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ABSTRACT 

 

The neuropeptides dynorphin and cholecystokinin (CCK), 

and their associated pronociceptive effects were 

investigated in the RVM.  Utilizing a nerve-injury model 

(SNL), RT-PCR analysis revealed increases (p<0.05) of 

prodynorphin mRNA, and bradyinkin, B1- and B2-receptor 

mRNA, post-SNL, 14-days, 2-days, and 14-days, respectively. 

Administration of dynorphin into the RVM produced both 

acute and long-lasting (>30-days) tactile hypersensitivity. 

Administration of the B1-antagonist, DALBK and the B2-

antagonist, Hoe-140, into the RVM significantly attenuated 

dynorphin-induced tactile hypersensitivity. Nerve-injury 

induced tactile hypersensitivity was significantly reversed 

by RVM administration of dynorphin antiserum or the B2-

antagonist, Hoe-140. These data suggest that dynorphin is 

up-regulated in the RVM in nerve-injury, and via the 

activation of bradykinin receptors in the RVM, produces 

abnormal pain. Like dynorphin, CCK is up-regulated in the 

RVM in nerve-injury, with studies suggesting that elevated 

levels of CCK in the RVM mediate pronociceptive activity 

through CCK2 receptor activation, resulting in enhanced 

spinal nociceptive transmission.  At present, it is unknown 
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what key neurotransmitters are mediating this RVM CCK-

driven effect at the level of the spinal cord.  Here, 

spinal cerebrospinal fluid (CSF) levels of serotonin (5-HT) 

and prostaglandin E2 (PGE2) were measured in the lumbar 

spinal cord in naïve rats following CCK administration into 

the RVM.  Following RVM CCK microinjection, an approximate 

5-fold increase in spinal (CSF) PGE2 levels was observed, as 

compared to baseline controls.  PGE2 levels showed a 

progressive increase with peak levels observed at the 80-

minute post-CCK injection timepoint, whereas 5-HT levels in 

the spinal CSF remained unchanged following CCK 

administration into the RVM.  This release of PGE2 coincided 

with the timecourse for CCK-induced mechanical 

hypersensitivity.  Administration of the CCK2-antagonist 

YM022 prior to CCK into the RVM, significantly attenuated 

(>50%) the release of PGE2 in the spinal cord. The non-

selective COX-inhibitor naproxen and the 5-HT3 antagonist 

ondansetron, both administered intrathecally, significantly 

attenuated RVM CCK-induced hindpaw tactile 

hypersensitivity.  In summary, these data suggest a 

bradykinin- or CCK2-receptor antagonist could be used alone 

or in conjunction with current therapies in the treatment 

of chronic pain.  
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Key words: rostral ventromedial medulla; descending 
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CHAPTER ONE 

Introduction 

The International Association for the Study of Pain 

(IASP), an international professional organization for 

doctors and other health professionals involved in the 

diagnosis, treatment and scientific 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” (Merskey and Bogduk, 

1984).  Pain as an unpleasant sensation, can be classified 

into two primary types, acute or chronic pain.  Acute pain 

is often pain that follows injury to the body, is self-

limiting, and usually diappears when the injury heals.  It 

is frequently associated with objective physical signs or 

symptoms of sympathetic nervous system involvement.  In 

contrast, chronic pain is not normally associated with 

signs of sympathetic nervous system activity, and oftens 

lacks the outward, obvious expression of acute pain 

(American Pain Society, 1999).  Since pain implies an 

affective component that is highly subjective and 

unmeasurable in animals, we are only able to measure what 

is referred to as nociception.  Nociception, derived from 

the Latin prefix nocere "to hurt" and the suffix ception - 
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a truncation of the word perception, is defined as the 

sensation of pain, or the perception of physical pain 

(Encarta 2007).  As defined in the scientific community, 

nociception is a measurable event of a type (ie. paw 

withdrawal using von Frey filaments) usually associated 

with pain.   

In pharmacology, pain as a subjective experience with 

an emotional, affective component is separate and distinct 

from nociception.  Nociception, lacking this immeasurable 

emotional component, is restricted to the response (ie. von 

Frey or Hargreaves tests) acquired through transmission of 

sensory information via high-threshold noxious receptors 

known as nociceptors.  Nociceptors are sensory neurons 

(free nerve-endings) found outside of the central nervous 

system (CNS: brain and spinal cord) in such tissues as the 

cornea, skin, muscle, bone, and gut – with cell bodies 

located in either the dorsal root ganglia (DRG) or the 

trigeminal ganglia.  As molecular transducers (ie. 

converting mechanical energy to electrochemical energy) of 

noxious information to the brain and spinal cord, 

nociceptors are classified according to the kind of 

stimulus to which they respond, such as chemical, 

mechanical, or thermal stimuli.  With respect to their rate 
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of conductivity from the periphery to the central nervous 

system, peripheral nociceptors may have either slowly 

conducting unmyelinated C-fiber axons, or faster conducting 

Aδ-fiber axons.   

Primary nociceptive afferents are fibers that travel 

from the periphery to the spinal cord and form synapses on 

physiologically distinct cell layers called laminae in the 

spinal dorsal horn.  Peripheral afferent fibers in the skin 

can be classified into three main types based on their 

diameter, structure and conduction velocity: C-fibers are 

thin (0.4–1.2 µm in diameter), unmyelinated and slowly-

conducting (0.5–2.0 m sec−1); Aδ-fibers are medium (2–6 µm), 

myelinated and of intermediate conducting velocity (12–

30 m sec−1); and Aβ-fibers are large (>10 µm), myelinated 

and fast conducting velocity (30–100 m sec−1) (Millan 1999).  

The different fiber types (ie. Aβ-fibers, Aδ-fibers, C-

fibers) form synapses on specific laminae (ie. I-V) within 

the dorsal horn.  For example, thin-unmyelinated C-fibers 

terminate primarily in lamina I and II, whereas 

intermediate-myelinated Aδ-fibers form synapses in laminae 

I and V, and those of the thickly-myelinated fast-

conducting Aβ-fibers terminate in lamina I and III.  Once 
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transmitted from the peripheral primary afferent neuron to 

a second-order neuron in the spinal cord, noxious sensory 

information is then relayed up the spinothalamic tract, to 

a third-order neuron in the thalamus, and onto higher order 

neurons in the somatosensory cortex in the brain, where 

nociceptive perception is ultimately experienced (Kandel 

2000). 

1.1 Origins and symptoms of neuropathic pain 

Neuropathic pain is a form of chronic pain, and is 

defined as “abnormal pain initiated or caused by primary 

lesion or dysfunction in the nervous system” (Merskey et 

al., 1984).  A primary characteristic of this type of pain 

is its ability to continue long after the original tissue 

injury has been repaired.  It is often measured, especially 

in animal models, via two quantifiable behavioral 

parameters, thermal hyperalgesia and mechanical (tactile) 

allodynia.  Hyperalgesia is defined as an enhanced response 

to a noxious stimulus (ie. hot plate), and similarly, 

allodynia is defined as a noxious or painful response to a 

normally non-noxious stimulus (ie. touch) (Figure 1).  
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  Neuropathic pain is a common complication in 

HIV/AIDS, diabetes, alcoholism, vasculitis (Ziegler et al. 

1992; Schmader 2002; Schiffito et al. 2002; Koike et al. 

2003; Daousi et al. 2004; Wolfe and Trivedi 2004), and can 

also be a consequence of  metabolic disease (ie. vitamin B 

deficiency), infection, ischemia, injury, entrapment, 

connective tissue disease, acquired, cancer, drugs, and 

toxins (Woolf and Mannion 1999; Dworkin 2002; Gonzales et 

al. 2003; Sommer 2003).  It may also develop without any 

identifiable cause, as in intercostals neuralgia and 

idiopathic polyneuropathy, and the emergence of painful 

neuropathy may be the first sign of a systemic disease.  

Common signs associated with neuropathic pain, include 

positive signs such as mechanical allodynia and thermal 

hyperalgesia, and negative signs such as sensory loss, 

weakness, and muscle atrophy (Bowsher 1996; Baron 2000; 

Jensen et al. 2001; Jänig and Baron 2003).  The clinical 

characteristics of this type of pain include electric 

shock-like pain, burning pain, pain paroxysms, dysesthesia, 

and paresthesia (Jensen et al. 2001; Dworkin 2002; Hansson 

2002).   

The significance of finding more effective, 

efficacious treatments for chronic neuropathic pain cannot 
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be overstated, as neuropathic pain is often very difficult 

to treat.  The most successful treatments involve a variety 

of older medicines, which have been in use for decades and 

include tricyclic antidepressants such as amitriptyline and 

imipramine, anticonvulsants such as carbamazepine and 

valproic acid, and the TRPV1 receptor agonist/desensitizer 

capsaicin.  An in-depth, systematic review of randomized 

controlled trials by Wong et al., 2007 found the older, 

traditional antidepressants and anticonvulsants to be more 

effective clinically than the newer generation selective-

serotonin reuptake inhibitor (SSRI) citalopram, or the 

serotonin norepinephrine reuptake inhibitor (SNRI) 

duloxetine, and the newer anticonvulsants, pregabalin and 

gabapentin (Wong et al., 2007).  With that said, there is 

still some evidence that both SSRIs and SNRIs are of some 

utility in the treatment of neuropathic pain.  The SSRIs, 

paroxetine and citalopram have been shown to offer relief 

in steady and lancinating pain, and in diabetic neuropathy, 

respectively (Sindrup et al., 1990a, Sindrup et al., 1992).  
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Figure 1 Graphical representation of hyperalgesia and 

allodynia: stimulus intensity versus response relationship 

for noxious and innocuous stimuli (Illustration from: 

Bridges et al., 2001). 
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1.2 Models of Neuropathic Pain 

Several animal models of peripheral neuropathic pain have 

been developed over the years, particularly in rodents.  

These models of neuropathic pain have aptly demonstrated 

many features characteristic of neuropathic pain in an 

array of disease states in humans, and have one particular 

feature in common, which usually involves an alteration in 

hind-limb cutaneous sensory thresholds through injury to 

the sciatic nerve (ie. peripheral nerve).  The most common 

physiological outcome of this nerve injury is hyperalgesia 

to noxious thermal stimuli (ie. hot plate test) and 

allodynia to mechanical (ie. von Frey test using calibrated 

filaments) or cold stimuli (ie. acetone or ice bath) 

(Bridges et al., 2001).  At the present time, there are 

three commonly utilized models of neuropathic pain in 

research (Figure 2), and they include the partial sciatic 

nerve ligation (PNL) (Seltzer et al., 1990), the chronic 

constriction injury of sciatic nerve (CCI) (Bennett and 

Xie, 1988), and the spinal nerve ligation model (SNL) (Kim 

and Chung, 1992) which is singularly employed in my studies 

to provide a simulation of the neuropathic pain state.  The 

existence and likewise availability of these models 
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provides the investigator the opportunity to explore the 

origins and mechanisms of neuropathic pain.  

 The following is a concise description of the 

aforementioned, most commonly employed animal models of 

neuropathic pain used to mimic the human condition: the PNL 

model is created through the tight ligation of one-third to 

one-half of the sciatic nerve at mid-thigh level.  Guarding 

of the ipsilateral hind paw along with a licking behavior 

is suggestive of the existence of spontaneous pain (Seltzer 

et al., 1990).  The CCI model is produced by the 

positioning of four loose ligatures comprised of chromic 

gut suture surrounding the sciatic nerve at mid-thigh 

level.  This particular model induces an inflammatory 

reaction in response to the catgut suture, causing a loss 

of almost all A-fibers and some C-fibers (Tandrup et al., 

2000), and subsequently resulting in the development of 

allodynia, hyperalgesia, and potential spontaneous pain 

(Bennett and Xie, 1988).              

The last of these models is the SNL model, which 

mimics peripheral nerve injury, and is the sole model used 

throughout my studies.  This model is produced by the use 

of tight ligatures around the L5 and L6 spinal nerves 

(distal to the DRG) prior to forming the sciatic nerve (Kim 
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and Chung, 1992).  This produces destruction of the myelin 

sheaths and cell death to the nerves extending out to the 

periphery, distal to the nerve injury, while the cell 

bodies in the DRG and the afferents extending centrally 

remain functionally intact.  Although intact and 

functional, due to the nerve injury, the cell bodies in the 

DRG experience aberrant ectopic activity.  As a consequence 

of this nerve injury and the resulting abnormal ectopic 

discharges, spontaneous pain-like behavior develops 

immediately following this surgery, along with robust and 

long-lasting tactile hypersensitivity and thermal 

hyperalgesia.  This model creates symptoms of painful 

neuropathy in much the same manner as the CCI model, but 

differs in that it yields a complete separation between 

injured and intact segments along with greater consistency 

of results.   
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Figure 2 Schematic drawing of the partial sciatic 

nerve ligation (tight ligation of 33–50% of the sciatic 

nerve trunk), CCI (loose ligations of the sciatic nerve 

trunk), and SNL (tight ligation and transection of the L5 

and L6 spinal nerves) animal models of neuropathic pain.  

(Illustration from: Bridges et al., 2001) 
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Given that the L4 spinal nerve also forms the sciatic nerve 

and is left intact, both injured and uninjured nerves from 

the sciatic nerve are left remaining.  As a result, the 

nociceptive afferent pathway from the site of injury, 

extending from the paw and ectopic foci can be identified 

with relative ease. 

  In general, behavioral signs of both ongoing and 

evoked pain are produced in all of these three models.  

Though, comparisons taken between the PNL, CCI, and SNL 

models reveal that the SNL model shows the most pronounced 

indications of tactile allodynia, whereas the CCI model 

produced the most obvious behavioral signs of ongoing pain.  

With that said, it should be noted that because all of 

these models produce some form of neuropathic pain 

behavior, that despite their specific differences, it is 

probable that they share some fundamental mechanisms in 

common.  

In addition to the previously discussed peripheral 

models of neuropathic pain, a variety of other animal 

models of neuropathic pain have been developed that more 

closely resemble specific disease states in humans.  One of 

which is the streptozocin model of peripheral diabetic 

neuropathy, which involves a single injection of 
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streptozocin to produce diabetes accompanied with allodynia 

and hyperalgesia (Malcangio et al., 1998).  Additional 

examples include models that utilize cytotoxic 

chemotherapeutic drugs such as paclitaxil and vincristine, 

which produce tactile and thermal hypersensitivities at 

relatively low doses (Aley et al., 1996; Authier et al., 

1999, 2000, 2003; Flatters and Bennett, 2006; Siau and 

Bennett, 2006).  The effects created by these drugs mimic 

the neuropathy and chronic inflammatory pain induced 

through long-term cancer treatment with chemotherapeutics, 

and also seen in such chronic inflammatory diseases as 

arthritis (Fields et al., 1994).   

 

1.3 Mechanisms of Neuropathic Pain 

 During and immediately following peripheral injury, a 

host of inflammatory mediators such as bradykinin, PGE2, 

substance P, and histamine are released into the site of 

injury, which act to promote pain and inflammation, both as 

a protective mechanism to warn of injury and to prevent 

further injury and encourage immobilization of the injured 

area.  Due to the inflammation and inflammatory mediators 

released in the immediate and surrounding tissue, primary 

nociceptive afferents are activated resulting in primary 
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hyperalgesia, an amplified response to a noxious stimulus, 

and primary allodynia, a painful response to a normally 

non-noxious stimulus.  Neighboring, but unaffected tissues 

can also become more sensitive, in what is referred to as 

secondary hyperalgesia (Vanegas 2004).   

It has been well-documented that descending pain 

control systems in the brainstem (ie. RVM) play a strong 

role in modulating both acute and chronic peripheral 

sensitivity and pain (Porreca et al., 2002 Urban et al., 

1999).  The data suggests that descending inhibition, from 

serotonergic neurons located in the nucleus raphe magnus 

(NRM), predominates during acute pain episodes, and lessens 

the intensity of primary hyperalgesia, while descending 

facilitation predominates in secondary hyperalgesia.  It 

has been shown that blocking descending control through 

bilateral lesioning of the dorsolateral funiculus or 

destruction of serotonergic neurons of the NRM, results in 

more intense primary hyperalgesia, induced through 

carrageenan or CFA hindpaw injection.  This supports the 

presence and likewise predominance of descending inhibitory 

control during acute inflammation and pain (Ren and Dubner, 

1996; Wei et al., 1999).  Additional support to this was 

provided in earlier studies utilizing electrical 
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stimulation of the RVM through which the activation of 

glutamatergic synapses was shown to promote descending 

inhibition to the spinal cord.  However, 3 hours after 

inducing inflammation with CFA, the ability of electrical 

stimulation in the RVM to produce spinal inhibition had 

decreased (Terayama et al., 2000).  This suggested that 

along with inhibition, which predominated acutely, 

facilitatory mechanisms were also being activated, but with 

an apparent delay.  From these observations, it is apparent 

that competition exists between descending inhibition and 

facilitation, with inhibition predominating in the initial 

stages of pain, and facilitation antagonizing and 

eventually outcompeting inhibition at later stages.  Recent 

studies suggest that once the acute inflammation subsides, 

descending facilitation from the RVM serves an integral 

role in the maintenance of pain, with facilitation 

predominating during chronic pain conditions such as nerve-

injury (SNL) and in visceral inflammatory states such as 

pancreatitis (Kovelowski, 2000; Porreca et al., 2001; 

Burgess et al., 2002; Sah et al., 2003; Vera-Portocarrero, 

2006 

Subsequent to nerve injury, a substantial increase in 

the level of spontaneous firing manifests in the afferent 
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neurons, in the area marked by and immediately surrounding 

the site of injury, and is termed ectopic discharge (Wall 

et al., 1974).  Following peripheral nerve injury, it is 

believed that ectopic afferent discharge is a primary 

contributor to the development of chronic, neuropathic pain 

(Devor and Seltzer 1999).  In primary afferent neurons that 

have been axotomized, the sites of origin with the most 

apparent ectopic discharge are the actual site of injury 

(neuroma) and the DRG (Burchiel 1984; Govrin-Lippmann and 

Devor 1978; Wall and Devor 1983; Wall and Gutnick 1974).  

Where the nerve injury occurs plays a governing role in 

where the ectopic activity actually originates.  In sciatic 

nerve injury, which lies at a distance from the DRG, 

ectopic activity is seen at the site of injury, whereas in 

injury of the spinal nerves, spontaneous ectopic activity 

occurs in the DRG (Liu et al., 1999, 2000).  

Ectopic activity and its progressive development may 

be especially important for the development of allodynia, 

hyperalgesia, and the unrelenting pain associated with 

nerve injury.  Whereas, it is not entirely known what 

drives the pathogenesis of allodynia following peripheral 

nerve injury, it is known that continuous discharges from 

ectopic foci play a contributing role in the maintenance of 
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neuropathic pain (Sheen and Chung, 1993; Matzner and Devor, 

1994; Ossipov et al., 1995).  In addition, it has been 

proposed that ectopic discharge from injured peripheral 

afferent nerves acts as a driving force for the 

sensitization of spinal dorsal horn neurons ultimately 

leading to a state of central sensitization (Woolf 1983; 

Simone et al., 1991; Gracely et al., 1992; Yoon et al., 

1996).   

In animal nerve injury models, it is known that the 

inception of increased afferent discharge correlates well 

with the onset of both thermal and tactile 

hypersensitivities (Han et al. 2000; Liu et al., 2000).  

Both thermal and tactile hypersensitivities, two primary 

measures of neuropathic pain, persist for weeks following 

SNL surgery whereas the rate of ectopic discharge begins to 

diminish with time (Chaplan et al., 1994; Bian et al., 

1999; Malan et al., 2000), displaying its greatest 

frequency within the first week following SNL surgery (Han 

et al., 2000).   

