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ABSTRACT

Peripheral tissue damage and inflammation produce pain and hyperalgesia. Substances
released into the periphery during the inflammatory response cause excitation and
sensitization of primary afferents, but the mechanisms of this activation are not known.
Hyperalgesia and inflammation are also associated with increased levels of intracellular
CAMP. Alternatively, peripheral administration of opioids causes analgesia, reduces

excitability of small-diameter primary afferents and decreases cAMP levels during
inflammation. Opioid receptors are coupled to K* channels, Ca*2 channels and adenylyl
cyclase; however, the mechanisms of opioid inhibition of peripheral pain are unknown.
Because excitation of neurons is associated with ion channel activity, we chose to study the
effects of PGE2 and opioids on I}, a hyperpolarization-activated cation channel that is
regulated by CAMP.

Whole-cell recordings from nodose ganglion neurons in culture determined that primary
afferent neurons express a hyperpolarization-activated inward current (I;) that is sensitive
to changes in cAMP concentration. PGE2, forskolin and cAMP analogs shifted the voltage
dependence of I}, to more depolarized potentials. Although pL-opioids had no effect on I in
control conditions, they inhibited forskolin-stimulated I, in a naloxone-sensitive manner in
a subpopulation of nodose neurons. Opioid inhibition was not effective in the presence of
CAMP analogs suggesting that the mechanism of opioid inhibition is inhibition of adenylyl

cyclase.

Several studies were done to further characterize the subpopulation of nodose neurons
which respond to opioids. Intracellular recordings from an intact ganglion preparation

confirmed observations by other groups that the nodose ganglion contains neurons with
conduction velocities in the Ad- and C-fiber range. Furthermore, these studies determined

that Iy was expressed only in neurons with faster conduction velocities (Aé-cells).
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Another set of experiments was designed to determine the mechanism by which PGE2 and
forskolin shift the activation curve and increase the maximum amplitude of I,. The cAMP
analogs, RP-cAMP-S (an inhibitor of protein kinase A) and SP-cAMP-S (an activator of
protein kinase A), mimicked the effects of PGE2 and forskolin. The inhibitor peptide of
protein kinase A, the catalytic subunit of protein kinase A, and phosphatase inhibitors had
no effect on PGE2 or forskolin modulation of I. These results suggest that I, may be
directly modulated by cAMP and may be related to cyclic nucleotide-gated channels in

SENSOry neurons.

Since tissue damage and inflammation excite primary afferents and I, has been shown to
modulate firing in central neurons, we were interested in determining if PGE2 and
forskolin could modulate firing in peripheral neurons. Whole-cell recordings were made in
current-clamp mode from cultured nodose ganglion neurons expressing I,. PGE2 and
forskolin decreased the threshold of activation, depolarized the membrane, and increased
the number of action potentials elicited during a supra-threshold stimulus. Therefore,
modulation of Iy, by increased cAMP levels may be a possible mechanism of chemical pain
transduction. Positive regulation of I; by prostaglandins produced during inflammation
may lead to depolarization and facilitation of repetitive activity. On the other hand, opioid
inhibition of adenylyl cyclase and subsequent inhibition of I; may be a mechanism by

which opioids inhibit primary afferent excitability and relieve pain.
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INTRODUCTION

Pain is defined as the sensory and perceptual experience of tissue damage. Perception of a
noxious stimulus as painful is thought to be the mechanism by which an organism is alerted
to damage within itself and subsequently protects the injured area. Inflammation seems to
have a role in repairing tissue damage. The mechanisms by which tissue damage is
transduced into the perception of pain are not completely understood, but these processes
have been important areas of research for centuries. Many currently accepted principles of
pain perception were defined by anatomists and physiologists by the early 1900’s.
Nociception is defined as the actual sensation of tissue damage with no contribution of
affectional or motivational aspects. Theories of pain have attempted to answer fundamental
questions about the transmission and perception of pain on the basis of histological and
clinical observations. How does tissue damage elicit pain? Is pain a ‘specific’ sense: one
fiber mediating one sensation? What role do nerve impulses play in the perception of pain?
Is the spinal cord a simple relay for pain or does it modify afferent input? Although there
have been thousands of studies on pain since the early 1900s, many questions concerning
perception of pain and mechanisms of nociception are still unanswered. The focus of this
work will be on a possible mechanism of transduction of inflammatory pain via modulation

of an ion current.

Early studies correlated excitation of specific primary afferents during tissue damage with
the perception of pain. The mechanisms by which tissue damage is transduced into
electrical impulses in primary afferents is not known. Furthermore, many groups have
studied the mechanisms of pain regulation in the central nervous system, but peripheral
modulation has largely been ignored. The Introduction will give a brief overview of the
pain pathways and historical background of our current knowledge of pain mechanisms.
The second section will discuss central mechanisms of pain modulation with an emphasis
on a descending inhibitory pathway, as well as possible mechanisms of modulation at
central terminals of primary afferents. The final section of the Introduction will describe
the events that occur in the periphery during tissue damage and inflammation and how these

events may modulate nociception at the peripheral terminals of primary afferents.



I. HISTORY OF CURRENT THEORIES OF PAIN TRANSMISSION

A. Theories of Pain

Sensations of the skin have been classically divided into four groups (touch, pain, cold and
warm) mediated by anatomically separate pathways. This classification formed the
foundation of the ‘Specificity Theory’ of cutaneous sensation based on the Doctrine of
Specific Energies of Johannes Muller in the 1830’s and the histology of von Frey in the late
1800’s who described specific nerve endings associated with ‘spots’ of specific sensation.
Since there was a lack of evidence for specific nerve endings associated with pain
sensations and electrophysiological evidence that pain was carried by both myelinated and
unmyelinated fibers (Head, Rivers, & Sherren, 1905; Head & Thompson, 1906), it was
hypothesized that pain was not considered a specific sensation (Nafe, 1927; Sinclair, 1955;
Weddell, 1955). Nafe and colleagues proposed the ‘Pattern Theory’, that the brain
perceived painful stimuli as a characteristic pattern of impulses based on observations that
increased stimulus intensities increased both the frequency of nociceptor firing and the
duration of the response (Adrian, 1927). However, as experimental techniques advanced,
a large amount of receptor-fiber specialization was observed. Thus, a more integrative
theory was proposed by Melzack & Wall (1965a) that combined aspects of both the
Specificity and Pattern Theories. Their alternative hypothesis was that cutaneous receptors
have specialized physiological properties for the transduction of stimuli into patterns of
nerve impulses. Central neurons detect details from many inputs through impulse patterns
and spatial summation of the inputs. The Gate Control Theory (Melzack & Wall, 1965b),
proposed that cells in the substantia gelatinosa modulated afferent information before it was
transmitted to the brain. In this theory, three features of afferent input were thought to be
important for pain perception: the ongoing activity that precedes noxious stimulation, the
stimulus-evoked activity, and the relative balance of activity in large versus small afferent
fibers. Therefore, the somesthetic system could act as an integrative system that

discriminates between different sensations produced by unique patterns of impulses.



B. Ascending Pain Pathway

1. Nociceptors

Cutaneous pain originates in the skin and is transmitted to the central nervous system via
primary afferents. Tissue damage (crushing, pinching, tearing, heating and freezing of the
skin) is the natural stimulus for pain. Each stimulus modality has a specialized nociceptive
ending (Adrian, Cattell, & Hoagland, 1931; Iggo, 1963; Perl, 1968) that when activated
elicits a generator potential that transduces its activation into action potentials within the
corresponding primary afferent fiber (Loecwenstein, 1963). Loewenstein (1963) found that
the generator potential in Pacinian corpuscles, specialized mechanoreceptor endings, was
elicited by a conductance increase in the membrane at the point of stimulation. It is
currently assumed that proper stimulation of nociceptor endings also elicits a generator
potential resulting in activation and transduction of the stimulus, but the mechanisms are

not understood.

