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ABSTRACT 
 

 Pain is the primary reason why patients seek medical care and there is a great 

unmet need for the development of pain relieving medications. The treatments that are 

currently available either have limited efficacy or are accompanied by a multitude of 

unwanted side effects. However, discovering novel therapeutics for the treatment of pain 

has been challenging. Part of the reason for this may be that that the ways in which pain 

is assessed in the preclinical setting are different from the way that it is evaluated 

clinically in human trials. The most common method for evaluating pain in preclinical 

models is to measure responses to evoked stimuli. However, a change in the threshold of 

response to evoked pain likely does not measure whether the unpleasant component of 

pain has actually been reduced. The most clinically relevant question for pain is whether 

the treatment actually makes the patients “feel better”.  Here, we demonstrate that the 

aversiveness of pain can be captured using motivated behavior to seek pain relief.  We 

used conditioned place preference (CPP) to establish that animals with ongoing pain will 

seek a context that has been paired with effective pain relief, likely as a result of negative 

reinforcement. These studies allowed for mechanistic investigation.  Our results show 

that:  1) effective pain relief can be achieved by either blocking noxious peripheral input 

or by directly attenuating pain related unpleasantness in the brain, and 2) pain relief is 

rewarding and activates the reward circuitry.  These studies provide a basis for 

development of a future platform for drug discovery for pain.  
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CHAPTER 1 – NEUROBIOLOGY OF PAIN 
 

Pain is a multidimensional and fundamental life experience that is paramount for 

survival. The taxonomy committee for the International Association for the Study of Pain 

defines pain as “an unpleasant sensory and emotional experience associated with actual 

or potential tissue damage, or described in terms of such damage”. Thus, under normal 

circumstances, pain serves as a teaching signal that enables us to learn to avoid stimuli 

that have the potential to cause injury or damage to tissue.  Pain is a warning to evade 

danger as well as a reminder to protect injured limbs or tissue so that healing can take 

place. A key feature of pain is that it is unpleasant.  Pain induces an aversive state that 

demands a behavioral response, i.e., a motivation to escape and to obtain relief.  The 

experience of pain teaches us to avoid circumstances in which we may experience pain in 

the future. Thus, pain is critical to survival.  People with congenital abnormalities that 

make them insensitive to painful stimuli sustain terrible injuries and frequently die young 

because they are incapable of detecting noxious stimuli that may damage their tissues (1).  

 

There are many distinct types of pain, however they can be broadly divided into four 

principal categories. Stimuli that do, or potentially will, result in tissue damage are 

referred to as “noxious” and elicit sensations of pain. Such pain is commonly referred to 

as “nociceptive” pain (1). Nociceptive pain is protective and has a high threshold such 

that only stimuli of high intensity will activate specific primary afferent fibers termed 

nociceptors.  Nociceptors have been identified and classified in multiple ways (2) and 

different fibers are preferentially activated by stimulus modalities such as heat, 
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mechanical or chemical stimuli (2).  A second type of pain is also protective and transient 

and can result as a consequence of an acute inflammatory process that likely involves 

mediators from the immune system.  Such pain can result from tissue damage or infection 

and is termed “inflammatory” pain. An important characteristic of nociceptors is their 

remarkable ability to adapt in the setting of tissue injury to enhance the consequences of 

peripheral stimuli.  These adaptive processes are collectively termed “sensitization” and 

can occur at different levels of the nociceptive pathway including within the central 

nervous system (1, 3, 4).  Inflammatory pain results in sensitization of primary afferent 

fibers, i.e., peripheral sensitization, a process that amplifies signaling. Stimuli that are 

noxious are enhanced resulting in hyperalgesia while stimuli that were previously 

innocuous are now perceived as painful, i.e., allodynia (3, 4).  Inflammatory mediators 

can sensitize nociceptors and additionally directly activate these fibers through specific 

receptors. Inflammatory pain promotes healing by sensitizing the area at and around the 

site of injury and dissuading movement or contact with the injured site. Finally, pain may 

also exist chronically and cease to be protective. This type of pain is maladaptive and 

“pathological” pain and may arise for unknown reasons (1).  It is believed that the 

transition from acute to maladaptive chronic pain may result from abnormal functioning 

of the nervous system, often associated with damage to peripheral or central nerves (1). 

In the case of identifiable nerve damage, resulting pain is referred to as “neuropathic” 

pain.  The IASP defines neuropathic pain as “Pain caused by a lesion or disease of the 

somatosensory nervous system.”  In cases in which abnormal pain occurs in the absence 

of identifiable nerve damage it is generally classified as “complex regional pain 
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syndrome type I” (5). Finally, pain can occur in the apparent absence of any tissue injury. 

This type of pain represents the “dysfunctional” pain syndromes and includes patients 

suffering from fibromyalgia, irritable bowel syndrome, temporomandibular joint 

disorders and perhaps even migraine.  There is a tremendous unmet need for improved 

therapies for the treatment of maladaptive pathological pains including neuropathic and 

dysfunctional pain.  These pain states are chronic and the drugs currently available 

provide partial pain relief with a large complement of side effects.   
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ANATOMY OF PAIN PATHWAYS 

 
Nociceptors are neural transducers that are activated by noxious stimuli. There are 

nociceptors that are activated in response to specific types of noxious stimuli, such as 

noxious heat, noxious cold, mechanical stress, and damaging chemicals (2). If the 

stimulus is sufficiently intense, action potentials can occur in the primary afferent neuron 

culminating in the calcium dependent release of neurotransmitters to the dorsal horn of 

the spinal cord (1, 2). Afferent fibers are pseudouniploar meaning that they have a 

bidirectional axonal branch with one branch projecting to the peripheral tissue or target 

organ and the other branch projecting to the spinal dorsal horn. This allows for 

bidirectional trafficking of proteins and transmitters. The cell bodies are contained within 

the dorsal root ganglion (DRG) for afferents that innervate the body and in the trigeminal 

ganglion for afferents that innervate the face and head (2). 

 

There are two main classes of nociceptive fibers. The Aδ fibers are medium diameter 

myelinated fibers that mediate the initial fast pain such as the immediate pain after 

touching a hot stove. Conversely, C fibers are unmyelinated small diameter fibers that 

mediate the second pain such as the long lasting burning sensation that persists long after 

the stimulus has been removed (2). Different types of fibers exhibit distinct expression of 

particular transducers so that they may be activated in response to a specific type of 

noxious stimulus. However, many fibers are polymodal and respond to multiple different 

types of stimuli (2). 
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Once activated the afferent neurons release neurotransmitter in the dorsal horn and for 

nociceptive signals the second order neurons cross to the contralateral side and project to 

multiple sites within the brainstem as well as the thalamus (2). Third order neurons 

within the lateral thalamus project to the primary somatosensory cortex whereas the 

medial thalamic projections relay the signal to the rostral anterior cingulate cortex (6).  

Second order neurons in the dorsal horn also project to the parabrachial nucleus where 

the signal is sent to either the central nucleus of the amygdala, bypassing the thalamus, or 

to the insular cortex for affective-motivational and cognitive processing (2). 

 

 Second order neurons also project to both the rostral ventromedial medulla (RVM) and 

the periaqueductal grey (PAG). The RVM and PAG are part of the descending 

modulatory system and can act to either enhance or to inhibit pain at the level of the 

spinal cord (7). It has been shown that electrical stimulation of the PAG in humans 

reverses intractable pain, indicating that descending pain modulation may exert robust 

effects on the pain experience (8). It has also been demonstrated that neurons within the 

rostral ventromedial medulla (RVM) project to the spinal and medullary dorsal horns and 

that they can either directly or indirectly enhance or attenuate nociceptive traffic to 

modulate the pain experience (7). Electrophysiology studies indicate that the RVM is 

likely the final common output for the descending pain modulatory system and contains 

both “on” cells that act to facilitate pain and “off” cells that can inhibit pain.  
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Pain is a multifaceted experience and has a sensory-discriminative dimension as well as 

an affective-motivational component (9-11). The sensory-discriminative component has 

to do with the detection of the stimuli, whereas the affective-motivational component is 

related to the unpleasantness or the suffering that is an essential aspect of pain. Second 

order neurons that project to the lateral thalamus activate third order neurons that relay 

the signal to the primary somatosensory cortex (S1). Research indicates that the S1 

primarily mediates the sensory-discriminative components of pain, but not the affective-

motivational component (6, 12). The sensory functions of the S1 include stimulus 

localization, intensity, quality, and duration. In contrast, the projections to the medial 

thalamus are relayed to the rostral anterior cingulate cortex (rACC). The rACC has been 

implicated as an important site that integrates the affective dimensions of pain (9-11). 

Lesioning the rACC abolishes CFA-induced conditioned place aversion (CPA) without 

altering nocifensive behaviors indicating that the rACC mediates the negative affective 

(unpleasant) aspect of pain, but is not involved in the sensory dimensions of pain (11). 

Furthermore, blockade of ionotropic glutamate receptors in the rACC attenuated CPA to 

formalin while activation of ionotropic glutamate receptors in the rACC produced CPA in 

the absence of injury (10). These data suggest that the pain induced aversive state is 

dependent, at least in part, upon activation of the rACC. Second order neurons also 

project to the parabrachial nucleus where third order neurons are activated and target the 

central nucleus of the amygdala (CeA). The CeA has been suggested as a site of affective 

and emotional pain processing and it has also been implicated in descending modulation 

of pain (13, 14). Excitotoxic lesions of the amygdala blocked CPA to formalin, indicating 
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alleviation of the affective component of pain (15). In addition, voltage-clamp recordings 

show enhanced synaptic transmission of the nociceptive specific inputs from the 

parabrachial nucleus as well as polymodal inputs that reach the CeA from the basolateral 

amygdala (BLA) in rats with arthritis compared to control rats (xxREF?). Finally, the 

insular cortex has also been implicated as a site that contributes to the affective 

component of pain. Imaging studies demonstrate that the insula is activated by painful 

stimuli in humans and rats (16). In addition, lesion of the insula attenuates pain related 

behaviors in models of neuropathic and inflammatory pain (17). Is it important to note 

that pain is a complex experience that is influenced by myriad different factors and that 

many different brain regions contribute to the pain experience (1).   
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CHAPTER 2 – CLINICAL AND PRECLINICAL ASSESSMENT OF PAIN 

 
In the clinical setting several different scales are used to assess pain in humans. Three of 

the most commonly used techniques to evaluate pain in humans are the visual analogue 

scale, numerical rating scale, and verbal scale (18). The visual analogue scale is presented 

as a line containing verbal descriptors ranging from “no pain” to “worst pain possible” 

(18). Frequently the descriptors are accompanied by facial expressions that correspond to 

the magnitude or severity of the pain. The patient is asked to rate their pain based on the 

verbal descriptors and facial images.  The numerical scale is typically a scale with 11, 21, 

or 101 points with the extremes being “no pain” and “worst pain imaginable” (18). 

Finally, the verbal rating scale employs a list of adjectives that indicate the level of pain 

intensity. All of these scales are meant to capture the intensity of pain that the patient is 

experiencing and all have been validated as “reliable” for clinical assessment (18). 

 

For years the mainstay of preclinical behavioral research for pain has been to measure 

withdrawal thresholds to evoked stimuli such as heat or mechanical force (19). These 

methods have been used extensively to evaluate the effects of potential therapeutic agents 

and to gain insight into mechanisms that may drive “pain.” One continuing concern, 

however, has been that the neurophysiological mechanisms that can result in modulation 

of threshold sensory responses may be distinct from those that reflect pain intensity as 

measured in humans. The intensity of the pain is related to suffering.  Threshold 

responses do not necessarily reflect the presence of pain that is just there or its 

consequences. For this reason, evoked pain measurements likely fail to capture intensity 



 17

of pain and the negative affective component of pain that is most important to humans 

(19).   

 

Furthermore, ongoing or spontaneous (stimulus-independent pain) is among the chief 

complaints of patients with chronic pain (19). It is important to note, however, that many 

patients also suffer from allodynia especially to cold and to touch (1).  Development of 

treatments that are effective against evoked hypersensitivity, against ongoing pain or 

against both aspects of pain are needed (1, 20). In doing so, mechanistic evaluation is 

required so that anti-hyperalgesic actions are not confused with analgesic effects, a 

feature that is critical in clinical trials where outcome measures are usually reflective of 

ongoing pain (21).  For this reason, the use of evoked responses as a preclinical screen for 

analgesic efficacy must be carefully employed and the data interpreted cautiously.  The 

development of assays that could capture the affective component of pain, reflecting the 

presence of ongoing or spontaneous pain, would add to our abilities to investigate 

potentially translatable mechanisms to humans and to increase the likelihood of discovery 

of new therapeutics.   

 

Pain can be thought of as a motivated behavior. The aversiveness of pain elicits 

motivation to escape from that state (19).  Capturing this motivational drive reveals the 

presence of pain and allows mechanistic assessment.  Studies in humans show that relief 

of pain is rewarding. For this reason, treatments that relieve pain should be reinforcing.  

Removal of an aversive state may represent negative reinforcement and actions of 
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humans in pain appear to be consistent with this concept.  For example, if a patient takes 

an effective analgesic when they are in pain then this will increase the likelihood that 

they will take the medication the next time they experience pain, i.e. relief of pain “feels 

good”. Work from our laboratory demonstrated that pairing presumed relief of ongoing 

pain with an environmental context would elicit conditioned place preference (CPP), 

likely as a consequence of negative reinforcement. CPP has been used extensively to 

study the positive reinforcement of drugs of abuse (22). A rat can learn to associate 

contextual cues (visual, tactile or olfactory) with a treatment that elicits reward. This 

occurs during a process called conditioning. When the rat is reintroduced to the context, it 

will spend more time in the chamber that was paired with the reward compared to the 

vehicle paired chamber demonstrating “place preference”. Our work previously showed 

that clinically validated treatments for neuropathic pain produced CPP selectively in rats 

with experimental nerve injury, indicating relief of spontaneous pain (19). Importantly, 

no CPP was observed in rats that had not received nerve injury revealing that they did not 

have a state of ongoing pain. Pain produced strong motivated behavior as rats 

demonstrated CPP with only a single exposure to the chamber that was paired with the 

pain alleviating treatment. Single-trial CPP has only been shown with extremely 

rewarding and addictive drugs of abuse such as cocaine and opioids. This suggests that 

experimental pain procedures likely elicit strongly aversive states that underlie 

motivation to seek relief.  Since sham operated rats did not show preference, this suggests 

that our treatments were not intrinsically rewarding and that drugs that are not rewarding 

in the absence of pain may become rewarding in the presence of ongoing pain (19).  
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CHAPTER 3 – TIME-DEPENDENT ONGOING INFLAMMATORY PAIN 
 

INTRODUCTION 
 

Tissue injury elicited by trauma or disease produces pain that is often described as dull, 

aching, throbbing and ongoing. Additionally, injury produces long-lasting tenderness at 

and surrounding the injury site that is reflected by pain resulting from hypersensitivity to 

external stimuli such as touch or movement. While mechanisms underlying 

hypersensitivity to evoked stimuli have been extensively studied preclinically, 

understanding ongoing (i.e., non-evoked) pain in animal models has been more difficult. 

Ongoing pain, i.e., pain that is not “evoked” is an important part the human pain 

experience, particularly in the early periods following tissue damage such as might occur 

in the post-operative state. It seems likely that ongoing pain could be mechanistically 

distinct from processes mediating evoked hyperalgesia and/or allodynia (19, 23). Until 

recently, limitations in approaches for measurement of spontaneous or ongoing pain in 

animal models have prevented detailed mechanistic explorations (24). We have recently 

shown that relief of experimental neuropathic pain can be captured using the CPP 

paradigm, presumably through negative reinforcement, thus “unmasking” spontaneous 

pain (19). 

Here, we determined whether this measure could be applied to other pain conditions such 

as inflammatory pain and to determine possible mechanisms underlying acute injury-

induced pain. Several models for injury-induced pain have been developed including 

hindpaw injection of complete Freund’s adjuvant (CFA), a widely used model of 

persistent inflammatory pain (25, 26). CFA produces thermal and mechanical 
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hypersensitivity lasting for several weeks following administration into the hindpaw (26, 

27). Additionally, CFA elicits time-dependent spontaneous activity of primary afferent 

fibers (25, 28) that may underlie injury-induced pain. The mechanisms underlying 

ongoing, unprovoked pain, as might correspond clinically to pain at rest, are not well 

understood (24, 29). We characterized the time-dependent expression of injury-induced 

pain following hindpaw CFA-induced inflammation, comparing measures of evoked 

pain, guarding behavior, and CPP to treatments inducing pain relief. Further, we began to 

delineate specific afferent subtypes that may drive CFA-induced pain. 

MATERIALS AND METHODS 
 
ANIMALS 
 

Male Sprague-Dawley rats (Harlan, Indianapolis, IN) weighing 250-275 g were used in 

all studies. All procedures involving animals were reviewed and approved by the 

Institutional Animal Care and Use Committee of the University of Arizona, and were in 

accord with the guidelines established by the National Institutes of Health. 

