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ABSTRACT 
 
 States of abnormal pain induced by injuries to peripheral nerves share common 

features with opioid antinociceptive tolerance including mechanical and thermal 

hypersensitivity. Sustained administration of morphine in humans and in animals induces 

a state of abnormal pain (i.e., hyperalgesia) and may be associated with the development 

opioid antinociceptive tolerance.  Persistent neuropathic pain states and opioid induced 

abnormal pain require descending facilitation arising from the rostral ventromedial 

medulla (RVM).   Cholecystokinin (CCK), a pronociceptive peptide, may be up-regulated 

following opioid treatment and nerve injury in the brain and spinal cord.  Therefore, it is 

hypothesized that CCK in the RVM may be up-regulated by sustained opioid 

administration and my consequently drive descending pain facilitatory mechanisms to 

produce hypersensitivity and antinociceptive tolerance.   

 Acute systemic morphine administration produced a potentiation of CCK release 

in the RVM as measured using microdialysis techniques.  Sustained systemic morphine 

administration sufficient to produce thermal and tactile hypersensitivity resulted in a 

significant increase in basal CCK release in the RVM.  Spinal nerve ligation (SNL) 

produces similar behavioral hypersensitivity.  CCK levels in the RVM also increased 

following SNL.  These findings suggest that endogenous CCK released in the RVM 

drives descending facilitatory pathways to produce hypersensitivity following sustained 

morphine administration and neuropathic pain. 

Disease states such as neuropathic pain offer special challenges in drug design 

due to system changes that accompany these diseases.  Here, novel peptides with agonist 
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binding affinity and bioactivity at δ and µ opioid receptors and simultaneous antagonist 

activity at CCK receptors have been developed.   Using in vivo behavioral measures, it 

was shown that intrathecal (i.th.) administration of these compounds suppresses the 

thermal and tactile hypersensitivity caused by spinal nerve ligation (SNL). 

These studies support the hypothesis that endogenous CCK drives descending 

pain facilitatory pathways and that bi-functional compounds that act as opioid agonists 

and CCK antagonists are effective for the treatment of neuropathic pain. 
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CHAPTER I 

INTRODUCTION 

 
The sensory nervous system monitors the external environment and internal state 

of the organism.  The perception of pain is one function of the sensory nervous system 

and the primary alert mechanism to protect the organism from real or impending tissue 

damage.  Pain can generate physical reactions as well as promote learned avoidance 

behaviors.  The term “pain” is a subjective experience and refers to the complete 

experience both physiological and emotional. Nociception is a neurophysiological term 

and refers only to activity of the nociceptive pathways (Sherrington, 1906).  Nociception 

can be further subdivided into two general categories of acute and chronic nociception, 

both with different subtypes.  Acute pain is far more common than chronic pain and is 

characterized by its transient nature, such as a pinprick or a burn from a hot stove.  Acute 

pain is generally stereotyped with variation only dependent on the threshold for an 

individual.  Chronic pain on the other hand is characterized by its recurrent or protracted 

nature. Pain is referred to as chronic if it lasts for “longer than the normal course of time 

associated with a particular type of injury (Garcia and Altman, 1997). While acute pain 

may be severe, it is generally more responsive to treatment. Chronic pain is often caused 

by permanent damage or unknown factors, and is therefore more difficult to eliminate.  In 

many cases, the cause of the chronic pain cannot be removed.  It then becomes necessary 

to address the sensation of pain itself rather than the cause as with acute pain.   

Chronic pain can be further subdivided into two physiologic categories, 

nociceptive or neuropathic.  Nociceptive pain refers to pain caused by stimulation of the 
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nociceptors in the cutaneous and deep tissues of the body.  While nociceptor activation is 

generally associated with acute pain, it may also be associated with chronic pain as in the 

case of pain from a stomach ulcer.  In contrast, neuropathic pain refers to pain generated 

by direct damage to the nervous system from either disease or injury.  This damage may 

occur in either the peripheral or central nervous system.  Because of the nature of this 

damage, neuropathic pain is always chronic and can only be treated symptomatically.  In 

most cases this means simply reducing the pain felt by the patient through a variety of 

pharmacological and other methods. 

Opioids are the primary pharmacological treatment for pain.  Morphine, the active 

constituent of opium derived from the poppy plant has been used for centuries to relieve 

pain.  As with many opiates, morphine has been shown to be highly efficacious 

particularly for the treatment of acute pain.  Unfortunately, this class of pharmaceuticals 

is not optimal for the treatment of chronic pain primarily due to an extensive side effect 

profile including respiratory depression, decreased intestinal motility and a potential for 

dependence.  In addition, chronic morphine administration results in tolerance 

characterized by a rightward shift in the dose-response curve.  As tolerance develops, 

ever-increasing doses of the drug are required to achieve the same analgesic effect.  This 

is particularly problematic for patients experiencing chronic pain since there is an 

increased potential for side effects with higher doses.  Finally, chronic morphine has been 

shown clinically to cause pain in some individuals (Ali, 1986; Arner et al., 1988; 

Devulder, 1997).  This paradoxical pain has been termed morphine-induced pain and may 
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be at least partially mediated by plasticity in the descending pain pathways. This 

plasticity may also play a role in the development of tolerance.   

1.1 Pain Systems 

1.1.1 Ascending pain pathways 

Afferent acute pain pathways have been well characterized from the periphery at 

sites of neuronal input via nociceptors, ascending via the spinal cord, and terminating in 

the cortex and other brain regions at sites of pain perception.  The principle input of acute 

pain is the nociceptor.  Nociceptors can be activated by a number of external stimuli 

including heat, cold, and chemical stimuli.  There are two principle classes of nociceptive 

fibers that mediate pain.  The C-fibers are thin unmyelinated neurons while Aδ-fibers are 

small diameter thinly myelinated neurons.  Most noxious stimuli (in the case of acute 

pain) are detected by the nociceptors with cell bodies in the dorsal root ganglia.  The 

primary afferent neurons project to the substantia gelatinosa and the superficial layers of 

the dorsal horn of the spinal cord where they synapse on second order neurons.  Several 

neurotransmitters have been identified which signal nociceptive input from the periphery 

to the second order neurons in the spinal cord such as CGRP, substance P, and glutamate.     

The second order neurons cross the midline and project via several ascending pathways 

such as the spinothalamic tract to the thalamus (Millan, 1999).  

 1.1.2 Neuropathic Pain 

While ascending pathways for acute pain are well defined, our understanding of 

the mechanisms governing chronic pain states is still limited.  Of the chronic pain states, 

neuropathic pain is perhaps the most perplexing. Up to one-third of patients with this pain 
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state show resistance to treatment with conventional methods (i.e. morphine). 

Neuropathic pain, which is not protective in nature and outlasts the injury triggering its 

presence, may arise from diabetes, herpes zoster, nerve traction or compression, radiation 

therapy for lung and other cancers, reflex sympathetic dystrophy/sympathetically 

maintained pain, and complications from AIDS.  

There are two phenotypes of neuropathic pain that have been well reported 

clinically.  Allodynia is defined as a nociceptive-like response to stimuli which are 

normally not painful, (i.e. light touch might be interpreted as noxious).   Hyperalgesia is 

defined as increased nociceptive response to a normally noxious stimulus (Payne, 1986; 

Merskey and Bogduk, 1994; Merskey, 2002). In humans, allodynia is usually 

characterized by a dynamic stimulus while tactile hypersensitivity in rats is usually 

quantified using calibrated von Frey filaments, which tend to present stimuli that have 

more static characteristics. This is assessed by quantal determination of “allodynia” using 

a light dynamic stimulus of the lateral aspects of the hind paw with a thin paintbrush. 

This dynamic stimulus has been found to induce a rapid withdrawal of the hind paw in 

nerve-injured (i.e., “allodynic”), but not in non-injured animals. 

 Several animal models of neuropathic pain have been introduced (Bennett and 

Xie, 1988; Seltzer et al., 1990; DeLeo et al., 1994; Vos et al., 1994; Decosterd and 

Woolf, 2000). Of these models, which include chronic constriction injury, partial sciatic 

ligation and cryoneurolysis, the tight ligation of the L5 and L6 spinal (SNL) nerves distal 

to the dorsal root ganglia (DRG) (Kim and Chung, 1992) provides a consistent 

appearance of long-lasting tactile and thermal hypersensitivity (hyperalgesia) that mimic 
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aspects of tactile hypersensitivity (allodynia) observed in humans, without producing 

behavioral or significant motor deficits. These nerves comprise a portion of the sciatic 

nerve that innervates the hind paw of the rat and mediates much of the sensory input from 

this region (Siu and Fahrer, 1974; Asato et al., 2000).  These neurons project to the 

superficial laminae of the spinal dorsal horn (LaMotte et al., 1991). An important 

advantage of the SNL model is that the tight ligation of the L5 and L6 spinal nerves distal 

to the DRG still allows for a well-defined afferent path to the spinal dorsal horn via the 

L4 spinal root of the sciatic nerve.  This also allows for the survival of the neurons (of the 

ligated nerve) which results in spontaneous discharge of the neuron.  

 A number of potential mechanisms have been proposed to underlie the 

neuropathic pain state. One hypothesis is that increased spontaneous and persistent 

afferent discharge from injured nerves drives the development of a hypersensitive state of 

spinal neurons (“central sensitization”) (Devor, 1994). It has long been appreciated that 

peripheral nerve injury produces spontaneous firing of sensory nerves originating from 

neuromas and in isolated DRG cells (Kirk, 1974; Wall and Gutnick, 1974a, B). Studies of 

dorsal root potentials indicate that approximately 87 to 89% of Aβ and Aδ fibers, but 

fewer C-fibers (32%), exhibit spontaneous discharge within 1 to 3 days after chronic 

constriction injury (Kajander and Bennett, 1992). The increase in spontaneous afferent 

firing may be abolished by transections made proximal, but not distal, to the DRG, 

indicating that the DRG itself acts as a generator of ectopic discharge (Kajander et al. 

1992). Furthermore, recordings obtained from isolated DRG after nerve injury also 

indicate that the preponderance of ectopic activity is derived from the DRG (Liu et al. 
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1999). Neuroma formation at the site of nerve injury has also been identified as a 

generator of ectopic neuronal activity (Yaari and Devor, 1985; Amir and Devor, 1993; 

Devor and Seltzer, 1999).  Furthermore, it has been shown that the generation of neuronal 

discharges from ectopic foci may be elicited by noxious or by normally non-noxious 

mechanical or chemical stimuli (Tal and Devor, 1992; Sheen and Chung, 1993; Fields et 

al., 1997; Devor and Seltzer, 1999).  Both clinical studies and animal experiments show 

that substances that attenuate neuronal activity also relieve neuropathic pain. Such 

substances include Na+ channel blockers, K+ channel openers, amitryptiline, phenytoin, 

gabapentin and carbamazepine (Yaari and Devor, 1985; Galer et al., 1996; Abdi et al., 

1998; Sindrup and Jensen, 1999; Nicholson, 2000).  Furthermore, both clinical and 

animal studies indicate that systemic or topical administration of lidocaine can block pain 

behavior or ectopic neuronal activity without suppressing normal nerve conduction after 

peripheral nerve injury or in cases of postherpetic neuralgia (Chabal et al., 1989; 

Rowbotham et al., 1991; Devor et al., 1992; Abram and Yaksh, 1994; Calcutt et al., 1996; 

Koppert et al., 1998; Argoff, 2000; Koppert et al., 2000). Similarly, lidocaine applied 

directly at the site of nerve injury also blocks pain-related behaviors (Chaplan et al., 

1995; Rowbotham et al., 1995).  

 The abnormal, repetitive firing of injured primary afferent neurons has been 

proposed to arise from an up regulation of voltage dependent sodium channels (NaV1.3) 

in the DRG (Boucher et al., 2000; Black et al. 1999; Waxman et al. 1994), accumulation 

of these sodium channels at the site of injury (England et al. 1996), or changes in the 

distribution of TTX-resistant sodium channels along an injured nerve (Novakovic et al., 
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1998; Porreca et al., 1999; Gold et al., 2003), leading to a lower threshold for action 

potential generation and of ectopic impulses. Other studies attempt to correlate 

spontaneous neuronal activity with the development of tactile allodynia after spinal nerve 

injury. Ectopically generated action potentials from nerve fiber bundles developed after 

SNL are most pronounced during the first week after SNL and diminish significantly 

over time (Han et al. 2000). In the L5 spinal nerve transection model, injury produces a 4 

to 6-fold increase in spontaneous ectopic discharge within 24 hr and persists over the first 

week, after which such activity subsides to less than half the initial frequency within 20 

days (Liu et al. 2000). These studies claim that there is a positive correlation between the 

rate of spontaneous discharge and neuropathic pain behaviors. On the other hand, 

increased sensitivity to normally innocuous mechanical stimulation (tactile 

hypersensitivity) and to noxious thermal stimulation (thermal hyperalgesia) lasts for 

many weeks (i.e., more than 6 weeks) after SNL in spite of the decreasing rate of ectopic 

discharge (Bian et al. 1999; Chaplan et al. 1994; Malan et al. 2000). Moreover, the data 

obtained beyond the 3rd post-injury day in the study of Liu et al. (2000) do not correlate 

with behaviors indicative of neuropathic pain. It appears, therefore, that the behavioral 

signs, which characterize the neuropathic state, are maintained for long periods of time 

regardless of the level of ectopic activity observed in the injured nerve. These 

observations suggest the possibility that while the enhanced discharge associated with 

nerve injury alone may be critical in the initiation of neuropathic pain, the maintenance of 

neuropathic pain depends on additional mechanisms. The activation of tonic descending 

facilitatory systems from supraspinal sites may be one such mechanism. 
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 Considerable evidence indicates that behavioral manifestations of neuropathic 

pain require the activation of reciprocal spinal/supraspinal communication. The 

development of secondary hyperalgesia and increased neuronal activity of wide dynamic 

range (WDR) neurons in response to light mechanical stimuli after application of mustard 

oil to the hind paw is abolished by spinal cord transection (Mansikka and Pertovaara 

1997; Pertovaara 1998). Tactile hypersensitivity induced by L5/L6 SNL or sacral nerve 

ligations is also abolished by spinal cord transection (Bian et al. 1998; Kauppila et al. 

1998; Sung et al. 1998). Spinal hemisections at the T8 level block tactile hypersensitivity 

only when the transection is ipsilateral, and not contralateral, to the SNL (Sun et al. 

2001). In this regard, ipsilateral projections to the brainstem consist of large diameter 

afferent fibers that directly ascend along the dorsal column, or synapse with postsynaptic 

dorsal column neurons (Bennett et al. 1984; Willis 1985; Willis and Westlund 1997). 

Lamina I cells expressing the NK1 receptor project to supraspinal areas that mediate 

nociceptive processing  (Marshall et al., 1996; Todd et al., 2000; Todd, 2002).  This same 

population of cells plays a critical role in the maintenance of injury-induced hyperalgesia 

as their ablation blocks capsaicin-induced mechanical and thermal hyperalgesia (Mantyh 

et al., 1997), as well as persistent inflammatory and neuropathic pain (Nichols et al., 

1999; Suzuki et al., 2002).  Ablation of spinal NK-1 receptor expressing cells has also 

been demonstrated to block sensitization of spinal dorsal horn cells following intraplantar 

injection of capsaicin (Khasabov et al., 2002). Elimination of NK1-receptor expressing 

cells inhibited CFA-induced hyperalgesia and diminished formalin-induced 

hyperexcitability of wide dynamic range neurons (WDR) (Suzuki et al., 2002). In 
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conditions of tissue injury, it has been proposed that spinal NK1 receptor expressing cells 

in lamina I may act as a critical component in an ascending pathway which results in 

activation of descending facilitation from the brainstem through serotonergic projections 

to the spinal dorsal horn (Calejesan et al., 1998; Suzuki et al., 2002). 

 The observation that complete ablation of the dorsal columns, or ablation of the 

dorsal columns ipsilateral, but not contralateral to SNL produces a complete blockade of 

tactile hypersensitivity, implicates the importance of these ascending pathways in 

neuropathic pain (Sun et al. 2001). Similarly, in a model of bone pain, lesions of the 

dorsal column block tactile hypersensitivity without altering behaviors indicative of 

spontaneous pain, suggesting that supraspinal input through the dorsal columns is 

essential for the development of touch-evoked pain (Houghton et al. 1999). 

 The ascending projections in the dorsal columns terminate in the nucleus cuneatus 

and nucleus gracilis. The nucleus gracilis receives input arising from the caudal sites (i.e., 

lumbar and sacral regions of the spinal cord). Under physiological conditions, the dorsal 

column pathways transmit light touch and vibration, and visceral nociceptive input 

(Willis and Westlund 1997).   After peripheral nerve injury, however, the nucleus gracilis 

may also relay mechanical nociceptive input from the spinal cord to the thalamic nuclei 

(Miki et al. 2000).   Recently it has been discovered that the dorsal column mediates 

visceral nociception. (Al-Chaer et al., 1996; Al-Chaer et al., 1997; Houghton et al., 1997; 

Willis et al., 1999; Houghton et al., 2001; Willis and Westlund, 2001; Palecek, 2004).  

Lesions of the dorsal column have been shown to block visceral pain in both humans 

(Hirshberg et al., 1996) and in several animal models of visceral pain (Al-Chaer et al., 
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1996; Houghton et al., 1997; Al-Chaer et al., 1998).  Nociceptive visceral and somatic 

inputs are integrated in the nucleus gracilis, suggesting that this region may also transmit 

certain ascending nociceptive inputs (Al-Chaer et al. 1997; Willis et al. 1999).  Nerve 

injury induced neuroplasticity includes a de novo synthesis of substance P and of CGRP 

in medium and large diameter DRG neurons, and the consequent up regulation of these 

substances in nerve terminals of the nucleus gracilis (Miki et al. 1998a; Noguchi et al. 

1995). Furthermore, increased sensitivity and spontaneous activity of nucleus gracilis 

neurons occurs after nerve injury, provoking increased activity of neurons of the ventro-

posterio-lateral nucleus of the thalamus, suggesting increased thalamic relays (Miki et al. 

2000; Miki et al. 1998b). Projections of the spinothalamic tract and of the medial 

lemniscus converge on the same neurons of the ventrobasal thalamus, providing a basis 

for an interaction between somatosensory and nociceptive inputs (Ma et al. 1987).  Thus, 

regardless of the origin or type of nociceptive input, the same descending cascade 

activating spinopetal facilitatory and inhibitory mechanisms may be activated 

“downstream,” possibly from the ventrobasal thalamus.  

1.1.3 Descending Pain pathways 

 While the ascending circuitry that transmits neuropathic pain (tactile 

hypersensitivity and thermal hyperalgesia) has not been completely characterized, it has 

been well established that there are significant descending modulatory pathways that play 

a role in neuropathic pain.  Most notably, the periaqueductal grey (PAG) and rostral 

ventromedial medulla (RVM) have been shown to mediate this descending control 

(Behbehani, 1995; Urban and Gebhart, 1999; Ossipov et al., 2000; Mason, 2001).  These 
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descending pathways have been shown to both inhibit and facilitate spinal pain 

transmission.  This modulation may occur at the primary afferent fibers, second order 

projection neurons, or spinal interneurons (Fields and Basbaum, 1999; Millan, 2002). 

Following the discovery by Reynolds (1969) that electrical stimulation of midbrain 

periaqueductal grey (PAG) in rats produced potent analgesia, other focal cerebral centers 

have been established to participate in descending pain modulation (figure 1.1) (Millan, 

2002). The RVM, PAG, locus coeruleus (LC), the parabrachial nucleus (PBN), 

hypothalamus, amygdala and cerebral cortex have all been identified as participants in 

descending modulation.  

The RVM is of particular interest in descending pain modulation. The RVM is 

defined as the region of the medulla including the rostral medullary raphe nuclei, the 

raphe magnus (Rm), obscurus (Ro) and pallidus (Rpa), and the adjacent nucleus 

gigantocellularis pars alpha (GiA) and pars ventralis (GiV), extending between the caudal 

facial nucleus and the inferior olivary complex (Fields and Heinricher, 1985).  Several 

studies have implicated the RVM and the surrounding tissue as a prominent source of 

descending facilitation (Zhuo and Gebhart, 1990; Kaplan and Fields, 1991; Zhuo and 

Gebhart, 1991; Fields, 1992; Heinricher and Roychowdhury, 1997; McNally, 1999; 

Urban and Gebhart, 1999; Urban et al., 1999; Porreca et al., 2002). Focal brain 

stimulation of the RVM produced intensity dependent inhibition or facilitation of both 

somatic and visceral activity of dorsal horn units (Gebhart and Ossipov, 1986; Zhuo and 

Gebhart, 1990; Knuepfer and Holt, 1991; Zhuo and Gebhart, 1997). Furthermore, 

microinjection of the excitatory amino acid glutamate into the RVM also produced signs 
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of facilitation (Jensen and Yaksh, 1992; Zhuo and Gebhart, 1997; Coutinho et al., 1998).  

Thermal hyperalgesia has been blocked by RVM lidocaine (Kovelowski et al., 2000).  

Cells of the RVM are primarily implicated in the descending modulation of spinal dorsal 

horn cells and of nociception originated from skin (Basbaum and Fields, 1984; Fields and 

Heinricher, 1985), cornea (Harasawa et al., 2000), cardiopulmonary sympathetic system 

(Chapman et al., 1985), and viscera (Cervero et al., 1985; Cervero and Tattersall, 1986; 

Tattersall et al., 1986; Holt et al., 1991; Urban et al., 1999; Robinson et al., 2002).  