Nerve stimulation elicits compound action potentials with a nociceptive and an innocuous
wave with different conduction velocitics (Ranson, 1915). The nociceptive wave results
from activation of small-diameter, thinly myelinated (A8-) and unmyelinated (C-) afferents
(Collins, Nulsen, Randt, 1960; Bessou & Perl, 1969). As- and C-fiber endings are free
nerve endings embedded into their target tissues (both skin and deep structures). As-fibers
have conduction velocities of approximately 5 - 30 m/s and respond to thermal and
mechanical stimuli to produce a sharp, pricking pain. C-fibers have conduction velocities
in the range of 0.5 - 2 m/s and respond to high intensity mechanical stimuli, as well as to
chemical, noxious heat and cold stimulation. These characteristics correspond to the
psychophysical definition of first pain (A$-fibers) and second pain (C-fibers) (Sinclair &
Stokes, 1964).

The cell bodies of nociceptors are located in ganglia found, in some cases, a great distance
from their peripheral targets (Ranson, 1912). The ganglia contain heterogeneous
populations of primary afferent neurons that are differentiated by their responses to

chemical stimuli, fiber types, cell size, neuropeptide content, action potential



characteristics, membrane properties, etc (Baccaglini & Hogan, 1983; Tokimasa,
Tsurusaki, & Akasu, 1983; Harper & Lawson, 1985). Studies classifying primary
afferents have been repeated in different ganglia, with different stimuli, and in different
species. Consequently, the literature on this subject is immense and has provided little
additional insight into the mechanisms of pain. Therefore, only studies which have
focused on correlating cell characteristics with functional differences will be cited. One
important observation is that many of the in vivo characteristics seem to be maintained in
culture (Baccaglini & Hogan, 1983), particularly on the cell soma. The function of the
primary afferent soma is not known. It may simply be a support system for the

transmission of impulses along the axons, or it may modulate afferent input.

The central process from the cell body is sent to synapse within the dorsal horn. The
dorsal horn is divided into laminae on the basis of cytoarchitecture (Rexed, 1952).
Mpyelinated and unmyelinated neurons are distributed within the dorsal horn in a highly
specific manner. Both types of neurons bifurcate upon entering the spinal cord in the Tract
of Lissauer (Ranson, 1913; 1914; Ranson & Billingsley, 1916), synapsing in several
different segments. The Ad-fibers seem to travel for three to five segments rostrocaundally
(Giesler, Cannon, Urca & Liebeskind, 1978; Cervero, Iggo & Molony, 1979) and
terminate in Laminae I, the substantia gelatinosa (Laminae IT and IIT), V and X. C-fibers
are more limited in their extension to different segments and terminate primarily to Laminae
I and the substantia gelatinosa. All small-diameter primary afferents terminate within the
dorsal horn.

Although it is not clear what neurotransmitters and neuropeptides are released by certain
types of primary afferents, glutamate and other excitatory amino acids are prime candidates.
A subset of neurons in laminae I and II excited by C-fiber components of dorsal root
volleys are excited by iontophoretic glutamate and aspartate (Schneider & Perl, 1985), and
a greater concentration of excitatory amino acids are found in the dorsal horn relative to the
ventral horn of the spinal cord (Duggan & Johnston, 1970). The effects of glutamate and

aspartate are likely a result of their release by primary afferents because smaller dorsal root
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ganglion neurons are selectively associated with uptake of glutamate and aspartate (Duce &

Keen, 1983; Cangro, Sweetnam, Wrathall, Haser, Curthoys & Neale 1985). In addition,
several neuropeptides are associated with primary afferent fibers, such as substance P,
calcitonin gene-related peptide and somatostatin (for review, see Holzer, 1988). Intrathecal
administration of substance P causes painful responses (Piercey, Dobry, Schroeder, &
Einspahr, 1981) and a weak excitation of dorsal horn neurons (Randic & Miletic, 1977;
Hentall & Fields, 1983; Stanfield, Nakajima & Yamaguchi, 1985). Substance P is co-
localized with glutamate in primary afferents (De Biasi & Rustioni, 1988) and with
serotonin in medullo-spinal projection neurons (Barber, Vaughn, Slemmon, Salvaterra,
Roberts & Leeman, 1979; Johansson, et al., 1981). Substance P has also been proposed
to be the antidromically released neurotransmitter that initiates peripheral hyperalgesia (for
review, see Lembeck, 1983). Calcitonin gene-related peptide enhances tachykinin-induced
protein extravastion (Gamse & Saria, 1985) and somatostatin inhibits protein extravasation
in the periphery (Lembeck, Donnerer & Barth6, 1982), but little is known about their

effects in the spinal cord.

2. Spinal Cord Neurons

In Laminae I and the substantia gelatinosa, there are some neurons which respond
exclusively to nociceptor activation, either mechanical nociception or polymodal
nociception. However, there are also cells which respond to thermal input, innocuous
mechanical input, and multi-receptive inputs. Many of the projections of spinal dorsal horn
neurons were determined by degeneration of axons after lesions of the spinal cord (Vierck
& Luck, 1979) or retrograde labeling with horseradish peroxidase (Willis, Leonard &
Kenshalo, 1978; Gieseler, Cannon, Urca & Liebeskind, 1978). Lamina I - III neurons
project to a number of rostral brain sites (thalamus, hypothalamus, and the midbrain), as
well as locally to the deeper Laminae IV and V. Laminae IV and V receive direct inputs
from primary afferents, but these contacts are much more sparse than in Laminae I - III.
Lamina V consists of nociceptive, multireceptive, and innocuous mechanoreceptive dorsal
horn neurons that provide the majority of ascending projections to the thalamus. The

complexity added by convergent inputs to dorsal horn neurons provided fodder for many
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more classification papers. Functionally, dorsal horn neurons have been classified as

nociceptive-specific (responding to noxious inputs only) or wide-dynamic range neurons
(responding to both noxious and innocuous inputs). Wide dynamic range neurons receive
noxious inputs from both Ag- and C-fibers (Mendell & Wall, 1965; Mendell, 1966).

The spinal cord contains several fiber tracts which carry nociceptive information to higher
brain centers: the spinothalamic tract, spinoreticular tract, spinomesencephalic tract and the
spinocervical tract. The spinothalamic tract originates in Lamina I, V, and VII (Willis,
Leonard & Kenshalo, 1978) and includes both wide-dynamic range and nociceptive-
specific neuron projections. This tract transmits information from nociceptors, temperature,
tactile pressure and proprioception. The spinoreticular tract consists of nociceptor
infomation from neurons in Laminae VII and VIII (Fields, Clanton & Anderson, 1977),
and is thought to play a role in arousal. The spinomesencephalic tract originates from
neurons in both Lamina I and V and sends projections to the mesencephalic reticular
formation, the periaqueductal grey and other midbrain sites. The spinocervical tract sends
nociceptive information from Laminae III and IV through the dorsolateral spinal cord to the
lateral cervical nucleus. There is much crosstalk and many collateral projections throughout

all aspects of the ascending pain pathway, adding to its extreme complexity.

C. Descending Inhibition of Pain

Pain can be modulated at different levels of the pain pathway. The focus of this section will
be on central mechanisms of inhibition of pain. Sherrington and Sowton (1915) showed
that spinal reflexes increase after transection of the spinal cord, indicating the presence of
an descending inhibitory control. Many studies have observed differential characteristics of
dorsal horn responses depending on whether a decerebrate or spinal preparation was
studied (eg., Wall, 1967; Hillman & Wall, 1969). Consequently, descending modulation
of nociception has been a major area of research and many areas of the brainstem have been

implicated in this control.