Furthermore, it has been observed that ectopic 

discharge displays a peak in activity within 1 to 3 days 

following nerve injury, and a return to normal, control 

levels by day 7 to 9 (Liu et al., 2000).  These 
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observations tend to suggest that the increased ectopic 

discharge seen in the first few days following nerve injury 

may be responsible for the initiation phase of neuropathic 

pain, while the mechanisms governing the maintenance phase 

are thought to involve more centrally mediated influences 

such as descending control from the RVM (Pertovaara et al., 

1996; Kowelowski et al., 2000; Porreca et al., 2001; 

Burgess et al., 2002; Sah et al., 2003). 

Moreover, it has been demonstrated that noxious or 

non-noxious mechanical and chemical stimuli can evoke the 

generation of ectopic discharge (Seltzer and Devor 1979; 

Tal and Devor 1992; Sheen and Chung 1993).  It is known 

from electrophysiological studies of primary sensory 

neurons with transected peripheral axons, that their cell-

bodies located in the DRG can become hyperexcitable, and 

that these cell-bodies can be a source of spontaneous 

ectopic discharge in the absence of external stimuli such 

as peripheral receptor activation or endogenous chemical 

mediators (Wall and Devor, 1983; Xie et al., 1995).  

Changes in the expression of sodium channels in the 

terminal neuroma of peripheral nerves and in their cell 

bodies, together are believed to be the source of nerve 

injury induced ectopic discharge.  It was later revealed 
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that accumulation of sodium channels in the neuroma occurs 

(Devor et al., 1989), and subsequently demonstrated that 

the sodium channels were the cause of the ectopic activity 

(Matzner and Devor, 1994).   

It has also been demonstrated that following nerve 

injury, changes occur in the distribution of TTX-resistant 

sodium channels (Novakovic et al., 1998; Porreca et al., 

1999; Gold et al., 2003), which may lead to a state of 

neuronal hyperactivity by a lowering of the action 

potential threshold.  A study conducted by Pan et al in 

1998 found electrophysiological evidence that systemic 

gabapentin could inhibit peripheral ectopic afferent 

discharge in nerve-injured rats, which could contribute to 

and explain its anti-allodynic activity in treating 

neuropathic pain (Pan et al., 1998).  It is thought that 

gabapentin’s affect on neuroma ectopic discharge stems from 

its ability to inhibit impulse generation as opposed to 

impulse propagation (Matzner and Devor, 1994), which is 

similar to the mechanism of action of sodium channel 

blocking agents (Devor et al., 1992; Matzner and Devor, 

1994). 

In conjunction with changes occurring in voltage-gated 

sodium channels, it has also been observed that potassium 
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channels may serve an important role in influencing ectopic 

discharges. Potassium channel blocking agents applied 

either to the injury site (Matzner and Devor, 1994; Xie et 

al., 1993) or to the DRG (Liu et al., 2001) enhance ectopic 

discharge.  Moreoever, application of potassium channel 

blockers at a low dose evokes discharges from quiescent 

axotomized neurons (Liu et al., 2000; Matzner and Devor, 

1994; Xie et al., 1993; Kajander et al., 1992).  From these 

data, one can surmise that hyperexcitability of axotomized 

DRG neurons is accompanied with the down regulation of 

potassium channels.  Furthermore, it has been suggested 

that a decrease in potassium currents observed following 

peripheral nerve injury contributes to neuronal 

hyperexcitability (Devor 1983; Devor 1994), and following 

peripheral nerve axotomy, it has been demonstrated that a 

decrease of potassium currents in DRG neurons results (Liu 

2000).   

In addition to the influence of sodium and potassium 

channels in neuronal hyperexcitability, calcium channels 

have been shown to influence the neuropathic pain state 

through promoting the development of hyperalgesia and 

allodynia.  The administration of neuronal N-type calcium 

channel antagonists have been shown to lessen thermal 
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hyperalgesia and tactile allodynia in the PNL (White and 

Cousins, 1998) and CCI models (Xiao and Bennett, 1995) of 

neuropathic pain.  Studies utilizing electrophysiology have 

shown a decrease in N-type calcium current measured in the 

DRG following axotomy, and have also demonstrated 

alterations in non-specific calcium current after 

peripheral nerve injury (Baccei and Kocsis, 2000).  Changes 

such as these, in both sodium and calcium channels, can 

lead to increases in both firing frequency and 

susceptibility, ultimately leading to the generation of 

spontaneous pain, central sensitization, and the 

development of chronic neuropathic pain.  

Synthesized from the excitatory amino acid glutamic 

acid via a simple one-step decarboxylation reaction 

(catalyzed by the enzyme glutamic acid decarboxylase: GAD) 

– the biogenic amine gamma-amino butyric acid (GABA), acts 

as the primary inhibitory neurotransmitter in the CNS where 

it plays an important role in the modulation of pain.  

Extracellular GABA concentrations are known to decrease in 

nerve-injured rats as compared to normal rats (Stiller et 

al., 1996), and the administration of GABA agonists 

intrathecally have been shown to produce a dose-dependent 

reversal of allodynia in nerve-injured rats (SNL) (Hwang 
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and Yaksh, 1997).  These data suggest that decreased levels 

or activity of GABA following nerve injury could play a 

significant role in the expression and severity of 

neuropathic pain.  It is thought that a reduction in GABA 

activity could play a significant role in central 

sensitization.   

Loss of GABAergic inhibition in the spinal dorsal horn 

was found to accompany ischemic injury to the spinal cord, 

creating a mechanical allodynia resembling that of 

peripheral nerve injury (Hao et al., 1992; Hao et al., 

1996a and Hao et al., 1996b; Zhang et al., 1994a).  Wide-

dynamic range (WDR) neurons in the spinal dorsal horn 

exhibited a prolonged and enhanced response to electrical 

or innocuous, mechanical stimulation, while their response 

to thermal stimuli was found to be normal.  Baclofen, a 

GABAB agonist, reversed the tactile allodynia along with the 

abnormal responsiveness of the WDR neurons, suggesting a 

loss of GABAergic inhibition in the dorsal horn.  

Consistent with the previous observations, GABA levels in 

the spinal cord and the number of GABAergic cells in lamina 

I and II were found to decrease in ischemia (Zhang et al., 

1994a; Martiniak et al., 1991).  However, the loss of 

GABAergic neurons is only transitory and they recover once 
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the allodynia subsides, which suggests that the neurons do 

not irreversibly degenerate (Hao et al., 1996a; Zhang et 

al., 1994a). 

 

1.3.1 Anatomical reorganization of the spinal cord in 

neuropathic pain   

Anatomical and neurochemical changes often occur 

within the spinal cord and brain subsequent to peripheral 

nerve-injury, and may serve an important role in the 

development of chronic, neuropathic pain (Tasker 1993).  

This “plasticity” of the CNS is thought to play an 

important role in the development of chronic, neuropathic 

pain.  As is the case in the periphery, sensitization of 

neurons can occur centrally within the dorsal horn 

following peripheral tissue damage.  This is marked by a 

decreased threshold and an increased responsivity to 

afferent input along with increased spontaneous activity of 

the dorsal horn neurons, and cell death in the spinal 

dorsal horn (Johnson and Parris 1994; Cameron et al., 1991; 

Garrison et al., 1991; Sugimoto et al., 1990). 

After peripheral nerve injury, these large afferents 

gain access to spinal regions involved in transmitting high 
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intensity, noxious signals, instead of merely encoding low 

threshold information.  These changes are referred to as 

central nervous system plasticity.  Under normal, non-

pathogical conditions, small unmyelinated C-fibers, which 

carry information about pain, temperature and itch, 

generally penetrate no deeper than lamina II in the spinal 

dorsal horn.  Intermediate myelinated Aδ-fibers carry 

information about pain and temperature and terminate in 

lamina II also, while larger myelinated Aβ-fibers, which 

carry information regarding touch, penetrate the dorsal 

horn and travel ventrally to form synapses in lamina III 

and deeper.  Though, under pathological conditions such as 

chronic nerve injury, Aβ-fibers are known to sprout 

dorsally from lamina III into the superficial (laminas I 

and II) dorsal horn (Woolf et al., 1992; Yaksh 1993; 

Koerber et al., 1994; Woolf and Doubell 1994; Woolf et al., 

1995).  Due to this anatomical reorganization in the spinal 

cord, functional synaptic contact with second-order neurons 

in the superficial lamina is established, thus allowing 

non-noxious low-threshold stimuli from Aβ-fibers to be 

interpreted as nociceptive (Figure 3).  This however was 

not supported by later experiments, which show that optimal 
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Aβ-fiber sprouting does not occur until 2 weeks post-injury 

(Woolf et al., 1995; Lekan et al., 1996). 

1.3.2 Central sensitization in neuropathic pain   

 The process of central sensitization, resulting from 

prolonged or excessive sensory input following peripheral 

tissue damage, nerve-injury or inflammation, can lead to 

the development of a sustained state of hyperexcitability 

of dorsal horn neurons in the spinal cord.  Central 

sensitization has been called the underlying central 

mechanism for the generation of pain and allodynia and is 

distinguished by the phemomenon of “wind-up” (Wall and 

Woolf, 1986; Chung and Chung, 2002, Ji et al., 2003).  

Wind-up is characterized by an increasing response to 

repetitive noxious stimulation of C-fibers, and results in 

a progressive increase in the number of action potentials 

elicited per stimulus that occurs in dorsal horn neurons 

(Pockett 1995).  C-fiber input is known to be critically 

important in triggering central sensitization (Woolf et 

al., 1991).  Long-term potentiation (LTP), which involves a 

long-lasting enhancement in synaptic transmission, may be 

precipitated by repetitive episodes of "wind-up".  While 

"wind-up" is thought to last from seconds to minutes, LTP 
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by definition lasts for hours and even months.  Both "wind-

up" and LTP are believed to underlie the process of central 

sensitization involved in many chronic pain states.  

Current studies have demonstrated that increased NMDA 

receptor activation is associated with sensitization in the 

spinal cord.  In addition, following CCI, increased 

glutamate concentrations have been found in the ipsilateral 

dorsal horn (Kawamata and Omote, 1996), and studies 

utilizing the NMDA receptor antagonist, MK-801, have 

observed decreases in the behavioral signs of neuropathic 

pain (Davar et al., 1991; Mao et al., 1992; Sotgiu and 

Biella, 2000). 
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Figure 3 Schematic representation of the reorganization of 

primary afferent fibers (C- and Aβ-fibers) into the spinal 

dorsal horn observed after peripheral nerve injury 

(Illustration from: Bridges et al., 2001). 
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     Central sensitization is known to involve two 

fundamental synaptic mechanisms, described as either, 

homosynaptic or heterosynaptic in origin (Magerl et al., 

1998; Woolf et al., 1988).  Homosynaptic sensitization 

occurs when the conditioning stimulus and the test stimulus 

involve the same type of input.  This is evident in the 

aforementioned phenomenon “windup” where continual low-

frequency stimulation of nociceptive C-fiber afferents in 

dorsal horn neurons, leads to an increasing response in the 

dorsal horn.  As previously stated, “windup” is regarded as 

a short-term form of sensitization and lasts for seconds to 

minutes.  Heterosynaptic sensitization refers to a 

situation where the conditioning stimulus and the test 

stimulus involve different sets of inputs.  Heterosynaptic 

sensitization is seen in allodynia, wherein a non-noxious 

stimulus elicits a painful response.  Electrophysiological 

evidence for heterosynaptic sensitization has been 

demonstrated in primate studies of dorsal horn cells where 

the response to light stroking of the skin was enhanced 

after capsaicin injection (Simone et al., 1991).  
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1.4 The RVM and pain modulation 

The rostral ventromedial medulla (RVM)(Figure 4), a 

structure that includes the midline nucleus raphe magnus 

(NRM) and adjacent lateral reticular formation (Fields et 

al., 1983; Aimone and Gebhart, 1986) is a well-established 

region known to play a strong role in pain modulation 

(Basbaum and Fields, 1984; Fields et al., 1991; Heinricher 

and Morgan, 1999).  In our study, the RVM was defined as 

the region containing the nucleus raphe magnus, nucleus 

gigantocellularis pars-alpha, and laterally adjacent 

reticular formation at the level of the facial nucleus 

(Heinricher and Neubert, 2004).  With respect to its 

stereotaxic coordinates, the area was defined as: 

anteroposterior, 10-11.5 mm caudal from bregma; 

dorsoventral, 8.25-10.5 mm; mediolateral, 0-1.5 mm (Xie et 

al., 2005).   

The RVM was first characterized as a supraspinal 

source of descending inhibitory influence, and later 

discovered to possess a prominent facilitatory influence on 

nociceptive transmission as well (Fields et al., 1992; Zhuo 

et al., 1997; Calejesan et al., 2000; Porreca et al., 

2002). The nucleus raphe magnus (NRM) and adjacent 

structures within the RVM receive projections from another  
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Figure 4 Important landmarks and nuclei in the RVM.  The 

RVM was defined as the region containing the nucleus raphe 

magnus, nucleus gigantocellularis pars-alpha, and laterally 

adjacent reticular formation at the level of the facial 

nucleus.  RVM area demarcated above, and defined as: AP, 

10-11.5 mm caudal from bregma; dorsolateral, 8.25-10.5 mm; 

mediolateral, 0-1.5 mm).  NRM, nucleus raphe magnus; NGC, 

nucleus gigantocellularis; NGCα, nucleus gigantocellularis 

pars-alpha; NPGCl, nucleus paragigantocellularis lateralis; 

Sp5, spinal trigeminal nucleus; VII, facial nucleus; Pyr, 

pyramidal tract. Illustration taken from: Zhuo, M. et al. J 

Neurophysiol 87: 2225-2236 2002. 
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pain-modulatory region in the brainstem, the periaqueductal 

grey (PAG) which lies further rostral in the midbrain.  The 

RVM then projects to the spinal cord via pathways conducted 

primarily through the dorsolateral funiculus (DLF) to the 

spinal dorsal horn.  This hierarchical modulatory system, 

comprised of the PAG and RVM, and even further rostral in 

the limbic system (ie. amygdala), together govern 

descending pain transmission through activating either 

inhibitory or facilitatory pathways to the spinal cord 

(Zimmermann, 1991; Fields and Basbaum, 1999; Marabese 

2007). Concerning the effects of excitatory 

neurotransmitters in the RVM and its dual nature, glutamate 

microinjected into the RVM in naïve animals displays 

biphasic modulatory effects with facilitation at low doses 

and inhibition at higher doses (Zhuo and Gebhart, 1997). 

At the present, three types of cells have been 

identified in the RVM.  Two of which, the ON- and OFF-cells 

function directly in descending pain modulation and possess 

facilitatory and inhibitory activity, respectively.  The 

third type, NEUTRAL-cells, represent all of the remaining 

cells in this region that are neither ON- nor OFF-cells.  

In response to noxious stimuli, the facilitatory ON-cell 

displays increase firing and is directly activated by the 
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prociceptive neurotransmitter CCK (Heinricher and Neubert, 

2004) and inhibited by mu-opioid agonists (Bederson et al., 

1990; Fields 1992; Heinricher et al., 1992; Pan et al., 

2000), whereas in the presence of noxious stimuli, the 

inhibitory OFF-cell displays decrease firing and is 

indirectly activated by mu-opioids through GABAergic 

disinhibition (Fields et al., 1983b; Heinricher et al., 

1994).  Experimentally, it has been shown that CCK 

microinjection into the RVM results in ON-cell activation 

that coincides with behaviorally measurable features such 

as thermal hyperalgesia, which suggests that CCK activity 

in the RVM may drive descending pain facilitation 

(Heinricher and Neubert, 2004).  In contrast, it has been 

shown that OFF-cell activation ensuing in antinociception 

and enhanced analgesia can be evoked by opioid peptides and 

blocked by microinjection of the “anti-opioid” CCK into the 

RVM (Heinricher and Morgan, 1999; Neubert et al., 2004).  

Further studies have sought to uncover the mechanism 

whereby RVM-mediated descending facilitation exerts its 

effects further downstream in the spinal cord.  RVM 

facilitated descending modulation has been previously 

characterized as playing an important role in spinal 

nociception (Fields et al., 1983; Fields and Heinricher, 
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1985; Morgan and Fields, 1994; Friedrich and Gebhart, 2003) 

and is mediated via bulbospinal projections traveling 

through the dorsolateral funiculus (DLF) (Zhou and Gebhart, 

1992; Urban et al., 1996; Urban and Gebhart, 1997; Fields 

and Basbaum, 1999).  Descending pain modulatory regions of 

the brainstem have also been shown to be important in both 

the manifestation and maintenance of certain chronic pain 

states (Ossipov et al., 2000; Millan, 2002).  Previous 

studies have also shown that spinal transection blocks 

mechanical but not thermal responses in rats with injury to 

the L5/L6 (SNL) spinal nerves (Bian et al., 1998), 

implicating a supraspinal mechanism involving ascending and 

descending tracks for modulating tactile sensitivity 

whereas thermal sensitivity being predominately spinal 

mediated.   

Considering the descending bulbospinal serotonergic 

system, antagonism of the 5-HT3 receptor is known to 

decrease the peripheral response to mechanical stimuli (von 

Frey filaments), implying a strong supraspinal driven 

mechanism, while possessing much lesser effects on thermal 

responses.  These observations are in agreement with a 

report showing that only 13% of 5-HT3 afferents co-express 
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the heat-sensitive TRPV1 receptor (Suzuki et al., 2004; 

Zeitz et al., 2002).   

In addition, experimentally produced neuropathic pain 

can be reversed by lidocaine microinjection into the RVM, 

offering further support to the critical role that 

descending facilitation plays as an important part in this 

type of pain (Pertovaara et al., 1996; Kovelowski et al., 

2000).  Stimulated at low electrical intensities, the RVM 

has been shown to promote increased dorsal horn neuronal 

activity along with increased tail flick reflex to 

nociceptive stimulus, indicative of enhanced nociceptive 

processing from this facilitatory region (Zhou and Gebhart, 

1992, 1997).  It has also been shown that selective 

ablation of mu-opioid receptor expressing cells in the RVM, 

thought to be important for descending facilitation, 

prevented the maintenance but not the initiation of 

experimental neuropathic pain, which supports the 

importance of the RVM in promoting and maintaining chronic 

pain states (Porreca et al., 2001;  Burgess et al., 2002).  
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1.5 CCK and descending facilitation from the RVM   

Cholecystokinin (CCK), a neuropeptide found both in 

the enteric and central nervous system, possesses 

contrasting digestive and nervous system activities along 

with displaying an unusually high degree of species-

dependent, tissue heterogeneity.  The major tissue 

difference is in the processing of pro-CCK in the brain and 

digestive tract.  The major carboxyl-terminal amidated 

peptide in the brain is CCK-8, though some CCK-4 has also 

been detected in rat brain (Qureshi et al., 1993).  With 

respect to the amino acid residues that confer CCK’s 

biological activity, amidated sulfated CCK-7 is the 

smallest CCK peptide with full biological activity, while 

larger amidated, sulfated peptides like CCK-33 also display 

full activity.  Electrophysiological studies of CCK provide 

evidence that CCK is an excitatory neurotransmitter or 

neuromodulator, often directly activating specific cells.  

However, the action of CCK can be blocked by antagonists of 

other neurotransmitter systems like DA, 5-HT, GABA or 

endogenous opiates, which suggests that CCK is releasing 

agents that are excitatory and perhaps even inhibitory 

(Albrecht 1995).  CCK is known to excite neurons in the 
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periaqueductal gray (Liu et al., 1994), dorsal raphe (Boden 

and Woodruff, 1995), nucleus accumbens (Yim and Mogenson 

1991), hippocampus (Bradwejn and deMontigny 1984), and 

spinal cord (Jeftinija et al., 1984).  It also depolarizes 

oxytocin-containing neurons in the supraoptic nucleus of 

the hypothalamus (Beinfeld 1992) and serotonin-containing 

neurons in the dorsal raphe nucleus. 