The primary afferents to the RVM arise from the PAG, PBN, and NTS (Fields et 

al., 1991; for review see Millan, 2002).   Given the role of the PAG in modulation of 

nociception, the projection to the RVM from the PAG presents an interesting connection 

(Van Bockstaele et al., 1991; Odeh and Antal, 2001).  Neurons in the PAG contain 

enkephalin (Moss et al., 1983), substance P (SP) (Barbaresi, 1998) and GABA (Williams 

and Beitz, 1990).  Microinjection of neurotensin into the PAG has been found to 

specifically excite neurons that project to the RVM. While the exact connections between 

the PAG and RVM remain unclear, studies have shown that this connection may be at 

least partially GABA mediated (Moreau and Fields, 1986; Cho and Basbaum, 1991) and 

is regulated by opioids injected into the PAG (Tortorici and Vanegas, 1994; Odeh and 

Antal, 2001).  Additionally, this connection is likely reciprocal and may involve 

adrenergic projections (Herbert and Saper, 1992).   

The innervation between the PAG and RVM remains to be completely 

characterized, however several studies have shown that descending facilitation from the 

RVM may be driven endogenously by cholecystokinin (CCK) (Kovelowski et al., 2000; 
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Friedrich and Gebhart, 2003) and inhibition is regulated by GABAergic interneurons 

(Moreau and Fields, 1986; Cho and Basbaum, 1991; Heinricher et al., 1991; Gilbert and 

Franklin, 2001).  Additionally some cell bodies in the RVM have been shown to be 

serotonergic (Zhuo and Gebhart, 1991; Potrebic et al., 1994) as are fibers of the DLF 

(Westlund et al., 1992).  As described above, descending serotonergic projections from 

RVM mediate central sensitization in the spinal cord in neuropathic pain (Todd, 2002; 

Suzuki and Dickenson, 2005).  Enkephalin and endorphins also modulate RVM activity 

(Skinner et al., 1997; Hurley and Hammond, 2001).  Importantly, neurons of the RVM 

project via the dorsolateral funiculus (DLF) to laminae I, II and V of the spinal cord, 

placing their terminals in intimate contact with nociceptive primary afferent inputs 

(Fields et al. 1995).  Electrical stimulation of the DLF elicits excitation in the dorsal horn 

(i.e. facilitation) (McMahon and Wall, 1983; McMahon and Wall, 1985) while lesions of 

the DLF block acute and SNL induced neuropathic pain (Basbaum and Fields, 1979; 

Wall et al., 1988; Ossipov et al., 2000). 

There are three classes of neurons that have been experimentally identified in the 

RVM by their electrophysiological responses to noxious heating of the tail (figure 1.2) 

(Fields et al., 1983; Fields and Heinricher, 1985; Fields and Basbaum, 1999).  The “OFF”- 

cells are tonically active and are characterized by a pause in their firing just prior to a 

behavioral withdrawal response to a thermal nociceptive stimulus.  The “ON”-cells in 

contrast are generally quiescent, but immediately prior to a behavioral nocifensive 

response, these cells become active or increase their firing rate (Fields et al., 1983; Fields 

and Heinricher, 1989).  This activity has been correlated to the intensity of the reflex 
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(Fields and Basbaum, 1999).  The third class of cells, so called “neutral cells” were 

classified by their apparent lack of correlation to the thermal nocifensive reflex (Fields et 

al., 1983; Fields and Heinricher, 1985).  Neutral cells demonstrate high densities of 5-HT 

immunoreactivity (Potrebic et al., 1995).   This further supports the role of serotonin is in 

the descending modulation both in the RVM and in descending pathways. Recent studies, 

have also suggested that neutral cells respond as either ON or OFF cells in response to 

pinch (Ellrich et al., 2000).   These cells may also be involved in regulation of body 

temperature (Heinricher, 2006).  Several studies have shown that morphine (and other 

opioids) both directly and indirectly modulate ON and OFF cells.  ON cells are directly 

inhibited by morphine (Fields and Heinricher, 1985; Heinricher et al., 1992) while OFF 

cells are activated by morphine by way of GABAergic disinhibition (Fields et al., 1991). 

Based on the electrophysiology of the ON and OFF cell it has been proposed that 

these cells may drive descending facilitation and inhibition respectively.  Both ON and 

OFF cells are activated by stimulation of the PAG and both project to laminae I, II and V 

of the dorsal horn (Fields et al., 1995). Since OFF cells are excited by morphine in the 

RVM via GABAergic disinhibition, this is most consistent with RVM suppression of 

nociception (Fields et al., 1991). While OFF cells may promote descending pain 

inhibition, it is believed that ON cells drive descending facilitation (Ossipov et al., 2000; 

Porreca et al., 2002).  ON cell activity is increased by noxious stimuli, however this can 

be blocked by lidocaine injected into the RVM (Morgan and Fields, 1994).  Additionally, 

morphine inhibition of ON cell activity corresponds to the analgesia seen with opioid 

injection into the RVM (Heinricher et al., 1992).  It has also been shown that ON-cells 
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express the µ-opioid receptor (MOR) (Heinricher et al., 1994).  Ablation of MOR 

expressing cells in the RVM inhibits neuropathic pain (Porreca et al., 2001). Saporin is a 

cytotoxin that can be conjugated to a number of agonists in order to target cells 

expressing specific receptors.  The cytotoxic actions of saporin have been conjugated to 

dermorphin (a potent µ-opioid agonist) in order to target cells in the RVM expressing µ-

opioid receptors.  MOR expressing cells in the RMV are putative ON-cells since they are 

the only cells in the RVM whose activity is inhibited by locally applied µ-opioids 

(Heinricher et al., 1994).  It has been found that the selective ablation of MOR expressing 

cells in the RVM using dermorphin-saporin can reverse neuropathic pain (Burgess et al., 

2000; Porreca et al., 2001; Burgess et al., 2002) suggesting that ON cell activity is 

necessary for the maintenance of neuropathic pain resulting form SNL. Based on these 

findings, it is hypothesized that ON cells are responsible for descending facilitation.   The 

mechanisms in the RVM that may drive this descending facilitation in states of 

neuropathic pain remain unclear.  One such mechanism that will be presented herein is 

cholecystokinin (CCK).   

 

 

1.2 Opioids 

 1.2.1 Receptors and distribution 

Three major types of opioid receptors have been identified in the mammalian 

CNS: µ, δ, and κ (Goldstein and Naidu, 1989). These were initially defined by binding 

and distribution studies (Kuhar et al., 1973; Pert and Snyder, 1973a, b; Lord et al., 1977).  
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Cloning studies (Evans et al., 1992; Kieffer et al., 1992) indicate that the opioid receptors 

are part of the G-protein coupled receptor super-family.  These receptors are generally 

characterized by seven-transmembrane spanning domains and are associated with 

heterotrimeric G–proteins whereby the receptors employ a second messenger signaling 

cascade (for review see Childers, 1991).  A fourth subtype; the “orphan” opioid-like 

receptor (ORL-1), has also been suggested based on sequence homology to the classic 

receptors, however ORL-1 presents conflicting pharmacological characteristics (Bunzow 

et al., 1994; Connor et al., 1996; Darland et al., 1998; Vanderah et al., 1998; Heinricher, 

2003) and is distinct from the µ, δ, and κ receptors (Xu et al., 2000). 

The distribution of opioid receptors in the central and peripheral nervous systems 

(CNS/PNS) have been well characterized using autoradiography, radioligand binding, 

immunohistochemistry and in situ hybridization (Atweh and Kuhar, 1977; Besse et al., 

1991; Mansour et al., 1994, 1995).  The µ, δ, and κ opioid receptors are expressed in C 

and Aδ fibers with cell bodies in the dorsal root ganglia (DRG) and projections to the 

superficial laminae of the spinal cord (Dado et al., 1993; Ji et al., 1995).  Additionally 

opioid receptors have been shown on second order neurons in these superficial laminae.  

This distribution is consistent with sites of nociception and anti-nociception.  Several 

studies have also found that µ-opioid receptors are co-expressed on cells which are 

immunoreactive for substance-P and substance-P mRNA (up to 90% co-expression) (Li 

et al., 1998).  Supraspinally, opioid receptors can be found in a variety of regions 

including the frontal cortex, thalamus, hypothalamus, hippocampus, amygdala, nucleus 



 31 

accumbens, periaqueductal grey (PAG), the medial raphe nucleus, locus coeruleus, 

pontobulbar structures, and raphe magnus (for review see Satoh and Minami, 1995). 

 

 1.2.2 Opioid receptor signal transduction  

 Many exogenous and endogenous ligands have been identified for each of the 

opioid receptors (Table 1.1).  Many of these compounds (as well as derivatives thereof) 

are used clinically for the treatment of pain with morphine remaining the standard drug of 

choice.  Most of the clinical analgesics, including morphine, show greater affinity for the 

µ opioid receptor (MOR) than the δ or κ receptors.  All three opioid receptors activate 

inhibitory second messenger pathways. While each of these receptors have differential 

affinities for the opioid ligands, the opioid receptors utilize similar second messenger 

signaling cascades.  These effects include inhibition of adenylyl cyclase, activation of 

potassium conductance, inhibition of calcium conductance, and inhibition of transmitter 

release (figure 1.3) (Williams, 2001).   

By coupling with petussis toxin-sensitive Gi/o the opioid receptors inhibit adenylyl 

cyclase (AC) activity via the α-subunit and thereby decrease the intracellular cAMP 

concentrations.  This decrease in cAMP causes a negative shift in the voltage dependent 

current (Ih) in the membrane potential.  This shift hyperpolarizes the cell thereby 

inhibiting activity.  In this way, opioid agonists decrease the excitability of cells 

expressing opioid receptors.  Additionally, it has been suggested that adenylyl cyclase 

can directly affect presynaptic transmitter release (Vaughan et al., 1997) producing 

further inhibitory effects.  
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While the α-subunit exerts it’s effect via adenylyl cyclase, the β/γ-subunits can have a 

direct effect on membrane potential by triggering the G-protein activated inwardly 

rectifying potassium channels (GIRK) (Jan and Jan, 1997).  The influx of potassium 

contributes to the hyperpolarizing effect seen from the administration of opioid agonist.  

β/γ subunits have also been shown to inhibit calcium currents following opioid receptor 

activation (Wilding et al., 1995) thus causing further inhibition. 

It has also been found that activation of opioid receptors can initiate MAP kinase 

(MAPK) signaling cascades. Receptor activation has been connected to MAPK via three 

pathways: 1) G protein β/γ-subunits can activate phosphatidylinositol-3 kinase (PI3K) 

which, through a series of phosphorylation steps, activates MAPK (Hawes et al., 1996); 

2) phosphorylation and internalization of receptors into clathrin coated pits activates the 

MAPK signaling pathway (Ignatova et al., 1999) and 3) MAPK can be activated by 

protein kinase A (PKA) in the CNS (Impey et al., 1999).  Once MAPK is activated, it can 

phosphorylate targets in the cytoplasm or it can be translocated into the nucleus to affect 

gene regulation of various transcription factors. 

There are several functional effects of opioid receptor activation.  These include 

analgesia, repertory depression, decreased gastrointestinal motility and euphoria (for µ 

and δ receptors). κ opioid receptor activation can have mixed effects.  While potentially 

analgesic for visceral pain (Riviere, 2004), κ agonists can also block opioid analgesia 

(Pan et al., 1997; Pan, 1998) and have been demonstrated to be dysphoric.  These 

agonists are rarely used clinically (Eisenach et al., 2003). 
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 1.2.3 Opioids and antinociceptive tolerance  

Opioids, and morphine in particular, remain the primary pharmacological 

treatment for pain.  While highly efficacious for acute pain, opioids are less successful for 

the treatment of chronic pain.  This is due to the development of antinociceptive tolerance 

(Way et al., 1969; Foley, 1993, 1995).  It should be noted that opioid tolerance is not 

limited to the antinociceptive properties and can occur in all physiological opioid 

responses.  Tolerance is defined as an increasing dose requirement higher than initial 

doses to achieve the same effect and is pharmacologically characterized by a rightward 

shift in the dose response curve (figure 1.4).  While the exact mechanisms that mediate 

opioid antinociceptive tolerance have not been fully identified, it is believed that opioid 

tolerance is mediated by four general principles: 1) acute receptor desensitization to 

effector coupling; 2) receptor internalization; 3) down regulation of receptors; and 4) 

adaptations in neuronal circuitry.  Many studies have focused on the first three 

adaptations, which occur at the cellular level.   

Receptor desensitization refers to the process by which the functional coupling of 

a receptor to a G-protein or second messenger pathway is reduced therefore reducing the 

affinity of the receptor for opioid agonists.  As with many GPCRs, opioid receptor 

activation can lead to rapid phosphorylation of the receptor by PKC, PKA, 

Calcium/calmodulin-dependent protein kinase (CaM kinase) and the G protein-coupled 

receptor kinases (GRKs) (Lucas et al., 1997; Hurle, 2001).  In the case of GRKs, this 

phosphorylation can lead to the association of β-arrestin 1 and 2.  β-arrestin association 

prevents the receptor from coupling with the G protein further reducing the receptor 
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affinity (rapid desensitization) (Bohn et al., 1999, 2002).  Desensitization of the receptors 

may be partially responsible for opioid antinociceptive tolerance.  As receptor affinity 

decreases, higher doses of the drug are necessary to achieve the initial response.  

Desensitization generally occurs over the course of minutes to hours, while behavioral 

tolerance generally occurs over a longer time frame.  It is likely that desensitization is a 

“first step” in the tolerance cascade, however this doe not sufficiently explain the long 

term behavioral tolerance seen in humans and animals. 

Receptor internalization is closely related to receptor desensitization.  With the 

possible exception of morphine, most µ-opioid agonists such as DAMGO induce MOR 

phosphorylation (Arden et al., 1995; Yu et al., 1997; Keith et al., 1998). Phosphorylation 

and the resultant β-arrestin association cause clathrin-coated vesicle mediated receptor 

internalization.  The β-arrestin-receptor complex forms a clathrin-coated pit, which 

subsequently undergoes dynamin-dependent fission from the plasma membrane and then 

fuses into an early endosome (endocytosis) (Lee et al., 2002). Once receptors are 

internalized, endosomes containing receptors can be fused with lysosomes where 

receptors are proteolytically degraded (down regulation) or, alternatively, the receptors in 

endosomes are dephosphorylated, resensitized and recycled back to the cell membrane 

(resensitization).  MORs are largely recycled following their endocytosis, whereas DORs 

are mostly degraded by the lysosome (Finn and Whistler, 2001; Whistler et al., 2002) .  

Internalization of receptors mean there are fewer receptors on the surface of the cell 

available for agonist binding.  This processes is generally slower than desensitization, 

occurring over the course of days.  As with desensitization though, the decrease in 
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available receptors due to internalization results in a requirement for higher doses to 

achieve the initial response.   

In contrast to GRK-phosphorylation CaM kinase and PKC-mediated 

phosphorylation does not lead to rapid receptor internalization.  Morphine may use these 

pathways to desensitize MOR and induce tolerance. Recent findings support this 

hypothesis: when PKC inhibitor is present, morphine can rapidly internalize MOR in 

Chinese Hamster Ovary cells expressing MOR (Ueda et al., 1995); CaM kinase inhibitors 

similarly inhibit MOR phosphorylation (Mestek et al., 1995; Wang et al., 1996).   

It has been suggested that down-regulation of the opioid receptor may cause 

antinociceptive tolerance. Opioid receptor activation can cause a decrease in gene 

expression such that there would be a reduction in the number of opiate receptors 

synthesized and thus a decreased membrane expression.  While chronic opioid treatment 

has been shown to result in down-regulation of opioid receptors in vitro, (Rothman et al., 

1993; Yoburn et al., 1993; Diaz et al., 1995; Chen et al., 1997; Diaz et al., 2000; Law et 

al., 2000), in vivo studies have been less clear (Rothman et al., 1993; Yoburn et al., 

1993).  Many studies have show that while chronic opioid treatment can lead to a 

decrease in the opioid receptor protein, the receptor mRNA often remains unchanged.  

For example, sustained (5 day) i.c.v. treatment with [D-Ala2] deltorphin II produced 

tolerance, but did not produce a decrease in DOR mRNA (Kest et al., 1994).  While it 

seems logical that decreased receptor concentrations found following sustained opioid 

administration might be due to decreased transcription, this mechanism is likely only 

slightly involved in opioid antinociceptive tolerance. 
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Each of the cellular mechanisms presented above contributes to opiate tolerance 

however; these mechanisms alone are not sufficient to account for the degree and speed 

of opiate antinociceptive tolerance.   It has been suggested that other receptors, 

specifically the NMDA glutamate receptor, may play a role in opiate tolerance (Liaw et 

al., 1996; Bhargava and Thorat, 1997; Mao et al., 1998; Hsu and Wong, 2000; Mao and 

Mayer, 2001).  NMDA antagonists such as MK-801 and LY235959 have been shown to 

inhibit opiate antinociceptive tolerance (Mao et al., 1998; Allen and Dykstra, 2000).  

Both opioid and NMDA receptors are highly expressed in the dorsal horn of the spinal 

cord, particularly in lamina II (Mao, 1999).  Though the exact mechanism by which the 

NMDA receptor mediates opiate tolerance is not fully understood, it is believed to be 

caused by Ca2+ influx (Mao et al., 1995; Mao, 1999).   Activation of NMDA receptors 

allows the influx of Ca2+ that can in turn activate calcium/calmodulin –dependent protein 

kinases (CaMkinases; CaMKs).  CaMKs have been implicated in synaptic plasticity in 

learning and memory and may play a similar role in central sensitization and 

antinociceptive tolerance.  CaMKs can regulate neurotransmitter synthesis via tyrosine 

hydroxylase; they may also desensitize opioid receptors by direct phosphorylation. 

Studies have also shown that excitatory amino acids (EAA) are necessary for the 

development of opioid antinociceptive tolerance similar to that following tissue injury 

(Marek et al., 1991; Trujillo and Akil, 1991).    

Many studies have focused on changes occurring at the cellular level in order to 

gain an appreciation of the mechanisms that drive the development of antinociceptive 

tolerance (Sabbe and Yaksh, 1990; Childers, 1991; Trujillo and Akil, 1991; Mayer et al., 
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1995, 1999; Bohn et al., 2000).  While these changes are clearly relevant and important to 

observations made using intact “physiological” systems, our current level of 

understanding does not allow us to directly relate cellular mechanisms with opioid-

induced changes at the systems level.  Mechanistic interpretation of preclinical studies of 

opioid antinociceptive tolerance is particularly difficult as many substances have been 

shown to reverse established opioid (usually morphine) tolerance and some substances 

have been shown to prevent the development of opioid antinociceptive tolerance.  These 

include, among others, CGRP antagonists (Menard et al., 1995; Powell et al., 2001), 

nitric oxide synthase (NOS) inhibitors (Babey et al., 1994; Zhao and Bhargava, 1996; 

Powell et al., 1999), calcium channel blockers (Michaluk et al., 1998), cyclooxygenase 

inhibitors (Powell et al. 1999), protein kinase C inhibitors (Mao et al., 1995), competitive 

and non-competitive NMDA antagonists (Mao et al., 1998; Allen and Dykstra, 2000), 

AMPA antagonists (Kest et al., 1997), dynorphin antiserum (Vanderah et al., 2000) and 

CCK antagonists (Dourish et al., 1990; Kellstein and Mayer, 1991; Xu et al., 1992).  

Each of these systems have also been shown to be excitatory and pronociceptive, further 

supporting the counter-adaptive nature of opioid tolerance.  

 1.2.4 Opioid induced abnormal pain 

Tolerance may simply reflect an increased opioid need due to a paradoxical 

opioid-induced hypersensitivity to nociception (Ali, 1986; Arner and Meyerson, 1988; 

Devulder, 1997) Preclinical studies have shown that long-term opioids can elicit 

abnormal pain states manifested as paradoxical algesia and hyperesthesias (Woolf, 1981; 

Yaksh and Harty, 1988; Trujillo and Akil, 1991; Mao et al., 1995). The development of 
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thermal hyperalgesia in response to either repeated injections or constant infusion of 

morphine has also been reported (Trujillo and Akil, 1991; Mao et al., 1994, 1995).  Thus, 

opioids given over time may maintain their level of efficacy, but the concurrent 

development of hyperalgesia could serve to counteract the antinociceptive effect of 

opioids, producing an impression of tolerance (Colpaert, 1996; Laulin et al., 1998; Laulin 

et al., 1999). It has also been suggested that “opioid-induced” hyperalgesia is the result of 

an unmasking of a compensatory neuronal hyperactivity in response to morphine-induced 

inhibition of neuronal function. This enhanced response becomes evident whenever the 

opioid is removed.  Therefore, opioid-induced hyperalgesia might be interpreted as a 

result of repeated episodes of opioid withdrawal (“mini-withdrawals”) (Gutstein, 1996).  

Studies of abnormal pain consequent to long-term (i.e., days to weeks) opioid 

administration that use paradigms of repeated injection are generally subject to this 

criticism (Trujillo and Akil, 1991; Mao et al., 1994, 1995). It has recently been 

demonstrated that the continuous exposure to opioids, either by osmotic mini-pump 

infusions of s.c. morphine, or by morphine pellet implantation, produced behavioral signs 

of abnormal pain, manifested as increased sensitivity to normally non-noxious probing of 

the paw with von Frey filaments (perhaps suggestive of states of tactile allodynia) and 

thermal hyperalgesia (Vanderah et al., 2000b; Vanderah et al., 2001a, b). These animals 

also demonstrate antinociceptive tolerance as shown by significant rightward shifts in the 

i.th. or s.c. morphine dose-response curves (Vanderah et al. 2000; Vanderah et al. 2001b).  