1. Descending Inhibitory Pathway from Brainstem

Analgesia has been elicited by electrical stimulation of many brainstem areas, including the
hypothalamus (Carstens, 1982; Aimone & Gebhart, 1987; Aimone, Jones & Gebhart,
1988), periaqueductal gray (Aimone, Jones & Gebhart, 1987), locus coeruleus (Hodge,
Apkarian, Stevens, Vogelsang & Wisnicki, 1981; Jones & Gebhart, 1986), raphe nuclei
(Oliveras, Redjemi, Guilbaud & Besson, 1975), and the nucleus tractus solitariius (Lewis,
Baldrighi & Akil, 1987). Naloxone injections into the PAG of humans and rats have been
shown to block stimulation-produced antinociception (Adams, 1976; Akil, Mayer &
Liebeskind, 1976; Hosobuchi, Adams & Linchitz, 1977). In addition, microinjections of
morphine and opioid peptides into the brainstem can elicit antinociception and inhibit dorsal
horn responses to noxious stimulation (Yaksh, Yeung & Rudy, 1976; Jensen and Yaksh,
1986) suggesting that opioids are implicated in antinociception in the central nervous
system. In this section, the focus will be on the areas that compose the major descending
inhibitory pathway: the periaqueductal gray (PAG), nucleus raphe magnus (NRM), and the
spinal cord (Basbaum & Fields, 1978; 1984 Fields, Barbaro & Heinricher, 1988) (sce
Figure 1).

The periaqueductal gray (PAG) is an organized processing center for integration of stimuli
(noxious, threatening and stressful) to produce defense responses (see Bandler & Shipley,
1994) and an important site in the descending control of nociception (Basbaum & Fields,
1984; Fields, et al., 1988; Reichling, et al., 1988). The PAG receives afferents from
limbic, autonomic, motor and sensory systems, and nociceptive afferents projecting from
the spinal cord (Eickhoff, Handwerker, McQueen & Schick, 1978; Pechura & Liu, 1986;
Beart, Summers, Stephenson, Cook & Christie, 1990) and projects to the brainstem. The
main descending inhibitory efferent projection from the ventrolateral column of the PAG is
to the nucleus raphe magnus (NRM) (Yezierski, et al., 1982; Aimone, Jones & Gebhart,
1987; Cameron, Khan, Westlund & Willis, 1995). Stimulation of the PAG has been
shown to excite NRM neurons (Behbehani & Fields, 1979; van Praag & Frenk, 1990).
The NRM receives projections from both the spinal cord and the PAG (Behbehani &

Fields, 1979; Pechura & Liu, 1986) and projects to other areas of the brainstem, as well as
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to spinal cord laminae involved in nociceptive transmission (Basbaum, & Fields, 1978;

1986; Bennett & Mayer, 1979). The terminations and neurotransmitters associated with
projections from the NRM to the spinal cord have not been well-characterized. However,
serotonin antagonist administration in the spinal cord has been shown to block the effects
of NRM antinociception, indicating a role for serotonin projections in inhibition of pain

transmission (Aimone, et al., 1987).

a. Stimulation-produced analgesia

Electrical stimulation of the PAG increases nociceptive thresholds of behavioral measures
of pain (eg., Mayer & Licbeskind, 1974; Hosobuchi, et al., 1977) and inhibits activity of
dorsal horn neurons responding to noxious stimuli (Bennett & Mayer, 1979). Analgesia
produced by stimulation of different PAG areas has different qualities; ventral stimulation
often produces profound analgesia, while dorsal and dorsolateral PAG stimulation produce
a lesser degree of analgesia concomitant with strong aversive behavioral reactions (Fardin,

Oliveras & Besson, 1984).

Electrical stimulation of the NRM and associated areas inhibits nociceptive transmission
and reflexes (Balagura and Ralph, 1973; Oliveras, et al., 1975; Fang, Haws, Drasner,
Williamson & Fields, 1987). Responses of two types of NRM cells have been linked to
stimulation-produced analgesia in the NRM. These two types of cells have been defined on
the basis of their responses during the tail-flick nociception test. The tail-flick test entails
applying a noxious stimulus to the tail of a rat (usually heat) and measuring the time it takes
for the rat to remove its tail. During the noxious stimulus, ON-cells precede the tail-flick
response with a burst of firing, while OFF-cells are inhibited. Direct stimulation of the
NRM has been shown to elicit continuous firing in OFF-cells and simultaneously inhibit
the tail-flick response (Fields, Vanegas, Hentall & Zorman, 1983). Therefore, OFF-cell
firing has been linked to inhibition of the tail-flick response to noxious stimuli. On the
other hand, ON-cells are inhibited during NRM stimulation and inhibition of the tail-flick
response suggesting that they are either NRM interneurons or they mediate excitation of

motor neurons in the spinal cord.



b. Opioid analgesia

Opioids and opioid receptors have been localized to the PAG and the NRM (eg., Atweh &
Kuhar, 1977; Waksmen, Hamel, Fournié-Zaluski & Roques, 1986). Microinjections of
opioid peptides or morphine into the PAG (eg., Jensen & Yaksh, 1986; Fang, Haws,
Drasner, Williamson & Fields, 1989) or NRM (Jensen & Yaksh, 1989; Tseng, Tang,

Stackman, Camara & Fujimoto, 1990) are associated with inhibition of both spinal neurons
and pain-related behaviors (Bennett & Mayer, 1979). [Met]5 enkephalin and morphine

hyperpolarize and inhibit spontaneous firing in a subpopulation of PAG neurons, and these
actions have been shown to be blocked by naloxone and pl-antagonists (Smith, Robertson,
Monroe, Taylor, Leedham & Cabral, 1992). As with stimulation-produced
antinociception, morphine antinociception has been shown to be most efficacious in the
ventrolateral aspect of the PAG (Yaksh, Yeung & Rudy, 1976). However, the most
efficacious loci for stimulation-produced and morphine analgesia in the ventrolateral PAG
were not the same (Lewis & Gebhart, 1977) suggesting the presence of a non-opioid

descending inhibitory pathway.

Morphine microinjections into the rostral ventromedial medulla (including the NRM) have
been shown to increase pain thresholds (Jensen & Yaksh, 1989), and this effect can be
blocked by injections of lidocaine in the area of the NRM (Urban & Smith, 1994). Studies
looking at the effects of electrical stimulation and morphine injections into the NRM on the
excitability of dorsal horn neurons have produced conflicting results. There are reports of
inhibition of dorsal horn responses during electrical stimulation of the NRM (Light, Casale
& Menetrey, 1986), but morphine injections in the NRM have been shown to facilitate
excitation of dorsal horn neurons (Le Bars, Dickenson & Besson, 1980). These
contrasting results may be attributed to different stimulation techniques or stimulation of
different areas within the NRM. However, these studies are more likely measuring
responscs of different populations of dorsal horn neurons. The main behavioral result of

both stimulation and morphine injections in the NRM is an inhibition of nociception;
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therefore, it is likely that the results of LeBars, Dickenson & Besson (1980) and Light,

Casale & Menetrey (1986) were recorded from different populations of neurons within the

spinal cord.

