 

cAMP concentrations (Childers and Deadwyler 1996). The activation of A-type 

potassium channel current decreased the firing frequency of these neurons 

through a lengthening of the interspike interval (Childers and Deadwyler 1996). 

Other potassium channels might also contribute to the decreased firing of 

nociceptors, since CB1 receptors also couple to G-protein-coupled inwardly 

rectifying potassium (GIRK) channels via Gβγ subunits (Mackie et al. 1995; 

McAllister et al. 1999). Although we did not determine if modulation of potassium 

channel current mediated the decrease in evoked impulses following 

administration of CB1 receptor agonists, it is likely that modulation of potassium 

current through CB1 receptors mediated the attenuation of nociceptor firing.  

 Activation of peripheral CB1 receptors attenuated nociception and 

nociceptor responses only following inflammation, and not under normal 

conditions. The mechanism responsible for this differential effect is not known. 

One possible mechanism mediating this result is increased CB1 receptor 

expression on peripheral nociceptor nerve terminals following inflammation. A 

previous study demonstrated that both CB1 receptor mRNA and protein 

expression increased 48 hours following inflammation in nociceptive DRG 
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neurons (Amaya et al. 2006). Increased expression of CB1 receptors was 

correlated to enhanced antihyperalgesic effects of peripherally administered 

ACEA (Amaya et al. 2006). Results from this study suggest that the 

antihyperalgesic effects of ACEA during inflammation are due to increased 

anterograde transport of CB1 receptors from the DRG neuron cell bodies to their 

peripheral terminals (Amaya et al. 2006). 

 It is unlikely that increased anterograde transport of newly synthesized 

CB1 receptors from DRG neuron cell bodies underlie the antinociceptive effects 

of cannabinoids seen in our studies. We found that peripherally administered 

cannabinoids produced antihyperalgesic and antiallodynic effects 24 hours 

following inflammation. Assuming newly synthesized CB1 receptors are 

transported via fast axonal transport at rate of 400 mm/day (Vallee and Bloom 

1991; Shah and Cleveland 2002), and the distance from the L4/L5 DRG neurons 

to the plantar surface of the hindpaw is at least 10 cm; these receptors would 

reach their terminals in glabrous skin of the hindpaw in approximately 2.5 days. 

Given the time it would take for these newly synthesized receptors to reach their 

targets, it is therefore unlikely that newly synthesized CB1 receptors contribute to 

peripherally-mediated antinociceptive effects of ACEA/methAEA seen in our 

studies.  

 The differential antinociceptive effect of cannabinoids during inflammation 

could also result from short-term changes in the properties of CB1 receptors 

located on nociceptor terminals. Previous studies have demonstrated activation 
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of peripheral CB1 receptors in animal models of acute pain such as capsaicin 

(Johanek et al. 2001), cutaneous heat injury (Johanek and Simone 2004), and 

formalin (Calignano et al. 1998; Guindon et al. 2006) produce antinociception.  

Potential mechanisms mediating short-term changes in the properties of CB1 

receptors include insertion of vesicular stores of CB1 receptors or through 

increased G-protein coupling to CB1 receptors at nerve terminals.  

 The antihyperalgesic and antiallodynic effects of peripherally-administered 

cannabinoids could also result from activation of "ionotropic cannabinoid 

receptors" (Akopian et al. 2009). Ionotropic cannabinoid receptors are TRP 

channels and their classification as such reflect the properties of some 

cannabinoid receptor ligands that have affinity for both TRP channels and 

cannabinoid receptors (Akopian et al. 2009). Activation of ionotropic cannabinoid 

receptors desensitized the responses of sensory ganglion neurons to noxious 

chemical stimuli in vitro (Akopian et al. 2009). ACEA excited DRG neurons 

through TRPV1 receptors (Price et al. 2004) and attenuated capsaicin-evoked 

responses in vitro (Akopian et al. 2008). The CB1/2 receptor agonist WIN 55,212-

2 and CB2 receptor agonist AM1241 excited DRG neurons through TRPA1 

receptors and attenuated responses of capsaicin and mustard oil, respectively 

(Akopian et al. 2008). Peripheral administration of WIN 55,212-2 attenuated 

capsaicin-evoked nocifensive behaviors, but not in TRP1A knock-out mice 

(Akopian et al. 2008). The mechanism underlying the antinociceptive effects of 

WIN 55,212-2 through TRPV1 receptors occur, in part, through activation of 
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calcineurin leading to dephosphorylation of TRPV1 receptors (Patwardhan et al. 

2006), which is dependent on TRPA1 co-expression (Jeske et al. 2006).  

 Although these studies suggest that certain cannabinoids excite sensory 

neurons through TRPA1 and TRPV1 receptors in vitro, cannabinoids 

overwhelmingly produce antinociception following local administration in vivo. 

The lack of nociception following local administration of cannabinoids, despite 

excitation of sensory neurons in vitro, has been suggested to result from the 

excitation being below the threshold to evoke nociception (Akopian et al. 2009). 

CB1 receptors are predominately expressed on large diameter sensory neurons, 

while small diameter sensory neurons express a low level of CB1 receptors, but 

high levels of TRPV1 and TRPA1 (Kobayashi et al. 2005; Patwardhan et al. 

2006). Overall, these studies suggest the inhibitory actions of cannabinoids on 

small diameter DRG neurons are likely mediated through ionotropic cannabinoid 

receptors leading to desensitization of TRP channels (Patwardhan et al. 2006; 

Akopian et al. 2009).  

 Ionotropic cannabinoid receptors do not likely mediate the antinociception 

observed in our studies. Although studies in vitro demonstrated excitation of 

nociceptive sensory neurons by cannabinoids, the cannabinoids we used (ACEA 

and methAEA) produced non-specific excitation of Aδ and C nociceptors that did 

not differ from their vehicles. Ionotropic cannabinoid receptors desensitized 

responses of TRP receptors on small diameter DRG neurons; however, the 

evoked responses of C nociceptors (heat and mechanical) from either non-
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inflamed or inflamed skin were not altered by cannabinoids. Moreover, the 

attenuation of nociceptor responses, allodynia, and hyperalgesia by ACEA and 

methAEA were blocked by CB1 receptor antagonist AM251 strongly suggesting 

that these effects were mediated by CB1 receptors and not ionotropic 

cannabinoid receptors.  

 Unlike ACEA and methAEA, we found that the dual CB and TRPV1 

receptor agonist, AEA, excited C nociceptors and evoked nocifensive behaviors 

through TRPV1 receptors in vivo. The doses of AEA that produced nociceptor 

excitation and nocifensive behaviors were higher than those previously used to 

produce analgesia through cannabinoid receptors, suggesting that only high 

doses of AEA activate TRPV1 receptors. No changes in heat sensitivity were 

observed following administration of AEA compared to vehicle indicating 

desensitization of heat-sensitive TRP receptors was unlikely. Further studies are 

needed to determine the functional significance of ionotropic cannabinoid 

receptors in modulating the response properties of nociceptors in vivo.  

 Another potential mechanism mediating the antinociception following 

peripheral administration of ACEA and methAEA is through activation of GPR55 

receptors. Recent studies have demonstrated that GPR55 receptors are 

expressed on large diameter DRG neurons and activation of these receptors 

increased intracellular calcium concentrations and inhibited M-types potassium 

current (Ryberg et al. 2007). M-type potassium current, which is involved in 

maintaining resting membrane potential, has been implicated in nociception. 
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Inhibition of M-type potassium current excited DRG neurons and intraplantar 

administration of XE991 (M-channel blocker) produced hyperalgesia (Linley et al. 

2008). Pharmacological characterization of GPR55 receptors remains 

incomplete; however, both methAEA and the CB1 receptor antagonist AM251 are 

GPR55 receptor agonists (Ryberg et al. 2007; Lauckner et al. 2008). 

Administration of AM251 alone did not alter nociception following intraplantar 

injection CFA. Since commercially available GPR55 receptor antagonists are 

currently unavailable, we were unable to determine if this receptor contributes to 

the antinociceptive effects of ACEA and methAEA. Further studies are needed to 

determine the functions of GPR55 receptors in modulating nociceptor excitability.  

 

CB2 Receptor-Mediated Analgesia 

 Peripheral administration of either ACEA or methAEA attenuated 

nociception only through CB1 receptors. Although we did not find any CB2 

receptor-mediated effects in our work, previous studies using selective CB2 

receptor agonists have demonstrated that these drugs produce peripherally-

mediated antinociception (for review see Guindon and Hohmann 2008). CB2 

receptors are mainly expressed on leukocytes; however, some brain stem 

neurons (Van Sickle et al. 2005; Onaivi et al. 2006) and dorsal root ganglion 

neurons express CB2 receptors (Sagar et al. 2005; Anand et al. 2008).   

 The exact mechanism underlying CB2 receptor-mediated antinociception 

is unclear, but likely involves both neuronal and non-neuronal components. 
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Activation of CB2 receptors on keratinocytes resulted in release of β-endorphin 

which mediated the antinociception produced by CB2 receptor agonist AM1241 

(Ibrahim et al. 2005). Another CB2 receptor agonist, GW405833 (L768242), 

produced peripherally-mediated antihyperalgesia that was not dependent on 

release of endogenous opioids (Whiteside et al. 2005). Direct activation of CB2 

receptors on DRG neurons by both JW-133 (Sagar et al. 2005) and GW405833 

(Anand et al. 2008) attenuated capsaicin-evoked excitation of DRG neurons. 

Locally-administered CB2 receptor agonists also decreased evoked responses of 

nociceptive spinal cord neurons through activation of peripheral CB2 receptors 

(Sokal et al. 2003; Elmes et al. 2004; Nackley et al. 2004). Overall, these studies 

suggest that activation of peripheral CB2 receptors produces antinociception 

through attenuation of nociceptor responses.  

  

Peripheral Opioid and Cannabinoid Synergy 

 Peripheral administration of opiates also produces antinociception 

following inflammation through opioid receptors (Stein et al. 1989; Joris et al. 

1990; Nozaki-Taguchi et al. 1999; Nandi et al. 2004; Obara et al. 2007; Obara et 

al. 2009; Hernández et al. 2009). The peripheral antinociceptive effects of 

opiates have been attributed to activation of µ-, δ-, κ-opioid receptors located on 

nociceptive DRG neurons and their peripheral nerve terminals (Ji et al. 1995; 

Coggeshall et al. 1997; Wenk and Honda 1999; Beland et al. 2001; Ständer et al. 

2002; Nandi et al. 2004; Endres-Becker et al. 2007). Exposure of peripheral 
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nerve terminals to cytokines and nerve growth factor following inflammation 

results in an increase in opioid receptor synthesis and trafficking from DRG 

neurons to their peripheral nerve terminals (Rittner and Stein 2005; Stein et al. 

2003; Vetter et al. 2006). 

 Previous studies have demonstrated that activation of opioid receptors 

decreased the excitability of nociceptive DRG neurons in vitro (Khasabova et al. 

2004; Nandi et al. 2004; Endres-Becker et al. 2007). Opioid receptor agonist 

morphine attenuated the evoked responses of cutaneous nociceptors (heat and 

mechanical) from inflamed skin, but not nociceptors from non-inflamed skin ex 

vivo. Collectively, these studies suggest that activation of peripheral opioid 

receptors on nociceptors produces antinociception.  

 Systemic co-administration of opiates and cannabinoids produced 

synergistic antinociception in lab animals (Cichewicz 2004; Cichewicz et al. 2005; 

Smith et al. 2007; Cox et al. 2007) and humans (Roberts et al. 2006). Since 

cannabinoid and opioid receptors are expressed on nociceptors, it is possible 

that peripheral co-administration of cannabinoids and opiates could also produce 

synergistic antinociception. This idea is supported by the finding that topical 

administration of opiates and cannabinoids produced synergistic antinociception 

to heat in rodents (Yesilyurt et al. 2003). To date, no studies have demonstrated 

synergistic antinociception in animal models of acute and persistent pain 

following co-administration of cannabinoids and opiates. Results from this study 

and others demonstrated that cannabinoids and opiates individually produce 
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peripherally-mediated antinociception and attenuation of nociceptor responses 

during inflammation. Thus, it is possible that co-administration of opiates and 

cannabinoids will produce synergistic antinociception and attenuation of 

nociceptor activity during inflammation.  

 

Future Directions 

 

Tolerance to peripheral cannabinoid antinociception 

 Although our studies demonstrated that peripheral administration of either 

ACEA or methAEA attenuated nociception and nociceptor activity through 

peripheral CB1 receptors, we only determined these effects following a single 

administration. Future studies should determine how chronic peripheral 

administration of cannabinoids affects both nociception and nociceptor activity. If 

tolerance does develop, this could significantly impact the clinical applicability of 

these studies. The cannabinoids used here were derived from the molecular 

structure of the putative endocannabinoid AEA. Further studies should determine 

how other classes of cannabinoid receptor agonists affect nociception and 

nociceptor activity.    