Surgical Procedures 

Rats were anesthetized with isofluorane and intrathecal catheters were implanted as 

previously detailed (30). (31)The atlanto-occipital membrane was exposed, an incision 

was made in the dura mater, and PE-10 tubing was advanced 8 cm caudally to the lumbar 

spinal cord. The tubing was exteriorized, filled with saline and plugged with wire. The 

wound was closed, and animals were allowed to recover for 7 days. Notably, baseline 

testing prior to the 7 day recovery period resulted in limited chamber crossings and 



 21

resultant chamber bias in the place preference apparatus, likely due to the invasiveness of 

the surgery. Injury was induced by intraplantar injection of complete Freund’s adjuvant 

(CFA) (100 µl, s.c.; Calbiochem) into the left hindpaw. Control rats received an 

equivolume saline injection. 

DRUG ADMINISTRATION (INTRATHECAL AND POPLITEAL FOSSA) 
 

Clonidine (10 µg; Tocris Bioscience) or saline (vehicle control) was delivered through an 

intrathecal catheter in a 5 µl volume followed by a 9 µl saline flush. Progress was 

monitored with an air bubble. Lidocaine (4% w/v; Roxane Laboratories) or saline 

(vehicle control) was delivered in a 200 µl volume. Pilot studies with dye injections 

confirmed that this volume successfully covered sciatic nerve and included the branches 

of the sciatic nerve at the bifurcation including the common peroneal, sural, and tibial 

nerves located within the popliteal fossa [35]. 

SYSTEMIC DRUG ADMINISTRATION 
 

The ultrapotent TRPV1 receptor agonist, resiniferatoxin (RTX, Tocris Bioscience), was 

dissolved in 99.1% saline, 0.3% Tween 80, and 0.6% Ethanol (used as a vehicle control). 

RTX was administered systemically (0.1 mg/kg, i.p.) in a dose previously demonstrated 

to eliminate thermal responses across a period of 40 days, the longest time-point tested 

(32). RTX was delivered 4 days prior to testing of evoked thresholds or 1 day prior to 

habituation for the CPP procedure, a time corresponding to 4 days prior to conditioning 

day. The TRPV1 receptor antagonist, AMG9810, was dissolved in PEG400 (used as the 
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vehicle control). AMG9810 was administered systemically at a dose (30 mg/kg, i.p.) 

previously demonstrated to effectively block CFA-induced thermal and tactile 

hypersensitivity (33). 

BEHAVIORAL OBSERVATIONS (THERMAL ANTINOCICEPTION AND 
HYPERSENSITIVITY) 

 
Nociceptive withdrawal thresholds to noxious radiant heat were determined using the 

Hargreave’s apparatus as previously described (34). A maximal cut-off time of 32 s was 

used to prevent tissue damage. Elimination of thermal responsiveness in rats treated with 

RTX was determined with a hotplate (Columbus Instruments) set at 52°C. Latency to the 

first escape response (jumping, licking, or climbing) was recorded. 

MECHANICAL AND TACTILE HYPERSENSITIVITY 
 

Withdrawal thresholds to noxious mechanical stimulation were determined using a 

Randall-Selitto apparatus (Ugo Basile, Comerio, Italy). A positive response was indicated 

by withdrawal of the paw. A cut-off of 400 g was used to avoid tissue injury. 

Paw withdrawal thresholds were determined in response to probing with calibrated von 

Frey filaments (Stoelting, Wood Dale, IL) using the “up and down” method and analyzed 

using a Dixon nonparametric test (35).  

Guarding behavior.  Assessment of guarding behavior was done across a 30 min period in 

which each rat was observed for 10 sec at 1 min intervals. Rats were observed and scored 

according to a scale as previously described (29) in which 0 was scored when the CFA 
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treated hindpaw area was touching the mesh, and the area was blanched or distorted by 

the mesh; 1 was scored when the CFA treated hindpaw touched the mesh without 

blanching or distortion; 2 for the position when the CFA treated hindpaw was completely 

off of the mesh. For each hind paw, a cumulative score was obtained by adding the 30 

scores during the 30 min testing period. 

CONDITIONED PLACE PREFERENCE (CPP) PROCEDURES 
 

A single trial conditioning protocol was used for CPP as previously described [1]. A 3-

chambered box was used to record behaviors. The box consisted of 2 end chambers (10 

3/8” W x 8 1/8” D x 13 1/8” H) with distinct visual,  and tactile cues. The third, central 

chamber (6 1/ 4” W x 8 1/8” D x 13 1/8” H) was well lit and had gray walls.  All rats 

underwent a 3 day pre-conditioning habituation period with behavior recorded on day 3 

to verify no pre-conditioning chamber preference. Analyses of the pre-conditioning 

(baseline) time spent in the conditioning chambers showed that rats spent equivalent time 

in the striped vs. the black walled chambers indicating no pre-existing chamber 

preference prior to counterbalancing further suggesting that any post-conditioning 

preferences observed reflect preference due to relief of ongoing pain, and not other 

potential factors such as anxiolytic effects of drug administration. On conditioning day, 

rats received the appropriate vehicle control paired with a chamber in the morning, and 

the appropriate drug treatment paired with the other chamber, 4 hr later. Chamber 

pairings were counterbalanced. On test day, 20 hrs following the afternoon pairing, rats 

were placed in the CPP apparatus with access to all chambers and behavior was recorded 

for 15 min for analysis for chamber preference. 
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STATISTICAL ANALYSIS 
 

Effects of drug treatments on evoked pain were determined by 2-factor ANOVA for 

repeated measures with time serving as a within-subject factor. Differences from the 

post-treatment values were determined by Student-Neuman-Keuls post-hoc test. CPP data 

were analyzed before conditioning (baseline) and after conditioning using two-factor 

ANOVA (chambers vs. treatment) followed by Student’s t-test with Bonferroni 

correction. No preconditioning differences in time spent in chambers between saline and 

CFA treated rats were observed, therefore baseline chamber data for each experiment was 

pooled across treatment. For all analyses, significance was set at p < 0.05. 

RESULTS 
 
INJURY-INDUCED EVOKED AND ONGOING PAIN 
 

Consistent with previous studies, CFA produced thermal hypersensitivity within 24 hrs 

that lasted through 4 days post injection, with a time-dependent decrease in injury-

induced thermal hypersensitivity (Figure 1a, *p < 0.05 vs. BL, #p < 0.05 vs. D1). 

Comparison of difference scores confirms that there is a significant decrease in the CFA-

induced thermal hypersensitivity across days. CFA induced a 10.6 ± 0.7 s change from 

BL at D1 that decreased to a 5.2 ± 0.96 s change from BL at D4 (p < 0.01, paired t-test). 

CFA also induced guarding behavior within 24 hours that diminished by 4 days post-

injury (Figure 1b, ***p < 0.01 vs. BL; *p < 0.05 vs. BL). These findings are consistent 

with the timecourse of guarding behavior reported with CFA (25). 

In the initial experiments to investigate ongoing pain, CFA-treated rats received spinal 
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saline both in the morning and afternoon sessions 1 day following CFA injection as a 

control for possible CFA-induced aversion to the morning chamber (data not shown). No 

chamber preferences were observed in these animals on test day, with times of 411.2 ± 

99.7 s in the morning saline paired chamber and 406.1 ± 100.9 s spent in the afternoon 

saline paired chamber. These data indicate that introducing the CFA-induced pain 20 hrs 

prior to the start of chamber pairing (conditioning day) did not produce aversion to the 

morning-paired chamber. The possible presence of CFA-induced ongoing pain and its 

time course was then determined using conditioned place preference (CPP) to spinal 

clonidine. No pre-conditioning chamber differences were observed any of the treatment 

groups, therefore all pre-conditioning data were pooled for graphical representation. 

(Figure 1c,). Following the habituation period on the third day, one group of rats received 

i.paw CFA or saline (CFA D1). Administration of spinal clonidine 1 day following CFA 

injection produced robust chamber preference (Figure 1c; *p < 0.05 vs. pre-conditioning). 

To determine if ongoing pain persisted across 4 days, a separate group of rats received 

i.paw CFA or saline 1 day prior to the 3 day habituation period (CFA D4). 

Administration of spinal clonidine 4 days following CFA injection failed to induce 

chamber preference (Figure 1c; *p < 0.05 vs. pre- conditioning). Rats that received 

intraplantar saline failed to show preference for the clonidine paired chamber irrespective 

of whether saline was administered 24 hrs or 4 days prior to conditioning day (p > 0.05). 

Therefore, all saline data were pooled for graphical representation. Difference scores 

confirmed that CFA treated rats demonstrated conditioned place preference to the 

clonidine-paired chamber 1 day, but not 4 days following CFA injection (Figure 1d; *p < 
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0.05 vs. saline). 

Spinal administration of clonidine attenuated CFA-induced thermal hyperalgesia 1 day 

following CFA injection (Figure 1e, #p < 0.05 vs. pre-CFA; *p < 0.05 vs. post-CFA). 

Clonidine fully reversed CFA-induced thermal hyperalgesia at the D4 time-point, and 

produced antinociception, with paw-flick latencies significantly higher than pre-CFA 

baseline values (Figure 1f, #p < 0.05 vs. pre-CFA; *p < 0.05 vs. post-CFA) This dose of 

spinal clonidine failed to alter paw-flick latencies of control rats 1 or 4 days following 

intraplantar saline (Figure 1e,f). 
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Figure 1 

 
  

ONGOING PAIN IS DRIVEN BY PERIPHERAL INPUT 
 

Administration of lidocaine into the popliteal fossa 24 hrs following intraplantar CFA or 

saline produced a significant nerve block as indicated by an essentially complete 

blockade of responses to noxious thermal or mechanical stimuli in saline and CFA-
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treated rats. Paw withdrawal latencies to the noxious thermal stimulus were extended 

almost to cut-off following lidocaine injection (Figure 2a, #p < 0.05 vs. pre-CFA; *p < 

0.05 vs. post- CFA values). Similarly, administration of lidocaine into the popliteal fossa 

raised paw withdrawal thresholds evaluated with the Randall-Sellito test to near cut-off 

levels in both CFA- and saline-pretreated rats (Figure 2b, #p < 0.05 vs. saline; *p < 0.05 

vs. post-CFA values). This dose of lidocaine clearly impaired motor function in both 

CFA and saline (control) treated rats determined by visual inspection of locomotion. 

Motor function was fully recovered in these rats within 2 hrs of lidocaine injection. 

To determine the role of injury-induced peripheral drive ongoing pain, animals were 

treated with lidocaine or saline (control) into the popliteal fossa on conditioning day, 24 

hrs following intraplantar administration of CFA or saline. No pre-conditioning chamber 

differences were observed across any condition, therefore data were pooled for graphical 

representation (Figure 2c). On test day, 20-24 hrs following conditioning, animals were 

tested for chamber preference in the absence of popliteal fossa lidocaine, eliminating 

potential effects of motor impairment on chamber exploration. Rats treated with CFA 24 

hours prior to conditioning demonstrated preference for the chambers paired with 

popliteal fossa lidocaine. Rats that received CFA 4 days prior to conditioning and the 

saline treated rats did not show preference (Figure 2c, *p < 0.05 vs. pre-conditioning). 

Comparison of difference from baseline scores confirm that rats treated with CFA 24 hrs 

prior to conditioning increased time spent in the lidocaine paired chambers following 

conditioning whereas rats treated with CFA 4 days prior to conditioning did not (Figure 

2d, *p < 0.05 vs. saline). 
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Figure 2 

 

 

CFA-INDUCED EVOKED AND ONGOING PAIN IS DEPENDENT ON TRPV1 
POSITIVE FIBERS 

 
Systemic administration of RTX has been demonstrated to produce long-lasting 

desensitization of TRPV1-expressing nociceptors (36) and to essentially eliminate 

sensitivity to noxious thermal stimuli in animals (32). Rats treated with RTX failed to 

respond to a noxious thermal stimulation (Figure 3a, *p < 0.05 vs. pre-RTX). Separate 

groups of rats were observed for guarding behavior 24 hours following CFA. Systemic 

administration of RTX 3 days prior to injury blocked the injury- induced guarding 

behavior (Figure 3b, *p < 0.05 vs. vehicle). RTX administration prior to habituation 

blocked CPP resulting from administration of lidocaine into the popliteal fossa in CFA 
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treated rats (Figure 3c, *p < 0.05 vs. pre-conditioning). Rats treated with i.paw saline 

(controls) did not show preference for the lidocaine paired chamber irrespective of RTX 

treatment. Difference from baseline values confirm that CFA treated rats that did not 

receive RTX (vehicle) showed increased time in the lidocaine paired chambers whereas 

CFA treated rats that received RTX treatment did not show increased time spent in the 

lidocaine paired chamber (Figure 3d, *p < 0.05 vs. vehicle). 

Figure 3 
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CFA-INDUCED EVOKED, BUT NOT ONGOING PAIN IS DEPENDENT ON TRPV1 
RECEPTORS 
 

In agreement with previous reports (33),systemic administration of the TRPV1 receptor 

AMG9810 (30 mg/kg, i.p.) blocked CFA-induced thermal hypersensitivity 1 day post 

CFA injection (Figure 4a, *p < 0.05 vs. post-CFA, #p< 0.05 vs. pre-CFA). To determine 

whether selective blockade of the TRPV1 receptor blocks CFA-induced pain, rats 

received systemic administration AMG9810 (30 mg/kg, i.p.) and were observed for 

guarding behavior 24 hours following injury. Administration of the TRPV1 antagonist 

failed to block guarding behavior in CFA treated rats (Figure 4b). To determine whether 

selective blockade of the TRPV1 receptor blocks injury induced ongoing pain, rats 

underwent single trial CPP to popliteal fossa lidocaine in the presence of AMG9810 (30 

mg/kg, i.p.) or vehicle 24 hours following CFA administration. No pre-conditioning 

chamber differences were observed across any condition, therefore data were pooled for 

graphical representation (Figure 4c). Rats received hindpaw injection of saline or CFA 

immediately following baseline assessment. On conditioning day, rats received systemic 

administration of PEG400 (vehicle for AMG9810) 30 min before popliteal fossa 

administration of saline and placed into a pre-determined pairing chamber. Four hours 

later, rats received AMG9810 (30 mg/kg, i.p.) or PEG400 30 min before popliteal fossa 

administration of lidocaine and placed into the opposite pairing chamber. Following 

conditioning, CFA treated rats showed CPP to the lidocaine-paired chamber irrespective 

of whether they received AMG9810 (Figure 4c, *p < 0.05 vs. pre-conditioning values). 

Difference scores confirmed that AMG9810 failed to block popliteal fossa lidocaine 
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induced CPP (Figure 4d, *p < 0.05 vs. saline-vehicle). 

Figure 4 

 

 

DISCUSSION 
 

The present study provides a direct demonstration that hindpaw injury elicits transient 

injury-driven ongoing pain that is temporally distinct from long-lasting evoked 

hypersensitivity. The temporal dissociation between injury-induced ongoing pain and 

evoked hypersensitivity supports previous suggestions of mechanistic differences in these 

components of inflammatory pain (29, 37). Additionally, the data indicate that ongoing 

pain induced by inflammation injury (CFA) is dependent upon input from TRPV1 
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positive afferent fibers, likely driven from the injury. Our data indicate that CFA- 

induced injury provides a tonic aversive stimulus that persists for at least one day post-

injury and that relief from this aversive state is sufficient to induce reward, consistent 

with negative reinforcement. Pain relief was induced by spinal clonidine or peripheral 

nerve block, manipulations at sites that do not directly activate the reward pathway. 

These data are the first to demonstrate reward in animals by peripheral nerve block 

following injury. 

Consistent with many previous reports, this study confirmed that CFA induced long-

lasting hypersensitivity to acute application of both noxious and non-noxious (tactile) 

stimulation (26, 27). Whether, and when, such injuries might elicit ongoing pain, 

however, was not definitively known. Lawson and colleagues detected time-dependent 

foot-lifting behaviors at day 1 following CFA and this behavior was virtually absent by 

post-CFA day 4 (25). However, whether such behaviors reflect ongoing pain has been 

questioned in part because of tactile stimuli associated that may reflect evoked pain [12]. 

Treatment with CFA produce clear evoked hypersensitivity at day 1, which diminishes 

within 4 days, suggestive of more intense “pain” at day 1 than at later time points. A high 

degree of evoked hypersensitivity might contribute to avoidance of contact with surfaces, 

resulting in foot-lifting behaviors (37). Previous studies have demonstrated that CFA 

induces mechanical sensitization in both A- and C-fibers as well as other indicators of 

neuronal sensitization including spontaneous activity and expanded receptive fields 

within 24 hrs of CFA injection (38).Moreover, the study of Lawson and colleagues 

revealed that CFA induced a significant (>25%) increase in percentages of C- and Aδ 
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fibers that showed spontaneous discharge both at day 1 and day 4 post-CFA, in spite of 

differences in foot-lifting behaviors at these points (25). Work by Xiao and Bennett has 

demonstrated that CFA treatment induces spontaneous discharge of C-fibers that are 

similar across days 2-7 post-treatment and that additionally, both the frequency and 

prevalence of such spontaneous afferent activity is very low making it uncertain whether 

this level of afferent drive might elicit ongoing pain (28). 

