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ABSTRACT 

This dissertation will examine the likelihood that tonic activation of descending 

facilitatory pathways may underlie chronic pain states arising from injuries to peripheral 

nerves, and that this activation is what maintains neuropathic pain. Activation of these 

pathways might be the result of plasticity in the RVM that is driven, in part, by release of 

CCK in response to pain signals from the injured nerve. 

Hyperactivity of facilitatory ON cells in the RVM may contribute to neuropathic 

pain and lesions of these cells via the targeted toxin, DERM-SAP, may prevent or reverse 

neuropathic pain states in the injured animal. Rats treated with DERM or SAP and 

undergoing SNL exhibited tactile and thermal hypersensitivity. Rats receiving DERM-

SAP showed similar responses to SHAM controls. Administration of RVM DERM-SAP 

to SNL rats fully reversed established allodynia/hyperalgesia by day 14. Thus, the 

targeted loss of cells expressing the MOR both prevents and reverses SNL-induced 

neuropathic pain. 

Acutely, RVM lidocaine blocked tactile and thermal hypersensitivity on day 6 out 

to day 12 after SNL, but not on day 3. DERM-SAP pretreatment and DLF lesions did not 

prevent the onset of tactile and thermal hypersensitivity, but these neuropathic pain signs 

reversed toward baseline levels beginning on day 4 after SNL. These findings 

differentiate the mechanisms that initiate neuropathic pain as being independent of 

supraspinal influences needed to maintain such pain. These descending influences may 

underlie some of the SNL-induced changes at the spinal level, such as the upregulation of 

dynorphin and may be key to the maintenance of neuropathic pain. 
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Administration of RVM CCK produces hypersensitivity in naive rats. 

Pretreatment with RVM DERM-SAP completely blocks the ability of RVM CCK to 

produce hypersensitivity. These results suggest that the action of CCK in the RVM may 

be mediated by activation of MOR expressing cells. Enhanced release of CCK in the 

RVM or upregulation of CCK receptors in RVM neurons after SNL may represent a 

mechanism of descending pain facilitation to maintain chronic pain states. An observed 

loss of both MOR and CCK2 receptors after DERM-SAP treatment gives support to the 

notion that both receptor types may be co-expressed in RVM neurons, and these neurons 

may be critical for descending facilitatory input from the RVM to maintain neuropathic 

pain. Understanding the mechanisms of descending facilitation and the spinal effects of, 

CCK-activated discharge could provide new insight into the modulation of chronic pain, 

and, furthermore, provide new targets for the development of novel drug therapies. 
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CHAPTER I; INTRODUCTION 

Pain Defined 

Pain is defined as an unpleasant sensory and emotional experience associated with 

actual or potential tissue damage, or described in terms of such damage (International 

Association for the Study of Pain). The two primary types of pain are acute pain and 

chronic pain. Acute pain may be produced by inflammation, tissue damage, injury, 

illness, or a recent surgery. It is often characterized by redness, increased local 

temperature and swelling. In contrast to chronic pain, acute pain usually ends after the 

underlying cause is treated or has been resolved. 

Chronic pain is pain that continues a month or more beyond the usual recovery 

period for an illness or injury or pain that goes on over months or years as a result of a 

chronic condition. It is an affliction that disables about 86 million Americans and it 

carries with it high economic costs; it is estimated that United States business and 

industry loses about $90 billion annually to sick time, reduced productivity, and direct 

medical and other benefit costs due to chronic pain among employees. 

Nociception and Pain Transmission Systems 

The first step in understanding chronic pain is to first comprehend how basic pain 

signals are transmitted. The fibers that are activated by innocuous and noxious stimuli 

are called cutaneous primary afferents and can be classified into three major groups on 

the basis of diameter, structure, and conduction velocity. The largest of these primary 

afferents fibers, which include Aa and AP fibers, have diameters ranging from 6-22 ^m. 
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These fibers are heavily myelinated and fast conducting (30-100 m/sec). Aa fibers have 

the largest diameter of the myelinated primary afferents and include muscle 

proprioceptors (i.e, muscle spindles and Golgi tendon organs). Both Aa and AP fibers 

transmit information related to muscle stretch, light touch and position. The A8 fibers, 

the second type of primary afferent, is medium-sized, with a diameter ranging from 2-6 

pim. These fibers are myelinated, like the Aa and A3 fibers, but possess a slower, 

intermediate conduction velocity (12-30 m/sec). The C fibers, the last type of primary 

afferent, are small sized, with a diameter ranging from 0.4-1.2 }im. In contrast to the 

other two types of primary afferents, these fibers are unmyelinated and have a slow 

conduction velocity (0.5-2.0 m/sec). Both A5 and C transmit information related to 

noxious thermal, chemical and mechanical stimuli. Selective activation of these fibers by 

noxious, but not non-noxious, stimuli defines their role as nociceptors. For the 

experiments reported in this dissertation, primary afferent neurons will be classified as 

AP fibers and C fibers. 

All primary afferent neurons that enter the spinal cord have their cell bodies in the 

DRG. These pseudounipolar cell bodies send out axons to both the periphery and the 

spinal cord. Upon entering the spinal cord, A|3 fibers primarily ascend the ipsilateral 

dorsal column to the nucleus gracilis, or the nucleus cuneatus in the brainstem, but also 

send collateral projections to lamina III-IV of the spinal dorsal horn, where they modulate 

the activity of wide dynamic range neurons. These fibers synapse onto 2"'' order neurons 

in the dorsal column nuclei, and they cross the midline and project to 3'^'' order cells in the 

ventrobasal thalamus via the medial lemniscus. In contrast, C fibers enter the dorsal horn 
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and converge onto 2"^* order neurons, which cross the midline, and ascend via the 

spinothalamic tract, to order cells in the ventrobasal thalamus. These cells then 

project to the somatosensory cortex, and other sites, where the perception of pain occurs. 

To Cortex 

Thalamus 

CD 

Spinothalamic 
Tract 

Figure 1.1. Ascending sensory fiber pathways. Depicted are the primary afferent AP 
and C fibers entering the spinal cord and ascending via the ipsilateral dorsal column to 
the dorsal column nuclei (n. gracilus or n. cuneatus) or contralateral spinothalamic tract 
to the thalamus, respectively. From the thalamus, these fibers project to the 
somatosensory cortex, and to other centers. 

In addition to the ascending pain pathway, there exists an endogenous descending 

pain pathway, which serves to either inhibit or facilitate the processing of pain. Here, 

neurons found primarily in the PAG of the midbrain project to a number of areas, 

including the RVM, which serves as a relay station in the descending modulation of pain. 

Neurons in the RVM project their axons, via the DLF, to the different laminae of the 

spinal cord. 
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PAG 

DLF 

Figure 1.2. Descending pain modulatory pathway. Depicted are some of the major 
structures of the descending pain modulation system. Neurons from the PAG project to 
the RVM. Neurons from the RVM project to the spinal cord via the DLF. 

Neuropathic Pain, A Closer Look 

A common type of chronic pain is one that stems from an abnormal function in 

the nervous system. Neuropathic pain is a type of chronic pain that is initiated or caused 

by a primary lesion or dysfunction in the nervous system. In view of all its possible 

causes, the prevalence of neuropathic pain can be conservatively estimated at 0.6% of the 

U. S. population. To the extent that low-back pain can be sometimes considered 

neuropathic, the actual figure may be closer to 2% (Bennett 1998). 

Neuropathic pain becomes possible whenever nerves are damaged, specifically, as 

a result of certain diseases, such as diabetes, herpes zoster, and late-stage cancer or from 

trauma, surgery, or amputation. In many cases, it occurs without any known injury or 

disease; nerves are transmitting pain signals, even though there is no identifiable cause 
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for them. Neuropathic pain comprises two main categories: spontaneous and evoked 

pain. Patients describe spontaneous or stimulus-independent neuropathic pain, as being 

shooting, stabbing, burning, lancinating or searing. Evoked, or stimulus-dependent 

neuropathic pain is characterized as allodynia, pain due to a stimulus that does not 

normally produce pain, and hyperalgesia, an increased response to a stimulus that is 

normally painful. 

In addition to causing severe physical symptoms, neuropathic pain can lead to a 

constant state of suffering, sleeplessness, and sadness, termed the "terrible triad" 

(National Institute of Neurological Disorders and Stroke). When an individual becomes 

preoccupied with pain, he or she may become depressed and irritable. This depression 

and irritability often leads to insomnia and weariness, which compounds the problem by 

causing more irritability, depression and pain. Thus, since neuropathic pain influences all 

aspects of a patient's life, the primary goals of treatment are to reduce the pain as much 

as possible, balance the negative side effects of the treatment, and help patients manage 

any unresolved pain with various types of support. 

Current Drug Therapies for the Treatment of Neuropathic Pain 

Neuropathic pain is a very challenging condition to treat. Its symptoms can be 

described as being heterogeneous in nature and largely resistant to commonly prescribed 

analgesics. The four main reasons why treatments for neuropathic pain often fail are: 

inadequate diagnosis and a lack of appreciation of the mechanisms involved; insufficient 

management of comorbid conditions ("terrible triad"); incorrect understanding or 

selection of treatment options; and the use of inappropriate outcomes measures (Harden 
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and Cohen 2003). However, pain symptoms are still managed with techniques that fall 

into four main groups: drugs, physical therapy, injections and psychological therapies. 

Current drug therapies for the treatment of neuropathic pain include tricyclic 

antidepressants, anticonvulsants, Gabapentin (Neurontin), antiarrythmics, topical drugs 

such as capsaicin, and non-steroidal anti-inflammatory drugs (NSAIDs) (Sah et al. 2003). 

Alternative strategies include electrical stimulation locally, to the brain, and to nerve 

endings under the skin (transcutaneous electrical nerve stimulation); acupuncture, 

surgery, local anaesthetic nerve blocks, and psychological treatments, which center on the 

belief that patients can do something on their own to control their pain. The current 

pharmacological mainstays (tricyclic antidepressants and certain anticonvulsants) of 

clinical management only achieve clinically significant (greater than 50%) pain relief in 

less than 50% of patients and, in addition, are associated with sub-optimal side effect 

profiles (McQuay et al. 1996; Sindrup and Jensen 1999). 

In general, opioids are considered to be less effective for the treatment of 

neuropathic pain in comparison to inflammatory pain, with the dose response curve for 

neuropathic pain being shifted to the right of that for inflanmiatory pain, although the 

actual significance of this difference is controversial (Rowbotham 1999). Ultimately, 

since the majority of drug therapies have limited efficacy, current treatments are 

palliative, based more on controlling the symptoms, rather than curing the actual 

affliction. 
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Animal Models of Neuropathic Pain - SNL 

Since human volunteer models of neuropathic pain are not readily available, it is 

advantageous to have an experimental model that mimics what is seen in humans. 

Indeed, various animal models of neuropathic pain may be utilized experimentally, 

including transection of the sciatic nerve, partial sciatic nerve ligation, the spared nerve 

injury model, diabetic neuropathy, the vincristine-induced neuropathy model, and the 

SNL model. The various experiments contained in this dissertation make use of the SNL 

model. In the SNL model, the L5 and Le spinal nerves are tightly ligated distal to the 

DRG. The major advantage of this model is that it leaves intact input from the L4 branch 

of the sciatic nerve, thus the individual contributions of the injured and intact nerve 

components may be examined. The two major hallmarks of neuropathic pain, occurring 

after SNL, are tactile and thermal hypersensitivity. 
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Figure 1.3. Time course of L5/L6 SNL-induced tactile and thermal hypersensitivity. 

Ectopic Discharge 

Ectopic afferent discharge is believed to be a major contributor to chronic pain 

resulting from peripheral nerve injury (Devor and Seltzer 1999). Within days of injuring 
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a peripheral nerve, damaged axons begin to behave in an abnormal manner. For 

example, some axons discharge action potentials spontaneously in the absence of any 

external stimuli and some respond to very moderate mechanical distortions of the injury 

site. These discharges have been found to result in plastic changes in the nervous system 

that lead to "central sensitization" of spinal neurons, which contributes to spontaneous 

pain and other abnormal sensations (Dubner and Ruda 1992; Gracely et al. 1992; Woolf 

and Salter 2000). 

Ectopic discharge has been found to originate at the site of injury (the nerve end 

neuroma) and the DRG (Burchiel 1984; Govrin-Lippmann and Devor 1978; Kirk 1974; 

Study and Rral 1996; Wall and Devor 1983; Wall and Gutnick 1974a). Interestingly, it 

has been found that the contribution of the neuroma and the DRG is dependent upon the 

location of the nerve injury (Liu et al. 2000a; Liu et al. 1999). Following SNL, in which 

injury occurs close to the soma, the majority of the ectopic discharge originates in the 

DRG. In contrast, after sciatic nerve injury, which occurs farther away from the DRG, 

the neuroma is the major contributor of ectopic impulses. Further, it has been 

hypothesized that these sites are associated with the generation of discharges that can be 

initiated by noxious or non-noxious mechanical and chemical stimuli (Devor 1994; Fields 

and Rowbotham 1994). 

Currently, the mechanisms that produce ectopic discharge are not well 

understood. A possible mechanism is the upregulation of ion channels after nerve injury. 

A number of researchers have found that blockers for sodium channels, potassium 

channels, and calcium channels all inhibit the generation of ectopic impulses (Devor et al. 
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1992; Kajander and Bennett 1992; Matzner and Devor 1994; Omana-Zapata et al. 1997a; 

Omana-Zapata et al. 1997b; Xiao and Bennett 1995; Xie et al. 1993). In particular, the 

increased density of sodium channels at the site of injury decreases the threshold for 

action potential generation, and, in turn, ectopic activity. 

The onset of increased afferent discharge correlates well with the onset of tactile 

and thermal hypersensitivities in animal models (Han et al. 2000; Liu et al. 2000a; Liu et 

al. 2000b). An interesting observation made by Liu and colleagues (Liu et al. 2000a) 

demonstrated that ectopic discharge peaks 1 to 3 days after SNL and appears to return to 

control levels by days 7 to 9. In contrast, signs of neuropathic pain, including increased 

sensitivity to normally innocuous mechanical stimuli and to noxious thermal stimulation, 

continue at the same apparent intensity for many months after nerve injury, in spite of 

this decreased rate of ectopic discharge (Bian et al. 1999; Chaplan et al. 1994; Malan et 

al. 2000). These observations suggest that other mechanisms are likely to contribute to 

the maintenance of neuropathic pain (Sah et al. 2003), and more generally, that it is 

possible that the mechanisms responsible for the initiation of neuropathic pain are 

different than the mechanisms required to maintain it, or that perhaps, other mechanisms 

need to be evoked to maintain such pain. 
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Figure 1.4. Time course of spontaneous A fiber activity following Ls/Lg SNL. This 
figure has been redrawn from Devor and Colleagues (Liu et al. 2000a). 

The RVM 

As previously mentioned, persuasive evidence in the areas of electrophysiology, 

anatomy, and pharmacology has established the RVM as an integral relay station in the 

descending modulation of pain (Behbehani and Fields 1979; Fields et al. 1976; Fields and 

Basbaum 1978; Fields et al. 1977; Gebhart et al. 1983; Sandkuhler and Gebhart 1984). 

The RVM consists of various nuclei, specifically, the raphe magnus, the raphe pallidus, 

the lateral part of the paragigantocellular reticular nucleus, the magnocellular reticular 

nucleus, and the gigantocellular reticular nucleus. As a result of various studies, the 

RVM has been identified as a critical region in the processing and control of nociception 

(Fields and Heinricher 1989; Fields et al. 1995; Heinricher et al. 2001; Morgan et al. 

1992). 
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A. ON and OFF Cells 

Fields and colleagues first proposed the participation of three distinct cell types, 

localized within the RVM, in the modulation of nociceptive information. On the basis of 

individual neuronal firing responses to a noxious stimulus (see Figure 1.5), cells were 

classified as ON, OFF and neutral cells (Fields and Basbaum 1999; Fields et al. 1983; 

Fields and Heinricher 1985). Briefly, rats were anesthetized and placed in a stereotaxic 

apparatus. An electrode was placed in the RVM area to record the activity of single cells. 

The rat's tail was then placed above a projection heat lamp, which served as a radiant 

heat source. A transducer was attached to the tail and this provided a voltage pulse when 

the tail flick occurred. Neutral cells show a wide range of firing patterns, but do not 

appear to play a role in the modulation of pain transmission, however it is possible that 

they could be a subtype of ON or OFF cells. ON cells are normally silent and accelerate 

their firing immediately before the tail flick occurs. Lastly, OFF cells are normally active 

and exhibit an abrupt cessation of activity just prior to the nociceptive tail reflex. 

Depicted in Figure 1.6 is one proposed circuitry scheme for pain modulation in 

the RVM, based on electrophysiological responses to a noxious thermal stimulus. After 

the previously mentioned studies were done, it was found that activation of OFF cells 

(through disinhibition) correlated with inhibition of nociceptive input and nocifensive 

responses (Fields and Basbaum 1999; Fields et al. 1983; Fields and Heinricher 1985; 

Heinricher et al. 1992). By deduction, it is then unlikely that ON cells contribute to 
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Figure 1.5. This figure depicts the experimental setup used by Fields in order to 
characterize the various cell types in the RVM (left side). To the right, representative 
electrophysiological traces of the three major cell types in the RVM are shown. This 
figure has been redrawn from Fields and Colleagues (Fields et al. 1983; Heinricher and 
McGaraughty 1999). 

the inhibition of nociception, since their rate of firing increases prior to the tail flick 

response. It is rather likely that ON cells facilitate nociceptive processing through both 

local interactions within the RVM and descending systems projecting to the spinal cord 

(Fields et al. 1983; Fields and Heinricher 1985; Fields et al. 1991; Heinricher et al. 1992; 

Heinricher and Roychowdhury 1997). The terminals of projection neurons from the 

RVM, which comprise the DLF, are concentrated in dorsal horn laminae (I, II, and V) 

and contain both terminals of C fibers and cell bodies of spinothalamic tract neurons 

(Fields 1987). It is believed that opioids produce antinociception in the RVM through the 

disinhibition of OFF-cells (see (Fields and Basbaum 1999) for review). Inhibition of ON 

cells appears to be unnecessary for the antinociceptive effect of opioids administered in 

the RVM (Heinricher et al. 1994). 
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Figure 1.6. A proposed circuit in the RVM for pain modulation. OFF cells pause 
immediately prior to a withdrawal response to noxious stimulus and ON cells accelerate 
their firing. Neurons activated by opioids in the PAG may stimulate enkephalinergic 
projection neurons, which inhibit the firing of ON cells. 

As part of the descending pain transmission system, ON cells project from the 

RVM to the spinal cord dorsal horn laminae and are likely to interact with a variety of 

neurons in the RVM (Fields et al. 1983; Fields and Heinricher 1985; Fields et al. 1991; 

Heinricher et al. 1992; McNally 1999). Fields and colleagues (Barbaro et al. 1989; 

Heinricher et al. 1989) also found that the pattern of ON and OFF cell firing is 

reciprocating and that, further, tail flick latency correlated with the activity of the RVM 

cells. When OFF cell activity was increased, the tail flick latency was longer, and when 

ON cell activity was increased, the tail flick latency was shorter. The results from these 

studies led Fields and colleagues to propose that ON cells facilitate and OFF cells inhibit 
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the transmission of nociceptive input from the spinal cord (Heinricher et al. 1989). 

Therefore, it would follow that manipulations that increase nociceptive responsiveness, 

indicating facilitation, would also increase ON cell activity. In fact, it was found that 

hyperalgesia and increased activity of RVM ON cells is associated with naloxone-

precipitated opioid withdrawal (Bederson et al. 1990; Kim et al. 1990). Additionally, this 

hyperalgesia was blocked by intra-RVM injection of lidocaine, suggesting the 

involvement of neuronal activity in the RVM (Heinricher and Roychowdhury 1997; 

Kaplan and Fields 1991). These data suggest that supraspinal sites can contribute to the 

development or maintenance of chronic pain states. 

B. Supraspinal modulation and descending facilitation of neuropathic pain 

Anatomical and pharmacological evidence suggest that facilitatory and inhibitory 

pathways are distinct and may actually be activated at the same time in the transmission 

of acute pain signals. However, this balance may be broken in times of chronic pain, 

when plasticity in the RVM and other sites may lead to ON cell-mediated sustained 

facilitatory output, that drives the expression of exaggerated pain. 

There is a myriad of evidence that supports the notion that manifestations of 

chronic pain require this supraspinal participation. For example, exaggerated responses 

to mechanical or cold, but not to noxious thermal, stimulation, in rats with peripheral 

nerve injury or hind paw inflammation were eliminated by thoracic spinal cord 

transection (Bian et al. 1998; Kauppila et al. 1997; Kauppila et al. 1998; Sun et al. 2001; 

Sung et al. 1998). In addition, selective disruption of the DLF ipsilateral to SNL 

abolished tactile and thermal hypersensitivity, while the same disruption did nothing in 
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SHAM rats (Ossipov et al. 2000a). Further, opioid- and SNL-induced abnormal pain 

were abolished by lesions of the DLF, as well as by RVM injection of lidocaine 

(Kovelowski et al. 2000; Pertovaara et al. 1996; Vanderah et al. 2001b). These 

observations give further support to the notion that behavioral signs of neuropathic pain 

depend on descending facilitation of spinal nociceptive input from the RVM, since it is 

the principal source of projections from the DLF (Fields and Basbaum 1999; Fields et al. 

1991; Fields and Rowbotham 1994). 

The role of the DLF in the transmission of descending inhibitory signals has been 

well established (Fields and Basbaum 1978; Fields and Basbaum 1999). Specifically, 

disruption of DLF fibers eliminates the antinociceptive effects of electrical stimulation or 

injections of morphine into the RVM or PAG (Fields et al. 1991; Fields and Rowbotham 

1994). Since neurons in the RVM are both inhibitory and facilitatory, it is then 

reasonable that the DLF is also a conduit for descending facilitatory influences from the 

RVM. Electrical stimulation in the DLF can lead to excitement of lamina I dorsal horn 

neurons (McMahon and Wall 1983; McMahon and Wall 1988). Results from spinal cord 

block confirmed that part of the excitation is due to descending, not ascending, fiber 

activation (McMahon and Wall 1988). These results are contradictory to results from 

other studies that have suggested the importance of the ventrolateral funiculus (VLF) as a 

fiber tract mediator of RVM descending facilitation. For instance, RVM-mediated 

facilitation of nociceptive reflexes and neuronal activity in the dorsal horn is blocked by 

lesions of the VLF, but not by the DLF (Zhuo and Gebhart 1992; Zhuo and Gebhart 

1997). Similarly, the RVM injection of neurotensin produced either inhibition or 
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facilitation of dorsal horn responses to thermal stimuli with DLF lesions blocking the 

inhibitory effect of neurotensin and VLF lesions blocking the facilitatory effect (Urban 

and Gebhart 1997). These conflicting experimental data may partially be explained by 

the observation that previously inhibitory stimulation in the RVM becomes facilitatory 

after DLF transection, suggesting that inhibitory input may dominate over facilitation 

(Zhuo and Gebhart 1992; Zhuo and Gebhart 1997). More anatomically derived studies 

need to be done, however, to elucidate individual contributions of the DLF and the VLF. 

