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Abstract 

Modulation of endocannabinoid neurotransmission has a therapeutic benefit in the 

treatment of inflammatory pain. Studies in this thesis investigated endocannabinoid 

signaling in a murine model of persistent, peripheral inflammation. Specifically, the 

ability of URB597, an inhibitor of fatty acid amide hydroxylase (FAAH), which degrades 

the endogenous cannabinoid anandamide, to reduce mechanical hyperalgesia associated 

with inflammation was determined.  

 The first study tested whether local injection of URB597 dose-dependently 

reduced mechanical hyperalgesia associated with persistent inflammation. Inflammation 

was induced by injection of Complete Freund‘s Adjuvant (CFA) in the hind paw of mice 

and mechanical hyperalgesia was determined using a series of von Frey filaments. The 

first part of the study resolved that local injection of URB597 dose-dependently reduced 

mechanical hyperalgesia associated with persistent inflammation and decreased 

mechanical sensitivity in naïve mice. However, injection of URB597 did not result in 

increased endocannabinoid content in the plantar skin ipsilateral to the injection as would 

be expected based on the known mechanism of action of URB597. 

 The second and third studies investigated the effect of inflammation on levels of 

FAAH, endocannabinoids and cannabinoid (CB)-1 receptor in naïve and CFA-injected 

mice to understand the neurochemistry underlying the anti-hyperalgesic effect of 

URB597. Levels FAAH mRNA decreased and enzyme activity trended toward a decrease 

in the plantar skin of the inflamed hind paw compared to tissue from naïve mice, but 

inflammation did not alter level of anandamide in plantar skin ipsilateral to the injections. 
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In contrast, an increase in FAAH mRNA was accompanied by a decrease in the level of 

anandamide in dorsal root ganglia (DRGs) ipsilateral to the inflamed hind paw compared 

to naïve mice. In addition, there is an upregulation of functional CB1 receptors in DRGs 

ipsilateral to the inflamed hind paw in CFA-injected mice compared to DRGs from naïve 

mice. Together, these data support a model in which reduced synthesis of AEA in the 

primary afferent neurons may contribute to the mechanical hyperalgesia associated with 

peripheral inflammation, and upregulation of CB1 receptors on the primary afferent 

neurons affected by inflammation may be a compensatory response to decreased basal 

activation of AEA. 
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Introduction 
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I. Cannabinoid effectiveness and limitations. 

Because pain is a debilitating health problem, clinical management of pain is an 

area of active research. Although opioid compounds are some of the most effective 

analgesics, development of tolerance can significantly limit their long term use. 

Alternative treatments have included cannabinoids, derived from the cannabis sativa, 

which have been used to treat pain for more than four thousand years. However, 

cannabinoid use is associated with negative psychotropic side effects such as altering 

sensory perception, causing elation and euphoria, as well as cognitive and memory 

impairment. In addition to these effects, cannabinoids are also associated with 

dependence, immobility, and hypothermia. Together, these side effects prevent 

widespread use of cannabinoids as analgesics.  

 Despite the limitations of cannabinoids, they are an effective analgesic in nearly 

every animal model of pain studied including inflammatory, neuropathic, cancer, 

mechanical, thermal, and chemical pain. As such, medicinal application of cannabinoids 

has received renewed interest and been effective in humans not only for promoting 

analgesia (Noyes et al., 1975; Holdcroft et al., 1997), but also in attenuating nausea 

(Sallan et al., 1975) and stimulating appetite (Nelson et al., 1994). An understanding of 

the cannabinoid system and its adaptive role in the modulation of pain can give insight 

into novel therapeutic approaches for pain management. 

 

II. Endocannabinoid signaling. 

Cannabinoid Receptors.  
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Two subtypes of cannabinoid receptors have been identified and characterized 

(Matsuda et al., 1990; Munro et al., 1993). Both receptor subtypes are G-protein coupled 

through Gi/o proteins and function to inhibit adenylyl cyclase (Howlett et al., 1986; 

Felder et al., 1995) and activate mitogen-activated protein kinases including p44/42 MAP 

kinase (Wartman et al., 1995), p38 kinase (Derkinderen et al., 2001) and JUN-terminal 

kinase (Rueda et al., 2000). Additionally, CB1 receptors alter neurotransmission by 

inhibition of N- and P/Q-type calcium channels (Mackie et al., 1993, 1995; Twitchell et 

al., 1997; Shen and Thayer, 1998; Ross et al., 2001) and activation of potassium channels 

(Mackie et al., 1995). The overall effect resulting from cannabinoid receptor activation is 

cellular inhibition.  

CB1 receptor expression has been extensively studied in the central nervous 

system as well as the periphery. CB1 receptors occur predominantly in the nervous 

system in regions including the neocortex, substantia nigra, periaqueductal gray (PAG), 

rostral ventrolateral medulla, hippocampus and cerebellum (Herkenham et al., 1991; 

Jansen et al., 1992; Matsuda et al., 1993; Glass et al., 1997) as well as in the spinal cord 

(Hohmann and Herkenham 1998), dorsal root ganglia (DRG) (Hohmann and Herkenham 

1999; Khasabova et al., 2002) and peripheral nerves (Sañudo-Peña et al., 1999). 

Frequently, CB1 receptors are localized to nerve endings, suggesting they play a role in 

modulating presynaptic neurotransmitter release. 

CB1 receptor knockout mice have been developed and characterized (Ledent et 

al., 1999; Zimmer et al., 1999). Although they are healthy and fertile, they show an 

increased mortality rate. Consistent with the effects of CB1 receptors, these mice display 
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reduced locomotor activity, increased catalepsy, and hypoalgesia in the formalin and 

hotplate tests, confirming the role of endogenous cannabinoids in modulating higher 

brain motor activity and nociceptive responses. Furthermore, CB1 receptor knockout 

mice show no hypomobility, no catalepsy, and no hypothermia after administration of 

cannabinoid agonists.  

CB2 receptors share only 44% homology with CB1 receptors at the protein level 

and 68% in the transmembrane domains (Lutz, 2002). CB2 receptor protein is found 

primarily in cells of the immune system (Facci et al., 1995; Galiegue et al., 1995). 

Furthermore, expression levels of CB2 mRNA are 10-100 fold higher than CB1 mRNA 

in immune tissues including the spleen, thymus and peripheral blood mononuclear cells 

(Galiegue et al., 1995). CB2 receptor mRNA and protein were not thought to be 

constitutively present in the brain until recently. Since then, CB2 receptor expression has 

been found in brain microglial cells (Nunez et al., 2004; Carlisle et al., 2002; Carrier et 

al., 2004) and on neurons in the brains of naïve mice in regions including the cerebellum 

(Ashton et al., 2006), brainstem (Van Sickle et al., 2005), PAG, thalamus, striatum, 

cortex, amygdala and hippocampus (Gong et al., 2006), as well as in the spinal cord 

(Walczak et al., 2005; Walczak et al., 2006; Beltramo et al., 2006). However, many of 

these studies measured the protein content by Western blot analysis or RNA content by 

PCR, making it difficult to conclusively determine the cell type expressing CB2 receptors 

(Van Sickle et al., 2005; Walczak et al., 2005; Ashton et al., 2006; Beltramo et al., 2006; 

Walczak et al., 2006) Conversely, some studies provide immunochemical evidence that 

CB2 are expressed on neurons (Van Sickle et al., 2005; Ashton et al., 2006; Gong et al., 
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2006) and included either peptide antigen or used CB2 -/- mice to verify the specificity of 

the antibodies. Supporting a role for functional CB2 receptors in the spinal cord of rats, 

CB2 receptor agonists dose-dependently decrease capsaicin-induced CGRP release, and 

this effect persisted in CB1 -/- mice, further ruling out a CB1 receptor-mediated effect 

(Beltramo et al., 2006). 

In addition to inflammatory cells, regions of interest for our studies include the 

skin and dorsal root ganglia. In the skin, CB2 receptors have been found in cutaneous 

nerve fiber bundles, on epidermal keratinocytes, and epithelial cells of hair follicles, 

sebocytes and eccrine sweat glands (Ibrahim et al., 2005; Stander et al., 2005; Walczak et 

al., 2005) using immunochemical techniques. Evidence for the presence of CB2 receptors 

on DRG neurons is less clear as data to support both the presence (Beltramo et al., 2006; 

Walczak et al., 2005; Wotherspoon et al., 2005) and absence (Hohmann and Herkenham, 

1999b; Price et al., 2003) of these receptors has been reported. For studies reporting the 

presence of CB2 receptors on DRG neurons, either the peptide antigen or CB2 -/- mice to 

confirm the specificity of the CB2 antibodies. For studies reporting the absence of CB2 

receptors in DRG neurons, the antibody specificity was confirmed in control tissue 

exhibiting high levels of CB2 receptor mRNA such as the spleen. However, differences 

between these studies may be a result of culture conditions influencing receptor 

expression or of antibody specificity.  

CB2 receptors are involved in the regulation of inflammatory reactions and 

immune responses. Activation of CB2 inhibits the proliferation of cells that produce a 

robust immune response including T cells (Patrini et al., 1997), B cells (Valk et al., 
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1997), natural killer cells (Parolaro, 1999), mast cells and macrophages (Facci et al., 

1995). CB2 receptor knockout mice have been shown to have immune system defects 

related to reduced macrophage functionality (Buckley et al., 2000). In addition to 

modulating immune responses, CB2 receptors have been shown to produce 

antinociception by stimulating peripheral release of an endogenous opioid -endorphin 

from keratinocytes (Ibrahim et al., 2005). 

 

Endocannabinoids.  

 Following the identification of cannabinoid receptors, the occurrence of 

endogenous ligands for CB1 and CB2 receptors were investigated. Two such ligands, N-

arachidonyl ethanolamide (anandamide, AEA) and 2-arachidonylglycerol (2-AG) have 

since been discovered (Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al., 

1995). Current dogma suggests endogenous cannabinoids are released from post-synaptic 

neurons and act retrogradely on pre-synaptic neurons to modulate cellular signaling. In 

the primary afferent nerve terminals in the periphery, however, a variation in 

endocannabinoid neurotransmission may occur. Anandamide can be produced by DRG 

neurons and released locally to act in an autocrine manner by stimulating CB1 receptors 

on the axon terminal from which it was released. This is supported by evidence that CB1 

receptor mRNA and protein are present in the primary afferent neurons (Hohmann and 

Herkenham 1999; Ahluwalia et al., 2000, 2002; Bridges et al., 2003; Agarwal et al., 

2007). Moreover, lower thresholds to noxious thermal and mechanical stimuli are 

exhibited by transgenic mice with selective CB1 receptor expression knocked down in 
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nociceptive neurons (Agarwal et al., 2007) as well as by local injection of a CB1 receptor 

antagonist in naïve mice (Khasabova et al., 2008). 

Anandamide is a partial agonist at both CB1 and CB2 receptors (Hillard 2000; 

Pertwee and Ross 2002). It acts with greater affinity at CB1 receptors (Ki(CB1 vs. CB2) 

= 89 vs 371 nM) (reviewed by Hohmann 2002) to induce a tetrad of cannabimimetic 

effects: analgesia, sedation, catalepsy and hypothermia (Little et al., 1988; Jerman et al., 

2002; reviewed by Pacher et al., 2006). Anandamide has also been shown to have low 

agonist affinity at the transient vanilloid (TRPV1) receptor (Zygmunt et al., 1999; Smart 

et al., 2000). Pro-nociceptive TRPV1 receptors are ligand-gated, non-selective cationic 

channels. Importantly, the CB1 receptor binding site is extracellular (Shire et al., 1996) 

whereas the TRPV1 agonist binding site is intracellular (Jung et al., 1999). This 

compartmentalization may play a role in regulating the anti- and pro-nociceptive effects 

of anandamide. As such, TRPV1 receptor activation and subsequent increase in 

intracellular calcium can drive anandamide synthesis within cells (Ahluwalia et al., 

2003a), which can further activate TRPV1 channels (van der Stelt et al., 2005). 

Alternatively, generated anandamide can be released from the cell and have an inhibitory 

effect on the level of intracellular calcium (Millns et al., 2001), presumably through CB1 

receptor binding and subsequent calcium channel inhibition (Twitchell et al., 1997; 

Khasabova et al., 2002). Anandamide is generated in neurons in the brain (Di Marzo et 

al., 1994; Giuffrida et al., 1999), keratinocytes (Maccarrone et al., 2003) and DRGs 

(Ahluwalia et al., 2003b, van der Stelt et al., 2005) as well as in macrophages (Varga et 

al., 1998), and vascular endothelium (Deutsch et al., 2007). 
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The other endogenous cannabinoid, 2-AG, acts as a full agonist at both CB1 and 

CB2 receptors and is the most efficacious agonist toward both receptor types (Hillard 

2000; Savinainen et al., 2001). Reported Ki values for 2-AG are from the nanomolar to 

micromolar range (Mechoulam et al., 1995; Sugiura et al., 1995). However, unlike 

anandamide, 2-AG lacks activity at vanilloid receptor 1 (TRPV1 channels; van der Stelt 

and Di Marzo, 2004). 2-AG can be generated in immune cells, macrophages and 

microglia (reviewed by Bisogno 2008) as well as in the brain (Stella et al., 1997). 

Furthermore, levels of 2-AG are 10-25 fold higher than AEA in both skin and brain 

(Maione et al., 2007).  

 

Endocannabinoid Metabolism. 

 Both endocannabinoids are fatty acid derivatives that are not stored in cells, but 

instead are synthesized in an activity-dependent manner (Di Marzo et al., 1994). The 

primary pathway for anandamide synthesis requires two enzymatic steps, the first of 

which is N-acylation of phosphatidylethanolamine (PE) by a calcium dependent N-

acyltransferase (NAT). In this step, an acyl group is transferred from the sn-1 position of 

a glycerophospholipid molecule to the amino group of PE. The second step occurs 

through hydrolysis of N-arachidonoyl PE (NArPE) by an N-

acylphosphatidylethanolamine-specific phospholipase D (NAPE-PLD) to release 

anandamide and phosphatidic acid (Figure 1, Di Marzo et al., 1994; Sugiura et al., 2002; 

Okamoto et al., 2004). Alternatively, direct synthesis of anandamide from arachidonic 

acid and ethanolamine has also been described (Ueda et al., 1995; Paria et al., 1996). 

Parallel pathways for the generation of anandamide from phosphatidylethanolamine may 
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also exist (Figure 1). In support of this, a phospholipase (PL)A2 that can catalyze the 

hydrolysis of N-arachidonoyl-PE (NArPE) to N-arachidonoyl-lysoPE (NAr-lysoPE), 

which is then acted upon by a lysoPLD to generate anandamide, has been shown in the 

stomach (Sun et al., 2004). In RAW246.7 macrophages, N-acyl-PE is hydrolyzed to 

phosphoanandamide by a PLC, followed by a dephosphorylation by a phosphatase to 

produce anandamide (Liu et al., 2006). In light of evidence that anandamide tissue levels 

are unchanged in NAPE-PLD knockout mice compared to wild-type animals (Leung et 

al., 2006), clearly multiple pathways for the biosynthesis of anandamide exist. It is likely 

that anandamide synthesis occurs through the predominant pathway utilizing NAPE-

PLD, in vivo (Schmid et al., 1983; Hillard and Campbell, 1997; Di Marzo 1998) because 

NAPE-PLD is expressed in murine primary afferent neurons (Nagy et al., 2009). 

However, in addition to calcium evoked anandamide synthesis (Ahluwalia et al., 2003b; 

van der Stelt et al., 2005) primary afferent neurons also produce anandamide in a 

calcium-independent manner (Vellani et al., 2008).  

Multiple synthetic pathways for the production of 2-AG have been reported 

(Figure 2, adapted from Sugiura et al., 2004). 2-AG can be generated from inositol 

phospholipids by phospholipase C (PLC) followed by diacylglycerol lipase (DAG lipase) 

or through the combined actions of phospholipase A1 and PLC (Stella et al., 1997; Di 

Marzo 1998; Piomelli et al., 1998; Sugiura et al., 2002; Bisogno et al., 2003). In addition 

to these pathways, 2-AG can be formed from phosphatidylcholine (PC) through PLC and 

DAG lipase or through phosphatidic acid through a phosphatase action (Sugiura et al., 

2004). 
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Endocannabinoid signaling is transient and local due to termination by cellular 

uptake and subsequent catabolism of endocannabinoids. Anandamide is taken up into 

cells through a yet-uncloned membrane transporter and hydrolyzed by the membrane-

bound fatty acid amide hydrolase (FAAH) to release arachidonic acid and ethanolamine 

(Cravatt et al., 1996). FAAH is localized primarily in the microsomal and mitochondrial 

fractions of tissue homogenates including the brain, liver, kidney and lung (Schmid et al., 

1985; Deutsch et al., 1993) and functions optimally around a pH of 9 in vitro (Ueda et al., 

2000; Bisogno et al, 2002). FAAH hydrolyzes anandamide in rat neuronal cells (Di 

Marzo et al., 1994), as well as in ―neuronal‖ cell lines such as mouse neuroblastoma 

N18TG2 (Maurelli et al., 1995) and human neuroblastoma CHP100 (Maccarrone et al., 

1998), or ―non-neuronal‖ cell lines such as RBL-2H3 (Bisogno et al., 1997) and human 

lymphoma U937 cells (Maccarrone et al., 1998). 

 More recently FAAH has been reported in adult rat DRG, sciatic nerve and spinal 

cord (Lever et al., 2009). cDNAs of FAAH have been cloned in rat, mouse, porcine and 

human tissues (Cravatt et al., 1996; Giang and Cravatt 1997; Goparaju et al., 1999) and 

the protein sequences show 80% homology across species (Giang and Cravatt 1997). In 

addition to degrading anandamide, FAAH has been shown to degrade other fatty acid 

amides including the anti-inflammatory compound N-palmitoyl ethanolamine (Lo Verme 

et al., 2005a), the appetite modulating ligand N-oleoyl ethanolamine (Lo Verme et al., 

2005b), and the sleep-inducing agent oleamide (Basile et al., 1999; Cravatt et al., 1996). 

Although there is some evidence that FAAH is also able to metabolize 2-AG into 

arachidonic acid and glycerol (Sugiura et al., 2002), FAAH knockout mice preserve their 
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ability to hydrolyze 2-AG (Lichtman et al., 2002), and URB597, a selective FAAH 

inhibitor, reduced anandamide levels, but had no effect on 2-AG levels in the rat brain 

(Kathuria et al., 2003). Instead, 2-AG is metabolized primarily by monoacylglycerol 

lipase (MGL) (Goparaju et al., 1999; Dinh et al. 2002), which is unable to metabolize 

anandamide. MGL activity is associated with both membrane and cytosolic fractions in 

adipocytes and cerebellum (Sakurada et al., 1981; Ghafouri et al., 2004) and has an 

optimum pH of around 8 (Tornqvist et al., 1974). Mouse and human MGL show greater 

than 80% sequence homology (Karlsson et al., 2001).  