 CCK has a well-documented antagonistic relationship 

with opioids in the RVM (Faris et al., 1983; Heinricher et 

al., 2001 Friedrich and Gebhart, 2003), thought in part as 

a result of their extensive overlapping distribution in the 

central nervous system (Stengaard-Pederson and Larsson, 

1981; Ghilardi et al., 1992; Verge et al., 1993).  CCK 

administered bilaterally into the RVM results in enhanced 

nociceptive input and attenuates the morphine induced 

reduction of ON-cell responses to nociception (Heinricher 

and McGaraughty, 1996).  In addition to the widespread 

overlapping receptor distributions of CCK and opioids, it 

is possible that a portion of their antagonistic 

relationship could be mediated by the postsynaptic co-

localization of the excitatory CCK2 receptor with the 

inhibitory mu-opioid receptor on ON-cells in the RVM 
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(unpublished observations; Lai et al., 2006).  Along with 

the study by Heinricher and Neubert in 2004, which showed 

that CCK microinjected into the RVM induces ON-cell 

activity, there is also evidence suggesting that endogenous 

CCK drives descending facilitation from the RVM (Kovelowski 

et al., 2000; Friedrich and Gebhart, 2003).  Recent studies 

have also demonstrated that CCK antagonists can enhance 

opioid analgesia in humans (McCleane et al., 1998, 2000, 

2003). 

  

1.6 Serotonin and pronociception 

  Serotonin (5-hydroxytryptamine; 5-HT), is an 

important monoamine (indoleamine) neurotransmitter in the 

CNS, derived from dietary tryptophan and synthesized via a 

two-step enzymatic reaction involving a ring hydroxylation 

(tryptophan hydroxylase) followed by a decarboxylation (L-

amino acid decarboxylase) step (Foye 1995; Figure 5).  

Serotonergic neurons and nuclei are distributed throughout 

and along the midline of the brainstem, and are 

particularly concentrated in the raphe nuclei, along with 

the following nuclei and regions of the brainstem: nucleus 

raphe pallidus and nucleus raphe obscurus in the rostral 

medulla, the superior central nucleus in the rostral pons, 
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the dorsal raphe nucleus in the caudal midbrain, and the 

nucleus raphe magnus in the caudal pons.  These nuclei have 

extensive projections that innervate virtually all parts of 

the CNS (Figure 6), and play a major role in descending 

pain modulation (Yaksh et al., 1981; Baumgarter and 

Gothert, 1997; Millan, 1997; Nolte 2002).  Nearly all of 

the serotonergic neurons projecting from the raphe-nuclei 

to the spinal cord are unmyelinated in the rat (Dahlstrom 

and Fuxe, 1965), and raphe-spinal axons from the nucleus 

raphe magnus have been shown to be concentrated in the 

dorsolateral funiculus (Basbaum and Fields, 1979).  Due to 

the widespread release of 5-HT from nerve terminals 

throughout the CNS, the serotonergic system plays an 

important role in many physiological functions such as the 

regulation of body temperature, blood pressure, hormone 

release, appetite, emotional behavior, and the perception 

of pain (Fink and Gothert, 2007).  
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Figure 5 Biosynthetic pathway of serotonin (5-HT) from 

dietary L-tryptophan, and formation of the oxidative 5-HT 

metabolite, 5-hydroxyindoleacetic acid (5-HIAA). In the 

pineal gland, 5-HT is converted enzymatically to melatonin. 
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Figure 6 Schematic drawing depicting the location of the 

serotonergic cell body groups in a sagittal section of the 

rat central nervous system and their major projections. OT, 

olfactory tuberculum; Sept, septum; C. Put, nucleus 

caudate-putamen; G. Pal, globus pallidus; T, thalamus; H, 

habenula; S. Nigra, substantia nigra (Figure taken from: 

George J. Siegel’s, Basic Neurochemistry, 1999).  
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5-HT is a well-characterized neurotransmitter, with 

wide-ranging effects due to activity at a large and diverse 

collection of 5-HT receptors.  Fourteen genetically and 

pharmacologically distinct cell surface serotonergic 

receptors have been identified, and are classified into 

seven discrete families, 5-HT1 to 5-HT7, according to their 

structural diversity and mode of action (Langer, 1980; 

Hoyer et al., 1994, 2002; Baumgarten and Gothert, 1997; 

Barnes and Sharp, 1999; Sari, 2004; Bockaert et al., 2006). 

All, but one of the seven receptor subtypes, reside within 

the G-protein-coupled receptor (GPCR) family of receptors, 

with that particular distinction belonging to the 

excitatory 5-HT3 receptor - the sole ligand-gated ion-

channel receptor in the 5-HT family of receptors.  Through 

its activation of GPCRs (Gq/o, Gi, and Gs), 5-HT can activate 

a variety of second messenger systems, and as a result, 

indirectly modulate the activity of ion-channels.  It can 

also activate ion-channels directly through activation of 

the ionotropic 5-HT3 receptor, which implicates its 

involvement in fast, excitatory responses (Maricq et al., 

1991).  

  The serotonin 5-HT3 receptor belongs to the super-

family of ligand-gated ion-channel receptors that includes 
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the excitatory nicotinic acetylcholine receptor, and the 

GABAA receptor.  When activated by 5-HT, the 5-HT3 

receptor’s cation channel is nonselective for K+/Na+ and Ca2+ 

ions, and mediates a transient inward current with 

resulting membrane depolarization (Ronde and Nichols, 1998; 

van Hooft and Vijverberg, 2000).   

 Employing autoradiographic studies, the 5-HT3 receptor 

was found to be concentrated (50-200 fmol/mg tissue 

equivalent) in specific brainstem nuclei (area postrema, 

nucleus tractus solitarius, spinal trigeminal nucleus), 

with lower concentrations (4-17 fmol/mg tissue equivalent) 

in the forebrain (nucleus accumbens, hippocampus, putamen, 

caudate; Parker et al., 1996).  As alluded to previously, 

the 5-HT3 receptor is concentrated centrally in a clinically 

important, key emetogenic center in the brainstem (medulla) 

referred to as the chemoreceptor trigger zone of the area 

postrema (Kilpatrick et al., 1988) residing within the 

floor of the 4th ventricle.  The 5-HT3 receptor is also 

localized spinally to a subgroup of small diameter primary 

afferents in the superficial dorsal horn, where it 

functions as an excitatory, pronociceptive receptor in the 

spinal cord (Green et al., 2000; Zietz et al., 2002).  

Considering its localization on central terminals of 
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primary sensory neurons, the 5-HT3 receptor is thought to 

function in facilitating the release of pronociceptive 

peptides such as substance P, neurokinin A, or calcitonin 

gene related peptide from these presynaptic sites (Saria et 

al., 1990). 

 

 Due to 5-HT3 distribution in the regions previously 

mentioned above, the 5-HT3 receptor plays a strong role in 

mediating the pronociceptive activity of 5-HT along with 

the severe emesis induced by toxic chemotherapeutic agents 

(ie. cisplatin, doxorubicin) - whose side-effects include 

the release of large quantities of serotonin through the 

undesirable destruction of enterochromaffin cells lining 

the gastrointestinal tract.  These cells produce and store 

greater than 90% of the body’s total 5-HT in the periphery, 

whereas nuclei (ie. raphe nuclei) in the brainstem are 

responsible for supplying serotonin to the brain and spinal 

cord.  As a consequence of this large release of serotonin 

by toxic chemotherapeutics, prophylactic administration of 

5-HT3 antagonists such as ondansetron have proved to be 

invaluable in countering the debilitating nausea and 

vomiting produced by high-to-moderate emetogenic 

chemotherapeutic agents, and also in preventing the emesis 



 60 

produced from the post-operative administration of opioids 

(Roila et al., 1997; Hesketh 2000).   

 With respect to the role of 5-HT3 receptors in pain 

mediation, it is known that neuropathic pain states are 

associated with an enhanced descending facilitatory 

control, mediated through the spinal release of 5-HT and 

activation of excitatory, spinal 5-HT3 receptors (Suzuki et 

al., 2004).  Furthermore, recent studies have demonstrated 

that in addition to their anti-emetic (Roila et al., 1997) 

properties, 5-HT3 antagonists such as ondansetron, possess 

significant antinociceptive (Suzuki et al., 2004) and 

clinically significant, pain-relieving properties as well 

(McCleane et al., 2003).  In the last ten years, clinical 

studies have demonstrated that the 5-HT3 antagonist 

ondansetron can attenuate both acute and chronic pain 

states (Ambesh et al., 1999; McCleane et al., 2003).  In a 

randomized, double-blinded controlled clinical study, 

ondansetron pretreatment was shown to significantly reduce 

the pain of propofol injection used to induce surgical 

anesthesia (Ambesh et al., 1997). In all, these studies 

implicate a strong role for the 5-HT3 receptor and its 

endogenous ligand, 5-HT, in enhanced spinal pronociceptive 

processing and central sensitization.  
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1.7 Prostaglandin E2 and pronociception 

Another spinal pronociceptive mediator of equal 

interest is that of prostaglandin E2 (PGE2), a key pro-

inflammatory prostaglandin that sensitizes and excites 

dorsal horn neurons, playing a strong role in central 

sensitization (Yaksh et al., 1984; Baba et al., 2001; 

Koetzner et al., 2003), and mediating its effects through 

the activation of G-protein-coupled prostaglandin EP1-EP4 

receptor subtypes (Oida et al., 1995; Sugimoto et al., 

1994; Beiche et al., 1998a; Stock, J.L., et al 2001; 

Minami, T., et al 2001; Reinold, et al, 2005).  With 

respect to the role of prostaglandins in pain mediation, 

much of the research in this area has focused on PGE2 where 

it functions as an important mediator in the development of 

both peripheral inflammation and sensitization (Vane, 1971; 

Julius and Basbaum, 2001), and when applied directly to the 

spinal cord, produces an allodynic and hyperalgesic state 

(Taiwo and Levine, 1988; Uda et al., 1990; Minami et al., 

1994, 1996; Malmberg and Yaksh, 1995a,b; Ferreira and 

Lorenzetti, 1996).  In the spinal cord, PGE2 has been shown 
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to directly activate rat spinal dorsal horn neurons (Baba et 

al., 2001), and spinal inflammatory hyperalgesia is known 

to be mediated by PGE2-induced EP2, EP1, and EP3 receptor 

activation (Reinold, et al, 2005; Stock, J.L., et al 2001).   

In general, the pronociceptive effects of PGE2 are 

known to be mediated by the entire spectrum (EP1-EP4) of 

prostaglandin receptors, with all four receptors residing 

in the spinal cord.  It has been reported that the EP1, 

EP3, and EP4 receptors are expressed in dorsal root 

ganglion (Oida et al., 1995; Sugimoto et al., 1994; Beiche 

et al., 1998a), suggesting that prostaglandins influence 

the release of neurotransmitters from primary afferent 

terminals.  Autoradiographic studies have also revealed 

that the highest density of spinal PGE2 binding sites lie 

within the substantia gelatinosa (SG), in laminae II, where 

PGE2 binding is decreased but not abolished by dorsal 

rhizotomy (results in the destruction of central primary 

afferents via a lesion/disconnect from their life-

sustaining cell bodies in the DRG), which suggests that 

receptor sites are located on both presynaptic terminals of 

unmyelinated C-fibers and on postsynaptic dorsal horn 

neurons (Matsumura et al., 1995).  Thus, PGE2 may act 
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presynaptically to facilitate neurotransmitter release 

(Nicol et al., 1992; Hingtgen et al., 1995; Vasko, 1995), 

and postsynaptically to directly excite dorsal horn neurons 

(Baba et al., 2001).  Moreover, the expression of EP2 

receptors in spinal cord neurons (Kawamura et al., 1997) 

and their direct depolarization underlies the potential for 

postsynaptic effects of PGE2 (Baba et al., 2001; Ahmadi et 

al., 2002), and its role in modulating sensory processing 

through altering neuronal excitability in the spinal dorsal 

horn.  Furthermore, topical application of PGE2 to the 

exposed spinal cord induces a state of hyperexcitability in 

dorsal horn neurons analogous to peripheral inflammation, 

and the application of anti-inflammatory cyclooxygenase 

(COX) inhibitors spinally, suppresses C-fiber reflexes, 

inhibits dorsal horn neuronal sensitization, and attenuates 

the generation of inflammation-evoked inflammatory pain 

(Bianchi and Panerai, 1996; Bustamante et al., 1997; 

Herrero et al., 1997; Malmberg and Yaksh, 1992; McCormack, 

1994; Willingale and Grubb, 1996; Willingale et al., 1997) 

and central sensitization (Vasquez et al., 2001).   

Mechanistically, through the activation of the protein 

kinase A (PKA)/cAMP pathway, prostaglandins enhance 
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tetrodotoxin-resistant sodium currents, inhibit voltage-

dependent potassium currents, and increase voltage-

dependent calcium inflow in nociceptive afferents.  Through 

these events, prostaglandins decrease firing thresholds, 

increase firing rate, and promote the release of excitatory 

amino acids, substance P, calcitonin gene-related peptide 

(CGRP), and NO.  In contrast, glutamate, substance P, and 

CGRP promote prostaglandin release.  Prostaglandins also 

act to facilitate membrane currents and promote the release 

of substance P and CGRP induced by bradykinin, capsaicin 

(Malmberg and Yaksh 1994), and low pH.  With that said, the 

elicitation and synaptic transfer of pain signals in the 

spinal cord ought to presumably be enhanced by the 

diversity of effects produced by prostaglandins (Yamamoto 

and Nozaki-Taguchi, 1996; Mollace et al., 2005). 

1.8 Biochemistry and synthesis of prostaglandins   

 Prostaglandins such as PGE2 are synthesized via a 

multi-step process beginning with the enzyme cyclooxygenase 

(COX), which catalyzes the formation of prostaglandins from 

arachidonic acid, a ubiquitous 20-carbon fatty acid that is 

generated from the action of phospholipase-A2 on membrane 

phospholipids.  A two-step conversion is involved, first 
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with the action of PG endoperoxide synthase (PGHS; ie. 

COX), which transforms arachidonic acid into the unstable, 

cyclic endoperoxide, PGG2, followed by PGG2 peroxidase, to 

yield the unstable prostaglandin intermediate, PGH2.  PGH2 

serves as the final common precursor for prostaglandins 

PGD2, PGF2  PGE2, prostacyclin, and thromboxane A2 (Flower 

and Vane, 1972; Smith and Lands, 1972; Needleman et al., 

1986; Smith et al., 1991) (Figure 7). 
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Figure 7 The membrane phospholipids—arachidonic acid 

cascade (Illustration from Mollace et al., 2005). 
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Figure 8 Bi-functional role of the COX enzyme 

(prostaglandin H synthase) in the biosynthesis of 

prostaglandins and thromboxanes, and physiological and 

pathophysiological effects of COX-1 and COX-2. (Taken from: 

http://www.albany.edu/faculty/cs812/bio366/Cyclooxygenase_p

pt.pdf.)  
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1.8.1 COX-1 and COX-2 origin, expression, and function 

 Prostaglandins are found in all tissues and body 

fluids with the exception of red blood cells, and as local 

hormone mediators with a broad spectrum of effects, act to 

modulate a multitude of biological and cellular functions.  

The COX enzyme, responsible for the production of 

prostanoids (ie. prostaglandins and prostracyclins) was 

first isolated in 1976 from the seminal vesicles of sheep, 

where it is found in high concentrations (Hemler and Lands, 

1976; Miyamoto et al., 1976; Van der Ouderaa et al., 1977), 

and exists as a homodimer with a molecular mass of 71 kDa.  

The COX enzyme was later cloned from the same tissue in 

1988 (DeWitt and Smith, 1988; Merlie et al., 1988; Figure 

8).  The COX-2 isoform was discovered in 1991 by Xie and 

colleagues (Xie et al., 1991), and was determined to be an 

"inducible" isoform, expressed in response to a variety of 

pro-inflammatory stimuli and found in the brain, spinal 

cord, reproductive organs, the kidneys, and in osteoblasts 

(Feldman et al., 2000).   

Unlike COX-1, COX-2 expression is usually minimal, 

however constitutive COX-2 expression has been reported in 

the brain and spinal cord where it modulates fever and 

neurotransmission (Vane et al., 1998).  When activated, 
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COX-2 regulates prostaglandin production primarily within 

inflammatory cells, where this inflammatory response is a 

vital part of the healing and repair process when 

appropriately regulated.  The COX-1 gene, located on human 

chromosome 9, is a constitutively expressed “housekeeping” 

gene responsible for maintaining biological homeostasis 

(ie. kidney and platelet function, gastric mucosal 

integrity), and in line with its constitutive biological 

role, lacks a regulatory TATA box (Kraemer et al., 1992).  

In contrast, the COX-2 gene, located on human chromosome 1, 

is rapidly up-regulated in response to inflammatory 

stimuli, and possesses a promotor region that contains a 

TATA box and the binding sites for a variety of 

transcription factors (Kraemer et al., 1992), including 

nuclear factor-kappa-beta (NF-kB), cyclic AMP response 

element binding protein, and the nuclear factor for 

interleukin-6 expression (NF-IL-6) (Appleby et al., 1994).  

As such, COX-2 expression is thus modulated via a broad 

spectrum of mediators involved in inflammation.  It is also 

known that lipopolysaccharide, growth factors, and pro-

inflammatory cytokines such as IL-1β all promote COX-2 

expression, whereas IL-4, IL-13, glucocorticoids, and the 

anti-inflammtory IL-10 have all been shown to inhibit COX-2 
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expression (Lee et al., 1992; Onoe et al., 1996; Niiro et 

al., 1997).   

Furthermore, the data suggests that COX-2 localization 

correlates closely with glutamatergic neurotransmission.  

With COX-2 primarily expressed by glutamatergic neurons 

that are immunolocalized in the cell body, proximal and 

distal dendrites, and dendritic spines (Kaufmann et al., 

1996).  COX is also expressed by cell types other than 

neurons including astrocytes, oligodendrocytes, and 

microglia (Minghetti et al., 1998).  It has been shown that 

use of the non-competitive NMDA (glutamate receptor) 

antagonist, MK-801 can block both the basal expression of 

COX-2 and seizure-induced COX-2 overexpression, suggesting 

the existence of constitutive COX-2 expression and activity 

in glutamatergic mechanisms (Yamagata et al., 1993).   

It is also known that products of COX-2 metabolism 

such as PGE2 may serve a regulatory feedback role on the 

expression of the COX-2 enzyme.  A recent study found that 

the non-selective COX inhibitor indomethacin, through 

inhibition of prostaglandin synthesis at the site of 

injury, blocked COX-2 expression in the inflamed paw in a 

rat model of carrageenan-induced inflammation (Nantel et 
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al., 1999) - suggesting that prostaglandins produced at the 

site of injury, could induce COX-2 expression, and thus 

through a positive feedback loop increase inflammation.  In 

a variety of similar experiments, it was found that PGE2, a 

major COX-2 product, was found to upregulate the expression 

of COX-2 in various cell types, including rat microglia 

(Minghetti et al., 1997), human blood monocytes (Hinz et 

al., 2000a), murine macrophages (Hinz et al., 2000b), and 

murine keratinocytes (Maldve et al., 2000), through its 

ability to increase intracellular cAMP levels.      