In the present studies, we demonstrated CPP following spinal clonidine or lidocaine 

injection into the popliteal fossa (local nerve block) at 24 hrs, but not 4 days following 

injection, suggesting the transient presence of ongoing pain in this model. Spinal 

clonidine did not induce CPP in non-CFA treated rats indicating that this dose of spinal 

clonidine did not elicit reward in the absence of pain. The lack of clonidine- or peripheral 

lidocaine-induced CPP at post-CFA day 4 suggests that injury induced ongoing pain is 

either absent, or greatly diminished, so that modulation of motivational drive from pain 

relief elicits insufficient negative reinforcement that is detectable in the CPP paradigm. 

Sufka and colleagues attempted to explore whether CFA-induced inflammation may 

represent an aversive stimulus that might be detectable with CPP following 

administration of drugs for pain relief (39). In that study, however, a clear demonstration 

of negative reinforcement was not achieved, likely due to differences in route and timing 

of administration of pain-relieving drugs and other differences in experimental 

conditions. 

The conclusion of transient ongoing pain with CFA-induced inflammation is consistent 
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with clinical knowledge indicating that pain is maximal immediately following injury and 

diminishes with time. Injuries associated with peripheral inflammation (e.g., surgery) 

elicit initial transient “spontaneous” pain (driven by the injury) followed by much longer 

lasting evoked hypersensitivity (i.e., tenderness) of the injured area (40, 41). 

Interestingly, the characteristics of CFA-induced pain have been documented in a human 

report (42). In this report, the consequences of accidental CFA injection into the third 

digit of the left hand elicited spontaneous “throbbing” pain across the first 24-30 hrs that 

had diminished within 48 hrs and that was extinct by 7 days (42). In spite of the 

dissipation of throbbing pain, evoked hypersensitivity persisted for many weeks (42). 

Studies by Brennan and colleagues have used a plantar incision model to demonstrate the 

presence of time- dependent guarding behaviors following plantar incision that involves 

skin, fascia and underlying muscle (29). Guarding behaviors were more modest in the 

absence of incision of muscle tissue suggesting a strong contribution of nociceptive 

afferents from this tissue in driving ongoing pain. Increased spontaneous activity of 

muscle nociceptors was observed one day after skin and deep tissue injury that returned 

to control levels by 7 days post- incision, corresponding to measures of guarding 

behaviors (29). These studies suggested a requirement for afferent drive from deep tissue 

in the generation of ongoing pain following incision injury. This conclusion appears 

consistent with the current behavioral observation of transient ongoing pain following 

CFA. Subcutaneous CFA produces an immune response in the connective tissue sheath 

that covers the muscle as well as within the muscle itself and this may therefore elicit 

spontaneous discharge and sensitization of muscle afferents (28). In our studies, 
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peripheral nerve block with infiltration of lidocaine within the popliteal fossa was 

demonstrated to produce CPP only in rats with hindpaw inflammation on post-injury day 

1. The demonstration of reward following pain relief by peripheral nerve block indicates 

that afferent drive, likely from deep muscle nociceptors, provides a significant and 

ongoing aversive stimulus. This aversive stimulus likely mimics the transient features of 

the inflammatory state associated with trauma, e.g., such as post-operative pain. 

Nerve block by local anesthetic injection upstream of tissue injury replicates routine 

clinical practice to produce relief of pain (43). It is important to note that CPP was 

observed following popliteal fossa lidocaine only in injured rats, supporting the 

conclusion that CFA elicits an aversive state of ongoing pain that is driven by primary 

afferent fibers, and that relief of such pain by nerve block is sufficient to elicit reward. 

Administration of lidocaine into the popliteal fossa was confirmed to produce an effective 

nerve block as demonstrated by thermal and mechanical response thresholds that were 

raised to near cut-off levels in both CFA and saline-treated rats. Demonstration of CPP 

by a peripheral manipulation such as nerve block has not previously been reported but 

this result would be predicted if there was negative reinforcement arising from relief of 

an ongoing aversive stimulus, in this case resulting from injury-induced increased in 

input from nociceptive afferent fibers. 

The TRPV1 receptor is a signal transduction channel primarily located on small to 

medium diameter primary afferent fibers that respond to noxious thermal stimulation and 

to acidic environments (44). This receptor has been demonstrated to play an important 
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role in inflammation injury induced evoked pain (33). Here, we produced prolonged 

desensitization of TRPV1 positive fibers using resiniferatoxin (RTX). Systemic 

administration of RTX has been demonstrated to induce long lasting insensitivity to 

thermal stimulation while leaving nociceptive mechanical thresholds unaltered(32, 45). 

Pretreatment with RTX eliminated responses to noxious thermal stimuli in CFA-treated 

rats consistent with previous observations in other injury models (27).   

In the present studies, CFA-induced ongoing pain was abolished by desensitization of 

TRPV1 positive afferent fibers following pretreatment with RTX. This result suggests 

that this subpopulation of nociceptive afferents is responsible for the aversive nature of 

ongoing pain following hindpaw inflammation. This conclusion is consistent with data 

from studies of incisional pain. Brennan and colleagues have shown that local infiltration, 

or perineural administration of capsaicin decreased guarding behaviors as well as afferent 

spontaneous activity supporting a requirement for TRPV1 positive fibers in ongoing pain 

resulting from plantar incision (46, 47). Consistent with these findings, RTX treatment 

blocked CFA-induced guarding behavior in rats. In contrast, selective blockade of the 

TRPV1 receptor with an antagonist failed to block guarding behavior induced by CFA. 

This is consistent with other reports demonstrating that selective blockade of the TRPV1 

receptor at a dose sufficient to block thermal hypersensitivity failed to block incision-

induced guarding behavior (48). Our studies are consistent with these conclusions in that 

blockade of the TRPV1 channel failed to block ongoing pain as revealed through the CPP 

paradigm. Here, CPP was elicited by peripheral nerve block regardless of blockade of the 

TRPV1 receptor. Thus, manipulations that selectively block function of TRPV1 positive 
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fibers are sufficient to block ongoing pain, guarding behavior, and thermal 

hypersensitivity whereas selective blockade of the TRPV1 channel alone is insufficient to 

block injury-induced ongoing pain. These data suggest that other, non-TRPV1 targets on 

TRPV1 positive fibers are mediating injury-induced ongoing pain. 

The current study demonstrates that injury induces a transient state of ongoing pain that is 

temporally and mechanistically distinct from evoked hypersensitivity. Detailed 

investigation of mechanisms driving ongoing versus evoked pain may prove essential in 

development of effective drugs targeting different aspects of clinically relevant pain. 

CFA induced ongoing pain is driven by afferent input, specifically TRPV1 positive 

nociceptive fibers. Thus, targeted disruption of injury-induced mediators driving this 

class of afferent fibers may prove important in providing effective pain relief for patients 

with ongoing acute pain associated with injury accompanied by inflammation as 

epitomized by pain at rest in early post-surgical periods. Such therapies would lack 

central effects associated with opioids, currently the most commonly used post-operative 

therapy. 
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CHAPTER 4 – ONGOING PAIN IN THE MONOIODOACETATE (MIA) MODEL 
OF OSTEOARTHRITIS 

INTRODUCTION 

 
Osteoarthritis (OA) is characterized by progressive loss of articular cartilage, new bone 

formation, and synovial proliferation that can result in pain, loss of joint function, and 

diminished quality of life (49). Pain is the key complaint for OA patients, is the driving 

factor for visiting a primary care physician, and is why many patients ultimately choose 

to undergo joint replace ment surgery (50). OA pain is often comprised of hyperalgesia, 

referred pain, and ongoing pain (pain at rest) (51). OA patients report pain that can be 

broadly characterized into 2 categories: (1) dull aching, throbbing pain that becomes 

more constant over time; and (2) shorter episodes of more intense or sharp pain, that 

become more frequent over time (50). Early OA pain is characterized by predictable 

sharp or other pain, usually brought on by a trigger, whereas advanced OA is 

characterized by constant dull/ aching pain that is punctuated by short episodes of often 

unpredictable intense pain (50). OA pain is primarily treated with lifestyle changes, 

followed by pharmacological interventions including acetaminophen, nonsteroidal 

antiinflammatory drugs (NSAIDs), topical agents, intraarticular injections (eg, steroids), 

and with nonpharmacological interventions, such as joint replacement, in cases where 

patients are not responsive to pharmacological therapy (52, 53). 

Injection of monosodium iodoacetate (MIA) into the intraarticular space of the knee is an 

established and well-characterized preclinical model of OA (54-56). Intraarticular MIA 
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elicits transient inflammation followed by joint destruction consistent with clinical OA 

(55, 56). Previous studies using this model have demonstrated that intraarticular MIA 

results in decreased weight bearing on the injured limb, movement-evoked pain, and 

hypersensitivity to acute application of noxious (hyperalgesia) and nonnoxious 

(allodynia) stimulation to the hind paw, suggesting referred pain (54, 57). We recently 

used a high dose of intraarticular MIA in an attempt to model advanced OA. Our studies 

showed that intrathecal clonidine produced place preference in rats treated 28 days earlier 

with 4.8 mg of intraarticular MIA, reflecting negative reinforcement associated with the 

relief of persistent ongoing pain (58). As pathological changes to the knee joint may 

result in ongoing activation of primary afferent nociceptors, we used this approach to 

explore whether peripheral nerve block would produce pain relief, that is, to reveal MIA-

induced ongoing pain, as well as determining whether lower doses of MIA would elicit 

ongoing pain. We further determined the potential effectiveness of diclofenac, an NSAID 

that is widely used clinically to treat pain and inflammation in arthritis (59) against MIA-

induced shifts in weight bearing and ongoing pain. 

Previous studies report that the transient receptor potential (TRP) cation channels, such as 

TRPV1 and TRPA1, are important transducers in evoked responses in models of 

inflammatory pain (33, 60-64) Blockade of TRPV1 has been shown to reverse MIA-

induced shift in weight bearing and diminished grip force (54). As TRPV1 and TRPA1 

antagonists are in clinical development potentially for OA, we also determined whether 

blockade of the TRPV1 or the TRPA1 receptors might play a role in MIA-induced 

ongoing pain. 
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MATERIALS AND METHODS 
 
ANIMALS 

 
Male Sprague-Dawley (Harlan Laboratories Inc, Indianapolis, IN, USA) rats weighing 

275–300 g were maintained on a 12-hour light/ dark cycle with food and water available 

ad libitum. All experiments were performed in accordance with the policies and 

recommendations of the International Association for the Study of Pain, National 

Institutes of Health, and the Institutional Animal Care and Use Committee of the 

University of Arizona. All behavioral experiments were performed by an experimenter 

blinded to the treatment conditions. 

INTRAARTICULAR INJECTION AND DRUG ADMINISTRATION 
 

Rats were anaesthetized with a 2% isoflurane O2 mixture and given a single intraarticular 

injection of MIA (Sigma-Aldrich, St. Louis, MO, USA) through the infra-patella 

ligament of the left knee at a dose of 1, 3, or 4.8 mg in 60 µL sterile saline. Control 

animals were given a single intraarticular injection of equivolume sterile saline. In order 

to produce an effective nerve block, lidocaine (Roxane Laboratories, Columbus, OH, 

USA) was administered in an intraarticular injection (4% w/v, 200 lL) in the ipsilateral 

knee. This volume of lidocaine is sufficient to fill the joint space and may additionally 

disperse to surrounding tissues. The TRPV1 receptor antagonist, AMG9810 (Tocris 

Bioscience, Minneapolis, MN, USA) was mixed in PEG400 administered systemically 

(30 mg/kg, intraperitoneal [i.p.]) at a dose previously demonstrated to effectively block 

complete Freund’s adjuvant (CFA)-induced thermal hyperalgesia (33). Diclofenac was 

mixed in PEG400/dH20 (30:70 v/v) and administered systemically (30 mg/kg, orally 
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[p.o.]), a dose previously demonstrated to effectively block MIA-induced reduction in 

grip force (54). The TRPA1 antagonist, HC 030031 (Tocris Bioscience) was dissolved in 

0.5% methylcellulose and administered systemically (100 mg/kg, p.o.). This dose has 

been shown to effectively attenuate mustard oil-induced paw lifting and CFA-induced 

mechanical hypersensitivity (51). Notably, higher doses of HC 030031 (300 mg/kg, p.o.) 

did not show greater efficacy (62). HC 030031 was also administered in an intraarticular 

injection at a dose of 200 µg dissolved in 100 µL dimethyl sulfoxide. 

BEHAVIORAL MEASURES OF EVOKED RESPONSES, WEIGHT BEARING, AND 
ONGOING PAIN 

 
All behavioral measures were performed 14 days post injection of MIA. Changes in hind 

paw weight distribution between the left (MIA) and right (contralateral) limbs were 

utilized as an index of joint discomfort in the MIA-treated knee. An incapacitance tester 

(Stoelting Co; Wood Dale, IL, USA) was employed for determination of hind paw weight 

distribution. Rats were placed in an angled plexi- glass chamber positioned so that each 

hind paw rested on a separate force plate. The force exerted by each hind limb (measured 

in grams) is averaged over a 5-second period. Each data point is the mean of 5 readings. 

The data are normalized as percent injured/ noninjured weight bearing, such that 

sensitivity on the injured side is indicated by values <100%; equal weight distribution is 

indicated by 100%. 

The method of Hargreaves et al. (34) was used to assess paw withdrawal latency to a 

thermal nociceptive stimulus. Rats were allowed to acclimate within a plexiglass 

enclosure on a clear glass plate maintained at 30 °C for 30 minutes. A radiant heat source 
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(ie, high-intensity projector lamp) was directed onto the plantar surface of the left hind 

paw. A motion detector halted both lamp and timer when the paw was withdrawn. The 

paw-withdrawal latency from the radiant heat source was determined both before and 

after drug or vehicle administration. Baseline latencies were established at 20 seconds to 

allow a sufficient window for the detection of possible hyperalgesia. A maximal cutoff of 

30 seconds was used to prevent tissue damage. 

The conditioned place preference (CPP) assay has been used extensively to study reward 

(22). Treatments that are rewarding (eg, cocaine) elicit positive reinforcement so that 

when they are paired with a specific context, animals are motivated to seek that context. 

As a result, animals will increase the time spent in a context paired with a treatment that 

is positively reinforcing com- pared to a neutral (eg, vehicle)-paired chamber. Aversive 

states, such as ongoing pain, also produce motivational drive. Thus, removal of an 

aversive state elicits negative reinforcement that can reveal the presence of ongoing pain 

(19). Pain relief is a form of negative reinforcement that produces motivational drive that 

can be detected using CPP. Previous work has demonstrated that clinically effective 

analgesics that are not positively reinforcing agents will produce negative reinforcement 

selectively in the setting of tissue injury, revealing the presence of ongoing pain (19, 58). 

This approach was employed here to detect ongoing pain 2 weeks after injection of MIA. 

A 3-chambered box was used to record behaviors. The box consisted of 2 end chambers 

(10 3/8” W x 8 1/8” D x 13 1/8” H) with distinct visual, tactile, and odor cues as 

previously described (19). The third, central chamber (6 1/ 4” W x 8 1/8” D x 13 1/8” H) 

was well lit and had gray walls. For the 3-day preconditioning phase, rats were placed in 
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the center chamber and allowed free access to all 3 chambers for 15 minutes. On day 3, 

time spent in each chamber was recorded to verify no preconditioning chamber bias. In 

the morning of day 4, rats received vehicle and were restricted to one of the chambers for 

30 minutes. Rats were returned to their home cages, and 4 hours later they received drug 

treatment(s) and were restricted to the opposite chamber for 30 minutes. The chamber 

assignments for conditioning were counterbalanced. On day 5 the rats were allowed free 

access to all chambers for 15 minutes and the total time spent in each chamber was 

recorded. If ongoing pain is present, then treatments that produce pain relief (e.g., 

peripheral nerve block) are expected to result in more time in the chamber paired with the 

treatment and correspondingly less time in the alternate chamber. Importantly, such 

effects should occur selectively in animals with injury, revealing the presence of an 

aversive state that likely reflects pain. 