In addition to degradation of anandamide and 2-AG by FAAH and MGL 

respectively, both endocannabinoids can be metabolized by cyclooxygenase-2 (COX-2) 

and other lipoxygenases (LOX) (Kozak et al., 2004; Lambert and Fowler, 2005). This 

possibility is supported by the ability of COX-2 to metabolize anandamide in FAAH 

knockout mice in vivo (Weber et al., 2004) and co-injection of anandamide and a non-

specific cyclooygenase inhibitor produces synergistic anti-nociceptive effects in the 

formalin test (Guindon et al., 2006). 

 

III. Nociceptive mechanical transduction. 

 Primary afferent neurons have their cell bodies located outside of the spinal cord 

in the dorsal root ganglion, a collection of cell bodies, associated with each spinal nerve. 

Signals in the form of action potentials from the periphery pass directly from the distal 

axon to the spinal cord without passing through the cell body. In the dorsal horn of the 
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spinal cord, the primary afferent neurons synapse on second order neurons and signals are 

relayed to the brain for higher order processing.  

 Primary afferent neurons are categorized by axon conduction velocity and the 

stimuli they transduce (reviewed by McGlone and Reilly, 2010). Myelinated A-fibers 

respond to low-threshold stimuli, whereas A-fibers are primarily excited by mechanical 

stimuli that damage the skin (Hunt and McIntyre, 1960; Burgess and Perl 1967; Perl 

1968; Handwerker et al., 1987). However, A mechano-heat nociceptors (Iggo and 

Ogawa, 1971; Beck et al., 1974; LaMotte et al., 1982; Treede et al., 1998), which can 

also respond to cold stimuli (Simone and Kajander, 1996) have been described. 

Unmyelinated C-polymodal nociceptors respond to noxious mechanical and thermal 

stimuli (Bessou and Perl, 1969; Beck et al., 1974; Sorkin et al., 1997), in addition to 

intense cold (Simone and Kajander, 1996). C-nociceptors are preferentially activated by 

low rates of skin heating, whereas A-fibers are activated by high rates of skin heating. It 

has been suggested that C-mechano-heat nociceptors may evoke burning pain, whereas 

A-mechano-heat fibers may produce pricking pain (Yeomans and Proudfit, 1996; 

Yeomans et al., 1996).   

 

IV. Nociceptive terminology and behavioral assays. 

 Nociception is defined by Loeser and Treede (2008) as "the neural processes of 

encoding and processing noxious stimuli‖ and is important for protecting the body from 

tissue damage. Following peripheral and central sensitization, the responses to 

stimulation in the periphery are enhanced. As such, allodynia is a painful sensation to a 
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previously innocuous stimulus, and hyperalgesia is a greater than normal pain sensation 

to a previously noxious stimulus and the sensation of spontaneous pain. Hyperalgesia can 

be further classified into primary and secondary hyperalgesia. Primary hyperalgesia 

occurs in the region of tissue damage itself, and is characterized by increased sensitivity 

to heat, mechanical and chemical stimuli. Primary hyperalgesia is a result of peripheral 

sensitization. Secondary hyperalgesia occurs in the surrounding undamaged tissue area 

that is increasingly sensitive to mechanical, but not thermal, stimuli, and results from 

central sensitization (reviewed by Millan, 1999). 

 A variety of nociceptive assays have been developed over the years to study 

cutaneous thermal and mechanical nociception. This report will highlight two among the 

most commonly used: Hargreaves (1988) method for measuring thermal nociception 

using a radiant heat source, and assessment of mechanical sensitivity through the use of 

von Frey hairs (von Frey, 1896). In the present work, we chose to focus on cannabinoid 

modulation of mechanical hyperalgesia in subsequent chapters using von Frey hairs 

because our preliminary testing produced more consistent results using this method than 

our radiant heat source of thermal hyperalgsia in mice. Because other studies reviewed 

utilize thermal nociception for assessment of cannabinoid effectiveness, an understanding 

of both nociceptive assays is relevant for the duration of this report. 

 In the Hargreaves test, rodents are placed on a raised clear surface and allowed to 

acclimate to their surroundings prior to testing. Following acclimation, a radiant heat 

source is directed at the hind paw. Stimulation to the paw is terminated upon paw 
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withdrawal or after a cutoff latency is reached (to prevent tissue damage) and the latency 

to withdraw the limb is recorded.  

 For assessment of mechanical nociception, typically the up-down method is used 

to measure tactile allodynia (Chaplan et al., 1994), or withdrawal frequency to a supra-

threshold force is used to measure mechanical hyperalgesia. The up-down method 

consists of applying a series of filaments with various bending forces to the paw in 

successive order, either ascending or descending. In the absence of a paw withdrawal 

response, an incrementally stronger filament is applied. In the event of a paw withdrawal, 

an incrementally weaker filament is applied. When the initial threshold is crossed, this 

procedure is repeated a predetermined number of times and the 50% mN threshold is 

interpolated using the formula by Chaplan and colleagues (1994). 

 Mechanical hyperalgesia is measured by using a single filament presented to the 

paw ten times at 1-2 s intervals. The number of withdrawals, characterized by vigorous 

withdrawal or licking of the paw, is counted and expressed as a percent of the stimuli 

applied. 

 

V. Peripheral and central mechanisms of sensitization. 

 A variety of stimuli including irritant chemicals, low pH, noxious heat and 

inflammatory mediators can result in sensitization of nociceptors. Peripheral sensitization 

of C- and A-fiber terminals occurs at the site of inflammation (Hedo et al., 1998; Reeh 

1994). Peripheral sensitization of nociceptors is triggered by compounds including 

bradykinin, prostaglandins and other arachidonic acid products, serotonin, 
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catecholamines, ATP, adenosine, histamine, excitatory amino acids, and/or neurokinins 

binding to surface membrane receptors (reviewed by Walker et al., 1995; Coggenshall 

and Carlton 1997; Burnstock 2000). During inflammation, nerve growth factor (NGF) 

also plays an important role in the sensitization of nociceptors (Donnerer et al., 1992; 

Dmitrieva and McMahon 1996; Koltzenburg et al., 1999). 

 An important step in the initiation of peripheral sensitization is an increase of the 

intracellular calcium concentration (Guenther et al., 1999; Kress and Guenther, 1999). 

Increased intracellular calcium leads to activation of second messenger cascades such as 

protein kinase C, protein kinase A and protein kinase G pathways, altering the 

responsiveness of primary afferents through actions on ion channels (England et al., 

1996; Fitzgerald et al., 1999) or membrane receptors such as TRPV1 (Lopshire and 

Nicol, 1998).  

 Strong, persistent noxious stimuli can trigger changes in gene expression in 

primary afferent neurons through activation of transcription factors (reviewed by Woolf 

and Salter, 2000). An array of proteins are increased in primary afferent neurons in 

response to inflammation: CGRP (Donnerer et al., 1992; Galeazza et al., 1995), COX2, 

which generates prostanoids (Beiche et al., 1998; Samad et al., 2001; Yaksh et al., 2001), 

dynorphin (Iadorola et al., 1988), and nNOS, which generates nitric oxide (Lam et al., 

1996; Dolan et al., 2003) as well as growth factors such as NGF and brain-derived 

neurotrophic factor (Djouhri and Lawson, 1999; Kerr et al., 1999; Mannion et al., 1999). 

Interestingly, some of the proteins increased may play a role in endocannabinoid 
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signaling. COX-2 and other lipoxygenases can degrade endocannabinoids (Weber et al., 

2004; Lambert and Fowler, 2005).  

 Central sensitization is distinct from peripheral sensitization and is a result of 

hyperexcitability of dorsal horn neurons following tissue injury. Repeated activation of 

C-fibers by electrical stimulation of the cutaneous receptive fields results in central 

sensitization and produces a phenomenon referred to as windup. Windup occurs when the 

number of neuronal responses increases with subsequent stimulation (Mendell 1966). 

Generally, windup is a result of C-fiber afterdischarge-evoked responses of spinal dorsal 

horn neurons and is involved in the maintenance of inflammatory pain (Dubner 1986). 

Relevant to our study, C- and A-fibers innervating the glabrous skin are sensitized after 

injection of CFA in vivo (Andrew and Greenspan 1999; Djouhri et al., 2006). Central 

sensitization is characterized by a decrease in threshold for activation (Neugebauer and 

Schaible 1990; Simone et al., 1991), an increase in firing rate (Guilbaud et al., 1986; 

Dougherty et al., 1999), increased responses to suprathreshold stimuli (Bessou and Perl 

1969; Treede et al., 1992) and recruitment of low threshold A-fibers (Neumann et al., 

1996; Nakatsuka et al., 1999). 

 Cannabinoid receptors play a role in modulating peripheral sensitization of 

primary afferent fibers because they attenuate presynaptic transmitter release and 

tonically modulate the nociceptive threshold for sensory transduction. By inhibiting 

presynaptic transmitter release, cannabinoid receptors can also modulate the processes 

that contribute to central sensitization.  
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VI. Experimental models of peripheral inflammation. 

 Inflammation is characterized by edema, erythema and hyperalgesia. Peripheral 

inflammation is caused by release of a wide range of mediators from both immune cells 

and neurons: including serotonin, histamine, prostaglandin E2 (PGE2), substance P (SP), 

calcitonin gene-related peptide (CGRP), noradrenaline and bradykinin. Resident mast 

cells release histamine and serotonin, which act on endothelial cells to cause vasodilation 

and increased permeability of blood vessels. Additionally, serotonin, as well as 

prostaglandin, bradykinin, can excite sensory nerve terminals directly to evoke pain. 

Persistent stimulation causes sensory neurons to release SP, which acts as a vasodilator 

on blood vessels and stimulates mast cells, increasing degranulation to further promote 

inflammation. 

Peripheral inflammation has been widely studied using a variety of models 

including carrageenan, formalin and Complete Freund‘s Adjuvant (CFA). Although each 

of these models produce peripheral inflammation following subcutaneous injection, the 

duration of the effect and mechanism of action is distinct and may help explain 

differences between the results presented here and those of others in the field. 

 

Carrageenan. 

 Inflammation induced by carrageenan is acute and highly reproducible (Winter et 

al., 1962). Carrageenan is a mucopolysaccharide extract derived from a species of red 

alga Chondrus crispus (Morris, 2003) and subcutaneous injection of carrageenan into the 



 

 18 

hind paw immediately produces the hallmark signs of inflammation—edema, erythema 

and hyperalgesia.  

The inflammatory effect of carrageenan occurs through action of proinflammatory 

agents including bradykinin, histamine, tachykinins, complement and reactive 

oxygen/nitrogen species, and prostaglandins, which are generated at the site of injection 

of by infiltrating cells and act on the primary afferent neurons to promote sensitization. 

Among these cells, neutrophils readily migrate to the site of inflammation and are 

capable of generating proinflammatory reactive oxygen species.  

 Initial edema development is followed by a period of allodynia. Allodynia peaks 

around 4 h after inoculation, and latency of paw withdrawal from noxious heat and 

threshold for paw withdrawal from noxious mechanical stimuli are reduced at this time 

point (Meller et al., 1994). The inflammation persists for 24-96 h (Fletcher et al., 1996) 

suggesting carrageenan is a relatively acute model of peripheral inflammation. Based on 

the duration of action and our desire to study changes in endocannabinoid signaling 

associated with persistent inflammation, this model is less than ideal for our studies. 

   

Formalin. 

 A second model used to study peripheral injection is that of formalin. Formalin 

produces bi-phasic (phase 1 and 2) pain-related behaviors including flinching, licking and 

favoring of the injected limb (Dubuisson and Dennis, 1977; Dickenson and Sullivan, 

1987). Formalin injection produces an even more acute duration of nociception than 

carrageenan, with the early phase peaking in 5 minutes and then subsiding for 10-15 
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minutes, followed by the late phase, which persists for 20-60 minutes after injection. 

Phase 1 is thought to be produced by acute activation of primary afferent fibers 

(Dickenson and Sullivan, 1987). Phase 2 is a result of both inflammation by local release 

of neuroactive substances including serotonin, histamine, bradykinin, SP, and 

prostaglandins (Rosland et al., 1990), which sensitize primary afferent fibers and result in 

central sensitization (Coderre and Melzack, 1992a).  

 Formalin, unlike carrageenan, also produces an intense increase in the activity of 

C-fiber afferents (Heapy et al., 1987). However, formalin use as a model of peripheral 

inflammation and nociception is limited because of the cumbersome and somewhat 

subjective pain rating scales based on the posture of the animal that are required to 

interpret nociception in this model (Wheeler-Aceto et al., 1990). However, the phases 

associated with formalin-induced inflammation make it unique model and can explain its 

continued use in the field. For our purposes, formalin does not allow us to study changes 

in endocannabinoid signaling associated with persistent inflammation. Additionally, 

studies using formalin-induced inflammation also tend to measure endocannabinoids 

after the behavioral effects indicative of nociception have completely subsided, making it 

difficult to correlate changes in endocannabinoid signaling with modulation of 

inflammatory pain. 

 

Complete Freund’s Adjuvant. 

 A third experimental model of peripheral inflammation is injection of CFA. CFA 

contains an inactivated mycobacteria, Mycobacterium butyricum. Its injection produces 
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the hallmarks of inflammation in the injected limb, which begin within the first few 

minutes following injection into the hind paw. As with carrageenan, CFA has been 

studied following subcutaneous injection (Stein et al., 1988). At moderate doses 

following injection into the hind paw, hyperalgesia typically peaks within 4-6 hours and 

persists for 10-14 days (Hylden et al., 1989; Iadarola et al., 1988). Following the acute 

phase of inflammation, T cells, macrophages and polymorphonuclear leukocytes migrate 

to the region and release a variety of prostaglandins, leukotrienes, and a cascade of 

cytokines to sensitize sensory neurons.  

 Following a single intraplantar injection, the inflammation and nociception is 

significant at 12 h, yet continues to rise over days and persist for up to 2 weeks (Stein et 

al., 1988; Nagakura et al., 2003). This provides a prolonged window of robust 

inflammation and nociception in which to test analgesic agents and their ability to inhibit 

prolonged hyperalgesia and sensitization of peripheral primary afferent neurons, as well 

as central processing. This sensitization is a result of changes in gene expression to 

produce pro-nociceptive proteins such as CGRP (Donnerer et al., 1992; Galeazza et al., 

1995), COX-2 (Beiche et al., 1998; Samad et al., 2001; Yaksh et al., 2001), dynorphin 

(Iadorola et al., 1988), and nNOS (Iadorola et al., 1988) that underlie the prolonged 

duration of hyperalgesia and is one aspect of chronic pain that is distinct from acute pain. 

Because we are interested endocannabinoid signaling changes during persistent 

inflammation, a model of CFA-induced inflammation is the best suited to these studies 

because the inflammation is still robust at two days post injection, and not subsiding as 

may be the case with carrageenan-induced inflammation.  
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VII. Treatment of inflammatory pain with cannabinoid receptor agonists. 

 The anti-nociceptive effects of cannabinoid agonists at both CB1 and CB2 

receptors have been observed in a variety of pain models including inflammatory 

(Richardson et al., 1998a; Clayton et al., 2002; Quartilho et al., 2003; Nackley et al., 

2003a, b: Elmes et al., 2005), neuropathic (Herzberg et al., 1997; Fox et al., 2001), and 

cancer pain (Kehl et al., 2003; Hamamoto et al., 2007; Guerrero et al., 2008; Khasabova 

et al., 2008; Maida et al., 2008; Potenzieri et al., 2008). Although their analgesic ability is 

mediated through activation of both central and peripheral cannabinoid receptors 

(Pertwee 2001; Sagar et al. 2005; Gutierrez et al., 2007), the anti-nociceptive effect of 

cannabinoids is generally believed to be mediated primarily through a central site of 

action (Walker et al., 1999a). However, in addition to modulation of pain, there is 

evidence to suggest endocannabinoids tonically modulate nociceptive signaling in the 

periphery (Agarwal et al., 2007; Khasabova et al., 2008). 

 

Importance of peripheral nociceptors in antinociception.  

Despite the long-held belief that the antinociceptive effect of cannabinoids are 

predominantly mediated centrally (Walker et al., 1999a), there is increasing evidence that 

peripheral activation of CB1 receptors plays a more prominent role in modulating 

nociception than initially suggested. In support of this, CB1 receptors are transported 

peripherally (Hohmann and Herkenham 1999). When the CB1 receptor gene was 

selectively deleted from peripheral nociceptors, the threshold for sensory transduction 
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was substantially reduced (Agarwal et al., 2007). Similarly, injection of AM281 (10 g, 

i.pl.) a CB1 receptor antagonist, increased the withdrawal frequency to a range of 

mechanical forces ipsilateral to the injection (Khasabova et al., 2008). Based on these 

studies, we hypothesized that URB597, an inhibitor of FAAH, would reduce mechanical 

hyperalgesia following local administration at the site of inflammation. Furthermore, we 

predicted that anti-hyperalgesia would occur independent of central mediation, thus 

limiting the adverse centrally-mediated side effects of systemic cannabinoid 

administration. 

It is noteworthy that not only are peripherally administered cannabinoids effective 

in the treatment of pain during inflammation, but expression of CB1 receptors increase 

during CFA-induced peripheral inflammation in DRG neurons as well as in nerve fibers 

innervating the hind paw and facilitate the effect of a peripheral CB1 receptor agonist 

(Amaya et al., 2006). Therefore, our studies sought to characterize not only functional 

CB1 receptor expression, but determine if anandamide synthesis and/or degradation was 

altered during CFA-induced peripheral inflammation. These data will address whether 

endogenous cannabinoid signaling components may be altered as a result of persistent 

inflammation, which may improve the effectiveness of cannabinoid analgesics during 

inflammation. 

 

Peripheral administration of endogenous and synthetic cannabinoids. 

 Peripheral modulation of inflammatory pain through endogenous and synthetic 

cannabinoids has also been characterized and is advantageous due to minimal centrally-
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mediated adverse side effects. In this regard, during carrageenan-induced inflammation, 

anandamide administered locally at the site of inflammation suppresses both the 

development and maintenance of thermal hyperalgesia via a peripheral CB1 receptor 

(Richardson et al., 1998a). However, Richardson and colleagues did not directly test the 

involvement of CB2 receptors in this study, and since inflammation involves recruitment 

of immune cells expressing CB2 receptors to the region in addition to CB1 receptors 

present in the periphery, it is relevant to directly determine if this receptor subtype 

contributes to anti-hyperalgesia during peripheral inflammation using both CB1 and CB2 

receptor antagonists. However, in the formalin-induced model of inflammation, local 

administration of anandamide produces anti-nociception in the early phase through a CB-

1 receptor dependent mechanism (Calignano et al., 1998) whereas injection of 2-AG 

attenuates late phase formalin-evoked nociceptive responses in a CB2 receptor-mediated 

manner (Guindon et al., 2007). Thus, despite the fact that both receptors have been 

implicated in the formalin-induced model of inflammation, since the nocifensive effect of 

formalin only persists for approximately sixty minutes, this is not sufficient to draw 

conclusions about the receptor subtype(s) contributing to anti-hyperalgesic effect of 

compounds such as URB597 during persistent inflammation. Therefore, our studies with 

URB597 will address the contribution of both CB1 and CB2 receptors using co-injection 

of each receptor antagonist. However, previous studies clearly suggest endocannabinoid-

mediated anti-nociception is consistent across various models of inflammation. 