1.8.2 Important physiological functions of prostaglandins  

 Prostaglandins serve a variety of biological and 

physiological roles.  In addition to their fundamental role 

in signaling infection and tissue injury, via fever and 

acute pain and inflammation, respectively, protective 

prostaglandins produced by the COX-1 enzyme (ie. PGE2 and 

PGI2) are involved in the maintenance of heart and kidney 

function through vasodilatation to ensure proper blood flow 

in these vital organs.  With respect to their role in 

gastric function, prostaglandins decrease acid secretion, 

stimulate mucus and duodenal bicarbonate for acid 

neutralization, and promote vasodilatation of vessels in 
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the gastric mucosa.  These effects in their entirety 

promote gastrointestinal function, health, and integrity.  

The COX-1 enzyme is the only isoform present in platelets, 

with its functional activity blocked with a small (ie. 81 

mg) daily dose of aspirin.  Due to a special property of 

aspirin, namely an acetyl-group whose presence separates it 

from the other NSAIDs, produces through COX acetylation, an 

irreversible loss of COX activity resulting in the 

therapeutic aim in its treatment for protection against 

thromboembolic disease.  This particular prophylaxis is 

accomplished through the inhibition of COX-1, which results 

in diminished thromboxane A2 production, essential for 

platelet aggregation.       

 With respect to the side-effect profile of NSAIDS, 

many of the side effects such as gastrointestinal 

ulceration and bleeding are due to the above mentioned 

suppression of COX-1 activity, whereas inhibition of COX-2-

derived prostanoids facilitates the analgesic, anti-

inflammatory, and antipyretic effects of this class of 

drugs.  The COX-2 enzyme, well-known for its inducible 

nature, is also constitutively expressed in the brain and 

spinal cord, where it plays a role in fever and the 

neurotransmission of pain (Vane et al., 1998).  PGI2 through 
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its antithrombogenic activity is critical for vascular 

health and function, and along with PGE2, another product of 

the COX-1 enzyme, plays an important cytoprotective role in 

preserving the integrity of the stomach lining (Moncada et 

al., 1976; Whittle et al., 1978). 

1.8.3 NSAIDs as non-selective and selective COX inhibitors 

 Non-selective, non-steroidal anti-inflammatory drugs 

(NSAIDs) such as acetylsalicylic acid (aspirin), ibuprofen, 

and naproxen inhibit both forms of cyclooxygenase to reduce 

pain and inflammation, whereas drugs such as acetaminophen 

(N-acetyl-para-aminophenol; APAP) (Hinz 2007) and celecoxib 

act as selective inhibitors of peripheral COX-2 enzymes to 

accomplish the same feat minus the gastrointestinal 

irritation characteristic of non-selective COX inhibitors 

(Figure 9; Ehrich 1999).  With respect to acetaminophen’s 

role in COX-2 inhibition and its long-time standing elusive 

mechanism of action, though believed for sometime, it looks 

less probable that it decreases fever and pain through a 

central COX-3 splice variant of COX-1 as was once thought 

(Graham and Scott, 2005; Hersh et al., 2005; Kis et al., 

2005).  A recent study by Hinz and colleagues in 2007 

demonstrated that acetaminophen possessed strong COX-2 
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inhibitory activity, which is quite contrary to the belief 

held for years, that it lacked the anti-inflammatory 

activity of the NSAID drugs and therefore was ineffective 

in the treatment of inflammatory conditions.  It should be 

noted that selective COX-2 inhibitors, while devoid of 

gastrointestinal side-effects such as bleeding and 

ulceration, pose a significant cardiovascular risk for 

chronic users of these drugs by lowering the critical 

vasodilatory to vasoconstricting, PGI2 / TXA2 ratio in the 

bloodstream (Hersh et al.,  2005).   

 

1.8.4 Prostaglandins in disease  

The rapidly inducible and tightly regulated COX-2 

isoform, is up-regulated and activated by proinflammatory 

cytokines, lipopolysaccharide, growth factors, and capable 

of producing large and pathological amounts of 

prostaglandins (Sano et al., 1992; Vane et al., 1998).  

Together, with the “housekeeping” COX-1 isoform, these 

enzymes are responsible for the production of 

vasoconstricting thromboxanes such as TXA2 and powerful 

vasodilatory prostaglandins, PGE2 and PGI2, which synergize 

with inflammatory mediators such as histamine and 
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bradykinin to promote increased vasodilation and 

inflammation (Rang et al., 2003).   

A study by Riendeau and colleagues concluded that the 

COX-1 enzyme is the predominant isoform modulating the 

perception of acute non-inflammatory pain episodes, whereas 

due to the time lapse (ie. minutes in transcriptional 

modulation) required for COX-2 gene induction, COX-2 is 

recruited during an inflammatory response and serves a 

predominant role in the mediation of inflammatory pain 

(Riendeau et al., 1997).  While, the COX-2 isoform shows 

some constitutive activity in neurons, and in the spinal 

cord along with COX-1 (Svensson and Yaksh, 2002), it can be 

heavily affected by synaptic events, which can markedly up-

regulate its functional status.  For example, the 

activation of NMDA receptors coupled with an increase in 

[Ca2+]I accelerates the synthesis of prostaglandins (Beiche 

et al., 1996; Breder et al., 1995; Willingale et al., 1997; 

Yamagata et al., 1993).  Furthermore, recent support to the 

strong role that prostaglandins play in neuronal 

excitability suggests that spinal NMDA receptors initiate a 

cascade involving the release of prostaglandins, whereby 

acting through prostanoid receptors, facilitate spinal 

responses to afferent stimuli (Svensson and Yaksh, 2002).  
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With respect to the distribution of COX enzymes in the 

central nervous system (CNS), it is known that COX-1 is 

found in the DRG of peripheral afferent fibers and the 

spinal cord  (Beiche et al., 1996; Willingale et al., 1997; 

Inoue et al., 1999), while COX-2 enzymes predominate in 

several regions of the spinal cord receiving nociceptive 

input, and is especially concentrated in laminae I, II, and 

X.  The COX-2 isoform also shows marked up-regulation 

during peripheral inflammation (Beiche et al., 1996, 1998b; 

Hay and de Belleroche, 1997; Hay et al., 1997; Goppelt-

Struebe and Beiche, 1998; Samad et al., 2001) coinciding 

with enhanced intraspinal release of PGE2 (Yang et al., 

1996; Ebersberger et al., 1999).  

Furthermore, inflammation through its effect in 

inducing COX-2 activity and prostaglandin biosynthesis, has 

been shown to result in the sensitization of presynaptic 

peripheral terminals, thereby increasing peripheral pain 

sensitivity (Beiche et al., 1996).  In addition, behavioral 

studies suggest that PGE2 may assist nociceptive 

transmission in the spinal cord (Uda et al., 1990; Minami et 

al., 1994), serving as a major contributing factor to 

central sensitization - an amplification of central sensory 

outflow from the spinal cord and responsible for the spread 
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of sensitivity extending outside of the site of injury 

(Woolf and King, 1990).   

 

1.8.5 Interaction of nitric oxide and prostaglandins   

     In particular, immunohistochemical studies have  

detailed the localization and regulation of COX-1 and COX-2 

and neuronal NOS in the lumbar spinal cord under basal 

conditions as well as following induction of painful 

peripheral stimuli (Maihofner et al., 2001).  Recently, 

immunohistochemical studies have identified the co-

localization of the COX-1/COX-2 enzymes with neuronal NOS 

in the lumbar spinal cord under both basal and noxious 

stimuli induced conditions.  The existence of constant 

cross-talk between NO and prostaglandin release, occurring 

at many levels (ie. transcription, post-translation) has 

emerged with these studies documenting the role NO plays in 

the modulation of the COX pathway.  The effect of NO 

appears to depend on the basal levels of NO and NO donors 

(ie. arginine, bradykinin), which can, depending on their 

concentration, turn either on or off the COX pathway.  The 

reaction of NO with the superoxide (O2
–) radical also leads 

to the formation of the highly unstable peroxynitrite 

radical (ONOO–), which in addition to NO, acts to modulate 
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the activity of COX enzymes.  Recent evidence also suggests 

that coupling of NO donors with COX inhibitors such as 

aspirin and ibuprofen to form nitro-aspirin and nitro-

ibuprofen, respectively, may have a clinical role in the 

treatment of both non-inflammatory and inflammatory 

disorders.   

  In terms of the chemistry and functionality of these  

newly developed bi-functional NSAIDs, this offers further 

support for the complementary association of the NO/COX 

interaction, which as it seems by their physiochemical 

properties (ie. vasodilatory activity, pro-inflammatory 

effects), may involve a great deal of overlap in their 

influence on the mechanisms governing a variety of disease 

states (ie. hypertension, vascular disorders, etc) (Mollace 

et al., 2005).   

NO and prostaglandins share a number of similarities, 

both being vasodilatory and pro-inflammatory mediators, and 

as previously alluded to, possess an interdependent 

modulatory relationship with the other.  It is known that 

nitric oxide synthase (NOS) enzymes in their production of 

NO, modulate COX activity and prostaglandin biosynthesis.  

The highly regulated biosynthetic enzymes NOS and COX, 
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acting on their respective substrates, arginine (NO) and 

arachidonic acid (prostaglandins), produce nanomolar 

concentrations of these biological effectors to produce a 

variety of effects in the vasculature and organs.  

Constitutive basal activity of these two biosynthetic 

pathways serves a critically important role in maintaining 

proper cardiovascular (ie. vasodilation, antiplatelet 

activity), gastric (ie. stomach lining), and organ function 

(ie. kidney, brain).   

In the event of inflammation, NO and prostaglandins are 

concurrently released in large, micromolar concentrations, 

primarily due to the activation of the inducible NOS and 

COX isoforms (ie. iNOS, COX-2).  In inflammatory conditions 

where both iNOS and COX-2 are induced, there is a NO-

mediated induction of COX-2 leading to increased formation 

of pro-inflammatory prostaglandins, resulting in an 

exacerbated inflammatory response (Figure 11).  Under these 

circumstances, dual inhibition of NO and prostaglandins 

account for the anti-inflammatory effects of NO synthase 

inhibitors (ie. L-N-monomethylarginine or L-N-arginine 

methylester).  Furthermore, in pathophysiological states 

such as hypertenstion, kidney disease, or ischemia of the 
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brain or heart, regulation of NOS and COX activity is even 

more critical due to their powerful effects on vascular 

tone, platelet function, and inflammation (Mollace et al., 

2005).    
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Figure 9 With the exception of aspirin, which irreversibly 

inactivates the COX enzymes by acetylation of an active 

site serine residue, most NSAIDs such as indomethacin, 

ibuprofen, and naproxen compete with arachidonic acid for 

binding to the active site.   
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Figure 10 Functions and interdependency of constitutive and 

inducible forms of NOS and COX in normal and aberrant 

cellular function.  Inducible forms of NOS and COX (iNOS 

and COX-2) are localized primarily to inflammatory sites in 

the body, whereas constitutive forms (cNOS and COX-1) play 

a homeostatic role in regulating blood vessel tone, white-

blood cell reactivity, platelet aggregation, and renal and 

gastric function.  
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Figure 11 Inflammatory stimuli induce both iNOS and COX-2 

expression to further exacerbate inflammation.  The 

transcription factor, NF-kβ, increases the expression of 

both iNOS and COX-2.  NO/COX interaction in resting and 

inflamed cells. NF-kB seems to play a crucial role in both 

conditions. NO in unstimulated cells exists in nanomolar 

(nM) concentrations, whereas in inflamed cells, NO is 

produced in pathogenic micromolar (µM) concentrations.  NO 

formation occurring after inflammatory conditions further 

potentiates both iNOS and COX-2 activity. 
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1.9 Endogenous CCK is elevated in nerve-injury and chronic 

morphine 

 Utilizing pharmacological manipulation, previous 

studies suggest CCK is up-regulated in the RVM in chronic 

nerve injury (SNL) (Kovelowski 2000).  Following SNL 

surgery, administration of a CCK2 receptor antagonist into 

the RVM resulted in a partial reversal of nerve-injury 

induced tactile hypersensitivity and thermal hyperalgesia – 

two primary behavioral parameters commonly used to assess 

the nociceptive state of the animals tested.  Pharmacologic 

and microdialysis studies have demonstrated that 

cholecystokinin (CCK), a pronociceptive peptide, is 

increased in the rostral ventromedial medulla (RVM) 

following nerve-injury (Kovelowski et al., 2000) and 

chronic morphine administration (Xie et al., 2005), 

respectively.  The administration of a CCK2 receptor 

antagonist into the RVM reversed opioid-induced 

hyperalgesia and antinociceptive tolerance, suggesting 

pharmacologically that an up-regulation of endogenous CCK 

was acting as an “antiopioid” (Faris et al., 1983), and 

counteracting opioid analgesia (Xie et al., 2005).  CCK 

exogenously administered into the RVM produced tactile and 

thermal hypersensitivity, which was blocked by the CCK2 



 85 

receptor antagonist L365,260, but not by the CCK1 antagonist 

L364,718 which suggests a CCK2 mediated mechanism in 

promoting abnormal pain (Xie et al., 2005).  Morphine given 

by either continuous subcutaneous administration (pellets) 

or via osmotic minipump resulted in increased tactile and 

thermal hypersensitivity (Vanderah et al., 2000, 20001a,b).  

As described previously, chronic morphine administration 

results in opioid-induced pain (and subsequently was found 

to result in an increase in endogenous CCK in the RVM), 

though the role of descending facilitation from the RVM to 

the spinal dorsal horn remained in question.  Regarding 

descending facilitation from the RVM, tactile and thermal 

hypersensitivity induced by chronic opioid administration 

was reversed by lesioning of the dorsolateral funiculus 

(DLF), the primary conduit for descending fibers from the 

RVM to the spinal dorsal horn, or by lidocaine 

administration into the RVM (Vanderah et al., 2001b).  

Thus, implicating descending pain facilitation from the RVM 

to the spinal cord as necessary for the manifestation of 

opioid-induced hypersensitivity to noxious and non-noxious 

stimuli (Xie et al., 2005; Vanderah et al., 2001a,b).  
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 Concerning the spinal neurotransmitters known to 

promote pain and inflammation, our interest lies in 

measuring the levels of 5-HT and PGE2 in the spinal CSF 

levels, following CCK microinjection in the RVM. 

Neuropathic pain states are known to be associated with an 

enhanced descending facilitatory control, mediated through 

the spinal release of 5-HT and activation of excitatory, 

spinal 5-HT3 receptors (Suzuki et al., 2004).  Clinical 

studies have demonstrated that the 5-HT3 antagonist, 

ondansetron can attenuate both acute and chronic pain 

states (Ambesh et al., 1999; McCleane et al., 2003).   

These studies implicate a strong role for the 5-HT3 receptor 

and its endogenous ligand, 5-HT, in enhanced spinal 

pronociceptive processing and central sensitization.  

Similarly, PGE2 – has been shown to directly activate spinal 

dorsal horn neurons, suggesting a role in central 

sensitization (Baba et al., 2001), mediating its effects 

through the activation of G-protein coupled prostaglandin 

EP1-EP4 receptor subtypes (Oida et al., 1995; Sugimoto et 

al., 1994; Beiche et al., 1998a; Stock, J.L., et al 2001; 

Minami, T., et al 2001; Reinold, et al, 2005).  It is our 

hypothesis that activation of descending facilitatory 

pathways originating in the RVM result in the evoked 
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release of 5-HT and PGE2 in the spinal cord, ultimately 

leading to a heightened degree of spinal nociceptive 

processing.   

1.95 Dynorphin 

The other primary neuropeptide of interest in this 

study is dynorphin, whose functional presence was 

investigated in the RVM.  In humans and animals there 

exists a family of endogenous opioid peptides consisting of 

endorphins, enkephalins, and dynorphins that function to 

modulate a diversity of pain, motor, and autonomic 

activities along with responses to stress (Beaumont and 

Hughes, 1979).  One in particular, dynorphin, has been a 

great subject of interest in our group, and is widely 

distributed in the central nervous system in such regions 

at the hippocampus, amygdala, striatum, and spinal cord 

(Fallon and Leslie, 1986; Khachaturian et al., 1982; 

Mansour et al., 1994; Pierce et al., 1999; Van Bockstaele 

et al., 1994; Vanderah et al., 2000).  Recent studies in 

our group have documented a newly discovered pronociceptive 

interaction involving direct activation of bradykinin 

receptors, B1 and B2, by dynorphin A(2-13) in sensory 
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neurons (Lai et al., 2006).  Dynorphin A(1-17) occurs 

endogeneously as a primary proteolytic fragment of 

prodynorphin (Goldstein et al., 1979; Quiron and Pilapil., 

1984), and with the first tyrosine residue intact, 

possesses high-affinity for the three opioid receptor 

subtypes: mu, kappa, and delta (Chavkin et al., 1982; 

Corbett et al., 1982; Zhang et al., 1998).  In contrast, 

des-tyrosyl fragments of dynorphin (ie. dynorphin A(2-13) 

lack opioid activity, but retain potent pronociceptive 

effects.   

In the spinal cord, intrathecal injection of dynorphin 

and its non-opioid fragments induce long-lasting abnormal 

pain states characterized as allodynia and hyperalgesia 

(Vanderah et al., 1996; Laughlin et al., 1997), and evoke 

the spinal release of prostaglandin E2 and excitatory amino 

acids (Koetzer et al., 2004).  The pronociceptive effects 

of spinal dynorphin are not blocked by opioid antagonists 

(Laughlin et al., 1997).  Spinal dynorphin levels are 

increased after peripheral nerve injury with its up-

regulation notably secondary to the initiation of 

descending facilitatory processes (Kajander et al., 1990; 

Gardell et al., 2002).  In cultured neurons, dynorphin A 

evokes the release of excitatory amino acids (Skilling et 
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al., 1992), while inducing an increase in intracellular 

calcium (Tang et al., 2000) and being potentially 

excitotoxic at high doses (Hauser et al., 1999).  Following 

nerve injury and peripheral inflammation, endogenous 

dynorphin is up-regulated, and dynorphin antiserum blocks 

nerve injury induced neuropathic pain (Lai et al., 2006).  

It has also been shown that antisera to dynorphin can 

diminish the pathological manifestations of spinal cord 

trauma, implicating a potential role of dynorphin in 

neurological dysfunctions of the spinal cord (Faden 1990; 

Shukla and LaMaire 1994).  

The biological half-life of dynorphin and its 

fragments vary considerably depending on the fragment of 

consideration and its surrounding biological environment 

(ie. enzymes, pH). One particular carboxy-terminal 

truncated metabolite of dynorphin, dynorphin A(1-13), was 

found to possess a half-life of 2.5 hours in the 

cerebrospinal fluid (CSF) in humans (Miiller et al., 1996).  

In a different study, this time by Chou and colleagues 

found that endogenous dynorphin A(1-13) in human blood had a 

half-life of less than 1 minute, whereas the larger 

fragment, dynorphin A(1-17), possessed a half-life of close 

to 3 hrs with the main transformation product being the 
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nonopioid fragment dynorphin A(2-17).  The authors concluded 

that the rate of biotransformation of the different 

dynorphin fragments varied tremendously, and was dependent 

on the last four carboxy-terminal amino acid residues 

[comparing Dyn A(1-17) vs Dyn A(1-13)], which functioned to 

protect and thereby increase the stability of the peptide 

from biotransforming enzymes (Chou et al., 1996).   

An in vitro study measuring the half-life of Dynorphin 

A(1-13) in rat-brain membranes found a much more rapid 

degradation by membrane-bound enzymes, with a half-life of 

5 minutes or less (Leslie and Goldstein, 1982).  Dynorphin 

A(1-13) administered intravenously in human volunteers was 

found to have a half-life of less than 1 minute (Gambus et 

al., 1998), which is in agreement with the findings 

reported by Chou et al., 1996.  Thus, fragments such as 

dynorphin A(1-13), display different rates of bio-

transformation, which is a function of peptide length, and 

their immediate biological environment – whether in CSF 

(2.5 hrs), blood (< 1 min), or in the brain (≤ 5 min). 