DRUG ADMINISTRATION PROTOCOLS FOR CPP 
 
INTRAARTICULAR LIDOCAINE (PERIPHERAL NERVE BLOCK) 

 
All rats underwent a 3-day habituation, in which rats were placed in the CPP boxes with 

access to all chambers for 30 minutes per day. Preconditioning (baseline) time spent in 

each of the boxes was re- corded for 15 minutes on day 3. The following day, all rats 

received intraarticular saline and were placed immediately (within 2 minutes) into the 

appropriate chamber for 30 minutes. Four hours later, all rats received intraarticular 

lidocaine and were placed immediately into the opposite chamber for 30 minutes. Testing 

occurred the following day (D5), wherein the rats were placed drug-free into the CPP 

boxes with access to all chambers for 15 minutes. 
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SYSTEMIC DICLOFENAC 
 

All rats underwent the 3-day habituation, and preconditioning (baseline) time spent in 

each of the boxes was recorded on day 3. The following day, all rats received sys- temic 

administration of vehicle (PEG400/dH20 [30:70 v/v], p.o.), followed 45 minutes later 

with intraarticular saline and immediate placement into the appropriate chamber. Four 

hours later, all rats received systemic administration of diclofenac (30 mg/kg, p.o.), fol- 

lowed 45 minutes later with intraarticular lidocaine and immedi- ate placement into the 

opposite chamber. Control rats received treatment with vehicle (PEG400/dH20 

[30:70v/v], p.o.) during the afternoon session, followed by intraarticular lidocaine 45 

minutes later. Testing occurred the following day (D5), wherein the rats were placed 

drug-free into the CPP boxes with access to all chambers for 15 minutes. Preference to 

intraarticular lidocaine in the presence of diclofenac indicates the presence of ongoing 

pain (ie, the failure of the diclofenac to block such pain). 

SYSTEMIC TRPV1 ANTAGONIST 

 
All rats underwent the 3-day habituation, and preconditioning (baseline) time spent in 

each of the boxes was recorded on day 3. The following day, all rats re- ceived systemic 

administration of vehicle (PEG400, i.p.), followed 30 minutes later with intraarticular 

saline and immediate place- ment into the appropriate chamber. Four hours later, all rats 

re- ceived systemic administration of the TRPV1 receptor antagonist AMG9810 (30 

mg/kg, i.p.), followed 30 minutes later with intra-articular lidocaine and immediate 

placement into the opposite chamber. Testing occurred the following day (D5), wherein 
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the rats were placed drug-free into the CPP boxes with access to all chambers for 15 

minutes. Preference to intraarticular lidocaine in the presence of TRPV1 blockade 

indicates the presence of ongoing pain (i.e., the failure of the TRPV1 antagonist to block 

such pain). 

SYSTEMIC TRPA1 ANTAGONIST 
 

All rats underwent the 3-day habituation, and preconditioning (baseline) time spent in 

each of the boxes was recorded on day 3. The following day, all rats received systemic 

administration of vehicle (0.5% methylcellulose, p.o.), followed 60 minutes later with 

intraarticular saline and immediate placement into the appropriate chamber. Four hours 

later, all rats received systemic administration of the TRPA1 receptor antagonist HC 

030031 (100 mg/kg, p.o.), followed 60 minutes later with intraarticular lidocaine and 

immediate placement into the opposite chamber. Testing occurred the following day 

(D5), where- in the rats were placed drug-free into the CPP boxes with access to all 

chambers for 15 minutes. Preference to intraarticular lidocaine in the presence of TRPA1 

blockade indicates the presence of ongoing pain (i.e., the failure of the TRPA1 antagonist 

to block such pain). 

INTRAARTICULAR TRPA1 ANTAGONIST 
 

All rats underwent a 3-day habituation, in which rats were placed in the CPP boxes with 

access to all chambers for 30 minutes per day. Preconditioning (baseline) time spent in 

each of the boxes was recorded for 15 minutes on day 3. The following day, all rats 

received intraarticular saline (100 µL) and were placed immediately (within 2 minutes) 
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into the appropriate chamber for 30 minutes. Four hours later, all rats received 

intraarticular TRPA1 receptor antagonist HC 030031 (200 µg) and were placed 

immediately into the opposite chamber for 30 minutes. Testing occurred the following 

day (D5), wherein the rats were placed drug-free into the CPP boxes with access to all 

chambers for 15 minutes. 

RADIOGRAPHIC IMAGING AND HISTOLOGY 
 

One day after behavioral testing (D15 post-MIA), rats were lightly anesthetized with 

ketamine/xylazine (64 mg/kg, i.p.) and radiographic images of the knee joint were 

captured by a digital camera (Faxitron X-ray Corporation; Lincolnshire, IL, USA). 

Following radiographic imaging, rats were euthanized, and joints dissected for visual 

inspection of cartilage erosion. Separate groups of animals were sacrificed at day 14 post 

treatment with MIA or saline. Legs were fixed in 10% neutral buffered formalin for 24 

hours and were decalcified (Decalcifier 1, Surgipath; Leica Microsystems Inc, Buffalo 

Grove, IL, USA) for 48 hours. The joints were embedded in paraffin in the frontal plane 

and 8- lm slices were taken at the center of the joint space. Toluidine blue (0.04%) 

staining was performed, and the amount of cartilage lining the medial femorotibial joint 

was analyzed by calculating the area using ImageJ software. 

DATA ANALYSIS 
 

Within each treatment group, post administration means were compared with the baseline 

values by analysis of variance, followed by post hoc analysis of least significant 

difference for multiple comparisons. A probability level of 0.05 was used to establish 
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significance. For conditioned place pairing, the effects of injury and conditioning 

chamber were analyzed by a 2-way analysis of variance. Bonferroni t-tests were used for 

post hoc analysis of pre-conditioning (BL) vs post conditioning values within each 

treatment group. Pairwise t-test was used to analyze the difference scores that were 

calculated as post conditioning (test) – preconditioning (BL) time spent in the drug-paired 

chamber. 

RESULTS 
 
MIA-INDUCED LOSS OF CARTILAGE AND JOINT DEGENERATION 
 

Intraarticular injection of 1, 3, or 4.8 mg of MIA produced an apparent dose-dependent 

increase in the amount of cartilage lost from the medial femorotibial joint compared to 

saline-treated animals (P < 0.05, compared to saline). The 4.8 mg dose of MIA resulted in 

similar loss of cartilage as the 3 mg dose in 3 animals. However, in other animals (n = 2), 

the 4.8 mg dose resulted in complete destruction of the articular cartilage (Fig. 1A). 

Intraarticular injection of 1, 3, or 4.8 mg of MIA induced time- and dose-dependent joint 

degeneration, as indicated by diminished space between the femoral and tibial bones 

compared to control bones (Fig. 1B). Arrows indicate joint degeneration characterized by 

osteolysis of the lateral and femoral condyles as compared to controls at all doses, with 

rough edges apparent on the femur and tibial bones indicative of bone lysis and swelling, 

as previously demonstrated (56).  
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Figure 1 

 

 

MIA-INDUCED SHIFT IN WEIGHT BEARING AND ONGOING PAIN 
 

At day 14 post intraarticular injection of MIA, a significant decrease in weight bearing on 

the injured hind limb was detected at all doses of MIA (Fig. 2A, P < 0.0001). 

Intraarticular administration of lidocaine (4% w/v, 200 µL) reversed the MIA (4.8 mg)-

induced shift in weight bearing, with a peak effect observed within 20 minutes (Fig. 2B; 

P < 0.05 compared to post MIA). 

We determined whether local nerve block with administration of lidocaine (4% w/v, 200 

µL) into the intraarticular space and surrounding tissues induced CPP 14 days after MIA 
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injection. Pre-conditioning time spent in the saline- vs lidocaine-paired chambers did not 

differ between groups (P > 0.05); therefore, these data were pooled for graphical 

representation (Fig. 2C). Rats treated with the 4.8 mg dose of MIA showed CPP for the 

intraarticular lidocaine-paired chamber, as indicated by a significant increase in time 

spent in the paired chamber compared to preconditioning values (P < 0.05). In contrast, 

lidocaine failed to produce CPP in rats treated with the 1- or 3-mg doses of MIA.  

Lidocaine also failed to produce CPP in the control rats that had received intraarticular 

saline injection instead of MIA. Difference scores confirm that intraarticular lidocaine 

produced CPP only in rats treated with the 4.8 mg dose of MIA (Fig. 2D, P < 0.05). 

Intraarticular injection of the same dose of lidocaine into the contralateral knee joint 

failed to produce CPP in rats treated with 4.8 mg of MIA, indicating that intraarticular 

lidocaine produced local and not systemic effects (Fig. 2E). Comparison of difference 

scores (test-BL) for time spent in the lidocaine-paired chamber confirmed that only MIA 

rats treated with ipsilateral lidocaine showed significantly increased time spent in the 

lidocaine-paired chamber (Fig. 2F, P < 0.05). 
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Figure 2 

 

SYSTEMIC DICLOFENAC BLOCKS MIA-INDUCED SHIFT IN WEIGHT 
BEARING, BUT NOT ONGOING PAIN 

 
Intraarticular injection of 4.8 mg of MIA induced a significant shift in weight bearing 

away from the MIA-treated hind limb when evaluated at day 14 post MIA (Fig. 3A). 
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Systemic administration of diclofenac (30 mg/kg, p.o.) fully reversed the MIA-induced 

shift in weight bearing within 30minutes, an effect that persisted throughout the 2-hour 

testing period. 

We determined whether intraarticular lidocaine produced place preference in rats treated 

with the same dose of diclofenac, and over the same time period that reversed MIA-

induced changes in weight bearing. Preconditioning time spent in the saline vs lidocaine-

paired chambers did not differ between groups (P > 0.05); therefore, these data were 

pooled for graphical representation (Fig. 3B). Intraarticular injection of lidocaine 

produced CPP in both the vehicle- and the diclofenac-treated groups (Fig. 3B). 

Importantly, difference from baseline scores confirmed that intraarticular lidocaine 

produced equivalent preference irrespective of diclofenac treatment (Fig. 3C, P < 0.01 vs 

intraarticular saline [saline i.a.]), indicating that the diclofenac failed to block MIA-

induced ongoing pain. 

Figure 3 

 

 

 

 

 

Figure 0-4 
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SYSTEMIC TRPV1 ANTAGONIST BLOCKS MIA-INDUCED EVOKED, BUT NOT 
ONGOING PAIN 

 
Intraarticular MIA injection induced thermal hyperalgesia evident at postinjection day 14. 

Consistent with previous reports, thermal hyperalgesia was fully reversed by the TRPV1 

antagonist (AMG9810, 30 mg/kg, i.p.) within 15–30 minutes (Fig. 4A, P < 0.05 vs 

predrug). The antihyperalgesic effects of the TRPV1 antagonist dissipated within 120 

minutes post administration. Systemic administration of the AMG9810 (30 mg/kg, i.p.) 

partially blocked the MIA-induced shift in weight bearing at the 3-mg dose, but not at the 

4.8-mg dose of MIA (Fig. 4B). 

We determined whether pretreatment with the TRPV1 receptor antagonist at the same 

dose that effectively blocked thermal hyperalgesia in the MIA rats was sufficient to block 

the preference elicited by intraarticular lidocaine. On conditioning day, rats received 

systemic administration of the AMG9810 (30 mg/kg, i.p.) 30 minutes before 

administration of the intraarticular lidocaine and placement into the pairing chamber. 

Rats pretreated with the TRPV1 receptor antagonist demonstrated equivalent CPP to the 

intraarticular lidocaine-paired chamber as the animals that had not received the antagonist 

(Fig. 4C, P < 0.01 vs BL). Importantly, difference from baseline scores demonstrated that 

intraarticular lidocaine produced equivalent preference irrespective of TRPV1 antagonist 

treatment (Fig. 4D, P < 0.01 vs saline i.a.), indicating that the TRPV1 antagonist did not 

eliminate MIA-induced ongoing pain. 
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Figure 4 

 

SYSTEMIC AND SITE-SPECIFIC TRPA1 ANTAGONIST ATTENUATES 
MUSTARD OIL-INDUCED PAW LIFTING, BUT FAILS TO BLOCK THE MIA-
INDUCED SHIFT IN WEIGHT BEARING OR ONGOING PAIN 

 
Systemic administration of the TRPA1 antagonist (HC030031, 100 mg/kg, p.o.) 

significantly attenuated mustard oil (AITC, 1%)-induced paw lifting behavior 1 hour after 

administration (Fig. 5A, P < 0.01), consistent with previous reports [13]. We determined 

whether this dose of the TRPA1 antagonist reverses MIA-induced shift in weight bearing 

or blocks ongoing pain. Systemic administration of TRPA1 antagonist (100 mg/kg, p.o) 

failed to reverse the MIA-induced shift in weight bearing throughout the 2-hour 

observation period (Fig. 5B, P > 0.05). Systemic administration of the TRPA1 antagonist 

(100 mg/kg, p.o.) failed to block place preference elicited by intraarticular lidocaine (Fig. 
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5C, P < 0.05 vs BL). Difference scores confirm that lidocaine produced equivalent 

preference in the group that received the antagonist and the vehicle-treated group (Fig. 

5D, P < 0.05). This indicates that systemic TRPA1 antagonist does not block MIA-

induced ongoing pain. 

We also investigated whether intraarticular administration of the TRPA1 antagonist 

blocks MIA-induced shift in weight bearing or ongoing pain. Direct injection of TRPA1 

antagonist (200 µg/ 100 µL) into the hind paw 5 minutes before injection of mustard oil 

attenuated paw-lifting behavior (Fig. 6A, P < 0.05). An intraarticular injection of the 

same dose of TRPA1 antagonist failed to block the MIA-induced shift in weight bearing 

(Fig. 6B). An intraarticular injection of TRPA1 also failed to elicit CPP in MIA-treated 

rats (Fig. 6C); no effects were observed in rats treated with saline. These results indicate 

that local blockade of the TRPA1 receptor at the site of injury does not provide relief 

from MIA-induced ongoing pain. 
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Figure 5  
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Figure 6 

 

DISCUSSION 
 

The disease processes that lead to the structural changes and pain associated with OA are 

complex and poorly understood. Intra-articular MIA injection in rats induces synovitis 

lasting through 3 days post injection that is followed by thinning of articular cartilage and 

subsequent lesion of subchondral bone at days 8–14 and onwards (55). Numerous studies 
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have demonstrated that MIA in rodents produces behaviors that might be relevant to pain 

experienced by OA patients, including a shift in weight bearing, hyperalgesia, and 

referred pain measured as decreased paw withdrawal thresholds to evoked stimuli (54-56, 

65). However, mechanistic evaluation of ongoing pain, such as that experienced at rest by 

patients with advanced OA (50) has not previously been possible. Here, we show that: (1) 

MIA at the highest dose tested (4.8 mg), but not at lower doses, induces ongoing pain that 

is driven by afferent input from the injured joint; (2) diclofenac, an NSAID effective 

against mild OA pain, but not advanced OA pain in patients, blocks MIA-induced shifts 

in weight bearing but does not block ongoing pain; and (3) blockade of TRPV1 or 

TRPA1 channels under the conditions used in this study do not block weight bearing 

associated with high dose MIA or ongoing pain. 

Ipsilateral intraarticular lidocaine induced CPP selectively in high-dose MIA, but not 

saline-pretreated rats, suggesting relief of ongoing pain. Importantly, intraarticular 

lidocaine given in the contralateral knee did not elicit CPP in rats with high-dose MIA, 

suggesting that effects observed with ipsilateral lidocaine were the result of local 

blockade of afferent drive. Intraarticular lidocaine, however, did not induce CPP when 

lower MIA doses were used. This result suggests that these doses of MIA either do not 

elicit ongoing pain, or do not establish a sufficiently aversive state if some level of 

ongoing pain is present that can be detected with place preference from pain relief. MIA 

induced long-term, ongoing damage to the knee joint that appeared to be dose related. 

Loss of cartilage was observed at all MIA doses, with almost complete destruction of the 

articular surface seen at the highest dose. 
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Sensitization of afferents has been demonstrated following MIA (66, 67), and could lead 

to enhanced mechanosensation reflected as allodynia, hyperalgesia, and shift in weight 

bearing (54, 56, 57, 65-67). The present study used higher doses of MIA than normally 

evaluated to model advanced OA and resulted in ongoing pain that might reflect nerve 

damage. Peripheral nerve block produces relief of pain in OA patients (68). Additionally, 

many patients show improvement in their pain after joint replacement, supporting the 

likelihood that pain in OA can be driven from the joint (69). Consistent with pain arising 

from the site of injury, our data show that peripheral nerve block produced a reversal of 

weight bearing as well as CPP (70-72). Whether such ongoing pain results from nerve 

damage is not known, as it is also possible that ongoing pain might reflect enhanced 

activation of sensitized afferent fibers resulting from movement. Previous studies, 

however, have not demonstrated changes in locomotor activity in MIA-treated animals, 

and the shift in weight bearing suggests a protective behavior that would diminish the 

influence of movement-evoked pain. 