Importantly, abnormal pain and tolerance are present while the morphine was still being 

administered to the animals. The demonstration of abnormal pain during the continuous 
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delivery of morphine, through mini-pumps and pellets, minimizes concerns that the 

sensory changes were due to the development of states of “mini-withdrawals” and 

supports previous suggestions that opioids produce increased and paradoxical states of 

“pain”.   

Morphine-induced pain may result from descending facilitation in the RVM.  

Microinjection of lidocaine directly into the RVM reversibly blocked morphine pellet 

induced pain while there was no effect on placebo pelleted animals (Vanderah et al. 

2000; Vanderah et al. 2001a, b).  As described above, the RVM is a critical region with 

respect to nociceptive processing and modulation, receiving indirect input from the spinal 

cord and from rostral sites with projections to the spinal dorsal horn (Fields and Basbaum 

1999; Fields et al. 1983; Fields and Heinricher 1985).  Facilitation of nociception may be 

driven by increased ON-cell activity, and therefore may underlie the development of 

abnormal pain states subsequent to opioid exposure.  Continuous exposure to morphine 

has been shown to produce abnormal pain that was reversibly blocked by RVM lidocaine 

suggesting tonic discharge of cells in the RVM as mediators of the pain (Vanderah et al. 

2001b). Additionally, RVM lidocaine reversed antinociceptive tolerance to i.th. or s.c. 

morphine in rats with s.c. morphine pellets (Vanderah et al. 2001b).  

As with neuropathic pain described above, RVM administration of dermorphin-

saporin blocked opioid-induced pain as well as the behavioral manifestation of opioid 

antinociceptive tolerance (Vanderah, Lai, Gardell, Porreca; unpublished data).  Bilateral 

disruption of the DLF also blocked opioid-induced pain and antinociceptive tolerance 

(Vanderah et al. 2001b). These data support the possibility that descending facilitation 
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from RVM serves to promote a facilitated pain state, which may manifest behaviorally as 

antinociceptive “tolerance”.  

For this reason, it is suggested that the similarity in the activity of the endogenous 

systems, linked to modulation of opioid antinociceptive tolerance by blockers or 

inhibitors, is promoting opioid tolerance (Vanderah et al., 2001). One common aspect of 

the action of many of these endogenous systems is their ability to promote experimental 

pain. In this way, pain might be viewed as a “physiological antagonist of antinociception” 

(or analgesia, clinically) and thus, increased pain may manifest as “opioid antinociceptive 

tolerance” (Vanderah et al., 2000; Vanderah et al., 2001a,b).  

 

1.3 Cholecystokinin (CCK) 

 1.3.1 CCK receptors and distribution   

 Cholecystokinin was first characterized by Ivy and Oldberg (1928) as a 

gastrointestinal hormone that contracts the gall bladder.  Vanderhaegen and colleagues 

first identified CCK in the central nervous system in 1975 (Vanderhaeghen et al., 1975).  

Subsequent studies of CCK and CCK mRNA distribution showed that CCK is one of the 

most abundant and widely distributed neuropeptides in the mammalian CNS (Dockray, 

1976; Muller et al., 1977; Rehfeld, 1978; Innis and Snyder, 1980).  

 The active forms of CCK are all derived from preproCCK, a 115 amino acid 

peptide (Deschenes et al., 1984; Gubler et al., 1987).  PreproCCK can be cleaved into 

CCK-58, 47, 39, 33, 22, 8, and -4 peptides depending on species and tissue types 

(Rehfeld, 1978; Fan et al., 1987; Johnsen and Rehfeld, 1992). Of these, the C-terminal 
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sulfated octapeptide (CCK-8s), Asp-Tyr(SO3H)-Met-Gly-Try-Met-Asp-Phe-NH2, is 

relatively conserved across species, and seems to be the minimum sequence necessary for 

the full biological profile of CCK (Crawley and Corwin, 1994).   The sulfated octapeptide 

CCK-8s is found in heterogeneous distributions throughout the brain and spinal cord 

(Savasta et al., 1988; Yaksh et al., 1988). CCK co-localizes with classic transmitters in 

nerve terminals, and is most likely stored in morphologically distinct vesicles at remote 

sites from the active zone where the classic transmitters are secreted (Zhu et al., 1986; 

Verhage et al., 1991). These vesicles have a larger diameter, around 100 nm, and are 

“dense-cored” under the electron microscope due to the accumulation of soluble peptide.   

As with classic neurotransmitters, CCK-8 is released from the presynaptic terminal 

following membrane depolarization and the subsequent Ca2+ influx. Experimental 

elevation of extracellular K+ concentration can rapidly depolarize the plasma membrane 

and trigger CCK release (Raiteri et al., 1993; You et al., 1994). After its release, CCK is 

rapidly hydrolyzed by extracellular peptidases. Tripeptidyl peptidase II, a serine 

peptidase, might be responsible for the selective inactivation of endogenous CCK (Rose 

et al., 1988, 1996) in addition to diffusion within synapses and hydrolysis by non-specific 

endopeptidases. Therefore, peptidase inhibitors such as bacitracin are used in the 

collection and assays of CCK to optimize measurement of CCK. 

Two CCK receptor subtype populations have been identified; CCK1 (previously 

CCK-A) is most prevalent in the digestive system and CCK2 (previously CCK-B), which 

is predominantly in the CNS (Innis and Snyder, 1980; Moran et al., 1986; Baber et al., 

1989; Wank et al., 1994).  This distributional separation is more prevalent in rodents 
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where CCK2 receptors are found in the brain, spinal cord and DRG whereas in primates 

the CCK1 receptor subtype predominates in the spinal cord and CCK2 receptors 

predominate in the brain (Hill et al., 1988; Ghilardi et al., 1992; Mercer et al., 1996). 

Both CCK receptors have been cloned and were found to belong to the GPCR family 

with seven transmembrane domains (Wank et al., 1994).  Table 1.2 illustrates the 

different distribution, agonists, antagonists and functions of CCK1 and CCK2 receptors.  

 The signal transduction pathway for CCK1 has been extensively characterized in 

pancreatic acinar cells.  Binding of CCK to the CCK1 receptor ultimately produces 

digestive enzyme secretion (e.g. amylase).  Activation of the CCK1 receptor leads to 

activation of the Gq/11 G proteins.  The α subunit of the G protein activates PLC, which in 

turn hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol trisphosphate 

(IP3) and diacylglycerol (DAG).  IP3 can then bind to the intracellular ligand gated ion 

channel receptor IP3R and thereby release intracellular Ca2+.  Simultaneous translocation 

of DAG activates protein kinase C (PKC) which can in turn phosphorylate several 

proteins.  The elevated Ca2+ and PKC activity lead to enzyme secretion (Pandol et al., 

1985). It has also been reported that CCK1 receptor activation in rats may be coupled to 

the phospholipase A2 (PLA2)/arachidonic acid pathway to mediate Ca2+ and enzyme 

secretion (Yule et al., 1993; Yoshida et al., 1997).  

In contrast to the CCK1 receptor signal transduction pathway, the CCK2 receptor 

cascade is less thoroughly characterized primarily due to the difficulty in isolating 

neurons selectively expressing the CCK2 receptor.  Studies using Chinese hamster ovary 

(CHO) cells stably transfected with rat CCK2 receptor cDNA, showed that CCK2 
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receptors utilize a similar pathway to that of CCK1 receptors.  That is, a PTX-insensitive 

G-protein (Gq/11) coupled to activation of PLC and subsequent increase in intracellular 

Ca2+ (Tsunoda and Owyang, 1993). 

As described above, CCK1 receptors are primarily located in the gastrointestinal 

tract and function to facilitate digestion and satiety. CCK2 receptors are located 

throughout in the brain and spinal cord and function to mediate anxiety, learning and 

memory, and notably, nociception. Autoradiography and radioligand binding studies have 

shown CCK1 receptors in relatively high concentrations in pancreatic acinar cells, gall 

bladder, and ileum (Jensen et al., 1980; Davison and Najafi-Farashah, 1981).  In addition, 

CCK1 receptors have been found in some CNS loci, including the nucleus tractus 

solitarius, the area postrema, and the interpedencular nucleus in (Moran et al., 1986; Hill 

et al., 1988).  In rats, CCK1 receptors are also seen in the vagus nerve (Corp et al., 1993).  

CCK2 receptors are widely distributed throughout the CNS, including cerebral cortex, 

olfactory bulb, nucleus accumbens, caudate nucleus, hippocampus, hypothalamus, 

amygdala, substantia nigra, ventral tegmental area, dorsal raphe, cerebellum and vagus 

nerve (Innis and Snyder, 1980; Moran et al., 1986; Goldman et al., 1987; Pelaprat et al., 

1987; Corp et al., 1993; Mercer et al., 1996).   

 Several agonist and antagonists have been synthesized for the CCK receptors.  

CCK-8s, the endogenously active form of CCK is most often used for agonist studies, 

though caerulein has also been used to stimulate CCK receptors (Zetler, 1985; Pittaway et 

al., 1987). Proglumide is a nonspecific CCK antagonist (CCK1 and CCK2) (Maton et al., 

1986) L364,718 (or Devazepide/MK329) is a highly potent CCK1 antagonist (Chang et 
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al., 1985) while L365,260 is selective CCK2 antagonist (Lotti and Chang, 1989).  Both 

bind reversibly to their respective receptors and are nonpeptide derivatives of 

benzodiazepine. 

Notably, the distributions of CCK and of CCK receptors in the CNS show 

significant overlap with the distributions of endogenous opioid peptides (Stengaard-

Pedersen and Larsson, 1981) and receptors (Ghilardi et al., 1992).  Importantly, 

immunoreactivity for CCK has been found in periaqueductal gray (PAG), raphe nuclei 

and the medullary reticular formation (Hokfelt et al., 1988; Barber and Yuan, 1989; 

Vaughan et al., 1997).  CCK and enkephalins have been found to be co-localized in 

axonal projections from PAG neurons and coincide with the terminations of 

spinothalamic tract neurons (Gall et al., 1987).  Furthermore, nerve terminals of CCK and 

enkephalin-containing neurons overlap in the PAG and RVM, strongly suggesting that 

these neurotransmitters are likely to exert mutually modulatory effects (Skinner et al., 

1997). CCK-containing projections from the RVM to the spinal cord have been 

visualized (Mantyh and Hunt, 1984).  Under normal conditions, CCK is not found in the 

dorsal root ganglia (DRG) or terminals of primary afferents of non-primates, but is 

detected in the superficial laminae of the spinal cord (Hokfelt et al., 1988; Stanfa and 

Dickenson, 1993; Verge et al., 1993).  Spinal CCK is derived from descending projection 

and interneurons (Barber and Yuan, 1989). 

 1.3.2 CCK system functions 

 The physiological functions of CCK vary greatly in regard to location and 

receptor subtype.  CCK in the enteric system helps to regulate digestion, feeding and 
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satiety. CCK also effects learning and memory, anxiety, helps in the regulation of body 

temperature, and most notably, pain and analgesia.  As suggested above, CCK and the 

CCK receptors are highly distributed throughout the CNS and enteric system.  As with 

many neuropeptides, the effects of CCK are generally modulatory in nature, augmenting 

or inhibiting physiological responses.  Most applications of CCK, either systemic or 

iotophoretic, induce excitatory actions on neurons or secretory cells  (Jeftinija et al., 

1981; Salt and Hill, 1982; Dahl, 1987; Boden et al., 1991).  As a modulator, CCK can 

often potentiate the inhibitory actions of other neurotransmitters such as dopamine  

(Skirboll et al., 1986) or may disinhibit tonic inhibition via GABA (Heinricher and 

McGaraughty, 1996). 

 The function of CCK has been most extensively characterized in the digestive 

system where it was first discovered.  As described above, CCK has been implicated in 

gall bladder function. Increases in CCK plasma level causes contraction of the gall 

bladder (Liddle et al., 1985) via activation of CCK1 receptors.  CCK also acts at CCK1 

receptors on pancreatic acinar cells to produce amylase secretion (Jensen et al., 1980).  

Gastric emptying is also modulated by CCK.   Acting via the vagus nerve, CCK can 

produce contraction of the pyloric sphincter and relaxation of the proximal stomach to 

slow gastric emptying (Chey et al., 1970; Liddle et al., 1986; Dockray, 1991).  CCK may 

also directly stimulate gastric acid secretion.  CCK is closely related to the peptide gastrin 

and may function to augment or inhibit gastrin-stimulated acid secretion by way of both 

the CCK1 and CCK2 receptor (for review see Herz et al., 1970) 

 Cholecystokinin has been shown to act as a hormone to regulate several 
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behaviors.  One such direct effect is mediated by the release of CCK from the intestine 

during feeding.  It has been found that CCK, most likely acting in the periphery, reduces 

feeding behavior in animals and humans (Gibbs et al., 1973; Garlicki et al., 1990; Smith 

and Gibbs, 1992).  While less well characterized, CCK has also been shown to modulated 

body temperature.  CCK administration (s.c., i.c.v. and iontophoretically) acts on neurons 

in the preoptic area to decrease core body temperature in rats (Zetler, 1985).   

 The high density of CCK immunoreactive neurons in the frontal cortex, 

hippocampus and amygdala suggest that CCK may play a role in learning a memory.  

Systemic administration of CCK and CCK agonists decreased memory in appetitive 

memory (radial arm maze), but enhanced memory duration in active avoidance tasks 

(Itoh et al., 1989; Harro and Vasar, 1991).  This effect however may be due to the role of 

CCK in satiety and anxiety more so than in active learning. 

 Substantial evidence suggests that CCK in the brain may promote anxiety in both 

animals and humans (Bradwejn and de Montigny, 1984; Bradwejn et al., 1991; Harro and 

Vasar, 1991; Abelson, 1995; Thang To and Bagdy, 1999; Becker et al., 2001).  It is 

believed that this effect is mediated by CCK 2 receptors in the cortex, hippocampus and 

amygdala.  CCK2 receptor antagonists such as L365,260, CI-988, and BC-264, have 

shown good anxiolytic activities and may be effective treatments for panic disorder 

(Abelson, 1995). 

Early reports suggested that CCK might be antinociceptive; however, such results 

have been inconsistent and accompanied by other behavioral signs such as ptosis and 

sedation (Barber and Yuan, 1989). In contrast, i.c.v. or i.th CCK has been reported to be 
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hyperalgesic, and RVM CCK excited dorsal horn unit activity, an action consistent with a 

pronociceptive role (Jeftinija et al., 1981; Pittaway et al., 1987; Hong and Takemori, 

1989). Additionally, it has been demonstrated that the microinjection of CCK into the 

RVM of normal rats produced behavioral signs of pain demonstrated by reversible 

increased sensitivity to normally non-noxious mechanical stimuli and to noxious thermal 

hyperalgesia (Kovelowski et al., 2000; Xie et al., 2005).  The RVM administration of the 

CCK2 antagonist L365,260 produced a reversible block of pain elicited by experimental 

nerve injury (Kovelowski et al., 2000; Xie et al., 2005), visceral pain (Friedrich and 

Gebhart, 2003) and opioid induced pain (Xie et al., 2005). Further, spinal CCK 

antagonists blocked hyperalgesia produced by neurotensin administered into the RVM, 

again demonstrating a role for CCK in promoting hyperalgesia (Urban et al., 1996). 

Except where L365,260 produced a biphasic antinociceptive effect in squirrel monkeys 

(O'Neill et al., 1990), CCK antagonists alone have not produced an antinociceptive effect, 

again indicating that CCK does not  mediate tonic facilitation in the normal condition 

(Wiesenfeld-Hallin et al., 2002).   CCK antagonists have also been shown to enhance the 

effect of opioids for the treatment of neuropathic pain.  In a rat model of visceral pain, 

both proglumide and L365,260 administration in the RVM significantly enhanced the 

effect of morphine (Friedrich and Gebhart, 2000).  Similarly, while allodynia from nerve 

injury is generally resistant to morphine analgesia, i.th. co-administration of morphine 

with L365,260 produced significant antiallodynia (Nichols et al., 1995).  While the exact 

mechanisms by which CCK acts to modulate neuropathic pain remain unclear, these data 
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suggest that CCK in both the spinal cord and RVM may act as an endogenous pain 

facilitatory signal (Heinricher and Neubert, 2004). 

 1.3.3 CCK neuropathic pain and antinociceptive tolerance 

Numerous studies have demonstrated CCK-mediated modulation of opioid 

antinociception. Spinal or systemic CCK blocked endogenous opioid-mediated 

footshock-induced antinociception (Faris et al., 1983). Exogenous CCK also blocked 

morphine-induced antinociception (Faris et al., 1983). CCK antagonists elicited an 

enhancement of morphine-induced antinociception however, these antagonists did not 

produce antinociceptive activity when given alone (Faris et al., 1983; Watkins et al., 

1985a, b; Dourish et al., 1988; Dourish et al., 1990; Suh and Tseng, 1990; Hughes et al., 

1991; Stanfa and Dickenson, 1993; Wiesenfeld-Hallin et al., 1999; Friedrich and 

Gebhart, 2000).  It has also been demonstrated that systemic L365,260; though inactive 

alone, significantly enhanced the antinociceptive effect of systemic or i.th. morphine in 

rats and mice (Ossipov et al., 1994; Nichols et al., 1995; Vanderah et al., 1996).  Knock-

down of the CCK2 receptor with i.c.v. antisense oligodeoxynucleotides also promoted 

morphine antinociception (Vanderah et al., 1994).  Finally, antinociception mediated by 

endogenous opioids and by blockade of “enkephalinases” was also enhanced by CCK 

antagonists (Watkins et al., 1985; Noble et al., 1993; Valverde et al., 1994; Vanderah et 

al., 1994). 

 The mechanisms by which CCK acts as an “anti-opioid” are currently unknown.  

It was suggested that CCK counteracts the opioid-induced inhibition of depolarization-

induced Ca2+ influx into primary afferent neurons by eliciting a mobilization of Ca2+ from 
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intracellular stores, thus maintaining nociceptive neurotransmitter release (Stanfa et al., 

1994).  More recently, it was found that CCK infused into the RVM blocked the 

antinociceptive effect of systemic morphine (Heinricher et al., 2001).  Although the 

circuitry is not fully understood, it appears that CCK may block the morphine-induced 

increase in firing of RVM “OFF”-cells (Heinricher et al., 2001).  These data present a 

model which suggests a balance between endogenous opioid and CCK activity such that 

they modulate each other’s activity (Xu et al., 1994; Wiesenfeld-Hallin et al., 1999; 

Ossipov et al., 2000).  Opioids promote CCK release that in turn modulates the 

antinociceptive activity of the opioid, acting as an endogenous regulatory system (Stanfa 

et al., 1994; Wiesenfeld-Hallin and Xu, 1996).  

Whereas CCK has been shown to modulate opioid antinociceptive activity, 

morphine in turn promotes CCK release, apparently keeping a balance between 

endogenous pronociceptive and antinociceptive systems (Zhou et al., 1992, 1993; Noble 

et al., 1993; Stanfa et al., 1994). Microdialysis techniques performed in vivo 

demonstrated that systemic and spinal morphine increased CSF levels of CCK (de Araujo 

Lucas et al., 1998; Gustafsson et al., 1999). Systemic morphine resulted in an 89% 

increase in CCK levels in spinal cord perfusate (Zhou et al., 1993).  Microdialysis studies 

also revealed a naloxone-reversible marked increase in extracellular CCK in the frontal 

cortex of conscious rats after systemic morphine (Becker et al., 1999, 2000). Importantly, 

this effect was mediated through the interaction of morphine with delta, rather than mu, 

opioid receptors (Becker et al. 1999). Recently, Stiller and colleagues have shown that 



 50 

morphine-induced CCK release in the spinal dorsal horn is also mediated by delta, rather 

than mu, opioid receptors (Gustafsson et al., 2001).   

While many theories have been advanced to explain the phenomenon of opioid 

tolerance, one of the most intriguing has been the suggestion of an “up regulation of 

endogenous anti-opioids,” although not specifically related to CCK (Rothman et al., 

1993). In keeping with this concept, the development of antinociceptive tolerance to 

morphine is indeed associated with an up regulation of CCK (Zhou et al., 1992; Ding and 

Bayer, 1993). Prolonged exposure to morphine results in an accelerated increase in CCK 

expression, which in turn further attenuates the antinociceptive effect of morphine, thus 

resulting in antinociceptive tolerance (Zhou et al., 1993).  For example, after 1, 3 and 6 

days of exposure to morphine, whole brain levels of proCCK mRNA increased by 52%, 

62% and 97%, respectively (Zhou et al., 1992). It has also been shown that a single s.c. 

injection of morphine produced 2- to 3-fold increases in CCK mRNA content in the 

hypothalamus and spinal cord (Ding and Bayer, 1993). The development of tolerance to 

morphine was accompanied by elevated CCK content in the amygdala (Pu et al., 1994; 

Mitchell et al., 2000).  Increased release of CCK has also been seen in cases of sustained 

morphine administration.  Microdialysis performed in spinal cord of morphine tolerant 

rats indicated increases in K+ evoked release of CCK in vivo (Gustafsson et al., 1999; 

Lucas et al., 1999). Sustained morphine administration also correlated with persistent 

release of CCK in the frontal cortex (Becker et al., 1999, 2000). 