Along with dynorphin, and its recently identified 

activation of the bradykinin receptors, kinins such as 

bradykinin and its de-arginated metabolite des-arg9-

bradykinin were the first endogenous ligands identified to 
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activate the bradykinin receptors.  The two kinin 

receptors, consisting of the constitutive B2 and the 

inducible B1, function in modulating the cellular actions 

of kinins, which include inflammation, vasodilatation, and 

calcium influx.  These cellular functions are mediated by 

all of the known second messenger systems (ie. PKA/cAMP, 

PLC/PKC) and have been shown to localize in glial tissue 

and in parts of the brain important in the regulation of 

cardiovascular homeostasis and nociception, providing 

evidence for the functional role the kinin system plays in 

the nervous system.  The two kinin receptors, in addition 

to their role in vascular homeostasis and pain modulation, 

are also involved in the release of excitatory 

neurotransmitters, and modulating cellular immunity in the 

brain (Raidoo and Bhoola 1998). 

The B2-receptor, which is constitutively expressed 

(Regoli and Barabe 1980) and widely distributed in most 

tissues, mediates the majority of kinin effects.  The 

receptor is activated by bradykinin (the first endogenously 

identified ligand for the B2-receptor), along with its 

newly discovered activation by dynorphin and its fragments 

(Lai et al., 2006).  In the central nervous system of the 

rat, the B2 receptors have been shown to localize 
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Bradykinin and Dynorphin: proinflammatory, 

pronociceptive mediators of pain

Hoe-140

Des-Arg9-Leu8-bradykinin
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Figure 12 Bradykinin and dynorphin mediate their cellular 

effects (proinflammation and pronociception) through the 

activation of bradykinin receptors (B1 and B2).  Bradykinin 

receptor specific antagonists (B1: DALBK; B2: Hoe-140) are 

used to pharmacologically verify the presence and function 

of these receptors. Taken from: Lai et al., 2006.  
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predominately in the superficial laminae in the dorsal horn 

(substantia gelatinosa, laminae I and II) of the spinal 

cord, providing anatomical evidence for the role of 

bradykinin as a spinal modulator of nociceptive information 

(Lopes et al., 1993a).   

In contrast, the B1-receptor has limited expression 

under normal conditions, but is rapidly up-regulated during 

inflammation or tissue injury (Regoli et al., 1981; Deblois 

et al., 1989; Marceau, 1995; Marceau et al., 1998) and is 

activated by the endogenously produced bradykinin 

metabolite, des-arg9-bradykinin.  The biotransformation of 

bradykinin to des-arg9-bradykinin and arginine by the 

kininase I group of enzymes, either in synaptic clefts or 

in close proximity to or within endothethial cells, 

provides the substrate (ie. arginine) for the enzyme nitric 

oxide synthase (NOS) to produce another strong vasodilatory 

molecule, nitric oxide (NO; endothelium-derived relaxing 

factor) (Bhoola et al., 1992; Erdös, 1990).  The kinin B1 

receptor, was first identified as mediating the contractile 

effect of kinins (Regoli et al., 1977), and is known to be 

induced by a host of inflammatory mediators such as the 

cytokine interleukin-1β, the endotoxin lipopolysaccharide 

(LPS), and various growth promoters (Marceau 1995).  With 
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respect to its structural and functional characteristics, 

the B1-receptor is composed of 353 amino acids, has a 36% 

amino acid sequence homology to the B2-receptor, and is in 

the family of G-protein-coupled receptors (GPCRs) (Menke et 

al., 1994).   

The constitutive B2-receptor, which accounts for the 

majority of the physiological effects of bradykinin, 

belongs to the superfamily of G-protein-coupled (Gα and Gq) 

rhodopsin-like receptors characterized by seven 

transmembrane domains connected by three extracellular and 

three intracellular loops (Burch and Axelrod, 1987).  The 

receptor protein consists of 364 amino acids, is highly 

glycosylated, and exists in multiple isoforms at 69 kDa 

with isoelectric points of pH 6.8–7.1, and contains the 

bradykinin binding site at the amino-terminal part of the 

third extracellular loop (Abd Alla et al., 1993, 1996).   

Due to the ability of kinins to activate peripheral 

nociceptive receptors located on the terminals of C-fibers, 

clear evidence exists for their fundamental involvement in 

the transmission and modulation of pain.  The demonstration 

of [3H]-bradykinin binding to the dorsal root and 

trigeminal ganglia and substantia gelatinosa in the rat 

(Fugiwara et al., 1989; Steranka et al., 1988) and the 
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localization of immunoreactive B1 receptors in the dorsal 

horn of the human spinal cord (Raidoo and Bhoola, 1997; 

Raidoo et al., 1993) support a role for bradykinin in 

central pain modulation, as these areas are involved in 

nociception.   

Moreoever, a recent study by Dalmolin et al., in 2006 

showed that bradykinin (0.25 nmol) injected into the 

amygdala of rats induced behavioral signs of pain (thermal 

hyperalgesia), which could be blocked by the co-

administration of the B2-antagonist (5 pmol) Hoe-140, 

demonstrating the presence of a bradykinin receptor 

mediated mechanism in promoting descending facilitation 

from the amygdala to the periphery.  Dalmolin and 

colleagues in this same study also demonstrated that co-

administration of bradykinin along with the COX inhibitor 

indomethacin (10 nmol), or the NMDA antagonist MK-801 (5 

nmol) into the amygdala, abolished bradykinin-induced 

algesia, implicating a prostaglandin- and glutamatergic-

mediated component in the pain behavior observed (Dalmolin 

et al., 2006). 

   In addition, the nona- and deca-peptides bradykinin 

and kallidin (lys-bradykinin) when cleaved from their 

protein precursor tissue kallikrein (a serine protease 
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enzyme), have been described as playing a 

pathophysiological role in the mammalian brain (Bhoola et 

al., 1992).  Kininases, the enzymes that hydrolyse and 

inactivate kinins (Erdös, 1979), have been demonstrated in 

various areas of the rat brain by both bio- and 

fluorometric assay systems (Iwaki et al., 1984; Kariya et 

al., 1981). 

A recent study confirmed that more than 75% of the 

total amount of kallikrein in extracts of the rat cerebral 

cortex and brainstem, determined by ELISA, is in the form 

of prokallikrein, suggesting that the greater part of the 

enzyme exists in the form of pro-enzyme in the CNS, and 

furthermore, immunohistochemical examination revealed that 

the immunoreactive substances preferentially locate in the 

neuronal cell bodies and their processes in both the 

cerebral cortex and brainstem (Kizuki et al., 1994).  Using 

specific cDNA probes, tissue kallikrein mRNA has been 

detected in the hypothalamus, cerebral cortex, cerebellum, 

brainstem, and pineal gland of the rat (Chao et al., 1987), 

thus implicating the physiological role of kinins in these 

regions.  In tissues, active tissue kallikrein, when 

released from tissue-prokallikrein by proteolytic enzymes, 
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liberates the decapeptide lysine-bradykinin from low 

molecular weight kininogen (LMWK).  This activation occurs 

following tissue injury, disease, infection, and 

inflammation.  Also, kinin production may occur independent 

of these systems, as cellular proteases released from mast 

cells and basophils during acute inflammation also 

stimulate kinin formation (Lupke et al., 1982; Proud et 

al., 1985). 

It is our opinion, that in addition to its well-

documented activity in the spinal cord, dynorphin mediates 

its pronociceptive effects through bradykinin receptor 

activation in the RVM. 

1.99 Experimental objectives and hypothesis                                                                                       

The purpose of this study is comprised of two parts.  

The first part is to further define the CCK-induced RVM-

mediated descending facilitatory pathway in terms of the 

neurotransmitters (CCK, PGE2, 5-HT) and receptors (CCK2, 5-

HT3) mediating this activity, and to measure endogenous 

levels of pronociceptive neurotransmitters (5-HT, PGE2) in 

the lumbar spinal cord.  The second part is to investigate 

the role of dynorphin in the RVM, a primary pain modulatory 
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region in the brainstem known to play an integral role in 

modulating descending pathways to the spinal cord. Based on 

results from previous studies with dynorphin, it is our 

hypothesis that dynorphin in the RVM acts as a driving 

force in activating descending facilitatory pathways, is 

up-regulated in the RVM in nerve-injury (SNL), and through 

bradykinin receptors in the RVM, mediates its pain-

promoting effects to the periphery.  The following is a 

list of the specific aims this study sought to accomplish: 

                                                                                         

RVM-CCK Descending Facilitation Study  

Specific Aim 1:  

Part I – Using intrathecal microdialysis, measure PGE2 

and 5-HT levels in the spinal cord following CCK 

microinjection into the RVM.  Analyze spinal CSF 

samples for PGE2 and 5-HT using EIA and HPLC-

fluorometric detection, respectively.                                                                                      

Part II - Administer CCK into the RVM, along with a 

selective CCK2 receptor antagonist, and measure spinal 

levels of both PGE2 and 5-HT to determine if the spinal 
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release of these pronociceptive neurotransmitters is a 

CCK2 mediated process, and if their release can be 

blocked by a CCK2-R antagonist. 

 Specific Aim 2:  Administer CCK into the RVM 

 accompanied with the 5-HT3 receptor antagonist, 

 ondansetron administered intrathecally, and test for 

 tactile hypersensitivity (von Frey test).  Establish a 

 dose-response curve for intrathecal ondansetron. 

 Specific Aim 3:  Administer CCK into the RVM 

 accompanied with the non-selective COX inhibitor, 

 naproxen administered intrathecally, and test for 

 tactile hypersensitivity (von Frey test).  Establish a 

 dose-response curve for intrathecal naproxen. 

  

RVM-Dynorphin Descending Facilitation Study 

 Specific Aim 1:  Using RT-PCR, determine prodynorphin 

 and B1- and B2-receptor mRNA levels in the RVM in sham 

 and nerve-injured (SNL) rats. 
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 Specific Aim 2:  Administer dynorphin A(2-13) into the 

 RVM in naïve rats, and test for both acute and long-

 term behavioral effects (tactile hypersensitivity). 

 Specific Aim 3:  Administer dynorphin antiserum or 

 Hoe-140 into the RVM in nerve-injured animals (10-days 

 post-SNL) and test for tactile hypersensitivity. 

 Specific Aim 4:  Determine if the B1-antagonist, DALBK 

 or the B2-antagonist, Hoe-140, administered into the 

 RVM, can block dynorphin-induced tactile 

 hypersensitivity. 

 Specific Aim 5: Verify presence of bradykinin 

 receptors in the RVM by administering bradykinin, with 

 and without the B2-antagonist, Hoe-140, into the RVM 

 and test for tactile hypersensitivity. 
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CHAPTER TWO 

Materials and Methods  

2.0 Animals.  Male Sprague Dawley rats (Harlan Sprague 

Dawley, Indianapolis, IN), weighing 250-350g at the time of 

testing, were maintained in a climate-controlled room on a 

12-hr light/dark cycle (lights on at 7:00 A.M.), and food 

and water were available ad libitum.  All of the testing was 

performed in accordance with the policies and 

recommendations of the International Association for the 

Study of Pain (IASP) and the National Institutes of Health 

(NIH) guidelines for the handling and use of laboratory 

animals and received approval from the Institutional Animal 

Care and Use Committee (IACUC) of the University of Arizona.  

2.1 Drugs and doses.  Prior to administering drugs into the 

RVM, baseline measurements were taken using calibrated von 

Frey filaments.  Pre-experimental baseline values were 

established, and naïve animals abnormally sensitive (paw 

withdrawal threshold < 11.982g = 4.93 filament) were 

removed from the testing group.  All drugs administered 

into the RVM were microinjected bilaterally (0.5 µL of drug 

per each side for a total of 1.0 µL) into a dual cannula 
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secured on the animal’s (Sprague-Dawley rat) skull as 

described previously in the section, RVM cannulation.  The 

following drugs were used experimentally:  

RVM:  the CCK2 receptor agonist cholecystokinin sulfated 

octapeptide (26-33)-CCK-8(s) was used at a dose of 60 ng/µL 

and obtained from American Peptide Company, Inc; primary 

sequence Asp-Tyr (SO3H)-Met-Gly-Trp-Met-Asp-Phe-NH2, MW 

1143.2 amu, peptide purity: 96.5%, peptide content: 85.4%. 

YM022, a highly potent and selective non-peptide CCK2 

receptor antagonist was used at a dose of 50 pg/µL, Ki value 

is 68 pM at CCK2 and 63 nM at CCK1, long duration of action, 

MW 516.60, obtained from Tocris Bioscience. Dynorphin A(2-

13), Anaspec Inc.; Bradykinin acetate 100 mg, Bachem 

Bioscience Inc.; Dynorphin A(1-13) antiserum (porcine) 

rabbit serum, Peninsula Laboratories; Lys-(Dys-Arg9, Leu8)-

bradykinin (DALBK), Bradykinin-1 antagonist, American 

Peptide Company, Inc.; Hoe-140 (D-Arg[Hyp3, Thi5, D-Tic7, 

Oic8]bradykinin, B2-antagonist, American Peptide Company 

Inc. and Sigma Chemical Company.  

Intrathecal:  Ondansetron (Zofran®) hydrochloride USP, for 

injection, 2 mg/mL, MW 365.9, obtained from GlaxoSmithKline 
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(GSK).  The i.th. doses of ondansetron used were 0.1, 1, 

and 10 µL.  Naproxen Sodium, MW 252.2, Sigma-Aldrich 

Company.  The i.th. doses of naproxen used were 100 and 200 

µg.  The intrathecal administration of drugs was 

accomplished with a 1 µL air bubble separating the drug, 

dissolved in 5 µL, followed by a 9 µL saline flush. 

HPLC analysis: 5-hydroxytryptamine (5-HT, Serotonin) 

hydrochloride, MW 212.7 amu, and 5-hydroxyindole-3-acetic 

acid (5-HIAA), MW 191.19 amu, obtained from Sigma-Aldrich 

Company. 

2.2 RVM cannulation.  Rats were anesthetized with ketamine-

xylazine (100 mg/kg, i.p.) for stereotaxic placement of 

bilateral cannula in the RVM.  The skull was exposed, and 

two 26-gauge guide cannulas separated by 1.2 mm (Plastics 

One, Roanoke, VA) were directed toward the lateral portions 

of the RVM using the atlas of Paxinos and Watson (1986) 

(anteroposterior, -11.0 mm from bregma; lateral, ±0.6 mm; 

dorsoventral, -6.5 mm from the dura mater).  The guide 

cannulas were cemented in place and secured to the skull by 

small stainless steel machine screws.  The animals were 

allowed to recover for 4-7 days after surgery before any 
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pharmacological manipulations were applied.  Drug 

administrations into the RVM were performed by slowly 

expelling 0.5 µl of drug solution through a 33-gauge 

injection cannula inserted through the guide cannula and 

protruding an additional 2 mm into fresh brain tissue (for 

a depth of -8.5 mm from the dura mater or -9.5 from the top 

of the skull) to prevent backflow of drug into the guide 

cannula.  Pontamine blue was injected into the RVM 

injection site at the termination of the experiments, and 

cannula placement was verified histologically.  Data from 

animals with incorrectly placed cannula were not included 

within the data analysis.  Histological data from animals 

with misplaced cannulas were utilized as off-site controls.  

2.3 Spinal nerve ligation (SNL).  Tight ligation of the 

L5/L6 spinal nerves was performed in accordance with the 

method described by Kim and Chung (Kim and Chung, 1992).  

Anesthesia was induced and maintained with intraperitoneal 

or intramuscular injections of a ketamine (80 

mg/kg)/xylazine (12 mg/kg) mixture.  Animals were shaven 

dorsally (back hairs), and placed in a prone position on a 

surgical platform.  Following surgical preparation of the 

rats and exposure of the dorsal vertebral column via a 2 cm 
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paraspinal incision from L4 to S2, the exposed L5 and L6 

spinal nerves were tightly ligated with 4-0 silk suture. 

The incisions were then closed, and the animals were given 

at least 5 days recovery before further use.  Sham control 

animals were subjected to the same operating procedure 

minus the L5/L6 nerve ligation (Burgess et al, 2002).  

Animals demonstrating motor difficulties or a lack of nerve 

injury induced tactile hypersensitivity were excluded from 

the study. 

2.4 Intrathecal catheterization.  While under ketamine (80 

mg/kg) and xylazine (12 mg/kg) anesthesia/parasthesia, rats 

were implanted with permanently indwelling catheters 

(polyethylene 10, 7.8 cm from atlanto-occipital membrane at 

the base of the dorsal neck) into the spinal subarachnoid 

space for drug delivery at the L5/L6 level of the lumbar 

spinal cord (Yaksh 1976).  Animals were allowed 4-7 days of 

recovery before experiments were conducted. In vivo 

intrathecal microdialysis.  1-hour before the experiment, 

rats were placed in a recording chamber with access to food 

and water ad libitum.  After acclimation, the microdialysis 

system was connected to the animals with inflow and outflow 

tubing comprised of polyethylene 10 tubing connected to a 
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polyethylene 50 joint connected to the exposed polyethylene 

10 (PE-10) microdialysis catheters extending out from the 

base of the rat’s neck.  The externalized PE-10 catheter 

tubing was then connected to a 2.5 mL Hamilton syringe 

containing artificial cerebrospinal fluid (CSF) attached to 

a BAS (Bioanalytical Systems, Inc) syringe pump, and served 

as the inflow.  The other externalized PE-10 tubing served 

as the outflow, with the tubing terminating in a 1.7 mL 

microcentrifuge tube (Corning Inc.) residing in a 

refrigerated (4
�
C) fraction collector (Univentor Ltd., High 

Precision Engineering, 810 Microsampler) for dialysate 

collection. 

Microdialysis of the cerebrospinal fluid (CSF) in the lower 

lumbar spinal cord was performed in freely moving, non-

anesthetized, awake animals, as based on previous studies, 

which have utilized in vivo microdialysis to analyze 

endogenous levels of norepinephrine, 5-HT, and PGE2 in the 

spinal cord (Malberg et al., 1995a,b; Hammond et al., 

1985).  At a flow rate of 10 µl/min, the microdialysis probe 

was continuously perfused with artificial CSF (in mM: 138 

NaCl, 5 KCl, 1 MgCl2,
 1 CaCl2, 11 NaHCO3, and 1 NaH2PO4, pH 

7.4) containing 0.2% bovine serum albumin, 0.2% glucose, and 
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0.03% of the peptidase inhibitor Bacitracin.  To allow the 

analyte levels to reach a steady state, the probe was 

perfused for a 30-minute washout period before collection of 

the first baseline sample (Malmberg and Yaksh, 1995b).  

Forty-minute fraction collections began after the washout 

period to establish baseline levels of PGE2 or 5-HT in the 

lumbar spinal cord.  Microdialysate was then collected for 

40-minute fraction intervals over the entire 160-minute 

collection period.  In all experiments, four dialysate 

fractions of 400 µl (40-min of perfusion each) were 

collected at 4°C and then immediately frozen at -80°C  until 

their PGE2 and 5-HT content could be analyzed via EIA or 

HPLC-fluorometric detection, respectively.  At no point 

during the microdialysis did the animals exhibit any 

behavioral signs of discomfort, abnormal behavior, or motor 

hyperactivity.  