2. The Disinhibition Model of Opioid Action

The most widely recognized model of descending antinociception is the disinhibition model
of Fields and colleagues (Basbaum & Fields, 1978; 1984). The disinhibition model of
opioid action is based on observations that opioids inhibit GABA interneurons (Nicoll,
Alger & Jahr, 1980). Opioid suppression of tonic inhibitory inputs from GABA
interneurons has been shown to be a major mechanism of opioid-induced excitation in
many areas of the CNS (eg., Pan, Williams & Osborne, 1990; Cohen, et al., 1992;
Johnson & North, 1992). GABA antagonists have been shown to excite neurons in the
PAG and NRM (Lin, Peng & Willis, 1994). This indirect excitation is responsible for the
ultimate inhibition of nociceptive processing in the spinal cord (Behbehani & Fields, 1979)

(see Figure 1).

There is substantial indirect data which supports the disinhibition hypothesis in the PAG
and the NRM. Opioid receptors and peptides are abundant in the PAG and the NRM
(Atweh & Kuhar, 1977; Waksman, et al., 1986; Mansour, Khatchaturian, Lewis, Akil &
Watson, 1987). Enkephalin immunoreactive terminals form synaptic contacts with GABA
immunoreactive neurons in the PAG (Wang, et al., 1994). Retrograde tracing from the
medulla to the PAG and immunocytochemistry studies have confirmed that there are
abundant connections between GABA cells and output PAG neurons (Reichling &
Basbaum, 1990 a,b). PAG projection neurons are not GABAergic and are presumably
excitatory (Barbaresi & Manfrini, 1988). Microinjections of GABA , agonists into the
PAG inhibit morphine-induced analgesia while GABA antagonists potentiate the analgesic
effect of morphine (Zambotti, et al., 1982; Moreau & Fields, 1986; Depaulis, Morgan &
Liebeskind, 1987). Although intracellular recordings have shown that opioids can inhibit a
GABA-mediated synaptic potential in a subset of PAG neurons, they also produce similar

inhibition of glutamate synaptic potentials (Chieng & Christie, 1994a) and directly
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hyperpolarize some PAG neurons (Behbehani, Jiang & Chandler, 1990; Chieng &

Christie, 1994b). Thus, disinhibition may not be the only mechanism of descending
inhibition to the NRM from the PAG.

There is more direct data supporting the disinhibition hypothesis in the NRM. Morphine
microinjections affect firing properties of some NRM neurons providing direct support for
the descending inhibitory pathway (PAG-NRM-spinal cord). Similar to results during
stimulation of the NRM, morphine produces opposing actions in two physiologically
different NRM neuron subtypes as defined by the tail-flick reflex (Heinricher, Cheng &
Fields, 1987; Fang, et al., 1989; Morgan, Heinricher & Fields, 1992). Cells that precede
the tail-flick with a suppression of firing (OFF-cells) were excited, but cells that increase
activity just before and during the tail-flick (ON-cells) were variably depressed in the
presence of morphine (Fields, et al., 1983). These results are mimicked by iontophoresis
of morphine onto ON-cells, but not OFF-cells suggesting that morphine excitation of OFF-
cells is not direct (Heinricher, Morgan, Tortorici & Fields, 1994). Thus, OFF-cells have
been hypothesized to be spinal cord projection neurons tonically inhibited by GABA input,
and ON-cells may be GABA interneurons. In support of this hypothesis, bicuculline (a
GABA antagonist) injections into the PAG or NRM have been shown to excite OFF-cells
and to inhibit the tail-flick response (Heinricher & Tortorici, 1994), but have no effect on
ON-cells. GABA immunocytochemistry studies have localized GAB A-containing neurons
to the NRM, and retrograde labeling studies from the spinal cord have determined that there
are no GABA NRM-spinal cord projection neurons (Reichling & Basbaum, 1990). Thus,
opioid inhibition of GABA inputs to NRM-spinal projection neurons may be the

mechanism of NRM descending inhibition.
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Figure 1. Disinhibition Hypothesis of Descending Inhibition of Pain. Neurons have
either excitatory ©) or inhibitory inputs (®). Opioids (i) inhibit inhibitory interneurons
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Dorsal horn neurons are both excited and inhibited by stimulation in the PAG or the NRM

(Light, et al., 1986, but are generally excited by morphine injections into the NRM
(LeBars, et al., 1980). Furthermore, intrathecal administration of morphine has been
shown to selectively depresses some Lamina V neurons (Le Bars, Menetrey, Conseiller &
Besson, 1975) suggesting that nociceptive information is inhibited directly and indirectly

by descending pathways at the level of the dorsal horn.

D. Modulation of Primary Afferent Inputs in the Spinal Cord

1. History

Early recordings from dorsal horn neurons showed that afferent inputs at the first synapse
in the pathway could be modulated under different circumstances. Differences between
spinalized preparations and anesthetized preparations provided evidence for descending
influences on neurons in the spinal cord (Wall, 1967). The Gate Control Theory (Melzack
& Wall, 1965) was based on observations of presynaptic inhibition of A-fiber responses by
C-fiber volleys and presynaptic facilitation of C-fiber inputs by A-fiber volleys (Eccles,
Eccles & Magni, 1961; Howland, Lettvin, McCulloch, Pitts & Wall, 1965; Mendell &
Wall, 1964; 1965). However, Price & Wagman (1970) showed that C-fiber activity was
not necessary for A-fiber inhibition and A-fibers were not necesary for C-fiber facilitation,
indicating that additional mechanisms were involved. Mounting evidence for descending
modulation of nociceptive information in the spinal cord opposed many premises of the
original Gate Control Theory (for review, see Nathan, 1976), but the basic premise that
neurons in the dorsal horn modulate incoming afferent information has been supported by
many groups (eg., Price, Hull & Buchwald, 1971; Handwerker, Iggo & Zimmerman,
1975; Cervero, Iggo & Molony, 1976; Repkin, Wolf & Anderson, 1976). In light of this
more recent information, the theory of Melzack and Wall has been restated; the brain
receives messages about pain through a gate-controlled system which can be influenced by
injury signals, other types of afferent input, and descending control (Melzack & Wall,
1978). It is not clear how much of this modulation is due to the balance of primary afferent
input and how much is due to descending inhibition of the brainstem because complex

synaptic circuitry of the spinal cord has not been worked out.
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2. Opioid Effects on Central Terminals of Primary Afferents

Modulation of primary afferent input is not restricted to activation of either A- or C-fibers.
In addition, descending inhibitory pathways have been shown to have direct and indirect
modulatory actions at the central terminal of primary afferents. Some evidence for these
interactions have been demonstrated for GABA (eg., Curtis, Duggan, Felix & Johnston,
1971; Levy, Repken & Anderson, 1971; 1974; Barber, Vaughn, Saito, McLaughlin &
Roberts, 1978), glutamate (Schneider & Perl, 1985), norepinephrine (Jones & Gebhart,
1986; Grudt & Williams, 1995), serotonin (Johannsson, et al., 1981; Travagli & Williams,
1995) and opioids (Duggan, Hall & Headley, 1976; 1977). The focus of this section will
be on the effects of opioids in the dorsal horn of the spinal cord, and specifically on central

terminals of primary afferents.

Intrathecal administration of morphine has been demonstrated to induce analgesia (Yaksh &
Rudy, 1976), while intrathecal naloxone administered in the absence of morphine produces
hyperalgesia (Woolf, 1980). These findings suggest a role for endogenous opioids in the

spinal cord. In fact, enkephalin axonal endings make direct contacts with ascending dorsal

horn projection neurons (Ruda, 1982) and are especially dense in laminae I and IT (Glazer
& Basbaum, 1981; Waksman, et al., 1986). There are also l-, x- and 8-receptor binding

sites within the spinal cord (Ninkovic, Hunt & Gleave, 1982; Mackawa, et al., 1994),
some of which are located presynaptically on primary afferent neurons. Both neonatal
capsaicin treatment which lesions C-fibers and dorsal rhizotomy decrease opiate binding by
50% in the upper dorsal horn (LaMotte, Pert & Snyder, 1976; Gamse, Holzer & Lembeck,
1979; Fields, Emson, Leigh, Gilbert & Iverson, 1980).