 Local administration of exogenous cannabinoids can also alter the evoked 

responses of neurons. Anandamide (50 g, i.pl.) inhibited noxious mechanically-evoked 
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responses of spinal neurons in rats with carrageenan-induced hind paw inflammation, an 

effect that was blocked by the CB2 receptor antagonist SR144528, but not the CB1 

receptor antagonist SR141716A (Sokal et al., 2003). Furthermore, intraplantar injection 

of the CB2 agonist JWH-133 suppresses mechanically evoked responses of wide 

dynamic range neurons in carrageenan-treated rats via a CB2-specific mechanism (Elmes 

et al., 2004).  

 More relevant to our studies in the periphery, Potenzieri and colleagues (2008) 

measured activity in primary afferent neurons. They reported ACEA and 

methanandamide not only reduced mechanical hyperalgesia associated with CFA 

injection, but decreased mechanically evoked responses from cutaneous A fibers from 

inflamed, but not naïve, skin in rats a CB1-, but not CB2-dependent, manner (Potenzieri 

et al., 2008).  

 In addition to the antinociceptive effects of endocannabinoids, synthetic CB1/CB2 

receptor agonists such as WIN 55,212-2 and CB1 receptor agonist ACEA administered 

intraplantarly have also been shown to attenuate the development of mechanical 

hyperalgesia, allodynia and Fos protein expression evoked by carrageenan (Nackley et 

al., 2003b; Gutierrez et al., 2007) and both the early and late phases of formalin-evoked 

nociception (Calignano et al., 1998). Local injection of the CB2 receptor agonist 

AM1241 inhibits both mechanical and thermal hyperalgesia induced by carrageenan 

(Nackley et al., 2003a; Quartilho et al., 2003; Gutierrez et al., 2007) or antinociception 

following a thermal stimulus (Malan et al., 2002), suggesting that CB2 receptors do play 

a role in persistent inflammation. Most relevant to our studies, in CFA-induced 
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inflammation, intraplantar administration of the CB1 receptor agonist ACEA attenuates 

the thermal hyperalgesia associated with CFA-induced inflammation in rats 2 d post 

inflammation (Amaya et al., 2006). Although these studies suggest cannabinoid agonists 

are effective in attenuating hyperalgesia, and in most cases determine which receptor 

subtype is responsible for the effect, they do not set out to characterize the regional 

changes in endocannabinoid signaling such as the levels of AEA, FAAH enzyme 

expression and activity and CB1 receptors at a single time point following persistent 

peripheral inflammation prior to drug administration. Therefore, the goal of the second 

and third studies in this dissertation is to assess the neuroplasticity of endocannabinoid 

tone modulating the threshold for nociception during inflammation.  

 

VIII. Inhibition of FAAH as an effective treatment for pain. 

 Endocannabinoids are released locally and their effects are terminated by rapid 

breakdown. Thus, disruption of endoannabinoid catabolism provides a unique mechanism 

for the management of pain. This idea is supported by evidence that the effect of local 

injection of metabolically stable methanandamide compared to anandamide in the 

formalin test since methanandamide inhibits nocifensive behaviors associated with both 

phases of the formalin test, whereas anandamide only inhibited pain behavior associated 

with the early phase (Calignano et al., 1998). These data suggest degradation of 

anandamide may account for the difference in the duration of the anti-nociceptive effect. 

Secondly, genetic deletion of FAAH in mice results in elevated endogenous anandamide 

levels and these mice exhibit hypoalgesia as well as increases in anandamide-induced 



 

 26 

analgesia (Cravatt et al., 2001; Lictman et al., 2004). Together, these data support the 

idea that disruption of FAAH-mediated degradation of anandamide may be a therapeutic 

approach for pain management.  

 In this regard, disrupting catabolism of anandamide through the use of selective 

FAAH inhibitors such as URB597 (3‘-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate), 

would be predicted to reduce pain-related behavior. Confirming this, systemic injection 

of URB597 decreases mechanical and thermal hyperalgesia associated with CFA-induced 

inflammation in rats (Jayamanne et al., 2006). Furthermore, intraplantar injection of 

URB597 in carrageenan-treated rats produced significant, dose-related increases in levels 

of anandamide and 2-AG in the hind paw compared to vehicle-treated carrageenan-

injected rats (Jhaveri et al., 2008). Coupled with evidence that anandamide synthesis is 

activity dependent, this mechanism of action limits the ability of locally injected URB597 

to have widespread effects on endocannabinoid signaling. Furthermore, URB597 is 

selective for FAAH over other targets such as cannabinoid receptors and MGL (Kathuria 

et al., 2003).  

 

IX. Current clinical use of cannabinoids. 

 Currently, there are two approved cannabinoid drugs available by prescription: 

Marinol (
9
-THC) and Nabilone (a (

9
-THC analogue) (Walker and Huang 2002) and 

although the Food and Drug Administration has not approved smoked marijuana, 

fourteen states have enacted laws approving medicinal marijuana (ProCon.org). Although 

Marinol is approved for the nausea and vomiting associated with chemotherapy for 
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cancer patients and to assist with loss of appetite with AIDS patients, its utility is limited 

by its slow and unpredictable pharmacokinetics and production of dysphoria at high 

doses (Walker and Huang, 2002). Because of the limitations of current cannabinoids on 

the market, the therapeutic potential of drugs that enhance the activity of 

endocannabinoids is currently being investigated (reviewed by Bari et al., 2006). In this 

regard, currently the US Patent and Trademark Office has issued twenty-nine patents 

related to ―FAAH inhibitors,‖ with the earliest patent being issued on August 7, 2001 

(www.patft.uspto.gov).  

 

X. Statement of purpose. 

 The purpose of my research was to determine whether local injection of URB597, 

a selective inhibitor of FAAH, is effective in reducing mechanical hyperalgesia 

associated with CFA-induced inflammation. As part of these studies, I assessed which 

receptor mediates the effect of URB597 in CFA-injected mice and whether local injection 

of URB597 results in increased levels of anandamide and/or 2-AG as would be predicted. 

 The second goal of this research was to assess changes in the neurochemistry of 

endocannabinoid signaling associated with persistent peripheral inflammation. To do so, I 

compared endocannabinoids, FAAH, and CB1 receptors between naïve and CFA-injected 

mice to determine if changes in any of these components of endocannabinoid signaling 

contribute to, or promote, the mechanical hyperalgesia observed with CFA-induced 

inflammation. Mechanical hyperalgesia associated with CFA injection may develop, in 

part, as a result of: 1) increased FAAH mRNA levels and enzyme activity at the site of 
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inflammation or in the DRG neurons innervating the hind paw, 2) decreased levels of 

anandamide or 2-AG in these regions, or 3) decreased levels and functional activity of 

CB1 receptors on peripheral sensory neurons. 

 Importantly, the same strain of mice that our lab has characterized cannabinoid 

signaling in a model of cancer pain was used, allowing us to compare and contrast 

changes in endocannabinoids signaling in two distinct pain models.  
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Figure 1. Pathways of anandamide biosynthesis. 
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Figure 2. Pathways of 2-arachidonoylglocyerol synthesis. 
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Chapter 2 

 

 

The effect of local injection of URB597 on mechanical hyperalgesia 

associated with persistent peripheral inflammation  
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Introduction 

 Cannabinoid agonists exhibit analgesic effects by acting at both cannabinoid type 

1 (CB1) and CB2 receptors (reviewed by Walker and Huang, 2002; Hohmann and 

Suplita, 2006) and the anti-nociceptive effects of cannabinoid agonists at both CB1 and 

CB2 receptors have been observed in a model of inflammatory pain (Richardson et al., 

1998; Quartilho et al., 2003; Nackley et al., 2003). CB1 and CB2 receptors are also 

activated by 
9
-tetrahydroannabinol (THC), the psychoactive component in marijuana 

(Mechoulam, 1986). THC, as well as other direct CB1 agonists, have long been known to 

possess medicinally beneficial properties, however, widespread distribution of CB1 

receptors in the brain leads to side effects such as cognitive and motor impairment, 

dependence and psychosis (Pacher et al., 2006), limiting systemic administration of 

cannabinoid agonists as analgesics. 

 Endogenous ligands for CB1 and CB2 receptors include N-arachidonyl 

ethanolamide (anandamide, AEA) and 2-arachidonoyl glycerol (2-AG). Both anandamide 

and 2-AG are synthesized on demand in response to an increase in the level of 

cytoplasmic calcium (Di Marzo et al., 1994). These endocannabinoids are most effective 

when produced near their target receptor because they undergo rapid catabolism, thereby 

terminating their signaling. The enzymes primarily responsible for catabolism of 

anandamide and 2-AG are fatty acid amide hydrolase (FAAH) and monoacylglycerol 

lipase (MGL) respectively (Fowler et al., 2005). 

 Because endocannabinoids undergo rapid breakdown to terminate their signaling, 

disruption of endocannabinoid catabolism presents a unique opportunity for management 
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of pain. In support of this, local injection of metabolically stable methanandamide 

inhibits nocifensive behaviors associated with both early and late phases of the formalin 

test compared to exogenously injected anandamide, which only inhibited pain behavior 

associated with the early phase (Calignano et al., 1998). Secondly, when FAAH is 

genetically deleted in mice, endogenous anandamide levels are elevated and these mice 

exhibit hypoalgesia as well as increases in anandamide-induced analgesia (Cravatt et al., 

2001; Lichtman et al., 2004). Together, these data support the hypothesis that disruption 

of enzymatic degradation of anandamide may be a therapeutic approach for pain 

management. 

 Thus, a third mechanism to disrupt catabolism of anandamide is through 

inhibition of FAAH. Systemic injection of the FAAH inhibitor, URB597 (3‘-carbamoyl-

biphenyl-3-yl-cyclohexylcarbamate) decreases thermal and mechanical hyperalgesia 

associated with Complete Freund‘s Adjuvant (CFA)-induced inflammation in rats 

(Jayamanne et al., 2006) and intraplantar injection of URB597 in carrageenan-treated rats 

produced significant, dose-related increases in levels of anandamide and 2-AG in the 

hind paw compared to vehicle-treated carrageenan-injected rats (Jhaveri et al., 2008). 

Unlike injection of methanandamide, URB597 is predicted to elevate endogenous 

anandamide only where its synthesis is stimulated. Furthermore, URB597 is selective for 

FAAH over other targets such as cannabinoid receptors and monoacylglycerol lipase 

(Kathuria et al., 2003).  

 However, a study of the effect of local injection of URB597 on mechanical 

hyperalgesia and resulting endocannabinoid levels has not been measured in a model of 
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persistent, peripheral inflammation. Therefore, the aim of this study is to determine 

whether local injection of URB597 attenuates mechanical hyperalgesia associated with 

persistent, peripheral inflammation using a model of CFA-induced inflammation in the 

hind paw, and if so, which cannabinoid receptor mediates the effect. Additionally, we 

sought to determine whether injection of URB597 resulted in an increase in the level of 

anandamide, as would be predicted based on the mechanism of URB597. 

 

Methods 

Animals 

 Adult, male C3H/He mice (National Cancer Institute; 25-30 g) were used in these 

studies. All procedures were approved by the University of Minnesota Institutional 

Animal Care and Use Committee. Because Breese and colleagues (2005) found no 

differences in paw diameter or mechanical sensitivity between naïve mice and saline-

injected mice two days post injection, we chose to compare drug treatments in CFA-

injected animals to naïve animals in our studies. 

 

Measurement of sensitivity to a mechanical stimulus 

 A preliminary study determined that the mechanical threshold (Chaplan et al., 

1994) on the plantar surface of the hind paw in CFA-injected mice was lower (4.0±0.5 

mN, n=33) compared to the threshold in naïve mice (18.2±2.4 mN, n=31, p<0.0001, 

Student‘s t-test). The mechanical threshold in naïve mice is consistent with the value 

reported previously for this strain of mice (Mogil et al., 1999). Based on these data, a von 
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Frey monofilament with a bending force of 5.7 mN (0.6 g), or just above threshold in 

CFA-injected mice, was chosen to measure mechanical sensitivity in CFA-injected mice. 

Naïve mice withdrew their limbs in response to application of this filament 

approximately 20% of the time, and the increase in the frequency of the withdrawal 

response to this filament in inflamed hind paws is referred to as mechanical hyperalgesia 

in this report. The magnitude of the mechanical hyperalgesia measured in CFA-injected 

mice with this filament allowed reliable assessment of treatments that decreased 

mechanical hyperalgesia.  

Mechanical sensitivity was determined in each mouse by calculating the 

frequency of withdrawal to a force of 5.7 mN. To conduct this assay, mice were placed 

on an elevated mesh platform, contained individually under a 70.8 cm
2
 x 4.5 cm deep 

circular container and allowed to acclimate to the surroundings for 30 minutes prior to 

testing. The 5.7 mN monofilament was applied to the plantar surface of one hind paw ten 

times with 1-2 second intervals between stimuli. The number of vigorous responses, 

characterized by rapid withdrawal or licking of the hind paw, were scored and expressed 

as a percentage of stimuli applied. All mice were tested before inclusion in the study. 

Only mice with a baseline response rate of 40% were assigned to naïve or CFA-injected 

groups. Baseline values were assessed for each animal for 2 days prior to induction of 

inflammation.  

 In separate groups of naïve mice the frequency of withdrawal to mechanical 

stimuli was conducted, as above, across a range of von Frey monofilaments. Filaments 
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with bending forces of 3.7, 5.7, 9.8, 13.7 and 19.6 mN were tested following injection of 

drug or vehicle.  

 

Induction of peripheral inflammation 

 Inflammation was induced by unilateral, intraplantar (i.pl.) injection of 50 µl 

Complete Freund‘s Adjuvant (CFA; Calbiochem, La Jolla, CA, USA) into the left hind 

paw under isoflurane anesthesia. Only mice with a 70% response rate 48 h after 

injection of CFA were included in the inflamed group in subsequent experiments. In a 

subset of CFA-injected and naïve animals, paw diameter was measured as an indicator of 

edema. The measure was made under isoflurane anesthesia using calipers at the widest 

point in the hind paw ipsilateral to the CFA injection 48 h after the injection or in the left 

hind paw of naïve mice. 

 

Drug Treatments 

 At 48 h following induction of inflammation, separate groups of CFA-injected 

and naïve mice were given an intraplantar injection of URB597 (Cayman Chemical, Ann 

Arbor, MI, USA) in the left hind paw (ipsilateral to the inflammation in CFA-injected 

mice). URB597 was injected at doses of 2, 6, 18 and 54 µg in 10 µl ethanol under 

isoflurane anesthesia. The vehicle control group received 10 µl ethanol. Mechanical 

sensitivity was scored at 0.5, 2, 6 and 24 h following drug injection.  

To determine the effect of dose of URB597, the change in mechanical sensitivity 

following drug injection (i.e., inhibition of hyperalgesia) in CFA-injected mice was 
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calculated as a percent of the maximum possible effect on hyperalgesia using the 

following equation:  

% inhibition of hyperalgesia = (predrug score – postdrug score) x 100 

 (predrug score – pre-CFA score)  

A limited number of values greater than 100 or less than 0 occurred at high and low 

doses, respectively. Because the study addressed the anti-hyperalgesic effect of URB597, 

these values were adjusted to 100 and 0 respectively. 

 To determine pharmacological specificity of the effect of URB597, antagonists 

AM281 (3 µg) or AM630 (1 µg), for CB1 and CB2 receptors respectively, were co-

injected with URB597 (18 µg, i.pl.) into CFA-injected mice. Receptor antagonists were 

purchased from Tocris (Ellisville, MO USA), dissolved in dimethylsulphoxide (DMSO) 

and brought to the final desired concentration in saline. Co-injected doses of URB597 

and receptor antagonist were diluted to a final dose in 10 µl ethanol:saline (1:1). The 

vehicle control group was injected with 10 µl ethanol:saline (1:1). Mechanical sensitivity 

was measured 2 h after drug injection, the most effective time in the time course study. 

The ability of URB597 to promote analgesia in naïve mice was assessed at doses 

of 9 and 18 µg at 2 h. On the basis of results of intraplantar injection of URB597 in naïve 

mice, two separate groups of naïve mice were tested with either 18 µg URB597 and 100 

pmol capsazepine (Capz; Tocris, Ellisville, MO, USA) or capsazepine alone. The dose of 

100 pmol capsazepine is consistent with an effective dose that blocks capsaicin-induced 

licking in mice (Santos and Calixto, 1997; Sakurada et al., 2003). Both URB597 and 

capsazepine were dissolved in ethanol and brought up to the final injected volume (10 µl) 

in saline. 
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In all experiments, experimenters were blinded to the drug treatments during the 

behavioral testing, and at least two treatments were tested in each behavioral session. 

 

Measurement of endogenous anandamide and 2-AG  

 Plantar paw skin samples were collected from CFA-injected mice treated with 

either URB597 (54 g) or vehicle (10 µl ethanol) 2 h post drug injection. Each sample 

contained paw skin tissue pooled from two animals. Please see chapter 3 for lipid 

extraction and targeted isotope-dilution HPLC/atmospheric pressure chemical 

ionization/mass spectrometry details. 

 

Statistical analyses 

 All data are presented as the mean  S.E.M. for the group. Behavioral data were 

analyzed using one-way or two-way analysis of variance (ANOVA) or two-way ANOVA 

for repeated measures with Tukey‘s post hoc test to resolve individual group differences. 

All other data were analyzed using Student‘s t-test. A value of p<0.05 was considered 

significant. The ED50 of URB597 was determined by the method of Tallerida and Murray 

(1987) using a software program developed by M. Ossipov (Flashcalc; 

www.u.arizona.edu/~michaelo/jflashcalc.html). 

 

Results 

CFA-induced Inflammation in C3H/He mice 
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 Intraplantar injection of CFA into the hind paw of C3H/He mice produced both 

visible redness and swelling in the injected paw. After 48 h, paw diameter was greater 

ipsilateral to the injection in CFA-injected mice compared to naïve mice (3.00.01 mm in 

the CFA group, n=19, compared to 2.40.01 mm in naïve mice, n=17, p<0.0001, 

Student‘s t-test). The increase in paw diameter was accompanied by a four-fold increase 

in frequency of withdrawal to the 5.7 mN mechanical stimulus (801.6%, in the CFA-

injected group, n=33, compared to 202.3% in naïve mice, n=31, p<0.0001, Student‘s t-

test).  