2.5 PGE2 analysis.  PGE2 concentrations were assayed using a 

commercially available kit (Amersham Biosciences RPN222, 

Buckinghamshire, England).  This kit uses a monoclonal 

antibody to PGE2 (anchored to the plate via anti-IgG 

antibody) and PGE2-peroxidase conjugate.  The PGE2 antibody 

has the following cross-reactivities: 7.0% with PGE1, 4.3% 
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with PGF2α and 5.4% with 6-Keto PGF1α; no other cross-

reactivities exceeding 2% are known (manufacturer’s 

specifications).  After incubation of the reagents and 

spinal CSF sample in the EIA plate, activity bound to the 

solid phase is measured as directly proportional to the 

HRP-TMB (3,3’,5,5’-tetramethylbenzidine) substrate reaction 

as absorbance at 450 nm.  Due to the competition between 

the PGE2 in the sample and the HRP-conjugate reagent, the 

amount of PGE2 can be calculated by an inversely 

proportional relationship to the absorbance measured.  The 

limit of detection of the kit for PGE2 was 2.5 pg/50µL 

sample, using the standard sensitivity protocol.  

2.6 5-HT analysis.  5-HT concentrations were determined 

using a modified HPLC-fluorometric detection method (Kalen 

et al., 1988) developed to improve sensitivity for the 

naturally fluorescing indoleamines, 5-HT and its primary 

metabolite, 5-HIAA - found at femtomole (picogram) levels 

in spinal CSF.  HPLC conditions: flow rate was optimized to 

0.6 mL/min using a 3.0 x 100 mm C18 analytical 

Waters/Atlantis HPLC-column (3-micron particle-size) on a 

Waters 2695 HPLC coupled to a Waters 2475 Fluorescence 

Detector; column temperature was set to 30°C.  An isocratic 
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gradient was used with a mobile phase consisting of 8% 

ammonium acetate (100 mM, pH 5), 4% acetonitrile (J.T. 

Baker HPLC-grade), and 88% diH2O (Millipore).  An injection 

volume of 10 µL per sample was used.  The excitation, 

emission wavelengths used for fluorescence detection of the 

indoleamines was 285nm and 335nm, respectively.  Internal 

standards for both 5-HT and 5-HIAA were used to create 

standard curves for quantification, and to confirm the 

molecular identity of chromatographic peaks of interest in 

analyzed spinal CSF samples.  A standard curve was created 

with the following range of standard (5-HT or 5-HIAA) 

values: 290 fmol, 145 fmol, 72.5 fmol, 36.25 fmol, 18.125 

fmol - converted to mass of analyte, 5-HT: 51.1 pg, 25.5 

pg, 12.8 pg, 6.39 pg, 3.19 pg; 5-HIAA, 55.4 pg, 27.7 pg, 

13.9 pg, 6.93 pg, 3.46 pg.  The standard curve was created 

to determine the linear range of detection of our method, 

and the associated limit of detection, for 5-HT and 5-HIAA.  

The curve generated from the mole (mass) range of analytes 

listed gave a linear increase in response, measured as peak 

height, corresponding to the amount of indoleamine injected 

onto the column.  The sensitivity of the method was defined 

as the amount of indoleamine producing a peak twice the 

basal noise, and was found to be approximately 3-5 pg  
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(bottom standard for standard/calibration curve used) per 

standard 10 µL injection volume.   

Masses of interest in unknown spinal CSF samples were 

quantified using peak height, and calculated as percent of 

change from baseline values measured; absolute mass 

quantification was not used nor relevant to the 

experimental design being used.  Further mass confirmation 

of the analyte being measured was obtained through the use 

of electrospray-ionization mass spectrometry (ESI-MS). 

2.7 Tactile thresholds.  The withdrawal threshold of the 

hindpaw in response to probing with a series of eight 

calibrated von Frey filaments (Stoelting, Wood Dale, IL) in 

logarithmically spaced increments ranging from 0.41 to 15 g 

(4-150 N) was determined.  Each filament was applied 

perpendicularly to the plantar surface of the left hindpaw 

of rats kept in suspended wire-mesh cages.  Measurements 

were taken both before and after administration of drug or 

vehicle.  Withdrawal threshold was determined by 

sequentially increasing and decreasing the stimulus 

strength (“up and down” method), analyzed using a Dixon 

nonparametric test (Chaplan et al., 1994), and expressed as 
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the mean withdrawal threshold.  Significant changes from 

baseline control values were detected by ANOVA, followed by 

Fisher’s least significant difference test.  These 

evaluations were all performed with the aid of the 

statistics package FlashCalc.  Significance was set at p < 

0.05.  

2.8 Quantitative RT-PCR.  Quantitation was performed using 

the iCycler iQ Multicolor Real-Time PCR Detection System 

with iScript cDNA Synthesis Kit and iQ SYBR Green Supermix 

(Bio-Rad).  Total RNA was isolated from the RVM by the 

TRIzol method (Invitrogen, CA, USA).  Two step reverse 

transcription (RT) was performed using 1 µg total RNA and 

the Retroscript kit (Ambion, Austin, TX).  Real-Time PCR 

analysis was performed on an iCycler MyiQ Single Color 

Real-Time PCR detection system (Bio-Rad, CA, USA).  The 

sequences of the genes of interest were taken from the 

GeneBank: access number; B1 receptor NM_030851, B2 receptor 

X69681, and prodynorphin NM_019374.  Gene-specific primers 

for the amplification were obtained from the Midland 

Certified Reagent Company.  Real-Time Polymerase Chain 

Reaction primers sequences for the amplification were: 
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B1 receptor/forward primer: 5' GCATCTTCCTGGTGGTGG 3' 

(nucleotides: 540~557) 

B1 receptor/reverse primer: 5' CAGAGCGTAGAAGGAATGTG 3' 

(nucleotides: 682~701) 

B2 receptor/forward primer: 5' CTTTGTCCTCAGCGTGTTC 3' 

(nucleotides: 364~382) 

B2 receptor/reverse primer: 5' CAGCACCTCTCCGAACAG 3' 

(nucleotides: 506~523) 

Prodynorphin/forward primer: 5' GCAAATACCCCAAGAGGAG 3' 

(nucleotides: 670~688) 

Prodynorphin/reverse primer: 5' CGCAGAQAAACCACCATAGC 3'' 

(nucleotides: 817~835) 

GAPDH/forward primer: 5' ATCATCCCTGCATCCACTG 3' 

GAPDH/reverse primer: 5' GCCTGCTTCACCACCTCC 3' 

 

The Real-Time PCR reactions were carried out in a 

total reaction volume of 20 µL containing the final 

concentration of: 1x SYBR Green Master Mix (Bio-Rad, 

Hercules, CA), 300 nM of forward and reverse primers, and 

200 ng of cDNA from the RT step.  All samples from 

different animals were run in triplicate using an annealing 

temperature of 60ºC.  The expression of target genes was 

normalized to that of GAPDH.  The differences of target 
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mRNA expression between treatment and control were analyzed 

using the Comparative CT Method.  The threshold cycle (CT) 

is defined as the cycle at which the fluorescence generated 

from a certain amount of amplified PCR product reaches a 

fixed threshold.  For each sample, the CT value for the 

control gene (GAPDH) was subtracted from the CT value for 

the gene of interest (B1 receptor, B2 receptor and 

prodynorphin) to obtain a ∆CT value.  The control sample 

∆CT value was then subtracted from the treated animal ∆CT 

value to obtain the ∆∆CT.  The relative fold change from 

our control was expressed by a calculation of 2- ∆∆CT for 

each sample.  The level of expression of each target gene 

is converted to the copy number of that same target gene 

which is relative to 500,000 copies of GAPDH. 

All samples were run in triplicate using an annealing 

temperature of 60°C.  For real-time RT-PCR, the following 

primers and probes were selected: data are expressed as the 

mean ± SEM. 

2.9 Data analysis. PGE2 and 5-HT baseline concentrations 

were measured and normalized to 100%, and used as a basis 

of comparison for all post-baseline measurements, which 
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were calculated as percent change of baseline values.  

Significant changes from control values were detected by 

ANOVA, followed by Fisher’s least significant difference 

post hoc test.  These evaluations were all performed with 

the aid of the statistics package FlashCalc.  Statistical 

significance was set at p < 0.05.  
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Figure 13 Diagram showing the basic organization of the 

spinal cord.  Posterior and dorsal spinal roots are shown, 

along with the meninges and subarachnoid cavity in the 

spinal cord (Illustration taken from Gray’s Anatomy online 

source, website ref). 
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CHAPTER THREE 

Results – Part One 

3.1 CCK in the RVM evokes the release of PGE2 in the lumbar 

spinal cord 

Administration of CCK-8(s)[30 ng/0.5µL] via a single, 

bilateral microinjection into the RVM resulted in a time-

dependent increase in the release of PGE2 in the lumbar 

spinal cord.  Release of PGE2 into the spinal CSF showed 

peak levels, 40-min post-CCK injection into the RVM, and 

continued at this level through 80-min, with no statistical 

difference (p=0.385) in PGE2 release between the 40- and 80-

min timepoints.  Post-baseline, percent of baseline 

measurements of PGE2 in the spinal CSF were as follows: 40-

min, 198 ± 20.1; 80-min, 469 ± 93.0; 120-min, 555 ± 79.7%.  

CCK-8(s) administered bilaterally into the RVM resulted in 

a significant (p=0.075) increase in spinal PGE2 release with 

a mean PGE2 release (from baseline levels) of 508 ± 108% for 

the two post-CCK injection timepoints mathematically pooled 

(80-min collection period; mean calculated; n = 6) (Fig. 

1.2A).  This release of PGE2 was significantly attenuated 

(p=0.025) with the pre-administration of the CCK2 receptor 



 117

antagonist, YM022, given 10-minutes prior to CCK, both 

administered into the RVM (Fig. 1.2B).  
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CCK into the RVM evokes the release of PGE2 in the lumbar 

spinal cord; CCK2 antagonist, YM022 attenuates this release 
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Figure 14 Male Sprague Dawley rats (250-350g) received CCK-

8(s)[30 ng/0.5µL] bilaterally into the RVM and PGE2 levels 

were determined through intrathecal microdialysis 

collection of the spinal CSF in the lumbar spinal cord. 
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(Figure A) Microdialysis collections were taken at 40-min 

intervals for 160-min.  CCK-8(s) administered bilaterally 

into the RVM resulted in a significant increase in spinal 

PGE2 release from baseline and vehicle levels (n = 5; **p < 

0.05).  YM022 into the RVM, 10-min prior to RVM CCK-8(s) 

resulted in a significant attenuation of CCK-8(s) induced 

spinal release of PGE2 for the two post-CCK injection 

timepoints (80-min collection period)(n = 6; *p < 0.05). 

(Figure B) Summary of Figure (A) data, post-injection 

timepoints were mathematically pooled (mean calculated for 

each group). 
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3.2 RVM/CCK-induced tactile hypersensitivity is attenuated 

by the non-selective COX inhibitor, naproxen (i.th.)  

CCK-8(s)[30 ng/0.5µL] administered bilaterally into 

the RVM in conjunction with saline vehicle (i.th.) produced 

a pronounced decrease in the paw withdrawal threshold, 

indicating an increase in tactile hypersensitivity.  

Administration of CCK-8(s) into the RVM produced its 

maximum nociceptive effect (p=0.032) at 45-min with the 

following paw withdrawal threshold(g): 3.88 ± 0.595g, which 

was significantly (p=0.005) attenuated by the pre-

administration (i.th.; 15-min prior to CCK) of the non-

selective COX inhibitor naproxen, at both the 100 µg and 

200 µg doses into the spinal cord.  Paw withdrawal 

thresholds (g) for the 30- and 45-min timepoints (where 

naproxen demonstrated its peak activity), respectively, 

were as follows for the two doses used: 100 µg dose, 12.7 ± 

0.358g, and 13.9 ± 0.283g; 200 µg dose, 14.4 ± 0.302g, and 

14.4 ± 0.302g.  A dose-responsive attenuation of CCK-

induced nociception was observed for naproxen, with the 

greatest effect (45 min; 14.4 ± 0.302g) observed at the 200 

µg dose.   
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RVM/CCK-induced tactile hypersensitivity is attenuated by 

the non-selective COX inhibitor, naproxen (i.th.) 
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Figure 15 Male Sprague-Dawley rats (250-350g) received 

naproxen (100 or 200µg) intrathecally followed by CCK-

8(s)[30 ng/0.5µL] administered bilaterally into the RVM. 

CCK-8(s) administered into the RVM resulted in a 

significant increase in tactile hypersensitivity (*p < 

0.05, n = 5), which was significantly attenuated at all 

timepoints by the pre-administration of the non-selective 

COX inhibitor naproxen at the two doses tested (**p < 0.05; 

n = 5 per group). 
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Figure 16 Male Sprague-Dawley rats (250-350g) received 

naproxen (100 or 200µg) intrathecally followed by CCK-

8(s)[30 ng/0.5µL] administered bilaterally into the RVM.  

CCK-8(s) administered into the RVM resulted in a 

significant increase (**p < 0.05) in tactile 

hypersensitivity, which was significantly attenuated by the 

pre-administration of the non-selective COX inhibitor 

naproxen (p < 0.05; n = 5 per group).   
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Figure 17 A modified AUC graph (AOC = Total Area – AUC) of 

Figure 15 data was used to confer a more intuitive 

graphical representation of the antagonist data, with a 

summary of the data across the total experimental 

timecourse (*p < 0.05 compared to Veh/CCK group; **p < 0.05 

compared to Veh/Veh group).  

 

 

 

 

 

** 
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3.3 CCK in the RVM does not affect the release of 5-HT into 

the lumbar spinal cord 

CCK-8(s)[30 ng/0.5µL] administered bilaterally into 

the RVM did not result in a significant change in the 

spinal CSF release of 5-HT with a mean 5-HT release (from 

baseline levels) of 111 ± 10.3% for the two post-injection 

timepoints mathematically pooled (80-min collection period; 

mean calculated; n = 7).  Administering the CCK2 receptor 

antagonist, YM022 (25 pg/0.5µL) into the RVM, 10-min prior 

to CCK resulted in a small, but non-significant (p=0.663) 

decrease in spinal 5-HT release with a mean 5-HT (percent 

of baseline) level of 109 ± 13.5% for the two post-CCK 

injection timepoints mathematically pooled (80-min 

collection period; mean calculated; n = 8).  The 

administration of YM022 (25 pg/0.5µL) coupled with a diH2O 

vehicle injection (YM022/diH2O; first injection/second 

injection) into the RVM resulted in a significant (p=0.003) 

decrease in 5-HT from vehicle control levels (108 ± 19.3%) 

with a mean 5-HT (percent of baseline) release of 73.1 ± 

4.21% for the post-YM022/diH2O injection, 120-min collection 

period (n = 6).  The administration of vehicle (diH2O) into 

the RVM did not significantly (p=0.106) alter 5-HT release 
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in the spinal cord from non-injection baseline controls 

levels.  ESI-Mass Spec analysis of CSF samples analyzed for 

5-HT and 5-HIAA, confirmed the presence of both 

indoleamines. Parent masses for 5-HT and 5-HIAA were 

identified at 176.6 amu and 192.9 amu, respectively. 

Homodimers of 5-HT were identified in analyzed samples with 

a mass of 337.5 amu (2 x 5-HT – H2O + 2H
+) and heterodimers 

formed between the parent mass, 5-HT, and its metabolite 

(5-HT + 5-HIAA; 176 + 191 = 367 amu).    
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CCK administered into the RVM did not alter the release of 
5-HT in the lumbar spinal cord 
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Figure 18 Male Sprague Dawley rats (250-350g) received CCK-

8(s)[30 ng/0.5µL] bilaterally into the RVM and 5-HT levels 

were determined through intrathecal microdialysis 

collection of spinal CSF in the lumbar spinal cord.  CCK-

8(s) administered into the RVM resulted in a non-

significant (p > 0.05) increase in spinal 5-HT release for 

the 80-min collection period following injection (n = 6).  

Administering the CCK2 receptor antagonist, YM022 (25 

pg/0.5µL) into the RVM, 10-min prior to CCK did not 

significantly (p > 0.05) reduce 5-HT release compared to 

baseline, vehicle, or CCK only injections. 
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Figure 19 Male Sprague Dawley rats (250-350g) received CCK-

8(s)[30 ng/0.5µL] bilaterally into the RVM and 5-HT levels 

were determined through intrathecal microdialysis 

collection of spinal CSF in the lumbar spinal cord.  CCK-

8(s) administered into the RVM resulted in a small, but 

non-significant (p > 0.05) increase in spinal 5-HT release 

for the post-CCK injection timepoints mathematically pooled 

(80-min collection period; mean calculated; n = 6).  

Administering the CCK2 receptor antagonist, YM022 (25 

pg/0.5µL) into the RVM, 10-min prior to CCK did not 

significantly (p > 0.05) reduce 5-HT release compared to 

baseline, vehicle, or CCK only injections. 
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3.4 RVM/CCK-induced tactile hypersensitivity is attenuated 

by the 5-HT3 antagonist, ondansetron (i.th.) 

CCK-8(s)[30 ng/0.5µL] administration into the RVM in 

conjunction with saline vehicle (i.th.) produced a 

pronounced decrease in the paw withdrawal threshold, 

indicating an increase in tactile hypersensitivity.  

Administration of CCK via bilateral microinjection into the 

RVM resulted in a significant (p=0.003) increase in tactile 

hypersensitivity, which was significantly attenuated by the 

5-HT3 antagonist, ondansetron, into the spinal cord.  

Administration of CCK into the RVM produced its maximum 

nociceptive effect at 45- min with the following paw 

withdrawal threshold 5.23 ± 0.744g, which was significantly 

(p<<0.05) blocked by the post-administration (i.th.) of 

ondansetron at all three doses tested: 0.1, 1, and 10 µg.  

Paw withdrawal thresholds(g) for the 30- and 45-min 

timepoints (where ondansetron demonstrated its peak 

activity), respectively, were as follows for the three 

doses used: 0.1 µg dose: 10.0 ± 0.721g, and 8.74 ± 0.799g; 

1 µg dose: 10.3 ± 0.724g, and 10.1 ± 0.813g; 10 µg dose: 

12.0 ± 0.862g, and 10.3 ± 0.725g.  A dose-responsive 

attenuation of CCK-induced nociception was observed for 
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ondansetron, with significance achieved (p=0.033) for both 

the 1 and 10 µg doses over the entire timecourse (AOC data 

= AUC – Total Area), and the greatest effect observed at 

the 10 µg dose.   
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RVM/CCK-induced tactile hypersensitivity is partially 

attenuated by the 5-HT3 antagonist, ondansetron (i.th.) 