However, from the results of the previous studies, it seems that descending inhibitory and 

facilitatory systems exist in both the ventral and dorsal parts of the spinal cord. 

C. CCK as a mediator of descending facilitation from the RVM 

CCK is a regulatory peptide hormone, predominantly found in the gastrointestinal 

tract, and a neurotransmitter present throughout the nervous system. In 1928, CCK was 

first discovered in the gastrointestinal tract (Ivy and Oldberg 1928) and was found to 

regulate motility, pancreatic enzyme secretion, gastric emptying, and gastric acid 

secretion. It was later found in the nervous system (Beinfeld et al. 1981; Beinfeld and 

Palkovits 1982; Hokfelt et al. 1985; Vanderhaeghen et al. 1975). In the nervous system, 

CCK is a mediator of anxiogenesis, satiety, nociception, thermoregulation, and memory 

and learning processes. 

The biological actions of CCK are mediated by two G protein coupled receptor 

subtypes, whose names have recently been changed from CCKA and CCKB, to CCKI and 

CCK2 (Vanhoutte et al. 1996). The CCKI subtype is predominant in the visceral organs 

of the digestive system and the CCK2 subtype is predominant in the central nervous 
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system (Baber et al. 1989; Innis and Snyder 1980; Moran et al. 1986; Wank et al. 1994). 

In the nervous system, CCK is mainly present in the form of the carboxyterminal 

octapeptide CCKg (Rehfeld 1978) and CCK-like immunoreactivity and its distribution 

along with that of its receptor subtypes shows considerable overlap with that of 

endogenous opioids (Larsson and Stengaard-Pedersen 1981) and their receptors (Ghilardi 

et al. 1992) in the spinal cord and brain. As previously mentioned, one of the many 

functions of CCK is to mediate nociception. Indeed, immunoreactivity for CCK has been 

observed in the PAG, the raphe nuclei, and the medullary reticular formation (Baber et al. 

1989; Hokfelt et al. 1988), structures known to modulate nociception. 

With this in mind, it is possible that CCK can join substances such as neurotensin, 

excitatory amino acids, and nitric oxide as potential candidates that drive descending 

facilitation from the RVM. In earlier years, CCK was found to attenuate antinociception 

produced by |3-endorphin and morphine (Paris et al. 1983; Itoh et al. 1992). This 

antiopioid effect of CCK seems to be tonic as CCK receptor antagonists enhance 

endogenous (Xu et al. 1997) and exogenous opioid-induced antinociception (Wiesenfeld-

Hallin and Xu 1996). Recently, it has been observed that RVM injection of CCKg 

produces reversible tactile and thermal hypersensitivity in naive rats (Kovelowski et al. 

2000) and prevents morphine-induced antinociception and OFF cell activation 

(Heinricher et al. 2001). In addition, microinjection of a CCK2 antagonist, L365,260, 

blocks SNL-induced tactile and thermal hypersensitivity (Kovelowski et al. 2000). These 

observations, along with the observation that binding of CCKg to the CCK2 receptor 

reduces the binding affinity of MOR ligands (Wang and Han 1990), suggests that the 
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interaction between )a, opioid and CCK systems may perhaps contribute to the activation 

of descending facilitatory systems to maintain SNL-induced, as well, as opioid-induced 

hypersensitivity. 

Upregulation of dynorphin as a consequence of descending facilitation 

Dynorphin was originally identified as an endogenous kappa opioid receptor 

agonist (Goldstein et al. 1979) with an antinociceptive role (Ossipov et al. 1996). There 

is considerable evidence, however, that spinal dynorphin and its fragments play a 

pronociceptive role in neuropathic pain states (Caudle and Isaac 1988; Cho and Basbaum 

1989; Draisci et al. 1991; Dubner and Ruda 1992; Nahin et al. 1992; Stanfa and 

Dickenson 1995; Wang et al. 2001). Nerve injury results in an upregulation of spinal 

dynorphin that peaks ten days after injury, indicating a possible role of spinal dynorphin 

in the maintenance, rather than the initiation, of neuropathic pain. 

Additionally, spinal administration of antiserum to dynorphin blocks tactile and 

thermal hypersensitivity in mice ten, but not two, days following nerve injury, which, 

again, supports the role of dynorphin in the maintenance of neuropathic pain. In response 

to nerve injury, mice with a deletion of the gene encoding prodynorphin initially develop 

neuropathic pain, but the pain resolves within seven days post-injury. Wild type mice 

exhibited enhanced pain throughout the course of the experiments. The experimental 

manipulations that block descending facilitation also block the upregulation of spinal 

dynorphin (Gardell et al. 2003; Gardell et al. 2002). 
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Figure 1.7. Response thresholds to innocuous mechanical (Panel A) and noxious thermal 
(Panel B) stimuli in wild-type (WT, circles) and prodynorphin knock-out (KO, squares) 
mice after sham (open symbols) or SNL surgery (closed circles). Neither WT nor KO 
mice show changes in mechanical or thermal thresholds from preinjury baselines after 
sham surgery throughout the test period. After SNL, both WT and KO mice developed 
decreased mechanical and thermal thresholds by post-surgery day 2. Whereas the 
decreased mechanical and thermal thresholds were maintained in WT mice (closed 
circles), thresholds in KO mice showed a progressive reversal to preinjury baseline levels 
(closed squares). By day 10 after SNL, both mechanical and thermal thresholds in KO 
mice were not significantly different from those exhibited by SHAM KO (or WT) mice 
done in parallel (p<0.05). (Figure contributed by Luis Gardell) 
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Use of a targeted toxin to destroy MOR-expressing cells 

SAP is a large RIP derived from the seeds of the soapwort plant, Saponaria 

ojficinalis. The RIPs are divided into two types, 1 and 2. SAP, a type 1 RIP, irreversibly 

inhibits protein synthesis by rendering the 28S subunits of ribosomes unable to bind to 

elongation factor 2 (Endo et al. 1988; Stirpe et al. 1983). Specifically, it acts as an N-

glycosidase catalytically cleaving a particular adenine in the rat) of the 28S subunit 

ribosomal RNA (Endo et al. 1987; Endo and Tsurugi 1988). 

Unlike type 2 RIPs, such as ricin, SAP lacks a cell-binding B chain, so it cannot 

cross the cellular membrane and, thus, it exhibits limited toxicity to whole cells. This 

property makes it considerably safer to handle and, additionally, it can be used in its 

native form without the toxicities associated with double-chain toxins, such as ricin. 

Thus, when targeted to cells, as in the synthesis of immunotoxins and ligand-toxin 

conjugates, SAP is a very efficient cytoxic agent. 

In experiments contained in this dissertation, the RIP, SAP, was conjugated to 

DERM, a potent |i opioid agonist derived from the skin of South American frogs, 

belonging to the genus Phyllomedusa (Erspamer and Melchiorri 1980). In short, the 

MOR serves as a portal of entry for the bulky SAP protein. DERM binds to cells 

expressing the MOR, and, via a P-arrestin mediated internalization, the conjugate is 

internalized into clathrin-coated pits. Opioid jO, receptors are then recycled or degraded 

and SAP is free to cause cytotoxicity. 
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Figure 1.8. Schematic representation of the mechanism of action of DERM-SAP. 

Summary of research goals 

As discussed previously, treatments for chronic pain are rarely efficacious and, 

presently, there exists a huge need for the development of novel drug therapies. Data 

from recent studies have implicated the requirement of supraspinal participation in 

neuropathic pain. The development of cytotoxin conjugates that target specific cell types 

has enabled researchers to look at the contribution of certain cells to the development of 

conditions such as neuropathic pain. With this in mind, the focus of this dissertation will 

be to explore the role of descending facilitation from supraspinal sites, specifically the 

RVM, in the maintenance of neuropathic pain. Specifically, two hypotheses will be 

tested. First, the presence and activity of descending pain facilitation cells in the RVM 

are required for the expression of experimental neuropathic pain. Specifically, the 
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destruction of these cells, presumably those expressing the MOR, will both prevent and 

reverse SNL-induced neuropathic pain. Second, RVM CCK activates RVM descending 

facilitatory cells to drive the expression of neuropathic pain states. 
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CHAPTER II: MATERIALS AND GENERAL METHODS 

Animals Used 

Unless otherwise indicated the experiments contained in this dissertation were 

carried out using male Sprague-Dawley rats (225-300g; Harlan; Indianapolis, IN). All 

animals were maintained on a 12/12 hr light/dark cycle and provided food and water ad 

libitum except during the experimental procedures. All experiments, involving animals, 

were performed under an approved protocol in accordance with institutional guidelines 

and in accordance with the Guide for the Care and Use of Laboratory Animals as adopted 

by the National Institutes of Health. 

RVM Drug Microinjection 

All rats were prepared for bilateral RVM drug administration as previously 

described (Kovelowski et al. 2000). Anesthetized (ketamine/xylazine 100 mg/kg, i.p.) 

animals were placed in a stereotaxic headholder. For intracranial bilateral drug 

administrations, the skull was exposed and two 26-gauge guide cannula separated by 1.2 

mm (Plastics One Inc., Roanoke, VA) were directed toward the lateral portions of the 

RVM (AP-11.0 mm from bregma, L ± 0.6 mm, DV-8.5 mm from the base of skull). The 

guide cannulae were secured to the skull and the animals were allowed to recover for five 

days post-surgery prior to any drug administration. Drug administrations into the RVM 

was performed by slowly expelling 0.5 i^L of drug solution through a 33-ga injection 

cannula inserted through the guide cannula and protruding an additional 1 mm into fresh 

brain tissue. DERM, SAP, and DERM-SAP were administered as a single dose of 3 
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pmol into the RVM (1.5 pmol in 0.5 each side). Lidocaine was given in a dose of 

4%w/v in 0.5 )a,l. CCKg was given in a dose of 30 ng in 0.5 ^il. 

Intrathecal Drug Administration 

Intrathecal (i.th.) injections (5.0 ^il) were made into the subarachnoid space (L5-

Lv) in unanesthetized mice using a modified version (Porreca and Burks 1983) of a 

previously described method (Hylden and Wilcox 1980). While under halothane 

anesthesia, rats were implanted with i.th. catheters (PE-10, 7.5 cm) as described 

previously (Yaksh and Rudy 1976) for drug administration at the level of the lumbar 

spinal cord. Test compounds were injected through the i.th. catheter in a volume of 5.0 

[il followed by a 9.0 |a,l saline flush. 

Spinal Nerve Injury 

SNL injury was induced using the procedure of Kim and Chung (Kim and Chung 

1992). Rats were anesthetized with halothane vaporized in 95% 02/5%C02 "to effect". 

After surgical preparation of the rats and exposure of the dorsal vertebral column from L4 

to S2, the exposed L5 and Le spinal nerves were tightiy ligated with 4-0 silk suture. The 

incision was closed and the animals were allowed to recover for five days. Rats that 

exhibited motor deficiency or failure to exhibit subsequent increased sensitivity to 

innocuous mechanical stimulation were excluded from further testing (less than 5% of the 

animals were not used). Sham control rats underwent the same operation and handling as 

the experimental animals, but without SNL. Evaluation of response thresholds were 

performed on the hindpaw ipsilateral to SNL or sham-SNL using the procedures 

described in the Behavioral Assessment section. 
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Spinal DLF lesions 

Bilateral spinal lesions at the Tg level were performed in naive rats under 

halothane anesthesia. A laminectomy was made at the Ts level to expose the spinal cord. 

Lesions of the DLF were performed by crushing the area with fine forceps. Sham DLF 

surgery was performed by exposing the vertebrae and performing the laminectomy, but 

without cutting neuronal tissue. Hemostasis was confirmed and the wound over the 

exposed spinal cord was packed with gelfoam and closed. All lesions were verified 

histologically at the termination of the experiment. Only rats with appropriately placed 

DLF lesions were included in the subsequent data analysis. 

Radioligand Binding 

Radioligand competition analysis to determine the affinity of DERM-SAP for the 

rat mu and delta opioid receptors was carried out using crude membrane preparations 

from NG 108-15 (expresses mouse opioid delta receptors) and from HN9.10 transfected 

cells that express the MOR. All radioligand binding assays were carried out in duplicate 

in 50 mM Tris, pH 7.4, in the presence of 0.5 mg/ mL bovine serum albumin (BSA) and 

protease inhibitors (30 i^M bestatin, 10 |aM captopril, 0.37 U/mL bacitracin and 0.1 mM 

phenylmethylsulfonylfluoride (PMSF)). All reactions were carried out at 25°C for 3 hr in 

a total reaction volume of 1 mL. At least 10 concentrations of DERM (10"^"^ M to 10"^ M) 

or DERM-SAP (10"'^ M to 10'^'^ M) were used in the competition analysis. The 

concentrations of [^HJDAMGO (2.2 nM) and of [^H]pCl-DPDPE (1.8 nM) to label mu 

receptors in the transfected HN9.10 cells and delta receptors in the transfected NG-108 

cells were based on the Kp values of the radioligands determined from saturation 
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analysis. The reaction was terminated by rapid filtration through Whatman GF/B filters 

presoaked in polyethyleneimine, and washed with 3X4 mL of ice-cold PBS. Non

specific binding was defined as that in the presence of 10 |^M naloxone. Radioactivity on 

the filters was determined by liquid scintillation counting. Data were analyzed by non

linear regression analysis using GraphPad Prism (GraphPad, Inc. San Diego, CA). The 

Ki value(s) for each ligand was calculated from the IC50 value(s) based on the Cheng and 

Prusoff equation from at least 3 independent experiments. 

Tissue Preparation 

For the ISH experiments using cDNA probes, rats were deeply anesthetized with 

ketamine and perfused transcardially with phosphate-buffered saline (PBS) treated with 

0.1% diethyl pyrocarbonate (DEPC), followed by 4% paraformaldehyde. Whole rat 

brains were removed and postfixed in fixative overnight, cryoprotected in 30% sucrose in 

PBS treated with 0.1% DEPC, and stored at 4°C. Frozen firontal sections (20 to 40 |j,m) 

were prepared from the brain stem caudal to the site of incision of the cannulae and 

mounted on positively charged slides. 

For the ISH experiments using riboprobes, there were a few slight differences in 

the tissue preparation protocol. Whole rat brains were removed and postfixed in fixative 

for 1 hour, instead of overnight and frozen frontal sections were cut strictly at a thickness 

of 20 |am and stored at -80°C. 

For the immunohistochemistry experiments, treated rats were deeply anesthetized 

with ketamine and perfused transcardially with 200 ml of PBS, pH 7.4, containing 

heparin (1500 lU/1), followed by 500 ml of cold 4% paraformaldehyde. After perfusion 
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the spinal cords were isolated and post-fixed for 4 hr in 4% paraformaldehyde and then 

cryoprotected with 30% sucrose in PBS overnight at 4°C. Frontal frozen sections (40 

|am) were prepared from the lumbar enlargement of the spinal cord. 

ISH of MOR mRNA using cDNA probes 

A single-stranded, fluorescein (FL)-labeled partial cDNA probe corresponding to 

nucleotides 628-965 of the coding region of the rat opioid mu receptor cDNA was 

synthesized using the polymerase chain reaction (PCR) by using a 100:1 ratio of 

antisense (3') to sense (5') primers and a mixture of FL-labeled dUTP/ unlabeled dNTP. 

The PCR reaction was carried out for 30 cycles (45sec @ 95°C/60sec @ 60°C/2 min@ 

72°C), the product purified by ethanol precipitation. The probe was reconstituted in 

RNase free IX TE and analyzed by agarose gel electrophoresis and Southern transfer to 

determine the yield. A corresponding sense probe was synthesized under the same 

conditions except using a 1:100 ratio of antisense to sense primers, with or without 

fluorescein-dUTP. ISH was carried out using both standard and proprietary reagents 

from InnoGenex (San Ramon, CA) under conditions that were carefully optimized for 

our cDNA probe. 

Briefly, mounted tissue sections were post-fixed with 1% formaldehyde, then 

deproteinated with proteinase K (ICQ |xg/mL). Following a second 1% formaldehyde 

treatment, the sections were heated to 80°C for 5 min in a hybridization buffer containing 

formamide, dextran sulfate and the FL-labeled probe (typically 1:2 to 1:5 dilution), 

allowed to cool to 37°C and the hybridization continued for 16 hr at 37°C. The sections 

were washed extensively with PBS/ 0.1% Tween-20, pre-blocked with a buffer 
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containing casein and sodium-azide, then incubated with a biotinylated anti-FL antibody. 

The sections were washed, followed by incubation with a 1:3 dilution of streptavidin-

alkaline phosphatase conjugate. The sections were developed by incubating with Fast 

Red for 1 hr, counter-stained with Mayer's Hematoxylin, and mounted with SuperMount. 

RNase pretreatment was carried out by incubating sections with 200|j,g/mL RNase A in 

100 mM Tris, pH 8.0 and 0.5M NaCl for 60 min at 37°C, followed by extensive washing 

prior to hybridization. 

Computer-assisted mapping was performed under bright field illumination of 

coronal sections using an image-combining computer microscope using Neurolucida 

software (Microbrightfield Inc., Baltimore, MD). The boundaries of the facial nuclei and 

pyramidal tracts were manually traced using a Nikon 4X plan apo objective. The 

sections were then systematically scanned for labeled neurons using a Merzhauser 

motorized stage and a Nikon 40X plan apo objective. Bright-field images of tissue 

sections were acquired with a Nikon E800 microscope outfitted with a Hamamatsu 

C5810 color CCD camera and a 40X plan fluor 0.75 NA objective lens. The digitized 

output of the camera was acquired through a SCSI interface to a microcomputer. 

Subcloning and in vitro transcription of riboprobes 

Sense and antisense PL-labeled cRNA probes were prepared from a 338-bp 

fragment of rat MOR cDNA (nucleotides 628 to 965 of the coding region) that was 

subcloned into a pCRII vector (Invitrogen). The plasmid DNA was linearized with 

BAMHI for in vitro syntheses of the antisense probe (T3 promoter) or sense probe (T7 

promoter), respectively, in the presence of FL-labeled UTP. 
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Sense and antisense digoxigenin (DIG)-labeled cRNA probes were prepared from 

a 187-bp fragment of rat CCK2 receptor cDNA (nucleotides 117 to 302 of the coding 

region) that was subcloned into a pCRII vector (Invitrogen). The plasmid DNA was 

linearized with EcoRI for in vitro syntheses of the antisense probe (T3 promoter) or sense 

probe (T7 promoter), respectively, in the presence of DIG-labeled UTP. 

The labeling efficiency of both probes was routinely checked by spotting a series 

of dilutions onto a positively charged nylon membrane and comparing the intensity of the 

spots to the known concentrations of control RNA. The ISH procedures were performed 

as described in the Nonradioactive ISH Application Manual (Roche Diagnostic Corp., 

Indianapolis, IN) with minor modifications. 

ISH of Opioid Mu Receptor and CCK2 receptor mRNA using riboprobes 

Briefly, mounted tissue sections were thawed and then incubated consecutively 

with PBS (twice, 5 min each), PBS containing O.IM glycine (twice, 5 min each), and 

PBS containing 0.3% Triton X-100 (15 min). Sections were washed once again with 

PBS (twice, 5 min each) and then deproteinated for 30 min at 37°C with proteinase K (1 

fxg/mL) in ICQ mM Tris-HCl buffer containing 50 mM of EDTA (pH 8.0). Following a 

postfixation step with 4% formaldehyde, the sections were washed with PBS and then 

acetylated with 0.1 M triethanolamine (TEA) buffer, pH 8.0 containing 0.25% (v/v) 

acetic anhydride. The sections were prehybridized in a buffer containing formamide and 

tween-20 for at least 10 min. They were then incubated with a 1:50 dilution of probe for 

16 hrs at either 42°C (mu riboprobe) or 50°C (CCK2 riboprobe) in a hybridization buffer 

containing O.IM Tris-HCl (pH 7.6), 4 x SSC, 50% deionized formamide, 1 x denhardt, 
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10% dextran sulphate, 150 |j,g/mL yeast tRNA and 150 |ig/mLsheared salmon sperm 

DNA. 

Coverslips were removed from slides by immersing in 2 x SSC. The sections 

were then washed consecutively with 2 x SSC and 1 x SSC for 30 min each at 37°C. To 

digest any single-stranded RNA probe, sections were then incubated with 20 i^g/mL 

Rnase A in 10 mM Tris buffer containing 500 mM NaCl and 1 mM EDTA (pH 8.0) for 

30 min at 37°C. Sections were then washed for 1 hr with 0.1 x SSC at 37°C. 

For visualization of FL- and DIG-labeled mRNA, sections were washed twice (5 

min each) in 100 mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl 1 and then 

blocked in the above buffer containing 0.1% Triton X-100 and 2% normal sheep serum. 

The blocking solution was decanted and the sections were incubated for 2 hrs with a 

1:500 dilution of either sheep anti-FL conjugated to alkaline phosphatase (AP) (for 

sections hybridized with the mu riboprobe) or sheep anti-DIG conjugated to AP (for 

sections hybridized with the CCK2 riboprobe) in the same buffer. The slides were 

washed twice with 100 mM Tris-HCl buffer (ph 7.5) containing 150 mM NaCl for 10 

min each, equilibrated in substrate buffer containing 100 mM Tris-HCl (pH 9.5), 100 mM 

NaCl, 50 mM MgCl2 for 10 min, and then incubated overnight in the dark with Fast Red 

in Tris buffer. The color development was stopped with 10 mM Tris-HCl buffer 

containing 1 mM EDTA. Nuclear counterstaining was done with Mayer's Hematoxylin. 

The slides were mounted with Immunomount (ThermoShandon). 
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Dynorphin immunoassay 

Tissues that were stored at -70°C were thawed and placed in 1.0 N acetic acid, 

disrupted using a Polytron homogenizer and incubated for 30 min at 95°C. After 

centrifugation at 14,000 x g for 20 min (4°C) the supernatant was lyophilized and then 

stored at -70°C. Protein concentrations were determined using the bichinchoninic acid 

method with bovine serum albumin as a standard. Immunoassay was performed with a 

commercial enzyme immunoassay system using an antibody specific for dynorphin A(i.i7) 

(Bachem, San Carlos, CA). Standard curves were constructed and the dynorphin content 

determined using GraphPad Prizm (GraphPad Inc, San Diego, CA). 

CGRP release assay 

Immunoreactive CGRP release was measured using a modified version (Gardell 

et al. 2003; Gardell et al. 2002) of a previously described method (Chen et al. 1996). 