Systemic administration of diclofenac did not prevent intraarticular lidocaine-induced 

CPP, suggesting a failure of this NSAID to block MIA-induced ongoing pain. At the 

same dose, diclofenac fully blocked the MIA-induced shift in weight bearing, indicating 

that this dose was effective in ameliorating some aspects of MIA- induced pain. The 

ineffectiveness of diclofenac on MIA-induced ongoing pain is consistent with the 

ineffectiveness of NSAIDs, such as diclofenac, in patients with advanced OA-induced 

pain who often have intractable pain and must undergo joint replacement (52, 53, 59). 

The primary mechanism of action of diclofenac’s antiinflammatory, antipyretic, and 
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analgesic action is an inhibition of prostaglandin synthesis through inhibition of the 

cyclooxygenase (COX)-1 and COX-2 enzymes (73). Our data suggest that the 

antiinflammatory effects of diclofenac are not sufficient to block MIA-induced ongoing 

pain at a dose sufficient to block MIA-induced shift in weight bearing. Structural 

pathology following MIA appears time dependent, with early inflammation (e.g., 3 days 

post administration) that diminishes with time, while ATF-3, a nerve-injury marker, is 

observed at later time points (days 8–14 post MIA) (55). Consistent with this sequence, 

antiinflammatory drugs show improved blockade of MIA-induced mechanical and tactile 

hypersensitivity, as well as weight bearing, at early time points following MIA injection 

(day 3), compared to later time points (day 14 or later) (55, 56) Notably, agents such as 

gabapentin and amitriptyline effectively blocked MIA-induced weight-bearing 

asymmetry at later time points (50, 58, 59) suggesting the possibility of a potential 

neuropathic pain component (55, 65). 

The role of specific transducers in OA pain is not well understood. The TRPV1 channel 

has been implicated as a potential target for treatment of OA pain, and upregulation of 

TRPV1 has been observed in neurons innervating the knee following MIA injection [15]. 

Further, selective blockade of the TRPV1 receptor with ABT- 102, a selective TRPV1 

antagonist, was demonstrated to block shift in weight bearing and diminished grip force 

following injection of 3 mg of MIA (54). We therefore investigated possible effects of 

TRPV1 blockade in MIA-induced ongoing pain. In these experiments, we used 

AMG9810 to block the TRPV1 receptor so that MIA-induced thermal hypersensitivity 

was fully reversed, suggesting that the dose used was sufficient to engage this target. This 
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dose of AMG9810 also reversed the shift in weight bearing induced by 3 mg of MIA. 

Unlike diclofenac, however, this dose of AMG 9810 was insufficient to reverse the shift 

in weight bearing observed in animals treated with the 4.8-mg dose. The effect of 

blocking TRPV1 on MIA-induced ongoing pain was examined by administration of the 

same dose of AMG9810, followed by intraarticular lidocaine at a time point at which full 

reversal of the MIA-induced thermal hyperalgesia is observed. If MIA-induced ongoing 

pain was blocked by the TRPV1 antagonist, then no CPP should result from intraarticular 

lidocaine. However, AMG 9810 had no effect on CPP induced by intraarticular lidocaine. 

These findings suggest that while the TRPV1 receptor may contribute to heat and 

mechanical hypersensitivity following MIA, blockade of this channel is insufficient to 

modulate the aversive state associated with MIA-induced ongoing pain. Notably, a recent 

preliminary report indicated no difference between a TRPV1 antagonist and placebo in 

NSAID-resistant OA pain patients. Collectively, the data suggest that TRPV1 blockade 

might be effective against mild to moderate, but not in advanced OA. This possibility will 

require further experimentation with TRPV1 antagonists that may have different 

characteristics, as well as with different administration schedules that could involve 

repeated dosing. 

Previous studies suggest that TRPA1 mediates nerve injury- and inflammation-induced 

mechanical allodynia (62-64) suggesting this channel as a potentially attractive target for 

OA pain. Consistent with previous studies, systemic administration of the TRPA1 

antagonist HC 030031 (100 mg/kg, p.o.) attenuated mustard oil-induced paw lifting 

measured 1 hour post administration (62). In our studies, this dose of HC 030031 failed 
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to reverse the MIA-induced shift in weight bearing or to block intraarticular lidocaine-

induced CPP (ie, did not block ongoing pain). In addition, local administration of the HC 

030031 into the intraarticular space failed to block MIA-induced shift in weight bearing 

and additionally, did not elicit CPP, indicating a failure to block ongoing pain following 

local administration. Notably, this dose given into the hind paw effectively blocked 

mustard oil-induced foot lifting, suggesting that this dose is capable of engaging the 

target. Collectively, these data suggest that blocking TRPA1 does not block ongoing pain 

induced by MIA. Recently it was shown that blockade of TRPA1 reduces the evoked 

responses of wide dynamic range neurons to high-intensity stimulation, but did not 

reduce the spontaneous firing of wide dynamic range neurons in the MIA model (3 mg) 

(74). This observation is consistent with our findings and suggests that blocking TRPA1 

may not provide sufficient relief from ongoing pain in this preclinical model of advanced 

OA pain. 

In summary, our data suggest that MIA can produce ongoing pain and that such pain is 

likely to be driven from the injury site. MIA-induced ongoing pain was resistant to 

diclofenac, suggesting relevance to patients with advanced OA disease. Selective 

blockade of TRPV1 or TRPA1 receptors under the conditions of this study was also 

insufficient to block advanced MIA-induced ongoing pain, indicating that MIA-induced 

pathological changes might drive ongoing pain in a TRPV1- and TRPA1-independent 

manner. The effective blockade of ongoing pain by lidocaine administration at the site of 

injury indicates that determining the pathological changes and the molecular mechanisms 

driving afferent input within the injured joint may allow the identification of novel 
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peripheral targets that may be appropriate for drug development. Development of 

peripherally restricted drugs that block ongoing afferent drive might provide pain 

management with better efficacy, diminished side effects, and better safety profiles 

across long-term administration required for most patients with OA than currently 

available medications, and help to avoid eventual joint replacement. 
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CHAPTER 5 - CONTRIBUTION OF AFFERENT FIBERS TO NERVE INJURY 
INDUCED ONGOING PAIN 

 

INTRODUCTION 

 
Neuropathic pain is a maladaptive disease that occurs due to injury or damage of the 

somatosensory system (1). It is maladaptive in that it is neither protective nor does it 

promote the healing process. Lesion of the peripheral nervous system sometimes, but not 

always, elicits neuropathic pain causing changes both in the peripheral and central 

nervous systems. Neuropathic pain patients frequently suffer from spontaneous pain that 

they describe as “burning” (1, 2). In addition, some patients also experience allodynia, 

which occurs when a normally innocuous stimulus is perceived as painful. After initiation 

of neuropathic pain the sensory hypersensitivity and spontaneous pain may persist long 

after the initial cause has abated. A feature of neuropathic pain is that there pain that does 

not require an external stimulus. One proposed mechanism for spontaneous neuropathic 

pain is ectopic activity in primary afferent fibers (75, 76). It has been suggested that 

following damage to peripheral nerves spontaneous activity is generated at multiple sites 

including at the neuroma, the cell bodies of injured peripheral neurons, and adjacent 

afferents that are intact (75, 76). It has also been suggested that ectopic activity also 

occurs in low threshold Aβ fibers and that collectively, increased afferent inputs can 

result in a process of central sensitization (3, 76). There are conflicting data in the 

literature, and whether spontaneous pain results from activity in injured or injured fibers 

remains unresolved. Furthermore, whether axotomy induces spontaneous pain or simply 

produces numbness is unknown because denervation prevents evaluation of evoked 
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responses. Our laboratory has used the CPP paradigm to show that spinal nerve ligation 

(SNL) produces spontaneous pain. In addition, inactivation of the rostral ventromedial 

medulla (RVM) with lidocaine induced CPP suggesting that blocking descending 

facilitation relieves nerve injury induced spontaneous pain. Here, we employed similar 

methods to investigate whether partial or complete axotomy elicits spontaneous pain. 

As noted above, resiniferatoxin (RTX) is an ultrapotent TRPV1 receptor agonist that 

results in desensitization of TRPV1 expressing fibers (32). TRPV1 is selectively 

expressed on C fibers and Aδ fibers (77). Previously it was shown that administration of 

RTX abolishes nerve injury induced thermal hyperalgesia, however it has no effect on 

tactile hypersensitivity (32). Consistent with this data, one hypothesis is that nerve injury-

induced allodynia is driven by innocuous touch sensing Aβ fibers, whereas the ongoing 

burning pain is mediated primarily by C fibers. Here we use CPP coupled with RTX 

administration to investigate the relative contribution of TRPV1 expressing afferents to 

nerve injury induced spontaneous pain.  

 

MATERIALS AND METHODS 
 
ANIMALS AND SURGICAL PROCEDURES 

 
Male Sprague-dawley rats rats were obtained from Harlan, and maintained on a 12:00 

hour light dark cycle. Animals were anesthetized with ketamine-xylazine and placed in 

the stereotaxic apparatus where they underwent bilateral cannulation of the RVM. Two 

26 gauge cannulas that are separated by 1.2mm were directed to the following 

coordinates: anterior-posterior -11mm from bregma , lateral +- .6mm, and dorsoventral -
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7.5mm from the dura. A separate group of animals underwent intrathecal catheterization 

under isoflurane anesthesia as described previously (30). 

 

Partial or complete sciatic axotomy was performed.  The sciatic nerve was exposed and 

sectioned proximal to the bifurcation into the tibial and peroneal divisions and removing 

part of the nerve to prevent regeneration (5-10mm segment). This resulted in partial 

denvervation of the hindpaw, leaving in place the innervation of the saphenous nerve.  

Other groups of animals received complete hindpaw denervation consisting of sciatic 

axotomy performed at the same time with axotomy of the saphenous nerve. 

 

DRUG ADMINISTRATION 
 

Spinal drug administration was performed by injection of 5 µL of either saline or 10 µg 

clonidine in 5 µL of saline followed by a 9 µL saline flush. Drug administration into the 

RVM was performed by slowly injecting 0.5 µL of saline or lidocaine (4% w/v) through 

a 33 gauge injector protruding an additional 1mm from the tip of the cannula. RTX was 

administered at a dose of 0.1mg/kg, i.p.. It was dissolved in 99.1% saline, 0.3% Tween 

80, and 0.6% Ethanol (used as a vehicle control).  

 

CONDITIONED PLACE PREFERENCE 
 

Starting 8 days post nerve injury rats underwent the 5 day single trial CPP procedure as 

previously described (19).  Rats were habituated to the chambers on days 1 and 2 and on 

day 3 they were again allowed free access to all chambers, however the amount of time 
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spent in each chamber was recorded. Rats underwent conditioning on day 4, where they 

received an injection of vehicle in the morning and four hours later they received either 

RVM lidocaine or intrathecal clonidine. On day 5 rats were again allowed free access to 

all chambers and the time spent in each chamber was recorded.  

 

RESULTS 
 

Rats with sciatic axotomy, but not shams, exhibited CPP for intrathecal clonidine (Fig 

1A, p<.05). The difference scores confirm CPP to intrathecal clonidine in rats with partial 

axotomy, but not in sham rats indicating that partial axotomy elicits spontaneous pain. 

This spontaneous pain may be due to firing of injured nerves, or due to spontaneous 

activation of adjacent, uninjured fibers. 
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Figure 1 
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Rats that underwent complete hindpaw denervation by severing both the sciatic and 

saphenous nerves demonstrated CPP to an injection of lidocaine into the RVM (Fig 2A, 

p<.05). Previously in our lab we demonstrated that inactivation of the RVM elicits CPP 

in rats with SNL likely due to blockade of descending facilitation. Sham rats did not 

show CPP for RVM lidocaine suggesting that it is rewarding only in the presence of 

spontaneous pain. These data indicate that both partial and complete axotomy induces 

spontaneous pain. The number of chamber crossings for axotomized rats were not 

significantly different from sham operated rats indicating that axotomy did not reduce the 

rats ability to explore the chambers.  Conditioning occurred 8 days post-axotomy, prior to 

any observable autotomy (self-mutilation) behaviors. There has been considerable debate 

about whether autotomy behaviors suggest spontaneous pain. Since autotomy began after 

the conditioning session this suggests that spontaneous pain is present prior to observable 

autotomy behaviors indicating that autotomy behavior may not be reflecting pain. The 
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complete axotomy data suggest that nerve-injury induced spontaneous pain can be driven 

by injured nerve fibers with completely severed axons. 

 

    
 
 

Figure 2 
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Consistent with previous work, RVM lidocaine elicited CPP in rats that were treated with 

the vehicle for RTX (Fig A, p<.01). In contrast, pretreatment with RTX 3 days prior to 

habituation (6 days prior to conditioning) completely blocked RVM lidocaine induced 

CPP in rats with SNL suggesting that SNL induced spontaneous pain is mediated by 

TRPV1 positive fibers. Sham operated rats did not show CPP for RVM lidocaine 

indicating that this treatment is only rewarding in the presence of pain.  
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Figure 3 
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DISCUSSION 

 
Peripheral nerve injury elicits enhanced excitability and ectopic discharge in afferent 

fibers. The ectopic discharge hypothesis indicates that impulse activity in injured primary 

afferent fibers may A) produce spontaneous pain, and B) induce central sensitization (76) 

(78). It is widely agreed upon that injury of peripheral nerves is the most likely generator 

of changes in the central nervous system (3, 76). However, there is considerable debate 

about the types of afferent fibers that drive ongoing pain in response to peripheral nerve 

injury. The majority of ectopic discharge that is observed in animal models of neuropathy 

occurs in Aβ fibers (79), which normally respond to low threshold touch and vibration. 

Therefore, one hypothesis is that following injury ectopic discharge within Aβ fibers that 

normally signal low threshold touch sensation may produce spontaneous pain. Many 

studies suggest that tactile allodynia is due to Aβ fibers (3). This could be due to a 

“phenotypic switch” in which the properties and expression of Aβ fibers change such that 
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they resemble pain fibers and may acquire properties that contribute to pain (80). It has 

also been suggested that the exaggerated response to innocuous stimuli may be due to 

central sensitization stemming from activation of C fibers that increases the excitability 

of the post-synaptic targets in the spinal cord (80). The onset of spontaneous activity 

following traumatic neuropathy closely mirrors the time of induction of tactile allodynia 

(76). Furthermore, during the first week after injury the majority of spontaneous ectopic 

discharge occurs in Aβ fibers (76). This evidence suggests that Aβ fibers may mediate 

spontaneous pain following nerve injury. Although it is delayed compared to ectopic 

discharge in Aβ fibers, spontaneous activity in unmyelinated C fibers has been 

demonstrated after sciatic nerve axotomy (81). We used RTX to determine whether nerve 

injury induced spontaneous pain is driven by TRPV1 expressing afferent fibers. TRPV1 

is primarily expressed on nociceptive C fibers Aδ fibers. Desensitization of TRPV1 

positive fibers abolished nerve injury induced spontaneous pain. These data indicate that 

TRPV1 expressing afferent fibers are crucial for spontaneous pain induced by SNL. One 

of the most common complaints of patients suffering from neuropathic pain is 

spontaneous pain that they describe as “burning”. Our data coupled with this description 

indicate that this burning sensation is likely driven by TRPV1 expressing C fibers. In 

support of this, it was shown that in patients with chronic neuralgia that compression of 

the radial nerve resulted in blockade of Aβ and Aδ fibers and this inhibited brush-evoked 

pain but had no effect on ongoing pain (82). It has also been shown that systemic RTX 

completely reverses thermal hyperalgesia, however it has no effect on tactile allodynia 

(32). This supports the hypothesis that the fibers that mediate spontaneous pain and 



 72

thermal hyperalgesia are distinct from those that elicit tactile allodynia. The development 

of therapeutics that reduce the excitability of TRPV1 positive afferents may be effective 

treatments for spontaneous neuropathic pain.  

 

Pain due to axotomy has been challenging to demonstrate because evoked 

hypersensitivity either cannot be measured or is exceptionally difficult to measure. In 

addition, the autotomy (self-mutilation) behaviors that occur following axotomy may 

suggest pain, or they may occur due to the lack of sensation that is innervated by the 

axotomized fibers. Here we have conclusively demonstrated that axotomy induces 

spontaneous pain. Whether spontaneous pain following axotomy or nerve injury is due to 

activity in injured fibers, uninjured fibers, or uninjured but abnormal fibers has been the 

subject of much debate in the literature and is currently unclear. For example, partial 

nerve injury results in increased activity in injured Aβ fibers, but such activity is not 

prominent in injured nociceptive C fibers (76). However, these injuries result in an 

increase in ectopic discharge in adjacent, uninjured C fibers (83). Clinical reports suggest 

that injured fibers can drive pain because stimulation of a neuroma consistently elicits 

pain and performing a local nerve block alleviates both ongoing pain and hyperalgesia 

(84, 85). In addition, spontaneous activity has been demonstrated in animal neuroma 

models in injured afferent fibers (76). Our data with the complete hindpaw denervation 

suggest that axotomy induces spontaneous pain and that this pain is driven by injured 

nerves. Importantly, the complete axotomy experiment excludes the possibility that pain 

is resulting from tactile stimulation received while in the CPP chamber.  Coupled with 
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the results in the SNL model with RTX our data indicate that spontaneous neuropathic 

pain A) can be driven by injured nerve fibers, and B) is likely elicited by TRPV1 positive 

afferents. However, it is possible that in the SNL model there is a contribution of injured 

or adjacent but abnormal fibers to spontaneous pain and that these fibers express TRPV1. 