 If elevated CCK levels and release underlie aspects of opioid antinociceptive 

tolerance, then it would be expected that CCK antagonists should block antinociceptive 
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tolerance. Numerous studies have demonstrated that the co-administration of CCK 

antagonists with morphine prevents the development of antinociceptive tolerance 

(Dourish et al., 1988, 1990; Kellstein and Mayer, 1991; Xu et al., 1992). Furthermore, 

behavioral signs of already established antinociceptive tolerance to morphine have been 

reversed by CCK antiserum or CCK2 antagonists at doses that did not potentiate 

morphine in naive rats (Ding et al., 1986; Hoffmann and Wiesenfeld-Hallin, 1994; Singh 

et al., 1996; Wiesenfeld-Hallin and Xiao-Jun, 1996).  This role of CCK to limit opioid 

antinociceptive tolerance may be mediated by delta opioid receptors (Becker et al., 2000; 

Gustafsson et al., 2001).  In summary, CCK is positioned as a prime candidate with 

regard to the enhancement of nociception because: (a) it acts as an endogenous 

pronociceptive anti-opioid; (b) it is up regulated with morphine tolerance; (c) its 

distribution overlaps significantly with endogenous opioid systems, particularly with 

regard to nociceptive processing pathways, (d) CCK in the RVM likely mediates 

facilitation and signs of abnormal pain., (e) inhibition of CCK enhances the effect of 

opioids in states of neuropathic pain and opioid antinociceptive tolerance. 

 

1.5 Pharmacologic design for pathologic states 

Damage to the peripheral nervous system, arising from either trauma or disease 

states, often results in abnormal on-going pain states.  Neuropathic pain is represented by 

behavioral signs including hypersensitivity to noxious as well as non-noxious stimuli 

(Merskey, 2002).  Current therapeutic drugs, such as opiates, have limited efficacy 

against neuropathic pain and are often limited by adverse side effects (Kingery, 1997; 
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Jensen et al., 2001).  Opioids have also been shown to elicit paradoxical abnormal pain in 

both clinical and experimental settings (Devulder, 1997; Vanderah et al., 2001).  In 

animal models of inflammation and neuropathic pain, it is thought that cholecystokinin 

increases in the spinal cord that and acts as a pronociceptive peptide (Faris et al., 1983; 

Ding and Bayer, 1993; Stanfa and Dickenson, 1993).  This increase in CCK after nerve 

injury may limit the efficacy of opioids.  Descending pain modulatory systems arising in 

the rostral ventromedial medulla have been characterized and demonstrate mediation of 

both pain inhibition and facilitation (Fields et al., 1983, 1991 ; Fields and Heinricher, 

1985; Morgan and Fields, 1994 ; Vanderah et al., 2001).  It has been shown that CCK 

administration in the RVM results in mechanical and thermal hypersensitivity 

(Kovelowski et al., 2000; Xie et al. 2005).   Kovelowski et al. (2000) have demonstrated 

that a CCK2 receptor antagonist administered into the RVM blocked both thermal and 

mechanical hypersensitivity in the L5/L6 spinal nerve ligation (SNL) model in rats. 

Disease states such as neuropathic pain offer special challenges in drug design due to 

system chances that accompany these diseases.  It has been suggested that opioid 

antinociceptive tolerance may result from an up-regulation of endogenous anti-opioids. 

The distributions of cholecystokinin and CCK receptors in the central nervous system 

show significant overlap with endogenous opioid peptides and opioid receptors notably in 

the superficial laminae of the spinal dorsal horn, periaqueductal grey and in the medulla. 

As described above, there is significant evidence that CCK release in the spinal 

cord (Gustafsson et al., 2001) and frontal cortex (Becker et al., 2000) following nerve 

injury and sustained morphine administration is mediated by δ-opioid receptors.   
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Additionally, it has been suggested that CCK2 receptors and δ-opioid receptors share 

some structural and pharmacological similarities (Hruby et al., 1994).  SNF9007 a novel 

peptide analogue of CCK was found to act simultaneously at the δ and µ opioid to 

produce antinociception (Williams et al., 1994).  Further studies demonstrated that this 

compound is also an agonist at CCK2 receptors.  Though initially believed to be 

analgesic, the discovery of the pronociceptive and antiopioid properties of CCK led to the 

modification of this peptide to produce bi-functional compounds with opioid agonist and 

CCK antagonist properties (figure 1.5).  These compounds should produce improved 

analgesia for neuropathic pain, as compared with morphine.  By antagonizing CCK 

receptors, it is believed that these compounds may also reduce or prevented the onset of 

opioid antinociceptive tolerance.  

 

1.6 Central hypothesis 

 The studies contained herein examine the role of cholecystokinin in descending 

pain modulatory pathways in the development of opioid induced antinociceptive 

tolerance, opioid induced abnormal hypersensitivity and neuropathic pain.  It is 

hypothesized that sustained exposure to opioids such as morphine induces neuroplastic 

changes in the RVM in particular leading to increased release and activity of 

cholecystokinin.  It is hypothesized that this increase in cholecystokinin in the RVM 

drives descending facilitatory pathways that promote hypersensitivity and antinociceptive 

tolerance.  Additionally, it is hypothesized that similar mechanisms exist in states of 

neuropathic pain, which promote CCK release in the RVM and drive descending pain.  
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Finally, it is hypothesized that bi-functional compounds with antagonist activity at CCK 

receptors and opioid agonist properties will be viable therapeutics for the treatment of 

neuropathic pain and will reduce the development of opioid induced pain and opioid 

induced antinociceptive tolerance. CCK in the RVM drives descending pain facilitatory 

pathways that promote opioid induced abnormal pain, opioid induced antinociceptive 

tolerance and neuropathic pain. 
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Figure 1.1 
Schematic view of the descending pain modulatory system. Interrelationship between 
cerebral structures involved in the initiation and modulation of descending controls of 
nociceptive information. Note the strategic location of the periaqueductal grey (PAG) and 
the reciprocal nature of many interconnecting pathways. Direct projections from the 
cortex, hypothalamus and nucleus tractus solitarius to the DH are not indicated for 
clarity—direct pathways to the DH from the periaqueductal grey and amygdala are very 
sparse. Abbreviations are as follows: CX, cortex; Hypothal, hypothalamus; Amyg, 
amygdala; NTS, nucleus tractus solitarius; PBN, parabrachial nucleus; DRT, 
dorsoreticular nucleus; RVM, rostral ventromedial medulla; NA, noradrenaline; perikarya 
5-HT, serotonergic perikarya; PAF, primary afferent fiber and DRG, dorsal root 
ganglion. (Millan, 2002) 
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Figure 1.2 
Characteristics of RVM pain modulating neurons. Left: tail-flick (TF) apparatus and 
microelectrode placement in the RVM for single unit extracellular recording in light 
anesthetized rats. Right: a single oscilloscope sweep showing the OFF-cell pause 
occurring just prior to the TF reflex (the spike: a force transducer showing movement) in 
response to noxious heat; Middle traces illustrate the typical ON-cell firing, which is a 
burst beginning just before the TF reflex; Bottom traces show the NEUTRAL-cell firing 
unchanged with TF reflex.  
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Figure 1.3   
An illustration of the best-characterized pathway of effector activation of opioids.  Three 
primary classes of effectors include the inhibition of adenylyl cyclase, inhibition of 
vesicular release, and interactions with a number of ion channels. These effectors are 
affected by both the GTP-bound form of the α-subunit as well as free β/γ - subunits of G 
proteins. GIRK, G protein inwardly rectifying kinase. (Williams et al., 2001). 



 58 

 
 
 

 
Figure 1.4 
Representative graph showing the rightward shift in the morphine dose response curve 
(i.e. tolerance)Tolerance to i.th. morphine antinociception in s.c. morphine pellet-
implanted rats. Animals were implanted either morphine (150mg free base)  () or 
placebo () pellets.  Seven days after implantation, i.th. morphine was administered and 
animals were then tested for acute analgesia using the tail flick test.  Data are plotted as 
% maximum possible efficacy (MPE). 
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Figure 1.5 
Schematic representation of peptide synthesis from base compound. The conversion from 
SNF9007 an opioid agonist/CCK agonist to the RSA compounds (opioid agonist/CCK 
antagonist) 



 60 

 
 Receptor Types 

Drugs µ δ κ1 κ2 

Morphine +++  + + 
Methadone +++    
Etorphine +++ +++ +++ +++ 
Levorphanol +++  NA +++ 
Fentanyl +++    
Sufentanil +++ + +  
DAMGO +++   + 
Butorphanol P  +++ NA 
Buprenorphine P  -- NA 
Naloxone --- - -- -- 
Naltrexone --- - --- -- 
CTOP ---   - 
Diprenophine --- -- --- --- 
β-Funaltrexamine --- - ++ NA 
Nalorphine --- - - - 
Pentazocine P  + +++ 
Nalbuphine --  ++ + 
Naloxone benzoylhydrazone --- - ++ ++ 
Bremazocine +++ ++ - +++ 
Ethylketocyclazocine P + +++ ++ 
U50,488   +++ +++ 
U69,593   +++  
Spiradoline +  +++  
Nor-binaltorphimine - - --- - 
Naltrindole - --- - - 
DPDPE  ++   
[D-Ala2,Glu4] deltorphin  ++   
DSLET + ++   

Endogenous Peptides     
Met-enkephalin ++ +++   
Leu-enkephalin ++ +++   
β-Endorphin +++ +++   
Dynorphin A ++  +++ NA 
Dynorphin B + + +++ NA 
α-Neoendorphin + + +++ NA 

(Hardman and Limbird, 1996) 
 

Table 1.1 
Actions and relative activity of exogenous and endogenous opioids at the opioid 
receptors.  Agonists (+) and Antagonists (-) are shown for the principle opioid receptors.  
P – partial agonist.  NA – data not available. 
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IUPHAR 

nomenclature 
 

CCK1 CCK2 

Initial 
nomenclature CCK-A CCK-B,CCK-B/gastrin 

Gastrointestinal (GI) 
tract localization and 
functions 

pancreatic acini: enzyme 
secretion, growth 
pancreatic islets: insulin 
secretion 
gastric mucosa: pepsinogen 
release from chief cell; 
somatostatin release from D cells 
gallbladder and GI smooth 
muscle: contraction and motility 

gastric mucosa: growth; gastric 
acid secretion from parietal cells; 
histamine release from ECL cells; 
pepsinogen release from chief cell; 
inhibition of somatostatin release 
in D cells 
 

Nervous system 
location and functions 

selected areas of the CNS and 
vagus nerve: satiety 
posterior nucleus accumbens: 
DA release 
dorsal horn of the spinal cord: 
antagonism of opioid analgesia 

throughout CNS: anxiety, 
neuroprotection, memory and 
learning, drug addiction, 
antagonism of analgesia 
dopaminergic pathways: inhibition 
of DA release 
 

G-protein Gq/11; possibly Gs Gq/11 

Signaling pathways 
PLC, IP3 , DAG, Ca2+ 

PLA2 /arachidonic acid, 
CAMP, PKC/MAPK 

PLC, IP3 , DAG, Ca2+ 

PLA2 /arachidonic acid, 
CAMP, PKC/MAPK 

Endogenous agonists 
 

CCK-8s >> gastrin, CCK-8 
(500-1000 fold) > CCK-4 (10 
fold)  

CCK-8s >> gastrin, CCK-8 (0-10 
fold) > CCK-4 (60 fold) 

Synthetic agonists 
 

caerulein (Zetler, 1985) 
A-71623(Asin et al., 1992) 
A-70847(Lin et al., 1991) 
JMV-180(Witte et al., 1992) 

caerulein (Zetler, 1985) 
BOC-CCK-7 analogues 
(Charpentier et al., 1988) 
BC-264(Durieux et al., 1992) 
SNF-8702(Knapp et al., 1990) 

Antagonists 

proglumide (Hahne et al., 1981) 
L364,718 (devazepide, MK-329) 
(Chang et al., 1985) 
SR-27897 (Gully et al., 1993) 
T-0632 (Taniguchi et al., 1996) 
PD-140,548 (Trigazis et al., 
1999) 

proglumide (Hahne et al., 1981) 
L365,260 (Lotti and Chang, 1989) 
CI-988 (PD 134308)(Hughes et al., 
1990) 
PD 135158 (Hughes et al., 1990) 
RP-69758 (Bertrand et al., 1994) 
RP-73870 (Pendley et al., 1995) 
YM-022 (Nishida et al., 1994) 

Table 1.2 CCK receptors and function (Crawley and Corwin, 1994; Herranz, 2003) 
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CHAPTER II 
 

MATERIALS AND METHODS 
 
2.1 Animals  

The experiments contained herein were carried out using male Sprague Dawley 

rats (250-350g; Harlan; Indianapolis, IN). All animals were maintained on a 12/12 hr 

light/dark cycle (lights on at 07:00 am) and provided food and water ad libitum except as 

noted during the experimental procedures. All the experiments were performed under an 

approved protocol by Animal Care and Use Committee (IACUC) of the University of 

Arizona, and in accordance with policies and guidelines for the care and use of laboratory 

animals as adopted by International Association for the Study of Pain (IASP) and the 

National Institutes of Health (NIH).    

 

2.2 Surgical preparations  

 2.2.1 Subcutaneous pellet implantation 

Animals were briefly anesthetized with halothane (anesthesia is induced with 2% 

halothane in O2 at 2 L/min and maintained with 0.5% halothane in O2) and either 2 

morphine pellets (75 mg/each) (NIDA; Bethesda, MD) or 2 placebo pellets were inserted 

s.c. in the flank of the animals. A small area was shaved and prepared for incision using 

7.5% USB iodine followed by 70% ethanol (Fisher Scientific; Pittsburgh, PA). A small 

incision approximately 1 cm in length was made through the skin and pellets were 

inserted into the subcutaneous space.  The incision was then closed using autoclip wound 

clips (VWR; Tempe, AZ)  
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 2.2.2 Intracerebroventricular cannula surgery 

All rats were prepared for intracerebroventricular (i.c.v.) drug administration by 

placing anesthetized (2% halothane in O2 for induction; maintained with 0.5% halothane 

in O2 at 2 L/min) animals in a stereotaxic head holder.  The skull was exposed and a 22-

gauge guide cannula was directed to the right lateral ventricle (1 mm caudal to bregma, 

1.5 mm lateral to the sagital suture, 3.5 mm ventral to the dural surface). These 

coordinates were obtained from the atlas of Paxinos and Watson (Paxinos and Watson, 

1986). The guide cannula was cemented in place and secured to the skull by small 

stainless steel machine screws. The animals were allowed to recover 5 days post-surgery 

before any pharmacological manipulations were made 

Drug administrations were performed by slowly expelling 5 µl, of drug solution 

through an injection cannula (28-ga) inserted through the guide cannula and protruding 

an additional 1 mm into the ventricular space to prevent backflow of drug into the guide 

cannula. 

2.2.3 Intrathecal catheterization   

While under halothane anesthesia, some groups of rats were implanted with 

intrathecal catheters (PE-10, 7.8 cm) as described previously (Yaksh and Rudy, 1976) for 

drug administration at the level of the lumbar spinal cord.  A 7.5mm section of 

polyethylene PE-10 tubing was passed caudally from the cisterna magna to the level of 

the lumbar enlargement.  The catheter was secured to the musculature at the incision site, 

and the surrounding skin was sutured.  Animals were allowed to recover for 7 days.  
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 2.2.4 Spinal nerve ligation (SNL) 

  Animals will be prepared according to the model of Kim and Chung (Kim and 

Chung, 1992). Rats were induced with 4% halothane in 100% O2 (flow rate 2 L/min) and 

maintained in the anesthetized state with 1.5% halothane in O2. An incision was made 

over the lumbar vertebrae and the left paraspinal muscles were carefully separated from 

the vertebral processes at the L4 to S2 levels. Removal of the L6 transverse process was 

completed with a small rongeur in order to allow visual identification of the L4 to L6 

spinal nerves. The L5 and L6 spinal nerves were exposed, carefully isolated, and tightly 

ligated with 4-0 suture silk distal to the DRG. After ensuring homeostatic stability, the 

wounds were sutured, and the animals allowed to recover in individual cages. In 

experiments that utilize sham-operated controls, rats were prepared in an identical fashion 

except that the L5/L6 nerve roots were not ligated. Any rats exhibiting motor deficiency 

were euthanized.  

 2.2.5 Implantation of microdialysis probe guides  

 Rats were induced with 4% halothane in 100% O2 (flow rate 2 L/min) and 

maintained in the anesthetized state with 1.5% halothane in O2. Rats were placed in a 

stereotaxic holder for RVM microdialysis probe implantation. An intracerebral guide 

cannula with a stylet in place (either CMA/12 intracerebral guide, CMA/Mikrodialys AB, 

Sweden or MAB 6.20G SciPro. Inc.; Stockholm, Sweden) was inserted at a vertical angle 

to a depth of 6.5 mm from the surface of the brain, 11.0 mm posterior to bregma and 0.6 

mm lateral to the midline. These coordinates are based on the definition of the RVM as 

previously published (Fields and Heinricher, 1985) where the RVM is defined as the 
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nucleus raphe magnus and the adjacent reticular formation ventral to the nucleus 

reticularis gigantocellularis and medial to the facial nucleus. The rostral caudal extent has 

been defined as extending from the caudal facial nucleus to the caudal superior olive. 

This is also based on previous studies to deliver various drugs to the RVM bilaterally and 

verify site of injection (Kovelowski et al., 2000; Xie et al., 2005) (see Introduction). 

Animals were allowed to recover in individual cages for a minimum of two days. 

 

2.3 Behavioral Testing  

 2.3.1 Von Frey test for tactile hypersensitivity   

Tactile hypersensitivity (i.e. decreased threshold to paw withdrawal following 

probing with non-noxious mechanical stimuli) was assessed by measuring the withdrawal 

threshold of the left paw in response to probing with a series of eight calibrated von Frey 

filaments (Stoelting, Wood Dale, IL) in logarithmically spaced increments ranging from 

0.41 to 15 g (4-150 N). Each filament was applied perpendicularly to the plantar surface 

of the left paw of rats in suspended wire-mesh cages. Measurements were taken before 

and after the SNL surgery as well as before and after administration of drug or vehicle. 

Withdrawal threshold was determined by sequentially increasing and decreasing the 

stimulus strength (‘up and down’ method), analyzed using a Dixon non-parametric test 

(Chaplan et al., 1994) and expressed as the mean withdrawal threshold. The 50% paw 

withdrawal threshold was determined as (10[Xf+kδ])/10,000, where Xf = the value of the 

last von Frey [Xf+kδ] filament employed, k = Dixon value for the positive/negative 

pattern, and δ = the logarithmic difference between stimuli.  Significant changes from 
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baseline control values were detected by ANOVA, followed by Fisher’s least significant 

difference test. These evaluations were all performed with the aid of the pharmacological 

statistics package FlashCalc (Dr. Michael Ossipov, University of Arizona, Tucson, AZ). 

Significance was set at p ≤ 0.05. 

 2.3.2 Radiant heat test for thermal hypersensitivity  

The paw withdrawal latency to thermal noxious stimuli was assessed with radiant 

heat testing method (Hargreaves et al., 1988). Rats were allowed to acclimate within a 

4x6in plexiglass enclosure on a clear glass plate maintained at 30°C for 30 min. A 

constant radiant heat was projected, via and infrared heating source (Stoelting Inc.; Wood 

Dale, IL), to the left hind paw.  Withdrawal latency was determined by a motion detector 

that halted both heat and timer when the paw was withdrawn. The latency to withdrawal 

of the paw from the radiant heat source was determined before and after the SNL surgery 

as well as before and after administration of drug or vehicle. Baseline latencies were 

established at ~20 sec to allow for detection of possible hyperalgesia. A maximal cut-off 

of 33 s was employed to prevent tissue damage. Significant changes from baseline 

control values were detected by ANOVA followed by the post hoc least significance test. 

Significance was set at p ≤ 0.05.   

 2.3.3 Tail-flick test for acute nociception  

Acute nociception was determined using the nociceptive hot water tail-flick 

reflex. The tail-flick test was performed by placing the distal third of the rats’ tail in a 

heated water bath maintained at 52°C. The latency until tail withdrawal (rapid flick) from 

the bath was determined and compared among the treatments. A 10 s cut-off was 
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employed to avoid potential tissue damage. Data were converted to percentage of 

antinociception by the following formula: (response latency – baseline latency)/(cutoff – 

baseline latency) x 100 to generate dose-response curves.  Regression analysis of the 

dose-response curves was used to detect significant shifts in drug potency (Tallarida and 

Murray, 1987). 

 2.3.4 Testing of motor function 

Animals were trained to ambulate on a rotarod device (Columbus Instruments 

International, Columbus, OH) for three trials of 180s at a speed of 10 revolutions per 

minute. Baseline duration was averaged.  They were again tested after drug 

administration, and the time they were able to remain on the device without falling was 

recorded and compared with baseline. A maximal cutoff time of 180 s was used. 

 

2.4 Detection of CCK in the RVM  

 2.4.1 General in vivo microdialysis procedure 

The microdialysis collection apparatus is made up of four collection chambers.  

The chambers were designed and built specifically for these experiments and are 

identical, each with two separate compartments.  The bottom compartment consists of a 

~18in2 wire mesh platform on which the animal can freely move with free access to food 

and water.  The entire enclosure is insulated to reduce ambient noise with a door in the 

front to allow access to the animals.  The top compartment contains the infusion pump 

(Baby Bee syringe drive; BAS; West Lafayette, IN), liquid switch (Uniswitch syringe 

selector; BAS; West Lafayette, IN) and refrigerated fraction collector (SciPro. Inc.; 
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Stockholm, Sweden).  The syringe drives are controlled from a central controller external 

to the recording chambers (Bee hive controller; BAS; West Lafayette, IN).  The top 

compartment can be accessed via a separate door to avoid perturbing the animal during 

collection.  Santopren Microdialysis tubing (SciPro Inc.; Stockholm, Sweden) was used 

to connect the pumps to the probes via a QM swivel mounted overhead (Harvard 

Apparatus; Holliston, MA) to avoid entanglement of dialysis lines. Microdialysis probes 

are used only once to avoid cross contamination. 