 

Cannabinoid modulation of nociceptors in other pain models 

 Previous studies have demonstrated that cannabinoids produce 

antinociception in animal models of acute and persistent pain.  Both the type and 
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duration of injury likely affects the response properties of nociceptors and their 

sensitivity to cannabinoids. Newly synthesized CB1 and CB2 receptors could 

mediate peripheral cannabinoid analgesia in animal models of persistent pain. 

Further studies should determine how cannabinoids modulate nociceptors in 

other models of acute and persistent pain.  

 

Conclusion 

 The results from the present studies suggest that peripherally-acting CB1 

receptor agonists produce antinociception during inflammation. Collectively, 

these studies suggest peripherally-acting cannabinoids could be employed to 

attenuate chronic pain. To date, no studies have reported the development of 

peripherally-acting CB1 receptor agonists in treating pain in humans. Ideally, 

peripherally-acting CB1 receptor agonists that do not cross the blood-brain barrier 

could be developed to reduce possible systemic cannabimimetic effects.  

Peripherally-acting CB1 receptor agonists could be administered alone or co-

administered with other analgesic drugs to treat acute and persistent pain in 

humans and animals.  



 
 
 

199

 

 

 

REFERENCES 



 
 
 

200

 

Abadji V, Lin S, Taha G, Griffin G, Stevenson LA, Pertwee RG, Makriyannis A. 
(R)-methanandamide: a chiral novel anandamide processing higher potency and 
metabolic stability. Journal of Medicinal Chemistry 37: 1889-1893, 1994.  
 
Abel EL. Retrieval of information after use of marihuana. Nature 231: 58, 1971.  
 
Abood ME, Martin BR. Neurobiology of marijuana abuse. Trends in 
Pharmacological Sciences 13: 201-206, 1992. 
 
Abrams DI, Jay CA, Shade SB, Vizoso H, Reda H, Press S, Kelly ME, 
Rowbotham MC, Petersen KL. Cannabis in painful HIV-associated sensory 
neuropathy: a randomized placebo-controlled trial. Neurology 68: 515-521, 2007.  
 
Adrian ED, Zotterman Y. The impulses produced by sensory nerve-endings: Part 
II. The response of a single end-organ. Journal of Physiology 61: 151-171, 
1926a.  
 
Adrian ED, Zotterman Y. The impulses produced by sensory nerve endings: Part 
3. Impulses set up by Touch and Pressure. Journal of Physiology 61: 465-483, 
1926b.  
 
Ahluwalia J, Urban L, Capogna M, Bevan S, Nagy I. Cannabinoid 1 receptors are 
expressed in nociceptive primary sensory neurons. Neuroscience 100: 685-688, 
2000.  
 
Ahluwalia J, Urban L, Bevan S, Nagy I. Anandamide regulates neuropeptide 
release from capsaicin-sensitive primary sensory neurons by activating both the 
cannabinoid 1 receptor and the vanilloid receptor 1 in vitro. European Journal of 
Neuroscience 17: 2611-2618, 2003.  
 
Akopian AN, Ruparel NB, Patwardhan A, Hargreaves KM. Cannabinoids 
desensitize capsaicin and mustard oil responses in sensory neurons via TRPA1 
activation. Journal of Neuroscience 28: 1064-1075, 2008.  
 
Agarwal N, Pacher P, Tegeder I, Amaya F, Constantin CE, Brenner GJ, Rubino 
T, Michalski CW, Marsicano G, Monory K, Mackie K, Marian C, Batkai S, 
Parolaro D, Fischer MJ, Reeh P, Kunos G, Kress M, Lutz B, Woolf CJ, Kuner R. 
Cannabinoids mediate analgesia largely via peripheral type 1 cannabinoid 
receptors in nociceptors. Nature Neuroscience 10: 870-879, 2007.  
 



 
 
 

201

Akopian AN, Ruparel NB, Jeske NA, Patwardhan A, Hargreaves KM. Role of 
ionotropic cannabinoid receptors in peripheral antinociception and 
antihyperalgesia. Trends in Pharmacological Sciences 30: 79-84, 2009.  
 
Aley KO, McCarter G, Levine JD. Nitric oxide signaling in pain and nociceptor 
sensitization in the rat. Journal of Neuroscience 18: 7008-7010, 1998.  
 
Aley KO, Messing RO, Mochly-Rosen D, Levine JD. Chronic hypersensitivity for 
inflammatory nociceptor sensitization mediated by the epsilon isozyme of protein 
kinase C. Journal of Neuroscience 20: 4680-4685, 2000.  
 
Aley KO, Martin A, McMahon T, Mok J, Levine JD, Messing RO. Nociceptor 
sensitization by extracellular signal-regulated kinases. Journal of Neuroscience 
21: 6933-6939, 2001.  
 
Amaya F, Oh-hashi K, Naruse Y, Iijima N, Ueda M, Shimosato G, Tominaga M, 
Tanaka Y, Tanaka M. Local inflammation increases vanilloid receptor 1 
expression within distinct subgroups of DRG neurons. Brain Research 963: 190-
196, 2003.  
 
Amaya F, Shimosato G, Nagano M, Ueda M, Hashimoto S, Tanaka Y, Suzuki H, 
Tanaka M. NGF and GDNF differentially regulate TRPV1 expression that 
contributes to development of inflammatory thermal hyperalgesia. European 
Journal of Neuroscience 20: 2303-2310, 2004.  
 
Amaya F, Shimosato G, Kawasaki Y, Hashimoto S, Tanaka Y, Ji RR, Tanaka M. 
Induction of CB1 cannabinoid receptor by inflammation in primary afferent 
neurons facilitates antihyperalgesic effect of peripheral CB1 agonist. Pain 124: 
175-183, 2006.  
 
Anand U, Otto WR, Sanchez-Herrera D, Facer P, Yiangou Y, Korchev Y, Birch R, 
Benham C, Bountra C, Chessell IP, Anand P. Cannabinoid receptor CB2 
localisation and agonist-mediated inhibition of capsaicin responses in human 
sensory neurons. Pain 138: 667-680, 2008.  
 
Andrade EL, Luiz AP, Ferreira J, Calixto JB. Pronociceptive response elicited by 
TRPA1 receptor activation in mice. Neuroscience 152: 511-520, 2008.  
 
Andrew D, Greenspan JD. Mechanical and heat sensitization of cutaneous 
nociceptors after peripheral inflammation in the rat. Journal of Neurophysiology 
82: 2649-2656, 1999.  
 



 
 
 

202

Baba H, Doubell TP, Woolf CJ. Peripheral inflammation facilitates Abeta fiber-
mediated synaptic input to the substantia gelatinosa of the adult rat spinal cord. 
Journal of Neuroscience 19: 859-867, 1999.  
 
Baumann TK, Simone DA, Shain CN, LaMotte RH. Neurogenic hyperalgesia: the 
search for the primary cutaneous afferent fibers that contribute to capsaicin-
induced pain and hyperalgesia. Journal of Neurophysiology 66: 212-227, 1991.  
 
Beaulieu1 P, Bisogno1 T, Punwar S, Farquhar-Smith WP, Ambrosino G, Di 
Marzo V, Rice AS. Role of the endogenous cannabinoid system in the formalin 
test of persistent pain in the rat. European Journal of Pharmacology 396, 85-92, 
2000.  
 
Beaulieu P. Effects of nabilone, a synthetic cannabinoid, on postoperative pain. 
Canadian Journal of Anesthesiology 53: 769-775, 2006.  
 
Beck PW, Handwerker HO.Bradykinin and serotonin effects on various types of 
cutaneous nerve fibers. Pflugers Archiv 347: 209-222, 1974.  
 
Beland B, Fitzgerald M. Mu- and delta-opioid receptors are downregulated in the 
largest diameter primary sensory neurons during postnatal development in rats. 
Pain 90: 143-150, 2001.  
 
Bessou P, Perl ER. Response of cutaneous sensory units with unmyelinated 
fibers to noxious stimuli. Journal of Neurophysiology 32: 1025-1043, 1969.  
 
Bessou P, Burgess PR, Perl ER, Taylor CB. Dynamic properties of 
mechanoreceptors with unmyelinated (C) fibers. Journal of Neurophysiology 34: 
116-131, 1971.  
 
Bisogno T, Melck D, Bobrov MYu , Gretskaya NM, Bezuglov VV, De Petrocellis 
L, Di Marzo V. N-acyl-dopamines: novel synthetic CB(1) cannabinoid-receptor 
ligands and inhibitors of anandamide inactivation with cannabimimetic activity in 
vitro and in vivo. The Biochemical Journal 351: 817-824, 2000.  
 
Booth M. Cannabis: a history. New York: Picador, 2003. 
 
Breese NM, George AC, Pauers LE, Stucky CL. Peripheral inflammation 
selectively increases TRPV1 function in IB4-positive sensory neurons from adult 
mouse. Pain 115: 37-49, 2005.  
 



 
 
 

203

Breivogel CS, Sim LJ, Childers SR. Regional differences in cannabinoid 
receptor/G-protein coupling in rat brain. Journal of Pharmacology and 
Experimental Therapeutics 282: 1632–1642, 1997. 
 
Bridges D, Ahmad K, Rice AS. The synthetic cannabinoid WIN55,212-2 
attenuates hyperalgesia and allodynia in a rat model of neuropathic pain. British 
Journal of Pharmacology 133: 586-594, 2001.  
 
Bridges D, Rice AS, Egertová M, Elphick MR, Winter J, Michael GJ. Localisation 
of cannabinoid receptor 1 in rat dorsal root ganglion using in situ hybridisation 
and immunohistochemistry. Neuroscience 119: 803-812, 2003.  
 
Brown AG, Iggo A. A quantitative study of cutaneous receptors and afferent 
fibres in the cat and rabbit. Journal of Physiology 193: 707-733, 1967.  
 
Buggy DJ, Toogood L, Maric S, Sharpe P, Lambert DG, Rowbotham DJ. Lack of 
analgesic efficacy of oral delta-9-tetrahydrocannabinol in postoperative pain. 
Pain 106: 169-172, 2003. 
 
Bulka A, Wiesenfeld-Hallin Z. Comparison of response characteristics of 
cutaneous mechanoreceptors in normal and neuropathic Sprague-Dawley and 
spontaneously hypertensive rats. Neuroscience Letters 340: 61-64, 2003.  
 
Bulka A, Hao JX, Wiesenfeld-Hallin Z. Response characteristics of cutaneous 
mechanoreceptors in neuropathic rats. Neuroscience Letters 317: 89-92, 2002.  
 
Burgess PR, Clark FJ. Characteristics of knee joint receptors in the cat. Journal 
of Physiology 203: 317-335, 1969.  
 
Burke D, Mackenzie RA, Skuse NF, Lethlean AK. Cutaneous afferent activity in 
median and radial nerve fascicles: a microelectrode study. Journal of Neurology, 
Neurosurgery and Psychiatry 38: 855-864, 1975. 
 
Burstein SH, Rossetti RG, Yagen B, Zurier RB. Oxidative metabolism of 
anandamide. Prostaglandins Other Lipid Mediators 61, 29-41, 2000.  
 
Buxbaum DM. Analgesic activity of 9 -tetrahydrocannabinol in the rat and mouse. 
Psychopharmacologia 25: 275-280, 1972. 
 
Calignano A, La Rana G, Giuffrida A, Piomelli D. Control of pain by endogenous 
cannabinoids. Nature 394: 277-281, 1998. 
 



 
 
 

204

Campbell JN, Meyer RA, LaMotte RH. Sensitization of myelinated nociceptive 
afferents that innervate monkey hand. Journal of Neurophysiology 42: 1669-
1679, 1979.  
 
Campbell JN, Meyer RA. Sensitization of unmyelinated nociceptive afferents in 
monkey varies with skin type. Journal of Neurophysiology 49: 98-110, 1983. 
 
Campbell JN, Raja SN, Meyer RA, Mackinnon SE. Myelinated afferents signal 
the hyperalgesia associated with nerve injury. Pain 32: 89-94, 1988. 
 
Carlini EA, Hamaoui A, Bieniek D, Korte F. Effects of (--) delta-9-trans-
tetrahydrocannabinol and a synthetic derivative on maze performance of rats. 
Pharmacology 4: 359-368, 1970.  
 
Caulfield MP, Brown DA. Cannabinoid receptor agonists inhibit Ca current in 
NG108-15 neuroblastoma cells via a pertussis toxin-sensitive mechanism. British 
Journal of Pharmacology 106: 231-232, 1992.  
 
Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The 
capsaicin receptor: a heat-activated ion channel in the pain pathway. Nature 389, 
816-624, 1997. 
 
Caterina MJ, Rosen TA, Tominaga M, Brake AJ, Julius D. A capsaicin-receptor 
homologue with a high threshold for noxious heat. Nature 398: 436-441, 1999.  
 
Cauna N. Nerve supply and nerve endings in Meissner's corpuscles. American 
Journal of Anatomy 99: 315-350, 1956.  
 