Minced tissue samples were placed in a 1 cc chamber and continuously superfused with 

oxygenated modified Kreb's buffer (135 mM NaCl, 3.5 mM KCl, 1 mM MgC12, 20 mM 

NaHC03, 1 mM NaHP04, 2.5 mM CaC12, 3.3 mM dextrose, 0.1 mM ascorbic acid, 10 

mM thiorphan and 0.1 % bovine serum albumin) maintained at 37°C, pH 7.4. The buffer 

was maintained at a flow rate of 0.5 ml/min with a Brandel Superfusion Pump (Brandel, 

Gaithersburg, MD). The tissue was allowed to equilibrate for 45 minutes. Superfusate 

was collected in 3 minute intervals into test tubes using a fraction collector (Gilson, 

Middleton, WI). A total of 5 fractions (15 min) were collected prior to the addition of 

capsaicin to the perfusate. Capsaicin was added to the perfusate to result in a 
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concentration of 1 jxM for 6 minutes (2 fractions). The superfiisate was then collected for 

an additional 27 minutes (9 fractions). 

Radioimmunoassay for CGRP in superfusate 

Each tube of superfusate obtained from the release assay was pre-incubated with 

100 |j,l of a C-terminally directed anti-CGRP antibody (Peninsula/Bachem, San Carlos, 

CA) for 24 hr at 4°C. The samples were each mixed with 100 ^1 of ['^^I-TyrO]-CGRP28-

37 (at 20,000-25,000 cpm per assay tube) and 50 |il of goat anti-rabbit antiserum coupled 

to ferric beads and incubated for an additional 24 hr. The [^^^I]CGRP bound to the 

CGRP antibody was separated from the free tracer through immunomagnetic separation 

(PerSeptive Diagnostics, Cambridge, MA). The immunoprecipitates were determined by 

gamma counting. Standard curves were generated and CGRP content was determined 

through logit-log analysis. This assay has a minimal detection limit of 1 to 3 fmol/tube. 

The CGRP antiserum used in these experiments binds near the C-terminal end of CGRP 

and does not cross-react with CCK, neuropeptide Y, or other peptides with similar C-

terminal residues (Gardell et al. 2003; Gardell et al. 2002). The CGRP-ir concentrations 

were plotted against time in 3 minute intervals. Evoked release was calculated as the 

total amount of CGRP released (i.e., CGRP-ir) in response to the capsaicin infusion 

above the basal release of CGRP-ir. 

Immunostaining for the MOR 

The sections were immunolabeled with a rabbit antiserum against the rat MOR 

(courtesy of Dr. Robert Elde). Briefly, the spinal cord sections were rinsed twice for 5 

min each in PBS and then preincubated with PBS containing 4% normal goat serum. 
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0.3% Triton X-100, and 1% bovine serum albumin for 30 min at room temperature. The 

sections were then incubated with the primary antiserum diluted in the preincubation 

buffer overnight at 4°C at a 1:20,000 dilution). The sections were washed three times for 

10 min each in PBS, followed by incubation with a biotinylated goat anti-rabbit IgG 

(Vector Laboratories, Burlingame, CA) at 1:1000 in PBS with 0.25% bovine serum 

albumin and 0.1% Triton X-100 (PBS-BT) for 60 min at room temperature. Sections 

were washed three times for 10 min each in PBS and stained with the avidin-biotin 

complex (ABC kit; Vector Laboratories); sections were incubated with an avidin-

biotinylated horseradish peroxidase complex diluted 1:500 in PBS-BT for 2 hr at room 

temperature, washed three times for 10 min each in PBS, and developed with a solution 

of diaminobenzidine and H2O2 (FAST DAB SETS; Sigma, St. Louis, MO) maintained 

uniformly throughout the experiments. Sections from control and treated animals were 

processed in parallel under identical experimental conditions. The sections were washed 

and mounted on glass slides, air-dried overnight, rinsed in histological clearing solvent, 

and coverslipped with DPX. 

Behavioral Assessments 

Assessment of sensitivity to non-noxious mechanical stimuli 

Rats were allowed to acclimate within plexiglass enclosures for approximately 20 

min. A series of calibrated (1.56-15.0 g for rats, logarithmically spaced) von Frey 

filaments were applied to the plantar aspect of a hindpaw until a response was elicited. 

Paw withdrawal thresholds to probing were determined according to the method 

previously described (Chaplan et al. 1994). These data were represented as mean paw 
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withdrawal threshold ± SEM. Paw withdrawal thresholds were determined to the nearest 

0.1 g before treatment (baseline) and again, either daily during, or after the termination 

of, the treatment regimen. 

Assessment of sensitivity to noxious thermal stimuli 

Radiant heat paw flick test 

Rats were allowed to acclimate within plexiglass enclosures, on a surface 

maintained at 30°C, for approximately 20 min. A radiant heat source (i.e., high intensity 

projector lamp) was activated with a timer and focused onto the plantar surface of the 

hindpaw. A motion detector that halted both lamp and timer when the paw was 

withdrawn determined paw withdrawal latency. A maximal cut-off of 40 sec was 

employed to prevent tissue damage. A significant reduction in paw withdrawal latency 

from baseline value was interpreted as thermal hypersensitivity. Pairwise comparisons 

were performed with Student's t-test and significance was set at p < 0.05. 

Tail flick test 

Nociceptive testing was also performed using the tail-flick test with water at 52°C 

employed as the noxious stimulus. Tail flick latencies were determined to the nearest 0.1 

s before treatment and in response to a challenge dose of test compound. A cut-off 

latency of 10 sec was employed in order to prevent tissue injury. 
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CHAPTER IH: SELECTIVE ABLATION OF ^ OPIOID RECEPTOR-

EXPRESSING CELLS IN THE RVM BY DERMORPHIN-SAPORIN PREVENTS 

AND REVERSES SNL-INDUCED NEUROPATHIC PAIN 

Introduction 

The presence of endogenous pain-modulating mechanisms is well established. 

Although pain inhibitory systems projecting from the brainstem to the spinal cord offer 

obvious survival advantages, the role of descending projections that facilitate pain 

transmission is less clear (Mason 1999; Watkins and Mayer 1982; Wiertelak et al. 1992). 

Nevertheless, the presence of pain facilitation mechanisms raises the possibility that their 

abnormal sustained activity may underlie chronic pain. 

Injury to nerves may elicit neuropathic pain characterized, in part, by increased 

sensitivity to normally non-noxious and noxious stimuli (allodynia and hyperalgesia, 

respectively) (Chaplan and Sorkin 1997; Payne 1986). Aspects of this human condition 

have been modeled by injury to spinal nerves in animals (Bennett and Xie 1988; Kim et 

al. 1997; Kim and Chung 1992; Seltzer et al. 1990). Increased spontaneous and 

persistent afferent discharge may be critical in eliciting hypersensitivity of spinal neurons 

(i.e., central sensitization) (Devor 1991; Devor 1994; Kajander et al. 1992; Kirk 1974; 

Wall and Gutnick 1974b). Both injured as well as adjacent uninjured fibers become 

spontaneously active after injury (Li et al. 2000; Wu et al. 2001). Manipulations 

designed to interfere with ascending, large-fiber projections to brainstem nuclei, 

including spinal transection, ipsilateral and contralateral hemisections, and selective 
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lesions of the ipsilateral or contralateral (relative to the side of peripheral nerve injury) 

dorsal columns block nerve injury-induced pain (Bian et al. 1998; Sun et al. 2001; Sung 

et al. 1998). Lidocaine injection into the ipsilateral (relative to the side of peripheral 

nerve injury), but not contralateral, nucleus gracilis also blocks nerve injury-induced pain 

(Sun et al. 2001). These studies support a role for central processes in the mediation of 

experimental neuropathic pain. 

Blockade of established nerve injury-induced pain is also produced by lidocaine 

microinjection into the RVM, indicating additionally the importance of descending 

modulatory pathways (Kovelowski et al. 2000; Pertovaara et al. 1996) and the possibility 

of tonic discharge of cells mediating descending facilitation (Fields 1992; Fields et al. 

1991). The importance of descending facilitation is also supported by observations that 

lesions of the DLF block nerve injury-induced pain (Ossipov et al. 2000a). One 

characteristic of RVM cells that may mediate descending facilitation is their sensitivity to 

opioid )i receptor agonists (Fields et al. 1983; Fields and Heinricher 1989; Heinricher et 

al. 1994; Pan et al. 1990). These findings suggest that RVM cells that may mediate 

descending facilitation in chronic pain states might be identified by their expression of 

this opioid receptor. 

The present experiments tested this hypothesis by targeting RVM |i receptor-

expressing cells with the cytotoxin SAP, by conjugating the toxin to a potent opioid |x 

receptor agonist, DERM (Braga et al. 1984; Broccardo et al. 1981). The goal was to 

determine the role of RVM MOR-expressing cells in preventing or reversing nerve 

injury-induced pain. A similar approach has been successfully used to lesion spinal cord 
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lamina I projection cells with a substance P-SAP conjugate (Mantyh et al. 1997; Nichols 

et al. 1999). 

Characterization of the targeted toxin, DERM-SAP 

Competition Studies 

The radioligand binding studies in membrane preparations from HN9.10 

transfected cells that express rat opioid |i receptors demonstrated that the conjugation of 

SAP to DERM did not significantly alter the affinity of DERM for MORs (Figure 3.1). 

As expected, DERM alone demonstrated a high affinity for the MOR and a Ki value of 

0.7 nM. The Ki value for DERM-SAP was 0.1 nM. In addition, the conjugation of SAP 

to DERM did not alter the selectivity of DERM for MORs. Both DERM alone and the 

DERM-SAP conjugate demonstrated approximately 100-fold selectivity for the MOR 

over the 6 opioid receptor. 

MOR 
[^H]DAMGO 

KmM 

DOR 
[^H]pCl-DPDPE 

KiuM 
DERM 0.70 

(0.59 - 0.78) 
67.7 

(64.8 - 73.4) 
DERM-SAP 0.10 

(0.09-0.11) 
9.56 

(0.17-24.1) 

Figure 3.1. Radioligand binding was performed in HN9.10 transfected cells expressing 
the rat MOR and NG-108 cells expressing the rat 6 receptor. At least 10 concentrations 
of DERM (10"^^ to lO'^M) or DERM-SAP (10"^^ to 10 ^'^M) were used. Data were 
analyzed using GraphPad Prism. The Ki value(s) for each ligand was calculated from the 
IC50 value(s) based on the Cheng and Prusoff equation from at least three independent 
experiments. 
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Antinociceptive activity 

The bilateral microinjection of 3 pmol of DERM or of DERM-SAP directly into 

the RVM produced a robust antinociceptive effect in the 52°C hot water tail flick test 

(Figure 3.2). The peak antinociceptive effect of DERM, 78 ± 13.2 % MPE, was not 

significantly different from that of DERM-SAP conjugate, which was 59 ± 4.7 % MPE (p 

> 0.5, Student's t-test). 

Dermorphin Saporin Dermorphin-Saporin 

Figure 3.2. The tail flick test was performed by determining latency to withdrawal from 
a 52°C water bath. Data were expressed as percentage of maximal possible effect 
(%MPE), which is 100 x (test - baseline)/(15 - baseline). A 15 second cutoff was used. 
The peak antinociceptive effect of DERM, 78 ± 13.2 % MPE, was not significantly 
different from that of DERM-SAP conjugate, which was 59 ± 4.7 % MPE (p>0.05, 
Student's t-test). The RVM microinjection of unconjugated SAP did not elicit any 
changes in tail flick latency 

Immunohistochemical Analysis 

Decreased staining of MOR-expressing cells was seen in superficial dorsal horn 

28 days after intrathecal injection of DERM-SAP, but not after SAL, DERM or SAP 

(Figure 3.3). 
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Figure 3.3. Localization of the MOR in frontal sections (40 |im) of the lumbar dorsal 
horn of the spinal cord. The sections were immunolabeled with a rabbit antiserum 
against the rat MOR. Decreased staining of the MOR was seen in rats given an 
intrathecal injection of DERM-SAP (D), but not those that received a single injection of 
SAL (A), DERM (B), SAP (C), 28 days previously. (Figure contributed by En-Tan 
Zhang) 
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Effect on baseline sensory thresholds 

The microinjection of unconjugated SAP into the RVM did not elicit any changes 

in tail flick latency. Furthermore, the nociceptive tail flick reflex to 52°C water 

immersion was also unaffected in these experimental animals (Figure 3.4). 

5 

Dermorphin Dermorphin-Saporin 

Figure 3.4. The baseline tail flick latency was unaltered in rats that received a single 
injection of DERM-SAP, when compared to DERM-treated controls. 

The bilateral microinjection of 3 pmol of DERM, SAP or of DERM-SAP into the 

RVM of naive rats produced no observable behavioral changes over a period of 28 days. 

Paw withdrawal thresholds remained unchanged over this time period (Figure 3.5, Panel 

A). Similarly, the paw withdrawal latencies to radiant heat applied to the plantar aspect 

of the hindpaw also did not change over this 28 day period (Figure 3.5, Panel B). 
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A 

Saporin Dermorphin Dermorphin-Saporin 

I I Baseline Day 2 Day? [011] Day 14 Day 28 

Saporin Dermorphin Dermorphin-Saporin 

Figure 3.5. Rats received a bilateral microinjection of SAP, DERM, or DERM-SAP into 
the RVM. The animals were tested for responses to non-noxious mechanical stimuli 
(Panel A) and to noxious radiant heat (Panel B) on days 0 (baseline), 2, 7, 14, and 28 
after the microinjection. No significant changes (p > 0.05) were observed in any of the 
groups over this observation period, n = 5-6 rats per group. 

Prevention of Neuropatliic Pain 

The same group of rats then underwent either sham or SNL surgery and were 

tested again 7 days after surgery. The rats that initially received either SAP or DERM 

alone demonstrated a clear development of behavioral signs of neuropathic pain 
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associated with SNL (Figure 3.6). Rats receiving SNL and either RVM DERM or SAP 

alone displayed tactile allodynia and thermal hyperalgesia as evidenced by significant 

reduction in paw withdrawal thresholds (Figure 3.6, Panel A). Likewise, the paw 

withdrawal latencies for the DERM-pretreated and SAP-pretreated groups were 

significantly (p<0.05) decreased 7 days after SNL (Figure 3.6, Panel B). In contrast, the 

DERM-SAP pretreated SNL group showed responses to non-noxious or noxious stimuli 

which did not differ significantly from the pre-SNL baseline values (Figure 3.6). The 

responses of the SHAM rats did not demonstrate any evidence of neuropathic pain 

behavior against either non-noxious mechanical or noxious radiant heat. 
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Figure 3.6. Rats received a bilateral microinjection of SAP, DERM, or DERM-SAP into 
the RVM. After 28 days, rats were subjected to either SNL or sham surgery. Seven days 
after surgery (i.e., 35 days following RVM injection), the animals were tested for their 
responsivity to non-noxious mechanical (Panel A) or noxious thermal (Panel B) stimuli. 
Rats that had received RVM pretreatment of either SAP or DERM showed both tactile 
and thermal hypersensitivity after SNL. However, rats with SNL that were pre-treated 
with RVM DERM-SAP showed response thresholds to mechanical or thermal stimuli 
that were not significantly different from baseline values (p>0.05). None of the sham 
SNL groups demonstrated any appreciable changes in behavioral responses when 
compared with the pretreatment baseline after any RVM pretreatment. 
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Reversal of Neuropathic pain 

The paw withdrawal thresholds to probing with von Frey filaments and the 

latencies to withdrawal from noxious radiant heat were determined prior to any 

manipulations. The pooled paw withdrawal thresholds were 12.6 ± 0.88 g and the pooled 

paw withdrawal latencies were 20 ± 1.15 sec (Figure 3.7). Rats with either SNL or sham 

surgery were randomly separated into 3 groups each destined for microinjection of either 

DERM, SAP or DERM-SAP into the RVM. Rats with SNL showed clear behavioral 

signs of neuropathic pain on the 5"^ day after surgery. Tactile allodynia was indicated by 

the significant (p<0.05) reductions in the paw withdrawal thresholds of rats with SNL to 

innocuous mechanical light touch (Figure 3.7, Panel A). Thermal hyperalgesia was 

indicated in rats with SNL by the significant (p<0.05) reduction in paw withdrawal 

latencies to noxious radiant heat (Figure 3.7, Panel B). 

After these baseline determinations were made, rats received 3 pmol of either 

DERM, SAP, or DERM-SAP bilaterally into the RVM. Animals were tested at 2, 7, 14 

and 28 days after the microinjections. Rats with SNL that received the DERM-SAP 

conjugate demonstrated a gradual loss of heightened sensitivity to both innocuous 

mechanical and noxious thermal stimuli over the 28 day observation period (Figure 3.7). 

On day 28, the paw withdrawal thresholds to probing with von Frey filaments was 

significantly (p<0.05) elevated and not significantly different (p>0.05) to pre-ligation 

values (Figure 3.7, Panel A) in rats with SNL. Similarly, paw withdrawal latencies to 

noxious radiant heat were radiant heat were not significantly (p<0.05) different from pre-

SNL values 28 days after the microinjection of DERM-SAP (Figure 3.7, Panel B). The 
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Figure 3.7. Baseline responses to non-noxious mechanical and to noxious thermal 
stimuli were determined in rats. These rats were then subjected to SNL. After tactile 
(panel A) and thermal (panel B) hypersensitivity was clearly established in the SNL rats, 
they received RVM microinjections of SAP, DERM, or DERM-SAP. The rats were 
tested for the response threshold to non-noxious mechanical and noxious thermal stimuli 
over a 28 day period. By day 2 after the injection, all groups of SNL rats clearly 
demonstrated tactile and thermal hypersensitivity. By postinjection day 8, however, and 
continuing to the end of the experiment, the SNL rats that received an RVM 
microinjection of DERM-SAP exhibited a progressive reversal of both mechanical and 
thermal thresholds to levels that did not differ significantly from baseline (p>0.05). SNL 
rats that received DERM or SAP retained both behavioral signs of experimental 
neuropathic pain, n = 5 6 rats per group. 
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microinjection of 3 pmol of either DERM or SAP alone did not effect any changes in the 

behavioral responses to light tactile or noxious thermal stimuli. On day 28 after the 

microinjection of DERM or SAP into the RVM, the paw withdrawal thresholds and 

latencies of the rats with SNL were essentially unchanged and significantly lower than 

pre-SNL values (p>0.05) (Figure 3.7). 

Blockade with p-FNA 

Groups of 6 male S-D rats were tested for acute antinociception using the 52°C 

warm-water tail-flick test after RVM DERM (3 pmol), U69,593 (60 nmol), or [D-

9 A 
Ala ,Glu ]deltorphin (60 nmol). These opioids produced an acute antinociceptive effect 

of 95 ± 4.4 % MPE, 54 ± 14 % MPE and 63 ± 9 % MPE, respectively (data not shown). 

The rats were allowed to rest for 7 days, and each then given an injection of an MOR-

selective dose of 18.8 nmol P-FNA bilaterally (9.4 nmol in 0.5 each side) into the 

RVM. Each group of rats was then tested 24 hr later for acute antinociception with the 

same dose of receptor-selective opioid as before. Pretreatment with P-FNA did not affect 

baseline latencies to tail flick when measured 24 hr after administration but significantly 

inhibited the acute antinociception of RVM DERM as indicated by an antinociceptive 

index of only 9.7 ± 5.6 % MPE (data not shown). In contrast, the antinociceptive effects 

of RVM U69,593 or of RVM [D-Ala^.Glu'^ldeltorphin were not changed by pretreatment 

with P-FNA. The antinociceptive indices obtained were 48 ± 8.8 and 61 ± 10 % MPE 

after p-FNA, respectively, values not significantly different from control (p>0.05) (data 

not shown). These data assure that the dose of P-FNA employed was selective for the |i 

opioid, but not the K or 5 opioid receptors. 
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Figure 3.8. Rats were tested for threshold responses to non-noxious mechanical or 
noxious thermal stimuli (baseline values) and subsequently received either the 
noncompetitive opioid |l receptor antagonist P-FNA or saline into the RVM 24 hr before 
the administration of SAP, DERM, or DERM-SAP into the RVM. All groups were 
subjected to SNL 28 days after RVM DERM, SAP, or DERM-SAP and tested for their 
response thresholds to non-noxious mechanical or noxious thermal stimuli 7 days after 
SNL surgery. Pretreatment with P-FNA before RVM DERM-SAP abolished the ability 
of RVM DERM-SAP to prevent SNL-induced tactile and thermal hypersensitivity but did 
not alter the effects of SNL in SAP- or DERM-pretreated rats, n = 5-6 rats per group. 
BL = Baseline; DERM = dermorphin; SAP = saporin. *p < 0.05 from baseline; $p < 0.05 
from SNL. 
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The same dose, 18.8 nmol of P-FNA was microinjected bilaterally into the RVM 

of naive rats. After 24 hr, the rats received RVM microinjections of 3 pmol of either 

DERM, SAP, or DERM-SAP conjugate. After 28 days, the animals were subjected to 

SNL and evaluated for responses to innocuous mechanical and noxious thermal stimuli 7 

days later. The groups that received p-FNA pretreatment prior to SAP, DERM or 

DERM-SAP all exhibited increased sensitivity to innocuous mechanical (Figure 3.8, 

Panel A) and noxious thermal (Figure 3.8, Panel B) stimuli as expected with SNL. In 

contrast, SNL rats that received saline prior to DERM-SAP conjugate did not show any 

behavioral signs of neuropathic pain. The paw withdrawal thresholds to von Frey 

filaments (Figure 3.8, Panel A) and the latencies to noxious radiant heat (Figure 3.8, 

Panel B) were not significantly different from the pretreatment baseline values. 

ISH of MOR transcripts 

Our initial analysis using coronal sections from the brain stem region of naive rats 

(taken between -11.0 to -13.2 mm from bregma) showed that the localization of cells 

expressing MOR transcripts in the caudal brainstem including the RVM was highly 

consistent with that previously reported based on autoradiography for the receptor or on 

ISH for message (Bowker et al. 1988; Bowker and Dilts 1988; Mansour et al. 1994a; 

Mansour et al. 1994b; Peckys and Landwehrmeyer 1999). In the RVM, cells that 

expressed MOR transcripts were highly localized to the raphe magnus and the 

magnocellular reticular nucleus, and also found at a lower cell density in the 

paragigantocellular reticular nucleus-lateral part and the gigantocellular reticular nucleus. 

Caudal to the RVM, MOR transcripts were highly localized to cells in the raphe 
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obscurus, the raphe pallidus, the inferior olivary complex, the external nucleus cuneatus, 

the medial solitary nucleus, the hypoglossal nucleus, the dorsal motor nucleus of the 

vagus, the spinal trigeminal tract, and the nucleus ambiguus. A low density of discrete 

cell bodies in the nucleus gigantoreticular nucleus were also labeled. The localization of 

the cells that express MOR mRNA is consistent with that previously described. 