Three hours prior to the experiment, rats were placed in a recording chamber with 

free access to food and water.  Microdialysis probes were prepared by soaking the probes 

with 70% ethanol for 4 to 5 minutes to wash out the glycerol (CMA/12 microdialysis 

probes are packed in glycerol to prevent the dialysis tubing from drying out). The 

microdialysis probes were connected to the pump/collection apparatus.  They were then 

flushed with perfusion fluid (see below) for another 4 to 5 minutes at a maximal rate of 

10 µL/min in order to wash out the remaining ethanol. Once the microdialysis probe was 

washed and checked for leakage, the probe was then inserted slowly through the guide 

cannula into the RVM. Following acclimation, the microdialysis probe (CMA/12, 

polycarbonate membrane, outer diameter 0.5 mm, length 2 mm, molecular cut- off: 20 

kDa or MAB 6.20.2 PES membrane, outer diameter 0,6mm, length 2mm, molecular cut-

off: 15kDa) (figure 2.1) was inserted into the guide cannula such that the probe 

membrane extended 2mm into the RVM.  Microdialysis of the RVM was performed in 

freely-moving, awake animals.  The microdialysis probe was continuously perfused at a 

flow rate of either 2.5 µl/min or 3.5 µl/min with an artificial cerebrospinal fluid (aCSF) 
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consisting of 138 mM NaCl, 5 mM KCl, 1 mM MgCl, 1mM CaCl, 6mM NaHCO, 1 mM 

24NaHPO and containing 0.2% bovine serum albumin, 0.2% glucose and 0.03% of the 

peptidase inhibitor Bacitracin.  To allow the dialysis to reach a steady state after 

insertion, the probe was perfused for a wash-out period before collection of the first 

sample.  A refrigerated microfraction collector (Univentor 810; SciPro, Sanborn NY) was 

used and all fractions were collected in lubricated centrifuge tubes (VWR; Tempe, AZ) to 

reduce peptide loss.  The timelines for each of the microdialysis procedures are 

summarized in figure 2.2. 

 2.4.2 Chronic systemic MS treatment microdialysis procedure 

In these experiments 9 dialysate fractions of 100 µl (30 min of perfusion at a flow 

rate of 3.5µl/min each) were collected at 8°C then immediately frozen at -20°C until their 

CCK-LI content could be measured using the radioimmunoassay procedure described 

below. Thirty minute fraction collections began after the wash-out period (60min) in 

order to establish baseline levels of CCK-LI in the RVM.   

 2.4.3 Acute local MS treatment microdialysis procedure 

In the local MS model following the collection of two baseline samples, morphine 

(100 µM) was perfused through the probe as a local administration.  Microdialysate was 

then collected for 30 minute fractions as in the chronic MS model above at a flow rate of 

3.5µl/min over the entire 2.5 hour period.  At no point during the microdialysis did the 

animals exhibit any behavioral signs of discomfort or motor hyperactivity. 
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 2.4.4 Acute systemic MS treatment microdialysis procedure 

In these experiments 9 dialysate fractions of 100 µl (40 min of perfusion at a flow 

rate of 2.5µl/min each) were collected at 8°C then immediately frozen at -20°C until their 

CCK-LI content could be measured using the radioimmunoassay procedure described 

below. Three, forty minute fractions were collected after the wash-out period (80min) in 

order to establish baseline levels of CCK-LI in the RVM.  At the start of the fourth 

fraction, animals were injected with vehicle (saline) or 1, 5, or 10 mg/kg of MS s.c.  

Three additional, forty minute (100µl) factions were collected following MS 

administration.  During the seventh fraction the perfusate was changed from the normal 

aCSF to an aCSF with a high concentration of K+ (High K+ aCSF: 43 mM NaCl, 100 mM 

KCl, 1 mM MgCl2, 1mM CaCl2, 6mM NaHCO3, 1 mM NaH2PO4 and containing 0.2% 

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

This was done to stimulate neuronal activity in the region of the microdialysis. Two final 

fractions were collected with the normal aCSF perfusate. 

 2.4.5 Spinal nerve ligation microdialysis procedure 

 In these experiments, animals underwent a spinal nerve ligation surgery 

(described above) prior to implantation of the microdialysis guide cannula.  Four to five 

days following the SNL/Sham surgery the guide cannula was implanted as described 

above.  Animals were allowed to recover 2-3 days such that microdialysis collection 

occurred 7 days post-SNL surgery.  All animals were behaviorally tested for thermal and 

tactile hypersensitivity prior to microdialysis collection.  Those animals (SNL group) that 

did not display hypersensitivity were excluded.  After acclimation and preparation as 
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described above, a MAB 6.20.2 microdialysis probe was inserted into the guide cannula 

such that the membrane projected into the RVM.  Following an 80 minute washout 

period, four fractions (40min, 100µl) were collected at 8°C then immediately frozen at -

20°C until their CCK-LI content could be measured using the radioimmunoassay 

procedure. 

 2.4.6 Histology  

 Microdialysis probe location was verified histologically at the termination of the 

experiment in all animals. Animals were anaesthetized with overdose of ketamine/xylene 

and perfused transcardially with 4% paraformaldehyde.  The brain was then extracted and 

stored in 4% paraformaldehyde with 30% glucose.  Brainstem sections (40 µm) were 

prepared, mounted and stained with Nissl stain to visualize cannula tract placement. All 

probe placements were recorded.  To determine whether the changes in CCK release is 

specific to the RVM, microdialysis probes were also placed in other anatomical sites to 

serve as placement controls. Specifically, microdialysis samples collected through 

incorrect placement of the probes served as placement controls.  

 2.4.7 CCK radioimmunoassay (RIA) 

CCK-like immunoreactivity (CCK-LI) was determined using a modified 

radioimmunoassay (RIA) procedure with improved sensitivity developed especially for 

the determination of neuropeptide concentrations in microdialysates (You et al., 1994; 

Gustafsson et al., 1999)  An increased sensitivity of the RIA was achieved by minimizing 

the total incubation volume and limiting the amount of radioligand (approximately 1000 

cpm/assay tube) as well as a sequential incubation procedure. This modified protocol 
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yielded an 8-fold increase in the sensitivity of the assay as indicated by a shift in the 

average IC50 value (i.e. the concentration of synthetic CCK required to inhibit the binding 

of radioactivity by 50%) which was reduced from 105.6 ± 10.1 (n=6) to 12.9 ± 1.5 pM 

(n=5; mean ± SEM).  The microdialysates and standard samples (100 µl) were pre-

incubated for 24 h at 4°C with the C-terminal directed CCK/gastrin antiserum (2609/10, 

in 0.1 M barbital buffer containing 0.2 % BSA)(Rehfeld, 1978). Following addition of 

the radioligand (approximately 1000 cpm per assay tube of I-gastrin-I, specific activity 

125 70MBq/nmol), all samples were incubated at 4°C for another 72 hours. Free 

radioligand was separated from antibody bound radioligand in all RIA samples, except 

those used for determination of the total radioactivity, by the addition of 250 µl sheep 

anti-rabbit antibody-coated sepharose suspension. After 30 min of incubation and 

centrifugation at 2600 g for 10 min, the supernatant is discarded by aspiration and the 

radioactivity in the pellets containing the bound fraction is measured (10 min/sample) in 

a gamma-counter.   

 2.4.8 HPLC 

 High pressure liquid chromatographic detection of CCK was done using a 

modified Waters AccQTag Method. This method is designed to place a fluorescent tag on 

primary and secondary amino acids to enhance detection using an excitation/emission 

fluorescence detector.  Aliquots (20µl) from the microdialysis fractions were derivatized 

using the Waters AccQTag reagents (Waters Corp.; Milford, MA) (figure 2.3).  Briefly, 

20 µl of AccQFluor reagent and 120µl of Borate Buffer were added to 20 µl aliquots of 

microdialysis samples in glass low volume inserts.  These were then vortexed for several 
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seconds.  Samples were then allowed to sit at room temperature for 1 hr to allow for the 

derivatization reaction to occur.  All samples were then immediately placed in auto-

sampler racks in the Alliance 2695 separation module (Waters Corp.; Milford, MA).  

Samples were maintained at 4°C within the auto-sampler.  The Alliance HPLC separation 

module injected 10µl from each sample across an AccQTag Amino Acid Analysis 

Column (3.9mm x 150mm; 4µm; silica base bonded C18; Waters Corp.; Milford, MA) 

maintained at 37°C.  Separations were performed using a graded mobile phase at 

1ml/min (Table 2.1).  Detection was performed using a Waters 2475 Scanning 

Fluorescence Detector (Excitation – 250 nm, Emission – 395 nm, RC filter, polarity – +).  

 

2.5 Peptide synthesis and purification 

The peptides reported here were synthesized by standard solid phase peptide 

synthesis methods (Hruby and Meyer, 1998) on standard solid supports. The peptides 

generally were purified to greater than 95% purity using semi-preparation reversed phase 

high performance liquid chromatography (HPLC). Purity of the peptides generally was 

assessed using analytical HPLC (two systems), high resolution mass spectrometry and 

thin layer chromatography in two or three solvent systems (Hruby et al., 2003). 

 

2.6 Binding Assays 

Binding affinities of all synthetic peptide ligands were determined using stably 

transfected cell lines that expressed the human mu, delta, CCK-1 and CCK-2 receptors, 

respectively. Experiments were made using synthetic ligands and radiolabeled 
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[3H]DAMGO, [3H]DPDPE, and sulfated [125I]CCK-8 (Perkin-Elmer), respectively, for 

the mu, delta, CCK-1 and CCK-2 ligands. In vitro functional bioactivities were 

determined using the guinea pig ileum (GPI/LMMP), mouse vas deference (MVD) and 

the unstimulated GPI /LMMP for determining, respectively, mu and delta agonist 

activity. Multiple assays were performed for each ligand reported and the results were 

analyzed statistically. 

 

2.7 GTPγS Binding 

GTPγS binding was done using membranes from cells that express the human κ-

opioid receptor. The procedure for this analysis was based on that of Lorenzen et al. 

(1993). Reactions were initiated by the addition of an aliquot of membrane preparation 

(15 µg) to a final volume of 300 µl of incubation mix [50 mM HEPES, pH.7.4, 1 mM 

EDTA, 5 mM MgCl2, 30 µM GDP, 1 mM dithiothreitol, 100 mM NaCl, 100 µM 

phenylmethylsulfonyl fluoride, 0.1% bovine serum albumin, 0.1 nM [35S]GTPγS (1250 

Ci/mmol)] and indicated concentration range of agonist and incubated for 60 min at 30°C. 

Basal level of [35S]GTPγS binding was defined as the amount bound in the absence of 

agonist. Nonspecific binding was determined in the presence of 10 µM unlabeled GTPγS. 

Reactions were performed in triplicate and terminated by rapid filtration through 

Whatman GF/B filters presoaked in water followed by four washes with ice-cold wash 

buffer (50 mM Tris, 5 mM MgCl2, and 100 mM NaCl, pH 7.4). The radioactivity was 

determined by liquid scintillation counting. Data were fitted by nonlinear least-squares 

analysis using GraphPad Prism. 
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2.8 PI Hydrolysis 

Phosphatidylinositol (PI) hydrolysis was measured using human embryonic 

kidney cells (HEK) transfected with CCK2 receptors.  The procedure for this analysis was 

based on that of Berridge et al. (Berridge et al., 1982). Cells were incubated with [3H]-

inositol in IMDM at 37°C for 24 hours.  The solution was then aspirated then 1ml IMDM 

was added back to the wells for a further incubation of 1hr.  Following a second 

aspiration the cells were treated with the compounds to be tested in a solution containing 

LiCl (to stop the hydrolysis) and IMDM.  Cells were incubated for 1hr then placed on ice 

and aspirated.  The [3H)IP generated in the cells was extracted as follows: the cells in 

each well were rinsed with cold IMDM, scraped and resuspended in 2 x 0.5ml cold 

methanol. The cell suspension was mixed vigorously with 1.0ml of chloroform and 0.5ml 

of distilled water. This mixture was centrifuged at 1000x g for 10 min to separate the 

aqueous phase of, which 0.9ml was diluted with 2ml of distilled water. This aqueous 

solution was loaded onto a column made of 0.2g of AG1-X8 (formatted form, 100-200 

mesh, Bio-Rad lab, Richmond, CA) the column was washed three times with 5ml of 

distilled water and two times with 5ml of 5mM sodium tetraborate/60mM sodium 

formate. [3H]IP was eluted from the anion exchange resin with 2ml of 0.2 M ammonium 

formate/0.1M formic acid. The radioactivity in the eluant was determined by liquid 

scintillation counting. 

 

 

 



76 

2.9 Drugs and doses  

 The opioid agonist used in all experiments was morphine sulfate (MS).  Morphine 

was dissolved in saline; solutions were used for testing morphine analgesic potency.  

Morphine sulfate was purchased from Sigma (St. Louis, MO).  The s.c. dose of morphine 

was 1, 5, 10 mg/kg.  Morphine and placebo pellets for sustained morphine administration 

(described above) were a generous gift from the National Institute on Drug Abuse.  Each 

morphine pellet contains 75mg morphine free base and provides continuous release of 

morphine for more than 10 days. 

The CCK receptor agonist used was sulphated CCK octapeptide (CCK-8s). CCK-

8s was purchased from American Peptide Company (Sunnyvale, CA) and was dissolved 

in distilled water.    The RSA compounds (601, 602, 504, 101c) were synthesized by 

Richard Agnes in the Chemistry Department at the University of Arizona.  Doses tested 

for these compounds are indicated in the results section below. 

 

2.10 List of Figures and Tables 

Figure 2.1 Microdialysis probe and recovery  
 
Figure 2.2 Timeline for microdialysis testing 
 
Figure 2.3 AccQTag derivatization chemistry 
 
Table 2.1 HPLC gradient table for the detection of CCK 
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Figure 2.1 
(A) Graph shows the recovery rate for CCK through the microdialysis probe with RIA 
detection compared with the concentration of control CCK in vitro. (B) Schematic 
representation of the microdialysis probe.  (C) Recovery rates for CCK through the 
microdialysis probe in vitro expressed as a % of recovery. 
 

[CCK]nM 
 

% Recovery 
 

3.50 2.69 

6.99 3.03 

13.99 2.50 

27.98 7.99 

55.95 5.69 

111.9 4.22 
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Figure 2.2  Microdialysis Testing Timelines: 
Acute Systemic Morphine Treatment 
Day 1 – Guide Cannula Implantation 
Day 2 - 4 – recovery 
Day 5 
 Hours 0 - 3 – animal acclimation period in microdialysis recording chamber; probe  
    preparation 
 Hour 4 – Probe inserted into guide cannula; 2.5µl/min flow rate normal aCSF 
 Hours 4 – 5.3 – Washout; 2 x 40min (100µl) samples  
 Hours 5.3 – 7.3 - Baseline; 3 x 40min (100µl) samples 
 Hour 7.3 – Systemic Injections (s.c.) MS (1, 5, 10 mg/kg) or vehicle (saline) 
 Hour 7.3 – 9.3 – MS induced release; 3x40min (100µl) samples 
 Hour 9.3 – 10 – High K+ aCSF perfusion; 1 x 40min (100µl) sample; 2.5µl/min flow  
    rate 
 Hour 10 – 11.3 – recovery; 2 x 40min  (100µl) samples; 2.5µl/min flow rate, normal  
    aCSF 
 Hour 11.3 – Termination of experiment; remove probe 
Acute Local Morphine Treatment  
Day 1 – Guide Cannula Implantation 
Day 2 - 4 – recovery 
Day 5 
 Hours 0 - 3 – animal acclimation period in microdialysis recording chamber; probe 
   preparation 
 Hour 4 – Probe inserted into guide cannula; 3.5µl/min flow rate normal aCSF 
 Hours 4 – 5 – Washout; 2 x 30min (100µl) samples  
 Hours 5 – 6 - Baseline; 2 x 30min (100µl) samples 
 Hours 6 – 7 – MS (100µM) perfused through the probe and samples collected; 2 x  
    30min (100µl) samples 
 Hour 7 – Termination of experiment; remove probe 
Sustained Systemic Morphine Treatment 
Day 1 – Guide Cannula Implantation and pellet implantation (MS or placebo, s.c.) 
Days 2 - 7 – recovery 
Day 2 or 7 
 Hours 0 - 3 – animal acclimation period in microdialysis recording chamber; probe 
   preparation 
 Hour 4 – Probe inserted into guide cannula; 3.5µl/min flow rate normal aCSF 
 Hours 4 – 5 – Washout; 2 x 30min (100µl) samples  
 Hours 5 – 9.5 - Baseline; 9 x 30min (100µl) samples 
 Hour 9.5 – Termination of experiment; remove probe 
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Figure 2.3 Waters AccQTag Derivatization 

 
• Converts both primary and secondary amino acids to stable, fluorescent 

derivatives  
• Hydrolyzes to yield 6-aminoquinoline, and non-interfering byproducts 

 
 

 
 
 
Derivatization Reaction 
The AccQFluor Reagent reacts rapidly with primary and secondary amino acids to yield 
highly stable ureas that fluoresce strongly at 395nm.  
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Time 
(min) 

AccQTag Eluant 
A 

(%) 

Acetonitrile 
(%) 

Water 
(%) 

Gradient 
 

0 100 0 0 -- 

0.5 99 1 0 x = 0 

35.0 70 30 0 x = y 

45 50 50 0 x = 0 

50 100 0 0 x = 0 

 
Table 2.1 
HPLC gradient table for the detection of CCK. This table shows the flow rate and 
composition of the mobile phase for the Modified AccQTag separation. Gradient – shape 
of curve for change in mobile phase composition  
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CHAPTER III 
 

RELEASE OF ENDOGENOUS CHOLECYSTOKININ IN THE ROSTRAL 
VENTROMEDIAL MEDULLA INDUCED BY ACUTE MORPHINE 

 

3.1 Introduction 

Pain is modulated by descending inhibitory and facilitatory systems projecting 

from the rostral ventromedial medulla (RVM) to the spinal cord. Cholecystokinin (CCK) 

is a pro-nociceptive peptide which may be enhanced in the RVM after the administration 

of a µ opioid agonist such as morphine. One of the fundamental questions arising from 

these observations concerns the nature of the driving force in the RVM that elicits 

descending facilitation as a result of morphine exposure.  Morphine induced release of 

endogenous CCK may enhance opioid-induced pain and antinociceptive tolerance. 

Therefore, this study attempted to determine if the acute systemic administration of 

morphine would increase the release of CCK in the RVM. 

3.2 Methods 

All animals were implanted with the microdialysis guide cannula.  These animals 

were allowed to recover for five days.  The basal levels of CCK-LI in the RVM were 

measured using in vivo microdialysis prior to systemic (s.c.) administration of morphine.  

Four groups of animals were tested with different does of morphine (1, 5, or 10 mg/kg) or 

saline (vehicle).  Each animal was injected (s.c) and RVM CCK-LI levels were measured.  

An aCSF with a high concentration of K+ was used to stimulate release and CCK-LI was 

measured (see methods for detailed protocol). The microdialysis probe placement was 

histologically verified in every animal and only data with proper RVM probe placements 
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were included.  Animals treated with saline and 1mg/kg of morphine (MS) did not show 

any obvious behavioral changes, animals treated with the higher doses (5, 10mg/kg) of 

MS were slightly sedated.  These animals did not show any signs of distress however nor 

did they display signs of opioid withdrawal. 

3.3 Results and discussion 

Prior to the systemic administration of morphine, no difference in the basal levels 

of RVM CCK-LI was observed among the four groups. Animals (n=14) showed an 

average baseline CCK-LI of 1.85 ± 0.27 pM over the 2 hr analysis period.   Recent 

studies in the frontal cortex and spinal cord have shown that morphine administration 

results in an increase in CCK-LI release (Becker et al., 1999; Gustafsson et al., 1999; 

Lucas et al., 1999). There was no difference observed in the extracellular level of CCK-

LI in the rostral ventromedial medulla following systemic morphine administration at all 

doses.  Basal levels of CCK-LI for each group were 2.02 ± 0.27pM (1mg/kg; s.c.; n=3), 

1.32 ± 0.03pM (5mg/kg; s.c.; n=4), 1.79 ± 0.14pM (10mg/kg; s.c.; n=4) and 1.82 ± 

0.11pM (saline; s.c.; n=3). Basal levels in the RVM were consistent with basal CCK-LI 

levels previously reported in measurements from the spinal cord and frontal cerebral 

cortex (de Araujo Lucas et al., 1998; Gustafsson et al., 1999; Becker et al., 2000).  While 

no significant change in CCK-LI is seen following systemic acute MS administration, 

there was a MS dose related increase observed in CCK-LI following potassium 

stimulation. In animals treated with 1mg/kg MS the K+ stimulated CCK-LI levels were 

4.40 ± 1.82pM.  Animals treated with 5mg/kg MS showed RVM CCK-LI levels of 6.82 ± 

4.61pM.  For animals treated with 10mg/kg MS the CCK-LI levels were 6.74 ± 4.51pM.  
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Potassium evoked, saline treated animals did not show an increase CCK-LI 2.35 ± 

0.75pM.  This increase showed a dose dependant relation to systemic morphine 

administration. These results are summarized in figure 3.1. 