 

URB597 attenuated mechanical hyperalgesia during CFA-induced peripheral 

inflammation  

 Peripheral injection of URB597 (54 µg, i.pl.) ipsilateral to the inflamed hind paw 

reversed the mechanical hyperalgesia associated with inflammation in a time-dependent 

manner. URB597 significantly inhibited mechanical hyperalgesia associated with 

peripheral inflammation 2 h after injection and the effect persisted for at least 4 h (Figure 

1). By 24 h post-drug injection the effect of URB597 on mechanical hyperalgesia had 

dissipated and mechanical hyperalgesia was comparable to pre-drug levels. The mean 

withdrawal frequencies in naïve mice treated with URB597 (54 µg, i.pl.) were not 

different from the pre-drug value at any time point. The ethanol vehicle did not alter 

mechanical sensitivity in CFA-injected or naïve mice at any time point. These data 

indicate that local injection of URB597 reversed the mechanical hyperalgesia associated 

with peripheral inflammation between two and six hours post drug injection. 
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 Injection of URB597 (i.pl.) into the inflamed hind paw 48 h after the induction of 

inflammation dose-dependently reduced the mechanical hyperalgesia associated with 

peripheral inflammation. URB597 inhibited mechanical hyperalgesia with an ED50 of 4.4 

µg (95% CI: 2.7 to 7.4; Figure 2). Doses of 18 and 54 µg URB597 significantly reduced 

hyperalgesia in CFA-injected mice at 2 h, and mechanical sensitivity following the 54 µg 

dose of URB597 was not different from the pre-CFA injection value (p=0.39, Student‘s t 

test). Therefore URB597 is an effective inhibitor of mechanical hyperalgesia in this 

model of peripheral inflammation.  

 

The anti-hyperalgesic effect of URB597 was mediated locally 

 To confirm that the anti-hyperalgesic effect of URB597 observed in the time 

course and dose-response studies was neither mediated centrally nor a result of depressed 

motor activity, an additional group of CFA-injected mice was given an injection of the 

highest dose of URB597 (54 µg, i.pl.) in the contralateral paw 48 h after injection of 

CFA. Mechanical sensitivity was tested in the inflamed hind paw 2 h later. Under these 

conditions, URB597 did not change the frequency of withdrawal of the inflamed paw to 

the mechanical stimulus (pre-drug: 73±3%, n=3, post-drug: 81±4%, n=3, p=0.21, 

Student‘s t-test). Therefore, we conclude that the anti-hyperalgesic effect of intraplantar 

injection of URB597 into the inflamed paw was locally mediated and did not involve a 

systemic effect. In addition, these data dismiss the possibility that the reduction in the 

frequency of withdrawal to the mechanical stimulus following injection of URB597 into 

the inflamed paw was the result of an impaired motor response. 
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The effect of URB597 on mechanical sensitivity was mediated by CB1 and CB2 receptors 

 As a FAAH enzyme inhibitor, intraplantar injection of URB597 is predicted to 

prevent the degradation of anandamide, thereby increasing the amount of 

endocannabinoid available for binding to CB1 and CB2 receptors in the periphery. In 

order to resolve which cannabinoid receptor mediated the anti-hyperalgesic effect of 

URB597 in this model of peripheral inflammation, the ability of CB1 and CB2 receptor 

antagonists to block the effect of URB597 on mechanical sensitivity was tested. URB597 

(18 µg, i.pl.) and the CB1 receptor antagonist AM281 (3 µg, i.pl.) or the CB2 receptor 

antagonist AM630 (1 µg, i.pl.) were administered 48 h following induction of 

inflammation, and mechanical sensitivity was measured 2 h after drug injection. The dose 

of AM281 (equivalent to 100 µg/kg) is within the range for which structural analogues 

blocked CB1 receptors (Guindon et al., 2006; Gutierrez et al., 2007) and is comparable to 

selective blockade of CB1 agonist in a different model in mice (Khasabova et al., 2008). 

Intraplantar injection of the dose of AM630 (equivalent to 100 µg/kg) blocks CB2 

receptors in rats (Quartilho et al., 2003), and a comparable dose blocked the effect of a 

CB2 receptor agonist in a tumor-related model of mechanical hyperalgesia in mice (I. 

Khasabova, personal communication). Both the CB1 receptor antagonist, AM281, and 

the CB2 receptor antagonist, AM630, reversed the anti-hyperalgesic effect of URB597 

following co-administration (Figure 3). Compared to vehicle (67±7%), neither AM281 

(69±3%, p=1.0) nor AM630 (66±5%, p=1.0) alone altered mechanical sensitivity in mice 

with peripheral inflammation at the doses used.  
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URB597 decreased mechanical sensitivity in naïve mice  

 Because naïve mice exhibited a low frequency of response to the 5.7 mN 

monofilament, a separate experiment was designed to determine whether URB597 

promoted analgesia in naïve mice. Groups of naïve mice were injected with URB597 (9 

or 18 µg, i.pl.) or vehicle and withdrawal frequencies were measured with monofilaments 

of increasing force 2 h later, the most effective time point in the time course study. The 

dose of 9 µg was chosen because it produced analgesia in this strain of mice previously in 

our lab. The dose of 18 µg was chosen because it was the minimally effective dose in 

CFA-injected mice in the dose-response studies in this report.  

 The low dose of URB597 (9 µg, i.pl) decreased mechanical sensitivity in response 

to filaments of increased force (Figure 4). The low dose URB597 significantly attenuated 

the withdrawal frequency to forces of 9.8, 13.7 and 19.6 mN compared to vehicle-treated 

animals. The decreased mechanical sensitivity in naïve mice treated with URB597 

suggests URB597 promotes analgesia as well as anti-hyperalgesia. 

 However, the higher dose of URB597 (18 µg, i.pl), which produced anti-

hyperalgesia in CFA-injected mice, unexpectedly produced significant hyperalgesia at the 

9.8 mN filament in naïve mice (Figure 5). Because anandamide can activate 

pronociceptive TRPV1 receptors, capsazepine, a TRPV1 receptor antagonist, was co-

injected with URB597 (18 µg, i.pl), to determine the contribution of TRPV1 receptors to 

the hyperalgesia produced by high dose URB597. Co-injection of capsazepine blocked 

the increase in mechanical sensitivity caused by URB597 (Figure 6). These data indicate 
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the amount of anandamide following the high dose of URB597 may be sufficiently 

increased in naïve mice to bind to the TRPV1 receptor, promoting pronociception. 

 

Anandamide and 2-AG levels in plantar paw skin 

 The prediction was that the anti-hyperalgesic effect of URB597 was mediated by 

an increase in the local level of anandamide. Therefore we measured levels of 

anandamide and 2-AG in the hind paw of CFA-injected mice given URB597 (54 g). 

Based on the time course studies, the effect of URB597 on mechanical hyperalgesia was 

most pronounced 2 h after drug injection, therefore samples of plantar paw skin were 

collected for analysis at 2 h post drug injection. Since the vehicle for injection of 

URB597 (ethanol) could change endocannabinoid metabolism, we compared 

endocannabinoid levels in CFA-injected mice given URB597 to CFA-injected mice given 

ethanol. There was no difference in the level of anandamide between URB597- or ethanol 

vehicle-treated mice in the plantar paw skin (p=0.82, Table 1). Thus, the URB597 

compound failed to increase the level of anandamide and 2-AG in the paw skin.  

 

Discussion  

The behavioral data from our studies provide clear evidence that locally injected 

URB597 dose-dependently reduced mechanical hyperalgesia in a model of CFA-induced 

persistent inflammation. Furthermore, although the FAAH inhibitor URB597 failed to 

measurably increase levels of anandamide and 2-AG in the hind paws of mice as would 

have been predicted, the anti-hyperalgesic effect of URB597 was mediated through a 
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CB1- and CB2-dependent mechanism. Interestingly, in naïve mice, a low dose of 

URB597 decreased mechanical sensitivity, whereas the higher dose of URB597, that was 

effective in reducing mechanical hyperalgesia in CFA-injected mice, produced 

paradoxical pronociception in naïve mice.  

 

URB597 inhibits mechanical hyperalgesia associated with persistent cutaneous 

inflammation 

To our knowledge, we are the first to report that URB597 blocked mechanical 

hyperalgesia associated with persistent cutaneous inflammation in mice. Previous reports 

have addressed either systemic injection of URB597 in a model of CFA-induced 

inflammation in rats (Jayamanne et al., 2006) or local anti-nociceptive effects of URB597 

in models of cancer pain in mice (Khasabova et al., 2008) and acute carrageenan-induced 

inflammatory pain in rats (Jhaveri et al., 2008). The intraplantar dose of URB597 

required to reduce mechanical hyperalgesia by 50% in CFA-induced inflammation was 4 

µg (134 µg/kg). This dose is comparable to the ED50 to reduce mechanical hyperalgesia 

in a model of cancer pain in the same strain of mice (Khasabova et al., 2008) and 

attenuate carrageenan-induced reduction in weight-bearing in rats (100 µg/kg, i.pl.; 

Jhaveri et al., 2008). Although a high dose of URB597 (400 µg/kg, i.pl.) is less effective 

than the optimal dose for normalizing weight-bearing in rats following carrageenan 

injection (Jhaveri et al., 2008), the highest dose of URB597 tested in CFA-injected mice 

in our study (1.8 mg/kg) continued to promote anti-hyperalgesia through a local 
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mechanism. Species differences or the model of inflammation (i.e. acute versus 

persistent) may contribute to these differences. 

 

URB597 did not measurably increase endocannabinoids in plantar paw skin 

In vitro evidence suggests that FAAH is able to metabolize both anandamide 

(Cravatt et al., 1996) and 2-AG (Di Marzo et al., 1998; Goparaju et al., 1998; Lang et al., 

1999). Yet studies of anandamide and 2-AG content in the presence of the FAAH 

inhibitor URB597 or FAAH gene-deletion indicate divergence between FAAH 

metabolism of these endocannabinoids. For anandamide, both systemic injection of a 

FAAH inhibitor (Kathuria et al., 2003) and gene-deletion (Cravatt et al., 2001) increase 

the level of anandamide in the brain. Conversely, URB597 failed to increase 2-AG levels 

in the rat brain (Kathuria et al., 2003) and 2-AG breakdown is preserved in mutant FAAH 

-/- mice (Lichtman et al., 2002). Based on these studies, it was surprising that intraplantar 

injection of URB597 did not measurably increase anandamide content in the plantar paw 

skin of CFA-injected mice. It is noteworthy that these studies were conducted in naïve 

mice, so the effect of pathophysiological conditions on the drug effect remains to be 

resolved.  

An additional variable includes the effect of drug vehicle on local 

endocannabinoid levels. In a more recent study, vehicle decreased the level of 

anandamide in carrageenan-treated mice compared to saline-injected mice, but had no 

effect on the level of 2-AG (Jhaveri et al., 2008). However, both anandamide and 2-AG 

were elevated in the hind paw of rats following local injection of URB597 in 
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carrageenan-induced inflammation (Jhaveri et al. 2008). On the basis that the drug 

vehicle may alter endocannabinoid levels, we compared URB597-injected to a vehicle 

control group in our studies. However, we found no increase in either the level of 

anandamide or 2-AG in the plantar paw skin compared to vehicle-treated mice.  

The reasons for these differences are unclear, but may be related in part to both 

the dosing paradigm of URB597 and the time course of inflammation studied. Jhaveri 

and colleagues treated the rats with a preventative dose of URB597 thirty minutes prior to 

injection of carrageenan and measured endocannabinoid content 3 h after carrageenan-

induced inflammation, whereas our studies addressed the ability of URB597 to increase 

endocannabinoids after 2 h in a fully developed model of inflammation that persisted 

over the course of 48 h.  

One possible explanation for the absence of an effect of URB597 on 

endocannabinoids levels in our study is that under conditions of persistent inflammation, 

cyclooxygenase-2 (COX-2) is up-regulated (Seibert et al., 1994), and COX-2 and other 

lipoxygenases can degrade endocannabinoids (Lambert and Fowler, 2005) to produce 

prostaglandin-ethanolamides, also called prostamides (Yu et al., 1997 Burnstein et al., 

2000; Guindon and Hohmann, 2008). This possibility is supported by evidence that 

COX-2 metabolizes anandamide in FAAH knockout mice in vivo (Weber et al., 2004) 

and co-injection of anandamide and a non-specific cyclooygenase inhibitor produces 

synergistic anti-nociceptive effects in the formalin test (Guindon et al., 2006). Thus, in 

our URB597-treated mice with CFA-induced inflammation it is possible that 

endocannabinoids were diverted to other metabolic pathways during sample preparation, 
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preventing an observable increase in their tissue levels. Alternatively, the oil-base of CFA 

may act as a depot for lipophilic endocannabinoids generated in response to 

inflammation, confounding detection of changes in the paw skin. 

 

Anti-hyperalgesic effect of URB597 is mediated by CB1 and CB2 receptors 

Although we were unable to measure increases in anandamide and 2-AG in the 

present study, the inhibitory effect of URB597 was mediated locally by both CB1 and 

CB2 receptors during CFA-induced inflammation. The importance of peripheral 

cannabinoid receptors in nociceptive modulation is exhibited both by genetic disruption 

of CB1 receptor expression in primary afferent neurons (Agarwal et al., 2007) and by the 

action of a newly-developed, peripherally restricted inhibitor of FAAH activity, URB937 

(Clapper et al., 2010).  

Consistent with our data, when URB597 is given systemically in CFA-injected 

rats, there is an increase in the paw withdrawal threshold that is blocked by either a CB1 

or CB2 receptor antagonist (Jayamanne et al., 2006). However, involvement of both CB1 

and CB2 receptors may be specific to models of inflammatory pain because in a model of 

tumor pain in this strain of mice, the anti-hyperalgesic effect of URB597 (i.pl.) was 

mediated solely by CB1 receptors (Khasabova et al., 2008).  

It is not surprising that CB1 receptors, likely through attenuation of presynaptic 

neurotransmitter release, contribute to the anti-hyperalgesic effect of peripherally 

administered URB597. Not only are CB1 receptors expressed on primary afferent 

neurons (Hohmann and Herkenham 1999; Sañudo-Peña et al., 1999; Ahluwalia et al., 
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2000, 2002; Khasabova et al., 2002), but their expression is increased in the DRGs and 

nerve fibers innervating the periphery during CFA-induced peripheral inflammation in 

mice (Amaya et al., 2006). Combined with the lack of a measurable increase in 

endocannabinoids in the present work, it is possible that up-regulation of CB1 receptors 

in the periphery contributes to the anti-hyperalgesic effect of URB597 through this 

receptor subtype (addressed further in chapters 3 and 4). 

 On the basis of our data, activation of CB2 receptors also contributed to the effect 

of URB597 on mechanical hyperalgesia. Anandamide is a partial agonist at both CB1 and 

CB2 receptors (Hillard 2000; Pertwee and Ross 2002) and although it acts with greater 

affinity at CB1 receptors (Ki(CB1 vs. CB2) = 89 vs 371 nM) (reviewed by Hohmann 

2002), it is possible that when anandamide breakdown is inhibited by URB597 the local 

level of anandamide is sufficient to act on CB1 as well as CB2 receptors. CB2 receptors 

are ideally localized during persistent, cutaneous inflammatory pain to co-mediate the 

anti-hyperalgesic effect of URB597. CB2 receptors are localized primarily to immune 

cells (Munro et al., 1993; Galiegue et al., 1995) and their activation inhibits the release of 

inflammatory mediators from mast cells and macrophages (Facci et al., 1995).  

In this case, CB2 receptor activation, through an indirect mechanism, could 

decrease inflammation-evoked release of sensitizing molecules (such as nerve growth 

factor, prostanoids, cytokines, histamine, or adenosine triphosphate) that act on peripheral 

nociceptors to decrease the sensitivity of primary afferent neurons and to reduce 

nociception (Woolf et al., 1994; Malan et al., 2002; Malan and Porreca 2005). In addition 

to modulation of immune responses, CB2 receptors have been shown to produce 
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antinociception by stimulating peripheral release of endogenous opioids from 

keratinocytes (Ibrahim et al., 2005). 

Interestingly, blocking either the CB1 or CB2 receptor subtype alone blocks the 

anti-hyperalgesic effect of URB597. Recently, our lab has observed synergy of CB1 and 

CB2 receptor agonists in a model of tumor-evoked cancer pain in the periphery. In this 

study, the dose-response relationship for co-injection of ACPA and AM1241 (CB1 and 

CB2 receptor agonists, respectively) shifted nearly 100-fold to the left following local 

injection into the hind paw (Khasabova et al., under review). Combined with the data in 

the present study, these data suggest strategies to target multiple cannabinoid receptors in 

the periphery may enhance the therapeutic potential of cannabinoids. 

Although both AM281 and AM630 reversed the effect of URB597, the local 

doses of the CB1 and CB2 antagonists alone did not enhance mechanical hyperalgesia in 

our study. These data suggest that a cannabinoid tone mechanism fails to tonically 

modulate the threshold for nociception in CFA-induced peripheral inflammation. Chapter 

3 will address whether inflammation alters endocannabinoid levels, the activity of 

catabolic enzymes degrading endocannabinoids, or the expression of cannabinoid 

receptors. 

 

Dose specific effects of local injection of URB597 in naïve mice 

It is noteworthy that mechanical analgesia was observed in naïve mice after an 

intraplantar injection of a low dose of URB597 (9 µg). Importantly, the change occurred 

in the mid-range of force for mechanical stimuli. Exogenous administration of a dose of 
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anandamide that is anti-hyperalgesic in tumor-bearing mice does not affect mechanical 

sensitivity in naïve mice (Khasabova et al., 2008). Rapid catabolism of exogenous 

anandamide by FAAH may impair the ability of the endocannabinoid to reach the 

sensory neuron terminal and generate a behavioral effect. Thus, URB597 injection into 

the paw inhibits FAAH, enabling endogenous anandamide to increasingly bind to 

receptors and produce analgesia in naïve mice. These data underscore the relevance of 

understanding the microenvironment of sensory neuron terminals in the paw, and the 

DRG neurons themselves, in understanding changes in endocannabinoid 

neurotransmission (to be addressed in chapter 3). Measures of tissue content of 

endocannabinoids may lack sufficient resolution.  

However, the dose of URB597 (18 µg) that reversed mechanical hyperalgesia in 

the inflamed hind paw produced unexpected hyperalgesia at a force of 9.8 mN. A higher 

dose of URB597 would be expected to generate higher levels of anandamide in the tissue 

and there is evidence to suggest that anandamide binds and activates the TRPV1 receptor 

at high doses (Zygmunt et al., 1999; Jerman et al., 2002). TRPV1 receptors transduce 

noxious heat and chemical stimuli, including capsaicin and protons (Caterina et al., 1997; 

Tominaga et al., 1998; Szallasi and Blumberg 1999). In our studies, co-injection of the 

TRPV1 receptor antagonist capsazepine with URB597 blocked the increased mechanical 

sensitivity in naïve mice. Interestingly, capsaicin injection produces hyperalgesia to heat 

in the immediate vicinity and mechanical hyperalgesia in a larger surrounding area that is 

inhibited by increased synaptic activity in the spinal cord (Szolcsányi, 1977; Simone et 

al., 1989; Culp et al., 1989). Thus the mechanical hyperalgesia associated with high dose 
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URB597 may be a result of activation of TRPV1 receptors and subsequent central 

sensitization.  