For the experiments, coronal sections 20 ^im thick were obtained 28 days after the 

bilateral microinjection of DERM, SAP or DERM-SAP into the RVM. The brain slices 

obtained from rats that had been pretreated with DERM or SAP alone showed similar 

densities of labeling for mRNA for the MOR in the RVM (Figure 3.9). The RVM of the 

DERM-SAP pretreated rats consists of significantly fewer labeled cells when compared 

with that of DERM or SAP pretreated rats (Figure 3.9). This regional loss of MOR 

transcripts in DERM-SAP pretreated tissues was not due to differences in experimental 

conditions because the processing of tissues and the ISH procedures were carried out in 

parallel with tissues from DERM or SAP pretreated rats. Furthermore, brainstem 

sections caudal to the RVM (between -12.2 mm to -13.2 mm from bregma) taken from 

DERM, SAP, or DERM-SAP pretreated animals showed similar distributions and 

densities of labeled cells, suggesting that the loss of labeling correlates with the 

stereotaxic delivery of DERM-SAP to the RVM and that this loss is specific to DERM-

SAP treatment (data not shown). The immunolabeling could be abolished by pre-

treatment of the tissue sections with RNase, or by an excess of the complementary sense 

DNA during the hybridization reaction. The histological staining of the tissue sections 

indicates that tissue necrosis was negligible. Thus, a selective degeneration of MOR-
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Figure 3.9. Localization of MOR mRNA in frontal sections (20 ^im) of the brainstem at 
the level of the caudal raphe nuclei. Bright-field micrographs (D-F) show the distribution 
of the probe as a red stain (fast red). The sections were counterstained with Mayer's 
hematoxylin (blue nuclei). Computer-assisted mapping of representative sections shows 
the location of MOR mRNA-labeled cells (dots) in the RVM of rats that had been 
pretreated with DERM (A), SAP (5), or DERM-SAP (Q and the corresponding high-
magnification, bright-field micrographs (D-F) taken from the same area in the raphe 
magnus (denoted by arrow in A) of A-C, respectively. The cDNA probe labeled discrete 
neuronal cell bodies. Two types of staining by fast red are seen, perinuclear staining 
{closed arrowheads) and cytoplasmic staining {open arrowheads). Unlabeled cells can 
be seen as blue nuclei with negligible or very light blue cytoplasmic stain. In the RVM, 
cells that expressed MOR transcripts were highly localized to the RM and the MARN and 
also found at a lower cell density in the PGRNl and the GRN. The localization of the 
cells that express MOR mRNA is consistent with that described previously. The RVM of 
DERM-SAP-pretreated rats (C, F) consists of significantly fewer labeled cells when 
compared with that of DERM-pretreated (A, D) or SAF-pretreated {B, E) rats. The 
specificity of labeling for MOR transcripts is also supported by the consistency in the 
distribution of labeling across multiple brainstem sections and sections from multiple 
animals. This labeling could be abolished by RNase A pretreatment of the sections or by 
the presence of an unlabeled, corresponding sense DNA during hybridization. 
Abbreviations: V7/, facial nucleus; GRN, gigantocellular reticular nucleus; MARN, 
magnocellular reticular nucleus; PGRNl, paragigantocellular reticular nucleus-lateral 
part; py, pyramidal tract; RM, raphe magnus; RPA, raphe pallidus. Scale bars = 50 |im. 
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expressing cells in the RVM by DERM-SAP prevented abnormal pain resulting from 

SNL, without affecting normal sensory responses. 

Discussion 

Mechanistic interpretation of the neuropathic state has generally focused on 

injury-induced changes in peripheral nerves and in the spinal dorsal horn. Spinal 

sensitization is believed to occur as a consequence of the increased firing of primary 

afferent fibers and has been thought to be a key element in nerve injury-induced pain 

(Devor 1991; Fields et al. 1997; Kajander et al. 1992; Wall and Gutnick 1974b). The 

time course of increased discharge from injured nerves does not appear to correlate 

perfectly, however, with the sustained nature of nerve injury-induced pain. Although 

nerve injury-induced pain is sustained essentially unchanged for many weeks (Bian et al. 

1995; Chaplan et al. 1994), data from several groups show that the discharge rate of 

injured afferents declines significantly over just a few days after the injury (Han et al. 

2000; Liu et al. 2000b). Large myelinated fibers are spontaneously active in the 

postinjury state, and uninjured adjacent fibers also discharge tonically (Boucher et al. 

2000; Li et al. 2000; Wu et al. 2001). The known projections of these fibers to the 

brainstem, along with the observations of plasticity at levels as far rostral as the midbrain 

after injury to peripheral nerves (Kovelowski et al. 2000), point to a role of supraspinal 

sites in the nerve injury-induced pain state. This concept is supported by various lesion 

studies of ascending pathways (Houghton et al. 1999; Sun et al. 2001) as well as by the 

emergence of evidence of the critical importance of descending pain facilitation pathways 

in nerve injury-induced pain. Specifically, blockade of nerve injury-induced pain is seen 
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after RVM microinjection of lidocaine (Kovelowski et al. 2000; Pertovaara et al. 1996) as 

well as by lesions of the DLF (Ossipov et al. 2000a). The results of the present study 

suggest that a specific population of RVM neurons, namely, those expressing MORs, is 

critical in the behavioral expression of experimental neuropathic pain. 

These RVM cells display characteristics consistent with those characterized 

previously as facilitatory or pronociceptive. The electrophysiologic characteristics of the 

neurons of this region have been well characterized and strongly point to this region as a 

likely source of facilitation of nociceptive input (Fields 1992; Fields et al. 1983; Fields 

and Heinricher 1985). One neuronal class, labeled ON cells because of a firing burst 

recorded just before activation of a nocifensive response, is believed to be responsible for 

descending facilitation of nociception via both local interactions within the RVM and 

descending systems projecting to the spinal cord (Fields et al. 1991; Heinricher et al. 

1992; Heinricher and Roychowdhury 1997). Manipulations that increase nociceptive 

responsiveness, thus indicating facilitation, also increase ON cell activity (Fields and 

Basbaum 1999; Heinricher et al. 1989; Kaplan and Fields 1991; Morgan and Fields 

1994). Importantly, this class of neurons is hypothesized to represent the population 

MOR-expressing cells. In agreement with this hypothesis, systemic or RVM morphine 

produces a naloxone-sensitive depression in spontaneous and evoked firing rates of 

identified ON cells (Heinricher et al. 1992), whereas the firing characteristics of other 

RVM neurons are not affected by the opiate (Heinricher et al. 1992). Analogous studies 

in vitro show that RVM MOR agonists directly hyperpolarize "secondary cells" (Pan et 
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al. 1990). Such findings suggest that ON cells are likely to be the only MOR-expressing 

cells in the RVM (Heinricher et al. 1992). 

Our data show that conjugated DERM-SAP retains affinity and efficacy at the 

MOR, suggesting that this molecule is suitable for targeting cells that express these 

receptors. Selective loss of MOR-containing neurons was demonstrated by a significant 

decrease in the number of cells positively labeled for MOR transcripts in animals 

pretreated with DERM-SAP but not with DERM or SAP. Rats treated with RVM DERM 

or SAP demonstrated an equivalent presence of labeling for MOR mRNA. Neurons that 

were not in the vicinity of the site of DERM-SAP injection were spared, however, 

suggesting that the loss of MOR-expressing cells was not the result of a nonselective 

cytotoxicity or because of trauma resulting from cannula implantation or microinjection. 

RVM microinjection of DERM-SAP, or of unconjugated SAP or DERM, did not 

produce any significant changes in response thresholds to normally non-noxious 

mechanical or noxious thermal stimuli of the paw when evaluated over a 28 day time 

course. Because a significant depletion of cells expressing MOR transcripts was seen in 

animals injected with RVM DERM-SAP, it appears that MOR-expressing cells do not 

participate in the response to non-noxious or noxious sensory thresholds. Subsequent 

experimental nerve injury, however, showed that although rats pretreated with RVM 

DERM or SAP developed the expected increased sensitivity to normally non-noxious 

mechanical and noxious thermal stimuli, those animals pretreated with RVM DERM-

SAP did not. These findings indicate that depletion of RVM cells MORs, presumably 

cells that mediate descending facilitation to the spinal dorsal horn, prevents the expected 
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neuropathic pain state. In the absence of electrophysiological investigation, it is 

unknown whether such lesioned cells represent the previously characterized population of 

RVM cells referred to as ON cells. The specificity of DERM-SAP for RVM cells 

expressing MORs was confirmed by the use of |3-FNA, a selective and irreversible MOR 

antagonist (Jiang et al. 1990; Ward et al. 1982). RVM microin-jection of (3-FNA was 

shown to antagonize the antinociceptive effects of a receptor-selective opioid n, but not 

selective 6 or K, agonist indicating that the dose administered selectively blocked MORs; 

the selectivity of the antagonist is supported by similar results in previous studies 

(Melchiorri et al. 1991; Tiberi et al. 1988). Administration of RVM DERM-SAP in rats 

pretreated with P-FNA showed that the expected prevention of nerve injury-induced pain 

was blocked; P-FNA pretreatment did not alter the development of nerve injury-induced 

pain in groups pretreated with either DERM or SAP. 

In addition to the observation of prevention of nerve injury-induced pain by RVM 

pretreatment with DERM-SAP, our data also demonstrate that the behavioral signs of 

experimental neuropathic pain can be reversed by targeting MOR-expressing cells in this 

region. Administration of DERM-SAP, but not of DERM or SAP, showed a time-related 

return to normal levels of sensitivity to non-noxious mechanical or to noxious thermal 

stimuli in nerve-injured rats. The reversal of established experimental neuropathic pain 

demonstrates the importance of descending facilitation in sustaining pain. Together, 

these observations suggest a requirement for RVM MOR-expressing cells for the 

expression and maintenance of nerve injury-induced pain. The data indicate the 

importance of such cells under pathological, but not normal physiological, conditions 
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because reactions to light touch or to acute noxious stimuli are unaltered in uninjured or 

SHAM rats. These findings are consistent with previous observations indicating a role 

for supraspinal mechanisms of neuropathic pain (Bian et al. 1998; Kovelowski et al. 

2000; Mansikka and Pertovaara 1997; Ossipov et al. 2000c; Pertovaara et al. 1996; Sun et 

al. 2001) and are in agreement with data resulting from experiments with more 

generalized and reversible blockade of RVM activity such as lidocaine injection 

(Kovelowski et al. 2000; Pertovaara et al. 1996). Finally, the data of the present study are 

consistent with observations showing reversal of nerve injury-induced pain by physical 

disruption of the DLF (Ossipov et al. 2000c). 

The results presented here are consistent with the hypothesis that the presence and 

activity of descending pain facilitation cells in the RVM are required for the expression 

of experimental neuropathic pain. Furthermore, these neurons are likely to be MOR-

expressing cells of the RVM. Because DERM-SAP was shown to be effective in 

reversing established experimental pain, the MOR-expressing neurons should therefore 

represent an appropriate target for the development of strategies for the treatment of 

abnormal pain states. It is clearly more important to be able to treat established 

neuropathic pain, because one cannot anticipate its development. Critically, targeting 

mechanisms of descending pain facilitation offers a novel approach to the alleviation of 

chronic, pathological pain that does not alter normal sensitivity to innocuous or noxious 

sensations. These observations raise many important questions including the nature of 

the tonic activation in the RVM that drives descending facilitatory systems and the spinal 

circuitry by which such projections facilitate the transmission of pain. Increased 
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understanding of underlying mechanisms that may drive abnormal pain would be relevant 

to the formulation of novel treatment protocols. 
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CHAPTER IV: TIME-DEPENDENT DESCENDING FACILITATION FROM 

THE RVM MAINTAINS, BUT DOES NOT INITIATE, NEUROPATHIC PAIN 

Introduction 

Neuropathic pain may result from increased excitability of injured nerves (Kirk 

1974; Wall and Gutnick 1974a; Wall and Gutnick 1974b). Persistent spontaneous 

afferent input also results in sensitization of spinal neurons to promote enhanced pain 

(Devor 1991; Woolf 1991; Woolf and Thompson 1991). Agents that diminish 

spontaneous afferent activity are effective in clinical and experimental neuropathic pain 

(Chaplan et al. 1995; Chapman et al. 1998; Devor and Seltzer 1999). Spontaneous 

afferent activity also correlates with expression of neuropathic pain (Han et al. 2000; Liu 

et al. 2000a; Liu et al. 2000b), and the onset of tactile hypersensitivity occurs with the 

development of afferent discharge (Liu et al. 2000a). Discharges are most pronounced 1 

week after injury but diminish significantly and rapidly over time (Han et al. 2000). 

Nerve injury eUcits a fourfold to sixfold increase in spontaneous ectopic discharge within 

24 hr but is largely reduced by postinjury day 5 (Liu et al. 2000a). Notably, however, 

once developed, behavioral signs of neuropathic pain remain constant for many weeks 

(Bian et al. 1995; Chaplan et al. 1994; Malan et al. 2000) despite the diminished rate of 

afferent discharge. These observations suggest the possibility that although the enhanced 

discharge associated with nerve injury may be critical in the initiation of neuropathic 

pain, such increased afferent activity may be insufficient to maintain neuropathic pain in 

the absence of other mechanisms. 
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Descending facilitation arising from neuroplastic changes occurring in the RVM 

and projecting to the spinal dorsal horn through the DLF has been suggested to be 

necessary for expression of neuropathic pain (Ossipov at al. 2001). Blocking descending 

facilitation by lesions of the DLF, RVM microinjection of lidocaine, or CCK2 antagonists 

all block neuropathic behavior (Kovelowski et al. 2000; Ossipov et al. 2000b; Pertovaara 

et al. 1996). Selective lesioning of RVM cells expressing MORs also blocks neuropathic 

behaviors (Chapter IV). However, the role of descending facilitation in the processes that 

initiate or maintain the expression of neuropathic pain is not known. 

Peripheral nerve injury is known to elevate spinal dynorphin content, which may 

promote nociception (Bian et al. 1999; Claude et al. 1999; Kajander et al. 1990; Malan et 

al. 2000). Spinal dynorphin content is maximal by post-SNL day 10 (Malan et al. 2000). 

Prodynorphin knock-out mice demonstrated tactile and thermal hypersensitivity that fully 

reversed to preinjury baselines within 8 d after SNL, whereas the wild-type mice 

sustained pain (Wang et al. 2001). Neuropathic behaviors were reversed by dynorphin 

antiserum in wild-type mice in late but not early periods after injury, suggesting that 

dynorphin is required for sustained expression of pain (Wang et al. 2001). The late time 

course of SNL-induced spinal dynorphin upregulation suggests the novel possibility that 

some of the nerve injury-induced spinal plasticity may be secondary to neuroplasticity in 

other parts of the nervous system. One possibility is that spinal dynorphin upregulation 

may depend on developing neuroplasticity in the RVM. The present experiments explore 

the hypothesis that descending facilitation from the RVM develops over time and 
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influences the spinal upregulation of dynorphin. These processes may be essential in the 

maintenance of experimental neuropathic pain. 

RVM lidocaine 

Behavioral signs of tactile hypersensitivity and thermal hyperalgesia were clearly 

evident within 3 days after SNL (Figure 4.1). The preligation baseline paw withdrawal 

threshold to probing with von Frey filaments was 14.25 ± 0.30 g and the paw withdrawal 

latency to noxious radiant heat was 21.0 ± 0.19 sec (Figure 4.2). After SNL, the paw 

withdrawal threshold was significantly (p < 0.05) reduced to 3.67 ± 0.44 g and the paw 

withdrawal latency was significantly (p < 0.05) reduced to 14.5 ± 0.20 sec (Figure 4.2). 

In contrast, sham surgery had no significant effect on behavioral signs of neuropathic 

pain; the post-surgical paw withdrawal tactile threshold and thermal latency were 14.5 ± 

0.37 g and 20.5 ± 0.38 sec, respectively (Figure 4.2). 

The bilateral microinjection of lidocaine (4% w/v; 0.5 ^il) or saline into the RVM 

on day 3 after SNL did not elicit any changes in paw withdrawal thresholds to probing 

with von Frey filaments (Figure 4.1, Panel A) or to noxious radiant heat (Figure 4.1, 

Panel B) over the 60 minute observation period. The paw withdrawal threshold to von 

Frey filaments was 4.13 ± 0.77 g 10 minutes after lidocaine (Figure 4.1, Panel A), and the 

paw withdrawal latency to noxious heat was 14.3 ± 0.45 sec 10 minutes after lidocaine 

(Figure 4.1, Panel B). However, behavioral manifestations of neuropathic pain were 

reversed when lidocaine was microinjected into the RVM on the 6"^ day after SNL 

(Figure 4.1, Panels C and D). The maximal effect of lidocaine was observed 10 minutes 
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Figure 4.1. Lidocaine (4% w/v) or saline was microinjected bilaterally into the RVM of 
SHAM male Sprague-Dawley rats and of rats with Lg/Lg SNL 3 and 6 days after nerve 
injury. Baseline responses to tactile and thermal stimuli were determined in SHAM and 
SNL rats before injections (B). Tactile hypersensitivity (A,C) and thermal hyperalgesia 
(B,D), indicated by significant decreases in the response thresholds, were measured at 10 
minute intervals for 60 minutes after lidocaine or saline microinjection. Lidocaine did 
not reverse tactile hypersensitivity and thermal hyperalgesia on post-SNL day 3 (A and 
B), but was effective on day 6 (C and D). Behavioral responses were not altered by 
lidocaine in SHAM rats or by saline in either group. 

after microinjection into the RVM, significantly (p<0.05) raising paw withdrawal 

thresholds to light tactile stimuli to 11.7 ± 1.0 g (Figure 4.1, Panel C) and mean paw 

withdrawal latencies to radiant heat to 19.4 ± 1.46 sec (Figure 4.1, Panel D). The 
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blockade of tactile hypersensitivity and thermal hyperalgesia by RVM lidocaine rapidly 

returned to baseline values within 30 minutes of the injection. 

Similarly, lidocaine microinjected into the RVM also reversed signs of 

neuropathic pain on the 9"^ and 12"' day after SNL (Figure 4.2). The paw withdrawal 

thresholds to probing with von Frey filaments were significantly (p < 0.05) elevated to 

12.1 ± 0.77 g and 12.4 ± 0.76 g, respectively on those days (Figure 4.2, Panel A). 

Similarly, the paw withdrawal latencies to radiant heat were significantly (p < 0.05) 

elevated to 19.8 ± 1.63 sec and 20.0 ± 0.73 sec on the same days (Figure 4.2, Panel B). 

The effects of lidocaine against behavioral signs of neuropathic pain on post-SNL days 9 

and 12 were similar to the data shown for post-SNL day 6 with maximal reversal at 10 

minutes after microinjection and return to baseline values by 30 minutes (data not 

shown). Microinjection of lidocaine into the RVM did not alter responses to either tactile 

or thermal stimuli in the SHAM rats over the entire course of the study. Furthermore, the 

microinjection of saline into the RVM of either SHAM or SNL rats did not produce any 

changes in either tactile or thermal responses over the time course of this study (Figure 

4.2). 
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Figure 4.2. Lidocaine (4% w/v) or saline was microinjected bilaterally into the RVM of 
SHAM rats and of rats with Lj/Le SNL 3, 6, 9, and 12 days after nerve injury. Baseline 
responses to tactile and thermal stimuli were determined before surgery (pre-SNL) and 
on day 3 after surgery before injections (BL). Tactile hypersensitivity (A) and thermal 
hyperalgesia (B), indicated by significant decreases in the response thresholds, were 
measured 10 minutes after each lidocaine or saline microinjection. Lidocaine did not 
reverse tactile hypersensitivity and thermal hyperalgesia on post-SNL day 3 but was 
effective thereafter. Behavioral responses were not altered by lidocaine in SHAM rats or 
by saline in either group. 
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DERM-SAP microinjection 

Rats received a single bilateral injection of saline (0.5 |xl), DERM (3 pmol), SAP 

(3 pmol) or of the DERM-SAP conjugate (3 pmol) into the RVM. Experiments 

conducted in Chapter III revealed that this protocol of DERM-SAP treatment elicited a 

selective loss of RVM neurons expressing the MOR at post-injection day 28. These 

microinjections did not produce any changes in the baseline hindpaw responses to 

probing with von Prey filaments (Figure 4.3) or to noxious radiant heat (Figure 4.4) when 

evaluated after 28 days. On the 28"^ day after the RVM microinjections, each of the 

pretreated groups were divided into 2 groups, one receiving L5/L6 SNL and the other 

receiving sham surgery. 

The behavioral responses to light tactile and noxious heat stimuli were measured 

on a daily basis. None of the groups of rats with sham surgery demonstrated any 

significant decreases in behavioral responses to either tactile or thermal stimuli over the 

entire 14 day observation period (Figures 4.3 and 4.4, respectively). All groups of rats 

with SNL demonstrated tactile hypersensitivity and thermal hyperalgesia evident by the 

second day after SNL. Paw withdrawal thresholds to light tactile stimuli ranged between 

14.4 ± 0.6 g and 15 ± 0 g prior to SNL and were significantly (p<0.05) reduced to 

between 3.7 ± 0.84 g and 4.9 ± 1.85 g (Figure 4.3). Similarly, the paw withdrawal 

latencies to noxious heat ranged from 19.9 ± 0.56 sec to 20.3 ± 0.23 sec prior to SNL and 

were significantly (p<0.05) reduced to between 14.0 ± 0.38 sec and 15.8 ± 0.46 sec by the 

second day after SNL (Figure 4.4). Tactile and thermal hypersensitivity remained 

evident throughout the 14-day observation period in the rats with SNL that were 
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Figure 4.3. Male Sprague-Dawley rats received bilateral microinjections of saline or of 
SAP, DERM or the DERM-SAP conjugate (1.5 pmol on each side of the RVM). After 
28 days, the rats were subjected to either L5/L6 SNL or sham surgery. Paw withdrawal 
thresholds to light tactile stimuli were determined before microinjections (B), weekly 
after the microinjections, and daily for 14 days after SNL or sham-surgery. Tactile 
hypersensitivity was evident in all groups with SNL during the initial 4 days of testing, as 
indicated by the significant decreases in response thresholds. However, the rats 
pretreated with the DERM-SAP conjugate demonstrated clear reversal of SNL-induced 
tactile hypersensitivity commencing at post-surgery day 5. 

pretreated with saline, DERM or SAP microinjected into the RVM (Figures 4.3 and 4.4, 

respectively). In contrast, the rats that were pretreated with DERM-SAP demonstrated a 

time-related reversal of heightened sensitivity to tactile and thermal stimuli which was 

seen beginning at the 5^ day after SNL and ultimately these thresholds were not 

significantly different from pre-SNL baseline values (Figures 4.3 and 4.4, respectively). 
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Figure 4.4. Male Sprague-Dawley rats received bilateral microinjections of saline or of 
SAP, DERM or the DERM-SAP conjugate (1.5 pmol on each side of the RVM). After 
28 days, the rats were subjected to either Ls/Lg SNL or sham surgery. Paw withdrawal 
latencies in response to noxious radiant heat were determined before microinjections (B), 
weekly after the microinjections, and daily for 14 days after SNL or sham-surgery. 
Thermal hypersensitivity was evident in all groups with SNL during the initial 4 days of 
testing, as indicated by the significant decreases in response thresholds. However, the 
rats pretreated with the DERM-SAP conjugate demonstrated clear reversal of SNL-
induced tactile hypersensitivity commencing at post-surgery day 5. 

DLF lesions 

Rats received either lesions of the DLF or sham surgery at Ts. Each group was 

further subdivided and received either sham surgery or Ls/Lg SNL after a further 7 days. 