An additional experiment in which RTX is administered to rats with complete axotomy 

would determine whether injured TRPV1 expressing fibers are capable of eliciting 

spontaneous pain.   

 

We previously demonstrated that blockade of TRPV1 was insufficient to provide relief 

from ongoing pain in models of inflammatory and osteoarthritis pain. However, 

administration of RTX abolished ongoing pain in a model of inflammatory pain and 

neuropathic pain indicating that mechanisms that contribute to overall activity of afferent 

fibers may be useful the development of therapeutics for multiple pain states. Receptors 

that have been shown to be co-expressed with TRPV1 on sensory afferents and have been 

implicated in mediating pain include TRPA1, and PAR2 (86, 87). It has been shown that 

TRPA1 is activated by noxious chemical irritants, noxious cold temperature, and 

mechanical stimulation suggesting that TRPA1 may have a diverse role in mediating 

nociception (88). Although blockade of TRPA1 failed to alleviate ongoing pain in the 

osteoarthritis model, it is possible that blockade of both TRPV1 and TRPA1 would 

sufficiently reduce afferent activation resulting in diminished pain. It is also possible that 

blockade of TRPV1 and TRPA1 could act synergistically. There is experimental evidence 

in support of this idea as a TRPV1 antagonist was administered along with a TRPA1 
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antagonist and these compounds acted synergistically to diminish pain behaviors in a 

model of pancreatitis pain (89). Additional support for interactions between TRPV1 and 

TRPA1 stems from an in vitro study showing that the features of neuronal TRPA1 cells 

are not replicated in CHO cells that express solely TRPA1, however these features are 

maintained when TRPV1 and TRPA1 are coexpressed in CHO cells (90). Proteinase 

activated receptor 2 (PAR2) is also coexpressed with TRPV1 and TRPA1 (86, 87). PAR2 

is a GPCR that is activated by proteinases that cleave the receptors and then the cleaved 

receptor is able to bind to a ligand domain that remains tethered on the outside of the cell. 

Experimental evidence indicates that the PAR2 receptor agonists trypsin and tryptase 

exert widespread pro-inflammatory effects that could be based at least in part by a 

neurogenic mechanism of CGRP and substance P release in peripheral tissues (91). It has 

also been demonstrated that PAR2 agonists sensitize DRG neurons (92). In addition to 

the pro-inflammatory effects it has been shown that sub-inflammatory doses of PAR2 

agonists administered in the hind paw induces mechanical and thermal hyperalgesia 

suggesting a role for PAR2 in pain transmission (93). More recently a role for PAR2 in 

sensitizing both TRPV1 and TRPA1 via activation of PAR2 and subsequent activation of 

PLC was  demonstrated (86, 87). This suggests that targeting PAR2 may be a novel 

strategy for reducing excitability in TRPV1 expressing afferents by inhibiting 

sensitization of both TRPV1 and TRPA1. Further investigation into the mechanisms that 

promote excitability of TRPV1 expressing afferents and the targets that are co-expressed 

or interact with TRPV1 to drive pain could reveal new targets that may act synergistically 
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or that modulate the effects of multiple channels that mediate pain. Identification of these 

targets should enhance drug discovery efforts for multiple pain states. 
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CHAPTER 6 - ONGOING PAIN IN THE PLANTAR INCISION MODEL AND 
PAIN AFFECT WITHIN THE ROSTRAL ANTERIOR CINGULATE CORTEX 

 

INTRODUCTION 

 
Post-operative pain is a form of acute pain due to trauma or injury following a surgical 

procedure. Post-operative pain can be extremely detrimental to the patient and may 

contribute to a plethora of negative consequences.  These include an increased stress 

response due to inflammation as well as endocrine-metabolic events that can promote 

morbidity, organ dysfunction, or mortality (94). In addition, the pain can cause the patient 

to remain still thereby increasing the likelihood for venous thrombosis, muscle wasting, 

urinary retention, urinary retetion (94). Currently, many patients receive inadequate 

treatment for post-operative pain leading to increased likelihood of morbidity or 

mortality. Current treatments for post-operative pain include NSAIDS, local nerve block, 

and opioids. Opioids are effective, however they are accompanied by numerous 

unwanted side effects including sedation, respiratory depression, hypotension, nausea, 

and bradykinesia. Post-operative pain elicits both primary and secondary hyperalgesia, 

however many patients report that ongoing pain, or pain that is experienced even at rest is 

the most debilitating symptom in the early post-operative period (95, 96). Current data 

suggest that local afferent blockade with anesthetics if they can be appropriately 

delivered in light of the surgery are the most effective analgesics for post-operative pain 

indicating that treatments aimed at reducing the excitability of afferent fibers may be 

effective treatments for post-operative pain.   
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Plantar incision of the hindpaw is a commonly used preclinical model of post-operative 

pain. Plantar incision induces both mechanical allodynia as well at thermal hyperalgesia 

(95). Tactile and thermal hypersensitivity persists for several days following incision and 

this mirrors the time course observed in the clinic. In addition, incision elicits guarding 

behavior that may reflect ongoing pain. Guarding behavior peaks 2 hours after surgery 

and diminishes over several days. Plantar incision also causes an increase in spontaneous 

activity in nociceptive afferents (Aδ and C fibers) compared to sham operated animals 

(29). This is a potential mechanism that may drive ongoing pain following incision. 

These data suggest that plantar incision may produce hypersensitivity to evoked stimuli 

as well as ongoing pain, however whether this model elicits ongoing pain has not been 

conclusively demonstrated. Here, we use the CPP paradigm to explore whether plantar 

incision elicits ongoing pain. 

 

Pain is a complex experience that includes both a sensory-discriminative and an 

affective-motivational component. Pain is distinctive from other experiences because the 

affective feature of pain is negative, aversive, and unpleasant. However, while the 

mechanisms that drive the sensory features of pain have been studied extensively, the 

mechanisms that elicit the unpleasant aspect of pain are poorly understood. 

Understanding the mechanisms and neural circuits that mediate the affective “suffering” 

component of pain may yield new targets for the treatment of pain.  
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The rostral anterior cingulate cortex (rACC) has been implicated in the negative affective 

dimension of pain.  There are projections from the medial thalamus to the rACC that 

relay signals following application of noxious stimuli. This pathway was elucidated by 

electrophysiology and anatomy experiments in rats as well as imaging studies in humans 

(6). It has been shown that under hypnotic suggestion of increased unpleasantness during 

application of a noxious stimulus the unpleasantness rating of the patient can be altered 

and these ratings correlate with the amount of activity within the rACC (97). 

Furthermore, patients having undergone cingulotomy report that they can detect and 

distinguish noxious stimuli, however it is not as bothersome as it was before (98). 

Preclinical studies have demonstrated that chemical lesion of the rACC completely 

blocks conditioned place avoidance (CPA) to intraplantar injection of formalin 

suggesting that the rACC is required for the aversive aspect of pain (11). Our laboratory 

has shown that chemical lesion of the rACC prior to conditioning abolishes CPP to pain 

relieving treatments in the SNL model indicating that the suffering component of pain 

had been eliminated and therefore there was no aversive state to provide relief from when 

the analgesic treatment was administered (99). It has also been shown that administration 

of a nonspecific ionotropic glutamate receptor antagonist into the rACC attenuates CPA 

to formalin, and injection of a nonspecific ionotropic glutamate receptor agonist produces 

CPA in the absence of injury (10). These data suggest that activation of the rACC may 

drive pain-induced unpleasantness and that activation of the rACC elicits an aversive, or 

unpleasant state. Based on these observations, we investigated whether producing 

inhibition in the rACC would attenuate pain-related aversion and whether clinically 



 79

relevant treatments for pain may act to directly alleviate pain-induced unpleasantness 

within the rACC.  

 

MATERIALS AND METHODS 
 
SURGERY AND BEHAVIOR 

 
Plantar incision of the hind paw was performed by making a 1 cm longitudinal incision 

through the skin and the plantar flexor digitorum brevis muscle starting 0.5 cm proximal 

from the heel. Bilateral cannula were directed to the rACC (from bregma: AP +2.6 mm, 

DV -1.6 mm, and ML +/-0.6mm) 1 week prior to behavioral testing. CPP testing was 

performed as described previously except that the habituation period was eliminated 

because more rats are retained at baseline when baseline testing occurs on day 1. This is 

likely due to increased exploratory behavior on day 1 because of the novelty of the 

apparatus. Noxious radiant heat (Hargreaves method) was used to evaluate thermal 

hypersensitivity at the same time points. 

 

DRUGS 
 

Morphine sulfate was dissolved in saline and administered in the rACC at a dose of 20 µg 

in 0.5 µl. Muscimol was dissolved in saline and administered at a dose of 0.05 µg in 0.5 

µl. Lidocaine (4%) was administered at a volume of 200 µl in the popliteal fossa and 

0.5µl in the rACC. WIN55212-2 was first dissolved in DMSO and the final solution 

volume was 10% DMSO, 10% ethanol, and 80% saline. WIN55212-2 was administered 

at a dose of 10 µg in 0.5 µl.  
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RESULTS 
 

Plantar incision induced thermal hyperalgesia that was greatest 1 day post-incision, but 

remained significant at the 4 day time point (Figure 1A, p<.05 compared to baseline).  

Incision also induced guarding behavior that was significant compared to baseline 1 day, 

but not 4 days post-incision (Figure 1B, p<.05 compared to baseline). Administration of 

lidocaine in the popliteal fossa produced CPP 1 day, but not 4 days post incision (Figure 

1C, p<.05 compared to pre-conditioning). The difference scores confirm increased time 

spent in the chamber that was paired with popliteal fossa lidocaine 1 day, but not 4 days 

post-incision (Figure 1D). Importantly, popliteal fossa lidocaine failed to induce CPP in 

sham-operated rats suggesting that it produces CPP by blocking noxious peripheral input 

rather than an intrinsically rewarding mechanism.  
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Figure 1 

 

 
Administration of morphine (20 µg) in the rACC elicited CPP 1 day after incision (Figure 

2A, p<.05 compared to preconditioning). Morphine failed to elicit CPP in sham treated 

rats indicating that morphine is not rewarding when administered in the rACC. The 

difference scores confirm increased time spent in the chamber that was paired with rACC 

morphine 1 day following incision (Figure 2B). The same dose of morphine failed to 

attenuate thermal hyperalgesia (Figure 2C). These data demonstrate that the affective 

component of pain can be modulated without altering the sensory features of pain. 
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Figure 2 

 

Administration of .05 µg of muscimol in the rACC elicited CPP 1 day after incision 

(Figure 3A). Muscimol failed to elicit CPP in sham treated rats indicating that muscimol 

is not rewarding when administered in the rACC. The difference scores confirm 

increased time spent in the chamber that was paired with popliteal rACC morphine 1 day 

following incision (Figure 3B). The same dose of morphine failed to attenuate thermal 

hyperalgesia (Figure 3C). These data provide additional evidence that producing 

inhibition in the rACC can selectively modulate the negative affective component of 

pain. 
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Figure 3 

 

Administration of 10 µg of the CB1 agonist WIN55212-2 in the rACC elicited CPP 1 day 

after incision (Figure 4A, p<.05). The difference scores confirm increased time spent in 

the chamber that was paired with rACC WIN55212-2, 1 day following incision (Figure 

4B). This result corresponds with the previous data suggesting that analgesic may achieve 

pain relief at least in part through direction alleviation of pain-induced unpleasantness 

within the rACC. It is important to note that WIN55212-2 must be administered into the 

rACC of sham rats to control for rewarding effects of WIN55212-2. 
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Figure 4 
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Bilateral microinjection of morphine in the rACC and injection in the right rACC only 

produced CPP (Figure 5A, p<.05 compared to preconditioning). The difference scores 

demonstrate increased time spent in the chamber that was paired with rACC morphine as 

well as right rACC morphine only (Figure 5B). Our data suggest that pain induced 

unpleasantness is mediated by both the right and the left rACC and is not somatotopically 

organized like the primary somatosensory cortex. Administration of morphine into the 

left rACC should be done to confirm this hypothesis.  
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Figure 5 

 

DISCUSSION 
 

Popliteal fossa lidocaine induced CPP 1 day, but not 4 days following incision indicating 

that incision-induced ongoing pain is driven by activation of primary afferent fibers at the 

site of injury, and that incision induced ongoing pain is transient and has dissipated by the 

day 4 post-incision time point. Supporting this conclusion, we also show that guarding 

behavior is significantly elevated at the day 1 time point, but has diminished by day 4. 

Thermal hypersensitivity persists at the day 4 time point whereas ongoing pain has 

apparently abated at the same time point. Our data indicate a distinct time course for 

hypersensitivity to evoked stimuli versus ongoing pain. This conclusion is bolstered by 

clinical evidence suggesting that pain at rest is the greatest within the recovery room and 

during the first few days following surgery (100, 101). Furthermore, previously it was 

shown that the time course of spontaneous guarding behavior resolves by the 3 day time 

point, whereas tactile and thermal hypersensitivity persist until day 7 (29). Taken 

together, these data suggest that incision induced ongoing pain is transient, and that 
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ongoing pain at rest and hypersensitivity to evoked stimuli are mediated by different 

mechanisms.  

 

Research indicates that the ACC plays an integral part in affect, emotion and cognitive 

control (102). It has also been implicated in initiation, and motivation that drive goal-

directed behaviors (9). Many studies indicate that the rostral ACC plays a key role in the 

negative affective component of pain (11). For instance, it has been shown that lesion of 

the rostral, but not caudal ACC blocks CPA to formalin (11). In addition, a plethora of 

imaging studies demonstrate that the rACC is activated in response to noxious stimuli 

(16, 97). Patients that underwent lesion of the ACC for intractable pain report that the 

pain is not as bothersome. This suggests that the ACC is crucial for the generation of pain 

related unpleasantness. These findings are supported by experiments performed in our lab 

demonstrating that lesion of the rACC with ibotenic acid blocks CPP to RVM lidocaine 

in the SNL model (99). In contrast, lesion of the rACC failed to alter either tactile or 

thermal hypersensitivity indicating that the rACC mediates the affective-motivational 

aspect of pain without altering the sensory component.  

 

Injuries can induce changes in pain processing that produce amplification of signaling. 

This process is referred to as central sensitization, and one of the mechanisms is thought 

to be synaptic long-term potentiation (3, 4). LTP has been demonstrated in the spinal cord 

as well as in the rACC in response to nerve injury (103). Recently it was demonstrated 

that the constitutively active protein kinase isoform Mζ (PKMζ) is necessary and 
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sufficient for the maintenance of LTP (104). PKMζ sustains LTP by maintaining post-

synaptic AMPA receptors (105). Previously our lab showed that in the SNL model 

central sensitization mediated by PKMς in the rACC sustains spontaneous neuropathic 

pain, but not tactile allodynia (106). In addition, blockade of PKMς in the spinal cord 

reversed tactile allodynia, but failed to block spontaneous pain. These data indicate that 

the pain induced aversive state is maintained by PKMς dependent LTP within the rACC. 

 

Microinjection of morphine in the rACC produces CPP 1 day, but not 4 days following 

incision. Administration of morphine in the rACC fails to elicit CPP in sham-operated 

rats.  In addition, rACC morphine fails to alter thermal hyperalgesia 1 day post-incision. 

These findings suggest that producing inhibition in the rACC directly alleviates the 

negative affective component of pain without altering the detection of noxious stimuli by 

peripheral afferent fibers. This indicates that morphine achieves its analgesic effects at 

least in part by direct alleviation of pain-induced unpleasantness within the rACC and 

provides additional evidence that the rACC mediates the affective aspect of pain. This 

result underscores the need for an assay to assess whether or not the animals “feel better” 

in response to an analgesic treatment. The most clinically relevant question is whether the 

suffering, or unpleasant component of pain is ameliorated by the treatment, and this 

cannot be captured by measuring responses to evoked stimuli. Microinjection of 

muscimol in the rACC produced CPP selectively in rats that were 1 day removed from 

incision, but failed to attenuate thermal hypersensitivity at the same time point. 

Activation of CB1 has been shown to attenuate pain related behaviors in rats across 
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multiple pain models (107, 108). Moreover, clinical reports from patients that have 

smoked cannabis suggest that activation of CB1 produces analgesia in humans (109). The 

CB1 receptor agonist WIN 55212-2 also elicited CPP when administered into the rACC. 

We have shown that producing inhibition in the rACC via 3 distinct mechanisms all 

produce CPP. These results reiterate that using solely reflexive withdrawal methods is 

insufficient to capture the most relevant question and that an assay that evaluates the 

affective dimension of pain should also be employed to ensure that treatments are 

effectively alleviating pain.  