Functionally, intrathecal administration of opioids have been shown to effect both dorsal
horn neurons and primary afferents. Opioids have also been shown to inhibit increased C-
fiber terminal excitability induced by A-fiber stimulation (Woolf & Fitzgerald, 1982) and

noxious stimuli-induced neurotransmitter release into the spinal cord (MacDonald &
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Nelson, 1978; Mudge, Leeman & Fischbach, 1979; Kangrga & Randic, 1991. More

specifically, |- and 8-agonists, but not the x-selective agonist, dynorphin, inhibit noxious

stimuli-induced release of substance P from the dorsal horn (Hirota, et al., 1985; Lembeck

& Donnerer, 1985). Recordings from wide-dynamic range neurons in laminae IV - VI
have determined that x-agonists selectively inhibit noxious responses when applied directly

to these neurons, but p-agonists were more effective when microiontophoresed into the
substantia gelatinosa (Duggan, et al., 1976; 1977; Johnson & Duggan, 1981; Fleetwood-
Walker, Hope, Mitchell, El-Yassir & Molony, 1988). Therefore opioid receptors are
probably preferentially located for different functions. p-receptors are most likely
associated with primary afferent terminals in the substantia gelatinosa (Johnson & Duggan,

1981; Maekawa, et al., 1994), but x-receptors seem to be more effective in deeper laminae.

3. General Mechanisms of Opioid Action

Opioid activation of the opioid receptors (u-, x-, and §-) has been shown to result in three

classical actions: inhibition of adenylyl cyclase, hyperpolarization, and inhibition of
neurotransmitter release (for review see Duggan & North, 1984; Grudt & Williams, 1995).
Opioid inhibition of adenylyl cyclase has been studied in detail in cell lines and has become
a model for tolerance and dependence associated with chronic administration of opioids
(eg., Collier & Francis, 1975; Sharma & Klee, 1975; 1977; Law & Loh, 1982). Opioids
have been shown to inhibit prostaglandin-induced increases in CAMP in brain homogenates
(Collier & Roy, 1974) and neuroblastoma x glioma hybrid cells (Traber, Fischer, Latzin &
Hamprecht, 1975), but until recently, no functional effect of opioid inhibition of adenylyl

cyclase had been observed (see Manuscript 1).

It has also been demonstrated that opioids activate adenylyl cyclase via Gs in cell lines
(Cruciani, Dvorkin, Morris, Crain & Makman, 1993) and Gi/Go in the olfactory bulb
(Onali & Olianas, 1991; Olianas & Onali, 1993). Interestingly, it has been suggested that

opioid activation of adenylyl cyclase in olfactory bulb may be the result of By subunit
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interaction with adenylyl cyclase (Tang & Gilman, 1991). Another group has proposed

dual effects of opioids in primary afferent neurons. In their studies, low concentrations of
opioids increased cAMP levels and prolonged action potential durations through activation
of Gs, but high concentrations inhibited adenylyl cyclase and decreased action potential
durations via the usual pertussis toxin-sensitive Gi/Go pathway in dorsal root ganglion
neurons and F11 cells (Higashi, Shinnick-Gallagher & Gallagher, 1982; Shen & Crain,
1989; Cruciani, Dvorkin, Morris, Crain & Makman, 1993). The functional significance of

this dual modulation by opioids is not understood and requires further investigation.

Opioid-induced hyperpolarization occurs via Gi-mediated activation of inwardly rectifying
K* channels by all three receptor subtypes (Williams, Egan & North, 1982; North,
Willliams, Surprenant & Christie, 1987). Opioid-induced hyperpolarizations have been
observed in many areas of the central nervous system, such as the substantia nigra (Lacey,
Mercuri & North, 1989), ventral tegmental area (Johnson & North, 1992), substantia
gelatinosa (Grudt & Williams, 1993; 1994), hippocampus (Madison & Nicoll, 1988), and

the nucleus raphe magnus (Pan, Williams & Osbore, 1990). In contrast, it has been
suggested that low concentrations of opioids decrease K* conductances by activation of Gs
in both F11 cells and cultured primary afferent neurons (Fan, Shen & Crain, 1991; 1993).
However, other groups looking for opioid effects on membrane properties of primary
afferent neurons have not madec similar observations (Shefner, North & Zukin, 1981;

Williams & Zieglgansberger, 1981).

Opioids have also been shown to inhibit voltage-gated Ca*2 currents in primary afferent
neurons (Gross & MacDonald, 1987; Schroeder, Fischbach, Zheng & McCleskey, 1991)
and to inhibit a Ca*2 -sensitive component of action potentials (Higashi, et al., 1982; Werz

& MacDonald, 1982; Shen & Crain, 1989). Although the latter action was originally
attributed to the decrease of a potassium current (Werz & MacDonald, 1983), it was later

shown that opioids have no inhibitory effect on potassium channels when calcium channels
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are blocked in these neurons (Atkins & McCleskey, 1993).

Opioids inhibit neurotransmitter release from primary afferent terminals in the spinal cord
(MacDonald & Nelson, 1978; Mudge, Leeman & Fischbach, 1979) and also inhibit IPSPs
and EPSPs on central neurons (eg., Nicoll, Alger & Jahr, 1980; Chieng & Christie, 1994;

Grudt & Williams, 1994). These effects may result from either inhibition of Ca*2 channels

(eg., Gross & MacDonald, 1987; Schroeder, Fischbach, Zheng & McCleskey, 1991; Hori,
Endo & Takahashi, 1992), hyperpolarization (for review, North and Williams, 1983), or a
direct effect on the neurotransmitter release mechanism as suggested by Capogna, Gahwiler
& Thompson (1993).

It is clear that nociceptive information can be mediated at all levels of the pain pathway.
Although the responses of spinal cord neurons have been characterized in many cells, the
synaptic circuitry within the cord, role of neurotransmitters and neuropeptides, and
integration of impulses from the periphery are still not understood. To this point, the focus
of the Introduction has been on the historical basis for our current concepts and beliefs
about pain. To reiterate, many of the basic concepts in pain were proposed in the early
19007s. Since then, evolution of techniques (immunochemistry, electrophysiology, etc.)
has allowed detailed characterization of the components of the pain system and the
interactions at all levels of the nervous system. Consequently, the system has been
revealed to be much more complex than could have been hypothesized at the turn of the
century. However, many of these early ideas are still the basis of our current thoughts

about pain and many basic mechanistic questions have not been answered.

II. REGULATION OF PAIN AT THE PERIPHERAL TERMINALS OF
PRIMARY AFFERENTS

A. Peripheral Pain

Tissue damage elicits both acute and chronic pain. Acute pain can be attributed to the initial

excitation of nociceptors (Adrian, 1927; Sinclair & Stokes, 1964; Bessou & Perl, 1969).
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Both the initial excitation and tissue damage contribute to the inflammatory response

generally associated with the production of hyperalgesia and allodynia. Hyperalgesia is a
state of decreased nociceptor thresholds in the area of injury and is primarily due to
sensitization of polymodal nociceptors (Lynn, 1977; Fitzgerald, 1979). Allodynia is a
phenomenon where the tissue surrounding the damaged area is sensitized and innocuous
stimuli are sufficient to cause intense pain. Allodynia (also called secondary hyperalgesia)
can be initiated by antidromic stimulation of peripheral nerve fibers and blocked with local
anesthetic in the area of injury (Fitzgerald, 1979) suggesting that it is due to release of
chemicals into the periphery. Both hyperalgesia and allodynia occur simultaneously with
the inflammatory response and are thought to be the result of changes in the area of tissue
damage induced by the inflammatory response. Inflammation induces resting discharge
and lower thresholds of activation (sensitization) in small diameter primary afferents

(Coggeshall, Hong, Langford, Schaible & Schmidt, 1983; Schaible & Schmidt, 1985.