Opioids, in particular morphine and related mu-opioid receptor analgesics, remain 

the primary drugs of choice for the treatment of moderate to severe pain.  In spite of their 

well accepted clinical efficacy, the use of opioid analgesics for the treatment of many 

chronic or prolonged pain states is hampered by the development of tolerance to their 

antinociceptive effect (Way et al., 1969; Trujillo and Akil, 1991; Foley, 1993; Stein et al., 

2000). Descending facilitatory pathways from the RVM have been shown to mediate 

both morphine induced hyperesthesias as well as nerve injury induced mechanical and 

thermal hypersensitivities.  In addition, the direct administration of CCK into the RVM 

results in similar behavioral signs of abnormal pain (Kovelowski et al., 2000).  Studies 

have begun to examine how opioids may enhance the release of endogenous 

neuropeptides that may decrease nociceptive thresholds resulting in apparent 

hyperesthesias.  These endogenous antiopioid (i.e. pronociceptive) peptides include 

neurotensin (Stiller et al., 1997; Urban et al., 1999; Li et al., 2001) and CCK (Faris et al., 

1983; de Araujo Lucas et al., 1998; Lucas et al., 1999; Wiesenfeld-Hallin et al., 1999; 

Afrah et al., 2001).  Neurotensin release in the PAG (Stiller et al., 1997) and 

pharmacological administration in the RVM (Urban et al., 1999; Buhler et al., 2005) 

produce hyperalgesia and inhibit the antinociceptive efficacy of morphine.  Additionally, 

opioid administration has been found to induce neurotensin release in the PAG (Stiller et 

al., 1997). CCK has been characterized as an “antiopioid” (Han et al., 1985; Pu et al., 
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1994; Wiesenfeld-Hallin et al., 1999).  Similarly to findings with neurotensin, recent 

studies have identified a 1.5-2 fold increase in the release of CCK in the frontal cortex 

after acute (i.p.) injections of morphine (10mg/kg) (Becker et al., 1999).   Finally, acute 

(i.v.) morphine (2mg/kg) administration causes 3.5-4 fold CCK release in the spinal cord 

(de Araujo Lucas et al., 1998; Lucas et al., 1999).  

The present study employed in vivo microdialysis to investigate whether acute 

systemic or local administration of morphine would increase the release of CCK in the 

RVM and the possible relationship of CCK in the RVM to opioid administration. 

Pharmacological administration of CCK in the RVM of naive rats elicits tactile and 

thermal hypersensitivity of the hind paws that is mediated by CCK2 receptor activation 

(Xie et al., 2005).  Such hyperalgesia is likely the result of activation of a descending 

pain facilitatory system as this effect was prevented, or significantly attenuated, by prior 

lesions of the DLF. Furthermore, CCK in the RVM induces activation of descending pain 

facilitation in opiate-naive rats resulting in a rightward displacement of the spinal 

morphine antinociceptive dose-response curve. Baseline levels of CCK-LI in the RVM 

were not found to be significantly elevated following acute morphine administration 

suggesting that a single acute systemic dose of morphine does not activate descending 

facilitatory pathways in the RVM.   

While a single systemic dose of MS did not increase basal levels of CCK-LI in 

the RVM, stimulation of the RVM with potassium rich aCSF did show a trend for 

increased CCK-LI levels related to increased doses of MS.  The significance of this trend 

remains unclear, however there are several possible explanations.  The finding that the 
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increase in CCK-LI was only observed upon K+ stimulation would suggest that 

morphine, upon sensory activation, represented in this model by increased neuronal firing 

using a high concentration of potassium, results in the release of CCK that in turn acts to 

diminish the effects of the morphine.  This may correspond to the findings by Heinricher 

et al. that CCK acts to indirectly inhibit OFF-cells (Heinricher et al., 2001) and directly 

activates ON-cells (Heinricher and Neubert, 2004) in the RVM.  Additionally, an acute 

systemic dose of MS may potentiate CCK in the RVM that is only observed with 

stimulation.  This may suggest a mechanism by which MS promotes an up regulation of 

CCK in the RVM.   

In order to identify whether morphine was acting directly in the RVM or at distal 

sites, morphine was administered directly into the RVM via the microdialysis probe at a 

high concentration (100 µM) over the 2.5 hr period and microdialysate was collected in 

30 min intervals in naive animals (figure 3.2). The pore size of the microdialysis probe 

(15kDa) is large enough to allow morphine to diffuse from the aCSF into the brain for 

local delivery. Over the entire 2.5 hr microdialysis period the extracellular CCK-LI 

remained unchanged as compared to artificial CSF perfused animals.  The average basal 

extracellular CCK-LI was 2.6 ± 0.3 pM while in morphine perfused animals the CCK-LI 

was 2.7 ± 0.4 pM.  Potassium stimulation did not evoke a significant increased release of 

CCK-LI (3.0 ± 0.2 pM) with the direct infusion of morphine into the RVM. Hence, this 

study suggest that acute morphine-induced release of CCK upon potassium stimulation 

occurs outside of the RVM and that morphine does not enhance levels of CCK directly in 

the RVM. The lack of potassium stimulated CCK release following local administration 
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may suggest that there is a limited availability of basal CCK in the RVM. 

The mechanisms by which morphine elicits CCK release in the RVM are unclear.   

The fact that local MS administration does not elicit CCK release in the RVM suggests 

that CCK release is not directly mediated in the RVM.  Similarly, potassium simulation 

following acute systemic saline or acute local morphine administration implies that CCK 

levels are mediated by synaptic availability; that is, there is a limited availability of basal 

CCK for release.  Direct application of morphine into the RVM produces analgesia 

(Basbaum et al., 1976; Jensen and Yaksh, 1989) and opiate receptors have been 

characterized throughout this region (Kiefel et al., 1993; Kalyuzhny et al., 1996).  The 

present study found that morphine potentiated the stimulated release (potassium) of 

CCK-LI in the RVM.  This may also suggest that physical stimulation of the rat, by 

probing or heating of the foot, following acute systemic morphine administration could 

promote CCK-LI release in the RVM.  This was not done as part of this study, but offers 

a future course of investigation.   Two possible mechanisms by which the (K+) 

potentiated release of CCK-LI may occur are: 1) increased availability of releasable CCK 

in presynaptic terminals 2) decreased threshold of the CCK containing neurons. 

There are several mechanisms that can cause an increased availability of 

releasable pools of neurotransmitters (CCK) in presynaptic terminals. First morphine 

could promote the synthesis of CCK.  By acting at opioid receptors, morphine activates 

the G-proteins and the second messenger cascade (see introduction for details).  One 

outcome of the activation of opioid receptors is decreased PKA activity; this causes 

decreased activity of cAMP response element binding protein (CREB) and consequently 
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decreased activation of the cAMP response element (CRE), a promoter for gene 

expression.  While generally an inhibitory effect, this modulation of gene expression 

could promote CCK synthesis through an as yet undefined pathway.  However this seems 

unlikely to be the mechanisms behind potentiated CCK release in the RVM as the time 

course for peptide synthesis is longer than that for the effect seen.  A second mechanism 

that could account for the potentiated release of CCK-LI in the RVM is an increase in 

CCK vesicular packaging.   Though the pathway that could mediate this is unclear, it is 

possible that morphine acting at sites outside the RVM could promote an increase in 

vesicular packaging of CCK such that upon stimulation, CCK is released in greater 

concentrations.  Again, this mechanisms seems unlikely due to the time course required 

and given the fact that morphine has not been shown to affect vesicular packaging in 

other regions.  The third, and most likely mechanism by which morphine could promote 

increased availability for release is by increasing the number of CCK containing vesicles 

at the presynaptic active zones.  Again, no mechanism is known by which morphine 

could mobilize CCK containing neurons to the active zones, but the time course falls 

more in line with the observed release and would follow other mechanisms for 

potentiation (Edwards, 1995; Applegate and Landfield, 1998). 

The effects of morphine are generally inhibitory and result in decreased 

membrane potentials.  While unlikely, it is possible that acute administration of morphine 

could modulate the firing threshold of inhibited neurons.  That is, while the immediate 

effect of the MS may be to inhibit firing by lowering the membrane potential, it is 

possible that MS may also lower the firing threshold of these neurons such that a 
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subsequent stimulation, in this case via K+, causes more neurons to fire and subsequently 

release CCK.  A second related and more likely mechanism could be that MS acting at 

opioid receptors on interneurons could cause disinhibition of CCK containing neurons 

such that stimulation of the CCK containing neurons could more readily fire and release 

CCK.  Though no empirical data has shown that this mechanism is responsible for CCK 

release, Heinricher and colleagues have shown that GABA mediates descending pain 

modulatory pathways in the RVM (Heinricher et al., 1991; Heinricher and Kaplan, 1991).  

Morphine could act to inhibit GABAergic neurons in regions outside the RVM and thus 

disinhibit CCK containing neurons. 

 

3.4 List of Figures and Tables 

Figure 3.1 RVM microdialysis of CCK-LI release in animals treated with acute systemic  
       MS 

 
Figure 3.2 RVM Microdialysis of CCK-LI release in animals treated with acute local  
         MS  
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Figure 3.1 
RVM microdialysis of CCK-LI release in animals treated with acute systemic MS. 
The effect of acute systemic administration of morphine on CCK-LI outflow in the rostral 
ventromedial medulla of male Sprague Dawley rats.  (A) Saline did not potentiate the 
potassium (K+) evoked release of  CCK-LI. (B-D) Acute systemically administered 
morphine (1, 5, or 10mg/kg) potentiated the potassium (K+) evoked release of  CCK-LI 
outflow in the rostral ventromedial medulla. These data represent average CCK-LI 
measured for each of the following collection periods: washout (80min; 2 x 100µl), 
baseline (120min; 3 x 100µl), MS/Sal. (40min; 1 x 100µl), K+ stimulation (120min; 3 x 
100µl). 
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Figure 3.2  
RVM Microdialysis of CCK-LI release in animals treated with acute local MS.  RVM in 
vivo microdialysis for extracellular CCK-LI peptide in male Sprague Dawley rats.  Thirty 
minute fraction collections over a 2.5 hour period were collected with RVM basal 
extracellular CCK-LI levels (2.3 pM on average).  A high concentration of MS (100µM) 
was perfused directly into the RVM via the microdialysis probe.  There was no 
significant increase in CCK-LI release during or following local MS administration.  
Similarly, potassium stimulation did not produce a significant increase in CCK-LI 
release. 
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CHAPTER IV 

RELEASE OF ENDOGENOUS CHOLECYSTOKININ IN THE ROSTRAL 
VENTROMEDIAL MEDULLA INDUCED BY CHRONIC MORPHINE 

 

4.1 Introduction 

Sustained morphine administration produces morphine antinociceptive tolerance.  

This tolerance coincides with an up regulation of CCK mRNA and increased 

concentration of CCK-like immunoreactivity (CCK-LI) in tissue extracts of the 

brainstem, the hypothalamus, and the spinal cord (Zhou et al., 1992, 1993; Ding and 

Bayer, 1993). Furthermore, studies have shown that morphine elicits CCK release in the 

spinal cord and frontal cortex (de Araujo Lucas et al., 1998; Becker et al., 1999; 

Gustafsson et al., 2001).  Additionally, sustained morphine has been shown to promote 

abnormal pain (Devulder, 1997). To further examine the role of CCK in the RVM and its 

relation to opiate analgesia and tolerance, this study utilized microdialysis to examine the 

release of CCK in the RVM following sustained morphine administration. 

4.2 Methods 

 All animals were implanted with the microdialysis guide cannula.  These animals 

were also simultaneously implanted (s.c.) with two morphine (MP, 75mg each or 150 mg 

morphine free base – sustained MS group) or placebo (PP – control group) pellets.  The 

subcutaneous pellets delivered a continuous steady dose of morphine for more than 10 

days.  Half the animals were allowed to recover for two days.  Half were allowed to 

recover for seven days.  The basal levels of CCK-LI in the RVM in morphine or placebo 

pelleted animals were measured using in vivo microdialysis. Microdialysis probe 
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placement was histologically verified in every animal and only data with proper RVM 

probe placements were included.  

4.3 Results and discussion 

The basal extracellular levels of CCK-LI were higher in morphine-pelleted 

animals when compared with placebo-pelleted animals measured both on day 2 and day 7 

following pellet implantation. Microdialysis was performed over a 2.5 hr period in 30 

min fractions.  Placebo pelleted animals showed an average baseline CCK-LI of 1.3 ± 0.1 

pM (AUC 5.1 ± 0.7) (AUC, area under the curve, over the entire five x 30 minute time 

points collected) over the 2.5 hr analysis period.  Morphine pelleted rats showed an 

average CCK-LI baseline of 3.2 ± 0.3 pM (AUC 13.2 ± 0.8) on day 2 after pellet 

implantation (figure 4.1, A).  Basal levels in the RVM were consistent with basal CCK-

LI levels previously reported in measurements from the spinal cord and frontal cerebral 

cortex (de Araujo Lucas et al., 1998; Gustafsson et al., 1999; Becker et al., 2000).  These 

data indicate that morphine pellets resulted in an approximately 2.5 fold (2.7 fold AUC) 

increase in basal extracellular CCK-LI levels when compared to placebo controls at day 2 

post-pellet implantation (figure 4.2).  These data supported the behavioral findings by Xie 

and colleagues (Xie et al., 2005) that after two days of morphine administration, animals 

demonstrated partial hyperalgesia.  Similarly, morphine pelleted rats showed significantly 

higher basal levels of CCK-LI on day 7 post-morphine; the basal CCK-LI levels were 5.9 

± 0.7 pM (AUC 24.2 ± 1.6) versus placebo (1.3 ± 0.2 pM) (AUC 5.4 ± 0.6) pelleted 

animals (figure 4.1 B).  These data indicated that morphine pellets resulted in an 

approximately 4.6 fold AUC increase in basal extracellular CCK-LI levels when 
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compared to placebo controls (figure 4.2).   This followed the behavioral data that 

sustained administration of morphine for seven days produced significant thermal and 

tactile hypersensitivity (Xie et al., 2005).  

Analysis from two animals in which the probe was misplaced (confirmed 

histologically)  (1mm rostral and caudal; 0.5 mm lateral from our designated RVM area 

of 11.5-10.0 mm AP, 0-1.5 mm ML, 8.25-10.5 mm DV) resulted in an undetectable basal 

level of CCK suggesting that either no CCK exists rostral or lateral to the RVM or the 

amount of basal CCK is below our detection level of 0.78 pg/100 ml.  Probe 

misplacement 1 mm posterior from the RVM (1 animal with morphine pellets and 2 

animals with placebo pellets) resulted in detectable levels of CCK and followed the trend 

of being higher in morphine pelleted animals as compared to the placebo pelleted animals 

however these animals were not used in the final results due to the misplacement of the 

probe.  The RVM probe placements for all of the microdialysis experiments are displayed 

in figure 4.3. 

This study employed pharmacological and physiological approaches to uncover 

the role of CCK in the RVM in opioid-induced mechanical and thermal hyperalgesia and 

the possible relationship of CCK in the RVM to opioid antinociceptive tolerance.  

Pharmacological administration of CCK in the RVM of naive rats elicits tactile and 

thermal hypersensitivity of the hind paws that is mediated by CCK2 receptor activation 

(Xie et al., 2005).  Such hyperalgesia is likely the result of activation of a descending 

pain facilitatory system as this effect was prevented, or significantly attenuated, by prior 

lesions of the DLF. Furthermore, CCK in the RVM induces activation of descending pain 
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facilitation in opiate-naive rats resulting in a rightward displacement of the spinal 

morphine antinociceptive dose-response curve, this is similar to that seen after prolonged 

opioid administration and is characteristic of antinociceptive tolerance. Consistent with 

these pharmacological observations, RVM administration of L365,260, a CCK2 receptor 

antagonist, reverses the tactile and thermal hypersensitivity resulting from continuous 

morphine delivery.  Blockade of CCK2 receptors in the brainstem also prevents the 

rightward displacement of the spinal morphine dose-response in these morphine-exposed 

animals. Baseline levels of CCK in the RVM were found to be significantly elevated 

following sustained morphine administration indicating the presence of enhanced CCK 

tone in these animals. Together, these findings point to a role of endogenous CCK 

activity in the RVM as a mediator of opioid-induce mechanical and thermal 

hypersensitivity, descending pain facilitation and of spinal morphine antinociceptive 

potency (i.e., antinociceptive tolerance). 

 These studies have confirmed and extended the previous observations showing 

that pharmacological administration of CCK into the RVM, or into sites somewhat dorsal 

to the RVM (Kovelowski et al., 2000), induces thermal and mechanical hypersensitivity 

in naive rats.  These effects were time-dependent, were mediated via the CCK2 receptors 

and were abolished by lesions of the DLF, suggesting activation of a descending pain 

facilitation mechanism. Descending modulation of pain from the RVM has been 

previously characterized as playing an important role in spinal nociception (Fields et al., 

1983; Fields and Heinricher, 1985; Morgan and Fields, 1994; Friedrich and Gebhart, 

2003) and is mediated by bulbospinal projections via the DLF (Zhuo and Gebhart, 1992; 
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Urban et al., 1996; Urban and Gebhart, 1997; Fields and Basbaum, 1999).  CCK in the 

RVM inhibits the antinociceptive effect of systemic morphine by preventing morphine-

induced increase in the firing of RVM “OFF” cells (Heinricher et al., 2001).  A recent 

observation that microinjection of CCK into the RVM can also activate the firing of 

“ON” cells, suggests that CCK activity in the RVM may mediate descending pain 

facilitation (Heinricher and Neubert, 2004). In addition, the antinociceptive effect of 

spinal morphine can be attenuated by systemic, spinal or supraspinal administration of 

CCK (Faris et al., 1983; Li and Han, 1989; Stanfa and Dickenson, 1993). Consistent with 

these observations, these studies show that RVM administration of CCK displaced the 

spinal morphine dose-response curve to the right (Xie et al., 2005). The fact that this 

rightward shift in spinal morphine potency is coincident with hyperalgesia induced by 

CCK in the RVM, and can be similarly blocked by L365,260 in the RVM suggests that 

CCK2 receptor activation in the RVM increased nociceptive drive to the spinal cord 

which  acutely diminishes spinal morphine antinociception.  L365,260 given alone in the 

RVM, without the pharmacological action of exogenous CCK, did not alter the potency 

of spinal morphine showing that the descending pronociceptive pathway is apparently not 

normally active and has little influence on normal spinal morphine antinociceptive 

efficacy. It is important to note that unlike the present studies, previous findings showing 

that blockade of the CCK receptor enhanced the antinociceptive effects of opioids 

demonstrated these effects following administration of the opioid and CCK antagonist at 

the same anatomical region, or by the use of systemic opiates (Dourish et al., 1990; 
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Wiesenfeld-Hallin et al., 1990; Vanderah et al., 1994, 1996; Friedrich and Gebhart, 

2003). 

  The role of descending projections from the RVM to the spinal cord via the 

dorsolateral funiculus on the manifestation of morphine antinociceptive tolerance has 

been implicated in previous studies (Vanderah et al., 2000, 2001a,b). Continuous 

exposure to opioids, either by osmotic mini-pump, infusions of s.c. morphine, or by 

morphine pellet implantation produced behavioral signs of abnormal pain and 

antinociceptive tolerance which were abolished by lesions of the dorsolateral funiculus or 

by lidocaine administration into the RVM. The present study substantiates these earlier 

observations by demonstrating that activation of the CCK2 receptors in the RVM may 

underlie the pronociceptive descending input to the spinal cord, and blockade of these 

receptors is sufficient to simultaneously abolish opioid-induced hyperalgesia and 

antinociceptive tolerance. As noted above, because the CCK2 selective antagonist did not 

alter baseline sensory thresholds or spinal morphine potency in naive animals, it is likely 

that there is normally minimal endogenous CCK activity in the RVM (Xie et al., 2005). 

However, the evidence here shows that the CCK activity in the RVM must increase upon 

sustained morphine administration because the basal level of CCK-LI rises substantially 

in the RVM and CCK2 blockade in the RVM significantly influences both sensory 

thresholds and spinal morphine potency.  Furthermore, the significant up regulation of 

basal release of CCK-LI as well as the pharmacological action of L365,260 implicate a 

tonic activity of CCK in the RVM that would then result in a descending input to the 

spinal cord. 
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 The source of this tonic CCK output in the RVM is at present unknown. Previous 

studies have demonstrated that morphine can enhance extracellular levels of CCK in the 

spinal cord and brain. Microdialysis studies in vivo demonstrated that systemic and spinal 

morphine increased CSF levels of CCK (de Araujo Lucas et al., 1998). Further, systemic 

morphine resulted in an 89% increase in CCK levels in spinal cord perfusate (Zhou et al., 

1993).  Microdialysis studies also revealed a naloxone-sensitive, marked increase in 

extracellular CCK in the frontal cortex of conscious rats after systemic morphine (Becker 

et al., 1999). The CCK-LI release in the dorsal horn evoked by systemic administration of 

morphine was blocked by spinal naloxone (Gustafsson et al., 1999). However, our data 

show that direct, acute administration of morphine into the RVM did not elicit 

measurable CCK-LI release. These findings suggest that the release of CCK in the RVM 

is unlikely due to local release from RVM interneurons, but may arise from excitatory 

input to the RVM. The latter remains to be elucidated. 

 Many studies have shown that CCK antagonists can block and reverse opioid-

induced antinociceptive tolerance (Dourish et al., 1990; Xu et al., 1992; Hoffmann and 

Wiesenfeld-Hallin, 1994; Watkins et al., 1994; Tortorici et al., 2003). However, there is a 

major distinction between these prior observations and the ones made here. Whereas the 

“anti-opioid” effect of CCK previously observed concerns mainly the local mode of 

action of CCK, i.e., spinal CCK2 activation that antagonizes spinal morphine to attenuate 

afferent nociceptive input, the present findings concern an indirect, distant site of action 

of CCK on spinal morphine antinociception. The causal relationship between a CCK 

responsive, pain facilitatory input to the spinal cord and morphine antinociceptive 
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tolerance strongly supports the argument that the latter is an outcome of enhanced 

nociceptive transmission at the spinal level, and the enhanced CCK transmission in the 

RVM provides the first evidence for a supraspinal mechanism that may underlie spinal 

morphine antinociceptive tolerance.  Furthermore, a loss of spinal morphine potency due 

to hyperactivity of the CCK responsive neurons in the RVM may also underlie systemic 

opioid antinociceptive tolerance, because the potency of systemic morphine has been 

shown to depend on the synergy between spinal and supraspinal morphine activity and 

such synergy is lost after sustained administration of opioids (Roerig et al., 1984). 