 

Conclusion 

 Although we were unable to demonstrate a measurable increase in anandamide 

content following injection of URB597 in the hind paw, our data verify local treatment 

with URB597 inhibited mechanical hyperalgesia associated with persistent, peripheral 

inflammation indirectly through CB1 and CB2 receptor-dependent mechanisms.  

 Because the same dose in naïve and CFA-injected mice produced opposing 

behavioral effects, namely pronociception and antihyperalgesia respectively, and the 

highest dose of URB597 (54 µg) tested failed to produce pronociception in CFA-injected 

mice, we next sought to characterize any changes in the neurochemistry of FAAH or 

levels of endocannabinoids and CB1 receptors between naïve and CFA-injected mice that 

might account for this dose-specific effect of URB597. 
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Figure 1. URB597 blocked mechanical hyperalgesia associated with peripheral 

inflammation in a time-dependent manner. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mice were injected with CFA two days prior to drug injection. Mechanical sensitivity 

was measured ipsilateral to CFA injection or in the left hind paw of naïve mice. 

Compared to naïve mice, the withdrawal frequency in response to a force of 5.7 mN was 

higher in CFA-injected mice (PD=pre-drug). Mechanical sensitivity was assessed over 24 

h following URB597 injection (54 µg, i.pl.). The vehicle was ethanol. For presentation 

purposes, data for vehicle and drug were pooled for each PD group. For statistical 

analyses, data for each treatment group were compared to the respective mean PD value 

within a treatment group. *Significantly different from naïve mice at the respective time 
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point; 
#
significantly different from PD within the CFA-injected group (two-way repeated 

measure ANOVA with Tukey‘s test, n = 3-7 mice/treatment group). 

Figure 2. URB597 dose-dependently reduced mechanical hyperalgesia associated with 

peripheral inflammation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Forty-eight hours following the induction of inflammation the effect of URB597 (2-54 

µg, i.pl.) was measured at 2 h after drug injection. The mechanical stimulus was a von 

Frey monofilament with a force of 5.7 mN. The vehicle (V) was ethanol. A limited 

number of values greater than 100 or less than 0 occurred at high and low doses, 

respectively. Because the study addressed the anti-hyperalgesic effect of URB597, these 

values were adjusted to 100 and 0 respectively. *Significantly different from vehicle 

(one-way ANOVA with Tukey‘s test, n = 3-10 mice/treatment group).  
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Figure 3. CB1 and CB2 receptor antagonists blocked the anti-hyperalgesic effect of 

URB597. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following induction of inflammation in CFA-injected mice, URB597 (18 µg in ethanol) 

and the CB1 receptor antagonist AM281 (3 µg in saline) or the CB2 receptor antagonist 

AM630 (1 µg in saline) were administered (final solution 1:1 ethanol:saline) and 

mechanical sensitivity was measured at 2 h using the 5.7 mN filament. Data for vehicle 

(V) were pooled for ethanol (n = 3) and 1:1 ethanol:saline (n = 6) because there was no 

statistical difference between them. The vehicle for antagonists alone was ethanol:saline 

(1:1). The injection volume was 10 µl. *Significantly different at p<0.05 (one-way 

ANOVA with Tukey‘s test). Values inside the bars represent the sample size. 
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Figure 4. A low dose of URB597 reduced mechanical sensitivity in naïve mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Withdrawal frequency was measured 2 h after injection of URB597 (9 µg) or vehicle. 

Responses were counted and expressed as a percentage of stimuli applied. *Significantly 

different from vehicle-injected mice tested with the same monofilament (two-way 

ANOVA with Tukey‘s test, n = 4-5 mice/group).   
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Figure 5. A high dose of URB597 increased mechanical sensitivity in naïve mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Withdrawal frequency was measured 2 h after injection of URB597 (18 µg) or vehicle. 

Responses were counted and expressed as a percentage of stimuli applied. *Significantly 

different from vehicle-injected mice tested with the same monofilament (two-way 

ANOVA with Tukey‘s test, n = 4 mice/group).   
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Figure 6. The TRPV1 receptor antagonist capsazepine (Capz) blocked the increased 

mechanical sensitivity in naïve mice induced by a high dose of URB597. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Naïve mice received an intraplantar injection of drug(s) and mechanical sensitivity was 

measured at 2 h using the 9.8 mN filament. *Significantly different from vehicle-injected 

mice tested with the same monofilament; 
#
significantly different from URB597-treated 

mice (one-way ANOVA with Tukey‘s test, n = 4 mice/group). 
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Table 1. Anandamide (AEA) and 2-arachidonoylglycerol (2-AG) levels in plantar paw 

skin from CFA-injected mice treated with local URB597 or vehicle. 

 

Condition 

Paw 

(pmol/g tissue) 

AEA 2-AG 

CFA + vehicle  685 ± 75 (4)  27069 ± 1374 (4)  

CFA + URB597 657 ± 92 (4) 13970 ± 3223
*
 (4) 

 

Samples from URB597 (54 g) and vehicle treated mice were collected 2 h post drug 

injection. Each sample contained tissue pooled from two animals and are reported as 

pmol/g tissue. 
*
Significantly different from CFA + vehicle (Student‘s t-test). Numbers in 

parentheses represent the sample size.  
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Chapter 3 

 

 

Changes in neurochemistry of endocannabinoid signaling associated 

with persistent peripheral inflammation  
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Introduction 

 The ability of the nervous system to modify its function according to different 

conditions, is essential to not only the development of the hypersensitivity that underlies 

inflammatory pain (see reviews by Woolf and Salter, 2000; Kidd and Urban 2001) but 

the body‘s response to this hypersensitivity in nociceptive modulation pathways such as 

in opiate receptor signaling (see reviews by Machelska and Stein 2002; Stein and Lang 

2009). In the previous chapter, the same dose of URB597 in naïve mice and mice with 

intraplantar (i.pl.) injection of Complete Freund‘s Adjuvant (CFA) produced opposing 

behavioral effects, namely hyperalgesia and anti-hyperalgesia, respectively. Furthermore, 

the highest dose of URB597 (54 µg) tested failed to produce hyperalgesia in CFA-

injected mice.  

 Because URB597 blocks the degradation of AEA, we postulate that the 

behavioral difference resulting from an identical dose of URB597 in naïve mice and 

those with inflammation was due to the level of AEA relative to that of CB1 and TRPV1 

receptors. AEA binds to CB1 receptors with high affinity (Ki= 89 nM; reviewed by 

Hohmann, 2002) and to TRPV1 receptors with low affinity (Ki=5 M; reviewed by Ross, 

2003). Thus, we hypothesize that if AEA levels decrease in the skin during peripheral 

inflammation, hyperalgesia results from the loss of CB1 receptor activation. This 

hypothesis is supported by evidence that deletion of CB1 receptors from nociceptive 

sensory neurons (Agarwal et al., 2007) and the local injection of a CB1 receptor 

antagonist (Khasabova et al., 2008) result in hyperalgesia. Therefore, blocking local 

degradation of AEA in mice with peripheral inflammation would restore CB1 receptor 
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activation and reverse hyperalgesia. However, in naïve mice, reduced degradation of 

AEA would result in the accumulation of AEA and activation of TRPV1 receptors, 

resulting in hyperalgesia.  

 Measures of AEA in the hind paw skin in models of inflammation are 

inconsistent. In CFA-injected mice, Agarwal and colleagues (2007) reported an increase 

in AEA in the hind paw skin of mice at 24 h following a lower dose compared to that 

used in our study. In contrast, in the formalin model of inflammation, the level of AEA in 

the paw skin was unchanged in rats (Beaulieu et al., 2000) or decreased in mice (Maione 

et al., 2007). However, the relationship between AEA content and behavior in the 

formalin model is difficult to interpret when the AEA level is determined after 

nocifensive behaviors have subsided. Clearly, in order to understand the relationship of 

AEA to mechanical hyperalgesia observed 48 h after injection of CFA, AEA has to be 

measured at the same time point. 

 A reduction in AEA content in the hind paw may result from an increase in 

catabolism by fatty acid amide hydrolase (FAAH) or a decrease in synthesis. Similar to 

reports of AEA levels, reports of FAAH enzyme expression and activity in models of 

peripheral inflammation are inconsistent. In rats, the amount of FAAH immunoreactivity 

was unchanged in the lumbar (L)5 DRG 2 d following injection of CFA into the hind paw 

(Lever et al., 2009). However, FAAH activity decreased 4 h following injection of 

carrageenan in hind paws of mice (Holt et al. 2005). To our knowledge, FAAH 

expression and enzyme activity have not been evaluated at the site of inflammation or in 
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the neurons innervating the hind paw in a single model of persistent, peripheral 

inflammation in conjunction with AEA content.  

Therefore the goal of this study was to compare levels of AEA as well as FAAH 

expression and enzyme activity in hind paws inflamed by the injection of Complete 

Freund‘s Adjuvant to those of naïve mice. Understanding changes in endocannabinoid 

neurochemistry at the site of inflammation as well as in neurons innervating the region 

will provide insight into the neuroplasticity of endocannabinoid tone modulating the 

threshold for nociception in CFA-induced peripheral inflammation. 

 

Methods 

Animals 

 Adult, male C3H/He mice (National Cancer Institute; 25-30 g) were used in these 

studies. All procedures were approved by the University of Minnesota Institutional 

Animal Care and Use Committee. Because Breese and colleagues (2005) found no 

differences in paw diameter or mechanical sensitivity between naïve mice and saline-

injected mice two days post injection, we chose to compare drug treatments in CFA-

injected animals to naïve animals in our studies. 

 

Measurement of sensitivity to a mechanical stimulus 

 Mechanical sensitivity was determined in each mouse by calculating the 

frequency of withdrawal to a force of 5.7 mN (refer to chapter 2 for more detailed assay 

methods). All mice were tested before inclusion in the study. Only mice with a baseline 
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response rate of 40% were assigned to naïve or CFA-injected groups. Baseline values 

were assessed for each animal for 2 days prior to induction of inflammation.    

 

Induction of peripheral inflammation 

 Inflammation was induced by unilateral, injection of CFA (50 µl, i.pl.; 

Calbiochem, La Jolla, CA, USA) into the left hind paw under isoflurane anesthesia. Only 

mice with a 70% response to the 5.7 mN monofilament 48 h after injection of CFA were 

included in the inflamed group in subsequent experiments.  

 

Measurement of endogenous anandamide 

 Lipids were extracted from tissue samples as described by Maione and colleagues 

(2007). Immediately after decapitation under a surgical level of anesthesia, samples of 

L3-L5 DRGs and plantar paw skin were removed unilaterally from naïve mice and 

ipsilateral to CFA injection in mice with inflamed hind paws. DRGs were pooled from 2 

mice (totaling 6 DRGs/sample) and were homogenized and extracted with 250 µl of 

chloroform at 4C overnight. Paw skin samples were pooled from 2 mice and weighed 

prior to homogenization and extraction with 500 µl of chloroform at 4C overnight. 

Mixtures were then homogenized with an equal volume of methanol:Tris-HCl (50 mM, 

1:1) containing 5-10 pmol of deuterated d8-AEA (Cayman Chemical) as an internal 

standard. Homogenates were centrifuged at 3000 x g for 15 minutes (4C); the aqueous 

phase plus debris were collected and extracted again with 1 volume of chloroform. The 

organic phases were pooled and evaporated with a gentle stream of nitrogen gas. Dried 
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samples were stored at -80C until analyzed. Targeted isotope-dilution 

HPLC/atmospheric pressure chemical ionization/mass spectrometry was conducted on 

each sample. A Phenomex Prodigy (ODS-3, 150 x 2 mm) column was used. Mobile 

phase A was 0.5% formic acid in water and phase B was 0.5% formic acid in acetonitrile. 

The flow rate was 0.1 ml/min with a gradient that began with 95% A:5% B for 1 min 

followed by a ramp to 100% B over 10 min and maintenance in buffer B for another 16 

min. Analyses were performed at the Analytical Biochemistry Core facility of the 

Masonic Cancer Center, University of Minnesota. The levels of AEA in tissue samples 

were estimated from the ratio of the area of the signal of d8-AEA compared to standard 

curves generated for AEA (0.02 to 20 pmol). Data are expressed as pmoles per gram 

tissue for paw skin or pmoles per six DRGs.  

 For studies investigating the capacity of DRGs from naïve or CFA-injected mice 

to generate AEA, the following modifications to the above protocol were made. 

Individual samples containing six DRGs were isolated and collected in Puck‘s (calcium 

and magnesium free) saline on ice. DRGs were rinsed by removing the Puck‘s saline and 

adding 500 µl HEPES buffer containing (in mM) 25 HEPES, 135 NaCl, 2.5 CaCl with 

100 nM URB597 and 100 nM JZL184 (4-nitrophenyl-4-(dibenzo[d][1,3] dioxol-5-

yl(hydroxy)methyl)piperidine- 1-carboxylate), inhibitors for FAAH and monoglycerol 

lipase, respectively (Cayman Chemical, Ann Arbor, MI, USA) for 3 x 5 min while 

shaking. To stimulate the DRGs 50 mM KCl was added for 5 min in 200 µl fresh buffer 

with inhibitors. Basal treatments were incubated in fresh buffer with inhibitors for 5 min. 

Samples were then homogenized and processed as above.  
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Quantification of mRNA by real-time RT-PCR 

 Lumbar (L)3-L5 dorsal root ganglia (DRGs) and plantar paw skin samples were 

isolated from mice, immersed in RNAlater (Qiagen, Valencia, CA, USA) and stored at 4 

C for determination of FAAH mRNA. Total RNA was isolated from DRG samples using 

RNeasy Lipid Tissue Mini Kits (Qiagen) and skin samples using RNeasy Fibrous Tissue 

Mini Kits (Qiagen). RNA was reverse transcribed into cDNA using QuantiTect RT-PCR 

kits (Qiagen) following the manufacturer‘s instructions. Real-time PCR was performed 

using DyNAmo HS SYBR Green Master Mix (Finnzymes, Keilaranta, Finland) with the 

DNA engine Opticon 2 (MJ Research, Waterton MA, USA) through 45 PCR cycles 

(94C for 10 s, 57C for 20 s, and 72C for 30 s). Each cDNA sample was run in 

triplicate for the murine FAAH and the appropriate reference gene: neurofilament protein 

(200 kD) for DRGs or S15 for skin. Primer pair sequences were as follows: FAAH 

(GenBank Accession number NM_010173) forward primer 5‘-GCT GTG CTC TTT 

ACC TAC CTG-3‘ and reverse primer 5‘-GAA GCA TTC CTT GAG GCT CAC-3‘; 

neurofilament protein (M35131) forward primer 5‘-GAC GGA AGG AGT GAC AGA 

AG-3‘ and reverse primer 5‘-TCT GGA GAT GCA GCC TCT TC-3‘; S15 (BC094409) 

forward primer 5‘-CCG AAG TGG AGC AGA AGA AG-3‘ and reverse primer 5‘-CTC 

CAC CTG GTT GAA GGT C-3‘. Primers were synthesized by Operon Biotechnologies, 

Inc. (Germantown, MD, USA). Amplicon specificity was confirmed by melting curve 

analysis, evidence of a single band upon gel electrophoresis, authenticity of the DNA 

sequence of the band isolated from the gel, and resolution by BLAST analysis that the 
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sequence of the amplicon was unique to murine FAAH, neurofilament protein or S15 

respectively.  

 The ratio of fold-change in the expression of the mRNA of interest for each 

sample was calculated by normalization of the cycle threshold values to S15 or 

neurofilament protein mRNA using the equation derived by Pfaffl (2001) to correct for 

potential differences in PCR primer efficiencies between the target and reference genes. 

This approach was validated by the lack of an effect of treatments on the expression of 

S15 or neurofilament protein and confirmation that data for tissue samples were within 

the linear range used to determine the efficiency of the primers. The efficiency of each 

primer set was derived from the slope of its linear graph using the following equation: 

efficiency = 10 
(-1/slope)

. Samples were collected from normal and CFA-injected mice 3-5 

times. In order to control for variability in preparations and assays, data for the target 

genes (corrected to the reference gene) were normalized to the mean of the control group 

for each date of sample collection.  

 

Measurement of FAAH enzyme activity 

 FAAH activity was assayed with modifications as described by Pratt and 

colleagues (1998). Samples of plantar paw skin, L3-L5 DRGs, and sciatic nerve tissue (2 

mm) were assayed. For each sample, two commonly treated tissues (eg. skin from naïve 

mouse or ligated-sciatic nerve ipsilateral to CFA injection) were pooled and assayed as a 

single sample. Tissue was removed, frozen in liquid nitrogen, and stored at -80C until 

the time of processing.  
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 Paw tissue was weighed and homogenized in 500 µl of assay buffer (50 mM Tris-

HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.4). Samples were sonicated, and the protein 

concentration of each sample was determined using a commercial Bradford protein assay 

(Sigma-Aldrich, St. Louis, MO USA). Aliquots of paw skin samples (50 µg of protein 

per assay tube) were incubated in assay buffer with 1 mg/ml fatty acid-free bovine serum 

albumin for 30 min at 37C with [
3
H]AEA (~100,000 dpm/total assay volume of 500 µl, 

American Radiolabeled Chemicals, St. Louis, MO, USA). 

 DRGs and sciatic nerves were weighed and homogenized in 250 µl of assay 

buffer (50 mM Tris-HCl, 3 mM MgCl2, 1 mM EDTA, pH 7.4). Aliquots of DRGs and 

sciatic nerves (90 µl of homogenate per assay tube) were incubated in assay buffer with 1 

mg/ml fatty acid-free bovine serum albumin for 1 h at 37C with [
3
H]AEA (200,000 

dpm/total assay volume of 500 µl, American Radiolabeled Chemicals, St. Louis, MO, 

USA). 

 Enzyme reactions for all tissue was stopped by the addition of 2 ml of 

chloroform:methanol (1:2). After incubating at room temperature for 30 minutes with 

vortexing every 5 minutes, the phases were separated with the addition of 0.67 ml of 

chloroform and 0.6 ml of water and centrifugation at 280 x g for 10 minutes. The amount 

of tritium in 1 ml of each of the aqueous and organic phases was determined using liquid 

scintillation spectrometry. FAAH activity was expressed as percent hydrolysis of 

[
3
H]AEA, taking into account that the radioactivity in the aqueous phase was 

[
3
H]ethanolamine (EA), whereas [

3
H]AEA remained in the organic phase (Pratt et al., 

1998) using the following equation:  
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% conversion to EA =           EA dpm in aqueous phase x 4.86 *100% 

         EA dpm in aq. phase x 4.86 + AEA dpm in org. phase x 2.66 

 

All samples were run in duplicate for FAAH enzyme activity and the average of the assay 

tubes minus the % conversion to EA in the blank tubes (no protein) for each experiment 

was used to report FAAH activity per sample. Values for % conversion for DRGS were 

multiplied by 2.7 and reported/6 DRGs; for sciatic nerve values were multiplied by 2.7 

and reported/2 sciatic nerve segments; for paw skin tissue values are reported per 50 µg 

protein.  