Neither sham DLF nor DLF lesions caused any changes in behavioral responses to tactile 

or thermal stimuli. Paw withdrawal thresholds to light touch were 15 ± 0 g before and 
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after spinal surgery and the paw withdrawal latencies to noxious radiant heat were 20.2 ± 

0.17 sec before spinal surgery and 20.2 ± 0.23 sec after sham DLF and 20.1 ± 0.25 sec 

after DLF lesions (Figures 4.5 and 4.6, respectively). Sham operation did not produce 

any significant decreases in behavioral responses to either light tactile or noxious radiant 

heat over the entire 14-day observation period (Figures 4.5 and 4.6, respectively). Both 
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Figure 4.5. Rats received bilateral surgical lesions of the DLF or sham DLF surgery at 
Tg. After 7 days, the rats were subjected to either Ls/Le SNL or sham surgery. Paw 
withdrawal thresholds to light tactile stimuli were determined before spinal surgery (N), 
prior to SNL (B) and daily for 14 days after SNL- or sham-surgery. Tactile 
hypersensitivity was evident in all groups with SNL during the initial 4 days of testing, as 
indicated by the significant decreases in behavioral responses. However, the rats that 
received both Lj/Le SNL and lesions of the DLF demonstrated a clear reversal of SNL-
induced threshold changes commencing at post-surgery days 4-5. 
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Figure 4.6. Rats received bilateral surgical lesions of the DLF or sham DLF surgery at 
Tg. After 7 days, the rats were subjected to either Ls/Le SNL or sham surgery. Paw 
withdrawal latencies in response to noxious radiant heat were determined before spinal 
surgery (N), prior to SNL (B) and daily for 14 days after SNL- or sham-surgery. Thermal 
hypersensitivity was evident in all groups with SNL during the initial 4 days of testing, as 
indicated by the significant decreases in behavioral responses. However, the rats that 
received both Lg/Le SNL and lesions of the DLF demonstrated a clear reversal of SNL-
induced threshold changes commencing at post-surgery days 4-5. 

groups of rats with SNL demonstrated tactile hypersensitivity and thermal hyperalgesia 

by the 2"^ day after SNL. Paw withdrawal thresholds of the SHAM and DLF-lesioned 

rats to light tactile stimuli were significantly (p<0.05) reduced to 3.9 ± 0.6 g and 2.8 ± 0.5 

g, respectively (Figure 4.5). Similarly, the paw withdrawal latencies of the SHAM and 

DLF-lesioned rats to noxious heat were significantly (p<0.05) reduced to 14.6 ± 0.3 sec 

and 13.8 ± 0.4 sec, respectively, on the second day after SNL (Figure 4.6). The 

behavioral responses of the rats with SNL and sham DLF surgery remained constant 
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throughout the 14-day observation period. In contrast, the heightened sensory responses 

of the rats with SNL and DLF lesions began to return to pre-SNL baseline values within 

4-5 days after SNL (Figures 4.5 and 4.6, respectively). The paw withdrawal threshold to 

light tactile stimuli was significantly (p<0.05) increased to 11.7 ± 1.7 g and the paw 

withdrawal latency to radiant heat was significantly (p<0.05) increased to 18.9 ±1.4 sec 

by the 7"^ day after SNL (Figures 4.5 and 4.6, respectively). 

Spinal Dynorphin Content in DLF-lesioned Rats 

Spinal cords were extruded and assayed for dynorphin content in the dorsal 

quadrant ipsilateral to SNL or sham ligation on the lO"' day after surgery. This time point 

was chosen because our previous investigations demonstrated that dynorphin levels were 

maximally increased at this time point (Malan et al. 2000). Rats with sham DLF lesions 

and L5/L6 SNL demonstrated a significant (p<0.05) elevation in spinal dynorphin content 

10 days after SNL. The spinal dynorphin content of rats with sham DLF lesion and with 

SNL was 991 ±63 pg dynorphin/mg protein, whereas that of rats with sham DLF lesion 

and sham SNL was 698 ± 53 pg dynorphin/mg protein (Figure 4.7). In contrast, lesions 

of the DLF prevented the elevation in spinal dynorphin content. The spinal dynorphin 

content in the rats with SNL and DLF lesions was 656 ± 22 pg dynorphin/mg protein, 

which was not significantly different (p > 0.05) from that of the control group (Figure 

4.7). Rats with DLF lesions and sham SNL surgery also had a spinal dynorphin content 

of 667 ± 93 pg dynorphin/mg protein) which was similar to that of the rats with sham 

DLF and sham SNL surgery. 
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Figure 4.7. The spinal cords of SHAM (Sham-SNL) and rats with Ls/Le SNL and that 
had received either lesions of the DLF or sham spinal surgery (Sham-DLF) were 
removed on day 10 after surgery. The ispsilateral (relative to SNL or Sham-surgery) 
dorsal quadrant of the lumbar cord was isolated and assayed for dynorphin content by 
enzyme immunoassay. The rats with SNL and that had also received Sham-DLF surgery 
showed a significant (*; p<0.05; Student's t-test) increase in spinal dynorphin content 
when compared to the Sham-DLF/Sham-SNL group. In contrast, lesions of the DLF 
prevented the upregulation of spinal dynorphin content in rats with SNL. The spinal 
dynorphin content of this group was not significantly different (p>0.05, Student's t-test) 
than that of the Sham-DLF/Sham-SNL group, and was significantly (p<0.05; Student's t-
test) less than that of the Sham-DLF/SNL group. Finally, the spinal dynorphin content of 
the rats with Sham-SNL and with lesions of the DLF was not significantly different 
(p>0.05, Student's t-test) than that of the Sham-DLF/Sham SNL group. 

Spinal Dynorphin Content in Rats Pretreated with DERM-SAP 

Rats were pretreated with a single microinjection of either SAP, DERM or the 

DERM-SAP conjugate (3 pmol) into the RVM. After 28 days, rats from each group 

received either SNL or sham surgery. On the 10'*' day after surgery (i.e., 38 days after 

RVM injections), the rats were euthanized and the spinal cords were dissected into 

quadrants for determination of spinal dynorphin content. The spinal dynorphin content of 
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the sham-SNL groups receiving RVM treatments did not differ significantly (ANOVA, 

F3,36 = 1-72, P = 0.18) from each other or from a naive untreated group indicating that 

pretreatment with either SAP, DERM or the DERM-SAP conjugate in the RVM did not 

alter spinal dynorphin content of animals without nerve injury. Since these assays were 

performed separately, but under identical conditions, the data for each experimental 

group were normalized in terms of percent of the corresponding SHAM control group. 

Thus, the dynorphin content of the SHAM control group pretreated with SAP, DERM 
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Figure 4.8. The spinal cords of SHAM (Sham-SNL) and rats with Ls/Le SNL and that 
had received a single RVM pretreatment with DERM, SAP or DERM-SAP conjugate. 
The ispsilateral (relative to SNL or Sham-surgery) dorsal quadrant of the lumbar cord 
was isolated and assayed for dynorphin content by enzyme inmiunoassay. The rats with 
SNL that had also received either DERM or SAP showed a significant (*; p<0.05; 
Student's t-test) increase in spinal dynorphin content when compared to their respective 
Sham-SNL groups. In contrast, pretreatment with DERM-SAP prevented the 
upregulation of spinal dynorphin content in rats with SNL. The spinal dynorphin content 
of this group was not significantly different (p>0.05. Student's t-test) than that of the 
Sham-SNL group. 

and DERM-SAP conjugate was normalized as 100 ± 6%, 100 ± 15% and 100 ± 7%, 
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respectively (Figure 4.8). Rats pretreated with either SAP or DERM and subsequently 

receiving L5/L6 SNL showed significant (p<0.05) increases in spinal dynorphin content to 

230 ± 31 % and 183 ± 47% of the corresponding SHAM control groups. In contrast, the 

spinal dynorphin content of the group pretreated with the DERM-SAP conjugate was 140 

± 22% of the corresponding SHAM group, a value which was not significantly different 

(Figure 4.8). 

CGRP release in tissues from SNL rats with DLF lesions 

Tissues were taken from rats undergoing DLF or sham-DLF lesion (3 days prior 

to peripheral nerve injury) at day 10 following SNL or sham-SNL surgery. No 

differences in baseline release were observed when DLF and sham-DLF tissues were 

compared in sham-SNL tissues. Spinal cord tissue obtained from rats with SNL and 

sham DLF lesions showed capsaicin-evoked release of 173 ± 16% of the corresponding 

control group (i.e., sham-DLF and sham-SNL), which was 100 ± 27%, demonstrating a 

significant (p<0.05) enhancement of capsaicin-evoked CGRP release (Figure 4.9). 

Capsaicin-evoked release of CGRP after DLF lesion and SNL was 115 ± 7% of the 

sham-SNL and DLF group, which was 100 ± 23% (Figure 4.9); these values were not 

significantly different. 
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Figure 4.9. Capsaicin-evoked CGRP release was determined in minced lumbar sections 
obtained from the ipsilateral dorsal quadrants of sham- or SNL-operated rats 10 days 
after peripheral nerve injury in rats previously undergoing either sham- or DLF lesion (3 
days prior to sham- or SNL surgery) at T8. The capsaicin-evoked release of CGRP from 
the sham DLF/SNL group was significantly (*; p < 0.05) greater than that of the sham-
DLF/sham-SNL group. Capsaicin-evoked CGRP release in DLF/SNL rats was not 
significantly different from that of the sham-SNL/DLF lesions. Capsaicin evoked CGRP 
release in DLF/sham-SNL lesion did not differ from that in sham-DLF/sham-SNL rats. 
The data were converted to percent of the evoked release from SHAM rats in order to 
account for inter-assay variability, n = 6 to 8 rats per group. 

CGRP release in tissues from SNL rats with RVM DERM-SAP pretreatment 

Twenty-eight days after receiving a single RVM SAP, DERM or DERM-SAP 

conjugate pretreatment, rats received either sham or Ls/Le SNL surgery. Tissues were 

taken for evaluation of evoked CGRP release after a further 10 days, i.e., 38 days after 

the RVM pretreatment. Spinal cord sections at the L5 level were removed and capsaicin-

evoked release of CGRP performed as described above. Each set of data within each of 

the pretreatment groups were compared to the SHAM control of the corresponding group. 
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Baseline release of CGRP was unaltered by any of the RVM pretreatments. The RVM 

pretreatment with either unconjugated SAP or DERM did not alter the expected enhanced 

capsaicin-evoked release of CGRP resulting from peripheral nerve injury. The capsaicin-

evoked CGRP release of SAP or DERM pretreated, SHAM groups were 100 ± 33% and 
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Figure 4.10. Capsaicin-evoked CGRP release was determined in minced lumbar sections 
obtained from the ipsilateral dorsal quadrants of sham- or SNL-operated rats 10 days 
after peripheral nerve injury in rats pretreated 38 days previously with RVM SAP, 
DERM or DERM-SAP conjugate. Tissues from rats with SNL that were pretreated with 
either SAP or DERM in the RVM demonstrated a significantly greater (*; p<0.05) 
capsaicin-evoked CGRP release than those tissues taken from rats with the same RVM 
pretreatment and sham surgery. In contrast, RVM pretreatment with DERM-SAP 
prevented the SNL-induced enhancement of capsaicin-evoked CGRP release in tissues 
from SNL rats. The capsaicin-evoked release of CGRP from the SNL group pretreated 
with the DERM-SAP conjugate was not different from that of the SHAM group and was 
not different from that seen in tissues from RVM saline pretreated SHAM rats. The data 
were converted to percent of the evoked release from SHAM rats in order to account for 
inter-assay variability, n = 6 to 8 rats per group. 
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100 ± 21%, respectively (Figure 4.10). Both the DERM or SAP pretreated groups with 

SNL demonstrated significant (p<0.05) increases in capsaicin evoked CGRP release of 

223 ±21% and 167 ± 18%, respectively (Figure 4.10). In contrast, the selective lesioning 

of RVM neurons that express the MOR by microinjection of the DERM-SAP conjugate 

prevented the injury-induced enhancement of capsaicin-evoked CGRP release. The 

evoked release obtained from the SNL group was 78 ± 6%, which was not significantly 

different from the value of 100 ± 16% obtained from the corresponding SHAM control 

group (Figure 4.10). 

Discussion 

The results of the present experiments provide supporting evidence for the 

hypothesis that mechanisms that initiate neuropathic pain differ from those that maintain 

such pain. In addition, the data support the hypothesis that some of the nerve injury-

induced plasticity occurring at the spinal level may be secondary to developing plasticity 

in other regions of the neuroaxis. Although the initiation of neuropathic pain is likely to 

be mediated by increased afferent drive occurring shortly after the injury, such enhanced 

activity is insufficient to maintain the neuropathic state in the absence of time-related 

development of descending facilitation arising in the RVM and an attendant elevation in 

spinal dynorphin content. The need for descending modulatory influences and 

enhancement of spinal dynorphin does not exclude the possibility of other mechanisms 

that may also be important in maintaining the neuropathic state. 

Considerable evidence supports the importance of afferent drive as a mechanism 

of neuropathic pain (for review, see Devor et al. 1992; Dickenson et al. 2001). 
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Behavioral signs of neuropathic pain in nerve-injured mice were blocked by spinal (+)-5-

methyl-10,ll-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-iniine maleate (MK-801) at 

postinjury day 2, although they were insensitive to dynorphin antiserum at this time, 

suggesting the importance of excitatory transmission possibly arising in part from 

increased afferent input (Wang et al. 2001). Tactile and thermal hypersensitivity in 

nerve-injured rats was significantly attenuated by the application of lidocaine directly at 

the injury site (Kovelowski et al. 2000; Malan et al. 2000; Ossipov et al. 1995) and local 

lidocaine application has been used to successfully treat postherpetic neuralgia 

(Rowbotham et al. 1995; Rowbotham et al. 1996). These observations suggest that 

enhanced afferent discharge is an important component of the neuropathic state at both 

the initial stage and at subsequent stages after injury. Experimental observations also 

confirm, however, that although maintained above preinjury baselines, spontaneous 

ectopic activity diminishes quite rapidly within the first week after injury (Han et al. 

2000; Liu et al. 2000a; Liu et al. 2000b). Despite the diminishing afferent input over 

time, the behavioral hypersensitivity remains unchanged for many weeks once it is 

established, suggesting that other mechanisms may be also necessary to maintain the 

neuropathic state. 

Previous work has shown that the behavioral expression of neuropathic pain is 

dependent on descending facilitatory systems that arise in the RVM. Such facilitation 

may be time dependent, resulting from plasticity in the RVM and may act to further 

enhance the now diminished afferent input from injured (Devor and Seltzer 1999) or 

adjacent (Tal and Bennett 1994; Wu et al. 2001; Yoon et al. 1996) fibers. Evidence 
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supports a role for pontine-medullary sites in the manifestation of experimental 

neuropathic pain (Kovelowski et al. 2000; Pertovaara et al. 2001; Pertovaara et al. 1996). 

Manipulations that disrupt communication between the brain and spinal cord have been 

shown to block the expression of tactile and thermal hypersensitivity. Spinal transection 

and hemisection eliminate nerve injury-induced tactile hypersensitivity, indicating the 

critical contribution of a supraspinal component in the expression of neuropathic pain 

(Bian et al. 1998; Kauppila et al. 1998; Sun et al. 2001). Similarly, enhanced responses 

of wide dynamic-range neurons to tactile stimuli induced by mustard oil are blocked by 

transection of the spinal cord (Mansikka and Pertovaara 1997; Pertovaara 1998). 

The RVM has been well characterized in regard to spinopetal modulatory control 

of nociception mediating both inhibition and facilitation of nociception (Fields 1992; 

Zhuo and Gebhart 1992; Zhuo and Gebhart 1997). Persistent input from injured or 

adjacent fibers to supraspinal sites (Sun et al. 2001) may ultimately elicit neuroplastic 

changes within the RVM that might elicit a time-related activation of descending 

facilitation. One possibility for such descending facilitation is the class of RVM neurons 

identified as ON cells, because they accelerate firing immediately before a nociceptive 

reflex occurs (Fields 1992; Fields et al. 1983; Fields and Heinricher 1985; Heinricher et 

al. 1992; Heinricher and Roychowdhury 1997). Enhanced nociceptive sensitivity has 

been noted when ON cell activity is increased (Bederson et al. 1990; Heinricher et al. 

1989; Kim et al. 1990). Consistent with this, RVM lidocaine blocks both SNL-induced 

enhanced activity of spinal dorsal horn units and neuropathic behavior, suggesting the 

presence of a facilitatory influence from this region (Kovelowski et al. 2000; Mansikka 
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and Pertovaara 1997; Pertovaara 1998; Pertovaara et al. 2001; Pertovaara et al. 1996; 

Porreca et al. 2002). The possible time dependency of neuropathic pain on such 

descending facilitation has not been explored previously. The present studies reveal that 

descending influences are not apparent for the first 3 days after injury but are clearly 

present by day 6, when RVM lidocaine blocks both SNL-induced tactile and thermal 

hypersensitivity. Critically, RVM lidocaine was inactive at postinjury day 3, suggesting 

that at this time, tonic activity of cells in this region is unlikely. 

Evidence supports the possibility that RVM cells that mediate descending 

facilitation may express MORs (Fields et al. 1983; Fields and Heinricher 1989; 

Heinricher et al. 1994; Pan et al. 1990). It has been shown previously that DERM-SAP 

produced a partial lesion of MOR-expressing neurons in the RVM and prevented as well 

as reversed the behavioral manifestation of neuropathic pain when evaluated at postinjury 

day 7 (Chapter III). Similarly, selective ablation of the DLF, which includes the 

spinopetal projections from the RVM, also prevented and reversed experimental 

neuropathic pain behavior when evaluated at postinjury day 7 (Ossipov et al. 2000a). 

Together, these observations provide strong evidence that descending facilitation from 

the RVM is a critical factor in the expression of pain. The present studies show that such 

descending facilitation does not play a role in the early phase of the postinjury state but 

seems to be critical to the maintenance of the neuropathic condition. Lesions of the DLF 

or of MOR-expressing cells in the RVM show a reversal of SNL-induced behavior that is 

apparent by approximately postinjury day 5 and a return to preinjury baselines by 

approximately day 8. The time course of the reversal of both tactile and thermal 
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hypersensitivity after lesion of the DLF or of RVM cells with DERM-SAP is remarkably 

similar, suggesting that RVM plasticity over this time period and later is crucial to the 

neuropathic state. These data are also consistent with the observed reversible blockade of 

nerve injury-induced pain by RVM lidocaine. 

The time course over which descending facilitation develops is also consistent 

with the time course of nerve injury-induced upregulation of spinal dynorphin content, 

which may provide insights into spinal mechanisms by which facilitation may occur. The 

relatively late peak in expression of spinal dynorphin after nerve injury (Malan et al. 

2000; Wang et al. 2001) suggests the possibility that upregulation depends on the time-

related development of descending modulatory influences and may ultimately function to 

maintain the neuropathic state. This possibility is supported by the data, because 

manipulations that blocked the maintained state of neuropathic pain also blocked the 

SNL-induced elevation of spinal dynorphin content. For example, disruption of the 

spinopetal tracts from the RVM through the DLF and obliteration of descending 

facilitatory cells expressing the MOR with DERM-SAP, prevented SNL-induced 

upregulation levels of spinal dynorphin. Because neither DLF lesion or dorsal rhizotomy 

blocks basal expression of spinal dynorphin, it is highly likely that upregulation of 

dynorphin results from local interneurons (Cho and Basbaum 1988). Significantly, 

lidocaine in the RVM also did not block neuropathic pain behaviors at postinjury day 3, a 

time at which spinal dynorphin is not significantly elevated, suggesting the presence of a 

transitional period for descending influence (Malan et al. 2000; Wang et al. 2001). 

Dynorphin antiserum was shown to abolish tactile and thermal hypersensitivity at 
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postinjury day 14, but not at day 2, whereas MK-801 was effective at both time points 

(Wang et al. 2001). Finally, mice with deletions of the prodynorphin gene displayed the 

behavioral signs of neuropathic pain only up to postinjury day 5, with complete reversal 

by day 8, whereas wild-type littermates maintained pain for the entire 14 day observation 

period (Wang et al. 2001). These data are all consistent with the view that upregulation 

of spinal dynorphin is a mechanism that maintains the neuropathic state, perhaps through 

a nonopioid action, to enhance release of excitatory neurotransmitters such as glutamate 

or excitatory peptides from primary afferents (Arcaya et al. 1999; Claude et al. 1999; 

Faden 1992; Gardell et al. 2003; Skilling et al. 1992). 

These data provide evidence for the presence of time-related descending 

facilitatory influences arising in the RVM that are critical to the maintenance but not the 

initiation of experimental neuropathic pain. In addition, the data show the importance of 

descending influences in eliciting plasticity at the spinal level. It is not known whether 

other changes observed in the spinal dorsal horn after nerve injury similarly depend on 

descending influences. Together, these and possibly other events appear to be established 

by the initial processes of peripheral nerve injury to maintain the expression of abnormal 

pain. Patients experiencing neuropathic pain are likely to require intervention at time 

points substantially long after the precipitating injury has occurred, suggesting that the 

understanding of the processes that maintain neuropathic pain will be critically important 

in the development of rational approaches for therapeutic interventions. 
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CHAPTER V: DERMORPHIN-SAPORIN TARGETS DESCENDING 

FACILITATION IN THE RVM TO BLOCK CCK-INDUCED ABNORMAL PAIN 

Introduction 

There is a significant body of evidence which suggests that the RVM naay be a 

key source for descending facilitation of nociceptive inputs (Calejesan et al. 1998; Fields 

1992; Heinricher and Roychowdhury 1997; Kaplan and Fields 1991; McNally 1999; 

Porreca et al. 2002; Urban et al. 1999; Urban and Gebhart 1999; Zhuo and Gebhart 1992; 

Zhuo and Gebhart 1997). Microinjection of glutamate or electrical stimulation in the 

RVM elicits increased dorsal horn unit activity and enhances nociceptive reflexes (Urban 

and Gebhart 1997; Zhuo and Gebhart 1992; Zhuo and Gebhart 1997). Furthermore, 

lidocaine in the RVM blocks enhanced pain behaviors in rats with SNL or inflammatory 

pain (Kovelowski et al. 2000; Mansikka and Pertovaara 1997; Pertovaara et al. 1996) 

(Chapter IV). Electrical stimulation of the DLF, which conducts the bulbospinal 

projections from the RVM, elicits an excitation of dorsal horn units in lamina I of the 

spinal dorsal horn, demonstrating a clear descending facilitation through this pathway 

(McMahon and Wall 1983; McMahon and Wall 1988). Finally, lesions of the DLF block 

SNL-induced tactile and thermal hypersensitivity (Ossipov et al. 2000a) (Chapter IV). 

The activation of descending pain facilitation arising from the RVM in response 

to a peripheral nerve injury suggests that the implementation of processes is time-related. 