 One hypothesis that has been advanced to explain the phenomenon of opioid 

tolerance is the suggestion of an “up regulation of endogenous antiopioids”  (Rothman et 

al., 1993). These current observations support this concept and have unraveled a specific 

mechanism by which enhanced pronociceptive tone in the RVM, driven at least in part, 

from enhanced levels and activity of CCK, activates descending pain facilitation 

processes to produce a hyperalgesic state.  It has previously been suggested that enhanced 

pain may be regarded as a “physiological antagonist” of antinociception, and that 

manipulations which block enhanced pain can block the expression of opiate 

antinociceptive tolerance (see Vanderah et al., 2001 for review).  Accordingly, blockade 

of up regulated pronociceptive (i.e. antiopioid) systems, such as those driven by RVM 

CCK which appear to be engaged by sustained morphine exposure may provide 

significant therapeutic benefit.  Recent studies have demonstrated that CCK antagonists 

can enhance opioid analgesia in humans (McCleane, 1998, 2000, 2003).  These studies 

suggest a mechanism by which this might occur and indicate that blockade of CCK 
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receptors may prevent or reverse opioid-induced hyperalgesia and the expression of 

opioid analgesic tolerance, providing a potential strategy for improving the efficacy of 

opioids as therapy in chronic pain conditions.   

 

4.4 List of Figures and Tables 

Figure 4.1 RVM Microdialysis of CCK-LI release in animals treated with sustained  
        systemic MS; day 2 and day 7 

 
Figure 4.2 RVM Microdialysis of CCK-LI release in animals treated with acute local  

        MS; area under the curve 
 
Figure 4.3 Schematic representation of microdialysis cannula placement in the RVM 
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Figure 4.1  
RVM Microdialysis of CCK-LI release in animals treated with sustained systemic MS; 
day 2 and day 7. RVM in vivo microdialysis for basal extracellular CCK-LI peptide in 
male Sprague Dawley rats implanted with either morphine or placebo pellets.  Animals 
underwent microdialysis on day two or day seven after pellet implantation. Thirty minute 
fraction collections over a 2.5 hour period were collected with RVM basal extracellular 
CCK-LI levels (1.3 pM on average) in placebo pelleted animals on day 2 (A) or day 7 (B) 
similar to what has been reported in the literature (de Araujo Lucas et al., 1998; 
Gustafsson et al., 1999; Becker et al., 2000).  However, there was a significant increase in 
RVM basal extracellular CCK-LI in animals with morphine pellets on day 2 (A), as well 
as on day 7 (B) after pellet implantation (n=7 for all groups). 
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Figure 4.2 
RVM Microdialysis of CCK-LI release in animals treated with acute local MS; area 
under the curve. The area under the curve for basal CCK-LI in the RVM on days 2 or 7 
after either placebo pellet (grey bars) or morphine pellet (black bars) implantation.  On 
day 2 animals with morphine pellets demonstrated a 2.6 fold increase in basal CCK-LI 
extracellular levels as compared to placebo pelleted animals, and on day 7 animals with 
morphine pellets demonstrated a 4.6 fold increase in basal CCK-LI extracellular levels as 
compared to placebo pelleted animals.  In vivo microdialysis experiments only include 
animals with proper cannula placement (* p < 0.05 as compared with placebo group; n=7 
for all groups) 
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Figure 4.3 
Schematic representation of cannula placement for microdialysis in the RVM. The 
location of the microdialysis probes were histologically confirmed and marked as correct 
(black bar) when the cannula tip fell within fell within 1mm rostral and caudal; 0.5mm 
lateral from our designated RVM area of 11.5–10.0mm anteroposterior; 0 –1.5mm 
mediolateral; 8.25–10.5mm dorsoventral. Data from animals with cannulas that projected 
beyond this area (gray bar) were not included (n < 10% of total). This figure was adapted 
from the atlas of Paxinos and Watson (1986), and the abbreviations used on the figure 
can be found in that atlas. 
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CHAPTER V 

RELEASE OF ENDOGENOUS CCK IN THE ROSTRAL VENTROMEDIAL 
MEDULLA AND AN ANIMAL MODEL OF NEUROPATHIC PAIN 

 

5.1 Introduction 

Sustained opioid administration has been shown to produce states of abnormal 

pain (Devulder, 1997; Celerier et al., 2000; Vanderah et al., 2000).  Additionally, opioids 

have been shown to have limited efficacy in the treatment of neuropathic pain (Arner and 

Meyerson, 1988; Bian et al., 1995; Ossipov et al., 1995; Lipman, 1996; Ossipov et al., 

1999).  The tactile and thermal hypersensitivity seen in animals following sustained 

morphine administration is similar to that seen in animals following spinal nerve ligation 

injury.  It has been proposed that opioid tolerance is at least partially mediated by the 

onset of opioid induced pain (Vanderah et al., 2001).  As presented above, this effect may 

be due to increased release of CCK and CCK activity in the RVM.  This study attempts to 

examine the role of CCK release in the RVM in neuropathic pain states to draw a 

connection between these two systems (opioid induced pain and neuropathic pain). 

5.2 Methods 

The animals in this experiment were divided into two groups.  Half the animals 

received the spinal nerve ligation (SNL) injury as described above (Kim and Chung, 

1992) and half received the Sham surgery.  Both groups were allowed to recover for 4-5 

days. All animals were then implanted with the microdialysis guide cannula.  The 

animals were allowed to recover for 2-3 days such that the microdialysis collection 
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occurred 7 days post SNL/Sham surgery.  The basal levels of CCK-LI in the RVM in 

SNL or Sham animals were measured using in vivo microdialysis. Microdialysis probe 

placement was histologically verified in every animal and only data with proper RVM 

probe placements were included.  

5.3 Results and discussion 

The basal extracellular levels of CCK-LI were higher in SNL animals when 

compared with sham animals measured on day 7 following SNL/Sham surgery. 

Following the 80 minute washout period, microdialysis was performed over a 2.6 hr 

period in 40 min fractions (4 x 100µl fractions).  Sham surgery animals showed an 

average baseline CCK-LI of 2.08 ± 0.16 pM (AUC 4.32 ± 0.73) (AUC, area under the 

curve, over the entire 4 x 40 minute time points collected) over the analysis period.  SNL 

rats showed an average baseline of CCK-LI of 4.23 ± 0.14 pM (AUC 8.66 ± 0.48) (figure 

5.1 A).  Basal levels in the RVM were consistent with basal CCK-LI levels previously 

reported in measurements from the spinal cord and frontal cerebral cortex (de Araujo 

Lucas et al., 1998; Gustafsson et al., 1999; Becker et al., 2000).  These data indicate that 

spinal nerve ligation resulted in an approximately 2 fold (2 fold AUC) increase in basal 

extracellular CCK-LI levels when compared to sham controls (figure 5.1 B). No longer 

time course was observed due to time constraints. 

This study employed physiological approaches to uncover the role of CCK in the 

RVM following nerve injury (SNL) induced neuropathic pain. Previous studies have 

shown that pharmacological administration of CCK into the RVM, or into sites somewhat 

dorsal to the RVM (Kovelowski et al., 2000), induces thermal and mechanical 
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hypersensitivity in naive rats similar to that induced by SNL.  Such hyperalgesia is likely 

the result of activation of a descending pain facilitatory system as this effect was 

prevented, or significantly attenuated, by prior bilateral lesions of the DLF. These effects 

were time-dependent and were mediated via the CCK2  receptors (Xie et al., 2005).  

Descending modulation of pain from the RVM has been previously characterized as 

playing an important role in spinal nociception (Fields et al., 1983; Fields and Heinricher, 

1985; Morgan and Fields, 1994; Friedrich and Gebhart, 2003) and is mediated by 

bulbospinal projections via the DLF (Zhuo and Gebhart, 1992; Urban et al., 1996; Urban 

and Gebhart, 1997; Fields and Basbaum, 1999).   In a model of chronic visceral pain, 

Friedrich and Gebhart (2003) found that CCK microinjected into the RVM enhanced the 

behavioral response to colorectal distention.  This effect was blocked by pretreatment 

with the CCK2 antagonist L365,260 in the RVM.  Additionally, it was found that RVM 

pre-treatment with CCK2 receptor antagonists enhanced the efficacy of morphine in the 

RVM for the treatment of visceral pain (Friedrich and Gebhart, 2003).  These data further 

support the hypothesis that CCK in the RVM acting at CCK2 receptors inhibits the 

efficacy of morphine and enhances pain.  Additionally, levels of CCK have been found to 

increase in the spinal cord following nerve injury (Gustafsson et al., 1998; Antunes Bras 

et al., 1999; Afrah et al., 2001; Xu et al., 2001; Wiesenfeld-Hallin et al., 2002). 

As noted above, because the CCK2 selective antagonist did not alter baseline 

sensory thresholds in naive animals, it is likely that there is normally minimal 

endogenous CCK activity in the RVM. However, the evidence from this study shows that 

the CCK activity in the RVM must increase following SNL because the basal level of 
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CCK-LI rises substantially in the RVM.  The source of this CCK output in the RVM is 

presently unknown.  The causal relationship between a CCK responsive, pain facilitatory 

input to the spinal cord, nociceptive transmission at the spinal level, and the enhanced 

CCK transmission in the RVM provides evidence for a supraspinal mechanism that may 

underlie neuropathic pain.   

Morphine has questionable efficacy in animal models and human neuropathic 

pain (Arner and Meyerson, 1988; Bian et al., 1995; Hassenbusch et al., 1995; Eisenach 

and Lindner, 2004).  Several studies however, have shown that administration of CCK 

antagonists potentiate this efficacy (Watkins et al., 1985; Dickenson, 1994; Valverde et 

al., 1994; Xu et al., 1994; Nichols et al., 1995; Vanderah et al., 1996; McCleane, 1998, 

2000, 2003; Perrot et al., 1998; Coudore-Civiale et al., 2000) and may help prevent 

opioid antinociceptive tolerance (Dourish et al., 1990; Kellstein and Mayer, 1991; 

Idanpaan-Heikkila et al., 1997). As mentioned above, an “up regulation of endogenous 

antiopioids”  (Rothman et al., 1993) has been suggested a one cause of antinociceptive 

tolerance.   In a related manner, up regulation of CCK due to SNL may reduce the 

analgesic efficacy of opiates for the treatment of neuropathic pain.   

 To further elucidate the system that mediates increased CCK levels following 

peripheral nerve injury, this study also measured the CCK-LI levels in the RVM 

following the ablation of a component of the ascending pain pathways prior to SNL. 

Substance P is widely distributed in the dorsal root ganglia but is localized in small 

sensory afferents (50 % of C fibers; 20% of Aδ) (McCarthy and Lawson, 1989).   Mantyh 

and colleagues have shown that SP is released in the spinal cord after peripheral noxious 
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stimulation and this effect is mediated primarily by the neurokinin-1 (NK-1) receptor 

(Mantyh et al., 1995).  Several studies have also shown that peripheral nerve injury 

causes an increase in SP levels and release in the spinal cord (Fried et al., 1989; 

Aanonsen et al., 1992; Kajander and Xu, 1995; Noguchi et al., 1995; Ma and Bisby, 

1998; Nichols et al., 1999; Robertson et al., 1999; Malcangio et al., 2000).  Additionally 

it has been shown that nerve injury induced pain is mediated by the NK-1 receptor in the 

spinal cord (Nichols et al., 1999; Pitcher and Henry, 2004; Taylor and McCarson, 2004).  

Selective ablation of NK-1 receptor expressing neurons in the spinal cord using 

substance-P conjugated to the cytotoxin saporin (SP-SAP) inhibits hyperalgesia produced 

by nerve injury (Mantyh et al., 1997; Wiley and Lappi, 1997).  Ablation of the NK-1 

receptor expressing cells also prevents central sensitization (Khasabov et al., 2002) and 

inhibits descending modulation (Khasabov et al., 2005).   This corresponds with several 

studies by Suzuki and colleagues whom have shown that NK-1 receptor expressing cells 

in the spinal cord activate descending pain modulatory pathways (Suzuki et al., 2002, 

2003; Suzuki and Dickenson, 2005).  

 In the present study, animals were treated (i.th) with SP-SAP, SAP, or SP.  After 28 

days they were tested for baseline thermal (IR) and tactile (vonFrey) sensitivity.  

Treatment with SP-SAP and controls showed no difference from naïve animals in sensory 

threshold.  On day 29, animals underwent SNL/Sham surgery.  After two days of 

recovery, a microdialysis guide cannula was inserted into the RVM.  On day 34, animals 

were tested for thermal and tactile sensitivity.  SP and SAP controls had the same effect 

and were combined for simplification. While the control groups showed normal 
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hyperalgesia and tactile hypersensitivity, as compared with previous studies (i.e. SNL 

produced thermal and tactile hypersensitivity); SP-SAP treated animals showed 

diminished tactile hypersensitivity (figure 5.2). These data were consistent with previous 

studies that showed that SP-SAP inhibited hyperalgesia (Nichols et al., 1999, Mantyh et 

al., 1997).   Thermal hyperalgesia remained unaffected, which did not match the previous 

studies, however, the thermal hyperalgesia found previously was induced using 

inflammatory models (capsaicin, carageenan, CFA, formalin) injected into the paw, 

whereas this study used SNL.  This difference in animal models may explain the 

difference found.    

 In addition to behavioral measures, microdialysis was preformed on these animals 

using the same technique as the animals that received only SNL as explained above. A 

total of 79 animals were injected with SP (n = 24), SAP (n = 11), or SP-SAP (n = 44); of 

these 50 received SNL and 29 received sham surgery (~1:1/treatment group).  Due to the 

duration of this experimental protocol, only 59 animals were viable for guide cannula 

insertion and of these 49 underwent microdialysis.  Radioimmunoassay analysis of these 

samples did not show any significant difference in CCK-LI between the different groups 

(figure 5.3).  Unfortunately, difficulties with the radioimmunoassay sensitivity (see 

appendix) limited detection of CCK-LI in many of the samples.  For this reason, no data 

were collected from SAP/sham treated animals and the SP/Sham data only represents 

data from one animal.  While these CCK-LI data are inconclusive, the behavioral data 

support the role of second order neurons of the ascending pain pathways in the onset of 

neuropathic pain behaviors (thermal and tactile hypersensitivity).   
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The origin of neurons that release CCK in the RVM remains unclear.  Recent 

studies in the PAG have shown that pre-administration of CCK antagonists block the on 

set of morphine tolerance also administered in the PAG (Tortorici et al., 2003).   A 

significant connection between the PAG and RVM has been demonstrated and it is 

believed that these regions act in concert to modulate the descending pain modulatory 

system (Van Bockstaele et al., 1991; Osborne et al., 1996; Odeh and Antal, 2001).  

Neurotensin has been suggested as one transmitter, which may play a role as a 

pronociceptive peptide in this connection (Li et al., 2001).   While CCK and CCK 

containing neuronal boutons have been found in the RVM using immunohistochemical 

and in situ hybridization methods (Gall et al., 1987; Savasta et al., 1988) little evidence 

has been found suggesting that CCK containing cell bodies are located in the RVM.  

However, CCK has been found in high concentrations in the PAG (Liu et al., 1994).  

Though it remains to be confirmed, it is likely that neurons projecting from the PAG to 

the RVM may provide the source of the CCK released in the RVM.   

The administration of opioids have been shown to result in behavioral signs of 

mechanical and thermal hypersensitivity in animal studies (Yaksh and Harty, 1988; 

Celerier et al., 2000; Vanderah et al., 2000) hence, contributing to what may be termed 

antinociceptive tolerance (Mao et al., 1995; Vanderah et al., 2001; Ossipov et al., 2003).  

Recent studies have addressed the mechanism of opioid-induced pain including the 

excitatory effects of endogenous dynorphin.  Animals exposed to sustained morphine 

result in a significant elevation of endogenous spinal dynorphin, as well as a significant 

increase in the pain neurotransmitter, CGRP, released from spinal cord slices (Vanderah 
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et al., 2000, 2001a, b; Gardell et al., 2001).   The des-Tyr dynorphin peptide, which does 

not bind to kappa opioids receptors, can significantly enhance capsaicin-evoked release 

of CGRP in spinal cord slices (Gardell et al., 2001).  It is thought that sustained morphine 

results in a significant increase in the release of endogenous dynorphin resulting in the 

increase release of CGRP since spinal cord slices pre-incubated with a dynorphin 

antiserum can attenuate the increase release of CGRP in spinal cord tissue from animals 

exposed to sustained morphine (Gardell et al., 2001).  In addition, the enhanced CGRP 

release in morphine tolerant animals is blocked in animals with a bilateral lesion of the 

descending pain facilitatory pathway prior to sustained morphine (Gardell et al., 2001).   

Similarly, in states of neuropathic pain, descending facilitation from the RVM is 

mediated at least in part by dynorphin (Wang et al., 2001; Burgess et al., 2002).  These 

studies demonstrated that dynorphin helps to maintain neuropathic pain (Wang et al., 

2001) and that this regulation is mediated via the RVM (Burgess et al., 2002).  Given the 

increased release of CCK in the RVM following nerve injury found here, it is likely that 

CCK drives this descending pathway.   

A significant increase in the basal level CCK release after SNL suggests that there 

is an increase in the basal CCK “tone” after nerve injury. This enhanced basal level of 

RVM CCK follows the time course of descending facilitation and suggests that such a 

tonic enhanced basal release of CCK may be an underlying mechanism of the descending 

facilitatory pathways.  These current observations support this concept and have 

unraveled a specific mechanism by which enhanced pronociceptive tone in the RVM, 

driven at least in part, from enhanced levels and activity of CCK, may activate 
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descending pain facilitation processes to enhance a hyperalgesic state.  The increased 

release of CCK in the RVM following SNL may be induced by activation of NK-1 

receptors in the spinal cord and dynorphin, CGRP or other pronociceptive transmitters 

may in turn mediate the descending facilitation.  It has previously been suggested that 

enhanced pain may be regarded as a “physiological antagonist” of antinociception, 

Accordingly, blockade of up regulated pronociceptive (i.e. antiopioid) systems, such as 

those driven by RVM CCK which appear to be engaged by SNL may provide significant 

therapeutic benefit. 

 

5.4 List of Figures and Tables 

Figure 5.1 RVM Microdialysis of CCK-LI release in SNL/Sham animals  
 
Figure 5.2 Thermal and tactile behavioral response in animals treated with SP-SAP 
 
Figure 5.3 RVM Microdialysis of CCK-LI release in animals treated SP-SAP 
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Figure 5.1 
RVM Microdialysis of CCK-LI release in SNL/Sham animals. (A) RVM in vivo 
microdialysis for basal extracellular CCK-LI peptide in male Sprague Dawley rats 
following L5/L6 SNL (black bars) or sham (grey bars) surgery.  Animals underwent 
microdialysis on day seven after SNL/Sham surgery. Forty minute fraction collections 
over a 3 hour period were collected with RVM basal extracellular CCK-LI levels (2.08 
pM on average) in sham animals and SNL animals (4.23 pM on average).  (B) Area under 
the curve for sham and L5/L6 SNL animals shows a 2 fold increase in CCK-LI in the 
RVM. (* p<0.5; n=4) 
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Legend  

- SNL/SP-SAP        - SNL/SAP 

- Sham/SP-SAP   - Sham/SAP 

Figure 5.2 
Thermal and tactile behavioral response in animals treated with SP-SAP Male Sprague-
Dawley rats were used. (A) Thermal hypersensitivity was determined by paw withdrawal 
latencies to infrared radiant heat applied to the plantar aspect of the hind paw. (B) Tactile 
hypersensitivity was determined by probing of the hind paw with calibrated vonFrey 
filaments.  Animals tested for baseline (BL) response prior to intrathecal injection of SP-
SAP (black and grey bars) or SAP (striped and checked bars).  28 days after injection, 
behavioral responses were measured.  L5/L6 surgery was preformed on day 29 and 
animals were again tested for behavioral response on day 34 (5 days post SNL). ( p < 
0.05 as compared with sham control; * p < 0.05 as compared with sham control; **p < 
0.05 as compared with SNL/SP-SAP). 
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Figure 5.3 
RVM Microdialysis of CCK-LI release in animals treated with SP-SAP. Male Sprague 
Dawley rats underwent microdialysis.  L5/L6 SNL (Black bars) or sham (grey bars) 
surgery was preformed on animals 29 days after SP, SAP, or SP-SAP administration 
(i.th.). Animals underwent RVM in vivo microdialysis for CCK-LI peptide on day 34 
after i.th administration (5 days post SNL/Sham). 40 minute fractions were collected over 
a 3 hour period. (note: SP/Sham data only represents one animal) 
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CHAPTER VI 

NOVEL PEPTIDE LIGANDS WITH OPIOID AGONIST AND CCK ANTAGONIST 
ACTIVITY, FOR THE TREATMENT OF NEUROPATHIC PAIN 

 

6.1 Introduction 

As explained above, classic opioid agonist such as morphine and fentanyl, the 

primary analgesics used to treat clinical neuropathic pain, have questionable efficacy and 

are confounded by the onset of antinociceptive tolerance (Arner and Meyerson, 1988; 

Bian et al., 1995; Hassenbusch et al., 1995; Eisenach and Lindner, 2004).  While highly 

efficacious for the intermittent treatment of pain, sustained use can produce opioid 

induced abnormal pain (Ali, 1986; Arner and Meyerson, 1988; Devulder, 1997).  Several 

studies have shown that sustained opioids can elicit abnormal pain states (Woolf, 1981; 

Yaksh and Harty, 1988; Trujillo and Akil, 1991; Mao et al., 1995).  Opioids given over 

time may maintain their level of efficacy, but the concurrent development of hyperalgesia 

may serve to counteract the antinociceptive efficacy of opioids, producing an impression 

of tolerance (Colpaert, 1996; Laulin et al., 1998, 1999).   