 

Sciatic nerve ligation 

 The left sciatic nerve was ligated in naïve mice and CFA-injected mice from 40-

44 h following the induction of peripheral inflammation to maximize detection of 

changes in FAAH enzyme activity in peripheral nerves. The sciatic nerve was isolated 

under isofluorane anesthesia, and a tight ligature was tied around the nerve (De 

Repentigy et al., 2003) to block axonal transport of FAAH in the nerve. The sciatic tissue 

(2 mm) proximal to the ligature was harvested 6 h following ligation. Tissue was 

removed, frozen in liquid nitrogen, and stored at -80C until the time of processing. 

 

Statistical analyses 

 All data are presented as the mean  S.E.M. for the group. Data were analyzed 

using Student‘s t-test. A value of p<0.05 was considered significant.  
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Results 

FAAH enzyme decreased in plantar paw skin during peripheral inflammation without an 

increase in AEA content 

 The level of FAAH mRNA decreased by 50% in the plantar paw skin of CFA-

injected animals (i.e. the site of inflammation) compared to naïve mice (Table 1) 48 h 

after induction of hyperalgesia. The change in FAAH enzyme activity in the paw skin 

ipsilateral to the inflammation in CFA-injected mice showed a similar trend to that of the 

change in FAAH mRNA, however the results were not statistically significant (p=0.08). 

The level of FAAH activity in plantar skin of naïve mice represented 1.1 ± 0.2% 

conversion of [
3
H]AEA/50 µg protein in the tissue homogenate (n=4). FAAH enzyme 

activity at the site of inflammation was approximately half of the level in plantar paw 

skin from naïve mice (Table 1).  

In light of a likely decrease in FAAH expression, it was important to determine 

the effect of CFA-induced inflammation on AEA in the paw skin. The level of AEA in 

the plantar paw skin ipsilateral to injection of CFA was comparable to that of control 

mice 48 hr after injection of CFA (Table 1).  

 

FAAH mRNA, but not enzyme activity, increased in L3-L5 DRGs during peripheral 

inflammation  

 Although we hypothesized that hyperalgesia associated with peripheral 

inflammation is due in part to increased AEA catabolism, we did not find evidence to 

support this in the plantar paw skin. Therefore, we measured FAAH activity in the L3-L5 
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DRGs during peripheral inflammation as a measure of activity in primary afferent 

neurons. The level of FAAH mRNA increased in the DRGs of CFA-injected mice 

compared to naïve mice (Table 2). However, there was no difference in enzyme activity 

in the L3-5 DRGs innervating the hind paw from CFA-injected mice compared to naïve 

mice (Table 2). The level of FAAH activity in L3-L5 DRGs of naïve mice represented 

3.0 ± 0.3% conversion of [
3
H]AEA/sample (n=6).  

Since the increase in FAAH mRNA was not associated with an increase in 

enzyme activity in the DRGs, we investigated whether increased axonal transport of 

FAAH might occur during peripheral inflammation. To determine this, FAAH enzyme 

activity was measured in the sciatic nerve following ligation to promote accumulation of 

enzyme in axons. FAAH activity was measured in samples of sciatic nerve taken 

proximal to the ligature. Unexpectedly, FAAH enzyme activity in the sciatic nerve from 

CFA-injected mice decreased by one-third (Table 2, p=0.03, Student‘s t test). The level 

of FAAH activity in the sciatic nerve of naïve mice represented 2.2 ± 0.4% conversion of 

[
3
H]AEA/sample (n=4).  

 

AEA level in L3-L5 DRGs  

 In addition to measuring AEA at the site of inflammation, we measured AEA in 

the DRGs of naïve and CFA-injected mice. In the DRGs, the level of AEA decreased by 

almost 20% in the CFA-injected group compared to naïve mice (Table 2, p=0.04, 

Student‘s t test). The reduced level of AEA in the DRGs of CFA-injected mice may be a 

result of either decreased synthesis or increased degradation. Because the decrease in 
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AEA content in the DRGs did not occur in conjunction with an increase in FAAH 

enzyme activity, we tested whether a decrease in synthesis might contribute to the lower 

level of AEA in DRGs isolated from CFA-injected mice.  

The basal level of AEA in DRGs from CFA-treated mice was comparable to that 

of DRGs from naïve mice (Table 3). AEA is synthesized in a depolarization-evoked 

manner, and previous studies in our lab confirmed 50 mM KCl is sufficient to stimulate 

the synthesis of AEA in vitro. Treatment with 50 mM KCl stimulated AEA production in 

DRGs isolated from naïve mice compared to basal conditions (p=0.004, Student‘s t test), 

however, the same stimulus failed to increase the level of AEA in DRGs isolated from 

CFA-injected mice (Table 3). These data support the hypothesis that that a decreased 

ability to synthesize AEA contributed to the low anandamide content in the DRGs.  

 

Discussion  
  

Through a comprehensive analysis of tissue levels of AEA, FAAH enzyme 

expression and activity, we extended the scope of knowledge of endocannabinoid 

signaling to a model of persistent cutaneous inflammation. The data suggest that 

complex, region-specific changes in endocannabinoid signaling may contribute to the 

anti-hyperalgesic effect of URB597 during peripheral inflammation.  

In the hind paw, the hyperalgesia associated with peripheral inflammation was 

neither a result of increased FAAH expression and activity nor a reduction in AEA. 

Rather, our data indicate a decrease in endogenous AEA and the ability to synthesize 
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AEA in the DRGs contributed to the mechanical hyperalgesia associated with peripheral 

inflammation (Chapter 2). 

 

Effect of CFA on FAAH activity and AEA in the plantar paw skin  

Initially we hypothesized that during inflammation AEA levels decreased in the 

skin in the hind paw, leading to a loss of CB1 receptor activation and mechanical 

hyperalgesia. Based on the ability of local injection of URB597 to inhibit mechanical 

hyperalgesia (Chapter 2), we predicted the hyperalgesia associated with peripheral 

inflammation resulted from increased FAAH activity in the hind paw. Unexpectedly, 

FAAH mRNA was reduced and FAAH enzyme activity trended toward a decrease in the 

plantar skin of the inflamed hind paw compared to naïve mice during peripheral 

inflammation. Although not consistent with our initial hypothesis, the data are consistent 

with decreased FAAH activity in carrageenan-inflamed paws in mice (Holt et al., 2005). 

Decreased FAAH enzyme activity at 4 h (Holt et al., 2005) as well as the trend 2 d after 

CFA-induced inflammation in the present study suggest decreased FAAH enzyme 

activity in the plantar skin of the hind paw may be maintained for the duration of 

peripheral inflammation. Minimizing local degradation of AEA as an adaptive biological 

response may be employed to moderate mechanical hyperalgesia associated with 

peripheral inflammation in mice. 

 Importantly, it is not likely that edema accounts for the lower values in the skin 

from inflamed hind paws in our study because data for enzyme activity were normalized 

to protein content and mRNA were normalized to ribosomal mRNA. However, it is 
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difficult to assess whether the infiltration of immune cells may have altered the amount of 

protein and mRNA in the skin of the hind paw. Despite this, the change in enzyme 

activity in the sciatic nerve is consistent with the paw, and therefore not likely related to 

edema.  

 In the present study, the endocannabinoid AEA in the plantar skin was unchanged 

48 h after CFA injection compared to naïve mice. Despite the lack of a change in AEA in 

the hind paw between naïve and CFA-injected mice in our study, it is important to note 

the amount of AEA reported here is within the range described by others (Calignano et 

al., 1998; Beaulieu et al., 2000) and our lab has detected a decrease in AEA in the plantar 

paw skin in tumor-bearing mice (Khasabova et al., 2008). Thus, sensitivity in detection 

would not likely contribute to the lack of a measurable change in this report. 

Reports of changes in endocannabionid levels in the hind paw during 

inflammation are inconsistent and vary across models of inflammation and species tested. 

In contrast to the lack of change in endocannabinoids in the hind paw in our report, 

Agarwal and colleagues (2007) reported an increase in anandamide in the paw skin 24 h 

after CFA-induced inflammation in mice. The reason for these differences are unclear, 

but may be related in part to the strain of mice used, the amount of CFA injected, or the 

time frame in which endocannabinoid measures were performed. Alternatively, it is 

possible that sampling differences between the studies may contribute to this discrepancy. 

The skin consists of various layers, and within these layers multiple types of cells 

including keratinocytes (Maccarrone et al., 2003) and terminals of DRG neurons 

(Ahluwalia et al., 2003b; van der Stelt et al., 2005) generate anandamide. Studies 
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examining endocannabinoid content in sublayers of the skin may shed light on this in the 

future. 

It is noteworthy that URB597, an inhibitor of FAAH, blocked mechanical 

hyperalgesia associated with CFA-induced inflammation following local administration 

into the hind paw (Chapter 2). The URB597-mediated reduction in mechanical 

hyperalgesia occurred despite a decrease in the level of FAAH mRNA in the hind paw of 

CFA-injected mice. Furthermore, in CFA-injected mice, the trend toward a decrease in 

FAAH enzyme activity did not increase AEA in the hind paw. Although these data do not 

fit the prediction that a decrease in AEA during inflammation contributed to 

hyperalgesia, these data are consistent with evidence that FAAH +/- mice do not show an 

increase in AEA level in the brain (Cravatt et al., 2001). Thus, reduction of FAAH does 

not inherently increase AEA content.  

 

CFA had no apparent effect on FAAH enzyme activity in the DRGs 

In light of unexpected evidence that FAAH mRNA is decreased in the paw skin 

tissue, we next sought to characterize the contribution of FAAH from the primary 

afferent neurons responsible for innervating the inflamed hind paw. In the DRGs, 

although FAAH mRNA was increased in the DRGs associated with peripheral 

inflammation, FAAH enzyme activity remained unchanged ipsilateral to the inflamed 

hind paw compared to those from naïve mice. Sensitivity of the assay is unlikely to be an 

issue in the DRGs because three times the amount of [
3
H]AEA was converted in the 

DRGs compared to the paw skin. These results differ from FAAH mRNA and enzyme 
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activity in this strain of mice in a model of cancer pain in which FAAH mRNA and 

enzyme activity increased in the DRGs (Khasabova et al., 2008). These differences may 

result from the duration of pathology, because tumors were present for ten days prior to 

measurement of FAAH mRNA and enzyme activity, or differences in the chemical 

interaction of immune and cancer cells with sensory neurons.  

Since FAAH mRNA increased in the DRGs, to determine if the lack of an 

increase in FAAH enzyme activity in the DRGs was due to transport to peripheral 

terminals, we measured FAAH enzyme activity ipsilateral to CFA injection in ligated 

sciatic nerves. Interestingly, rather than the predicted increase in FAAH enzyme activity 

in the sciatic nerve of CFA-injected mice, a significant decrease was observed. An 

explanation for this may be that the endocannabinoid system, in addition to modulating, 

pain, plays a neuroprotective function in ischemia and trauma (see reviews by Jonsson et 

al., 2006; Svizenska et al., 2008; Fowler et al., 2010). In this case, inhibition of FAAH 

enzyme activity would maintain the level of AEA. This may protect the nerve from 

damage associated with ligation during peripheral inflammation and explain the decrease 

in FAAH enzyme activity in CFA–injected mice.  

 

Effect of CFA on AEA content in the L3-L5 DRGs  

 Endocannabinoids are produced on demand (Di Marzo, 1998) and their level is 

tightly regulated by rapid reuptake and subsequent catabolism. In the absence of evidence 

supporting increased FAAH enzyme activity in the DRGs associated with inflamed hind 

paws, it is likely the lower level of AEA in DRGs resulted from decreased synthesis. This 
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is supported by the decreased capacity of DRGs isolated from CFA-injected mice to 

generate AEA compared to DRGs isolated from naïve mice. If the DRG is accepted as a 

mirror of the sensory neuron terminal, the low level of AEA may contribute to 

hyperalgesia associated with persistent inflammation through reduced basal activation of 

CB1 receptors on nociceptors (Agarwal et al., 2007).  

 

Conclusion  

Taken together, our results underscore the complexity of plasticity in 

endocannabinoid signaling during persistent inflammation. Resolution at the level of the 

DRG is important and as such, we report an increase in FAAH mRNA in this region. 

Although measures of FAAH enzyme activity in the DRG were not as conclusive, the 

ability to generate AEA is impaired in DRGs isolated from CFA-injected mice compared 

to naïve animals. Therefore, our data support a model in which decreased ability to 

synthesize AEA contributed to the mechanical hyperalgesia associated with peripheral 

inflammation.  
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Table 1. FAAH enzyme and anandamide content in plantar paw skin from naïve and 

CFA-injected mice. 

 

Assay Naïve  CFA-injected 

FAAH mRNA 92 ± 10% (14) 45 ± 9%* (15) 

FAAH enzyme activity 100 ± 21% (4) 51 ± 9%
 
(4) 

AEA content  

(pmol/g tissue) 
565 ± 34 (8) 482 ± 52 (8) 

 

Samples of plantar paw skin ipsilateral to peripheral inflammation were collected 48 h 

after injection of CFA or from the left side of naïve mice. Quantitative real time RT-PCR 

was used to measure FAAH mRNA in plantar paw skin isolated from naïve and CFA-

injected mice. Abundance of FAAH mRNA was quantified relative to S15 for each 

sample and then expressed as a percentage of the average value for the naïve group. For 

the RT-PCR data, one value from the naïve group and two values from the CFA-injected 

group were omitted because they were greater than two standard deviations from the 

group mean. FAAH enzyme activity was expressed as percent hydrolysis of [
3
H]AEA per 

sample and then expressed as a percentage of the mean for naïve mice. For AEA content, 

each sample contained tissue pooled from two animals and is reported as pmol/g tissue. 

*Significantly different from naïve mice in respective assay at p < 0.01 (Student's t test). 

Numbers in parentheses represent the sample size.  
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Table 2. FAAH enzyme and anandamide content in nerve tissue from naïve and CFA-

injected mice. 

 

 

Assay Naïve  CFA-injected 

FAAH mRNA 

     L3-L5 DRGs 

 

100 ± 13% (14) 141 ± 14%* (15) 

FAAH enzyme activity  

      L3-L5 DRGs 100 ± 11% (6) 104 ± 13% (4) 

            Sciatic nerve 100 ± 20% (4) 66 ± 13%* (5) 

AEA content 

(pmol/L3-L5 DRGs) 

1.06 ± 0.04 (7) 0.84 ± 0.09* (6) 

 

 

Samples from CFA-injected mice were collected ipsilateral to peripheral inflammation. 

Quantitative real time RT-PCR was used to measure FAAH mRNA in L3-5 DRGs 

isolated from naïve and CFA-injected mice. Abundance of FAAH mRNA was quantified 

relative to neurofilament protein for each sample. Results were then expressed as a 

percentage of the average value for the naïve group for each assay. FAAH enzyme 

activity was expressed as percent hydrolysis of [
3
H]AEA per sample and then expressed 

as a percentage of the mean for naïve mice. Samples represent six L3-5 DRGs/sample 

(from 2 CFA injected mice or both sides of a naïve animal) or two sciatic nerves (from 2 

naïve or CFA-injected mice). For AEA content, each sample contained DRGs pooled 

from two animals and data are reported as pmol/L3-L5 DRGs. *Significantly different 

from naïve mice (p<0.05, Student‘s t test). Numbers in parentheses represent the sample 

size.  

 

 

 

 

 

 

 

 

 



 

 79 

Table 3. AEA level in DRGs from a depolarizing stimulus of 50 mM KCl in naïve and 

CFA-injected mice. 

 

Condition AEA 

  (pmol/six L3-5 DRGs) 

 Basal KCl 

(50 mM) 

Naïve 0.065 ± 0.004 (6) 0.093 ± 0.006* (5) 

CFA 0.086 ± 0.017 (5) 0.086 ± 0.005 (6) 

 

 

Six L3-5 DRGs/sample (from 2 CFA injected mice or both sides of a naïve animal) were 

collected and treated with 50 mM KCl or buffer alone for 5 min. *Significantly different 

from naïve mice under basal conditions (p<0.01, Student‘s t test). Numbers in 

parentheses represent the sample size. 
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Chapter 4 

 

Functional changes in CB1 receptors in neurons isolated from 

CFA-injected mice 
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Introduction 

 The anti-hyperalgesic effect of CB1 receptor agonists is mediated in part by 

inhibition of primary afferent neurons. Primary afferent neurons are sensory neurons with 

their cell bodies clustered in the dorsal root ganglia (DRG). Given that DRGs exhibit 

both the ability to synthesize AEA (Chapter 3) and CB1 receptor-mediated inhibition of 

depolarization-evoked increases in intracellular free Ca
2+ 

concentration (Khasabova et al., 

2002; 2004), autocrine signaling in primary afferent neurons is a distinct possibility. 

Furthermore, there is increasing evidence that peripheral activation of CB1 receptors 

plays a more prominent role in modulating nociception than initially suggested. This is 

supported by evidence that selective CB1 receptor gene deletion from peripheral 

nociceptors reduced the threshold for sensory transduction (Agarwal et al., 2007). 

Similarly, injection of AM281 (10 g, i.pl.) a CB1 receptor antagonist, increased the 

withdrawal frequency to a range of mechanical forces ipsilateral to the injection 

(Khasabova et al., 2008). 

 Expression of CB1 receptor mRNA is primarily localized to intermediate- and 

large-sized neurons (Hohmann and Herkenham, 1999; Bridges et al., 2003) while CB1 

receptor immunoreactivity is found in both small (Ahluwalia et al., 2000) and large 

neurons (Khasabova et al., 2002). Activation of CB1 receptors on DRG neurons produces 

inhibitory effects through suppression of calcium and sodium channels (Ross et al., 2001; 

Khasabova et al., 2002; 2004). During CFA-induced inflammation in mice, CB1 receptor 

mRNA in primary afferent neurons peaks on day two following CFA-induced 
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inflammation, and CB1 protein expression also increased in DRGs as well as nerve fibers 

in skin, suggesting transport to the periphery (Amaya et al., 2006). Furthermore, a ten 

fold lower dose of a CB1 agonist attenuated thermal hyperalgesia at 2 d in CFA-injected 

mice compared to control mice, suggesting the increase in CB1 receptor expression 

mediates anti-hyperalgesia (Amaya et al., 2006). In rats, Potenzieri and colleagues (2008) 

reported ACEA and methanandamide not only reduced mechanical hyperalgesia 

associated with CFA injection, but decreased mechanically evoked responses from 

cutaneous A fibers from inflamed, but not naïve, skin in rats in a CB1-, but not CB2-

dependent, manner. Together, these data suggest increased CB1 receptor expression in 

primary afferent neurons may contribute to modulation of the nociceptive threshold for 

sensory transduction during inflammation.  