 

Noxious input from afferent fibers projects to the dorsal horn of the spinal cord where it 

is relayed to second order neurons that project to various sites within the brain stem as 

well as to the thalamus. The cerebral structures involved in pain processing are frequently 

divided into a medial and lateral pain system (6). Third order neurons within the lateral 

thalamus project to the primary somatosensory cortex. The primary somatosensory cortex 

(S1) has been implicated in mediating the sensory-discriminative component of pain. 

This includes determining the location, duration, and intensity of the stimulus. The S1 is 

somatotopically organized, meaning that specific areas of the S1 are activated in response 

to particular parts of the body. This is in contrast to the rACC, which is not 

somatotopically organized and is thought to mediate the affective-motivational, but not 

the sensory component of pain (6, 9-11). Administration of morphine in the right rACC 

produced CPP that was statistically significant, but diminished compared to the CPP 

elicited by bilateral morphine administration. This supports the idea that the rACC is not 
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somatotopically organized and that it produces the experience of the affective dimension 

of pain rather than localization of the stimulus. Therefore, it is likely that administration 

of morphine into the left rACC would also induce CPP.  Previously it was demonstrated 

that bilateral lesion of the S1HL markedly attenuated tactile allodynia in a model of 

inflammatory pain, but did not alter place escape/avoidance behavior in response to 

mechanical stimulation of the ipsilateral limb (110). This suggests that the S1 primarily 

mediates the sensory aspects of pain, but does not contribute to the negative affective 

component of pain. It has also been demonstrated that a patient with ischemic lesion of 

both the S1 and S2 exhibited severe deficits in the sensory-discriminative component of 

pain, but maintained the negative affective component (12). 

 

Here we have shown that the ongoing pain can be diminished either by directly 

alleviating pain related aversion within the rACC or by blocking noxious peripheral 

input. It is likely that the projections from the medial thalamus to the rACC are activating 

the rACC and maintaining pain related aversion. Taken together, our data suggest that A) 

the rACC contributes to the affective component of pain, but not tactile allodynia and B) 

targets directed at alleviating the affective component of pain in the brain or inhibiting 

noxious peripheral input may have utility for the treatment of pain. 
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CHAPTER 7 - PAIN RELIEF IS REWARDING 
 

INTRODUCTION 

 
We have demonstrated CPP to clinically proven pain relieving treatments selectively in 

rats with injury in models of inflammatory pain, osteoarthritis, and neuropathic pain. 

Therefore, it is not the injury state that matters. The key feature that is common among 

these models is that ongoing pain produces an aversive state and that removing this state 

of unpleasantness is likely to produce a return to homeostatis, something that can be 

interpreted as a “reward”. An extension of this hypothesis is that pain relief may be 

activating the reward circuitry.  

 

The classic reward pathway is the mesolimbic dopamine pathway. This pathway is 

comprised of dopaminergic projections from the ventral tegmental area (VTA) to the 

nucleus accumbens (NAc) shell, which is part of the ventral striatum. Extensive research 

on the reinforcing and addictive properties of drugs of abuse have established that these 

drugs exert their effects, at least in part, by increasing the amount of dopamine released 

into the NAc shell (111-113). Then dopamine acts on both D1 and D2 receptors within 

the NAc shell to elicit reward (114). For instance, both cocaine and amphetamines block 

the dopamine reuptake transporters resulting in an increase in the amount of dopamine in 

the NAc shell. Opioids also produce an increase of dopamine in the NAc shell, but they 

act by a different mechanism. Multiple studies suggest that opioids achieve their 

rewarding effects indirectly by activating µ-opioid receptors that are expressed on 
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GABAergic interneurons in the VTA (115). These interneurons tonically suppress the 

dopaminergic neurons and when they are inhibited this allows the dopaminergic neurons 

to fire and release dopamine in the NAc. However, opioids may also act within the NAc 

to influence dopamine release. This is supported by studies showing that blockade of µ-

opioid receptors either in the VTA or the NAc attenuates heroin self-administration 

(111).  It has also been shown that self-administration of nicotine is blocked by either 

lesion of dopaminergic neurons projecting to the NAc or by administration of D1 or D2 

receptor antagonists indicating that nicotine elicits reward through activation of 

dopaminergic neurons leading to activation of D1 or D2 receptors in the NAc (116). Both 

the D1 and D2 receptors have been implicated in mediating reward as administration of 

antagonists for D1 or D2 has been shown to attenuate the rewarding effects of many 

drugs of abuse (114). 

 

Appetitive rewards such as eating also activate the mesolimbic dopamine pathway. It has 

been shown that administration of a µ-opioid receptor antagonist into the VTA attenuates 

food consumption (117). It has also been demonstrated that administration of µ-opioid 

receptor agonists (including endogenous agonists) into either the VTA or the NAc 

produces an increase in food intake (118). These studies suggest that appetitive rewards 

may be dependent upon the release of endogenous opioids acting within the VTA or NAc 

to enhance dopamine release in the NAc.  
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Pain relief as a potential reward has not been mechanistically investigated. It is possible 

that the mechanisms of pain relief induced reward are similar to those of other naturally 

occurring rewards such as eating. However, naturally occurring rewards as well as drugs 

of abuse are examples of positive reinforcement, whereas pain relief is a form of negative 

reinforcement. This fundamental difference implies that the mechanisms that drive pain 

relief induced reward may be distinct from positively reinforcing rewards. Here we 

investigated whether the VTA and the NAc shell are required for the experience of 

reward in response to pain relief and whether pain relief induced reward is dependent 

upon endogenous opioids acting within the VTA. 

 

MATERIALS AND METHODS 
 
SURGERY AND BEHAVIOR 

 
Plantar incision of the hind paw was performed by making a 1 cm longitudinal incision 

through the skin and the plantar flexor digitorum brevis muscle starting 0.5 cm proximal 

from the heel. Bilateral cannula were directed to the following coordinates: rACC (from 

bregma: AP +2.6 mm, DV -1.6 mm, and ML +/-0.6mm), VTA (from bregma: AP -5.8 

mm, DV -7.2 mm, and ML +/-0.6mm), or NAc (from bregma: AP +1.7 mm, DV – 6.5 

mm, and ML +/-1mm) 1 week prior to behavioral testing. These coordinates position the 

cannula 1mm above the final injection site (injector protrudes 1mm passed the end of the 

cannula).  CPP testing was performed as described in the previous chapter with all 

conditioning occurring 1 day following incision. Microinjection into the VTA or the NAc 

was performed 10 minutes prior to popliteal fossa or rACC microinjection and the rats 
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were placed immediately in the chamber following the second injection. NAc or VTA 

administrations were made prior to pain relieving treatments to ensure that the reward site 

is inactivation prior to the experience of pain relief.  

 
DRUGS 

 
Morphine sulfate was dissolved in saline and administered in the rACC at a dose of 20 µg 

in 0.5µl. Lidocaine (4%) was administered at a volume of 200 µl in the popliteal fossa 

and 0.5 µl in the VTA and NAc. Naloxone HCl was dissolved in saline and administered 

at a dose of 3 µg in 0.5 µl.  

 

RESULTS 
 

Microinjection of lidocaine into the VTA blocked CPP to popliteal fossa lidocaine 24 

hours post-incision (Figure 1A, P<.05 for VTA saline). The difference score confirms 

CPP in the animals treated with VTA saline, but not VTA lidocaine. Importantly, 

administration of lidocaine into the VTA failed to induce CPA suggesting that 

inactivation of the VTA is not aversive (Figure 1C). This result suggests that the VTA is 

required for pan relief induced reward and supports the idea that pain relief may activate 

the reward circuitry. 
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Figure 1 
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Microinjection of naloxone (3µg) into the VTA failed to block CPP to popliteal fossa 

lidocaine 24 hours post-incision (Figure 2A, P<.05 for VTA saline, and VTA naloxone). 

The difference score confirms CPP in the animals treated with either VTA saline or VTA 

lidocaine. Administration of naloxone into the VTA failed to induce CPA indicating that 

blockade of µ-opioid receptors does not induce aversion (Figure 2C). Our data suggest 

that pain relief induced reward may be mediated by distinct mechanisms compared to 

positively reinforcing rewards.  

 

Figure 2 
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Microinjection of lidocaine into the NAc blocked CPP to popliteal fossa lidocaine 24 

hours post-incision (Figure 3A, P<.05 for NAc saline). The difference score demonstrates 

CPP in the animals treated with NAc saline, but not NAc lidocaine (3B). This indicates 

that pain relief induced reward requires the NAc and suggests that pain relief may elicit 

reward by activating the mesolimbic dopamine pathway. 

 

Figure 3 

NAc lidocaine blocks popliteal fossa lidocaine induced CPP
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Microinjection of lidocaine into the NAc occluded CPP to ACC morphine 24 hours post-

incision (Figure 4A, P<.05 for NAc saline). The difference score confirm CPP in the 

animals treated with NAc saline, but not NAc lidocaine (4B). This result demonstrates 

that pain relief achieved by directly attenuating pain related aversion requires the NAc 

and suggests that pain relief may activate the reward circuitry via the same mechanisms 

regardless of the way in which it is produced. 
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Figure 4 

NAc lidocaine blocks ACC morphine induced  CPP
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DISCUSSION 
 

Inactivation of the VTA blocked CPP to popliteal fossa lidocaine 1 day post-incision. 

Importantly administration of lidocaine in the absence of popliteal fossa lidocaine  failed 

to produce CPA 1 day following incision. This result indicates that the VTA is required 

for pain relief induced reward and that the mesolimbic dopamine pathway may drive pain 

relief induced reward. Furthermore, inactivation of the NAc shell also blocked CPP to 

popliteal fossa lidocaine 1 day post-incision. However, an additional control is required 

in which the NAc is inactivated with lidocaine in the absence of popliteal fossa lidocaine 

to determine whether inactivation of the NAc is aversive. Our data indicate that both of 

these structures are necessary for the experience of reward stemming from pain relief and 

imply that the mesolimbic dopamine pathway that produces other types of reward may 

also drive pain relief induced reward. 
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Endogenous opioids acting within the VTA are thought to mediate feeding behavior as 

administration of µ-opioid receptor antagonists in the VTA inhibits feeding behavior 

whereas administration of µ-opioid receptor agonists in the VTA increases feeding (118). 

In addition, administration of µ-opioid receptor antagonists into the VTA attenuates self-

administration as well as CPP to rewarding drugs such as cocaine. However, 

administration of naloxone into the VTA failed to block CPP to popliteal fossa lidocaine. 

This indicates that pain relief induced reward is not produced by endogenous opioids 

acting to disinhibit dopaminergic neurons within the VTA. This is an important finding as 

it suggests that pain relief elicits reward through a different mechanism than appetitive 

rewards and rewarding drugs. It is likely that there is another endogenous mediator that 

could be released into the VTA to trigger activation of dopaminergic projections to the 

NAc. One possible candidate are the endogenous cannabinoids. It is known that the CB1 

receptor is expressed on GABAergic interneurons within the VTA (119). Furthermore, it 

has been shown that administration of THC as well as other cannabinoid agonists results 

in an increase in neuronal firing rate within the VTA (120, 121). It has also been shown 

that intravenous administration of THC causes an increase in dopamine in the NAc using 

microdialysis (122). Finally, injection of the synthetic cannabinoid receptor agonist 

WIN55212-2 also increases NAc dopamine levels and administration of the CB1 receptor 

specific antagonist SR141716A blocked this effect indicating that the increase in 

dopamine in the NAc results from activation of the CB1 receptor (123). Additional 

experiments are necessary to determine whether pain relief induced reward is driven by 

endogenous cannabinoids, or other mediators within the VTA. 
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Inactivation of the NAc shell also blocked CPP to microinjection of ACC morphine 1 day 

following incision. Taken together with the previous data, these results suggest that pain 

relief elicits reward through mechanisms that require the NAc shell regardless of the way 

in which pain relief is achieved. Additional experiments exploring whether the VTA is 

also required for pain relief in response to direct alleviation of pain related 

unpleasantness within the ACC as well as other sites are necessary to determine whether 

all forms of pain relief activate the reward circuitry through the same mechanism. 

Furthermore, understanding the intersection between brain regions that produce pain 

affect and sites that mediate reward will be paramount in elucidating how a reduction in 

pain related aversion culminates in activation of the reward pathway. This pathway is 

likely to be quite complex as it must integrate the termination of noxious peripheral input 

with a decrease in activity in sites that elicit pain related aversion and these sites must 

then activate regions that produce reward. Understanding how this occurs may glean new 

targets for the treatment of pain within regions that mediate affective component of pain 

and it may generate incite as to why people with chronic pain frequently suffer from 

anhedonia.  
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CHAPTER 8 – GENERAL DISCUSSION 
 

Pain and pleasure have been conceptualized as opponent processes that produce 

motivation that drives behavior. We have used the principle of negative reinforcement to 

reveal ongoing pain in multiple distinct pain models. The unifying feature across these 

models is that tonic pain induces an aversive state, and provides motivation to escape 

from this state. Relief of pain is known to be pleasurable in humans and reduction or 

removal of pain induced unpleasantness will produce motivated behavior in animals that 

reveals the presence of ongoing pain and allows for mechanistic study. This concept is 

supported by the experiments within the rACC showing that directly reducing pain affect 

is rewarding. Our data demonstrate that pain induced unpleasantness can be ameliorated 

without affecting the sensory aspects of pain. This finding could be important for drug 

discovery and underscores the need for assays that assess the most clinically relevant 

question, which is whether the analgesic treatment actually makes the rats feel better. In 

other words, does the treatment decrease pain induced suffering? This question cannot be 

answered by measuring hypersensitivity to evoked stimuli as it requires an assay that 

captures the affective dimension of pain. 

 

Our data indicate that pain relief may elicit reward through activation of dopaminergic 

projections from the VTA to the NAc shell, a circuit that is also activated by drugs of 

abuse as well as appetitive rewards.  These results are supported by imaging studies 

suggesting that pain relief is rewarding in humans and that the NAc is activated in 

response to offset of a noxious stimulus (124). Pain relief may produce reward through 
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similar brain structures as positively reinforcing rewards, however the data with naloxone 

suggest distinct molecular mediators for pain relief induced reward as blocking µ-opioid 

receptors within the VTA can attenuate the rewarding effects of appetitive rewards and 

drugs of abuse.  Pain relief induced reward may be dependent upon a reduction in pain 

related unpleasantness rather than an addition of something that feels good. This 

difference suggests that the mechanisms that elicit reward due to pain relief may be 

different from other types of rewards. Determining how a reduction in noxious peripheral 

input results in a decrease in pain affect and subsequently activates the reward system 

may reveal novel targets for alleviating the affective component of pain.  

 

Pain and pleasure induce strong motivation that maintain our homeostasis and are 

paramount for survival.  Pain produces an aversive state that elicits motivation to escape 

from this state and to avoid experiencing it in the future. Conversely, appetitive rewards 

produce motivation directed at reaching positive outcomes that produce pleasure. Pain 

and pleasure have long been considered opposites and for many years it was thought that 

pleasure and pain were produced by different brain regions and had distinct mechanisms. 

However, recent research suggests that that pain and reward interact substantially with 

one another and may form the basis of our daily behaviors.  The “Motivation-Decision 

Model” suggests that pain and pleasure interact through positive and negative 

motivational systems. This model suggests that motivation is influenced by the specific 

magnitude and the timing of pleasant and painful experiences so that we can prioritize 

our actions based on what is more important for maintaining homeostasis and survival 
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(125, 126). Therefore, positive and negative motivational systems can act to inhibit one 

another. There is considerable evidence in support of this hypothesis indicating that 

experience of pain or pleasure modulates the experience of the other. For instance, 

pleasure-induced analgesia has been shown in response to pleasant odors, pictures, and 

highly palatable food (127-129). In addition, there is evidence that placebo analgesia is a 

form of reward expectation suggesting that even the anticipation of pleasure can inhibit 

pain (130). Conversely, it has been shown that pain reduces the consumption of highly 

palatable food suggesting that pain suppresses the reward circuitry (131). The idea that 

pain can suppress the reward circuitry is supported by findings indicating that there is 

significant comorbidity between chronic pain and depression (132, 133). Pain is more 

prevalent in a cohort of depressed patients and depression is more common in a cohort of 

pain patients than when these conditions are evaluated individually (133).  

 

Additionally, severe pain is associated with enhanced symptoms of depression 

(133).  One of the major symptoms of depression is that patients no longer enjoy 

everyday activities that used to be pleasurable (132). This experience is called anhedonia. 

One possible mechanism for anhedonia and comorbidity between pain and depression is 

that chronic pain can suppress the reward systems such that pleasant stimuli do not 

activate the reward pathways to the same extent.. It has been shown that rats with 

neuropathic pain have decreased sensitivity to the rewarding effects of morphine 

indicating that the reward system may be suppressed by chronic pain (134). Suppression 

of the reward system by chronic pain is also supported by a study showing that patients 



 103

with chronic back pain and complex regional pain syndrome have impaired decision-

making based on reward or punishment (135).  