Cesare P, Dekker LV, Sardini A, Parker PJ, McNaughton PA. Specific 
involvement of PKC-epsilon in sensitization of the neuronal response to  
painful heat. Neuron 23: 617-624, 1999.  
 
Chambers MR, Andres KH, von Duering M, Iggo A. The structure and function of 
the slowly adapting type II mechanoreceptor in hairy skin. Quarterly Journal of 
Experimental Physiology and Cognate Medical Sciences 57: 417-445, 1972.  
 
Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quantitative 
assessment of tactile allodynia in the rat paw. Journal of Neuroscience Methods 
53: 55-63, 1994. 
 
Chen X, Tanner K, Levine JD. Mechanical sensitization of cutaneous C-fiber 
nociceptors by prostaglandin E2 in the rat. Neuroscience Letters 267: 105-108, 
1999.   



 
 
 

205

 
Chen X, Levine JD. Altered temporal pattern of mechanically evoked C-fiber 
activity in a model of diabetic neuropathy in the rat. Neuroscience 121: 1007-
1015, 2003.  
 
Childers SR, Deadwyler SA. Role of cyclic AMP in the actions of cannabinoid 
receptors. Biochemical Pharmacology 52:819-827, 1996. 
 
Chu CJ, Huang SM, De Petrocellis L, Bisogno T, Ewing SA, Miller JD, Zipkin RE, 
Daddario N, Appendino G, Di Marzo V, Walker JM. N-oleoyldopamine, a novel 
endogenous capsaicin-like lipid that produces hyperalgesia. Journal of Biological 
Chemistry 278: 13633-13639, 2003. 
 
Cichewicz DL. Synergistic interactions between cannabinoid and opioid 
analgesics. Life Sciences 74: 1317-1324, 2004.  
 
Cichewicz DL, Welch SP, Smith FL. Enhancement of transdermal fentanyl and 
buprenorphine antinociception by transdermal delta9-tetrahydrocannabinol. 
European Journal of Pharmacology 525: 74-82, 2005.  
 
Coggeshall RE, Zhou S, Carlton SM. Opioid receptors on peripheral sensory 
axons. Brain Research 764: 126–132, 1997. 
 
Coggeshall RE, Tate S, Carlton SM. Differential expression of tetrodotoxin-
resistant sodium channels Nav1.8 and Nav1.9 in normal and inflamed rats. 
Neuroscience Letters 355: 45-48, 2004.  
 
Cohen RH, Perl ER. Contributions of arachidonic acid derivatives and substance 
P to the sensitization of cutaneous nociceptors. Journal of Neurophysiology 64: 
457-464, 1990.  
 
Conti S, Costa B, Colleoni M, Parolaro D, Giagnoni G. Antiinflammatory action of 
endocannabinoid palmitoylethanolamide and the synthetic cannabinoid nabilone 
in a model of acute inflammation in the rat. British Journal of Pharmacology 135: 
181-187, 2002.  
 
Cook AJ, Woolf CJ, Wall PD, McMahon SB. Dynamic receptive field plasticity in 
rat spinal cord dorsal horn following C-primary afferent input. Nature 325: 151-
153, 1987.  
 
Cook SP, McCleskey EW. Cell damage excites nociceptors through release of 
cytosolic ATP. Pain 95: 41-47, 2002. 
 



 
 
 

206

Costa B, Colleoni M, Conti S, Trovato AE, Bianchi M, Sotgiu ML, Giagnoni G. 
Repeated treatment with the synthetic cannabinoid WIN 55,212-2 reduces both 
hyperalgesia and production of pronociceptive mediators in a rat model of 
neuropathic pain. British Journal of Pharmacology 141: 4-8, 2004.  
 
Cox ML, Haller VL, Welch SP. Synergy between delta9-tetrahydrocannabinol and 
morphine in the arthritic rat. European Journal Pharmacology 567: 125-130, 
2007.  
 
Czeschik JC, Hagenacker T, Schäfers M, Büsselberg D.TNF-alpha differentially 
modulates ion channels of nociceptive neurons. Neuroscience Letters 434: 293-
298, 2008.  
 
De Petrocellis L, Harrison S, Bisogno T, Tognetto M, Brandi I, Smith GD, 
Creminon C, Davis JB, Geppetti P, Di Marzo V. The vanilloid receptor (VR1)-
mediated effects of anandamide are potently enhanced by the cAMP-dependent 
protein kinase. Journal of Neurochemistry 77: 1660-1663, 2001.  
 
Demuth DG, Molleman A. Cannabinoid signaling. Life Sciences 78: 549-563, 
2006. 
 
Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson 
D, Mandelbaum A, Etinger A, Mechoulam R. Isolation and structure of a brain 
constituent that binds to the cannabinoid receptor. Science 258: 1946-1949, 
1992. 
 
Dickenson AH, Dray A. Selective antagonism of capsaicin by capsazepine: 
evidence for a spinal receptor site in capsaicin-induced antinociception. British 
Journal of Pharmacology 104: 1045-1049, 1991.  
 
Dinis P, Charrua A, Avelino A, Yaqoob M, Bevan S, Nagy I, Cruz F. 
Anandamide-evoked activation of vanilloid receptor 1 contributes to the 
development of bladder hyperreflexia and nociceptive transmission to spinal 
dorsal horn neurons in cystitis. Journal of Neuroscience 24: 11253-11263, 2004.  
 
Djouhri L, Lawson SN. Changes in somatic action potential shape in guinea-pig 
nociceptive primary afferent neurones during inflammation in vivo. Journal of 
Physiology 520: 565-576, 1999.  
 
Djouhri L, Fang X, Okuse K, Wood JN, Berry CM, Lawson SN. The TTX-resistant 
sodium channel Nav1.8 (SNS/PN3): expression and correlation with membrane 
properties in rat nociceptive primary afferent neurons. Journal of Physiology 550: 
739-752, 2003.  



 
 
 

207

 
Djouhri L, Lawson SN. Abeta-fiber nociceptive primary afferent neurons: a review 
of incidence and properties in relation to other afferent A-fiber neurons in 
mammals. Brain Research: Brain Research Reviews 46: 131-145, 2004.  
 
Djouhri L, Koutsikou S, Fang X, McMullan S, Lawson SN. Spontaneous pain, 
both neuropathic and inflammatory, is related to frequency of spontaneous firing 
in intact C-fiber nociceptors. Journal of Neuroscience 26: 1281-1292, 2006.  
 
Dodt E, Zotterman Y. Mode of action of warm receptors.Acta Physiological 
Scandinavica 26: 345-357, 1952.  
 
Doğrul A, Gül H, Yildiz O, Bilgin F, Güzeldemir ME. Cannabinoids blocks tactile 
allodynia in diabetic mice without attenuation of its antinociceptive effect. 
Neuroscience Letters 368: 82-86, 2004.  
 
Dray A, Bettaney J, Forster P, Perkins MN. Bradykinin-induced stimulation of 
afferent fibres is mediated through protein kinase C. Neuroscience Letters 91: 
301-307, 1988.  
 
Du J, Zhou S, Coggeshall RE, Carlton SM. N-methy-D-aspartate-induced 
excitation and sensitization of normal and inflamed nociceptors. Neuroscience 
118: 547-562, 2003.  
 
Du J, Zhou S, Carlton SM. Kainate-induced excitation and sensitization of 
nociceptors in normal and inflamed rat glabrous skin. Neuroscience 137: 999-
1013, 2006. 
 
Dubner R, Ruda MA. Activity-dependent neuronal plasticity following tissue injury 
and inflammation. Trends in Neurosciences 15: 96-103, 1992.  
 
Dyson A, Peacock M, Chen A, Courade JP, Yaqoob M, Groarke A, Brain C, 
Loong Y, Fox A. Antihyperalgesic properties of the cannabinoid CT-3 in chronic 
neuropathic and inflammatory pain states in the rat. Pain 116: 129-137, 2005.  
 
Egertová M, Elphick MR. Localisation of cannabinoid receptors in the rat brain 
using antibodies to the intracellular C-terminal tail of CB. Journal of Comparative 
Neurology 422: 159-171, 2000.  
 
Elmes SJ, Jhaveri MD, Smart D, Kendall DA, Chapman V. Cannabinoid CB2 
receptor activation inhibits mechanically evoked responses of wide dynamic 
range dorsal horn neurons in naïve rats and in rat models of inflammatory and 
neuropathic pain. European Journal of Neuroscience 20: 2311-2320, 2004.  



 
 
 

208

 
Elmes SJ, Winyard LA, Medhurst SJ, Clayton NM, Wilson AW, Kendall DA, 
Chapman V. Activation of CB1 and CB2 receptors attenuates the induction and 
maintenance of inflammatory pain in the rat. Pain 188: 327-335, 2005.  
 
Endres-Becker J, Heppenstall PA, Mousa SA, Labuz D, Oksche A, Schäfer M, 
Stein C, Zöllner C. Mu-opioid receptor activation modulates transient receptor 
potential vanilloid 1 (TRPV1) currents in sensory neurons in a model of 
inflammatory pain. Molecular Pharmacology 71: 12-18, 2007. 
 
England S, Bevan S, Docherty RJ. PGE2 modulates the tetrodotoxin-resistant 
sodium current in neonatal rat dorsal root ganglion neurones via the cyclic AMP-
protein kinase A cascade. Journal of Physiology 495: 429-440, 1996.  
 
Felder CC, Briley EM, Axelrod J, Simpson JT, Mackie K, Devane WA. 
Anandamide, an endogenous cannabimimetic eicosanoid, binds to the cloned 
human cannabinoid receptor and stimulates receptor-mediated signal 
transduction. Proceedings in the National Academy of Sciences 90: 7656-7660, 
1993.  
 
Felder CC, Nielsen A, Briley EM, Palkovits M, Priller J, Axelrod J, Nguyen DN, 
Richardson JM, Riggin RM, Koppel GA, Paul SM, Becker GW. Isolation and 
measurement of the endogenous cannabinoid receptor agonist, anandamide, in 
brain and peripheral tissues of human and rat. FEBS Letters 393: 231-235, 1996.  
 
Ferraro DP, Grilly DM. Lack of tolerance to ∆9-tetrahydrocannabinol in 
chimpanzees. Science 179: 490-492, 1973.  
 
Fischbach T, Greffrath W, Nawrath H, Treede RD. Effects of anandamide and 
noxious heat on intracellular calcium concentration in nociceptive drg neurons of 
rats. Journal of Neurophysiology 98: 929-938, 2007.  
 
Fisyunov A, Tsintsadze V, Min R, Burnashev N, Lozovaya N. Cannabinoids 
modulate the P-type high-voltage-activated calcium currents in purkinje neurons. 
Journal of Neurophysiology 96: 1267-77, 2006. 
 
Fitzgerald M, Lynn B. The sensitization of high threshold mechanoreceptors with 
myelinated axons by repeated heating. Journal of Physiology 265: 549-563, 
1977.  
 
Fitzgerald EM, Okuse K, Wood JN, Dolphin AC, Moss SJ. cAMP-dependent 
phosphorylation of the tetrodotoxin-resistant voltage-dependent sodium channel 
SNS. Journal of Physiology 516: 433-446, 1999.  



 
 
 

209

 
Fox A, Kesingland A, Gentry C, McNair K, Patel S, Urban L, James I. The role of 
central and peripheral Cannabinoid1 receptors in the antihyperalgesic activity of 
cannabinoids in a model of neuropathic pain. Pain 92: 91-100, 2001.  
 
Fride E, Mechoulam R. Pharmacological activity of the cannabinoid receptor 
agonist, anandamide, a brain constituent. European Journal of  Pharmacology 
231: 313-314, 1993. 
 
Gaoni Y, Mechoulam R. The isolation and structure of delta-1-
tetrahydrocannabinol and other neutral cannabinoids from hashish. Journal of the 
American Chemical Society 93: 217-224, 1971.  
 
Gatley SJ, Gifford AN, Volkow ND, Lan R, Makriyannis A. 123I-labeled AM251: a 
radioiodinated ligand which binds in vivo to mouse brain cannabinoid CB1 
receptors. European Journal of Pharmacology 301: 331-338, 1996.  
 
Gauldie SD, McQueen DS, Pertwee R, Chessell IP. Anandamide activates 
peripheral nociceptors in normal and arthritic rat knew joints. British Journal of 
Pharmacology 132: 617-621, 2001. 
 
Gebremedhin D, Lange AR, Campbell WB, Hillard CJ, Harder DR. Cannabinoid 
CB1 receptor of cat cerebral arterial muscle functions to inhibit L-type Ca2+ 
channel current. The American Journal of Physiology 276: H2085-H2093, 1999.  
 
Gifford AN, Bruneus M, Gatley SJ, Lan R, Makriyannis A, Volkow ND. Large 
receptor reserve for cannabinoid actions in the central nervous system. Journal 
of Pharmacology and Experimental Therapeutics 288: 478-483, 1999.  
 