Acute excitation of nerve fibers by tissue damage begins a cascade of events in the
peripheral tissue (see Figure 3). The axon-reflex release of neuropeptides (substance P,
calcitonin gene-related peptide, etc.) from the peripheral end of primary afferents and
release of substances from mast cells and immunocytes invading the damaged tissue
probably begin the inflammatory response. Perfusates collected after tissue damage and
inflammation cause a burning pain and flare and sensitize nociceptors (Armstrong, Jepson,
Keele & Stewart, 1957; Chapman, Ramos, Goodell & Wolff, 1961; Perl, 1976) when
injected into normal skin. Some of the substances that have been isolated from
inflammatory exudates and studied in detail include bradykinin, substance P, serotonin,
norepinephrine, and prostaglandin E2. The exact order of events in the inflammatory
cascade is not known, but the release and/or production of all of these substances have

been implicated in the production and maintenance of both hyperalgesia and inflammation.

The mechanisms by which substances released from inflamed tissues induce hyperalgesia
are both direct and indirect (see Figure 4). Direct excitation of nociceptors has been shown

for bradykinin (eg., Beck & Handwerker, 1974), serotonin (Neto, 1978; Taiwo & Levine,
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1992), norepinephrine (Sato, Suzuki, Iseki & Kumazawa, 1993), substance P (Randic &

Miletic, 1977, Stanfield, Nakajima & Yamaguchi, 1985) and prostaglandin E2 (eg.,
Handwerker, 1976; Schaible & Schmidt, 1988). Indirect effects of these substances
include sensitization of nociceptors, increased neurotransmitter release, increased
sympathetic activity, vasodilation of blood vessels and mast cell degranulation. Production
and release of substances associated with indirect actions of inflammatory exudates results
in secondary excitation of nociceptors which continues the inflammatory cycle. It is not
surprising that many of these substances have been shown to work in concert (Kessler,
Kirchoff, Reeh & Handwerker, 1992). Therefore, none of the pain phenomena studied
(i.e. hyperalgesia, inflammation, vascular permeability, primary afferent sensitization, etc.)
exist in isolation, making interpretations of data extremely difficult. It is not known how
all of these events occur temporally in relation to one another or the extent to which each

phenomenon contributes to our perception of pain.

1. Sensitization of Nociceptors

Lewis (1936) determined that hyperalgesia was the result of peripheral sensitization of
nociceptors. He noted that hyperalgesia could be elicited by electrical stimulation of
cutaneous nerve fibers or strong mechanical pressure to the skin, but the production of
hyperalgesia was blocked if he anesthetized either the nerve or the area where the
mechanical pressure was applied. Thus, he proposed the ‘nocifensor hypothesis’ that
stated the afferent nerves themselves were sufficient to produce hyperalgesia through
antidromic activity and release of a pain-producing agent in the periphery. Sensitization of
nociceptors is a specialized phenomenon in that nociceptors have a period of prolonged
excitation and decreased thresholds after repeated or prolonged stimulation (Perl, 1976). In
contrast, low-threshold receptors typically fatigue upon repeated stimulation. Repeated
stimulation of peripheral nerves has been shown to induce sensitization in C- and A-fiber
polymodal nociceptors (Campbell, Meyer & LaMotte, 1979; Fitzgerald, 1979; Meyer &
Campbell, 1981; LaMotte, Thalhammer, Torebjork & Robinson, 1982). However, only
C-fiber sensitization has been correlated with pain sensations in human psychophysical

experiments, and hyperalgesia was not affected by A-fiber conduction block (LaMotte,
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Thalhammer, Torebjork & Robinson, 1982; 1983; Shir & Seltzer, 1990). Shir & Seltzer

(1990) confirmed that C-fiber sensitization was important for the production of
hyperalgesia by treating neonatal rats with capsaicin and observing that they could not
produce thermal hyperalgesia in the sciatic nerves of these animals. Allodynia, on the other
hand, was still present, indicating a role of A-fiber sensitization in allodynia. In addition, it
has been proposed that sensitization of different fibers in different tissues may be important
for hyperalgesia (Campbell & Meyer, 1983). A-fiber sensitization may play a role in the
glabrous skin of the hand, while C-fiber sensitization is necessary for hairy skin of the
hand (Campbell, Meyer & LaMotte, 1979; Meyer & Campbell, 1981). While sensitization
of nociceptors is closely associated with hyperalgesia and allodynia, the mechanisms of
nociceptor sensitization are not known. It is thought that interactions of primary afferents
and substances released and/or produced by the inflammatory cascade are responsible.
Serotonin (Sicuteri, Fanciullacci, Franchi & Del Bianco, 1964), PGE2 (Mense, 1981;
Pitchford & Levine, 1991; Birrell, McQueen, Iggo & Grubb, 1993) and bradykinin
(Birrell, McQueen, Iggo & Grubb, 1993; Rueff & Dray, 1993) have all been shown to

sensitize nociceptive primary afferents.

2. Increased Release of Neurotransmitters

Primary and secondary excitation of nociceptors after tissue damage can increase the release
of neuropeptides and neurotransmitters into the spinal cord and the periphery (Andreeva &
Rang, 1993). Antidromic activity does not seem to be sufficient to alter the sensitivity of
nociceptors (Reeh, Kocher & Jung, 1986) and indicates that release of neuropeptides into
the periphery may not be sufficient to produce hyperalgesia. However, several factors are
simultaneously released with antidromic stimulation (Chahl & Ladd, 1976). Peripheral
release of substance P and CGRP has been shown to have many actions in the periphery,
such as vasodilation of blood vessels, production of prostagiandins from inflammatory
cells and release of histamine via degranulation of mast cells (for review, see Otsuka &
Yoshioka, 1993). These substances (bradykinin, serotonin, histamine and substance P) in
turn excite nociceptors and sympathetic efferents (Saria, et al., 1988; Andreeva & Rang,
1993; Birrell, McQueen, Iggo & Grubb, 1993; Green, Luo, Heller & Levine, 1993)
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resulting in continued activation of the inflammatory cascade.

3. Vasodilation and Interactions with the Sympathetic Nervous System

Lewis (1936) proposed in the ‘nocifensor hypothesis’ that the afferent nerves themselves
were sufficient to produce hyperalgesia through antidromic activity and release of a pain-
producing agent in the periphery that could produce vasodilation. These fibers were
determined to be the afferent fibers of peripheral nerves (Bayliss, 1901). Antidromic
stimulation elicits capsaicin-sensitive cutaneous vasodilation, supporting the idea of a dual
sensory-efferent function of capsaicin-sensitive nociceptors (Langley, 1923; Janscé,
Jansc6-Gabor & Szolcsdnyi, 1967; Kenins, 1980; Szolcsdnyi, 1988). Antidromic
stimulation-produced vasodilation and plasma extravasation are dependent on the
sympathetic nervous system (Engel, 1941; Levine, Taiwo, Collins & Tam, 1986; Coderre,
Basbaum & Levine, 1989). Sympathetic fibers are closely associated with blood vessels
surrounding peripheral sensory ganglia (Owman & Santini, 1966; Stevens, Hodge &
Apkarian, 1983) and afferent fibers (Roberts & Levitt, 1982; Stevens, Hodge & Apkarian,
1983; Quigg, Elfvin & Aldskogius, 1990). Sympathetic efferents have been shown to
sprout in the event of nerve injury to form basket-like structures around injured nerves
(McLachlan, Jinig, Devor & Michaelis, 1993) suggesting that release of norepinephrine

from sympathetic terminals may act on both blood vessels and primary afferents.