This is supported by data presented in Chapter IV. For example, the microinjection of 

lidocaine into the RVM did not block tactile or thermal hypersensitivity on day 3 after 
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SNL, but did so effectively on days 6, 9 and 12 after SNL. These findings suggest that 

the initial manifestation of neuropathic pain is mediated by mechanisms that are 

independent of RVM activity, which, once initiated, become critical in the persistence of 

the pain states. This interpretation is supported by the finding that DLF lesions 

performed 2 days prior to SNL block only the later (or maintenance) phase of neuropathic 

pain behaviors, without preventing the initial onset of abnormal pain during the first 4 

days after SNL. Finally, virtually identical results were obtained when the selective |J, 

opioid DERM conjugated to the cytotoxin SAP was microinjected into the RVM 28 days 

prior to SNL (Chapter III). Taken together, these results demonstrate that processes that 

initiate the behavioral expression of neuropathic pain differ from those necessary to 

maintain such pain. 

The relative distribution and possible co-expression of opioid receptors and CCK 

receptors in the brain, unlike that in the DRG and spinal cord, is largely unknown. 

Recent findings show that RVM CCK attenuates opioid activation of OFF cell firing and 

inhibition of the tail flick response without significantly altering the opioid suppression of 

ON cell firing (Heinricher et al. 2001). These data suggest that during acute nociception, 

the anti-opioid effect of CCK is predominantly due to inhibiting OFF cell firing rather 

than promoting ON cell firing. The inhibition of OFF cell firing is perhaps due to the 

excitatory effect of CCK on GABA release, which overcomes the opioid mediated 

excitation of OFF cells by disinhibition. The source of GABA remains to be established. 

There exists in the RVM a population of GABA intemeurons (Marinelli et al. 2002) and 

many of these are regulated by opioids. Alternatively, GABAergic terminals projecting 
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to the RVM could be regulated by RVM CCK and opioid presynaptically. In both cases, 

one would predict the co-localization of CCK receptors and opioid receptors particularly 

of the n type. 

Early studies hinted at an antinociceptive role for CCK, but such reports have 

been inconsistent (Baber et al. 1989). In contrast, the supraspinal or spinal administration 

of CCK induces pronounced hyperalgesic activity and increased dorsal horn unit activity. 

These actions are suggestive of a pronociceptive role of CCK in the CNS (Hong and 

Takemori 1989; Jeftinija et al. 1981; Pittaway and Hill 1987; Pittaway et al. 1987). Our 

recent study found that microinjection of CCK into the RVM of naive rats provoked 

tactile hypersensitivity and thermal hyperalgesia (Kovelowski et al. 2000). In addition, 

the application of the CCKi antagonist, L365,260, into the RVM reversed both tactile 

hypersensitivity and thermal hyperalgesia in rats with SNL injury, indicating a CCK-

mediated descending facilitation from this site (Kovelowski et al. 2000). The infusion of 

CCK into the RVM attenuated the antinociceptive effect of systemic morphine, but the 

mechanism through which this effect was mediated was not determined (Heinricher et al. 

2001). Thermal hyperalgesia elicited by neurotensin in the RVM was blocked by spinal 

CCK antagonists, indicating that CCK is released spinally by a descending facilitatory 

input from the RVM (Urban et al. 1996). 

Here, we explore the hypothesis that time-dependent neuroplastic changes in the 

RVM act to maintain neuropathic pain, and that such pain is "driven" by increased 

activity of CCK in the RVM. 
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Time course of CCKg -induced tactile and thermal hypersensitivity 

Paw withdrawal thresholds to probing of the hindpaw with von Frey filaments and 

paw withdrawal latencies from noxious radiant heat were determined immediately prior 

to dosing and for 60 minutes, at 15 minute intervals, after the microinjection of saline 

(0.5 la^L per side) or 30 ng/0.5 |iL of CCKg. The microinjection of CCKg produced a 

significant (p<0.05) reduction (at 30 min) in paw withdrawal thresholds from a baseline 

value of 15 ± 0 g to 4.1 ± 1.0 g, as well as a significant (p<0.05) reduction in paw 

A 

Time (minutes) after injection 

Time (minutes) after injection 

Figure 5.1. Rats were tested for threshold responses to non-noxious mechanical (Panel 
A) and noxious thermal stimuli (Panel B). Rats then received an RVM injection of CCKg 
(60 ng total). Rats exhibited time-related tactile and thermal hypersensitivity that peaked 
at 20-30 minutes after injection. 

withdrawal latencies from a baseline value of 21.6 ± 4.0 sec to 14.6 ±2.10 sec (Figure 
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5.1, Panels A and B, respectively). Microinjection of vehicle did not produce any change 

in these behavioral endpoints (data not shown). 

Inhibition of CCKs-induced tactile and thermal hypersensitivity by L365,260 

The microinjection into the RVM of the CCK2 antagonist L365,260 (2.5 ng/0.5 

|a,L) 5 minutes prior to CCKg administration inhibited the CCK-induced hypersensitivity 

to tactile and thermal stimuli (Figure 5.2). The administration of L365,260 or its vehicle 
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Figure 5.2. Rats were tested for threshold responses to non-noxious mechanical (Panel 
A) and noxious thermal stimuli (Panel B). Rats then received and RVM injection of 
CCKs or CCKg preceded by the CCK2 antagonist, L365,260. Rats that received an 
injection of CCKg alone exhibited the expected development of tactile and thermal 
hypersensitivity. However, injection of L365,260 blocked the development of CCKg-
induced hypersensitivity. (Figure contributed by Yanhua Xie) 

(10% DMSO in water) alone did not produce any change in these behavioral endpoints 
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(data not shown). These results indicate that CCK in the RVM may act to elicit 

nociceptive behaviors through activation of CCK2 receptors. 

Inhibition of CCKs-induced tactile and thermal hypersensitivity by lesions of the 

DLF 

In order to determine whether RVM CCK-induced tactile and thermal 

hypersensitivity is mediated through descending pain facilitatory pathways via the DLF, 

rats received either bilateral lesions of the DLF or sham lesions. Following a recovery 

period, CCK was administered into the RVM and rats were subsequently tested for 

possible tactile and thermal hypersensitivity. 

Rats with sham lesions that were administered CCK into the RVM developed 

robust and transient tactile and thermal hypersensitivty, which peaked between 30 and 45 

min. Paw withdrawal thresholds decreased significantly (p<0.05) from 12.7 ± 1.3 g to 

5.8 ± 1.7 g following RVM CCK administration (data not shown). Similarly, paw 

withdrawal latencies decreased significantly (p<0.05) from 20.7 ±1.4 sec to 13.8 ± 0.4 

sec following RVM CCK administration (data not shown). In contrast, CCK-induced 

tactile and thermal hypersensitivity was completely blocked in rats with bilateral DLF 

lesions (Figure 5.3, Panels A & B, respectively). Paw withdrawal thresholds were not 

altered significantly as none of the time points were different than the baseline level of 

12.7 ± 1.3 g following RVM CCK administration (all ps>0.05, Figure 5.3 Panel A). 

Similarly, paw withdrawal latencies were not altered significantly as none of the time 

points were different than the baseline level of 20.7 ±1.4 sec following RVM CCK 

administration (all ps>0.05. Figure 5.3 Panel B). 
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Figure 5.3. Rats received bilateral lesions of the DLF. Following a period of recovery, 
rats were baselined and then administered CCK (60 ng total) into the RVM. Following 
RVM CCK microinjection, the animals were tested for the presence of possible tactile 
(Panel A) and thermal (Panel B) hypersensitvity. Whereas rats with sham-DLF lesions 
demonstrated a robust and transient tactile and thermal hypersensitivity (data not shown), 
rats with DLF lesions failed to exhibit CCK-induced hypersensitivity. (Figure 
contributed by Yanhua Xie) 

Inhibition of CCKs -induced tactile and thermal hypersensitivity by pretreatment 

with RVM DERM-SAP 

A separate group of rats were pretreated with a single bilateral microinjection of 

either saline or 3 pmol DERM, SAP, or DERM-SAP into the RVM. Administration of 

DERM-SAP into the RVM produces a selective loss of MOR-expressing neurons in the 

RVM within 28 days (Chapter III). 
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Figure 5.4. Rats were pretreated with injections of DERM, SAP, or DERM-SAP 28 days 
previously. Paw withdrawal thresholds to light tactile stimuli were determined before 
before and after injections of either saline or CCKg. Rats that were pretreated with 
DERM (filled circles), or SAP (filled triangles), exhibited tactile hypersensitivity that 
peaked at around 30 min following an RVM microinjection of CCK. However, rats that 
were pretreated with RVM DERM-SAP (filled squares) demonstrated response 
thresholds, following an RVM microinjection of CCK, that were not significantly 
different (p>0.05) from those observed in saline-injected control rats. 

Baseline responses to tactile or thermal stimuli were also unchanged by these 

treatments (Chapter III). On the 28* day after the microinjection, rats received bilateral 

microinjection of either 30 ng/0.5 of CCKg or of saline into the RVM. Paw 

withdrawal thresholds to probing the hindpaw with von Fray filaments and paw 

withdrawal latencies from noxious radiant heat were then monitored over 120 min time-

course. 
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The behavioral response to either tactile or thermal stimuli remained unchanged 

over time in all of the rats that received a RVM microinjection of saline (open symbols) 

(Figures 5.4 and 5.5, respectively). Rats that were pretreated with DERM (filled circles), 

or SAP (filled triangles), exhibited both tactile and thermal hypersensitivity that peaked 

at around 30 min following a RVM microinjection of CCK. 
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Figure 5.5. Rats were pretreated with injections of DERM, SAP, or DERM-SAP 28 days 
previously. Paw withdrawal latencies in response to noxious radiant heat were 
determined before and after injections of either saline or CCKg. Rats that were pretreated 
with DERM (filled circles), or SAP (filled triangles), exhibited thermal hypersensitivity 
that peaked at around 30 min following an RVM microinjection of CCK. However, rats 
that were pretreated with RVM DERM-SAP (filled squares) demonstrated paw 
withdrawal latencies, following an RVM microinjection of CCK, that were not 
significantly different (p>0.05) from those observed in saline-injected control rats. 

The CCK-induced tactile and thermal hypersensitivity gradually returned to 

baseline levels by 120 min. In contrast, the rats that were pretreated with RVM DERM-
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SAP (filled squares) demonstrated response thresholds, following a RVM microinjection 

of CCK, that were not significantly different (p>0.05) from those observed in saline-

injected control rats. These results suggest that the MOR-expressing cells in the RVM 

are critical for the pronociceptive actions of RVM CCK. 

ISH of [a opioid and CCK2 receptor transcripts in rats treated with either RVM SAP 

or DERM-SAP 

In additional studies, DERM-SAP pretreatment, but not SAP control treatment, 

resulted in a reduction in CCK2-receptor expressing cells in the RVM (Figure 5.6). In 

particular, it seems that DERM-SAP treatment selectively killed large-sized CCK2-

receptor expressing neurons. This concomitant loss of both )x opioid (seen first in 

Chapter III and repeated with MOR riboprobe in Figure 5.6) and CCK2 receptors after 

DERM-SAP treatment gives support to the notion that RVM CCK directly (or indirectly) 

activates RVM descending facilitatory cells, some of which may express both types of 

receptors. 
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Figure 5.6. ISH of ^i opioid and CCK2 receptor mRNA in frontal sections (20 |im) of the 
brainstem at the level of the caudal raphe nuclei by a colorimetric immunodetection 
method using fluorescein- or digoxigenin-labeled riboprobes generated from the coding 
region of rat |i opioid and CCK2 receptors, respectively. Hybridized probes were 
detected using either anti-fluorescein (|i opioid) or anti-digoxigenin (CCK2) antibodies. 
High-magnification, bright-field micrographs (A-D) show the distribution of the probes 
as a red stain (fast red). The localization of the cells that express MOR mRNA (Q is 
consistent with that described in Chapter III. The distribution of CCK2 receptor 
transcripts (A) was similar to the MOR distribution. The RVM of DERM-SAP-pretreated 
rats (5 & D) consists of significantly fewer labeled cells when compared with that of 
SAP-pretreated {A & C) rats. Scale bars = 50 |a.m. 
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Discussion 

The data presented in this Chapter provides evidence for a functional relationship 

between the pronociceptive actions of CCK and the MOR-expressing cells in the RVM 

(some of which are ON cells). Previous work from our laboratory demonstrated that 

microinjection of CCK into the RVM of naive rats produces a pronounced and transient 

increase in sensitivity to both non-noxious mechanical and noxious thermal stimuli 

(Kovelowski et al. 2000). This effect of CCK was also observed in the present Chapter. 

These actions of CCK are likely mediated through either the direct or indirect activation 

of RVM ON cells. Lesioning of the DLF blocks the ability of RVM CCK to produce 

tactile and thermal hypersensitivity. Further, selective ablation of MOR-expressing cells 

with DERM-SAP abolishes the pronociceptive actions of RVM CCK. Moreover, the 

DERM-SAP mediated lesion, which produced a significant loss of MOR-expressing 

cells, also results in a marked loss of cells positive for CCK2 receptor mRNA. Taken 

together, these data suggest that MOR-expressing cells in the RVM mediate the 

pronociceptive actions of CCK. It is likely that a subpopulation of RVM neurons co-

express |i opioid and CCK2 receptors, and this may be a phenotype of the functionally 

defined ON cells. It is our contention that over-activation of these RVM ON cells may 

provide a mechanism for the maintenance of neuropathic pain (Porreca et al. 2002). 

These data represent the first phenotypic characterization of the RVM neurons that are 

critical for neuropathic pain. 

CCK may thus represent a key mediator in maintaining descending pain 

facilitation from the RVM. To date, two CCK receptor subtypes have been identified. 
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CCKi and CCK2. CCKi receptors are found predominantely in visceral organs of the 

digestive system, whereas CCK2 receptors are generally localized in the CNS (Baber et 

al. 1989; Innis and Snyder 1980; Moran et al. 1986; Wank et al. 1994). Both receptors 

are G-protein coupled primarily through the Gaq/PLC pathway (Wank 1995). Activation 

of CCK receptors produces a transient increase in intracellular calcium (Wank 1995). 

Recent data from our laboratory has shown that pharmacological administration of CCK 

can potentiate capsaicin-evoked CORP release from primary afferent terminals in spinal 

dorsal horn tissue, which is selectively blocked by the CCK2 antagonist, L365,260. 

Therefore, it is likely that CCK2 receptors are the functionally relevant CCK receptor 

subtype in the RVM since the CCK2 antagonist, L365,260 blocks CCKg-induced tactile 

and thermal hypersensitivity. However, the potential role of CCKi cannot be ruled out 

without confirming its contribution by looking at the effect of CCKi receptor antagonists 

on CCKs or SNL-induced tactile and thermal hypersensitivity. 

In addition, it is of particular interest whether CCKg acts presynaptically or 

postsynaptically. Evidence from our laboratory has found that intrathecal administration 

of DERM-SAP does not result in a decreased MOR population in the DRG (Zhang and 

Porreca, unpublished observations). Thus, it appears that DERM-SAP is not retrogradely 

transported and is likely to lesion local MOR-expressing cells, but not those that project 

to the RVM. Therefore, in accordance with the ISH results presented in this Chapter, 

DERM-SAP is likely to eliminate postsynaptic n opioid and CCK2 receptors associated 

with RVM neurons. Due to the transport limitations of DERM-SAP, it is not technically 

feasible to look at the potential contribution of presynaptic opioid and CCK2 receptor-
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expressing cells in the RVM to the maintenance of neuropathic pain. 

The relative distribution and possible co-expression of opioid receptors and CCK 

receptors in the brain, unlike that in the DRG and spinal cord, is largely unknown. 

Results from the ISH experiments from the present Chapter reveal at least 2 

morphologically distinct populations of CCK2 receptor positive cells that can be 

preliminarily distinguished based on size. It appears that treatment with RVM DERM-

SAP, which resulted in a significant loss of MOR-expressing cells, also results in a 

marked loss of cells positive for the CCK2 receptor. Of particular interest, it seems 

DERM-SAP selectively ablates the subpopulation of CCK2 receptor positive cells that 

appear to be of larger-size, while staining for smaller cells remains relatively intact. 

Presently, the phenotype(s) of these two different cell populations remains unclear. 

Further investigation will be required in order to chiiracterize these two distinct cell 

populations. 

Taken together, these data suggest that MOR-expressing cells in the RVM 

mediate the pronociceptive actions of CCK and cells which co-express both p, opioid and 

CCK2 receptors are likely to be ON cells. It is our contention that over activation of these 

RVM ON cells may provide a mechanism for the maintenance of neuropathic pain 

(Porreca et al. 2002). 
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CHAPTER VI: CONCLUSIONS 

The focus of this dissertation was to explore the role of descending facilitation 

from supraspinal sites, specifically the RVM, in the maintenance of neuropathic pain. 

Specifically, three hypotheses were tested. First, the presence and activity of descending 

pain facilitation cells in the RVM are required for the expression of experimental 

neuropathic pain. Specifically, the destruction of these cells, presumably those 

expressing the MOR, will both prevent and reverse SNL-induced neuropathic pain. 

Second, mechanisms that initiate neuropathic pain are separate from those that maintain 

such pain. Lastly, RVM CCK directly activates RVM descending facilitatory cells to 

drive the expression of neuropathic pain and may represent a critical mechanism of such 

pain. 

Pain has important physiological functions. It may warn us of actual or 

impending tissue damage. However, it is hard to provide justification for the importance 

of pain facilitation mechanisms. In times of persistent injury, these mechanisms may 

exist to protect the injured area by restricting use of it. However, neuropathic pain exists 

long after the initial injury has healed, serving no protective mechanism and thus, is more 

difficult to understand. We can postulate that the protective nature of pain changes after 

nerve injury, and can become a source of prolonged and exaggerated abnormal pain. 

Data from Chapter III demonstrated that the selective obliteration of cells 

expressing the MOR resulted in a block and a reversal of SNL-induced tactile and 

thermal hypersensitivity. It is well established that the increased firing of primary 
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afferent fibers was thought to be a key element in nerve injury-induced pain (Devor 1991; 

Devor 1994; Fields et al. 1997; Kajander et al. 1992; Wall and Gutnick 1974b). The time 

course of this afferent discharge does not correlate, however, with the continuous nature 

of nerve injury-induced pain. Although this pain continues for many weeks (Bian et al. 

1995; Chaplan et al. 1994), recent observations show that this discharge from injured 

afferents declines significantly a few short days after injury (Han et al. 2000; Liu et al. 

2000b). With the knowledge that large, myelinated primary afferents project to the 

brainstem and that plastic changes occur in the RVM and other sites (Kovelowski et al. 

2000), we can postulate that supraspinal sites play a major role in the nerve injury-

induced pain state. This is again supported by the results of several lesion studies of 

ascending pain pathways (Houghton et al. 1999; Sun et al. 2001) and by the blockade of 

SNL-induced pain after RVM lidocaine (Kovelowski et al. 2000; Pertovaara et al. 1996) 

and lesions of the DLF (Ossipov et al. 2000a). 

The data from Chapter III also suggest that it is specifically MOR-expressing 

neurons in the RVM that are critical in the behavioral expression of neuropathic pain. 

These cells exhibit characteristics that are consistent with those characterized previously 

as facilitatory or pronociceptive, and are presumably ON cells. It has been shown that 

manipulations that increase nociceptive responsiveness, thus indicating facilitation, also 

increase ON cell activity (Fields and Basbaum 1999; Heinricher et al. 1989; Kaplan and 

Fields 1991; Morgan and Fields 1994). We have further shown that the presence and 

activity of these descending facilitatory cells (ON cells) in the RVM are required for the 

expression of experimental neuropathic pain. Since targeting of these particular neurons 
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with DERM-SAP resulted in a block and a critical reversal of SNL-induced pain, which 

is most clinically relevant, these MOR-expressing cells may represent a novel target for 

the development of strategies to treat this abnormal pain. 

Data from Chapter IV provide support for the hypothesis that mechanisms that 

initiate neuropathic pain differ from those that maintain such pain and that the descending 

influences responsible for the maintenance phase of neuropathic pain may also be 

responsible for plastic spinal changes, such as the elevation of spinal dynorphin. As 

discussed previously, the initiation of neuropathic pain is probably mediated by increased 

afferent discharge, but this enhanced activity is not sufficient to maintain such pain. We 

have demonstrated this by targeting MOR-expressing cells, presumably ON cells, in the 

RVM to eliminate descending facilitation and observing that neuropathic pain was 

initiated, but not maintained, and that elevation in spinal dynorphin content as well as a 

corresponding increase in CGRP release from primary afferent neurons, was blocked. 

Interestingly, the time course over which descending facilitation develops 

correlates with the time course of SNL-induced upregulation of spinal dynorphin. The 

peak in the expression of spinal dynorphin occurs relatively late after nerve injury (Malan 

et al. 2000; Wang et al. 2001) and suggests that upregulation may depend on the time-

related development of descending modulatory influences and may function to maintain 

neuropathic pain. This postulation is supported by data in Chapter IV demonstrating that 

manipulations that blocked the neuropathic state also blocked SNL-induced elevation of 

spinal dynorphin. Additionally, it was shown that lidocaine in the RVM did not block 

tactile and thermal hypersensitivity at postinjury day 3, a time at which dynorphin levels 
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are not elevated, indicating a transitional type of phase for descending influence (Malan 

et al. 2000; Wang et al. 2001). Additional work from our laboratory found that antiserum 

to dynorphin abolished SNL-induced hypersensitivity at postinjury day 14, but not day 2, 

although MK-801, an NMDA receptor antagonist, was effective at both time points 

(Wang et al. 2001). Lastly, mice with deletions of the prodynorphin gene exhibited 

neuropathic pain behaviors only up to postinjury day 5, with a complete reversal by day 

8, a time course consistent with that of descending facilitation (Wang et al. 2001). These 

data all support the notion that the upregulation of dynorphin is an additional mechanism 

that maintains the neuropathic pain state, perhaps through its non-opioid actions, 

enhancing excitatory neurotransmitters such as glutamate or excitatory peptides from 

primary afferents (Arcaya et al. 1999; Claude et al. 1999; Faden 1992; Gardell et al. 

2003; Gardell et al. 2002; Skilling et al. 1992; Vanderah et al. 2001a). 

Data from Chapter V provide us with a possible activator of RVM descending 

facilitatory cells, CCK, that serves to drive the expression of neuropathic pain and may 

represent a critical mechanism of such pain. To review, consistent with its 

pronociceptive role, RVM microinjection of CCK excites dorsal horn unit activity (Hong 

and Takemori 1989; Jeftinija et al. 1981; Pittaway and Hill 1987) and produces tactile 

and thermal hypersensitivity when microinjected into the RVM of rats. We have shown 

that pretreatment with RVM DERM-SAP, but not DERM or SAP alone, blocks the 

proalgesic effect of CCK, suggesting that its actions may be mediated by activation of 

MOR-expressing cells. Enhanced release of CCK in the RVM after SNL may assist in 

maintaining neuropathic pain states. Additionally, DERM-SAP pretreatment, but not 
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SAP control treatment, resulted in a reduction in CCK2 receptor expressing cells in the 

RVM. This concomitant loss of both ^ opioid and CCK2 receptors after DERM-SAP 

treatment gives support to the notion that RVM CCK activates RVM descending 

facilitatory cells and may represent a critical mechanism of neuropathic pain. Data from 

one future study would provide us with further support. This study would evaluate the 

extent of co-localization of the MOR and CCK2 receptor transcripts in the RVM. Cells 

that expressed both receptor transcripts would provide us with a "biomarker" of sorts for 

descending facilitatory ON cells. 