 It has been shown that sustained opioid administration causes CCK release both in 

the spinal cord (de Araujo Lucas et al., 1998; Wiesenfeld-Hallin et al., 2002), at 

supraspinal sites such as the RVM (Noble et al., 1993; Ossipov et al., 2000; Xie et al., 

2005) and in the frontal cortex (Becker et al., 1999).  CCK has been shown to promote 

pain in the spinal cord and RVM (Jeftinija et al., 1981; Pittaway et al., 1987; Hong and 

Takemori, 1989; Kovelowski et al., 2000).  This effect is primarily mediated by the CCK2 

receptor and is blocked by CCK2 receptor antagonists in rodents (Suh and Tseng, 1990; 
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Friedrich and Gebhart, 2003; Xie et al., 2005).  Additionally, many studies have shown 

that CCK antagonists can block and reverse opioid-induced antinociceptive tolerance 

(Dourish et al., 1990; Xu et al., 1992; Hoffmann and Wiesenfeld-Hallin, 1994; Watkins et 

al., 1994; Tortorici et al., 2003).  

6.2 Methods 

The present studies tested the hypothesis that a compound that simultaneously 

acts as an antagonist at CCK receptors and an agonist at opiate receptors will be more 

efficacious than the current available therapy in spinal nerve injury induced mechanical 

and thermal hypersensitivity.  In order to address this unique interaction of CCK and 

opioids in neuropathic pain, a novel peptide with agonist binding affinity and bioactivity 

at µ and δ opioid receptors and simultaneous antagonist activity at CCK receptors was 

developed.  The synthesis and purification of these compounds was preformed under the 

supervision of Dr. Hruby in the Chemistry Department at the University of Arizona. 

6.3 Results and discussion 

Opioid receptor binding affinity and agonist potency of the compounds in the GPI 

and MVD bioassays are summarized in Table 6.1.   Based on the binding affinities and in 

vitro activity, four compounds were tested in vivo. Intrathecal administration of these 

compounds did not produce significant antinociception as measured by the hot water tail-

flick test (figure 6.1).  The L5/L6 spinal nerve ligation (SNL) was used to produce long 

lasting mechanical and thermal hypersensitivity.  Animals were tested prior to nerve 

injury to establish basal response threshold for both thermal and tactile hypersensitivity.  

Following nerve ligation, the animals were allowed to recover for 5-7 days to ensure the 
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onset of neuropathic pain.  Post injury testing was then preformed and those animals that 

did not display a significant decrease in response threshold (SNL animals) were not used.  

Similarly, those animals that displayed any paralysis or loss of function were not used.  

Compounds were administered (RSA 101c, 504, 601 and 602) at an initial dose of 

10µg/5µl i.th.  Both tactile and thermal behavioral responses were measured every 15 

minutes following treatment until the response threshold returned to within 10% of 

baseline (figures 6.2-6.7).  Of the compounds tested, RSA 101c, 601 and 504 

significantly attenuated thermal and tactile hypersensitivity.  Though 101c showed long 

lasting robust anti-hypersensitivity, this compound was found to have low affinity at the 

CCK receptor.  While all three showed good affinity for the δ- and µ-opioid receptors, 

RSA 601 and 504 also demonstrated good affinity for the CCK1 and CCK2  receptors.  

These compounds also showed significant activity in vitro in the mouse vas deferens and 

guinea pig ileum bioassays.   Dose response curves were generated for these two 

compounds against both thermal and tactile hypersensitivity (figures 6.4-6.7).  RSA 601 

had A50 values (and 95 % confidence intervals) of 3.39 (1.7-6.9 µg) and 7.52 (3.0 – 18.6 

µg) at 30 minutes in the infrared radiant heat (figure 6.4) and vonFrey (figure 6.5) tests 

respectively.   RSA 504 had an A50 value (and 95 % confidence interval) of 4.59 (1.42-

14.8 µg) at 30 minutes in the infrared radiant heat test (figure 6.6).  The A50 value (and 95 

% confidence interval) for RSA 504 in the vonFrey test was 25.5 (10.29 – 63-39 µg) at 

45 minutes (figure 6.7). In all cases, injection of control vehicle did not cause any change 

in behavioral response as compared with naïve animals. Intrathecal administration of 

RSA 601 and 504 did not cause any change in motor function as tested using the rotarod 
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device over 3 minutes (figure 6.8) thus demonstrating that RSA 504 and 601 were not 

impairing motor function or producing sedation. 

To test whether the activity of the compounds was a result of both CCK and 

opioid activity in vivo intracerebroventricular (i.c.v.) administration of these compounds 

was preformed in conjunction with systemic naloxone (s.c.)  Thermal hypersensitivity 

was determined by paw withdrawal latencies to infrared radiant heat applied to the 

plantar aspect of the hind paw.   Naïve animals had an average baseline withdrawal 

latency of 19.07 ± 0.75sec (n = 70). RSA 601 (3µg/5µl i.c.v.) produced moderate 

analgesia to IR radiant heat as compared with that of morphine (3µg/5µl i.c.v.); average 

withdrawal latencies of 21.3 ± 2.36sec (n = 8) and 30.5 ± 0.95sec (n = 7) respectively.  

Deltorphin (10µg/5µl) produced significant side effects (seizures), which prevented 

thermal behavioral testing.  Lower doses had no effect.   Pre-administration (-10min) of 

CCK-8sulf (i.c.v.; 10 ng/5µl) alone produced thermal hypersensitivity (14.42 ± 1.42sec; n 

= 13).  RSA 601 (3µg/5µl) reversed this hypersensitivity  (24.02 ± 1.47sec; n = 10).  

Pretreatment (-20min) of naloxone (10mg/kg S.C.) blocked morphine analgesia (18.85 ± 

2.88sec; n = 7). Pretreatment with naloxone reduced but did not reverse the 

antinociceptive properties of RSA 601; with an average withdrawal latency of 19.27 ± 

1.05; n = 6 (figure 6.9). 

The compounds tested here were designed to have both opioid agonist and CCK 

antagonist properties.  Binding affinity and in vitro activity studies found that RSA 601 

and 504 were both promising candidates.  Both of these compounds functioned well via 

acute i.th. administration to attenuate thermal and tactile hypersensitivity induced by 
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SNL. Unfortunately, sustained administration indicated that these compounds produce 

antinociceptive tolerance.  This may be due to several mechanisms.  While CCK plays a 

significant role in antinociceptive tolerance, this is not the only cause.  As explained in 

the introduction, neurotensin may also function in the RVM or PAG as an antiopioid.  

Since these compounds demonstrate significant activity and affinity for the µ and δ 

opioid receptors the CCK antagonist activity may not have been sufficient to prevent the 

onset of antinociceptive tolerance.   

 

6.5 List of figures and tables 

Figure 6.1 Acute antinociceptive effect of RSA 101c, 504, 601 and 602 
 
Figure 6.2 Thermal and tactile behavioral response in animals treated with RSA 101c 
 
Figure 6.3 Thermal and tactile behavioral response in animals treated with RSA 602 
 
Figure 6.4 Thermal behavioral dose response curves in animals treated with RSA 601 
 
Figure 6.5 Tactile behavioral dose response curves in animals treated with RSA 601 
 
Figure 6.6 Thermal behavioral dose response curves in animals treated with RSA 504 
 
Figure 6.7 Tactile behavioral dose response curves in animals treated with RSA 504 
 
Figure 6.8 Motor function for animals treated with RSA 504, 601 and vehicle 
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Figure 6.1 
Acute antinociceptive effect of RSA 101c, 504, 601 and 602.  Acute antinociception was 
determined using the 52°C hot water tail flick test in Male Sprague Dawley rats.  Each 
compound was administered i.th. at a dose of 10µg/5µl.  None of the compounds 
produced significant antinociception.  The left column shows tail flick latency (sec) for 
the 60min time course.  The right column shows the % antinociception at each time-point 
relative to baseline. 
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Figure 6.2 
Thermal and tactile behavioral response in animals treated with RSA 101c .  Neuropathic 
pain was induced by L5/L6 SNL in male Sprague Dawley rats.  (A) Mechanical 
hypersensitivity was determined by probing of the hind paw with calibrated von Frey 
filaments. The time course of paw withdrawal thresholds after intrathecal microinjections 
of RSA 101c at 10µg/5µl is represented. (B) Thermal hypersensitivity was determined by 
paw withdrawal latencies to infrared radiant heat applied to the plantar aspect of the hind 
paw. The time course of paw withdrawal latency after intrathecal microinjections of RSA 
101c 10µg/5µl is represented. (* p ≤ 0.05 as compared with post-SNL levels; n = 8). 
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Figure 6.3 
Thermal and tactile behavioral response in animals treated with RSA 602. Neuropathic 
pain was induced by L5/L6 SNL in male Sprague Dawley rats.  (A) Mechanical 
hypersensitivity was determined by probing of the hind paw with calibrated von Frey 
filaments. The time course of paw withdrawal thresholds after intrathecal microinjections 
of RSA 602 at 10µg/5µl is represented. (B) Thermal hypersensitivity was determined by 
paw withdrawal latencies to infrared radiant heat applied to the plantar aspect of the hind 
paw. The time course of paw withdrawal latency after intrathecal microinjections of RSA 
602 10µg/5µl is represented. (* p ≤ 0.05 as compared with post-SNL levels; n = 8) 
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Figure 6.4 
Thermal behavioral dose response curves in animals treated with RSA 601.  Neuropathic 
pain was induced by L5/L6 SNL in male Sprague Dawley rats.  (A) Thermal 
hypersensitivity was determined by paw withdrawal latencies to infrared radiant heat 
applied to the plantar aspect of the hind paw. The time course of paw withdrawal latency 
after intrathecal microinjections of RSA 601 at () 1µg/5µl, (■) 10µg/5µl, and (▲) 
30µg/5µl are represented.  Some analgesic effect was seen in sham animals ().  No 
effect was seen in vehicle () treated animals. (B) Antinociceptive dose-response curve 
for intrathecal microinjection of RSA 601 was generated at the time of peak effect (30 
min).  The A50 value at this time was 3.39 (1.7 – 6.9 µg; 95% CI). 

A) 

B) 

0 BL post SNL 15 30 45 60
0

10

20

30

Infrared Dose Time Graph

Time (min)

1 10 30
0

20

40

60

80

100

RSA 601 (µg, i.th., IR 30min)



125 

 
 
Figure 6.5 
Tactile behavioral dose response curves in animals treated with RSA 601.  Neuropathic 
pain was induced by L5/L6 SNL in male Sprague Dawley rats.  (A) Mechanical 
hypersensitivity was determined by probing of the hind paw with calibrated von Frey 
filaments. The time course of paw withdrawal thresholds after intrathecal microinjections 
of RSA 601 at () 3µg/5µl, (■) 10µg/5µl, and (▲) 30µg/5µl are represented. No effect 
was seen in sham ()  or vehicle () treated animals. (B) Antinociceptive dose-response 
curve for intrathecal microinjection of RSA 601 was generated at the time of peak effect 
(30 min).  The A50 value at this time was 7.52 (3.0 – 18.6 µg; 95% CI). 
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Figure 6.6 
Thermal behavioral dose response curves in animals treated with RSA 504. Neuropathic 
pain was induced by L5/L6 SNL in male Sprague Dawley rats.  (A) Thermal 
hypersensitivity was determined by paw withdrawal latencies to infrared radiant heat 
applied to the plantar aspect of the hind paw. The time course of paw withdrawal latency 
after intrathecal microinjections of RSA 504 at (●) 1µg/5µl, (■) 10µg/5µl, and () 
30µg/5µl are represented. No effect was seen in vehicle () treated animals. (B) 
Antinociceptive dose-response curve for intrathecal microinjection of RSA 504 was 
generated at the time of peak effect (30 min).  The A50 value at this time was 4.59 (1.42 - 
14.8µg; 95% CI). 
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Figure 6.7 
Tactile behavioral dose response curves in animals treated with RSA 504.  Neuropathic 
pain was induced by L5/L6 SNL in male Sprague Dawley rats.  (A) Mechanical 
hypersensitivity was determined by probing of the hind paw with calibrated von Frey 
filaments. The time course of paw withdrawal thresholds after intrathecal microinjections 
of RSA 504 at () 3µg/5µl, (■) 10µg/5µl, and (▲) 30µg/5µl are represented. No effect 
was seen in sham ()  or vehicle () treated animals.  (B) Antinociceptive dose-response 
curve for intrathecal microinjection of RSA 504 was generated at the time of peak effect 
(45 min).  The A50 value at this time was 25.5  (10.29 - 63.39 µg; 95% CI). 
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Figure 6.8 
Motor function for animals treated with RSA 504, 601 and vehicle Effects of RSA 504 
(), RSA 601 () and vehicle () on motor function were tested using the rotarod 
device.  No significant differences were seen between any of the groups tested. 
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Figure 6.9 
Thermal behavioral response in animals treated with RSA 601 and naloxone.  Thermal 
hypersensitivity was determined by paw withdrawal latencies to infrared radiant heat 
applied to the plantar aspect of the hind paw of male Sprague Dawley rats.  The analgesic 
properties of RSA 601 were compared with that of morphine (MS;  3µg/5µl i.c.v.) both 
with and without pretreatment (-20min) of naloxone (10mg/kg s.c.) and with pre-
administration (-10min) of CCK-8sulf.  Morphine produced significant (* p < 0.01; n = 7) 
analgesia as compared with baseline.  Naloxone fully reversed this analgesia (** p < 
0.01; n = 7). CCK-8 administration (I.C.V.; 10 ng/5µl) alone produced thermal 
hypersensitivity ( p < 0.05; n = 13) as compared with baseline.  RSA 601 (3µg/5µl) 
reversed this hypersensitivity ( p < 0.01; n = 10). In contrast to MS, this effect was not 
significantly attenuated by naloxone ( p < 0.01 as compared to CCK alone; n = 6). 
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A) 

CCK-1 CCK-2 CCK 1 CCK 2 CCK-1 Agonist

[125]I CCK 8 [125]I CCK 8 [3]H PI [3]H PI

Compound Ki (nM) Ki (nM) EC50 (nM) & Tota/basal EC50 (nM) & Tota/basal % @ 1 _M

RSA 601 1100 1.6 no response 19/15 2.5

RSA 504 11.2 15.8 2540/15.3 1930/10.1 0

RSA 602 32 1.3 no response 2.5/14 32

RSA 101c 31700 no comp. no response no response 0

 
B) 

hDOR MOR hDOR MOR _ Opioid Agonist _ Opioid Agonist

[3]H DPDPE [3]H DAMGO GTP-r-35S GTP-r-35S IC50 IC50 

Compound Ki (nM) Ki (nM) EC50 (nM) & Emax (%) EC50 (nM) & Emax (%) (nM) (nM)

RSA 601 0.55 5.7 20.9/33.8 520/52.7 23.87 ± 4.61 70.57 ± 5.42

RSA 504 2.3 27.1 4.5/82 0.47/107 22.71 ± 9.68 206.1 ± 51.8

RSA 602 1.9 20.8 26.8/50.4 37.8/45.8 62.78 ± 26.53 147.9 ± 65.2

RSA 101c 0.2 2.2 91.6/260 27.3/103 0.4536 ± 0.0656 63.35 ± 5.5

 
 
 
Table 6.1 
Binding affinities and in vitro activity of the RSA compounds. Binding affinities at the 
CCK-1 and CCK-2 receptors (A) as well as δ- and µ-opioid receptors (B) are listed for 
each compound along with the functional PI assay (CCK) and [35S]GTPγS binding 
(opioid) EC50 and Emax values.  Also shown are then IC50 values to inhibit electrically 
evoked smooth muscle contraction in the mouse vas deference and guinea pig ileum 
stimulated and unstimulated bioassays (described in Material and Methods).  Assays 
were performed by Peg Davis, Dr. Shouwu Ma, and Hamid Badghisi in the labs of Drs. 
Porreca and Lai. 
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Chapter VII 

 
CONCLUSIONS 

 
The studies and data presented here support the hypothesis that cholecystokinin 

(CCK) in the rostral ventromedial medulla (RVM) drives descending pain facilitatory 

pathways that promote opioid induced paradoxical “pain,” antinociceptive tolerance and 

neuropathic pain.  Bi-functional compounds with opioid agonist and CCK antagonist 

properties are successful in inhibiting thermal and tactile hypersensitivity following 

neuropathic pain.   

Acute systemic administration of morphine potentiated the release of CCK in the 

rostral ventromedial medulla as detected by microdialysis.  Local administration of 

morphine into the RVM however, did not enhance the release of CCK in this region. 

These findings suggest that morphine acts at sites removed from the RVM to increase the 

available CCK for release in the RVM.  Additionally the low basal levels of CCK prior to 

stimulation suggest that an endogenous CCK tone does not participate in setting normal 

tactile and thermal sensory thresholds. 

Chronic administration of systemic morphine produces thermal and tactile 

hypersensitivity similar to that seen following nerve injury. Sustained morphine also 

produces antinociceptive tolerance.  Microdialysis in the RVM showed an increased 

release of endogenous CCK following sustained morphine administration.  These 

findings suggest that CCK is up regulated following sustained morphine administration 

and may drive descending facilitatory pathways that play a role in the development of 

abnormal pain and antinociceptive tolerance following sustained morphine exposure.  
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Neuropathic pain induced by spinal nerve ligation produces thermal and tactile 

hypersensitivity.  Microdialysis in the RVM of freely moving awake animals 

demonstrated an increased release of endogenous CCK.  These findings suggest that 

CCK is up regulated in the RVM following nerve injury and may enhance neuropathic 

pain via the descending facilitatory pain pathways by increasing basal CCK tone in the 

RVM.   

 It has been suggested that opioid tolerance may be induced by the up regulation of 

endogenous anti-opioids. These current observations support this mechanism and have 

identified an endogenous up regulation of the “anti-opioid” peptide CCK in the RVM.  

CCK in the RVM drives descending facilitatory pain pathways projecting to the spinal 

cord.  These studies identify an endogenous peptide (CCK) in freely moving awake 

animals that, subsequent to sustained opioid administration and nerve injury, is elevated 

in a supraspinal region (RVM) known to modulate pain.  CCK in the RVM contributes to 

the onset of opioid antinociceptive tolerance by activating facilitatory descending pain 

pathways.   

These findings suggest that compounds, which antagonize CCK receptors while 

activating opioid receptors, may be effective in treating neuropathic pain and may 

attenuate the onset of antinociceptive tolerance.  The RSA compounds tested here utilized 

this mechanism and were found to be efficacious for the treatment of neuropathic pain 

and may be useful drugs for the treatment of neuropathic pain.  Preliminary studies 

suggested a delay in the onset of antinociceptive tolerance. However, future studies will 

need to be performed to determine if these novel, dual acting, compounds result in 
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antinociceptive tolerance. 
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APPENDIX 

ANALYSIS OF CCK – CONSTRAINTS AND DIFFICULTY 

 The radioimmunoassay (RIA) utilized in these studies for the analysis of CCK-LI 

presented several limitations.  While this assay has been optimized to maximize the 

sensitivity to CCK, the minimum measurable concentration for CCK fell close to the 

physiological concentrations found in the RVM.  The RIA was performed both here in 

Tucson as well as in Sweden through a collaboration with Dr. Stiller.  The primary 

antibody used in Sweden is not available in the United States and the antibodies that are 

available in the US are not as selective as those used in Sweden.   For this reason, several 

attempts were made to improve the sensitivity of the assay available here.  The first 

incubation period with the primary antibody was increased to ensure specific binding was 

optimized.  Additionally, the concentration of radioactive tracer was reduced to increase 

competition binding.  These methods improved the sensitivity, however not sufficiently 

to measure all physiological samples.  For this reason, high pressure liquid 

chromatography was used to attempt to measure lower concentrations of CCK in cerebral 

spinal fluid.   

 A modified method was designed based on the Waters AccQTag method, as 

described in the methods section above.  Many different techniques were attempted 

including pre-column purification and peptide crash in an attempt to concentrate and 

enhance the sensitivity of the system to CCK.  By tagging the CCK peptide with the 

AccQTag derivatization process, it was hoped that it would be possible to detect CCK a 

very low levels.  This technique was found to have limited sensitivity (A1).  While amino 
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acids such as glutamate could be detected in aCSF at low levels, the minimum 

concentration of CCK that was detected via HPLC was approximately 6.4ng/100µl, well 

above the physiological levels of CCK.  It is believed that the bovine serum albumin 

(BSA) in the aCSF necessary to allow for the microdialysis perfusion blocked the 

availability of the CCK present (Huang et al., 1995).  This may have also affected the 

sensitivity of the RIA.  Future studies should focus on separating the CCK from the BSA 

complex in order to make the peptide available for antibodies and derivatizing agents. 

 

Figure A.1 HPLC chromatograph of CCK and glutamate detection 
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Figure A.1 
HPLC chromatograph of CCK and glutamate detection. Representative chromatograph of 
the fluorescent detection of Glutamate (GLU) and CCK using HPLC.  Glutamate can be 
detected at physiologic concentrations (2.5 µM represented here).  CCK can only be 
detected above physiological levels (6.4ng/100µl represented here) 
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