Hyperalgesia can be blocked by o.,-antagonists and sympathectomies (Levine, et al., 1986;

Sato, Suzuki, Iseki & Kumazawa, 1993) indicating that the sympathetic system has a role
in hyperalgesia. A-fiber nociceptors can be excited by sympathetic stimulation, but there is
no evidence for activation of C-nociceptors in normal tissue (Roberts & Levitt, 1982; Shea
& Perl, 1985). However, sympathetic stimulation excites both A$- and C-fibers in injured
nerve preparations (Devor & Jinig, 1981; Blumberg & Jinig, 1984; Sato & Perl, 1991;
Devor, Jinig & Michaelis, 1994), and sympathectomies have been shown to block
hyperalgesia and norepinephrine-induced potentiation of hyperalgesia (Levine, et al.,

1986).
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The role of the sympathetic nervous system in neurogenic-induced inflammation is
complex. Neurogenic vascular permeability is dependent on sympathetic terminals
(Coderre, Basbaum & Levine, 1989), but exogenous norepinephrine actually decreases
plasma extravasation associated with inflammation (Green, 1974; Green, Luo, Heller &
Levine, 1993). The role of plasma extravasation has been hypothesized to be involved in
repairing the tissue damage as increased plasma extravasation is associated with decreased
injury (Coderre, Chan, Helms, Basbaum & Levine, 1991). Therefore, the release of
norepinephrine from sympathetic terminals must act indirectly to produce a substance that
increases plasma extravasation. The production of prostaglandin E2 (PGE2) has been
proposed as a likely candidate. Intradermal arachidonic acid (the precursor to
prostaglandins) produces hyperalgesia that is blocked by indomethacin and
sympathectomies (Gonzales, Goldyne, Taiwo & Levine, 1989). Indomethacin is an
inhibitor of cyclo-oxygenase, an enzyme that synthesizes prostaglandins from arachidonic
acid, so these experiments suggest that sympathetic terminals are the source of
prostaglandins (Levine, et al., 1986). Bradykinin-induced release of norepinephrine
(Green, et al., 1993) and PGE2 production (Gonzales, et al., 1989) was much decreased in
sympathectomized animals. Interestingly, prostaglandins seem to have a feedback
inhibition of neurotransmitter release in sympathetic ganglia (Dun, 1980; Belluzi, et al.,

1982).

B. PGE2 and Peripheral Pain

PGE?2 has been correlated with and is released during many pain states, such as burn
(Arturson, Hamberg & Jonsson, 1973), blisters (Goldyne, Winkelmann & Ryan, 1973),
and inflammation (Barbieri, Orzechowski & Rossi, 1977). PGE2 has been shown to
produce hyperalgesia by direct excitatory effects on primary afferent terminals, as well as
indirect effects associated with the inflammatory response (for review, see Andreeva &
Rang, 1993). Repeated injections of PGE2 into the skin induces both a swelling of the
area of injection and a sustained hyperalgesia (Willis & Cornelsen, 1973; Khasar, Green &
Levine, 1993). PGE2-induced hyperalgesia appears to be a direct action on peripheral
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terminals as hyperalgesia is not affected by blockade of indirect mechanisms; 6-OHDA

depletion of sympathetic terminals or compound 48/80 blockade of mast cell degranulation

(Taiwo & Levine, 1989a; Taiwo, Bjerknes, Goetzl & Levine, 1989).

PGE?2 can also contribute indirectly to hyperalgesia and the inflammatory response through
its actions on release of neurotransmitters, plasma extravasation, and increasing primary
afferent excitability. PGE2 has been shown to increase the release of neuropeptides
(substance P, CGRP, etc.) and enhance bradykinin-stimulated release from primary afferent
neurons (Nicol, Klingberg & Vasko, 1992; Vasko, Campbell & Waite, 1994; Hingtgen,
Waite & Vasko, 1995). Indomethacin blocks these effects (Vasko, Campbell & Waite,
1994). It has also been demonstrated that PGE2 can cause an increase in local vascular
dilation (Williams & Peck, 1977) that enhances vascular permeability induced by
bradykinin, histamine and serotonin (Crunkhomn & Willis, 1971; Williams & Morley,

1973; Green, et al., 1994). The increase in permeability during experimentally-induced

inflammation can be inhibited by indomethacin (Moncada, Ferreira & Vane, 1973).

Bradykinin, serotonin and histamine have all been shown to activate primary afferent
neurons. Bradykinin production is increased in tissue damaged areas and has both direct
and indirect effects on inflammatory processes (for review, see Dray & Perkins, 1993).
Bradykinin hyperalgesia and plasma extravasation are thought to be due to bradykinin-
induced production of prostaglandins (Lembeck, Popper & Juan, 1976; Dray, Patel,
Perkins & Rueff, 1992). Although algogenic substances such as bradykinin and serotonin
increase the excitability of all types of primary afferent fibers (Beck & Handwerker, 1974),
PGE2 seems to specifically sensitize polymodal nociceptors with small-diameter myelinated
and unmyelinated fibers (eg., Handwerker, 1976; Mense, 1981; Martin, Basbaum, Kwiat,
Goetzl & Levine, 1987; Schaible & Schmidt, 1988; Rueff & Dray, 1993). These results
support the hypothesis that polymodal nociceptors (both As- and C) play a major role in
inflammatory pain. Inflammation in the knee joint produces a resting discharge not
normally seen in fine articular afferents and causes a larger response with higher frequency

discharge to passive movements than in normal states (Coggeshall, Hong, Langford,
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Schaible & Schmidt, 1983; Schaible & Schmidt, 1985). These effects can be mimicked by

close intra-arterial injection of prostaglandins (Schepelmann, Meplinger, Schaible &
Schmidt, 1992) and blocked by indomethacin suggesting that PGE2 causes increased
primary afferent firing during inflammation (Heppelmann, Pfeffer, Schaible & Schmidt,
1986). PGE2 also has an excitatory effect on small-diameter primary afferents on its own
(Heppelmann, Schaible & Schmidt, 1985; Yanagisawa, Otsuka & Garcid-Arrards, 1986;
Schaible & Schmidt, 1988), but this effect may be selective for chemosensitive fibers
(Birrell & McQueen, 1993). In other experiments, PGE2 has no effect when administered
alone (Pitchford & Levine, 1991; Nicol & Cui, 1994), but is part of the ‘inflammatory
soup’ needed to mimic excitatory effects of inflammation (Kessler, Kirchoff, Rech &

Handwerker, 1992).