As a whole, the data included in this dissertation suggest that processes that 

initiate SNL-induced pain are different from those that are required for the maintenance 

of such pain. Furthermore, this maintenance phase is pertinent in that it is probably the 

time that clinical intervention in humans would occur. The possibility that spinal 

plasticity is critical in the maintenance of neuropathic pain and that these spinal changes 

may be, at least in part, the result of CCK-driven activation of descending facilitation 

from the brainstem provides us with a basis for the development of new treatment 

therapies for neuropathic pain. (SEE FIGURE) 



113 

0 Non-opioid actions of 
spinal dynorphin 
enliance primary 
afferent transmitter 
release to maintain 
neuropathic pain 

Rostral 
Ventromedial 

Medulla (RVM) 
© 

© Manipulations that block 
descending pain 
facilitation from the RVM 
or interfere with the non-
opioid actions of spinal 
dynorphin block the 
maintenance of 
neuropathic pain 

Descending pain 
facilitation upregulates 
spinal dynorphin 

CCK in the RVM may drive 
descending pain 
facilitation via the DLF 

Ectopic activity 
initiates neuropathic 
pain by enhancing 
afferent 
transmission 

Figure 6.1 
systems 

Modulation of injury-induced enhanced afferent activity by descending 



114 

APPENDIX - LIST OF PUBLICATIONS 

1. Gardell LR, Reid ML, Cavallaro CA, Burgess SE, Wallace RF, Hubbell CL, & 
Reid LD. Amlodipine, a calcium channel inhibitor, and cocaine and ethanol's 
reinforcing effects. Pharmacology Biochemistry and Behavior, 64, 567-572, 1999. 

2. Vanderah TW, Gardell LR, Burgess SE, Ibrahim M, Dogrul A, Zhong C-M, Zhang 
E-T, Malan Jr., TP, Ossipov MH, Lai J, & Porreca F. Dynorphin promotes 
abnormal pain and spinal opioid antinociceptive tolerance. Journal of 
Neuroscience, 20, 7074-7079. 2000. 

3. Porreca F, Burgess SE, Gardell LR, Vanderah TW, Malan Jr., TP, Ossipov MH, 
Lappi DA, & Lai J. Inhibition of neuropathic pain by selective ablation of 
brainstem medullary cells expressing the mu opioid receptor. Journal of 
Neuroscience, 21, 5281-5288. 2001. 

4. Gardell LR, Burgess SE, Dogrul A, Ossipov MH, Malan Jr., TP, Lai J, & Porreca 
F. Pronociceptive effects of spinal dynorphin promote cannabinoid-induced pain 
and antinociceptive tolerance. Pain, 98, 79-88. 2002. 

5. Burgess SE, Gardell LR, Ossipov MH, Malan Jr., TP, Vanderah TW, Lai J, & 
Porreca F. Time-dependent descending facilitation from the rostral ventromedial 
medulla maintains, but does not initiate, neuropathic pain. Journal of 
Neuroscience, 22, 5129-5126. 2002. 

6. Gardell LR, Wang R, Burgess SE, Ossipov MH, Vanderah TW, Malan Jr., TP, Lai 
J, & Porreca F. Sustained morphine exposure induces enhancement of evoked 
excitatory transmitter release which is mediated by spinal dynorphin. Journal of 
Neuroscience, 22, 6747-6755. 2002. 

7. Gardell LR, Vanderah TW, Gardell SE, Wang R, Ossipov MH, Lai J, & Porreca F. 
Increased evoked excitatory transmitter release in experimental neuropathy requires 
descending facilitation. Journal of Neuroscience-In 2003. 



115 

REFERENCES 

Arcaya, J.L., Cano, G., Gomez, G., Maixner, W. and Suarez-Roca, H., Dynorphin A 
increases substance P release from trigeminal primary afferent C-fibers, Eur J 
Pharmacol, 366 (1999) 27-34. 

Baber, N.S., Dourish, C.T. and Hill, D.R., The role of CCK caerulein, and CCK 
antagonists in nociception, Pain, 39 (1989) 307-28. 

Barbaro, N.M., Heinricher, M.M. and Fields, H.L., Putative nociceptive modulatory 
neurons in the rostral ventromedial medulla of the rat display highly correlated 
firing patterns, Somatosens Mot Res, 6 (1989) 413-25. 

Bederson, J.B., Fields, H.L. and Barbaro, N.M., Hyperalgesia during naloxone-
precipitated withdrawal from morphine is associated with increased on-cell 
activity in the rostral ventromedial medulla, Somatosens Mot Res, 7 (1990) 185-
203. 

Behbehani, M.M. and Fields, H.L., Evidence that an excitatory connection between the 
periaqueductal gray and nucleus raphe magnus mediates stimulation produced 
analgesia. Brain Res, 170 (1979) 85-93. 

Beinfeld, M.C., Meyer, D.K., Eskay, R.L., Jensen, R.T. and Brownstein, M.J., The 
distribution of cholecystokinin immunoreactivity in the central nervous system of 
the rat as determined by radioimmunoassay, Brain Res, 212 (1981) 51-7. 

Beinfeld, M.C. and Palkovits, M., Distribution of cholecystokinin (CCK) in the rat lower 
brain stem nuclei. Brain Res, 238 (1982) 260-5. 

Bennett, G.J., Neuropathic pain: new insights, new interventions, Hosp Pract (Off Ed), 33 
(1998) 95-8, 101-4, 107-10. 

Bennett, G.J. and Xie, Y.K., A peripheral mononeuropathy in rat that produces disorders 
of pain sensation like those seen in man. Pain, 33 (1988) 87-107. 



116 

Bian, D., Nichols, M.L., Ossipov, M.H., Lai, J. and Porreca, F., Characterization of the 
antiallodynic efficacy of morphine in a model of neuropathic pain in rats, 
Neuroreport, 6 (1995) 1981-4. 

Bian, D., Ossipov, M.H., Ibrahim, M., Raffa, R.B., Tallarida, R.J., Malan, T.P., Jr., Lai, J. 
and Porreca, F., Loss of antiallodynic and antinociceptive spinal/supraspinal 
morphine synergy in nerve-injured rats: restoration by MK-801 or dynorphin 
antiserum. Brain Res, 831 (1999) 55-63. 

Bian, D., Ossipov, M.H., Zhong, C., Malan, T.P., Jr. and Porreca, F., Tactile allodynia, 
but not thermal hyperalgesia, of the hindlimbs is blocked by spinal transection in 
rats with nerve injury, Neurosci Lett, 241 (1998) 79-82. 

Boucher, T.J., Okuse, K., Bennett, D.L., Munson, J.B., Wood, J.N. and McMahon, S.B., 
Potent analgesic effects of GDNF in neuropathic pain states. Science, 290 (2000) 
124-7. 

Bowker, R.M., Abbott, L.C. and Dilts, R.P., Peptidergic neurons in the nucleus raphe 
magnus and the nucleus gigantocellularis: their distributions, interrelationships, 
and projections to the spinal cord. Prog Brain Res, 77 (1988) 95-127. 

Bowker, R.M. and Dilts, R.P., Distribution of mu-opioid receptors in the nucleus raphe 
magnus and nucleus gigantocellularis: a quantitative autoradiographic study, 
Neurosci Lett, 88 (1988) 247-52. 

Braga, P.C., Tiengo, M., Biella, G., Dall'Oglio, G. and Fraschini, F., Dermorphin, a new 
peptide from amphibian skin, inhibits the nociceptive thalamic neurons firing rate 
evoked by noxious stimuli, Neurosci Lett, 52 (1984) 165-9. 

Broccardo, M., Erspamer, V., Falconieri Erspamer, G., Improta, G., Linari, G., 
Melchiorri, P. and Montecucchi, P.C., Pharmacological data on dermorphins, a 
new class of potent opioid peptides from amphibian skin, Br J Ph£irmacol, 73 
(1981)625-31. 

Burchiel, K.J., Spontaneous impulse generation in normal and denervated dorsal root 
ganglia: sensitivity to alpha-adrenergic stimulation and hypoxia, Exp Neurol, 85 
(1984) 257-72. 



117 

Calejesan, A.A., Ch'ang, M.H. and Zhuo, M., Spinal serotonergic receptors mediate 
facilitation of a nociceptive reflex by subcutaneous formalin injection into the 
hindpaw in rats. Brain Res, 798 (1998) 46-54. 

Caudle, R.M. and Isaac, L., Influence of dynorphin (1-13) on spinal reflexes in the rat, J 
Pharmacol Exp Ther, 246 (1988) 508-13. 

Chaplan, S.R., Bach, F.W., Pogrel, J.W., Chung, J.M. and Yaksh, T.L., Quantitative 
assessment of tactile allodynia in the rat paw, J Neurosci Methods, 53 (1994) 55-
63. 

Chaplan, S.R., Bach, F.W., Shafer, S.L. and Yaksh, T.L., Prolonged alleviation of tactile 
allodynia by intravenous lidocaine in neuropathic rats. Anesthesiology, 83 (1995) 
775-85. 

Chaplan, S.R. and Sorkin, L.S., Agonizing over pain terminology, Pain Forum, 6 (1997) 
81-87. 

Chapman, V., Suzuki, R., Chamarette, H.L., Rygh, L.J. and Dickenson, A.H., Effects of 
systemic carbamazepine and gabapentin on spinal neuronal responses in spinal 
nerve ligated rats. Pain, 75 (1998) 261-72. 

Chen, J.J., Barber, L.A., Dymshitz, J. and Vasko, M.R., Peptidase inhibitors improve 
recovery of substance P and calcitonin gene-related peptide release from rat spinal 
cord slices. Peptides, 17 (1996) 31-7. 

Cho, H.J. and Basbaum, A.I., Increased staining of immunoreactive dynorphin cell bodies 
in the deafferented spinal cord of the rat, Neurosci Lett, 84 (1988) 125-30. 

Cho, H.J. and Basbaum, A.I., Ultrastructural analysis of dynorphin B-immunoreactive 
cells and terminals in the superficial dorsal horn of the deafferented spinal cord of 
the rat, J Comp Neurol, 281 (1989) 193-205. 

Claude, P., Gracia, N., Wagner, L. and Hargreaves, K.M., Effect of dynorphin on ICGRP 
release from capsaicin-sensitive fibers. Abstracts of the Ninth World Congress on 
Pain, Vienna, 1999. 



118 

Devor, M., Neuropathic pain and injured nerve: peripheral mechanisms, Br Med Bull, 47 
(1991)619-30. 

Devor, M., The pathophysiology of damaged peripheral nerves. In: P.D. Wall and R. 
Melzack (Eds.), Textbook of Pain, Churchill Livingstone, Edinburgh, 1994, pp. 
79-100. 

Devor, M., Govrin-Lippmann, R. and Angelides, K., Na-i- channel immunolocalization in 
peripheral mammalian axons and changes following nerve injury and neuroma 
formation, J Neurosci, 13 (1993) 1976-92. 

Devor, M. and Seltzer, Z., Pathophysiology of damaged nerves in relation to chronic 
pain. In: P.D. Wall and R. Melzack (Eds.), Textbook of Pain, Churchill 
Livingstone, London, 1999, pp. 129-164. 

Devor, M., Wall, P.D. and Catalan, N., Systemic lidocaine silences ectopic neuroma and 
DRG discharge without blocking nerve conduction. Pain, 48 (1992) 261-8. 

Dickenson, A.H., Matthews, E.A. and Suzuki, R., Central nervous system mechanisms of 
pain in peripheral neuropathy. In: P.T. Hansson, H.L. Fields, R.G. Hill and P. 
Marchettini (Eds.), Neuropatic Pain: Pathophysiology and Treatment, lASP Press, 
Seattle, 2001, pp. 85-106. 

Draisci, G., Kajander, K.C., Dubner, R., Bennett, G.J. and ladarola, M.J., Up-regulation 
of opioid gene expression in spinal cord evoked by experimental nerve injuries 
and inflammation, Brain Res, 560 (1991) 186-92. 

Dubner, R. and Ruda, M.A., Activity-dependent neuronal plasticity following tissue 
injury and inflammation, Trends Neurosci, 15 (1992) 96-103. 

Endo, Y., Mitsui, K., Motizuki, M. and Tsurugi, K., The mechanism of action of ricin and 
related toxic lectins on eukaryotic ribosomes. The site and the characteristics of 
the modification in 28 S ribosomal RNA caused by the toxins, J Biol Chem, 262 
(1987) 5908-12. 



119 

Endo, Y. and Tsurugi, K., The RNA N-glycosidase activity of ricin A-chain. The 
characteristics of the enzymatic activity of ricin A-chain with ribosomes and with 
rRNA, J Biol Chem, 263 (1988) 8735-9. 

Endo, Y., Tsurugi, K. and Lambert, J.M., The site of action of six different ribosome-
inactivating proteins from plants on eukaryotic ribosomes: the RNA N-
glycosidase activity of the proteins, Biochem Biophys Res Commun, 150 (1988) 
1032-6. 

Erspamer, V. and Melchiorri, P., Amphibian skin peptides and mammalian neuropetides. 
In: A. Pecile and E.E. Muller (Eds.), Growth hormone and other biologically 
active peptides, Excerpta Medica, New York, 1980, pp. 185-200. 

Faden, A.I., Dynorphin increases extracellular levels of excitatory amino acids in the 
brain through a non-opioid mechanism, J Neurosci, 12 (1992) 425-9. 

Paris, P.L., Komisaruk, B.R., Watkins, L.R. and Mayer, DJ., Evidence for the 
neuropeptide cholecystokinin as an antagonist of opiate analgesia, Science, 219 
(1983) 310-2. 

Fields, H.L., Central nervous system mechanisms for control of pain transmission. In: W. 
Day (Ed.), Pain, McGraw-Hill, New York, 1987, pp. 99-131. 

Fields, H.L., Is there a facilitating component to central pain modulation?, APS Journal, 1 
(1992)71-78. 

Fields, H.L., Anderson, S.D., Clanton, C.H. and Basbaum, A.I., Nucleus raphe magnus: a 
common mediator of opiate- and stimulus- produced analgesia, Trans Am Neurol 
Assoc, 101 (1976) 208-10. 

Fields, H.L. and Basbaum, A.L, Brainstem control of spinal pain-transmission neurons, 
Annu Rev Physiol, 40 (1978) 217-48. 

Fields, H.L. and Basbaum, A.L, Central nervous system mechanisms of pain modulation. 
In: P.D. Wall and R. Melzack (Eds.), Textbook of Pain, Churchill Livingstone, 
Edinburgh, 1999, pp. 309-329. 



120 

Fields, H.L., Basbaum, A.L, Clanton, C.H. and Anderson, S.D., Nucleus raphe magnus 
inhibition of spinal cord dorsal hom neurons. Brain Res, 126 (1977) 441-53. 

Fields, H.L., Bry, J., Hentall, I. and Zorman, G., The activity of neurons in the rostral 
medulla of the rat during withdrawal from noxious heat, J Neurosci, 3 (1983) 
2545-52. 

Fields, H.L. and Heinricher, M.M., Anatomy and physiology of a nociceptive modulatory 
system, Philos Trans R Soc Lond B Biol Sci, 308 (1985) 361-74. 

Fields, H.L. and Heinricher, M.M., Brainstem modulation of nociceptor-driven 
withdrawal reflexes, Ann N Y Acad Sci, 563 (1989) 34-44. 

Fields, H.L., Heinricher, M.M. and Mason, P., Neurotransmitters in nociceptive 
modulatory circuits, Annu Rev Neurosci, 14 (1991) 219-45. 

Fields, H.L., Malick, A. and Burstein, R., Dorsal hom projection targets of ON and OFF 
cells in the rostral ventromedial medulla, J Neurophysiol, 74 (1995) 1742-59. 

Fields, H.L. and Rowbotham, M.C., Multiple mechanisms of neuropathic pain: A clinical 
perspective. In: G.F. Gebhart, D.L. Hammond and T.S. Jensen (Eds.), 
Proceedings of the 7th World Congree on Pain, lASP Press, Seattle, 1994, pp. 
437-454. 

Fields, H.L., Rowbotham, M.C. and Devor, M., Excitability blockers: Anticonvulsants 
and low concentration local anesthetics in the treatment of chronic pain. In: A. 
Dickenson and J.M. Besson (Eds.), Handbook of Experimental Pharmacology, 
Springer Verlag, Berlin, 1997, pp. 93-116. 

Gardell, L.R., Vanderah, T.W., Burgess, S.E., Wang, R., Ossipov, M.H., Lai, J. and 
Porreca, F., Increased evoked excitatory transmitter release in experimental 
neuropathy requires descending facilitation, J Neurosci, in review (2003). 

Gardell, L.R., Wang, R., Burgess, S.E., Ossipov, M.H., Vanderah, T.W., Malan, T.P., Jr., 
Lai, J. and Porreca, F., Sustained morphine exposure induces a spinal dynorphin-
dependent enhancement of excitatory transmitter release from primary afferent 
fibers, J Neurosci, 22 (2002) 6747-55. 



121 

Gebhart, G.F., Sandkuhler, J., Thalhammer, J.G. and Zimmermann, M., Quantitative 
comparison of inhibition in spinal cord of nociceptive information by stimulation 
in periaqueductal gray or nucleus raphe magnus of the cat, J Neurophysiol, 50 
(1983) 1433-45. 

Ghilardi, J.R., Allen, C.J., Vigna, S.R., McVey, D.C. and Mantyh, P.W., Trigeminal and 
dorsal root ganglion neurons express CCK receptor binding sites in the rat, rabbit, 
and monkey: possible site of opiate- CCK analgesic interactions, J Neurosci, 12 
(1992) 4854-66. 

Goldstein, A., Tachibana, S., Lowney, L.I., Hunkapiller, M. and Hood, L., Dynorphin-(l-
13), an extraordinarily potent opioid peptide, Proc Natl Acad Sci U S A, 76 
(1979) 6666-70. 

Govrin-Lippmann, R. and Devor, M., Ongoing activity in severed nerves: source and 
variation with time. Brain Res, 159 (1978) 406-10. 

Gracely, R.H., Lynch, S.A. and Bennett, G.J., Painful neuropathy: altered central 
processing maintained dynamically by peripheral input. Pain, 51 (1992) 175-94. 

Han, H.C., Lee, D.H. and Chung, J.M., Characteristics of ectopic discharges in a rat 
neuropathic pain model. Pain, 84 (2000) 253-61. 

Harden, N. and Cohen, M., Unmet needs in the management of neuropathic pain, J Pain 
Symptom Manage, 25 (2003) S12-7. 

Heinricher, M. and McGaraughty, S., Brainstem pain modulating neurons and behavioral 
state. In: R. Lydic and H.A. Baghdoyan (Eds.), Handbook of Behavioral State 
Control: Cellular and Molecular Mechanisms, CRC Press, Boca Raton, 1999, pp. 
487-503. 

Heinricher, M.M., Barbaro, N.M., Fields, H.L. and Department of Neurology, U.o.C.S.F., 
Putative nociceptive modulating neurons in the rostral ventromedial medulla of 
the rat: firing of on- and off-cells is related to nociceptive responsiveness. 
Somatosensory & Motor Research, 6 (1989) 427-39. 



122 

Heinricher, M.M., McGaraughty, S. and Tortorici, V., Circuitry underlying antiopioid 
actions of cholecystokinin within the rostral ventromedial medulla, J 
Neurophysiol, 85 (2001) 280-286. 

Heinricher, M.M., Morgan, M.M. and Fields, H.L., Direct and indirect actions of 
morphine on medullary neurons that modulate nociception, Neuroscience, 48 
(1992) 533-43. 

Heinricher, M.M., Morgan, M.M., Tortorici, V. and Fields, H.L., Disinhibition of off-
cells and antinociception produced by an opioid action within the rostral 
ventromedial medulla, Neuroscience, 63 (1994) 279-88. 

Heinricher, M.M. and Roychowdhury, S.M., Reflex-related activation of putative pain 
facilitating neurons in rostral ventromedial medulla requires excitatory amino acid 
transmission, Neuroscience, 78 (1997) 1159-65. 

Hokfelt, T., Herrera-Marschitz, M., Seroogy, K., Ju, G., Staines, W.A., Holets, V., 
Schalling, M., Ungerstedt, U., Post, C., Rehfeld, J.F. and et al., 
Immunohistochemical studies on cholecystokinin (CCK)-immunoreactive 
neurons in the rat using sequence specific antisera and with special reference to 
the caudate nucleus and primary sensory neurons, J Chem Neuroanat, 1 (1988) 
11-51. 

Hokfelt, T., Skirboll, L., Everitt, B., Meister, B., Brownstein, M., Jacobs, T., Faden, A., 
Kuga, S., Goldstein, M., Markstein, R. and et al., Distribution of cholecystokinin-
like immunoreactivity in the nervous system. Co-existence with classical 
neurotransmitters and other neuropeptides, Ann N Y Acad Sci, 448 (1985) 255-
74. 

Hong, E.K. and Takemori, A.E., Indirect involvement of delta opioid receptors in 
cholecystokinin octapeptide-induced analgesia in mice, J Pharmacol Exp Ther, 
251 (1989) 594-8. 

Houghton, A.K., Hewitt, E. and Westlund, K.N., Dorsal column lesion prevents 
mechanical hyperalgesia and allodynia in osteotomy model, Pain, 82 (1999) 73-
80. 



123 

Hylden, J.L. and Wilcox, G.L., Intrathecal morphine in mice; a new technique, Eur J 
Pharmacol, 67 (1980) 313-6. 

Innis, R.B. and Snyder, S.H., Distinct cholecystokinin receptors in brain and pancreas, 
Proc Natl Acad Sci U S A, 77 (1980) 6917-21. 

Itoh, T., Murai, S., Masuda, Y., Abe, E., Ohkubo, N., Itsukaichi, O. and Shoji, S., 
Pharmacological properties of ceruletide in the vertical and horizontal locomotor 
activities of mice, Pharmacol Biochem Behav, 43 (1992) 571-6. 

Ivy, A.C. and Oldberg, E.A., Hormone mechanism for gall bladder contraction and 
evacuation. Am J Physiol, 86 (1928) 599-613. 

Jeftinija, S., Miletic, V. and Randic, M., Cholecystokinin octapeptide excites dorsal horn 
neurons both in vivo and in vitro. Brain Res, 213 (1981) 231-6. 

Jiang, Q., Heyman, J.S., Sheldon, R.J., Koslo, R.J. and Porreca, P., Mu antagonist and 
kappa agonist properties of beta-funaltrexamine (beta- FNA) in vivo: long-lasting 
spinal analgesia in mice, J Pharmacol Exp Ther, 252 (1990) 1006-11. 

Kajander, K.C. and Bennett, G.J., Onset of a painful peripheral neuropathy in rat; a 
partial and differential deafferentation and spontaneous discharge in A beta and A 
delta primary afferent neurons, J Neurophysiol, 68 (1992) 734-44. 