 In light of evidence that DRGs isolated from CFA-injected mice have a decreased 

ability to generate AEA compared to DRGs isolated from naïve mice (Chapter 3), we 

hypothesized that an increase in CB1 receptors in primary afferent neurons may be a 

compensatory mechanism to promote increased CB1 receptor activation during 

inflammation. To test this, CB1 receptor mRNA in the DRGs of naïve and CFA-injected 

mice at the same time point characterized in studies of AEA and FAAH levels were 

measured. To test the prediction that there would be an increase in functional CB1 

receptors in neurons isolated from CFA-injected mice, a bioassay was used to study the 

inhibitory effect of a CB1 receptor agonist on the depolarization-evoked intracellular free 

Ca
2+

 level. Since inhibition of FAAH with URB597 blocked CFA-induced mechanical 
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hyperalgesia in vivo, the effect of URB597 on the calcium transient in DRGs from naïve 

and CFA-injected mice was also compared in vitro.  

 

Methods 

Animals 

 Adult, male C3H/He mice (National Cancer Institute; 25-30 g) were used in these 

studies. All procedures were approved by the University of Minnesota Institutional 

Animal Care and Use Committee.  

 

Measurement of sensitivity to a mechanical stimulus 

 Mechanical sensitivity was determined in each mouse by calculating the 

frequency of withdrawal to a force of 5.7 mN (refer to chapter 2 for more detailed assay 

methods). All mice were tested before inclusion in the study. Only mice with a baseline 

response rate of 40% were assigned to naïve or CFA-injected groups. Baseline values 

were assessed for each animal for 2 days prior to induction of inflammation.    

 

Induction of peripheral inflammation 

 Inflammation was induced by unilateral, intraplantar (i.pl.) injection of 50 µl 

Complete Freund‘s Adjuvant (CFA; Calbiochem, La Jolla, CA, USA) into the left hind 

paw under isoflurane anesthesia. Only mice with a 70% response rate 48 h after 

injection of CFA were included in the inflamed group in subsequent experiments.  
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Quantification of mRNA by real-time RT-PCR  

 Lumbar (L)3-L5 dorsal root ganglia (DRGs) were isolated from mice, immersed 

in RNAlater (Qiagen, Valencia, CA, USA) and stored at 4 C for determination of CB1 

receptor mRNA. Total RNA was isolated from DRG samples using RNeasy Lipid Tissue 

Mini Kits (Qiagen). RNA was reverse transcribed into cDNA using QuantiTect RT-PCR 

kits (Qiagen) following manufacturer‘s instructions. Real-time PCR was performed using 

DyNAmo HS SYBR Green Master Mix (Finnzymes, Keilaranta, Finland) with the DNA 

engine Opticon 2 (MJ Research, Waterton MA, USA) through 45 PCR cycles (94C for 

10 s, 57C for 20 s, and 72C for 30 s). Each cDNA sample was run in triplicate for the 

murine CB1 receptor and the reference gene neurofilament protein (200 kD). Primer pair 

sequences were as follows: CB1 receptor (GenBank Accession number NM_007726) 

forward primer 5‘-GTT CTG ATC CTG GTG GTG TTG-3‘ and reverse primer 5‘-GTT 

CAG CAG GCA GAG CAT AC-3‘; neurofilament protein (M35131) forward primer 5‘-

GAC GGA AGG AGT GAC AGA AG-3‘ and reverse primer 5‘-TCT GGA GAT GCA 

GCC TCT TC-3‘. Primers were synthesized by Operon Biotechnologies, Inc. 

(Germantown, MD, USA). Amplicon specificity was confirmed by melting curve 

analysis, evidence of a single band upon gel electrophoresis, authenticity of the DNA 

sequence of the band isolated from the gel, and resolution by BLAST analysis that the 

sequence of the amplicon was unique to murine CB1 receptor and neurofilament protein 

respectively.  

 The ratio of fold-change in the expression of the mRNA of interest for each 

sample was calculated by normalization of the cycle threshold values to neurofilament 
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protein mRNA using the equation derived by Pfaffl (2001) to correct for potential 

differences in PCR primer efficiencies between the target and reference genes. This 

approach was validated by the lack of an effect of treatments on the expression of 

neurofilament protein and confirmation that data for tissue samples were within the linear 

range used to determine the efficiency of the primers. The efficiency of the primer set 

was derived from the slope of its linear graph using the following equation: efficiency = 

10 
(-1/slope)

. Samples were collected from normal and CFA-injected mice 3-5 times. In 

order to control for variability in preparations and assays, data for the target gene 

(corrected to the reference gene) were normalized to the mean of the control group for 

each date of sample collection.  

 

Isolation of adult murine dorsal root ganglion neurons 

 Primary cultures of dissociated adult male C3H mouse dorsal root ganglia 

neurons were prepared from L3-L5 DRGs isolated ipsilateral to the CFA injection or 

from L3-L5 DRGs isolated from both sides of naïve mice as described previously (Scott 

1977; Khasabova et al., 2002, 2007). Following induction of deep anesthesia with 

isoflurane, mice were decapitated, and DRGs were dissected and collected in Puck‘s 

saline (calcium and magnesium free) on ice. After collection, DRGs were enzymatically 

digested in two 1 h incubations (37C) with 1.25 mg/ml collagenase D (Bohringer 

Mannheim, Mannheim, Germany) in Ham‘s F12/DMEM medium (1:1). DRGs were 

dissociated into single cells by trituration through flame-polished Pasteur pipets of 

decreasing diameter and plated at a density of one DRG/coverslip on laminin- (Sigma 



 

 86 

Aldrich, St. Louis, MO, USA) coated glass coverslips (Fisher Scientific, Pittsburgh PA, 

USA). Cells were incubated at 37C in a humidified atmosphere of 5% CO2 in Ham‘s 

F12/DMEM medium supplemented with L-glutamine (2 mM), glucose (40 mM), 

penicillin (100 U/ml), streptomycin (100 g/ml), 5% horse serum, and DNase I (0.15 

mg/ml, Sigma, St. Louis, MO, USA). Cells were maintained in vitro for 16-24 h prior to 

use.  

 

Measurement of intracellular free calcium concentration ([Ca
2+

]i) 

  Cells were loaded with the Ca
2+

-sensitive fluorescent indicator indo-1 

acetoxymethyl ester (3 M, Molecular Probes, Invitrogen, Eugene, OR, USA) in HEPES 

buffer containing (in mM: 25 HEPES, 135 NaCl, 2.5 CaCl2, 3.5 KCl, 1 MgCl2, and 3.3 

glucose, pH 7.4, mOsm 335-340) with 2% BSA for 45-75 min at 37C before recordings 

were collected. During the experiment, the coverslip was mounted in a superfusion 

chamber, placed on an inverted microscope stage, and superfused with HEPES buffer at a 

rate of 1.5 ml/min at room temperature.  

 Intracellular free calcium was measured in individual neurons using a dual-

emission microfluorimeter (Photoscan, Photon Technology International, Princeton, NJ, 

USA) to detect fluorescence of indo-1 as previously described in our laboratory (Stucky 

et al., 1996; Khasabova et al., 2002; 2008). Counts from the photomultiplier tubes were 

collected and summed over 0.5 s and recorded on a computer. Values for [Ca
2+

]i were 

calculated from the equation [Ca
2+

]i = KD(R – R min)/(Rmax – R), where R= 405 nm/485 

nm fluorescence emission ratio corrected for background fluorescence. For indo-1, the 
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dissociation constant (KD) was 250 nM (Grynkiewicz et al., 1985) and  was the ratio of 

fluorescence at 485 nM in the absence and presence of a saturation concentration of Ca
2+

. 

Remaining values and  were empirically determined in adult murine DRG neurons 

where R min= 0.275, Rmax=4.73 and =4.85. For each coverslip, background fluorescence 

for each wavelength was measured in a field the same diameter as the neuron being 

recorded lacking neurons, processes, or debris. 

 Using a rectangular diaphragm to restrict the recording area, only one neuron was 

recorded from each coverslip, and the size was estimated by obtaining the maximum and 

minimum diameter using a grid mounted in the eyepiece of the microscope. Using these 

values, the average radius was determined, and that was used to calculate the somal 

cross-sectional area using the equation area = r
2
. Data for individual neurons were 

separated into two groups based on somal size of the neuron, with small neurons being 

defined as having a somal area <500 m
2
, and large neurons having a somal area >500 

m
2
. Because murine DRG neurons with a somal size classified here as ―small‖ typically 

give rise to C-fibers with characteristic nociceptive properties (Hiura and Sakamoto, 

1987; Urban and Dray, 1993; Pearce and Duchen, 1994; Dirajlal et al., 2003) these 

groups allowed us to infer the type of neuron tested in each population. 

 The following basic protocol was used to study the effect of cannabinoids on the 

response of individual DRG neurons. After confirmation of a stable baseline in [Ca
2+

]i, 

changes in the functional response of DRG neurons were measured by three applications 

of KCl (50 mM) separated superfusion of HEPES buffer for 5 min. Following the first 

KCl application, drugs were included in the HEPES superfusate (Figure 1) at the 
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concentrations reported in the results. The reported amplitude of the KCl-evoked change 

in the calcium transient is determined as the difference between the peak amplitude and 

the baseline prior to KCl application. Variability between treatment groups was 

minimized by reporting the relative response, defined as the amplitude of the third KCl-

evoked Ca
2+

 transient (in the presence of drug) divided by the amplitude of the first 

response (in the absence of drug). To control for variation among preparations, the 

relative response for KCl alone (control group) as well as agonist or enzyme inhibitor 

plus KCl (drug alone) was determined on each day of an experiment when a third drug 

(receptor antagonist) was tested. To ensure viability of the cell, only cells with a baseline 

maintained between 90-110% of the starting baseline throughout the duration of the 

experiment were included in statistical analyses. The maximum amount of cells omitted 

from any single treatment group was 18% of the total cells tested. 

  

Statistical analyses 

 All data are presented as the mean  S.E.M. for the group. For measurement of 

Ca
2+

 transients, statistical differences among groups were identified using Student‘s t test 

or ANOVA with Tukey‘s multiple comparisons test to resolve individual group 

differences. A value of p<0.05 was considered statistically significant. In vitro data for 

each treatment were collected from a minimum of three preparations from different 

animals, with control and treatment groups determined on each day of an experiment to 

control for variability between preparations of neurons.  
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Results 

CB1 Receptor mRNA increased in the DRGs during peripheral inflammation 

 Up-regulation of CB1 receptors in sensory neurons innervating the site of 

inflammation may contribute to the anti-hyperalgesic effect of URB597 in CFA-injected 

mice. To address this, CB1 receptor mRNA was measured in L3-L5 DRGs using 

quantitative real time RT-PCR. The level of CB1 receptor mRNA was 1.5 fold greater 48 

h after induction of peripheral inflammation compared to DRGs sampled from the same 

level in naïve mice (99.58.3% in naïve mice compared to 145.415.9% in CFA-injected 

mice, p=0.02, Student‘s t test). However, changes in mRNA do not equate to changes in 

functional CB1 receptor. Therefore, the effects of both a CB1 receptor agonist and 

URB597 were studied in small- and large-diameter individual DRG neurons.  

 

Effect of ACPA, a CB1 receptor agonist, in two populations of murine DRG neurons  

 Because cannabinoids inhibit voltage-dependent Ca
2+

 channels in DRG neurons 

(Ross et al., 2001; Khasabova et al., 2004) a decrease in the Ca
2+

 transient evoked by 50 

mM KCl was used as a bioassay for activation of CB1 receptors by the CB1-selective 

receptor agonist ACPA. For vehicle control treated neurons, there was no difference in 

the amplitude of intracellular calcium concentration between the first (p1) and third (p3) 

KCl application in neurons isolated from naïve or CFA-injected mice in either the small 

(naïve p1=363.856.1, naïve p3=317.746.6, n=15; CFA-injected mice p1=339.150.1, 

CFA-injected mice p3=319.245.7, n=24; p=0.76; one-way ANOVA with repeated 

measures) or large populations (naïve p1=199.016.4, naïve p3=190.514.3, n=42; CFA-
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injected mice p1=232.231.9, CFA-injected mice p3=229.633.0, n=18; p =0.95; one-

way ANOVA with repeated measures).  

Because functional CB1 receptors in dissociated DRG neurons from naïve mice 

are restricted to large size neurons (Khasabova et al., 2004), we first compared the 

concentration response curve of ACPA in large neurons isolated from naïve to those from 

CFA-injected mice. Of the concentrations tested on large neurons isolated from naïve 

mice, only 100 nM ACPA inhibited the relative response (Figure 2). In comparison, for 

large neurons isolated from CFA-injected mice, only 10 nM ACPA inhibited the transient 

change in [Ca
2+

]i, indicating a leftward-shift in the concentration response for ACPA in 

neurons isolated from CFA-injected mice (Figure 2). There was no effect of ACPA on the 

relative response of small neurons isolated from naïve or CFA-injected mice at the 

concentrations tested (Figure 3).  

 

Inhibitory effect of ACPA is blocked by CB1 and CB2 receptor antagonists in large-sized 

murine DRG neurons  

To determine which cannabinoid receptor mediated the effect of ACPA on 

reducing the amplitude of the depolarization-evoked Ca
2+

 transient in large neurons 

isolated from naïve mice, we tested co-treatment of ACPA (100 nM) with the CB1 

receptor antagonist AM281 (1 uM) or the CB2 receptor antagonist AM630 (100 nM). 

Both receptor antagonists blocked the inhibitory effect of ACPA (Figure 4). Because 

ACPA was expected to be a selective CB1 receptor agonist, we tested the effect of the 

CB2 receptor agonist AM1241 (500 nM) on the depolarization-evoked Ca
2+

 transient in 
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order to confirm the presence of functional CB2 receptors. In CHO-K1 cells stably 

expressing human CB2 receptors, 200 nM was effective on forskolin-stimulated cAMP 

levels (Bingham et al., 2007). In large neurons isolated from naïve mice, AM1241 had no 

effect on the mean relative response (1.01  0.21; n = 4) compared to control (0.87  

0.04; n = 9; p = 0.39, Student‘s t test). Therefore, despite the ability of the CB2 receptor 

antagonist AM630 to block the inhibitory effect of ACPA, it is not likely that functional 

CB2 receptors contributed to the effect of ACPA in this preparation. 

 

Effect of URB597, a FAAH inhibitor, in two populations of murine DRG neurons  

 URB597 inhibits the enzyme that catabolizes AEA. As such, we predicted it 

would promote an increase in endogenous AEA resulting in the activation of CB1 

receptors and attenuation of the KCl-evoked Ca
2+ 

transient. In addition, on basis of the 

results with ACPA, we predicted that and the effective concentrations would be different 

between neurons isolated from naïve and CFA-injected mice. However, URB597 had no 

effect on the KCl-evoked Ca
2+ 

transient in small (Figure 5) or large (Figure 6) neurons at 

any concentration tested in neurons isolated from either naïve or CFA-injected mice.  

 

Discussion  

 Understanding the role of CB1 receptors on the primary afferent neurons has 

become increasingly important as renewed interest in medicinal application of 

cannabinoid agonists has been explored (Woodridge, 2005, Cabral and Griffin-Thomas, 

2008). Our studies provide evidence that CB1 receptor mRNA is increased in DRGs 
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isolated from CFA-injected mice, and this increase is associated with a left-ward shift in 

the concentration response to ACPA in large neurons under inflammatory conditions. 

Together, our data suggest large-sized neurons from CFA-injected mice are more 

sensitive to a CB1 receptor agonist than neurons isolated from naïve mice. However, the 

FAAH inhibitor URB597 had no effect on the KCl-evoked Ca
2+ 

transient on either 

population of neurons isolated from naïve or CFA-injected mice.  

 

CB1 receptor expression is increased in the DRGs 

 Here we report that CB1 receptor mRNA was present in DRGs innervating the 

hind paw, and during CFA-induced peripheral inflammation, CB1 receptor mRNA 

significantly increased in this region. Despite the fact that DRGs are composed of both 

neuronal and non-neuronal supporting cells, it is likely that the increase in CB1 receptor 

occurred in neurons because previous studies have demonstrated that cannabinoid 

receptors are localized to neurons using in situ hybridization (Hohmann and Herkenham, 

1999b), and CB1 receptor immunoreactivity (Ahluwalia et al., 2000; Khasabova et al., 

2002; 2008). Furthermore, CB1 receptor immunoreactivity was notably absent among 

non-neuronal cells in DRG cultures in our lab (Khasabova et al., 2008). 

 Our data are consistent with others who have also reported increases in CB1 

receptor mRNA associated with inflammation and other pain models. In both CFA-

induced inflammation (Amaya et al., 2006) and tumor-evoked bone cancer pain 

(Khasabova et al., 2008), CB1 receptor mRNA increased in the DRGs, allowing for the 

possibility that increased CB1 receptor mRNA may result in increased functional 
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receptors in this region. Although we only determined the amount of CB1 receptor 

mRNA at a single time point post-inflammation (2 d), others have observed a significant 

increase at both 24 and 48 h, which had subsided by day 4 (Amaya et al., 2006) providing 

insight into the time course of the increase in CB1 receptor mRNA.  

 DRGs synthesize CB1 receptors and they are transported to the peripheral 

terminals (Hohmann and Herkenham 1999a, 1999b; Ahluwalia et al., 2000; Stander et al., 

2005). Under inflammatory conditions, increased CB1 receptor mRNA observed in the 

DRGs may lead to enhanced anterograde transport of this receptor protein to the 

periphery. However, measurement of CB1 receptor protein expression was not possible 

in our study because the antibodies available for immunocytochemistry failed to be 

neutralized by the blocking peptide in our hands. Yet, during inflammation, a lower dose 

of the CB1 receptor agonist ACEA injected locally reversed thermal hyperalgesia 

associated with CFA-induced inflammation, which was accompanied by an increase CB1 

receptor gene transcription (Amaya et al., 2006). Furthermore, only in CFA-injected mice 

did we see an anti-hyperalgesic effect of locally injected URB597 (Chapter 2), possibly 

suggesting this was a result of increased CB1 receptors in the periphery during 

inflammation.  

 

CB1 receptor function on the DRG neurons 

 Our study of KCl-evoked intracellular free Ca
2+

 transients in isolated cell bodies 

from DRG neurons provided direct evidence of CB1 receptor-mediated function in a 

population of large diameter neurons. Furthermore, neurons isolated from CFA-injected 
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mice required a ten-fold lower concentration of ACPA to inhibit the calcium transient 

compared to neurons isolated from naïve mice. This inhibition coincided with an increase 

in CB1 receptor mRNA in these animals, suggesting an increase in functional CB1 

receptor may contribute to the leftward shift in the concentration-response to ACPA that 

occurred in neurons isolated from CFA-injected mice. The effective concentration of 

ACPA in naïve mice is consistent with the concentration of another CB1 agonist that 

attenuated KCl-evoked increase in intracellular free Ca
2+

 in neurons isolated from adult 

rat DRG neurons in our lab (Khasabova et al., 2004). This increased receptor function 

was observed after maintaining neurons in vitro for 18-24 h, further suggesting changes 

in gene expression likely account for the change in function as opposed to a transient 

event of receptor modulation.  