 

 

 

 

 

 

 

 

 

 

Figure 20 Male Sprague Dawley rats (250-350g) received CCK-

8(s)[30 ng/0.5µL] bilaterally into the RVM, followed by 

either saline or ondansetron (0.1, 1, 10 µg/5µL) delivered 

intrathecally.  CCK administered into the RVM resulted in a 

significant increase in tactile hypersensitivity (p < 0.05; 

n = 6-7) at all timepoints, which was significantly 

attenuated (15-45 min interval, all doses tested) by the 

post-administration of the 5-HT3 antagonist, ondansetron (p 

< 0.05; n = 6-7). 
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RVM/CCK-induced tactile hypersensitivity is partially 

attenuated by the 5-HT3 antagonist, ondansetron (i.th.) 
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Figure 21 Effects of graded doses (0.1, 1, 10 µg/5µL) of 

intrathecal (i.th.) ondansetron on tactile hypersensitivity 

induced by CCK-8(s)[30 ng/0.5µL] microinjection into the 

RVM. The i.th. injection of the 5-HT3 antagonist ondansetron 

(*p < 0.05; n = 6) significantly attenuated the effects of 

RVM CCK (**p < 0.05; n = 5), 45-min post-CCK administration 

into the RVM.   
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Figure 22 A modified AUC graph (AOC = Total Area – AUC) of 

Figure 20 data was used to confer a more intuitive 

graphical representation of the antagonist data (*p < 0.05 

compared to Veh/CCK group; **p < 0.05 compared to Veh/Veh 

group).   
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3.5 RVM/CCK-induced tactile hypersensitivity is attenuated 

by the pre-administration of the CCK2 antagonist, YM022 into 

the RVM  

Administration of CCK-8(s)[30 ng/0.5µL] via bilateral 

microinjection into the RVM resulted in a significant 

(p=0.03) increase in tactile hypersensitivity.  The CCK2 

receptor antagonist, YM022 (25 pg/0.5µL) administered 10-

min prior to CCK into the RVM, achieved a significant block 

of CCK-induced tactile allodynia at the 30-min (p=0.026), 

and 45-min (p=0.004) timepoints.  Administration of CCK 

into the RVM produced its maximum nociceptive effect at 45-

min with the following paw withdrawal threshold 7.02 ± 

1.98g, which was significantly (p=0.004) attenuated by 

YM022 injection into the RVM.   
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RVM/CCK-induced tactile hypersensitivity is partially 

attenuated by the pre-administration of the CCK2 antagonist, 

YM022 into the RVM 
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Figure 23 Male Sprague Dawley rats (250-350g) received CCK-

8(s)[30 ng/0.5µL] bilaterally into the RVM with either 

vehicle (diH2O; n = 6) or the CCK2 antagonist YM022 (n = 6) 

pre-administered into the RVM. CCK-8(s) administered 

bilaterally into the RVM resulted in a significant increase 

in tactile hypersensitivity (*p < 0.05; n = 6), which was 

significantly attenuated by the pre-administration of YM022 

(**p < 0.05; n = 6). Vehicle (1% DMSO or diH2O) injection 

into the RVM had no observable effect. 
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Figure 24 Effect of the CCK2 receptor antagonist, YM022 (25 

pg/0.5µL) on tactile hypersensitivity induced by CCK-

8(s)[30 ng/0.5µL](*p < 0.05) microinjection into the RVM in 

male Sprague-Dawley rats (250-350g).  The RVM injection of 

YMO22 (**p < 0.05;n = 6 per group) significantly attenuated 

tactile hypersensitivity induced by CCK-8(s), 45-min post-

CCK administration into the RVM.   
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Figure 25 A modified AUC graph (AOC = Total Area – AUC) of 

Figure 23 data.  Male Sprague Dawley rats (250-350g) 

received CCK-8(s)[30 ng/0.5µL] bilaterally into the RVM 

with either vehicle (diH2O; n = 6) or the CCK2 antagonist 

YM022 pre-administered into the RVM.  CCK-8(s) administered 

into the RVM resulted in a significant increase in tactile 

hypersensitivity (*p < 0.05; n = 6-7), which was 

significantly attenuated by the pre-administration of YM022 

(**p < 0.05; n = 6-7).  Vehicle (1% DMSO or diH2O) injection 

into the RVM had no observable effect. 
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Results – Part Two 

3.6 Prodynorphin mRNA in the RVM is increased following 

nerve-injury (SNL) 

RT-PCR was employed to determine levels of 

prodynorphin mRNA in the RVM of nerve-injured (SNL) and 

sham animals.  Prodynorphin mRNA levels were significantly 

increased (Figure 26; p=0.009) 14-days post SNL, but not 2-

days post SNL.   

3.7 B1 and B2-receptor mRNA in the RVM are increased 

following nerve-injury (SNL) 

RT-PCR was also employed to determine levels of B1- 

and B2-receptor mRNA in the RVM of nerve-injured (SNL) and 

sham animals.  B1-receptor mRNA levels were significantly 

increased 2-days post-SNL (Figure 27; (p=0.003), but not 

14-days post SNL. B2-receptor mRNA was significantly 

(p=0.046) increased 14-days post SNL, but not 2-days post 

SNL.   
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Prodynorphin mRNA in the RVM is increased following nerve-

injury 
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Figure 26 RT-PCR analysis of prodynorphin mRNA expression 

in the RVM of nerve-injured (SNL) and sham male Sprague 

Dawley rats (250-350g) at either 2-days or 14-days post- 

SNL surgery. Data are represented as the mean ± SEM.  The 

sample size was n = 4 for each group, with each RVM tissue 

sample run in triplicate. 
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B1 and B2-receptor mRNA in the RVM are increased following 

nerve-injury (SNL) 

 

 

 

 

 

 

 

 

 

 

 

Figure 27 Levels of B1 and B2-receptor mRNA in the RVM of 

nerve-injured (SNL) and sham male Sprague Dawley rats (250-

350g) at either 2-days or 14-days post surgery were assayed 

via RT-PCR.  Data are represented as the mean ± SEM.  

Sample size was n = 4 for each group, with each RVM tissue 

sample run in triplicate. 
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3.8 The B1-antagonist DALBK attenuates dynorphin-induced 

abnormal pain 

A single, bilateral microinjection of 6 nmol (total 

dose) dynorphin A(2-13) was administered into the RVM and 

elicted a strong pronociceptive response as indicated by a 

significant (45-min: p<<0.05) decrease in the paw 

withdrawal threshold (Figure 29).  Administration of 

dynorphin A(2-13) into the RVM produced its maximum 

nociceptive effect at 45-min with the following paw 

withdrawal threshold (g) 6.89 ± 0.395g, which was 

significantly (p=0.003) attenuated by the pre-

administration of the B1-antagonist DALBK at the 2, 6, and 

20 nmol doses (Figure 29).  Paw withdrawal thresholds (g) 

for the 45-min timepoint, where DALBK demonstrated its peak 

activity, were as follows for the three doses tested: 2 

nmol dose, 11.5 ± 0.667g; 6 nmol dose, 10.4 ± 0.427g; 20 

nmol dose, 13.1 ± 0.27g.  A dose-responsive attenuation of 

dynorphin-induced nociception was observed for DALBK, with 

the greatest effect seen at the 20 nmol dose.  Graphically 

representing a summary of the total timecourse data (Figure 

2.9) as a modified AUC graph (AOC = Total Area – AUC), a 

dose-response trend (20 nmol > 6 nmol) of the DALBK 
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antagonist data is evident.  In reference to the data 

across the entire timecourse (Fig 30; AOC data), 

significance was achieved at the 6 nmol (p=0.044), and 20 

nmol (p=0.001) doses tested. 
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The B1-antagonist DALBK attenuates dynorphin-induced 

abnormal pain 
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Figure 28 Male Sprague Dawley rats (250-350g) received the 

B1-antagonist, Des-Arg9-[Leu8]-bradykinin (DALBK) or 

vehicle (diH20) followed by dynorphin A(2-13)[6 nmol] 

bilaterally into the RVM, and then tested for tactile 

hypersensitivity using von Frey filaments. Dynorphin A(2-

13) administered bilaterally into the RVM resulted in a 

significant increase in tactile hypersensitivity (*p < 

0.05; n = 8), which was significantly attenuated by the 

pre-administration of DALBK (**p < 0.05; n = 5-11). 
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Figure 29 Male Sprague-Dawley rats (250-350g) received 

DALBK (2, 6, or 20 nmol) followed by dynorphin A(2-13)[6 

nmol] bilaterally into the RVM.  The data plotted represent 

the effect of DALBK at 45-min post-dynorphin injection into 

the RVM – where it demonstrated its peak effect.  Dynorphin 

A(2-13) administration into the RVM resulted in a 

significant increase in tactile hypersensitivity (**p < 

0.05; n = 6), which was partially blocked by the pre-

administration of the B1-antagonist DALBK (*p < 0.05; n = 

11). 
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Figure 30  A modified AUC graph (AOC = Total Area – AUC) of 

Figure 28 data was used to confer a more intuitive 

graphical representation of the antagonist data, with a 

summary of the data across the total experimental time 

course (*p < 0.05 compared to Veh/Dyn group; **p < 0.05 

compared to Veh/Veh group).  

 

 

** 
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3.9 The B2-antagonist Hoe-140 attenutes dynorphin-induced 

abnormal pain 

Administration of a single, bilateral microinjection 

of the B2-antagonist Hoe-140 at the 0.02 nmol (20 pmol), 

0.1 nmol (100 pmol), 1 nmol (1000 pmol), and 2 nmol (2000 

pmol) doses, 10-min prior to dynorphin A(2-13)[6 nmol] into 

the RVM, produced a dose-dependent attenuation of the 

dynorphin-induced increase in tactile hypersensitivity with 

significance (AUC data: (p<<0.05) achieved at the three 

doses tested.  The 20 pmol dose of Hoe-140 demonstrated 

significance (30-min: p=0.057, 45-min: p=0.009, 60-min: 

p<<0.05, 90-min: p=0.006) at all timepoints tested, with 

the exception of the first 15-min timepoint.  The 100 pmol 

dose of Hoe-140 demonstrated significance (30-min: p<<0.05, 

45-min: p<<0.05, 60 min: p=0.037) at the 30-, 45-, and 60-

min timepoints.  Increasing the Hoe-140 dose 10-fold to 

1000 pmol resulted in no observable increase in 

antinociceptive response relative to the 100 pmol dose 

tested.  In the interest of achieving a full block in 

dynorphin-induced tactile hypersensitivity, a 2-fold 

increase in dose to 2 nmol (2000 pmol) of Hoe-140 was 

tested, and demonstrated significance (p<<0.05) at all 
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timepoints tested.  This full block is most likely the 

result of Hoe-140 acting as an antagonist at both the B1 

and B2 receptors, in knowledge of its IC50 value of 1000 

nmol/L at the B1 receptor, and 0.148 nmol/L at the B2 

receptor (Fraser et al., 2003).  Dyn A(2-13)[6 nmol] 

administration into the RVM produced its maximum 

nociceptive effect at 45-min with a paw withdrawal 

threshold (g) of 4.22 ± 1.05g.  This peak pronociceptive 

effect was significantly (see statistics above) attenuated 

by the pre-administration of Hoe-140 at the 20 pmol, 100 

pmol, and 2 nmol (2000 pmol) doses tested.   
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The B2-antagonist Hoe-140 attenuates dynorphin-induced 

abnormal pain 
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Figure 31 Male Sprague Dawley rats (250-350g) received 

vehicle (diH20) or the B2-antagonist, Hoe-140 followed by 

dynorphin A(2-13)[6 nmol] bilaterally into the RVM. 

Dynorphin A(2-13) microinjected into the RVM resulted in a 

significant increase in tactile hypersensitivity (*p < 

0.05; n = 8), which was significantly attenuated by the 

pre-administration of Hoe-140 (**p < 0.05; n = 5-9) into 

the RVM.  
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The B2-antagonist Hoe-140 attenuates dynorphin-induced 
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Figure 32 Male Sprague-Dawley rats (250-350g) received Hoe-

140 followed by dynorphin A(2-13)[6 nmol] bilaterally into 

the RVM. Dynorphin A(2-13) administration into the RVM 

resulted in a significant increase in tactile 

hypersensitivity (**p < 0.05; n = 8), which was 

significantly attenuated by the pre-administration of the 

B2-antagonist Hoe-140 (10, 100, 1000, 2000 pmol: *p < 0.05; 

n = 5-9) into the RVM. 
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The B2-antagonist Hoe-140 attenuates dynorphin-induced 

abnormal pain 
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Figure 33 A modified AUC graph (AOC = Total Area – AUC) of 

Figure 31 data was used to confer a more intuitive 

graphical representation of the antagonist data, with a 

summary of the data across the total experimental 

timecourse (*p < 0.05 compared to Veh/Dyn group; **p < 0.05 

compared to Veh/Veh group).   
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4.0 The B2-antagonist Hoe-140 reverses nerve injury-induced 

abnormal pain 

Administration of a single, bilateral microinjection 

of the B2-antagonist Hoe-140 into the RVM of nerve-injured 

animals produced a dose-dependent reversal in SNL-induced 

tactile hypersensitivity (Figure 34). Nerve injury resulted 

in a mean post-SNL baseline paw withdrawal threshold (g) of 

2.46 ± 0.287g.  The 0.2 nmol (200 pmol) dose achieved 

significance with a paw withdrawal threshold of 7.12 ± 

1.05g at the 10-min timepoint (p=0.045), and at the 30-min 

timepoint (p=0.029) with a paw withdrawal threshold of 4.74 

± 0.480g.  The ten-fold higher dose of 2 nmol dose achieved 

significance (p<<0.05) at the 10-, 20-, 30-, and 40-minute 

timepoints. 

4.1 Dynorphin A(1-13) anti-serum reverses nerve-injury 

induced abnormal pain 

Administration of a single, bilateral microinjection of 

dynorphin A(1-13) antiserum (40 µg) into the RVM, produced a 

partial, but significant (Fig 35; p=0.007) reversal in 

nerve injury-induced (3.61 ± 1.15g) tactile 

hypersensitivity compared to the normal rabbit serum 



 151

control.  Significance was achieved across the four 15-min 

timepoints (ie. 15- to 60-min), with antiserum affects 

subsiding and returning to post-SNL baseline levels by 120-

min.  RVM administration of normal rabbit serum, which 

contains a variety of nonspecific antibodies, possessed no 

significant (p > 0.05) change from post-SNL baseline 

thresholds.  
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The B2-antagonist Hoe-140 reverses nerve injury 
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Figure 34 Nerve-injured male Sprague-Dawley rats (250-350g) 

received vehicle (diH20), or the B2-antagonist, Hoe-140 (0.2 

or 2 nmol) into the RVM, and then tested for tactile 

hypersensitivity.  Hoe-140 administered bilaterally into 

the RVM resulted in a significant (*p < 0.05; n = 5)  

reversal of the nerve-injury evoked increase in tactile 

hypersensitivity at the 0.2 nmol (10- and 30-min 

timepoints) and 2 nmol dose (all timepoints).  Nerve-injury 

induced tactile allodynia was not significantly affected by 

the administration of the diH20 water control (p > 0.05; n = 

4). 
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Dynorphin A(1-13) anti-serum administered into the RVM 
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 Figure 35 Nerve-injured male Sprague-Dawley rats (250-350g) 

received dynorphin A(1-13) antiserum (40 µg) or normal 

rabbit serum (control) into the RVM, and then tested for 

tactile hypersensitivity.  Dynorphin A(1-13) antiserum 
administered into the RVM elicited a significant reversal 

(15-60 min; *p < 0.05, n = 6) of the nerve-injury evoked 

increase in tactile hypersensitivity.  Nerve-injury induced 

tactile hypersensitivity was not significantly affected by 

the administration of normal rabbit serum (p > 0.05; n = 

5). 
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4.2 Bradykinin microinjected into the RVM produces abnormal 

pain 

The dose of bradykinin used in this experiment (0.28 

nmol) was comparable to the dose used (0.25 nmol) by 

Dalmolin et al., 2007 in their study of bradykinin in the 

amygdala (Dalmolin et al., 2007).  Bradykinin (0.28 nmol) 

microinjected bilaterally into the RVM produced a 

significant (p=0.003) increase in tactile hypersensitivity, 

with an onset of effect beginning at 30-min and lasting 

through the 90-min timecourse.  This follows the same 

timecourse as another B2-agonist, dynorphin A(2-13).  This 

was a proof of concept experiment with the sole objective 

to verify the presence of bradykinin receptors in the RVM 

that function in descending facilitation.  Bradykinin 

produced a strong pronociceptive effect by 30-min post-RVM 

injection (10.1 ± 0.537g), continuing through the remainder 

of the timecourse, with a paw withdrawal threshold of 10.2 

± 0.498g at 90-min.  Pre-administration of the B2-

antagonist, Hoe-140, 10-min prior to bradykinin into the 

RVM significantly attenuated bradykinin-induced tactile 

hypersensitivity (peak effect of agonist/antagonist, 45-

min; (p=0.002).  As a basis for comparison, dynorphin A(2-
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13) microinjection into the RVM, conducted in a separate 

experiment, was graphed alongside the bradykinin data 

(Figure 36).   

4.3 The B2-antagonist Hoe-140 blocks bradykinin-induced 

abnormal pain 

Bilateral microinjection of the B2-receptor antagonist 

Hoe-140 (2 nmol) prior to bradykinin (0.28 nmol) into the 

RVM resulted in a marked attenuation of bradykinin-induced 

tactile hypersensitivity.  Significance (Figure 37; p < 

0.05) for the Hoe-140 was achieved at 30-, 45-, and 60-min 

post-RVM injection of both antagonist and agonist.  Vehicle 

(diH2O) administration into the RVM produced no observable 

effect.  Both bradykinin and Hoe-140 produced their maximum 

effect by 45-min with a paw withdrawal threshold of 9.35 ± 

0.475g, and 13.1 ± 0.749g, respectively.  
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Bradykinin administered into the RVM induces tactile 
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Figure 36 Male Sprague-Dawley rats (250-350g) received 

bradykinin (0.28 nmol), dynorphin A(2-13)[6 nmol], or 

vehicle (diH20) microinjected bilaterally into the RVM, and 

were then tested for tactile hypersensitivity.  Both 

bradykinin and dynorphin A(2-13) administered into the RVM 

resulted in a significant increase in tactile 

hypersensitivity (*p < 0.05; n = 8).  
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The B2-antagonist Hoe-140 blocks bradykinin-induced 
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Figure 37 Acute effects of RVM, bradykinin (0.28 nmol) and 

the B2-antagonist Hoe-140 (2 nmol) in male Sprague-Dawley 

rats (250-350g), and then tested for tactile 

hypersensitivity. Hoe-140 microinjected bilaterally into 

the RVM resulted in a significant reversal (*p < 0.05; n = 

8) of the bradykinin-induced (**p < 0.05; n = 11) increase 

in tactile hypersensitivity, which was not significantly 

attenuated by the administration of the diH20 water control 

(p > 0.05; n = 8). 
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4.4 Dynorphin microinjected into the RVM produces long-

lasting tactile hypersensitivity 

Bilateral microinjection of dynorphin A(2-13[6 nmol] 

into the RVM produced a significant, long-lasting tactile 

hypersensitivity (Figure 36; p<<0.05)  with its peak 

pronociceptive effect displayed 9-days post-RVM injection, 

while continuing to produce robust tactile allodynia for 

greater than 30-days (day 30, PWT: 7.01 ± 1.45g).  A one-

half lower dose (3 nmol) of dynorphin was subsequently 

tested, and displayed a dose-responsive behavior with peak 

activity and significance (p<<0.05) observed by day 2 (PWT: 

3.85 ± 0.63), post RVM-injection and a gradual return to 

baseline levels starting at day 20.  Comparing the two-

doses at 9-days, where the high-dose (6 nmol) had its 

maximum effect, revealed a statistically significant 

difference (p=0.013) between the two doses (pronociceptive 

activity: 6 nmol > 3 nmol) tested.  Vehicle (diH2O) 

injection into the RVM produced an acute, although 

relatively minor pronociceptive effect that peaked at 240-

minutes, but returned to normal naïve baseline (approx. 15 

g) levels for the remainder of the testing.  
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Figure 38 Male Sprague Dawley rats (250-350g) received 

vehicle (diH20) or dynorphin A(2-13)[3 or 6 nmol] 

microinjected bilaterally into the RVM, and were tested for 

acute and chronic tactile hypersensitivity. Dynorphin A(2-

13) administered bilaterally into the RVM resulted in a 

dose-dependent, long-lasting tactile hypersensitivity (p < 

0.05; n = 5-7), which persisted for more than 30 days.  
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CHAPTER FOUR 

Discussion 

In the first part of this two-part study, 

pharmacological and behavioral models were used to further 

elucidate the role of CCK in the RVM, a key pain-modulatory 

region of the brainstem, and identify what 

neurotransmitters (ie. 5-HT, PGE2) at the level of the 

spinal cord mediate this descending influence.  In the 

second part, the role of the pronociceptive peptide 

dynorphin was investigated in the RVM, in conjunction with 

the identification of receptor(s) involved in mediating its 

effects to the spinal cord to promote abnormal pain.  The 

CCK study will first be addressed, followed by the 

dynorphin study, and then the overall significance and 

findings of the two will be discussed.     