Kajander, K.C., Sahara, Y., ladarola, M.J. and Bennett, G.J., Dynorphin increases in the 
dorsal spinal cord in rats with a painful peripheral neuropathy, Peptides, 11 (1990) 
719-28. 

Kajander, K.C., Wakisaka, S. and Bennett, G.J., Spontaneous discharge originates in the 
dorsal root ganglion at the onset of a painful peripheral neuropathy in the rat, 
Neurosci Lett, 138 (1992) 225-8. 

Kaplan, H. and Fields, H.L., Hyperalgesia during acute opioid abstinence; evidence for a 
nociceptive facilitating function of the rostral ventromedial medulla, J Neurosci, 
11(1991)1433-9. 



124 

Kauppila, T., Jyvasjarvi, E., Murtomaki, S., Mansikka, H., Pertovaara, A., Virtanen, I. 
and Liesi, P., Use of paper for treatment of a peripheral nerve trauma in the rat, 
Neuroreport, 8 (1997) 3151-5. 

Kauppila, T., Kontinen, V.K. and Pertovaara, A., Influence of spinalization on spinal 
withdrawal reflex responses varies depending on the submodality of the test 
stimulus and the experimental pathophysiological condition in the rat. Brain 
Research, 797 (1998) 234-42. 

Kim, D.H., Fields, H.L. and Barbaro, N.M., Morphine analgesia and acute physical 
dependence: rapid onset of two opposing, dose-related processes. Brain Res, 516 
(1990) 37-40. 

Kim, K.J., Yoon, Y.W. and Chung, J.M., Comparison of three rodent neuropathic pain 
models, Exp Brain Res, 113 (1997) 200-6. 

Kim, S.H. and Chung, J.M., An experimental model for peripheral neuropathy produced 
by segmental spinal nerve ligation in the rat, Pain, 50 (1992) 355-63. 

Kirk, E.J., Impulses in dorsal spinal nerve rootlets in cats and rabbits arising from dorsal 
root ganglia isolated from the periphery, J Comp Neurol, 155 (1974) 165-75. 

Kovelowski, C.J., Ossipov, M.H., Sun, H., Lai, J., Malan, T.P. and Porreca, P., 
Supraspinal cholecystokinin may drive tonic descending facilitation mechanisms 
to maintain neuropathic pain in the rat. Pain, in press (2000). 

Larsson, L.I. and Stengaard-Pedersen, K., Enkephalin/endorphin-related peptides in 
antropyloric gastrin cells, J Histochem Cytochem, 29 (1981) 1088-98. 

Li, Y., Dorsi, M.J., Meyer, R.A. and Belzberg, A.J., Mechanical hyperalgesia after an L5 
spinal nerve lesion in the rat is not dependent on input from injured nerve fibers. 
Pain, 85 (2000) 493-502. 

Liu, C.N., Wall, P.D., Ben-Dor, E., Michaelis, M., Amir, R. and Devor, M., Tactile 
allodynia in the absence of C-fiber activation: altered firing properties of DRG 
neurons following spinal nerve injury. Pain, 85 (2000a) 503-21. 



125 

Liu, X., Chung, K. and Chung, J.M., Ectopic discharges and adrenergic sensitivity of 
sensory neurons after spinal nerve injury, Brain Res, 849 (1999) 244-247. 

Liu, X., Eschenfelder, S., Blenk, K.H., Janig, W. and Habler, H., Spontaneous activity of 
axotomized afferent neurons after L5 spinal nerve injury in rats. Pain, 84 (2000b) 
309-18. 

Malan, T.P., Ossipov, M.H., Gardell, L.R., Ibrahim, M., Bian, D., Lai, J. and Porreca, F., 
Extraterritorial neuropathic pain correlates with multisegmental elevation of 
spinal dynorphin in nerve-injured rats, Pain, 86 (2000) 185-94. 

Mansikka, H. and Pertovaara, A., Supraspinal influence on hindlimb withdrawal 
thresholds and mustard oil-induced secondary allodynia in rats. Brain Research 
Bulletin, 42(1997) 359-65. 

Mansour, A., Fox, C.A., Burke, S., Meng, F., Thompson, R.C., Akil, H. and Watson, S.J., 
Mu, delta, and kappa opioid receptor mRNA expression in the rat CNS: an in situ 
hybridization study, J Comp Neurol, 350 (1994a) 412-38. 

Mansour, A., Fox, C.A., Thompson, R.C., Akil, H. and Watson, S.J., Mu-opioid receptor 
mRNA expression in the rat CNS: comparison to mu- receptor binding. Brain 
Res, 643 (1994b) 245-65. 

Mantyh, P.W. and Hunt, S.P., Evidence for cholecystokinin-like immunoreactive neurons 
in the rat medulla oblongata which project to the spinal cord. Brain Res, 291 
(1984) 49-54. 

Mantyh, P.W., Rogers, S.D., Honore, P., Allen, B.J., Ghilardi, J.R., Li, J., Daughters, 
R.S., Lappi, D.A., Wiley, R.G. and Simone, D.A., Inhibition of hyperalgesia by 
ablation of lamina I spinal neurons expressing the substance P receptor. Science, 
278 (1997) 275-9. 

Marinelli, S., Vaughan, C.W., Schnell, S.A., Wessendorf, M.W. and Christie, M.J., 
Rostral ventromedial medulla neurons that project to the spinal cord express 
multiple opioid receptor phenotypes, J Neurosci, 22 (2002) 10847-55. 



126 

Mason, P., Central mechanisms of pain modulation, Curr Opin Neurobiol, 9 (1999) 436-
41. 

Matzner, O. and Devor, M., Na+ conductance and the threshold for repetitive neuronal 
firing, Brain Res, 597 (1992) 92-8. 

Matzner, O. and Devor, M., Hyperexcitability at sites of nerve injury depends on voltage-
sensitive Na+ channels, J Neurophysiol, 72 (1994) 349-59. 

McMahon, S.B. and Wall, P.D., A system of rat spinal cord lamina 1 cells projecting 
through the contralateral dorsolateral funiculus, J Comp Neurol, 214 (1983) 217-
23. 

McMahon, S.B. and Wall, P.D., Descending excitation and inhibition of spinal cord 
lamina I projection neurons, J Neurophysiol, 59 (1988) 1204-19. 

McNally, G.P., Pain facilitatory circuits in the mammalian central nervous system: their 
behavioral significance and role in morphine analgesic tolerance, Neurosci 
Biobehav Rev, 23 (1999) 1059-78. 

McQuay, H.J., Tramer, M., Nye, B.A., Carroll, D., Wiffen, P.J. and Moore, R.A., A 
systematic review of antidepressants in neuropathic pain, Pain, 68 (1996) 217-27. 

Melchiorri, P., Negri, L., Falconieri-Erspamer, G., Severini, C., Corsi, R., Soaje, M., 
Erspamer, V. and Barra, D., Structure-activity relationships of the delta-opioid-
selective agonists, deltorphins, Eur J Pharmacol, 195 (1991) 201-7. 

Moran, T.H., Robinson, P.H., Goldrich, M.S. and McHugh, P.R., Two brain 
cholecystokinin receptors: implications for behavioral actions, Brain Res, 362 
(1986) 175-9. 

Morgan, M.M. and Fields, H.L., Pronounced changes in the activity of nociceptive 
modulatory neurons in the rostral ventromedial medulla in response to prolonged 
thermal noxious stimuli, J Neurophysiol, 72 (1994) 1161-70. 



127 

Morgan, M.M., Heinricher, M.M. and Fields, H.L., Circuitry linking opioid-sensitive 
nociceptive modulatory systems in periaqueductal gray and spinal cord with 
rostral ventromedial medulla, Neuroscience, 47 (1992) 863-71. 

Nahin, R.L., Hylden, J.L. and Humphrey, E., Demonstration of dynorphin A 1-8 
immunoreactive axons contacting spinal cord projection neurons in a rat model of 
peripheral inflammation and hyperalgesia. Pain, 51 (1992) 135-43. 

Nichols, M.L., Allen, B.J., Rogers, S.D., Ghilardi, J.R., Honore, P., Luger, N.M., Finke, 
M.P., Li, J., Lappi, D.A., Simone, D.A. and Mantyh, P.W., Transmission of 
chronic nociception by spinal neurons expressing the substance P receptor. 
Science, 286 (1999) 1558-61. 

Omana-Zapata, L, Khabbaz, M.A., Hunter, J.C. and Bley, K.R., QX-314 inhibits ectopic 
nerve activity associated with neuropathic pain. Brain Res, 771 (1997a) 228-37. 

Omana-Zapata, L, Khabbaz, M.A., Hunter, J.C., Clarke, D.E. and Bley, K.R., 
Tetrodotoxin inhibits neuropathic ectopic activity in neuromas, dorsal root ganglia 
and dorsal horn neurons. Pain, 72 (1997b) 41-9. 

Ossipov, M.H., Hong Sun, T., Malan, P., Jr., Lai, J. and Porreca, F., Mediation of spinal 
nerve injury induced tactile allodynia by descending facilitatory pathways in the 
dorsolateral funiculus in rats, Neurosci Lett, 290 (2000a) 129-32. 

Ossipov, M.H., Kovelowski, C.J., Wheeler-Aceto, H., Cowan, A., Hunter, J.C., Lai, J., 
Malan, T.P., Jr. and Porreca, F., Opioid antagonists and antisera to endogenous 
opioids increase the nociceptive response to formalin: demonstration of an opioid 
kappa and delta inhibitory tone, J Pharmacol Exp Ther, 277 (1996) 784-8. 

Ossipov, M.H., Lai, J., Malan, T.P., Jr. and Porreca, F., Spinal and supraspinal 
mechanisms of neuropathic pain, Ann N Y Acad Sci, 909 (2000b) 12-24. 

Ossipov, M.H., Lai, J., Malan, T.P., Jr., Vanderah, T.W. and Porreca, F., Tonic 
descending facilitation as a mechanism of neuropathic pain. In: P.T. Hansson, 
H.L. Fields, R.G. Hill and P. Marchettini (Eds.), Neuropatic Pain: 
Pathophysiology and Treatment, lASP Press, Seattle, 2001, pp. 107-124. 



128 

Ossipov, M.H., Lopez, Y., Nichols, M.L., Bian, D. and Porreca, F., The loss of 
antinociceptive efficacy of spinal morphine in rats with nerve ligation injury is 
prevented by reducing spinal afferent drive, Neurosci Lett, 199 (1995) 87-90. 

Ossipov, M.H., Sun, H., Malan, T.P., Lai, J. and Porreca, F., Mediation of spinal nerve 
injury induced tactile allodynia by descending facilitatory pathways in the 
dorsolateral funiculus in rats, Neuroscience Letters, 290 (2000c) 129-132. 

Pan, Z.Z., Williams, J.T. and Osborne, P.B., Opioid actions on single nucleus raphe 
magnus neurons from rat and guinea-pig in vitro, J Physiol, 427 (1990) 519-32. 

Payne, R., Neuropathic pain syndromes, with special reference to causalgia and reflex 
sympathetic dystrophy,, Clin J Pain, 2 (1986) 59-73. 

Peckys, D. and Landwehrmeyer, G.B., Expression of mu, kappa, and delta opioid 
receptor messenger RNA in the human CNS: a 33P in situ hybridization study, 
Neuroscience, 88 (1999) 1093-135. 

Pertovaara, A., A neuronal correlate of secondary hyperalgesia in the rat spinal dorsal 
horn is submodality selective and facilitated by supraspinal influence. 
Experimental Neurology, 149 (1998) 193-202. 

Pertovaara, A., Keski-Vakkuri, U., Kalmari, J., Wei, H. and Panula, P., Response 
properties of neurons in the rostroventromedial medulla of neuropathic rats: 
attempted modulation of responses by [IDMeJNPYF, a neuropeptide FF 
analogue, Neuroscience, 105 (2001) 457-68. 

Pertovaara, A., Wei, H. and Hamalainen, M.M., Lidocaine in the rostroventromedial 
medulla and the periaqueductal gray attenuates allodynia in neuropathic rats, 
Neuroscience Letters, 218 (1996) 127-30. 

Pittaway, K.M. and Hill, R.G., Cholecystokinin and pain. Pain Headache, 9 (1987) 213-
46. 

Pittaway, K.M., Rodriguez, R.E., Hughes, J. and Hill, R.G., CCK 8 analgesia and 
hyperalgesia after intrathecal administration in the rat: comparison with CCK-
related peptides. Neuropeptides, 10 (1987) 87-108. 



129 

Porreca, F. and Burks, T.F., The spinal cord as a site of opioid effects on gastrointestinal 
transit in the mouse, J Pharmacol Exp Ther, 227 (1983) 22-7. 

Porreca, F., Ossipov, M.H. and Gebhart, G.F., Chronic pain and medullary descending 
facilitation, Trends Neurosci, 25 (2002) 319-25. 

Rehfeld, J.F., Immunochemical studies on cholecystokinin. II. Distribution and molecular 
heterogeneity in the central nervous system and small intestine of man and hog, J 
Biol Chem, 253 (1978) 4022-30. 

Rowbotham, M.C., The debate over opioids and neuropathic pain. In: E. Kalso, H.J. 
McQuay and Z. Wiesenfeld-Hallin (Eds.), Opioid sensitivty of chronic non-cancer 
pain, Vol. 18, lASP Press, Seattle, 1999, pp. 307-17. 

Rowbotham, M.C., Davies, P.S. and Fields, H.L., Topical lidocaine gel relieves 
postherpetic neuralgia, Ann Neurol, 37 (1995) 246-53. 

Rowbotham, M.C., Davies, P.S., Verkempinck, C. and Galer, B.S., Lidocaine patch: 
double-blind controlled study of a new treatment method for post-herpetic 
neuralgia. Pain, 65 (1996) 39-44. 

Sah, D.W., Ossipov, M.H. and Porreca, F., Neurotrophic factors as novel therapeutics for 
neuropathic pain, Nat Rev Drug Discov, 2 (2003) 460-72. 

Sandkuhler, J. and Gebhart, G.F., Characterization of inhibition of a spinal nociceptive 
reflex by stimulation medially and laterally in the midbrain and medulla in the 
pentobarbital-anesthetized rat, Brain Res, 305 (1984) 67-76. 

Seltzer, Z., Dubner, R. and Shir, Y., A novel behavioral model of neuropathic pain 
disorders produced in rats by partial sciatic nerve injury, Pain, 43 (1990) 205-18. 

Sindrup, S.H. and Jensen, T.S., Efficacy of pharmacological treatments of neuropathic 
pain: an update and effect related to mechanism of drug action. Pain, 83 (1999) 
389-400. 



130 

Skilling, S.R., Sun, X., Kurtz, H.J. and Larson, A.A., Selective potentiation of NMDA-
induced activity and release of excitatory amino acids by dynorphin: possible 
roles in paralysis and neurotoxicity, Brain Res, 575 (1992) 272-8. 

Stanfa, L. and Dickenson, A., Spinal opioid systems in inflammation, Inflamm Res, 44 
(1995) 231-41. 

Stirpe, F., Gasperi-Campani, A., Barbieri, L., Falasca, A., Abbondanza, A. and Stevens, 
W.A., Ribosome-inactivating proteins from the seeds of Saponaria officinalis L. 
(soapwort), of Agrostemma githago L. (com cockle) and of Asparagus officinalis 
L. (asparagus), and from the latex of Hura crepitans L. (sandbox tree), Biochem J, 
216(1983) 617-25. 

Study, R.E. and Krai, M.G., Spontaneous action potential activity in isolated dorsal root 
ganglion neurons from rats with a painful neuropathy. Pain, 65 (1996) 235-42. 

Sun, H., Ren, K., Zhong, C.M., Ossipov, M.H., Malan, T.P., Lai, J. and Porreca, P., 
Nerve injury-induced tactile allodynia is mediated via ascending spinal dorsal 
column projections. Pain, 90 (2001) 105-11. 

Sung, B., Na, H.S., Kim, Y.I., Yoon, Y.W., Han, H.C., Nahm, S.H. and Hong, S.K., 
Supraspinal involvement in the production of mechanical allodynia by spinal 
nerve injury in rats, Neurosci Lett, 246 (1998) 117-9. 

Tal, M. and Bennett, G.J., Extra-territorial pain in rats with a peripheral mononeuropathy: 
mechano-hyperalgesia and mechano-allodynia in the territory of an uninjured 
nerve. Pain, 57 (1994) 375-82. 

Tiberi, M., Payette, P., Mongeau, R. and Magnan, J., [3H]U69,593 binding in guinea-pig 
brain: comparison with [3H]ethylketazocine binding at the kappa-opioid sites. 
Can J Physiol Pharmacol, 66 (1988) 1368-72. 

Urban, M.O., Coutinho, S.V. and Gebhart, G.F., Biphasic modulation of visceral 
nociception by neurotensin in rat rostral ventromedial medulla, J Pharmacol Exp 
Ther, 290 (1999) 207-13. 



131 

Urban, M.O. and Gebhart, G.F., Characterization of biphasic modulation of spinal 
nociceptive transmission by neurotensin in the rat rostral ventromedial medulla, J 
Neurophysiol, 78 (1997) 1550-62. 

Urban, M.O. and Gebhart, G.F., Central mechanisms in pain, Med Clin North Am, 83 
(1999) 585-96. 

Urban, M.O., Smith, D.J. and Gebhart, G.F., Involvement of spinal cholecystokinin B 
receptors in mediating neurotensin hyperalgesia from the medullary nucleus raphe 
magnus in the rat, J Pharmacol Exp Ther, 278 (1996) 90-6. 

Vanderah, T.W., Ossipov, M.H., Lai, J., Malan, T.P., Jr. and Porreca, F., Mechanisms of 
opioid-induced pain and antinociceptive tolerance: descending facilitation and 
spinal dynorphin. Pain, 92 (2001a) 5-9. 

Vanderah, T.W., Suenaga, N.M., Ossipov, M.H., Malan, T.P., Jr., Lai, J. and Porreca, F., 
Tonic descending facilitation from the rostral ventromedial medulla mediates 
opioid-induced abnormal pain and antinociceptive tolerance, J Neurosci, 21 
(2001b) 279-286. 

Vanderhaeghen, J.J., Signeau, J.C. and Gepts, W., New peptide in the vertebrate CNS 
reacting with antigastrin antibodies. Nature, 257 (1975) 604-5. 

Vanhoutte, P.M., Humphrey, P.P. and Spedding, M., XI. International Union of 
Pharmacology recommendations for nomenclature of new receptor subtypes, 
Pharmacol Rev, 48 (1996) 1-2. 

Wall, P.D. and Devor, M., Sensory afferent impulses originate from dorsal root ganglia 
as well as from the periphery in normal and nerve injured rats. Pain, 17 (1983) 
321-39. 

Wall, P.D. and Gutnick, M., Ongoing activity in peripheral nerves: the physiology and 
pharmacology of impulses originating from a neuroma, Exp Neurol, 43 (1974a) 
580-93. 

Wall, P.D. and Gutnick, M., Properties of afferent nerve impulses originating from a 
neuroma. Nature, 248 (1974b) 740-3. 



132 

Wang, X.J. and Han, J.S., Modification by cholecystokinin octapeptide of the binding of 
mU", delta-, and kappa-opioid receptors, J Neurochem, 55 (1990) 1379-82. 

Wang, Z., Gardell, L.R., Ossipov, M.H., Vanderah, T.W., Brennan, M.B., 
Hochgeschwender, U., Hruby, V.J., Malan, T.P., Lai, J. and Porreca, F., 
Pronociceptive actions of dynorphin maintain chronic neuropathic pain, J 
Neurosci, 21 (2001) 1779-1786. 

Wank, S.A., Cholecystokinin receptors. Am J Physiol, 269 (1995) G628-46. 

Wank, S.A., Pisegna, J.R. and de Weerth, A., Cholecystokinin receptor family. Molecular 
cloning, structure, and functional expression in rat, guinea pig, and human, Ann N 
Y Acad Sci, 713 (1994) 49-66. 

Ward, S.J., Portoghese, P.S. and Takemori, A.E., Pharmacological characterization in 
vivo of the novel opiate, beta- funaltrexamine, J Pharmacol Exp Ther, 220 (1982) 
494-8. 

Watkins, L.R. and Mayer, D.J., Organization of endogenous opiate and nonopiate pain 
control systems. Science, 216 (1982) 1185-92. 

Wiertelak, E.P., Maier, S.F. and Watkins, L.R., Cholecystokinin antianalgesia: safety 
cues aboUsh morphine analgesia. Science, 256 (1992) 830-3. 

Wiesenfeld-Hallin, Z. and Xu, X.J., The role of cholecystokinin in nociception, 
neuropathic pain and opiate tolerance, Regul Pept, 65 (1996) 23-8. 

Woolf, C.J., Generation of acute pain: central mechanisms, Br Med Bull, 47 (1991) 523-
33. 

Woolf, C.J. and Salter, M.W., Neuronal plasticity: increasing the gain in pain. Science, 
288 (2000) 1765-9. 

Woolf, C.J. and Thompson, S.W., The induction and maintenance of central sensitization 
is dependent on N-methyl-D-aspartic acid receptor activation; implications for the 
treatment of post-injury pain hypersensitivity states. Pain, 44 (1991) 293-9. 



133 

Wu, G., Ringkamp, M., Hartke, T.V., Murinson, B.B., Campbell, J.N., Griffin, J.W. and 
Meyer, R.A., Early onset of spontaneous activity in uninjured C-fiber nociceptors 
after injury to neighboring nerve fibers, J Neurosci, 21 (2001) RC140. 

Xiao, W.H. and Bennett, G.J., Synthetic omega-conopeptides applied to the site of nerve 
injury suppress neuropathic pains in rats, J Pharmacol Exp Ther, 274 (1995) 666-
72. 

Xie, Y.K., Xiao, W.H. and Li, H.Q., The relationship between new ion channels and 
ectopic discharges from a region of nerve injury, Sci China B, 36 (1993) 68-74. 

Xu, X.J., Elfvin, A., Hao, J.X., Foumie-Zaluski, M.C., Roques, B.P. and Wiesenfeld-
Hallin, Z., CI 988, an antagonist of the cholecystokinin-B receptor, potentiates 
endogenous opioid-mediated antinociception at spinal level. Neuropeptides, 31 
(1997) 287-91. 

Yaksh, T.L. and Rudy, T.A., Chronic catheterization of the spinal subarachnoid space. 
Physiology and Behavior, 17 (1976) 1031-1036. 

Yoon, Y.W., Na, H.S. and Chung, J.M., Contributions of injured and intact afferents to 
neuropathic pain in an experimental rat model. Pain, 64 (1996) 27-36. 

Zhuo, M. and Gebhart, G.F., Characterization of descending facilitation and inhibition of 
spinal nociceptive transmission from the nuclei reticularis gigantocellularis and 
gigantocellularis pars alpha in the rat, J Neurophysiol, 67 (1992) 1599-614. 

Zhuo, M. and Gebhart, G.F., Biphasic modulation of spinal nociceptive transmission 
from the medullary raphe nuclei in the rat, J Neurophysiol, 78 (1997) 746-58. 