Gilchrist HD, Allard BL, Simone DA. Enhanced withdrawal responses to heat and 
mechanical stimuli following intraplantar injection of capsaicin in rats. Pain 67: 
179-188, 1996. 
 
Glajchen M. Chronic pain: treatment barriers and strategies for clinical 
practice. The Journal of the American Board of Family Practice / American 
Board of Family Practice 14: 211-218, 2001. 
 
Gokin AP, Fareed MU, Pan HL, Hans G, Strichartz GR, Davar G. Local injection 
of endothelin-1 produces pain-like behavior and excitation of nociceptors in rats. 
Journal of Neuroscience 21: 5358-5366, 2001.  
 



 
 
 

210

Gold MS, Reichling DB, Shuster MJ, Levine JD. Hyperalgesic agents increase a 
tetrodotoxin-resistant Na+ current in nociceptors. Proceedings in the National 
Academy of Sciences 93: 1108-112, 1996.  
 
Gold MS, Levine JD, Correa AM. Modulation of TTX-R INa by PKC and PKA and 
their role in PGE2-induced sensitization of rat sensory neurons in vitro. Journal of 
Neuroscience 18: 10345-10355, 1998.  
 
Guindon J, De Lean A, Beaulieu P.  Local interactions between anandamide, an 
endocannabinoid, and ibuprofen, a nonsteroidal anti-inflammatory drug, in acute 
and inflammatory pain. Pain 121: 85-93, 2006. 
 
Guerrero AV, Quang P, Dekker N, Jordan RC, Schmidt BL. Peripheral 
cannabinoids attenuate carcinoma-induced nociception in mice. Neuroscience 
Letters 433: 77-81, 2008.  
 
Guindon J, Beaulieu P. Antihyperalgesic effects of local injections of 
anandamide, ibuprofen, rofecoxib and their combination in a model of 
neuropathic pain. Neuropharmacology 50: 814-823, 2006. 
 
Guindon J, De Lean A, Beaulieu P.  Local interactions between anandamide, an 
endocannabinoid, and ibuprofen, a nonsteroidal anti-inflammatory drug, in acute 
and inflammatory pain. Pain 121: 85-93, 2006. 
 
Guindon J, Hohmann AG. Cannabinoid CB2 receptors: a therapeutic target for 
the treatment of inflammatory and neuropathic pain. British Journal of 
Pharmacology 153: 319-334, 2008.  
 
Gunthorpe MJ, Rami HK, Jerman JC, Smart D, Gill CH, Soffin EM, Luis Hannan 
S, Lappin SC, Egerton J, Smith GD, Worby A, Howett L, Owen D, Nasir S, 
Davies CH, Thompson M, Wyman PA, Randall AD, Davis JB. Identification and 
characterisation of SB-366791, a potent and selective vanilloid receptor 
(VR1/TRPV1) antagonist. Neuropharmacology 46: 133-149, 2004.  
 
Gutierrez T, Farthing JN, Zvonok AM, Makriyannis A, Hohmann AG. Activation of 
peripheral cannabinoid CB1 and CB2 receptors suppresses the maintenance of 
inflammatory nociception: a comparative analysis. British Journal of 
Pharmacology 150: 153-163, 2007.  
 
Hamamoto DT, Giridharagopalan S, Simone DA. Acute and chronic 
administration of the cannabinoid receptor agonist CP 55,940 attenuates tumor-
evoked hyperalgesia. European Journal of Pharmacology 558: 73-87, 2007.  
 



 
 
 

211

Hamilton SG, McMahon SB, Lewin GR. Selective activation of nociceptors by 
P2X receptor agonists in normal and inflamed rat skin. Journal of Physiology 
534: 437-445, 2001.  
 
Hanus L, Abu-Lafi S, Fride E, Breuer A, Vogel Z, Shalev DE, Kustanovich I, 
Mechoulam R. 2-arachidonyl glyceryl ether, an endogenous agonist of the 
cannabinoid CB1 receptor. Proceedings in the National Academy of Sciences 98: 
3662-3665, 2001. 
 
Hämäläinen MM, Gebhart GF, Brennan TJ. Acute effect of an incision on 
mechanosensitive afferents in the plantar rat hindpaw. Journal of 
Neurophysiology 87: 712-720, 2002.  
 
Hardy JD, Wolff HG, Goodell H. Pain Sensations and Reactions. Baltimore: 
Williams and Wilkins, 1952.  
 
Hargreaves K, Dubner R, Brown F, Flores C, Joris J. A new and sensitive 
method for measuring thermal nociception in cutaneous hyperalgesia. Pain 32: 
77-88, 1988. 
 
Harper AA, Lawson SN.Conduction velocity is related to morphological cell type 
in rat dorsal root ganglion neurones. Journal of Physiology 359: 31-46, 1985.  
 
Harrison S, De Petrocellis L, Trevisani M, Benvenuti F, Bifulco M, Geppetti P, Di 
Marzo V. Capsaicin-like effects of N-arachidonoyl-dopamine in the isolated 
guinea pig bronchi and urinary bladder. European Journal of Pharmacology 475: 
107-104, 2003.  
 
Hensel H, Zotterman Y. The response of the cold receptors to constant cooling. 
Acta Physiologica Scandinavica 22: 96-105, 1951.  
 
Hensel H, Iggo A, Witt I. A quantitative study of sensitive cutaneous 
thermoreceptors with C afferent fibres. Journal of Physiology 153: 113-126, 
1960.  
 
Hensel H. Thermoreceptors. Annual Review of Physiology 36: 233-249, 1974.  
 
Herkenham M, Lynn AB, Little MD, Johnson MR, Melvin LS, de Costa BR, Rice 
KC. Cannabinoid receptor localization in brain. Proceedings in the National 
Academy of Sciences 87: 1932-1936, 1990.  
 
 



 
 
 

212

Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR, Rice KC. 
Characterization and localization of cannabinoid receptors in rat brain: a 
quantitative in vitro autoradiographic study. Journal of Neuroscience 11: 563-583, 
1991.  
 
Hernández L, Romero A, Almela P, García-Nogales P, Laorden ML, Puig MM. 
Tolerance to the antinociceptive effects of peripherally administered opioids. 
Expression of beta-arrestins. Brain Research 1248: 31-39, 2009. 
 
Herzberg U, Eliav E, Bennett GJ, Kopin IJ. The analgesic effects of R(+)-WIN 
55,212-2 mesylate, a high affinity cannabinoid agonist, in a rat model of 
neuropathic pain. Neuroscience Letters 221: 157-160, 1997.  
 
Hillard CJ, Manna S, Greenberg MJ, DiCamelli R, Ross RA, Stevenson LA, 
Murphy V, Pertwee RG, Campbell WB. Synthesis and characterization of potent 
and selective agonists of the neuronal cannabinoid receptor (CB1). Journal of 
Pharmacology of Experimental Therapeutics 289: 1427-1433, 1999.  
 
Hilliges M, Weidner C, Schmelz M, Schmidt R, Ørstavik K, Torebjörk E, 
Handwerker H. ATP responses in human C nociceptors. Pain 98: 59-68, 2002. 
 
Hohmann AG, Tsou K, Walker JM. Cannabinoid suppression of noxious heat-
evoked activity in wide dynamic range neurons in the lumbar dorsal horn of the 
rat. Journal of Neurophysiology 81: 575-583, 1999.  
 
Hohmann AG, Herkenham M. Localization of central cannabinoid CB1 receptor 
messenger RNA in neuronal subpopulations of rat dorsal root ganglia: a double-
label in situ hybridization study. Neuroscience 90: 923-931, 1999.  
 
Hohmann AG. Spinal and peripheral mechanisms of cannabinoid antinociception: 
behavioral, neurophysiological and neuroanatomical perspectives. Chemistry and 
Physics of Lipids 121: 173-190, 2002. 
 
Hohmann AG, Farthing JN, Zvonok AM, Makriyannis A. Selective activation of 
cannabinoid CB2 receptors suppresses hyperalgesia evoked by intradermal 
capsaicin. Journal of Pharmacology and Experimental Therapeutics 308: 446-
453, 2004. 
 
Holdcroft A, Maze M, Doré C, Tebbs S, Thompson S. A multicenter dose-
escalation study of the analgesic and adverse effects of an oral cannabis extract 
(Cannador) for postoperative pain management. Anesthesiology 104: 1040-1046, 
2006. 
 



 
 
 

213

Horvath G, Kekesi G, Nagy E, Benedek G. The role of TRPV1 receptors in the 
antinociceptive effect of anandamide at spinal level. Pain 134: 277-284, 2008. 
 
Hosohata K, Quock RM, Hosohata Y, Burkey TH, Makriyannis A, Consroe P, 
Roeske WR, Yamamura HI. AM630 is a competitive cannabinoid receptor 
antagonist in the guinea pig brain. Life Sciences 61: PL115-PL118, 1997.  
 
Howlett AC, Barth F, Bonner TI, Cabral G, Casellas P, Devane WA, Felder CC, 
Herkenham M, Mackie K, Martin BR, Mechoulam R, Pertwee RG. International 
Union of Pharmacology. XXVII. Classification of cannabinoid receptors. 
Pharmacological Reviews 54: 161-202, 2002.  
 
Howlett AC, Breivogel CS, Childers SR, Deadwyler SA, Hampson RE, Porrino 
LJ. Cannabinoid physiology and pharmacology: 30 years of progress. 
Neuropharmacology 47: 345-358, 2004. 
 
Hubbard SJ. A study of rapid mechanical events in a mechanoreceptor. Journal 
of Physiology 141: 198-218, 1958.  
 
Huang SM, Bisogno T, Trevisani M, Al-Hayani A, De Petrocellis L, Fezza F, 
Tognetto M, Petros TJ, Krey JF, Chu CJ, Miller JD, Davies SN, Geppetti P, 
Walker JM, Di Marzo V. An endogenous capsaicin-like substance with high 
potency at recombinant and native vanilloid VR1 receptors. Proceedings in the 
National Academy of Sciences 99: 8400-8405, 2002.  
 
Hunt CC. Relation of function to diameter in afferent fibers of muscle nerves. The 
Journal of General Physiology 38: 117-131, 1954.  
 
Hylden JL, Nahin RL, Traub RJ, Dubner R. Expansion of receptive fields of spinal 
lamina I projection neurons in rats with unilateral adjuvant-induced inflammation: 
the contribution of dorsal horn mechanisms. Pain 37: 229-243, 1989.  
 
Ibrahim MM, Deng H, Zvonok A, Cockayne DA, Kwan J, Mata HP, Vanderah TW, 
Lai J, Porreca F, Makriyannis A, Malan TP Jr. Activation of CB2 cannabinoid 
receptors by AM1241 inhibits experimental neuropathic pain: pain inhibition by 
receptors not present in the CNS. Proceedings of National Academy of Sciences 
USA 100: 10529-10533, 2003. 
 
Ibrahim MM, Porreca F, Lai J, Albrecht PJ, Rice FL, Khodorova A, Davar G, 
Makriyannis A, Vanderah TW, Mata HP, Malan TP Jr. CB2 cannabinoid receptor 
activation produces antinociception by stimulating peripheral release of 
endogenous opioids. Proceedings of National Academy of Sciences USA 102: 
3093-3098, 2005. 



 
 
 

214

 
Ibrahim MM, Rude ML, Stagg NJ, Mata HP, Lai J, Vanderah TW, Porreca F, 
Buckley NE, Makriyannis A, Malan TP Jr. CB2 cannabinoid receptor mediation of 
antinociception. Pain 122: 36-42, 2006. 
 
Iggo A. Cutaneous mechanoreceptors with afferent C fibres. Journal of 
Physiology 152: 337-353, 1960.  
 
Iggo A, Muir AR. The structure and function of a slowly adapting touch corpuscle 
in hairy skin. Journal of Physiology 200: 763-796, 1969.  
 
Iversen L. Cannabis and the brain. Brain 126: 1252-1270, 2003.  
 
Jaggar SI, Hasnie FS, Sellaturay S, Rice AS. The anti-hyperalgesic actions of the 
cannabinoid anandamide and the putative CB2 receptor agonist 
palmitoylethanolamide in visceral and somatic inflammatory pain. Pain 76: 189-
199, 1998.  
 
Jain AK, Ryan JR, McMahon FG, Smith G. Evaluation of intramuscular 
levontradol and placebo in acute postoperative pain. Journal of Clinical 
Pharmacology 21: 320S-326S, 1981.  
 
Jansen JK, Rudjord T. On the silent period and golgi tendon organs of the soleus 
muscle of the cat. Acta Physiologica Scandinavica 62: 364-79, 1964.  
 
Jerman JC, Gray J, Brough SJ, Ooi L, Owen D, Davis JB, Smart D. Comparison 
of effects of anandamide at recombinant and endogenous rat vanilloid receptors. 
British Journal of Anesthesia 89: 882-887, 2002.  
 
Jeske NA, Patwardhan AM, Gamper N, Price TJ, Akopian AN, Hargreaves KM. 
Cannabinoid WIN 55,212-2 regulates TRPV1 phosphorylation in sensory 
neurons. Journal of Biological Chemistry 281: 32879-32890, 2006.  
 