 It is noteworthy that in small neurons from either naïve or CFA-injected mice, 

ACPA had no effect on the calcium transient. These results are consistent with previous 

reports from our lab that observed no effect on the KCl-evoked intracellular Ca
2+

 in small 

rat DRG neurons (Khasabova et al., 2004) as well as reports that it is primarily large 

diameter neurons that express CB1 receptors (Hohman and Herkenham, 1999b; Bridges 

et al., 2003; Khasabova et al., 2004). However, the lack of an effect of the CB1 receptor 

agonist in small neurons isolated from CFA-injected mice suggests a distinction between 

the pathophysiology of inflammatory pain and cancer pain. In small neurons isolated 

from tumor-bearing mice, CB1 receptors displayed increased receptor function sufficient 

to inhibit the KCl-evoked intracellular Ca
2+

 (Khasabova et al., 2008). This difference 

may be the result of the different time course of the models, 2 d for CFA-injected mice 
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compared to 10 d for tumor-bearing mice, or may be a response specifically to mediators 

released from the fibrosarcoma cells used to develop the tumors in the cancer mice. 

Interestingly, both CB1 and CB2 receptor antagonists blocked the inhibitory 

effect of ACPA in large neurons. These results were unexpected since CB2 receptors 

primarily localized to immune cells (Galiegue et al., 1995), despite some evidence that 

CB2 receptors are present in neurons in the spinal cord (Walczak et al., 2006; Beltramo et 

al., 2006). Furthermore, CB2 receptors have not been shown to alter the response of 

calcium or potassium channels. Since individual neurons were isolated to measure the 

calcium transient under continuous superfusion, it is unlikely that an indirect effect of 

AM630 on immune cell CB2 receptors contributed to the inhibition of calcium transient 

in our preparation. It is possible that inflammation causes induction of CB2 receptors on 

primary afferent neurons that is not observed under naïve conditions, and there is limited 

evidence suggesting this may occur following peripheral nerve injury (Wotherspoon et 

al., 2005). Although unexpected, the ability of the CB2 receptor antagonist to inhibit the 

effect of ACPA is consistent with the in vivo studies in chapter 2, where co-injection of 

AM630 inhibited the anti-hyperalgesic effect of URB597.  

 

Effect of URB597 on the DRG neurons 

 Although the CB1 receptor agonist inhibited the calcium transient in large 

neurons, URB597 failed to alter the calcium transient in either population of neurons 

isolated from both naïve or CFA-injected mice. In large neurons isolated from CFA-

injected mice, these results are not entirely surprising in light of evidence that both AEA 
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content and the ability to generate AEA are significantly decreased (Chapter 3). In this 

case, it is possible that despite the presence of the FAAH inhibitor, DRG neurons are not 

able to sufficiently generate AEA to stimulate CB1 receptors during inflammatory 

conditions.  

 In neurons isolated from both naïve and CFA-injected mice, absence of CB1 

receptors on small neurons may contribute to the lack of an effect of URB597 on the free 

intracellular Ca
2+ 

level. These results differ from DRG neurons co-cultured with 

fibrosarcoma cells in which both the CB1 receptor agonist and URB597 (30 nM) 

attenuated the KCl-evoked intracellular Ca
2+ 

level in a population of small neurons. 

However, in the cancer model, the reduction of AEA was a result of increased FAAH 

activity (Khasabova et al., 2008) instead of a decrease in the ability to synthesize AEA as 

in this model of inflammation. These results demonstrate yet another distinction between 

models of inflammatory and cancer pain.  

 

Conclusion 

 In light of evidence that AEA content is significantly reduced in the DRGs of 

CFA-injected mice and that this decrease is likely the result of a decreased capacity to 

generate AEA (Chapter 3), our observations support the notion that the increase in CB1 

receptor mRNA in the DRGs results in an increase in functional CB1 receptors in large-

diameter neurons during inflammation. In this case, up-regulation of CB1 receptors is a 

compensatory mechanism to decreased basal synthesis of endogenous AEA associated 
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with inflammation. However, since AEA synthesis is impaired, URB597 is unable to 

promote sufficient CB1 receptor activation to inhibit the KCl-evoked Ca
2+ 

transient.  
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Figure 1. Effect of ACPA, a CB1 receptor agonist, on [Ca
2+

]i. 

 

 

 
 

 

ACPA had no effect on basal [Ca
2+

]i but inhibited the Ca
2+

 transient in a representative 

trace from a large DRG neuron isolated from a CFA-injected mouse. Arrows indicate 

KCl (50 mM) applications (10 s), and the line below the trace indicates the duration of 

superfusion with ACPA. 
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Figure 2. Leftward shift in the concentration response to ACPA in large neurons isolated 

from CFA-injected mice. 

 

 
 

 

Bars represent vehicle-treated neurons isolated from CFA (filled) or naïve (open) mice. 

Relative response was defined as the amplitude of the response of a neuron to KCl in the 

presence of ACPA divided by the amplitude of response in the absence of ACPA. 

*Significantly different at p <0.05 compared to vehicle (One-way ANOVA w/Tukey test) 

and 
#
different at p <0.05 compared to neurons isolated from naïve mice at respective time 

point, two-way RM ANOVA w/Tukey test (n = 7-25/treatment group). 
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Figure 3. There was no effect of ACPA concentration in small neurons isolated from 

either naïve or CFA-injected mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Relative response was defined as the amplitude of the response of a neuron to KCl in the 

presence of ACPA divided by the amplitude of response in the absence of ACPA. Bars 

represent vehicle-treated neurons isolated from CFA (filled) or naïve (open) mice. (n = 6-

11 neurons/treatment group). 
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Figure 4. Involvement of CB1 and CB2 receptors in the response to ACPA was 

confirmed by blocking the inhibitory effect by co-application of either AM281 or AM60, 

CB1 and CB2 receptor angatonists, respectively. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Relative response was defined as the amplitude of the response of a neuron to KCl in the 

presence of ACPA divided by the amplitude of response in the absence of ACPA. 

*Significantly different at p <0.05 (one-way ANOVA w/Tukey test). Values inside the 

bars represent sample size. 
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Figure 5. There was no effect of URB597 in large neurons isolated from either naïve or 

CFA-injected mice. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Relative response was defined as the amplitude of the response of a neuron to KCl in the 

presence of URB597 divided by the amplitude of response in the absence of URB597. 

Values inside the bars represent sample size. 
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Figure 6. There was no effect of URB597 in small neurons isolated from either naïve or 

CFA-injected mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Relative response was defined as the amplitude of the response of a neuron to KCl in 

the presence of URB597 divided by the amplitude of response in the absence of 

URB597. Values inside the bars represent sample size. 
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Chapter 5 

 

Concluding Statements 
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The purpose of this thesis was to investigate changes in anandamide signaling that 

may contribute to mechanical hyperalgesia in a model of persistent, peripheral 

inflammation and determine whether local injection of URB597 reduced the mechanical 

hyperalgesia. Specifically, the involvement of AEA, FAAH and CB1 receptors were 

studied in the hind paw and the primary afferent neurons affected by the peripheral 

inflammation. The results from these studies indicate 1) local injection of URB597 

reduced mechanical hyperalgesia during inflammation, 2) reduced synthesis of AEA in 

the primary afferent neurons may contribute to the mechanical hyperalgesia associated 

with peripheral inflammation, 3) up-regulation of CB1 receptors on primary afferent 

neurons affected by inflammation may be a compensatory response to decreased basal 

activation of AEA.  

 

Significance of the conclusions and future directions 

Anti-hyperalgesic effect of local injection of URB597 during peripheral inflammation 

 Local injection of URB597, a FAAH inhibitor, promoted anti-hyperalgesia after 

induction of persistent, cutaneous inflammation in mice through CB1 and CB2 receptors. 

Whereas most reports in the literature have demonstrated that inhibition of FAAH 

through systemic injection of a FAAH inhibitor (Kathuria et al., 2003) or gene-deletion 

(Cravatt et al., 2001) increases AEA in the brain, local injection of URB597 did not 

measurably increase AEA in the plantar paw skin in mice with peripheral inflammation. 

 The lack of an increase in AEA following local injection of URB597 during 

peripheral inflammation is most likely due, at least in part, to decreased synthesis of AEA 
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in the primary afferent neurons. This conclusion is supported by evidence that DRG 

isolated from CFA-injected mice have a decreased capacity to synthesize AEA in 

response to a depolarizing stimulus. However, we cannot rule out the possibility that in 

addition to reduced synthesis, AEA metabolism is diverted to other pathways and 

catabolized by COX-2 or other lipoxygenases. Evidence that COX-2 is up-regulated 

(Seibert et al., 1994) during peripheral inflammation and COX-2-mediated metabolism of 

AEA in FAAH knockout mice (Weber et al., 2004) both support the possibility that 

alternative metabolic pathways may contribute to the breakdown of AEA. If this is true 

then co-injection of URB597 and a non-specific cyclooxygenase inhibitor during 

inflammation may be expected to measurably increase AEA in the periphery. Another 

hypothesis that might explain the inability of URB597 to increase AEA may be that 

measurement of AEA in the paw does not provide sufficient resolution to test for an 

effect of URB597 on AEA level. Thus, a caveat of the present study design is that the 

contribution of other relevant cell sources of AEA and FAAH during peripheral 

inflammation, such as keratinocytes (Maccarrone et al., 2003), macrophages (Varga et 

al., 1998) and vascular endothelium (Deutsch et al., 2007), were not isolated and 

measured like the primary afferent neurons (Figure 1).  

 Alternatively, the anti-hyperalgesic effect of URB597 in the paw may not be a 

result of increased AEA at all. However, it is unlikely that URB597 is having off target 

effects that account for the anti-hyperalgesic effect since URB597 is selective for FAAH 

over other relevant targets such as cannabinoid receptors and monoacylglycerol lipase 

(Kathuria et al., 2003). Although off target effects cannot be conclusively excluded, the 
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anti-hyperalgesic effect of URB597 was mediated through a CB1- and CB2-dependent 

mechanism, suggesting endocannabinoid binding mediated the effect of URB597. 

  It is noteworthy that both CB1- and CB2-dependent receptor mechanisms 

contribute to the URB597-mediated reduction in mechanical hyperalgesia during 

persistent inflammation. These findings contrast with data generated in this strain of mice 

with tumor-evoked hyperalgesia, in which the effect of URB597 is only mediated by CB1 

receptors (Khasabova et al., 2008). In both inflammatory and tumor-evoked pain, it is 

likely that CB1 receptors contribute to the anti-hyperalgesic effect through attenuation of 

presynaptic transmitter release and tonic modulation of the nociceptive threshold for 

sensory transduction. Both selective deletion of the CB1 receptor in nociceptors (Agarwal 

et al., 2007) or intraplantar injection of a CB1 receptor agonist (Khasabova et al., 2008) 

have been shown to lower the threshold for sensory transduction in naïve mice. The 

effect of CB1 receptors in determining the sensitivity to mechanical stimuli persist during 

peripheral inflammatory conditions when exaggeration of nocifensive behaviors are 

observed after injection of a CB1 receptor antagonist (Calignano et al., 1998) or selective 

deletion of CB1 receptors in nociceptors (Agarwal et al., 2007).  

 The data presented in this dissertation suggest that the role of CB2 receptors may 

be unique to inflammatory pain. This is supported by evidence that a CB2 receptor 

antagonist completely blocked the anti-hyperalgesic effect of URB597 in our studies. 

During persistent, cutaneous inflammation, immune cells expressing CB2 receptors are 

recruited to the region, and their activation inhibits the release of inflammatory mediators 

from mast cells and macrophages (Facci et al., 1995). Thus, during inflammation, 
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activation of CB2 receptors may decrease inflammation-evoked release of sensitizing 

molecules (such as nerve growth factor, prostanoids, cytokines, histamine, or adenosine 

triphosphate) that act on peripheral nociceptors to decrease the sensitivity of primary 

afferent neurons (Woolf et al., 1994; Malan et al., 2002; Malan and Porreca 2005).  

 Because either a CB1 or CB2 receptor antagonist completely reversed the effect 

of URB597, we were unable to test the relative contribution of CB1 and CB2 receptors in 

mediating the effect of URB597. Despite this, in tumor-evoked cancer pain in mice, our 

lab has observed synergy of CB1 and CB2 receptor agonists. Combined with the data in 

this dissertation, targeting multiple cannabinoid receptors in the periphery may enhance 

the therapeutic potential of cannabinoids in the treatment of pain associated with 

inflammation. 

  

Changes in endocannabinoid signaling associated with peripheral inflammation 

 The second and third studies in this dissertation characterized regional changes in 

tissue levels of AEA, FAAH enzyme expression and activity, and CB1 receptors at a 

single time point following persistent peripheral inflammation. These studies provided 

insight into the neuroplasticity of endocannabinoid tone modulating the threshold for 

nociception during inflammation.  

 The initial hypothesis was that an increase in FAAH activity promoted an increase 

in the breakdown of AEA and subsequently resulted in mechanical hyperalgesia 

associated with inflammation. This hypothesis was based on the ability of local injection 

of URB597 to promote anti-hyperalgesia in the hind paw of CFA-injected mice. 
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However, data presented in this study do not support this as FAAH mRNA significantly 

decreased and there was a trend toward decreased FAAH enzyme activity in the hind paw 

of mice with peripheral inflammation. Consistent with this, FAAH activity is similarly 

decreased 4 h after carageenan-induced inflammation in mice (Holt et al., 2005), 

suggesting decreased FAAH enzyme activity in the plantar skin of the hind paw may be 

maintained for an extended duration during persistent inflammation. If so, this would 

suggest that inhibition of FAAH to minimize local degradation of AEA may be utilized to 

moderate mechanical hyperalgesia associated with peripheral inflammation. Although the 

level of AEA did not increase in the hind paw during peripheral inflammation, in light of 

evidence that FAAH +/- mice do not show an increase in AEA content in the brain 

(Cravatt et al., 2001), reduction in FAAH should not be inherently expected to increase 

AEA content. 

 To isolate the contribution of FAAH in primary afferent neurons innervating the 

skin during peripheral inflammation, FAAH mRNA and enzyme activity in the DRG 

neurons were measured. Distinct differences between mRNA and enzyme activity were 

characterized for FAAH in the DRGs. In this region, FAAH mRNA increased in DRGs 

associated with peripheral inflammation, yet there was no change in enzyme activity 

compared to DRGs isolated from naïve mice. Sensitivity of the assay is unlikely to be an 

issue because FAAH mRNA and enzyme activity were measurably increased in the 

DRGs in a model of cancer pain (Khasabova et al., 2008). One hypothesis is that the lack 

of an increase in FAAH enzyme activity was a result of increased FAAH transport to the 

primary afferent terminals. If this is true, then FAAH enzyme activity proximal to sciatic 
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nerve ligation ipsilateral to CFA injection would be expected to increase. However, 

FAAH enzyme activity was not different in the sciatic nerve between naïve and CFA-

injected mice. It is possible that a slow axonal transport rate coupled with FAAH in 

motor neurons (Tsou et al., 1998b) may have compromised detection of a change in 

FAAH enzyme activity. Alternatively, since the endocannabinoid system also plays a 

neuroprotective role in ischemia, oxidative stress, excitotoxicity, neurodegeneration and 

trauma (reveiewed by Jonsson et al., 2006; Svizenska et al., 2008; Fowler et al., 2010) 

inhibition of FAAH enzyme activity during ligation may be expected to maintain AEA. 

This would protect the nerve from damage associated with ligation and mask a difference 

in FAAH enzyme activity during peripheral inflammation.  

 In persistent peripheral inflammation the lack of an increase in FAAH enzyme 

activity coupled with the decrease in AEA in the DRGs suggested the decrease in AEA 

may result from decreased synthesis. In support of this, DRGs isolated from mice with 

peripheral inflammation display decreased capacity to generate AEA compared to naive 

conditions. Further experiments could be performed that would elucidate whether 

decreased synthesis of AEA occurs in the hind paw tissue at the site of inflammation.  

 Decreases in AEA synthesis associated with inflammation suggested the 

possibility that CB1 receptors may be up-regulated to counterbalance reduced 

stimulation. This is supported by an increase in CB1 receptor mRNA as well as increased 

sensitivity of CB1 receptors to a CB1 receptor agonist in DRG neurons isolated from 

CFA-injected mice. In other studies, CB1 receptor mRNA in primary afferent neurons 

peaks on day two following CFA-induced inflammation in DRG neurons, and CB1 
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protein expression also increased in DRGs as well as nerve fibers in skin, suggesting 

transport to the periphery (Amaya et al., 2006).  

 There is consistency between our in vitro study that demonstrated a ten fold lower 

concentration of a CB1 receptor agonist inhibited the increase in KCl-evoked calcium 

transient in large diameter neurons isolated from CFA-injected mice and other in vivo 

reports. A ten fold lower dose of a CB1 agonist attenuated thermal hyperalgesia at 2 d in 

CFA-injected mice compared to control mice, suggesting the increase in CB1 receptor 

expression mediates anti-hyperalgesia (Amaya et al., 2006). However, URB597 failed to 

increase the KCl-evoked intracellular free Ca
2+

 in the in vitro study presented in this 

dissertation. This was not altogether unexpected in light of evidence that AEA synthesis 

is reduced in the DRGs.  

 If the results are to be accepted as physiologically relevant, several assumptions 

must be made. CFA-induced inflammation is a model for peripheral injury and 

inflammation. A limitation in using this model is that effects observed could be specific 

for CFA-induced inflammation and not be representative of inflammatory pathology. 

Antigens present in CFA produce a cascade of immune responses that may be specific to 

CFA and not generalize to other forms of inflammation and injury. Thus, one assumption 

in using this model is that it is representative of inflammation and hyperalgesia produced 

by other forms of peripheral injury. Secondly, an assumption is made that activity in the 

sensory nerve terminals can be extrapolated from studies performed on the cell bodies of 

primary afferent neurons. Sensory nerve terminals are exposed to other tissue types that 

may differentially modulate their responses in the periphery such as keratinocytes and 
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immune cells. Third, studies in the periphery do not allow for sufficient resolution of the 

contribution of CB1 and CB2 receptors and the types of cells responsible for mediating 

the effect of URB597 on inflammation. In spite of these assumptions, differences in 

endocannabinoid signaling as well as a locally mediated anti-hyperalgesic effect of 

URB597, were observed during peripheral inflammation. 

 These studies provide an important contribution to the literature because they 

demonstrate that low production of AEA by DRG neurons is not sufficient to mount a 

URB597-mediated anti-hyperalgesic response during peripheral inflammation. The data 

presented here suggest that the production of AEA by other tissues in the periphery 

contribute to the in vivo effect of URB597. 
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Figure 1. Model of endocannabinoid signaling in the periphery. 

 

 
 

AEA is released in an activity dependent manner from primary afferent neurons and 

binds to CB1 receptors on the primary afferent neurons, keratinocytes, and immune cells 

such as macrophages to produce inhibitory effects. In the periphery, CB1 receptors on 

neurons suppress neurotransmission by inhibiting calcium channels and activating 

potassium channels. Activation of cannabinoid receptors on immune cells inhibits the 

robust immune response produced. In keratinocytes, activation of  cannabinoid receptors 

has been shown to produce antinociception by stimulating peripheral release of the 

endogenous opioid -endorphin. AEA signaling is terminated through catabolism by 

FAAH.  
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