 

Some drugs that are effective for depression are also effective for pain. The serotonin-

norepinephrine reuptake inhibitor duloxetine has been shown to be effective against 

depression and also decreased the scores on the VAS for patients with chronic back pain 

(136). Duloxetine has also proven efficacious for the treatment of several types of 

neuropathy (137). . The fact that some treatments are effective for both pain and 

depression indicate that the mechanisms that drive pain may be similar to those that 

promote anhedonia and depression.  Characterizing the specific interactions between the 

pain circuitry and the reward circuitry and determining how the reward system is affected 

by chronic pain could have a dramatic impact for the treatment of pain as well as 

psychological disorders. 

 

There is significant overlap between the brain regions that are thought to mediate pain 

and those that elicit reward. This suggests that the pain and reward circuitry likely have 

many opportunities to interact and modulate one another directly. Some of the cortical 

sites that have been implicated in both pain and pleasure include regions of the insular 

cortex, orbitofrontal cortex (OFC), and parts of the prefrontal cortex (PFC) (138). 

Imaging studies indicate that the insular cortex is activated by noxious stimulation and 

that activation of the insula is correlated with the intensity of the stimulus (139, 140). 

Patients with lesion of the insular cortex maintain the ability to detect noxious stimuli as 
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painful (141), however   they have difficulty in discerning the significance or meaning of 

the stimulus (142). Therefore, the insular cortex may mediate the sensory-discriminative 

features of pain as well as the cognitive and evaluative components. The insular cortex is 

activated by eating highly palatable food suggesting that it is also involved in processing 

appetitive reward (143). The OFC is activated by noxious stimuli as well as pleasant 

touch suggesting that it processes both pleasant and aversive somatosensory stimuli 

(144). The OFC is also activated by consumption of palatable food indicating that it 

contributes to reward processing (143). The PFC has been implicated in monetary reward 

and the rewarding effects of pleasurable music (145). Recent imaging experiments 

suggest that the PFC and the OFC are important for reward anticipation as well as 

expectation of pain (146, 147). These regions have all been implicated in processing pain 

and pleasure demonstrating that there is considerable overlap between the cortical 

processing of both pain and pleasure and that they are anatomically positioned to directly 

influence the experience of the other. 

 

Several subcortical structures appear to have substantial roles in the processing of pain 

and pleasure. Experimental evidence suggests that the VTA, NAc, the ventral pallidum 

(VP), and the amygdala contribute to both pain and pleasure (138). The VTA sends 

dopaminergic projections to the NAc, amygdala, VP, OFC, and PFC (111). The release of 

dopamine from the VTA has been implicated in reward, motivation, and reinforcement. 

In addition, activation of the VTA has been observed in humans immediately prior to 

application of pain and this occurred along with activation of the PAG (148). This 
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indicates that the VTA may modulate pain through anticipation that activates the 

descending pain modulatory system in the brainstem. The dopaminergic projections from 

the VTA to the NAc have been shown to be an essential part of the reward pathway. 

Release of dopamine in the NAc has been demonstrated in response to many rewarding 

drugs as well as appetitive rewards (111, 113). Imaging studies indicate that the NAc is 

inactivated following pain onset and activated in response to pain cessation (124). This 

suggests that the NAc may contribute to the pain experience as well as the pleasant 

experience of pain relief. The NAc shares reciprocal projections with the VTA, VP and 

the amygdala. Furthermore, the NAc receives direct input from the OFC and the PFC, 

providing a robust network of additional pathways through which pain and pleasure may 

interact. The VP has also been identified as a site that is important for reward processing. 

The VP has reciprocal projections with the NAc, VTA, amygdala, PFC, and OFC (149). 

Lesion of the VP has been shown to elicit failure to eat suggesting that the VP is required 

for either the motivation or pleasure that is produced by eating (149) . In addition, the VP 

is activated by noxious stimuli indicating that it may modulate the pain experience (138). 

The amygdala is part of the limbic system and is involved in many important processes 

including learning, memory, emotion, motivation, and both positive and negative 

affective states (150-152). Studies suggest a role for the amygdala in learning stimulus-

reward associations. For instance, lesion of the amygdala in primates produces severe 

impairment in multiple different measures of stimulus-reward learning (153-155). In 

addition, studies using selective satiation or coupling injection of lithium chloride with 

food ingestion to devalue the reinforcer demonstrate that primates with amygdala lesions 
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are insensitive to reward devaluation (150). This suggests that the amygdala is essential 

for learning and updating the current value of a reward. The central nucleus of the 

amygdala (CeA) receives nociceptive input and substantial evidence supports the idea 

that the amygdala is a key component of the affective-motivational and emotional aspects 

of pain (13). Synaptic plasticity in the CeA contributes to the affective component of pain 

(14). In addition, animal studies have consistently demonstrated that the amygdala is 

essential for learning and memory in fear conditioning paradigms supporting the concept 

that the amygdala mediates a diverse array of both positive and negative emotions (156) . 

The amygdala sends and receives projections to and from the PFC, OFC, NAc, and VP 

and receives dopaminergic input from the VTA allowing for modulation and integration 

of processing of multiple positive and negative affective states (14, 150). 

 

 Given the remarkable overlap between the neuroanatomy for pain and pleasure it may be 

challenging to tease apart the precise mechanisms by which relief of pain ultimately 

activates the reward system and the mechanisms that mediate the comorbidity between 

pain and depression. However, recent evidence has implicated several brain regions in 

anhedonia and suppression of the reward circuitry by pain is one of the principal 

hypotheses that could explain comorbidity between pain and depression. Imaging studies 

have demonstrated decreased activity within the ventral striatum (including NAc) that 

was correlated with the level of anhedonia as measured by response to positive stimuli  

(157). Another study demonstrated that when depressed patients are exposed to pictures 

depicting happy memories they exhibit decreased activity in the ventral striatum and 
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amygdala and that this decrease correlates with the level of anhedonia as measured by a 

subjective mood ratings questionnaire (158). The same group also showed that when 

depressed patients are exposed to pictures of happy memories they have enhanced 

activity within the vmPFC and that this is correlated with the severity of anhedonia (158). 

Literature indicates that the vmPFC plays a role in a plethora of different functions and 

that it is important for monitoring and assessing the value of stimuli and of responses to 

stimuli. It also suggests that the vmPFC is involved in expectation and the reaction to 

impending events (159). It has been proposed that the vmPFC serves as a center for 

integrating important information for survival from a diverse set of brain structures (159). 

It has also been suggested that the vmPFC functions to put the information in context and 

to discern the “meaning” of a situation as it relates to survival and well being both 

currently and in the future (159). Therefore, one hypothesis for the mechanism of 

anhedonia in depression is that the decreased activity within the NAc and amygdala 

reduces the motivation to obtain rewards and that the increased activity in the vmPFC 

occurs because the patient is paying more attention to pleasant stimuli in an attempt to 

improve their mood. Both the NAc and the amgydala receive dopaminergic input and are 

key players in mediating the motivation to obtain reward as well as in learning and 

updating stimulus-reward associations. Furthermore, both structures project reciprocally 

with the vmPFC and with each other supporting the idea that these structures interact 

with one another to elicit anhedonia. Although these structures have all been implicated 

in reward and in pain the amygdala is the only one that receives nociceptive input directly 

from the parabrachial nucleus, has been established as a key mediator of conditioned fear 
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responses, and is important for learning stimulus-reward associations (13, 14, 150). 

Based on the extensive functions of the amygdala in both positive and negative affective 

states abnormal function or processing within the amygdala due to nociceptive input is a 

likely mechanism that elicits anhedonia due to chronic pain. Understanding how chronic 

nociceptive input alters the function of the amygdala and the downstream effects of this 

on the function of the NAc and frontal cortical regions may yield novel targets for drug 

discovery for both chronic pain and for depression. 

Rewarding stimuli have a motivational component commonly thought of as “wanting” or 

the desire to obtain something pleasant (incentive salience) and a hedonic aspect or the 

“liking” of the experience. Similarly, pain has a motivational component driven by the 

desire to avoid or escape from pain and taking pain away has a “liking” or pleasurable 

component. It has been suggested that the motivational and hedonic aspects of reward can 

be dissociated by the neurotransmitter systems that mediate these effects and to an extent 

by the brain regions that mediate motivation versus hedonics. One hypothesis is that the 

hedonic aspect is mediated primarily by endogenous opioids, whereas the motivational 

component is mediated primarily by dopamine. Several hedonic “hotspots” that mediate 

the pleasurable component of reward have been identified. The NAc,VP, and OFC have 

been heavily implicated in mediating the pleasurable aspects of reward likely due to 

endogenous opioids. Administration of µ-opioid receptor agonists into the NAc 

potentiates intake of palatable food (160, 161). In contrast, administration of µ-opioid 

receptor antagonists attenuates food reward (162). In addition, the number of liking 

reactions to sucrose is dramatically increased by microinjection of the µ-opioid receptor 
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agonist in the VP (163). Lesions of the VP completely abolished liking reactions to 

sucrose suggesting that this region is essential for the pleasant or liking component of 

reward (164). It has also been shown that the increase in liking responses due to 

administration of opioids in the NAc is blocked by microinjection of naloxone in the VP, 

and administration of naloxone in the NAc blocks the increase in pleasure caused by 

opioids in the VP (163). This indicates that opioids act within the NAc and the VP to 

enhance pleasure and it appears that opioids must act at both sites to potentiate pleasure. 

Recent data suggests a substantial role for the OFC in mediating the hedonic experience 

as well. Human imaging studies show that the OFC is activated by tastes and odors that 

were rated as pleasant (143, 144). Furthermore, activity within the OFC is diminished due 

to the decrease in pleasure produced by eating food until satiated and this has been shown 

by both imaging and electrophysiology studies (143, 165). Endogenous opioid activity 

has been demonstrated in the OFC in response to expectation of pain relief (placebo 

analgesia) (146). Whether endogenous opioids are released in the OFC, NAc, or VP in 

response to pain relief has not been demonstrated. Overall there is considerable evidence 

suggesting that the hedonic aspects of reward are mediated by endogenous opioids acting 

in the OFC, NAc, and VP to elicit pleasure and it is possible that these regions may also 

produce pleasure due to relief of pain.  

 

The dopaminergic system has been widely implicated in mediating the motivation to 

obtain rewards and it has also been suggested that it is the “pleasure” neurotransmitter. 

This is based on observations that a wide array of rewarding stimuli activate 
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dopaminergic neurons from the VTA.  However, recent evidence indicates that although 

dopamine supplies the motivation to obtain rewards, it does not elicit the pleasure 

component. Studies using genetic manipulations to generate hyper-dopaminergic mice 

failed to enhance the pleasure of sweetness but did increase their motivation to obtain the 

reward and increased their resistance to distractions that would prevent them from 

acquiring it (166). Additional support for the role of dopamine as a motivator rather than 

a pleasure transmitter comes from studies that have demonstrated that either systemic 

amphetamine or injection directly into the NAc fails to increase liking reactions to 

pleasurable taste (167). Microinjection of amphetamine in the NAc also failed to elevate 

the firing rate of the VP in response to pleasurable taste (an unconditioned stimulus), 

whereas opioid administration in the NAc does increase VP firing in response to 

unconditioned administration of sucrose (168). The VP has been identified as a hedonic 

“hotspot” and the absence of increased firing in response to amphetamine in the NAc 

suggests that NAc dopamine levels do not elicit pleasure.  

 

Consistent with the idea that dopamine mediates motivation, release of dopamine in the 

NAc, amygdala, and OFC have all been implicated in enhanced motivation to obtain 

rewards. For instance, rats self-administer cocaine into the NAc, and PFC, indicating that 

dopamine release in these areas elicits motivation that reinforces the behavior (169). 

Moreover, it has been demonstrated that activation of D1 and D2 receptors within the 

OFC is necessary for instrumental learning behavior and motivation to obtain reward in 

the rat (170). A role in motivation elicited by dopamine in the amygdala is supported by 
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studies showing that in vivo dopamine levels in the amygdala contribute to self-

administration behavior and it has also been shown that the CeA can modulate 

dopaminergic neurotransmission in the VTA thereby influencing dopamine release in 

multiple different brain regions (171, 172).  

 

Our data supports the concept that inactivation of the VTA during conditioning blocks 

the motivational component of reward that is due to dopamine release, whereas 

inactivating the NAc blocks both the motivational (due to dopamine) and the pleasurable 

(due to opioids) aspects. Based on this apparent dissociation between dopamine as a 

mediator of wanting versus opioids as a mediator of liking it is possible that the 

pleasurable aspect of pain relief is due to endogenous opioids, whereas the motivational 

drive to seek relief of pain is driven by dopamine. Additional experiments using µ-opioid 

receptor antagonists and dopamine antagonists coupled with in vivo microdialysis to 

measure dopamine and opioids may illustrate that the specific components of pain relief 

induced reward are dissociated by the same neurotransmitters that mediate appetitive 

reward.  

 

Based on the current evidence, overlapping circuitry between the reward and pain 

systems, and our findings I propose the following model for pain relief induced pleasure 

and motivation. Prior to being motivated to obtain a reward an animal must initially 

experience the pleasure during the time when the reward is received or administered. 

Therefore, I submit that the first step in pain relief induced pleasure (elicited by 
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peripheral nerve block or diminished noxious input) is a reduction in activity in regions 

of the pain matrix primarily in pain affect sites such as the ACC, insular cortex, and CeA, 

but also within sensory-discriminative sites such as the SI and within the descending 

modulatory circuitry including the RVM and PAG. This reduction in activity could occur 

because the noxious input that is maintaining the pain state is diminished or because 

inhibition in the pain matrix is produced directly with analgesic medications as is likely 

the case with the rACC morphine studies. The reduction in activity may cause the release 

of endogenous opioids that act within the NAc, VP, and OFC to elicit a pleasurable 

experience. The OFC and PFC are activated during expectation of pain relief suggesting 

that they may be able to trigger the release of opioids that mediates placebo analgesia. 

Furthermore, both the OFC and PFC have been implicated in appraising situations and 

determining the value of an object or experience to determine appropriate action. Based 

on these observations I propose that reduction in activity within the pain affect regions 

activates the PFC and OFC which either directly or indirectly activate the hypothalamus 

and pituitary and cause them to release endogenous opioids. The ACC is likely one of the 

principal outputs from the pain matrix to the PFC and OFC due to anatomical proximity 

and extensive reciprocal connections with each. Moreover, our data with ACC morphine 

suggest that inhibition in the ACC is sufficient to elicit pain relief induced reward. The 

endogenous opioids released in response to relief of pain may act to A) elicit pleasure 

within the NAc, VP, and OFC and B) produce additional pain relief by producing 

inhibition in pain affect sites. This additional reduction in activity at sites within the pain 

matrix could drive the release of more endogenous opioids and additional pleasure. 
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Therefore, robust release of endogenous opioids at multiple sites in the brain that are 

important for both pleasure and pain inhibition is a powerful mechanism that may explain 

why pain relief is so pleasurable that CPP can be demonstrated with a single trial.  

 

The next step in the process could be that the opioids act within the VTA and the NAc to 

disinhibit VTA dopaminergic neurons causing dopamine release and producing strong 

motivational drive to seek pain relief in the future. The opioids inhibit GABAergic 

interneurons within the VTA thereby activating VTA dopamine neurons via disinhibition. 

In addition, the NAc contains GABAergic medium spiny neurons and many of these 

neurons project to the VTA and inhibit dopaminergic neurons that project back to the 

NAc. This is supported by experiments demonstrating that activation of µ-opioid 

receptors in the NAc causes dopamine release (173). Therefore, the opioids in the NAc 

can also act to disinhibit dopaminergic neurons within the VTA and thereby cause 

dopamine release in the NAc, VP, amygdala, and OFC to produce motivation to attain 

pain relief again. Importantly, this model remains consistent with our results with 

naloxone in the VTA because this model does not require that the motivation be derived 

solely from opioid induced disinhibition of VTA dopamine neurons. It is likely that 

endogenous opioids are acting within the VTA to promote dopamine release in the NAc 

following pain relief, however the dopamine release that is produced by opioids acting 

within the NAc (and likely other mechanisms) is sufficient to motivate the rat enough 

during conditioning that it returns to the pain relief-paired chamber on test day.  

 



 114

Despite being an oversimplification this model describes the circuitry and 

neurotransmitters that may mediate the pleasurable effect of pain relief as well as the 

motivational component that reinforces avoiding pain or attaining pain relief in the future 

and is consistent and supported by our data and the literature. Investigating whether 

dopamine or opioids are released in these different brain regions (and the timing of such 

release) in response to pain relief could uncover biomarkers that predict effective pain 

relief markedly enhancing drug discovery efforts for the treatment of pain.  
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