Ji RR, Zhang Q, Law PY, Low HH, Elde R, Hokfelt T. Expression of mu-, delta-, 
and kappa-opioid receptor-like immunoreactivities in rat dorsal root ganglia after 
carrageenan-induced inflammation. Journal of Neuroscience 15: 8156–8166, 
1995. 
 
Ji RR, Samad TA, Jin SX, Schmoll R, Woolf CJ. p38 MAPK activation by NGF in 
primary sensory neurons after inflammation increases TRPV1 levels and 
maintains heat hyperalgesia. Neuron 36: 57-68, 2002.  
 



 
 
 

215

Jiang N, Rau KK, Johnson RD, Cooper BY. Proton sensitivity Ca2+ permeability 
and molecular basis of acid-sensing ion channels expressed in glabrous and 
hairy skin afferents. Journal of Neurophysiology 95: 2466-2478, 2006.  
 
Johanek LM, Heitmiller DR, Turner M, Nader N, Hodges J, Simone DA. 
Cannabinoids attenuate capsaicin-evoked hyperalgesia through spinal and 
peripheral mechanisms. Pain 93: 303-315, 2001.  
 
Johanek LM, Simone DA. Activation of peripheral cannabinoid receptors 
attenuates cutaneous hyperalgesia produced by a heat injury. Pain 109: 432-
442, 2004. 
 
Joris J, Costello A, Dubner R, Hargreaves KM. Opiates suppress carrageenan-
induced edema and hyperthermia at doses that inhibit hyperalgesia. Pain 43: 95–
103, 1990. 
 
Junger H, Sorkin LS. Nociceptive and inflammatory effects of subcutaneous 
TNFalpha. Pain 85: 145-151, 2000. 
  
Karst M, Salim K, Burstein S, Conrad I, Hoy L, Schneider U. Analgesic effect of 
the synthetic cannabinoid CT-3 on chronic neuropathic pain: a randomized 
controlled trial. JAMA 290: 1757-1762, 2003. 
 
Kaymakçalan S, Türker RK, Türker MN. Analgesic effect of delta 9-
tetrahydrocannabinol in the dog. Psychopharmacologia 35:123-128, 1974. 
 
Kehl LJ, Hamamoto DT, Wacnik PW, Croft DL, Norsted BD, Wilcox GL, Simone 
DA. A cannabinoid agonist differentially attenuates deep tissue hyperalgesia in 
animal models of cancer and inflammatory muscle pain. Pain 103: 175-186, 
2003.  
 
Kelly S, Donaldson LF. Peripheral cannabinoid CB1 receptors inhibit evoked 
responses of nociceptive neurones in vivo. European Journal of Pharmacology 
586: 160-163, 2008. 
 
Khan GM, Chen SR, Pan HL. Role of primary afferent nerves in allodynia caused 
by diabetic neuropathy in rats. Neuroscience 114: 291-299, 2002. 
 
Khasabova I, Simone DA, Seybold VS. Cannabinoids attenuate depolarization-
dependent calcium influx in intermediate-size primary afferent neurons of adult 
rats. Neuroscience 115: 613-625, 2002.  
 



 
 
 

216

Khasabova IA, Harding-Rose C, Simone DA, Seybold VS. Differential effects of 
CB1 and opioid agonists on two populations of adult rat dorsal root ganglion 
neurons. Journal of Neuroscience 24: 1744-53, 2004. 
 
Khasabova IA, Khasabov SG, Harding-Rose C, Coicou LG, Seybold BA, 
Lindberg AE, Steevens CD, Simone DA, Seybold VS. A decrease in anandamide 
signaling contributes to the maintenance of cutaneous mechanical hyperalgesia 
in a model of bone cancer pain. Journal of Neuroscience 28: 11141-11152, 2008.  
 
Khasar SG, McCarter G, Levine JD. Epinephrine produces a beta-adrenergic 
receptor-mediated mechanical hyperalgesia and in vitro sensitization of rat 
nociceptors. Journal of Neurophysiology 81: 1104-1112, 1999.  
 
Kirchhoff C, Jung S, Reeh PW, Handwerker HO. Carrageenan inflammation 
increases bradykinin sensitivity of rat cutaneous nociceptors. Neuroscience 
Letters 111: 206-210, 1990. 
 
Klein TW, Newton C, Larsen K, Lu L, Perkins I, Nong L, Friedman H. The 
cannabinoid system and immune modulation. Journal of Leukocyte Biology 74: 
486-496, 2003.  
 
Ko MC, Woods JH. Local administration of delta9-tetrahydrocannabinol 
attenuates capsaicin-induced thermal nociception in rhesus monkeys: a 
peripheral cannabinoid action. Psychopharmacology 143: 322-326, 1999. 
 
Kobayashi K, Fukuoka T, Obata K, Yamanaka H, Dai Y, Tokunaga A, Noguchi K. 
Distinct expression of TRPM8, TRPA1, and TRPV1 mRNAs in rat primary 
afferent neurons with adelta/c-fibers and colocalization with trk receptors. Journal 
of Comparative Neurology 493: 596-606, 2005.  
 
Kocher L, Anton F, Reeh PW, Handwerker HO. The effect of carrageenan-
induced inflammation on the sensitivity of unmyelinated skin nociceptors in the 
rat. Pain 29: 363-373, 1987.  
 
Kollarik M, Undem BJ. Activation of bronchopulmonary vagal afferent nerves with 
bradykinin, acid and vanilloid receptor agonists in wild-type and TRPV1-/- mice. 
Journal of Physiology 555: 115-123, 2004. 
 
Koltzenburg M, Bennett DL, Shelton DL, McMahon SB. Neutralization of 
endogenous NGF prevents the sensitization of nociceptors supplying inflamed 
skin. European Journal of Neuroscience 11: 1698-16704, 1999. 
 



 
 
 

217

Konietzny F, Perl ER, Trevino D, Light A, Hensel H. Sensory experiences in man 
evoked by intraneural electrical stimulation of intact cutaneous afferent fibers. 
Experimental Brain Research 42: 219-222, 1981.  
 
Kraft B, Frickey NA, Kaufmann RM, Reif M, Frey R, Gustorff B, Kress HG. Lack 
of analgesia by oral standardized cannabis extract on acute inflammatory pain 
and hyperalgesia in volunteers. Anesthesiology 109: 101-110, 2008. 
 
Kress M, Rödl J, Reeh PW. Stable analogues of cyclic AMP but not cyclic GMP 
sensitize unmyelinated primary afferents in rat skin to heat stimulation but not to 
inflammatory mediators, in vitro. Neuroscience 74: 609-617, 1996.  
 
Kress M, Reeh PW, Vyklicky L. An interaction of inflammatory mediators and 
protons in small diameter dorsal root ganglion neurons of the rat. Neuroscience 
Letters 224: 37-40, 1997.  
 
Kress M, Kuner R. Mode of action of cannabinoids on nociceptive nerve endings. 
Experimental Brain Research DOI: 10.1007/s00221-009-1762-0, 2009.  
 
LaMotte RH, Thalhammer JG, Torebjörk HE, Robinson CJ. Peripheral neural 
mechanisms of cutaneous hyperalgesia following mild injury by heat. Journal of 
Neuroscience 2: 765-781, 1982.  
 
LaMotte RH, Thalhammer JG, Robinson CJ. Peripheral neural correlates of 
magnitude of cutaneous pain and hyperalgesia: a comparison of neural events in 
monkey with sensory judgments in human. Journal of Neurophysiology 50: 1-26, 
1983.  
 
LaMotte RH, Torebjörk HE, Robinson CJ, Thalhammer JG. Time-intensity 
profiles of cutaneous pain in normal and hyperalgesic skin: a comparison with C-
fiber nociceptor activities in monkey and human. Journal of Neurophysiology 51: 
1434-1450, 1984.  
 
LaMotte RH, Whitehouse J. Tactile detection of a dot on a smooth surface: 
peripheral neural events. Journal of Neuropysiology 56: 1109-1128, 1986.  
 
LaMotte RH, Lundberg LE, Torebjörk HE. Pain, hyperalgesia and activity in 
nociceptive C units in humans after intradermal injection of capsaicin. Journal of 
Physiology 448: 749-764, 1992.  
 
Lauckner JE, Jensen JB, Chen HY, Lu HC, Hille B, Mackie K. GPR55 is a 
cannabinoid receptor that increases intracellular calcium and inhibits M current. 
Proceedings in the National Academy of Sciences USA 105: 2699-2704, 2008.  



 
 
 

218

 
Lee MG, Weinreich D, Undem BJ. Effect of olvanil and anandamide on vagal C-
fiber subtypes in guinea pig lung. British Journal of Pharmacology 146: 596-603, 
2005.  
 
Leem JW, Willis WD, Chung JM. Cutaneous sensory receptors in the rat foot. 
Journal of Neurophysiology 69: 1684-1699, 1993.  
 
Lewis T. Pain. London: Macmillan, 1942.  
 
Li J, Daughters RS, Bullis C, Bengiamin R, Stucky MW, Brennan J, Simone 
DA.The cannabinoid receptor agonist WIN 55,212-2 mesylate blocks the 
development of hyperalgesia produced by capsaicin in rats. Pain 81: 25-33, 
1999.  
 
Liang YF, Haake B, Reeh PW. Sustained sensitization and recruitment of rat 
cutaneous nociceptors by bradykinin and a novel theory of its excitatory action. 
Journal of Physiology 532: 229-239, 2001. 
 
Lin YS, Lee LY. Stimulation of pulmonary vagal C-fibers by anandamide in 
anaesthetized rats: role of vanilloid type 1 receptors. Journal of Physiology 539: 
947-955, 2002. 
 
Lichtman AH, Martin BR. Delta 9-tetrahydrocannabinol impairs spatial memory 
through a cannabinoid receptor mechanism. Psychopharmacology 126: 125-131, 
1996.  
 
Lindblom U. Properties of touch receptors in distal glabrous skin of the monkey. 
Journal of Neurophysiology 28: 966-985, 1965.  
 
Linley JE, Rose K, Patil M, Robertson B, Akopian AN, Gamper N. Inhibition of M 
current in sensory neurons by exogenous proteases: a signaling pathway 
mediating inflammatory nociception. Journal of Neuroscience 28: 11240-11249, 
2008.  
 
Liu J, Gao B, Mirshahi F, Sanyal AJ, Khanolkar AD, Makriyannis A, Kunos G. 
Functional CB1 cannabinoid receptors in human vascular endothelial cells. 
Biochemical Journal 15: 835-840, 2000.  
 
Lombard C, Nagarkatti M, Nagarkatti P. CB2 cannabinoid receptor agonist, JWH-
015, triggers apoptosis in immune cells: potential role for CB2-selective ligands 
as immunosuppressive agents. Clinical Immunology 122: 259-270, 2007.  
 



 
 
 

219

Lu SG, Gold MS. Inflammation-induced increase in evoked calcium transients in 
subpopulations of rat dorsal root ganglion neurons. Neuroscience 153: 279-288, 
2008.  
 
Maccarrone M, Valensise H, Bari M, Lazzarin N, Romanini C, Finazzi-Agro A. 
Progesterone up-regulates anandamide hydrolase in human lymphocytes: role of 
cytokines and implications for fertility. Journal of Immunology 166: 7183-7189, 
2001.  
 
Maccarrone M, Di Rienzo M, Battista N, Gasperi V, Guerrieri P, Rossi A, Finazzi-
Agro A. The endocannabinoid system in human keratinocytes. Evidence that 
anandamide inhibits epidermal differentiation through CB1 receptor-dependent 
inhibition of protein kinase C, activation protein-1, and transglutaminase. Journal 
of Biological Chemistry 278: 33896-33903, 2003.  
 
Mackenzie RA, Burke D, Skuse NF, Lethlean AK. Fibre function and perception 
during cutaneous nerve block. Journal of Neurology, Neurosurgery and 
Psychiatry 38: 865-873, 1975. 
 
Mackie K, Hille B. Cannabinoids inhibit N-type calcium channels in 
neuroblastoma-glioma cells. Proceedings in the National Academy of Sciences 
USA 89: 3825-3829, 1992. 
 
Mackie K, Lai Y, Westenbroek R, Mitchell R. Cannabinoids activate an inwardly 
rectifying potassium conductance and inhibit Q-type calcium currents in AtT20 
cells transfected with rat brain cannabinoid receptor. Journal of Neuroscience 15: 
6552-6561, 1995.  
 
Mailleux P, Vanderhaeghen JJ. Distribution of neuronal cannabinoid receptor in 
the adult rat brain: a comparative receptor binding radioautography and in situ 
hybridization histochemistry. Neuroscience 48: 655-668, 1992.  
 
Malan TP Jr, Ibrahim, MM, Deng H, Liu Q, Mata HP, Vanderah T, Porreca F, 
Makriyannis A. CB2 cannabinoid receptor-mediated peripheral antinociception. 
Pain 93: 239-245, 2001. 
 