Recent studies have demonstrated the role of RVM CCK 

in promoting neuropathic pain (Heinricher and Neubert, 

2004), opioid-induced tactile and thermal hypersensitivity, 

and opioid antinociceptive tolerance (Xie et al., 2005).  As 

mentioned previously, two pain-modulatory cell types have 
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been identified in the RVM: two of which, the ON- and OFF-

cells are believed to function directly in descending pain 

modulation and possess facilitatory and inhibitory 

activity, respectively.  CCK microinjection into the RVM 

has been shown to promote ON-cell activation that coincides 

with behaviorally measurable features such as thermal 

hyperalgesia, suggesting that CCK activity in the RVM may 

drive descending pain facilitation (Heinricher and Neubert, 

2004).  Conversely, it has been shown that OFF-cell 

activation ensuing in antinociception and enhanced 

analgesia can be evoked by opioid peptides and blocked by 

microinjection of the “anti-opioid” CCK into the RVM 

(Heinricher et al., 1999; Neubert et al., 2004).  Recent 

studies have also demonstrated that CCK2 receptor 

antagonists can enhance opioid analgesia in humans 

(McCleane, 1998, 2000, 2003).  

In a recent study in our group, we found that in 

spinal nerve ligation injury, RVM CCK is increased more 

than 200% over baseline controls (Vanderah Lab, unpublished 

obervation.  This supports previous observations, showing a 

reversal in both tactile and thermal hypersensitivity in 

nerve-injured rats with the use of the CCK2 antagonist, 

L365,260 microinjected into the RVM (Xie et al., 2005; 
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Kovelowski et al., 2000).  More importantly, studies have 

shown that exogenous administration of CCK into the RVM of 

naïve rats closely mimics the nerve-injured state, 

eliciting the same hypersensitivity of the hindpaws seen in 

nerve-injury, and that by blocking the CCK2 receptor, the 

abnormal pain can be attenuated (Xie et al., 2005).  In 

total, these data support the idea that CCK2 receptor 

activation in the RVM plays a major role in promoting 

descending facilitation and abnormal pain.  

RVM facilitated descending modulation has been 

previously characterized as playing an important role in 

spinal nociception (Fields et al., 1983; Fields and 

Heinricher, 1985; Morgan and Fields, 1994; Friedrich and 

Gebhart, 2003) and is mediated via the DLF by bulbospinal 

projections (Zhou and Gebhart, 1992; Urban et al., 1996; 

Urban and Gebhart, 1997; Fields and Basbaum, 1999).  

Descending pain modulatory regions of the brainstem have 

also been shown to be important in both the manifestation 

and maintenance of certain chronic pain states (Ossipov et 

al., 2000; Millan, 2002). Experimentally produced 

neuropathic pain can be reversed by lidocaine 

microinjection into the RVM, which offers further support 

to the critical role that descending facilitation from the 
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RVM plays in this type of pain (Pertovaara et al., 1996; 

Kovelowski et al., 2000).      

Concerning serotonin’s effects at the 5-HT3 receptor, 

recent studies have demonstrated that 5-HT3 antagonists such 

as ondansetron, possess significant antinociceptive (Suzuki 

et al., 2004) and clinically significant pain-relieving 

properties as well (McCleane et al., 2003).  A clinical 

study by Ambesh and colleagues found that ondansetron 

pretreatment significantly reduced the pain of propofol 

injection used to induce surgical anesthesia (Ambesh et 

al., 1997).   

In our present study, we by-passed the blood-brain-

barrier and delivered ondansetron directly to its 

peripherally modulating confirmed site of action in the 

spinal cord (Zeitz et al, 2002; Maxwell et al., 2003), 

following a pronociceptive dose of CCK into the RVM, and 

observed a significant attenuation in the CCK-induced 

tactile hypersensitivity response in naïve rats.  These 

data suggest that when CCK is elevated in the RVM, 5-HT is 

being released spinally and is acting at the 5-HT3 receptor 

in the spinal cord to promote abnormal pain.  Blocking 

activation of the 5-HT3 receptor by ondansetron, attenuated 

this abnormal pain.  For the purposes of our study, this 
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offers further support that CCK in the RVM, acting through 

the excitatory CCK2 receptor, activates descending 

facilitatory pathways leading to the release of 5-HT in the 

spinal cord.  Although, we were unable to detect a change 

in levels of 5-HT in the spinal CSF with our detection 

method, in light of ondansetron’s antinociceptive activity 

when given by intrathecal injection, it appears that 5-HT 

is being released spinally and that a significant portion 

of RVM CCK-induced pronociceptive activity is mediated 

through the activation of spinal 5-HT3 receptors by, an as 

of yet, not fully characterized mechanism.  

 Addressing our HPLC-Fluorometric detection method that 

was utilized for 5-HT/5-HIAA quantitation, a possible 

explanation as to why we were unable to measure a change in 

5-HT levels in the spinal cord, is that our method was 

simply not sufficiently sensitive in its ability to detect 

5-HT, as all of our quantitation was based on the 

metabolite 5-HIAA, and not 5-HT itself.  If there were 

femtogram to picogram levels of 5-HT remaining in the 

dialysate that we were simply unable to detect, that would 

constitute one explanation as to why we didn’t see a 

significant change in 5-HT levels following CCK injection 

in the RVM.  It may be that levels of the metabolite 5-HIAA 
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formed in the spinal CSF are not entirely representative of 

5-HT levels acting within the spinal cord. 

 Another possibility is that 5-HT is not up-regulated 

to a significant extent in the spinal CSF following 

elevated levels of CCK into the RVM, and that measuring 

levels in the spinal subarachnoid space may not be 

indicative of actual levels of 5-HT acting within the 

spinal cord to promote 5-HT3 receptor activation.   

Our current study in concert with previous findings 

further substantiates the role of the RVM and supraspinal 

mechanisms in the expression of peripheral nociception, and 

the presence of both a strong 5-HT3 and prostanoid mediated 

component in the lumbar spinal cord.  The data suggests 

that RVM CCK-evoked release of PGE2 and possibly 5-HT in the 

spinal cord may be the primary mechanism whereby the RVM 

exerts its pronociceptive effects to the periphery.  An 

approximate 500% increase in PGE2 in the spinal CSF, and a 

non-detectable change in 5-HT levels in the spinal CSF was 

observed after CCK microinjection into the RVM, with the 

resulting tactile hypersensitivity abolished with the 

intrathecal injection of either the non-selective COX 

inhibitor naproxen, or the 5-HT3 receptor antagonist 

ondansetron.  With spinal ondansetron demonstrating 
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efficacy in blocking RVM CCK tactile hypersensitivity, it 

is not known as to the origin of the 5-HT that is 

apparently working spinally to activate spinal 5-HT3 

receptors.  In view of the data, it appears that our 

analytical method was perhaps unable to sufficiently detect 

the apparently small yet profound changes in 5-HT levels 

occurring within the spinal cord following CCK injection 

into the RVM.  In summary, our data suggests that RVM CCK 

mediates its pronociceptive effects, in part through 

enhanced prostaglandin release, and through a yet to be 

elucidated activation of 5-HT3 receptors and the associated 

pharmacologically apparent release of 5-HT at the level of 

the spinal cord. 

 In the second part of this study, we used 

pharmacological and behavioral models to determine the role 

of dynorphin in the RVM.  From previous studies, it is 

known that elevated spinal dynorphin is associated with 

states of chronic inflammation and peripheral nerve injury 

bearing physical manifestations of abnormal pain such as 

allodynia, hyperalgesia, and spontaneous pain.  Increased 

spinal expression of dynorphin is pronociceptive and 

appears to promote facilitated pain states (Kajander et 
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al., 1990; Draisci et al., 1991; Dubner and Ruda, 1992).  

In addition, sustained opioid administration, either 

systemically or spinally, leads to the development of 

tolerance and abnormal pain, in conjunction with elevations 

of spinal dynorphin content (Vanderah et al., 2001a, 2001b; 

Gardell et al., 2002).  Bilateral lesions of the DLF have 

been shown to prevent this up-regulation of spinal 

dynorphin along with blocking the development of abnormal 

pain and antinociceptive tolerance to morphine (Gardell 

2003).   

In previous studies in our group, we have shown that a 

single injection of dynorphin A and associated non-opioid 

fragments administered spinally produce long-lasting (> 70 

days) tactile allodynia (Vanderah et al., 1996b; Laughlin 

et al., 1997), and can thereby simulate and create a state 

of chronic neuropathic pain.  This aptly demonstrates the 

role descending facilitation plays in spinal dynorphin 

release - by effectively disconnecting bulbospinal tracts 

from the RVM (ie. DLF lesion), the up-regulation of 

dynorphin is prevented and the corresponding abnormal pain 

state is likewise averted.  



 168

  In our present study, we observed long-lasting (> 30-

days) tactile allodynia from a single, bilateral injection 

of dynorphin A(2-13) into the RVM.  Two doses of dynorphin 

A(2-13) were tested, and found to display a dose-responsive 

effect on the tactile hypersensitivity induced.  The lower 

of the two doses (3 nmol) of dynorphin A(2-13) displayed 

peak pronociceptive activity (PWT: 7.01g ± 1.45) on day 2 

post-injection into the RVM, and began a gradual reversal 

in effect (ie. progressing toward naïve baseline levels) by 

day 20 (PWT: 10.6 ± 2.17) onward.  In contrast, the 6 nmol 

dose displayed a more pronounced peak effect, manifesting 

on day 9 (PWT: 2.87g ± 0.756) and continuing through day 30 

(PWT: 7.01g ± 1.45) post-injection into the RVM.  Neuronal 

excitoxicity and tissue necrosis at the site of injection 

in the RVM and possibly the spinal cord as well, are likely 

contributing factors to the long-term dynorphin-induced 

tactile hypersensitivity observed.   

In an effort to determine the receptor(s) mediating 

dynorphin’s effect in the RVM, and on to the periphery, 

antagonists targeted against the bradykinin, B1- and B2-

receptors were employed.  RVM injection of dynorphin A(2-

13) produced significant tactile hypersensitivity, which 
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was attenuated with pre-administration (RVM) of the B1-

(DALBK), and B2-antagonist, Hoe-140. Administering 

dynorphin A(1-13) antiserum into the RVM reversed nerve-

injury induced tactile hypersensitivity, offering evidence 

for the up-regulaton of dynorphin in the RVM following 

nerve-injury (SNL). This pharmacologically apparent 

increase in dynorphin observed in nerve-injury is in 

conjunction with RT-PCR data showing a significant increase 

in prodynorphin, B1- and B2-receptor mRNA in the RVM 

following nerve-injury.  In total, these data strongly 

support the hypothesis that dynorphin is increased in the 

RVM in nerve-injury, and through bradykinin receptor 

activation, promotes descending facilitation in this key 

pain-modulatory region of the brainstem.   

Previous studies in our group have documented the 

intrathecal effects of bradykinin injections, which consist 

of a highly transient (less than 30 sec) but immediate 

anxiogenic effect, without any measurable increase in 

either tactile or thermal sensitivity (Lai et al., 2006).  

In contrast, in the present study we observed that 

bradykinin microinjection in the RVM results in a 

pronounced increase in tactile hypersensitivity, and 
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interestingly enough, follows the same timecourse of effect 

(ie. onset of activity at 30 min post-RVM injection) as 

dynorphin A(2-13) into the RVM, as one might predict given 

that the B2-receptor largely mediates the pro-inflammatory, 

pronociceptive activities of both bradykinin and the newly 

discovered dynorphin B2-receptor interaction.  Injecting 

bradykinin into the RVM was a proof of concept experiment, 

and provided further verification for the presence of 

bradykinin receptors, and their pronociceptive role in 

mediating ligand (ie. dynorphin) effects in this pain 

modulatory region.    

 Peripheral nerve injury-induced abnormal pain states 

are associated with increased spinal dynorphin levels, and 

treatments or procedures that prevent (ie. DLF lesions) or 

antagonize (ie. anti-serum or antagonists) elevated 

dynorphin content or activity also abolish this abnormal 

pain (Malan et al., 2000; Porreca et al., 2001; Wang et 

al., 2001; Burgess et al., 2002; Gardell et al., 2003).  

The exact mechanism through which increased spinal 

dynorphin produces abnormal pain and opioid antinociceptive 

tolerance is still being investigated, though three 

contributing mechanisms have been strongly implicated by 
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the present data in playing a strong role in dynorphin-

induced allodynia, excitoxicity, and central sensitization.   

Addressing the first of these proposed mechanisms, it 

is known that elevated levels of spinal dynorphin promote 

excitatory neurotransmitter release from primary afferent 

terminals, and acting in the manner of a positive feedback 

loop, amplifies further sensory input.  Exogenous dynorphin 

administered into the spinal cord and hippocampus has been 

shown to elicit localized, dose-dependent release of 

glutamate and aspartate as measured via microdialysis 

collection (Faden 1992; Skilling et al., 1992), an effect 

which could lead to excitotoxicity.  This is consistent 

with previous observations that dynorphin A increases 

capsaicin-evoked, substance P release from primary afferent 

C-fibers (Arcaya et al., 1999), and  potentiates capsaicin-

evoked release of calcitonin gene-related peptide (CGRP) in 

spinal cord slices in vitro (Claude et al., 1999; Gardell 

et al., 2002, 2003) - both supporting a presynaptic 

mechanism for dynorphin-induced abnormal pain.   

Secondly, ischemia may result from dynorphin-induced 

decreases in blood flow (Long et al., 1987; Thornhill et 
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al., 1989).  Transient ischemia on its own has been shown 

to induce allodynia in rats (Hao et al., 1991).  

Furthermore, the in vitro application of dynorphin to 

cultured spinal cord neurons was absent of the cell death 

observed in vivo (Long et al., 1994), implicating a 

reduction in blood flow induced by dynorphin, as the 

mechanism of its neurotoxicity.  Administration of 

dynorphin with the vasodilatory drug, hydralazine, resulted 

in the inhibition of dynorphin-induced paralysis (Long et 

al, 1994).  It is known that ischemia results in the 

increased production of lactic acid and free radicals along 

with an increased release of fatty acids and excitatory 

amino acids, together with the functional collapse of the 

blood-brain barrier, these effects can ultimately lead to 

cell death.   

Lastly, dynorphin-induced paralysis is linked with an 

increase in nicotinamide adenine dinucleotide phosphate 

(NADPH-diphorase), a biochemical marker for nitric oxide 

producing cells, suggesting that nitric oxide levels in the 

spinal cord can be increased by dynorphin (Hu et al., 

1996).  
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Recent in vitro binding studies in our group have 

demonstrated that dynorphin A binds with moderate, 

micromolar affinity (KD: µM) to bradykinin receptors, and 

may produce its excitatory effects via calcium influx 

through the activation of L-type and P/Q type voltage-

sensitive calcium channels (VSCC) by a PKA-dependent 

pathway (Lai et al., 2006).  

 In this dissertation, I have demonstrated the 

following: 

Part I: 

1) CCK-8(s) microinjection into the RVM increases PGE2 

levels in the spinal cord, suggesting CCK produces its 

pronociceptive effects in the periphery partly through 

the spinal release of PGE2. 

2) CCK-8(s) microinjection into the RVM evokes tactile 

hypersensitivity, which is attenuated by the RVM 

administration of the CCK2 receptor antagonist YM022, 

providing behavioral data to coincide with the increase 

in PGE2 levels observed while utilizing in vivo 

microdialysis under the same experimental conditions. 
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3) CCK-8(s)-induced tactile hypersensitivity is attenutated 

by intrathecal administration of the non-selective COX 

inhibitor naproxen, providing further support that RVM 

CCK promotes prostaglandin release. 

4) CCK-8(s)-induced tactile hypersensitivity is attenuated 

by intrathecal administration of the 5-HT3 antagonist 

ondansetron, suggesting spinal 5-HT levels are evoked by 

RVM CCK.  

Part II: 

5) Prodynorphin is significantly increased in the RVM 14-

days post nerve-injury. B1-receptor mRNA is 

significantly increased 2-days post nerve-injury.  B2-

receptor mRNA is increased 14-days post nerve injury.  

6) Dynophin A(2-13) injection into the RVM evokes 

significant tactile hypersensitivity by 30-min post-

injection, with a strong duration lasting through 60-

min, suggesting RVM dynorphin evokes abnormal pain in 

the periphery. 

7) Dynorphin A(2-13)-induced tactile hypersensitivity is 

significantly attenuated by the B1-antagonist DALBK, 
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suggesting an RVM B1-receptor mediated contribution in 

peripheral pain. 

8) Dynorphin A(2-13)-induced tactile hypersensitivity is 

significantly attenuated by the B2-antagonist, Hoe-140, 

suggesting an RVM B2-receptor mediated contribution in 

peripheral pain. 

9) Dynorphin A(2-13)[3 or 6 nmol] microinjection into the 

RVM evokes long-lasting (> 30 days), dose-dependent 

tactile hypersensitivity, suggesting the presence of 

tissue excitotoxicity at the site of injection in the 

RVM and possibly spinal cord. 

10) Dynorphin A(1-13) antiserum microinjection into the 

RVM attenuates nerve-injury evoked tactile 

hypersensitivity, suggesting dynorphin is increased in 

the RVM in nerve-injury. 

11) The B2-antagonist Hoe-140 dose-dependently reverses 

nerve-injury induced tactile hypersensitivity, 

suggesting an RVM B2-receptor mediated contribution in 

neuropathic pain. 

12) Bradykinin microinjection into the RVM evokes tactile 

hypersensitivity, which is attenuated by the B2-

antagonist Hoe-140, providing further confirmation of 
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peripheral nociception mediated through bradykinin 

receptors in the RVM. 

In summary, the data presented herein strongly suggest 

that dynorphin and CCK (Vanderah Lab, unpublished 

observations) are elevated in the RVM following nerve-

injury, and their pronociceptive activity mediated through 

bradykinin receptor and CCK2 receptor activation, 

respectively. Furthermore, these data suggest that 

dynorphin activity in the RVM, and the associated 

bradykinin receptor activation, is responsible for the 

maintenance of long-lasting pain states in the periphery.  

This study provides further support to previous studies 

documenting dynorphin’s role spinally (Laughlin et al., 

1997; Vanderah et al., 2000) as a pain-promoting excitatory 

neuropeptide, now with strong evidence demonstrating 

dynorphin’s pain-promoting activity in the RVM, and in 

dynorphin-driven descending facilitation.    

Concerning the clinical significance of the data 

presented herein, these data suggest the development of a 

bradykinin or CCK2 receptor antagonist that is able to gain 

access to the RVM as a potential therapy for the treatment 
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of neuropathic pain.  Blocking the pronociceptive effects 

of CCK in the RVM with a CCK2 receptor antagonist, along 

with the inherent anxiolytic activity of this class of 

drugs, could be employed to complement current pain 

therapies. Bradykinin receptor antagonists, in particular, 

could be implemented as single or adjunctive therapy to 

opioid treatments used in pain, to counter the 

pronociceptive effects of increased dynorphin seen with 

chronic opioid use. 

 Possible future studies involving dynorphin in the RVM 

could investigate the relationship of dynorphin to CCK in 

the RVM.  One study could investigate whether dynorphin 

injection into the RVM increases endogenous CCK levels, and 

whether RVM dynorphin increases dynorphin in the spinal 

cord. In another study, one could administer a CCK2 

receptor antagonist (ie. YM022) into the RVM followed by 

dynorphin, and determine if that blocks dynorphin-induced 

abnormal pain in the periphery.  And lastly, utilizing this 

same design, one could inject a bradykinin receptor 

antagonist such as Hoe-140 or DALBK into the RVM followed 

by CCK, and see if this antagonism blocks CCK-induced 

abnormal pain in the periphery.     
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