Martin BR. Characterization of the antinociceptive activity of intravenously 
administered ∆9-tetrahydrocannabinoil in mice. In: Marihuana '84, Proceedings 
of the Oxford Symposium on Cannabis, edited by Harvey DJ. Oxford, IRL Press, 
1985.  
 
 



 
 
 

220

Martin HA, Basbaum AI, Kwiat GC, Goetzl EJ, Levine JD. Leukotriene and 
prostaglandin sensitization of cutaneous high-threshold C- and A-delta 
mechanonociceptors in the hairy skin of rat hindlimbs. Neuroscience 22: 651-
659, 1987.  
 
Martin HA, Murphy PR. Interleukin-2 activates a sub-population of cutaneous C-
fibre polymodal nociceptors in the rat hairy skin. Archives of Physiology and 
Biochemistry 103: 136-148, 1995.  
 
Martin WJ, Hohmann AG, Walker JM. Suppression of noxious stimulus-evoked 
activity in the ventral posterolateral nucleus of the thalamus by a cannabinoid 
agonist: correlation between electrophysiological and antinociceptive effects. 
Journal of Neuroscience 16: 6601-6611, 1996.  
 
Massi P, Vaccani A, Parolaro D. Cannabinoids, immune system and cytokine 
network. Current Pharmaceutical Design 12: 3135-3146, 2006.  
 
Matias I, Pochard P, Orlando P, Salzet M, Pestel J, Di Marzo V. Presence and 
regulation of endocannabinoid system in human dendritic cells. European 
Journal of Biochemistry 269: 3771-3778, 2002.  
 
Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a 
cannabinoid receptor and functional expression of the cloned cDNA. Nature 346: 
561-564, 1990.  
 
Matsuda LA, Bonner TI, Lolait SJ. Localization of cannabinoid receptor mRNA in 
rat brain. Journal of Comparative Neurology 327: 535-550, 1993.  
 
Mbvudula EC, Rainsford KD, Bunning RAD. Cannabinoids in pain and 
inflammation. Inflammopharmacology 12: 99-114, 2004. 
 
McAllister SD, Griffin G, Satin LS, Abood ME. Cannabinoid receptors can 
activate and inhibit G protein-coupled inwardly rectifying potassium channels in a 
xenopus oocyte expression system. Journal of Pharmacology and Experimental 
Therapeutics 291: 618-626, 1999.  
 
Mechoulam R, Gaoni Y. A total synthesis of DL-Delta-1-Tetrahydrocannabinol, 
the active constituent of hashish. Journal of the American Chemical Society 87: 
3273-3275, 1965. 
 
 
 
 



 
 
 

221

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE, Schatz AR, 
Gopher A, Almog S, Martin BR, Compton DR, Pertwee RG, Griffin G, Bayewitch 
M, Barg J, Vogel Z. Identification of an endogenous 2-monoglyceride, present in 
canine gut, that binds to cannabinoid receptors. Biochemical Pharmacology 50: 
83-90, 1995. 
 
Melck D, Bisogno T, De Petrocellis L, Chuang H, Julius D, Bifulco M, Di Marzo V. 
Unsaturated long-chain N-acyl-vanillyl-amides (N-AVAMs): vanilloid receptor 
ligands that inhibit anandamide-facilitated transport and bind to CB1 cannabinoid 
receptors. Biochemical and Biophysical Research Communications 262: 275-
284, 1999. 
 
Menétrey D, Besson JM. Electrophysiological characteristics of dorsal horn cells 
in rats with cutaneous inflammation resulting from chronic arthritis. Pain 13: 343-
364, 1982.  
 
Meybohm P, Brand PA, Ufer M, Thiemann F, Steinfath M, Paris A, Scholz J, Bein 
B. Additive interaction of the cannabinoid receptor I agonist arachidonyl-2-
chloroethylamide with etomidate in a sedation model in mice. Anesthesiology 
108: 669-674, 2008.  
 
Meyer RA, Campbell JN. Myelinated nociceptive afferents account for the 
hyperalgesia that follows a burn to the hand. Science 213: 1527-1529, 1981. 
 
Miller LL, Drew WG. Cannabis: review of behavioral effects in animals. 
Psychological Bulletin 81: 401-417, 1974.   
 
Millns PJ, Chapman V, Kendall DA. Cannabinoid inhibition of the capsaicin-
induced calcium response in rat dorsal root ganglion neurons. British Journal of 
Pharmacology 132: 969-971, 2001.  
 
Mitrirattanakul S, Ramakul N, Guerrero AV, Matsuka Y, Ono T, Iwase H, Mackie 
K, Faull KF, Spigelman I. Site-specific increases in peripheral cannabinoid 
receptors and their endogenous ligands in a model of neuropathic pain. Pain 
126: 102-114, 2006.  
 
Montecucco F, Burger F, Mach F, Steffens S. CB2 cannabinoid receptor agonist 
JWH-015 modulates human monocyte migration through defined intracellular 
signaling pathways. American journal of physiology. Heart and Circulatory 
Physiology 294: H1145-H1155, 2008.  
 



 
 
 

222

Moss DE, Johnson RL. Tonic analgesic effects of delta 9-tetrahydrocannabinol 
as measured with the formalin test. European Journal of Pharmacology 61: 313-
315, 1980.  
 
Movahed P, Evilevitch V, Andersson TL, Jönsson BA, Wollmer P, Zygmunt PM, 
Högestätt ED. Vascular effects of anandamide and N-acylvanillylamines in the 
human forearm and skin microcirculation. British Journal of Pharmacology 146: 
171-179, 2005.  
 
Munger BL. The intraepidermal innervation of the snout skin of the opossum. A 
light and electron microscope study, with observations on the nature of Merkel's 
Tastzellen. Journal of Cell Biology 26: 79-97, 1965.  
 
Munger BL, Pubols LM, Pubols BH. The Merkel rete papilla–a slowly adapting 
sensory receptor in mammalian glabrous skin. Brain Research 29: 47-61, 1971.  
 
Munro S, Thomas KL, Abu-Sharr M. Molecular characterization of a peripheral 
cannabinoid receptor. Nature 365: 61-65, 1993. 
 
Na HS, Leem JW, Chung JM. Abnormalities of mechanoreceptors in a rat model 
of neuropathic pain: possible involvement in mediating mechanical allodynia. 
Journal of Neurophysiology 70: 522-528, 1993.  
 
Nackley AG, Makriyannis A, Hohmann AG. Selective activation of cannabinoid 
CB(2) receptors suppresses spinal fos protein expression and pain behavior in a 
rat model of inflammation. Neuroscience 119: 747-757, 2003.  
 
Nackley AG, Zvonok AM, Makriyannis A, Hohmann AG. Activation of 
cannabinoid CB2 receptors suppresses C-fiber responses and windup in spinal 
wide dynamic range neurons in the absence and presence of inflammation. 
Journal of Neurophysiology 92: 3562-3574, 2004.  
 
Nandi R, Beacham D, Middleton J, Koltzenburg M, Howard RF, Fitzgerald M. 
The functional expression of mu opioid receptors on sensory neurons is 
developmentally regulated; morphine analgesia is less selective in the neonate. 
Pain 111: 38-50, 2004.  
 
Narang S, Gibson D, Wasan AD, Ross EL, Michna E, Nedeljkovic SS, Jamison 
RN. Efficacy of dronabinol as an adjuvant treatment for chronic pain patients on 
opioid therapy. Journal of Pain 9: 254-264, 2008.  
 
Noyes R Jr, Brunk SF, Baram DA, Canter A. Analgesic effect of delta-9-
tetrahydrocannabinol. Journal of Clinical Pharmacology 15: 139-143, 1975a.  



 
 
 

223

 
Noyes Jr. R, Brunk SF, Avery DAH, Canter AC. The analgesic properties of 
delta-9-tetrahydrocannabinol and codeine. Clinical Pharmacology and 
Therapeutics 18: 84-89, 1975b.  
 
Nozaki-Taguchi N, Yaksh TL. Characterization of the antihyperalgesic action of a 
novel peripheral mu-opioid receptor agonist–loperamide. Anesthesiology 90: 
225-34, 1999. 
 
Nurmikko TJ, Serpell MG, Hoggart B, Toomey PJ, Morlion BJ, Haines D. Sativex 
successfully treats neuropathic pain characterised by allodynia: a randomised, 
double-blind, placebo-controlled clinical trial. Pain 133: 210-220, 2007.  
 
Obara I, Makuch W, Spetea M, Schütz J, Schmidhammer H, Przewlocki R, 
Przewlocka B. Local peripheral antinociceptive effects of 14-O-
methyloxymorphone derivatives in inflammatory and neuropathic pain in the rat. 
European Journal of Pharmacology 558: 60-67, 2007.  
 
Obara I, Parkitna JR, Korostynski M, Makuch W, Kaminska D, Przewlocka B, 
Przewlocki R. Local peripheral opioid effects and expression of opioid genes in 
the spinal cord and dorsal root ganglia in neuropathic and inflammatory pain. 
Pain 141: 283-291, 2009.  
 
Obreja O, Schmelz M, Poole S, Kress M. Interleukin-6 in combination with its 
soluble IL-6 receptor sensitises rat skin nociceptors to heat, in vivo. Pain 96: 57-
62, 2002.  
 
Ochoa J, Torebjörk E. Sensations evoked by intraneural microstimulation of C 
nociceptor fibres in human skin nerves. Journal of Physiology 415: 583-599, 
1983.  
 
Olah Z, Karai L, Iadarola MJ. Anandamide activates vanilloid receptor 1 (VR1) at 
acidic pH in dorsal root ganglia neurons and cells ectopically expressing VR1. 
Journal of Biological Chemistry 276: 31163-31170, 2001.  
 
Onaivi ES, Ishiguro H, Gong JP, Patel S, Perchuk A, Meozzi PA, Myers L, Mora 
Z, Tagliaferro P, Gardner E, Brusco A, Akinshola BE, Liu QR, Hope B, Iwasaki S, 
Arinami T, Teasenfitz L, Uhl GR. Discovery of the presence and functional 
expression of cannabinoid CB2 receptors in brain. Annals of the New York 
Academy of Sciences 1074: 514-536, 2006.  
 
 



 
 
 

224

Palecek J, Dougherty PM, Kim SH, Palecková V, Lekan H, Chung JM, Carlton 
SM, Willis WD. Responses of spinothalamic tract neurons to mechanical and 
thermal stimuli in an experimental model of peripheral neuropathy in primates. 
Journal of Neurophysiology 68: 1951-1966, 1992.  
 
Pan X, Ikeda SR, Lewis DL. Rat brain cannabinoid receptor modulates N-type 
Ca2+ channels in a neuronal expression system. Molecular Pharmacology 49: 
707-714, 1996. 
 
Parolaro D. Presence and functional regulation of cannabinoid receptors in 
immune system cells. Life Sciences 65: 637-644, 1999.  
 
Patwardhan AM, Jeske NA, Price TJ, Gamper N, Akopian AN, Hargreaves KM. 
The cannabinoid WIN 55,212-2 inhibits transient receptor potential vanilloid 1 
(TRPV1) and evokes peripheral antihyperalgesia via calcineurin. Proceedings of 
the National Academy of Sciences of the USA 103: 11393-11398, 2006.  
 
Pertwee R, Griffin G, Fernando S, Li X, Hill A, Makriyannis A. AM630, a 
competitive cannabinoid receptor antagonist. Life Sciences 56: 1949-1955, 1995.  
 
Pertwee RG. The diverse CB1 and CB2 receptor pharmacology of three plant 
cannabinoids: delta9-tetrahydrocannabinol, cannabidiol and delta9-
tetrahydrocannabivarin. British Journal of Pharmacology 153: 199-215, 2008. 
 
Pogatzki EM, Gebhart GF, Brennan TJ. Characterization of Adelta- and C-fibers 
innervating the plantar rat hindpaw one day after an incision. Journal of 
Neurophysiology 87: 721-731, 2002. 
 
Porter AC, Sauer JM, Knierman MD, Becker GW, Berna MJ, Bao J, Nomikos 
GG, Carter P, Bymaster FP, Leese AB, Felder CC. Characterization of a novel 
endocannabinoid, virodhamine, with antagonist activity at the CB1 receptor. 
Journal of Pharmacology and Experimental Therapeutics 301: 1020-1024, 2002.  
 
Potenzieri C, Harding-Rose C, Simone DA. The cannabinoid receptor agonist, 
WIN 55, 212-2, attenuates tumor-evoked hyperalgesia through peripheral 
mechanisms. Brain Research 1215: 69-75, 2008a.  
 
Potenzieri C, Brink TS, Pacharinsak C, Simone DA. Cannabinoid Modulation of 
Cutaneous A{delta} Nociceptors During Inflammation. Journal of 
Neurophysiology 100: 2794-2806, 2008b.  
 
Potenzieri C, Brink TS, Simone DA. Excitation of cutaneous C nociceptors by 
intraplantar administration of anandamide. Brain Research 1268: 38-47, 2009. 



 
 
 

225

 
Price DD, Hu JW, Dubner R, Gracely RH. Peripheral suppression of first pain 
and central summation of second pain evoked by noxious heat pulses. Pain 3: 
57-68, 1977. 
 
Price TJ, Patwardhan A, Akopian AN, Hargreaves KM, Flores CM. Modulation of 
trigeminal sensory neuron activity by the dual cannabinoid-vanilloid agonists 
anandamide, N-arachidonoyl-dopamine and arachidonyl-2-chloroethylamide. 
British Journal of Pharmacology 141: 1118-1130, 2004.  
 
Puig S, Sorkin LS. Formalin-evoked activity in identified primary afferent fibers: 
systemic lidocaine suppresses phase-2 activity. Pain 64: 345-355, 1996. 
 
Quartilho A, Mata HP, Ibrahim MM, Vanderah TW, Porreca F, Makriyannis A, 
Malan TP Jr.  Inhibition of inflammatory hyperalgesia by activation of peripheral 
CB2 cannabinoid receptors. Anesthesiology 99: 955-960, 2003. 
 
Ramaekers JG, Kauert G, van Ruitenbeek P, Theunissen EL, Schneider E, 
Moeller MR. High-potency marijuana impairs executive function and inhibitory 
motor control. Neuropsychopharmacology 31: 2296-2303, 2006.  
 
Raja SN, Meyer RA, Campbell JN. Peripheral mechanisms of somatic pain. 
Anesthesiology 68: 571-590, 1988.  
  
Ralevic V, Kendall DA, Jerman JC, Middlemiss DN, Smart D. Cannabinoid 
activation of recombinant and endogenous vanilloid receptors. European Journal 
of Pharmacology 424: 211-219, 2001.  
  
Razdan RK. Structure-activity relationships in cannabinoids. Pharmacological 
Reviews 38: 75-149, 1986.  
 
Ren K, Hylden JL, Williams GM, Ruda MA, Dubner R. The effects of a non-
competitive NMDA receptor antagonist, MK-801, on behavioral  
hyperalgesia and dorsal horn neuronal activity in rats with unilateral 
inflammation. Pain 50: 331-344, 1992.  
 
Ren Y, Zou X, Fang L, Lin Q. Sympathetic modulation of activity in Adelta- and 
C-primary nociceptive afferents after intradermal injection of capsaicin in rats. 
Journal of Neurophysiology 93: 365-377, 2005.  
 
Richardson JD, Kilo S, Hargreaves KM. Cannabinoids reduce hyperalgesia and 
inflammation via interaction with peripheral CB1 receptors. Pain 75: 11-119, 
1998. 



 
 
 

226

 
Rittner HL, Stein C. Involvement of cytokines, chemokines and adhesion 
molecules in opioid analgesia. European Journal of Pain 9: 109-112, 2005. 
 
Roberts LA, Christie MJ, Connor M. Anandamide is a partial agonist at native 
vanilloid receptors in acutely isolated mouse trigeminal sensory neurons. British 
Journal of Pharmacology 137: 421-428, 2002.  
 
Roberts JD, Gennings C, Shih M. Synergistic affective analgesic interaction 
between delta-9-tetrahydrocannabinol and morphine. European Journal of 
Pharmacology 530: 54-58, 2006.  
 
Rog DJ, Nurmikko TJ, Friede T, Young CA. Randomized, controlled trial of 
cannabis-based medicine in central pain in multiple sclerosis. Neurology 65: 812-
819, 2005. 
 
Ross RA, Coutts AA, McFarlan SM, Anavi-Goffer S, Irving AJ, Pertwee RG, 
MacEwan DJ, Scott RH. Actions of cannabinoid receptor ligands on rat cultured 
sensory neurons: implications for antinociception. Neuropharmacology 40: 221-
232, 2001.  
 
Rueff A, Dray A. Sensitization of peripheral afferent fibres in the in vitro neonatal 
rat spinal cord-tail by bradykinin and prostaglandins. Neuroscience 54: 527-535, 
1993.  
 
Rukwied R, Watkinson A, McGlone F, Dvorak M. Cannabinoid agonists attenuate 
capsaicin-induced responses in human skin. Pain 102: 283-288, 2003.  
 
Rukwied R, Dusch M, Schley M, Forsch E, Schmelz M. Nociceptor sensitization 
to mechanical and thermal stimuli in pig skin in vivo. European Journal of Pain 
12: 242-250, 2008.  
 
Russo EB. History of cannabis and its preparations in saga, science, and 
sobriquet. Chemistry and Biodiversity 4: 1614-1648, 2007.  
 
Ryberg E, Larsson N, Sjögren S, Hjorth S, Hermansson NO, Leonova J, Elebring 
T, Nilsson K, Drmota T, Greasley PJ. The orphan receptor GPR55 is a novel 
cannabinoid receptor. British Journal of Pharmacology 152: 1092-1101, 2007.  
 
Sagar DR, Kelly S, Millns PJ, O’Shaughnessey CT, Kendall DA, Chapman V. 
Inhibitory effect of CB1 and CB2 receptor agonists on responses of DRG 
neurons and dorsal horn neurons in neuropathic rats. European Journal of 
Neuroscience 22: 371-379, 2005.  



 
 
 

227

 
Saitoh C, Kitada C, Uchida W, Chancellor MB, de Groat WC, Yoshimura N. The 
differential contractile responses to capsaicin and anandamide in muscle strips 
isolated from the rat urinary bladder. European Journal of Pharmacology 570: 
182-187, 2007.  
 
Salim K, Schneider U, Burstein S, Hoy L, Karst M. Pain measurements and side 
effect profile of the novel cannabinoid ajulemic acid. Neuropharmacology 48: 
1164-1171, 2005. 
 
Samson MT, Small-Howard A, Shimoda LM, Koblan-Huberson M, Stokes AJ, 
Turner H. Differential roles of CB1 and CB2 cannabinoid receptors in mast cells. 
Journal of Immunology 170: 4953-4962, 203.  
 
Schaible HG, Schmidt RF. Excitation and sensitization of fine articular afferents 
from cat's knee joint by prostaglandin E2. Journal of Physiology 403: 91-104, 
1988.  
 
Schmidtko A, Gao W, König P, Heine S, Motterlini R, Ruth P, Schlossmann J, 
Koesling D, Niederberger E, Tegeder I, Friebe A, Geisslinger G. cGMP produced 
by NO-sensitive guanylyl cyclase essentially contributes to inflammatory and 
neuropathic pain by using targets different from cGMP-dependent protein kinase 
I. Journal of Neuroscience 28: 8568-8576, 2008.  
 
Seabrook GR, Sutton KG, Jarolimek W, Hollingworth GJ, Teague S, Webb J, 
Clark N, Boyce S, Kerby J, Ali Z, Chou M, Middleton R, Kaczorowski G, Jones 
AB. Functional properties of the high-affinity TRPV1 (VR1) vanilloid receptor 
antagonist (4-hydroxy-5-iodo-3-methoxyphenylacetate ester) iodo-resiniferatoxin. 
Journal of Pharmacology and Experimental Therapeutics 303: 1052-1060, 2002.  
 
Shah JV, Cleveland DW. Slow axonal transport: fast motors in the slow lane. 
Current Opinion Cell Biology 14: 58-62, 2002. 
 
Shim B, Kim DW, Kim BH, Nam TS, Leem JW, Chung JM. Mechanical and heat 
sensitization of cutaneous nociceptors in rats with experimental peripheral 
neuropathy. Neuroscience 132: 193-201, 2005. 
  
Shimosato G, Amaya F, Ueda M, Tanaka Y, Decosterd I, Tanaka M. Peripheral 
inflammation induces up-regulation of TRPV2 expression in rat DRG. Pain 119: 
225-232, 2005.  
 



 
 
 

228

Sim LJ, Selley DE, Xiao R, Childers SR. Differences in G-protein activation by 
mu- and delta-opioid, and cannabinoid, receptors in rat striatum. European 
Journal of Pharmacology 307: 97-105, 1996.  
 
Simone DA, Baumann TK, LaMotte RH. Dose-dependent pain and mechanical 
hyperalgesia in humans after intradermal injection of capsaicin. Pain 38: 99-107, 
1989.  
 
Simone DA, Sorkin LS, Oh U, Chung JM, Owens C, LaMotte RH, Willis WD. 
Neurogenic hyperalgesia: central neural correlates in responses of spinothalamic 
tract neurons. Journal of Neurophysiology 66: 228-246, 1991.  
 
Sinclair DC, Hinshaw JR. A comparison of the sensory dissociation produced by 
procaine and by limb compression. Brain 73: 480-498, 1950.  
 
Schmelz M, Schmidt R, Bickel A, Handwerker HO, Torebjörk HE. Specific C-
receptors for itch in human skin. Journal of Neuroscience 17: 8003-8008, 1997.  
 
Singh Tahim A, Sántha P, Nagy I. Inflammatory mediators convert anandamide 
into a potent activator of the vanilloid type 1 transient receptor potential receptor 
in nociceptive primary sensory neurons. Neuroscience 136: 539-548, 2005.  
 
Slipetz DM, O'Neill GP, Favreau L, Dufresne C, Gallant M, Gareau Y, Guay D, 
Labelle M, Metters KM. Activation of the human peripheral cannabinoid receptor 
results in inhibition of adenylyl cyclase. Molecular Pharmacology 48: 352-361, 
1995.  
 
Smart D, Gunthorpe MJ, Jerman JC, Nasir S, Gray J, Muir AI, Chambers JK, 
Randall AD, Davis JB. The endogenous lipid anandamide is a full agonist at the 
human vanilloid receptor (hVR1). British Journal of Pharmacology 129: 227-230, 
2000. 
 
Smart D, Jerman JC, Gunthorpe MJ, Brough SJ, Ranson J, Cairns W, Hayes PD, 
Randall AD, Davis JB. Characterisation using FLIPR of human vanilloid VR1 
receptor pharmacology. European Journal of Pharmacology 417: 51-58, 2001.  
 
Smith PB, Compton DR, Welch SP, Razdan RK, Mechoulam R, Martin BR. The 
pharmacological activity of anandamide, a putative endogenous cannabinoid, in 
mice. Journal of Pharmacology and Experimental Therapeutics 270: 219-227, 
1994. 
 
 



 
 
 

229

Smith PA, Selley DE, Sim-Selley LJ, Welch SP. Low dose combination of 
morphine and delta9-tetrahydrocannabinol circumvents antinociceptive tolerance 
and apparent desensitization of receptors. European Journal of Pharmacology 
571: 129-137, 2007.  
 
Sofia RD, Vassar HB, Knobloch LC. Comparative analgesic activity of various 
naturally occurring cannabinoids in mice and rats. Psychopharmacologia 40: 
285-295, 1975. 
 
Sokal DM, Elmes SJ, Kendall DA, Chapman V. Intraplantar injection of 
anandamide inhibits mechanically-evoked responses of spinal neurones via 
activation of CB2 receptors in anaesthetised rats. Neuropharmacology 45: 404-
411, 2003.  
 
Sorkin LS, Xiao WH, Wagner R, Myers RR. Tumour necrosis factor-alpha 
induces ectopic activity in nociceptive primary afferent fibres. Neuroscience 81: 
255-262, 1997.  
 
Sprague J, Harrison C, Rowbotham DJ, Smart D, Lambert DG. Temperature-
dependent activation of recombinant rat vanilloid VR1 receptors expressed in 
HEK293 cells by capsaicin and anandamide. European Journal of Pharmacology 
423, 121-125, 2001.  
 
Ständer S, Gunzer M, Metze D, Luger T, Steinhoff M. Localization of mu-opioid 
receptor 1A on sensory nerve fibers in human skin. Regulatory Peptides 110: 75-
83, 2002.  
 
Ständer S, Schmelz M, Metze D, Luger T, Rukwied R. Distribution of cannabinoid 
1 (CB1) and 2 (CB2) on sensory nerve fibers and adnexal structures in human 
skin. Journal of Dermatological Science 38: 177-188, 2005.  
 
Steen KH, Reeh PW, Anton F, Handwerker HO. Protons selectively induce 
lasting excitation and sensitization to mechanical stimulation of nociceptors in rat 
skin, in vitro. Journal of Neuroscience 12: 86-95, 1992.  
 
Steen KH, Steen AE, Reeh PW. A dominant role of acid pH in inflammatory 
excitation and sensitization of nociceptors in rat skin, in vitro. Journal of 
Neuroscience 15: 3982-3989, 1995.  
 
Stein C, Millan MJ, Shippenberg TS, Peter K, Herz A. Peripheral opioid receptors 
mediating antinociception in inflammation. Evidence for involvement of mu, delta 
and kappa receptors. Journal of Pharmacology and  Experimental Therapeutics 
248: 1269-1275, 1989. 



 
 
 

230

 
Stein C, Schäfer M, Machelska H. Attacking pain at its source: new perspectives 
on opioids. Nature Medicine 9: 1003-1008, 2003.  
 
Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, Itoh K, Yamashita A, 
Waku K. 2-Arachidonoylglycerol: a possible endogenous cannabinoid receptor 
ligand in brain. Biochemical and Biophysical Research Communications 215: 89-
97, 1995.  
 
Sullivan JM. Cellular and molecular mechanisms underlying learning and 
memory impairments produced by cannabinoids. Learning and Memory 7: 132-
139, 2000.  
 
Suzuki Y, Sato J, Kawanishi M, Mizumura K. Lowered response threshold and 
increased responsiveness to mechanical stimulation of cutaneous nociceptive 
fibers in streptozotocin-diabetic rat skin in vitro--correlates of mechanical 
allodynia and hyperalgesia observed in the early stage of diabetes. Neuroscience 
Research 43: 171-178, 2002.  
 
Szallasi A, Szabó T, Bíró T, Modarres S, Blumberg PM, Krause JE, Cortright DN, 
Appendino G. Resiniferatoxin-type phorboid vanilloids display capsaicin-like 
selectivity at native vanilloid receptors on rat DRG neurons and at the cloned 
vanilloid receptor VR1. British Journal of Pharmacology 128: 428-434, 1999.  
 
Taiwo YO, Levine JD. Further confirmation of the role of adenyl cyclase and of 
cAMP-dependent protein kinase in primary afferent hyperalgesia. Neuroscience 
44: 131-135, 1991.  
 
Tognetto M, Amadesi S, Harrison S, Creminon C, Trevisani M, Carreras M, 
Matera M, Geppetti P, Bianchi A. Anandamide excites central terminals of dorsal 
root ganglion neurons via vanilloid receptor-1 activation. Journal of Neuroscience 
21: 1104-1109, 2001. 
 
Tominaga M, Caterina MJ, Malmberg AB, Rosen TA, Gilbert H, Skinner K, 
Raumann BE, Basbaum AI, Julius D. The cloned capsaicin receptor integrates 
multiple pain-producing stimuli. Neuron 21: 531-543, 1998. 
 
Torebjörk HE, LaMotte RH, Robinson CJ. Peripheral neural correlates of 
magnitude of cutaneous pain and hyperalgesia: simultaneous recordings in mans 
of sensory judgments of pain and evoked responses in nociceptors with C-fibers. 
Journal of Neurophysiology 51: 325-339, 1984. 
 



 
 
 

231

Touw M. The religious and medicinal uses of Cannabis in China, India and Tibet. 
Journal of Psychoactive Drugs 13: 23-34, 1981. 
 
Treede RD, Meyer RA, Raja SN, Campbell JN. Peripheral and central 
mechanisms of cutaneous hyperalgesia. Progress in Neurobiology 38: 397-421, 
1992.  
 
Treede RD, Meyer RA, Raja SN, Campbell JN. Evidence for two different heat 
transduction mechanisms in nociceptive primary afferents innervating monkey 
skin. Journal of Physiology 483: 747-758, 1995.  
 
Treede RD, Meyer RA, Campbell JN. Myelinated mechanically insensitive 
afferents from monkey hairy skin: heat-response properties. Journal of 
Neurophysiology 80: 1082-1093, 1998.   
 
Tsou K, Brown S, Sañudo-Peña MC, Mackie K, Walker JM. 
Immunohistochemical distribution of cannabinoid CB1 receptors in the rat central 
nervous system. Neuroscience 83: 393-411, 1998.  
 
Turner CE, Elsohly MA, Boeren EG. Constituents of Cannabis sativa L. XVII. A 
review of the natural constituents. Journal of Natural Products 43: 169-234, 1980.  
 
Twitchell W, Brown S, Mackie K. Cannabinoids inhibit N- and P/Q-type calcium 
channels in cultured rat hippocampal neurons. Journal of Neurophysiology 78: 
43-50, 1997. 
 
Ulugol A, Karadag HC, Ipci Y, Tamer M, Dokmeci I. The effect of WIN 55,212-2, 
a cannabinoid agonist, on tactile allodynia in diabetic rats. Neuroscience Letters 
371: 167-170, 2004.  
 
Vallee RB, Bloom GS. Mechanisms of fast and slow axonal transport. Annual 
Reviews Neuroscience 14: 59-92, 1991.  
 
Van Sickle MD, Duncan M, Kingsley PJ, Mouihate A, Urbani P, Mackie K, Stella 
N, Makriyannis A, Piomelli D, Davison JS, Marnett LJ, Di Marzo V, Pittman QJ, 
Patel KD, Sharkey KA. Identification and functional characterization of brainstem 
cannabinoid CB2 receptors. Science 310: 329-332, 2005.  
 
Varvel SA, Hamm RJ, Martin BR, Lichtman AH. Differential effects of delta 9-
THC on spatial reference and working memory in mice. Psychopharmacology 
157: 142-150, 2001.  
 



 
 
 

232

Varvel SA, Bridgen DT, Tao Q, Thomas BF, Martin BR, Lichtman AH. Delta9-
tetrahydrocannbinol accounts for the antinociceptive, hypothermic, and cataleptic 
effects of marijuana in mice. Journal of Pharmacology and Experimental 
Therapeutics 315: 329-337, 2005.  
 
Vellani V, Mapplebeck S, Moriondo A, Davis JB, McNaughton PA. Protein kinase 
C activation potentiates gating of the vanilloid receptor VR1 by capsaicin, 
protons, heat and anandamide. Journal of Physiology 534: 813-825, 2001.  
 
Vetter I, Kapitzke D, Hermanussen S, Monteith GR, Cabot PJ. The effects of pH 
on beta-endorphin and morphine inhibition of calcium transients in dorsal root 
ganglion neurons. Journal of Pain 7: 488-499, 2006.  
 
Vivian JA, Kishioka S, Butelman ER, Broadbear J, Lee KO, Woods JH. 
Analgesic, respiratory and heart rate effects of cannabinoid and opioid agonists  
in rhesus monkeys: antagonist effects of SR 141716A. Journal of Pharmacology 
and Experimental Therapeutics 286: 697-703, 1998.  
 
Walker JM, Hohmann AG, Martin WJ, Strangman NM, Huang SM, Tsou K. The 
neurobiology of cannabinoid analgesia. Life Sciences 65: 665-673, 1999. 
 
Walker JM, Huang SM. Cannabinoid analgesia. Pharmacology and Therapeutics 
95: 127-135, 2002. 
 
Wallace M, Schulteis G, Atkinson JH, Wolfson T, Lazzaretto D, Bentley H, 
Gouaux B, Abramson I. Dose-dependent effects of smoked cannabis on 
capsaicin-induced pain and hyperalgesia in healthy volunteers. Anesthesiology 
107: 785-796, 2007.  
 
Wang JF, Khasar SG, Ahlgren SC, Levine JD. Sensitization of C-fibres by 
prostaglandin E2 in the rat is inhibited by guanosine 5'-O-(2-thiodiphosphate), 
2',5'-dideoxyadenosine and Walsh inhibitor peptide. Neuroscience 71: 259-263, 
1996.  
 
Ware MA, Doyle CR, Woods R, Lynch ME, Clark AJ. Cannabis use for chronic 
non-cancer pain: results of a prospective survey. Pain 102: 211-216, 2003. 
 
Wasner G, Baron R, Jänig W. Dynamic mechanical allodynia in humans is not 
mediated by a central presynaptic interaction of A beta-mechanoreceptive and 
nociceptive C-afferents. Pain 79: 113-119, 1999.  
 



 
 
 

233

Watanabe H, Vriens J, Prenen J, Droogmans G, Voets T, Nilius B. Anandamide 
and arachidonic acid use epoxyeicosatrienoic acids to activate TRPV4 channels. 
Nature 424: 434-438, 2003.  
 
Wenk HN, Honda CN. Immunohistochemical localization of delta opioid receptors 
in peripheral tissues. Journal of Comparative Neurology 408: 567-579, 1999.  
 
Wenk HN, Brederson JD, Honda CN. Morphine directly inhibits nociceptors in 
inflamed skin. Journal of Neurophysiology 95: 2083-2097, 2006. 
 
Werner G, Mountcastle VB. Neural activity in mechanoreceptive cutaneous 
afferents: stimulus response relations, Weber functions, and information 
transmission. Journal of Neurophysiology 28: 359-397,1965.  
 
Whiteside GT, Gottshall SL, Boulet JM, Chaffer SM, Harrison JE, Pearson MS, 
Turchin PI, Mark L, Garrison AE, Valenzano KJ. A role for cannabinoid receptors, 
but not endogenous opioids, in the antinociceptive activity of the CB2-selective 
agonist, GW405833. European Journal of Pharmacology 528: 65-72, 2005.  
 
Willis Jr. WD, Coggeshall RE. Sensory mechanisms of the spinal cord. New 
York: Kluwer, 2004. 
 
Wilsey B, Marcotte T, Tsodikov A, Millman J, Bentley H, Gouaux B, Fishman S. 
A randomized, placebo-controlled, crossover trial of cannabis cigarettes in 
neuropathic pain. Journal of Pain 9: 506-521, 2008.  
 
Wilson RS, May EL. Analgesic properties of the tetrahydrocannabinols, their 
metabolites, and analogs. Journal of Medicinal Chemistry 18: 700-703, 1975.  
 
Wise LE, Shelton CC, Cravatt BF, Martin BR, Lichtman AH. Assessment of 
anandamide's pharmacological effects in mice deficient of both fatty acid amide 
hydrolase and cannabinoid CB1 receptors. European Journal of Pharmacology 
557: 44-48, 2007. 
 
Woodward DF, Liang Y, Krauss AH. Prostamides (prostaglandin-ethanolamides) 
and their pharmacology. British Journal of Pharmacology 153: 410-419, 2008.  
 
Woolf CJ. Evidence for a central component of post-injury pain hypersensitivity. 
Nature 306: 686-688, 1983.  
 
Woolf CJ, Thompson SW. The induction and maintenance of central sensitization 
is dependent on N-methyl-D-aspartic acid receptor activation; implications for the 
treatment of post-injury pain hypersensitivity states. Pain 44: 293-299, 1991.  



 
 
 

234

 
Wu G, Ringkamp M, Murinson BB, Pogatzki EM, Hartke TV, Weerahandi HM, 
Campbell JN, Griffin JW, Meyer RA. Degeneration of myelinated efferent fibers 
induces spontaneous activity in uninjured C-fiber afferents. Journal of 
Neuroscience 22: 7746-7753, 2002.  
 
Xiao WH, Bennett GJ. Persistent low-frequency spontaneous discharge in A-fiber 
and C-fiber primary afferent neurons during an inflammatory pain condition. 
Anesthesiology 107: 813-821, 2007.  
 
Xiao WH, Bennett GJ. Chemotherapy-evoked neuropathic pain: Abnormal 
spontaneous discharge in A-fiber and C-fiber primary afferent neurons and its 
suppression by acetyl-L-carnitine. Pain 135: 262-270, 2008.  
 
Yesilyurt O, Dogrul A, Gul H, Seyrek M, Kusmez O, Ozkan Y, Yildiz O. Topical 
cannabinoid enhances topical morphine antinociception. Pain 105: 303-308, 
2003.  
 
Yu J, Lin S, Zhang J, Otmishi P, Guardiola JJ. Airway nociceptors activated by 
pro-inflammatory cytokines. Respiratory Physiology and Neurobiology 156: 116-
169, 2007. 
 
Zeitz KP, Guy N, Malmberg AB, Dirajlal S, Martin WJ, Sun L, Bonhaus DW, 
Stucky CL, Julius D, Basbaum AI. The 5-HT3 subtype of serotonin receptor 
contributes to nociceptive processing via a novel subset of myelinated and 
unmyelinated nociceptors. Journal of Neuroscience 22: 1010-1019, 2002.  
 
Zhou Z, Davar G, Strichartz G. Endothelin-1 (ET-1) selectively enhances the 
activation gating of slowly inactivating tetrodotoxin-resistant sodium currents in 
rat sensory neurons: a mechanism for the pain-inducing actions of ET-1. Journal 
of Neuroscience 22: 6325-6330, 2002.  
 
Ziegler EA, Magerl W, Meyer RA, Treede RD. Secondary hyperalgesia to 
punctate mechanical stimuli. Central sensitization to A-fibre nociceptor input. 
Brain 122: 2245-2257, 1999.  
 
Zotterman Y. Touch, pain and tickling: an electro-physiological investigation on 
cutaneous sensory nerves. Journal of Physiology 95: 1-28, 1939.  
 
Zuardi AW. History of cannabis as a medicine: a review. Revista brasileira de 
psiquiatria 28: 153-157, 2006.  
 



 
 
 

235

Zygmunt PM, Petersson J, Anderson DA, Chuang H, Sorgard M, Di Marzo V, 
Julius D, Hogestatt ED. Vanilloid receptors in sensory nerves mediate the 
vasodilator action of anandamide. Nature 400: 452-457, 1999. 
 