The mechanism of action of prostaglandins in producing hyperalgesic effects is unknown,
but it is likely that prostaglandin stimulation of cAMP is involved. Hyperalgesia is
associated with activation of Gs (Taiwo & Levine, 1989) and an increase in cAMP levels
(Taiwo, et al., 1989; Pitchford & Levine, 1991; Taiwo & Levine, 1991; Taiwo, Heller &
Levine, 1992; Rueff & Dray, 1993). PGE2 can increase the levels of cAMP in the brains
of mice (Wellman & Schwabe, 1973) and can facilitate peptide release and increase
hyperalgesia through a cAMP-dependent mechanism (Pitchford & Levine, 1991; Khasar,
Ho, Green & Levine, 1994; Hingtgen, et al., 1995). PGEZ2 can also increase calcium
conductances (Nicol, et al., 1992), and it has been suggested that PGE2-induced

hyperalgesia is both a cAMP and Cat*2-dependent process (Ferreira & Nakamura, 1979).
The inhibitor peptide of protein kinase A has been shown to inhibit PGE2 sensitization of
bradykinin excitation in capsaicin-sensitive dorsal root ganglion neurons (Cui & Nicol,
1995) indicating that protein kinase A may play a role in increased primary afferent
excitability (Ouseph, Khasar & Levine, 1995).
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C. Peripheral Actions of Opioids

1. Effects of Opioids on Primary Afferent Somata

Opioid actions have been shown to decrease neurotransmitter release and modulate primary
afferent activity in the spinal cord (see above). In addition, it has been demonstrated that
opioid receptors are transported bidirectionally (Zarbin, Wamsley & Kuhar, 1990), and
they are localized to capsaicin-sensitive fibers (Laduron, 1984). However, opioid
modulation of membrane properties of primary afferents has not been demonstrated
(Shefner, North & Zukin, 1981; Williams & Zieglgansberger, 1981), and direct application

of morphine onto nerve fibers also failed to change heat-evoked activity of C-fibers
(Senami, et al., 1986). Opioids do inhibit Ca*? and Ca*2-sensitive K* channels in

cultured primary afferents (Gross & Macdonald, 1987; Schroeder, et al., 1991; Atkins &
McCleskey, 1993), and this may result in decreased neurotransmitter release (Mudge, et
al., 1979; Macdonald & Nelson, 1978). Although opioids do not have a huge effect on
excitability of primary afferent somata in control conditions, axonal transport of opioid
receptors is enhanced to the periphery during inflammation (Hassan, Ableitner, Stein &
Herz, 1993), and peripheral injections of opioids have been shown to be very effective

inhibitors of peripheral hyperalgesia and inflammatory pain.

2. Opioid Actions at the Peripheral Terminals of Primary Afferents

Opioids have been shown to inhibit all of the changes that occur during inflammation.
Activation of peripheral opioid receptors (u-, 8-, and x-) inhibits inflammatory-induced
sensitization and hyperalgesia (Stein, Millan, Shippenberg & Herz, 1988; Stein, Millan,
Shippenberg, Peter & Herz, 1989), as well as increased nerve fiber activity in inflamed
tissue (Russell, Schaible & Schmidt, 1987; Andreev, Urban & Dray, 1994). Intra-arterial

injections of - and 8-agonists have been shown to inhibit the release of substance P into

the knee joint cavity after either antidromic stimulation or intradermal injections of capsaicin
(Yaksh, 1988). These results indicate that opioids may be very effective in the inhibition of
inflammatory pain. Opioids also decrease neurogenic and bradykinin-induced plasma

extravasation (Barthé & Szolcsdnyi, 1981; Green & Levine, 1992), as well as
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hyperalgesia that is dependent on sympathetic ganglia (Taiwo & Levine, 1991b; Green &

Levine, 1992). Thus, the peripheral actions of opioids may be selective for pain-altered

states, and specifically, inflammatory pain.

Local injections of opioids acting on peripheral receptors have been shown to inhibit pain,
but the origin of endogenous opioid ligands for these peripheral receptors is not known.
Increased excitability of nociceptive afferents from acutely inflamed tissue was not altered
by injections of naloxone suggesting that there was no endogeneous opioid inhibition
during inflammation (Schepelmann, Meplinger, Schaible & Schmidt, 1995). However,
endogenous peripheral opioids have been shown to cause antinociception in an inflamed
paw during the cold water swim stress test (CWSS) (Parsons & Herz, 1990). This
antinociception is blocked by intraplantar injection of naloxone, but not iintravenous or
subcutaneous injections, confirming a peripheral release of opioids during the stress
response (Stein, Gramsch & Herz, 1990). Therefore, it is likely that yet another system is

involved in the inflammatory response and pain perception.

On the basis of the preceding studies, it was proposed that 3-endorphin release into the
bloodstream from the adrenal gland was the source of endogenous peripheral opioids.
However, although B-endorphin antibodies attenuated the CWSS test (Stein, et al., 1990),

adrenalectomy had no effect on the induction of analgesia and hypophysectomy had very
little effect (Parsons, Czlonkowski & Stein, 1990). On the other hand,

immunosuppressants have been shown to block CWSS - induced antinociception, and
cytokines (eg., tumor necrosis factor o and interleukin-6) increased nociceptive thresholds
in a naloxone-sensitive manner (Czlonkowski, Stein & Herz, 1993). The results from the
CWSS test (Parsons & Herz, 1990) and immunocytochemical evidence that both -

endorphin and met-enkephalin are increased in immunocytes localized to inflamed tissue
support a hypothesis that immune cells contain and release opioids into the periphery

(Stein, et al., 1990). Thus, the immune system probably plays an integral role in opioid
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suppression of inflammation and inflammatory pain. The evidence on this subject is quite

recent, so many more experiments are needed to assess the significance of this interaction

to pain perception.

The mechanism of opioid inhibition of peripheral pain is not known. As stated earlier,

opioids have no effect on membrane properties of primary afferent neurons, but have been
shown to inhibit Ca*2 currents, as well as forskolin and PGE2-stimulated adenylyl cyclase

activity (Traber, Fischer, Latzin & Hamprecht, 1975; Brandt, et al., 1976; Makman,
Dvorkin & Crain, 1988). PGE2-induced hyperalgesia is inhibited by both p-agonists and
adenylyl cyclase inhibitors in inflamed tissue (Ferreira & Nakamura, 1979; 1982; Stein,
Millan & Shippenberg, 1988; Levine & Taiwo, 1989). Similarly, intrathecal p- and §-
agonists inhibit basal and forskolin-stimulated cAMP levels in the spinal cord in
monoarthritic rats (Przewlocka, Lason & Przewlocki, 1991). Therefore, opioid inhibition
of adenylyl cyclase may play a major role in alleviating peripheral pain. The mechanisms
by which increased levels of cAMP in primary afferents contribute to inflamation and

hyperalgesia are not known.

D. Summary

Stimulation of primary afferents by tissue damage can release neurotransmitters and
neuropeptides into both the spinal cord and periphery. The release of neuropeptides from
primary afferents, as well as from damaged tissue, can cause vasodilation of blood vessels,
increased excitability of primary afferent and sympathetic efferent fibers, and continued
release of substances implicated in the inflammatory response. The order of these
responses is not understood, but it is clear that all of these systems work in concert to

produce pain and repair tissue damage.
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ITI. GENERAL AIMS

The aims of this thesis were to determine a potential mechanism by which inflammatory
substances transduce a chemical signal into increased electrical activity in nociceptive
primary afferents. In order to focus our research, we chose to study the effects of PGE2
on the non-selective cation current, I;,. I is a hyperpolarization-activated inward current
with an activation range near the resting membrane potential of primary afferent neurons.
Modulation of I by increases in cAMP concentration has been shown to increase the firing
rate of cardiac myocytes (DiFrancesco, Ducouret & Robinson, 1989; Denyer & Brown,
1990) and to change the firing patterns of central neurons (McCormick & Pape, 1990).
Although I, has already been described in primary afferent neurons, the modulation by of
I;, by cAMP has not been studied. PGE2-induced hyperalgesia is associated with increased
levels of cAMP, and opioids are known to inhibit adenylyl cyclase, therefore the first
section of the thesis is focused on the possible modulation of Iy, by PGE2 and opioids.

The majority of the experiments in this thesis involved whole-cell recordings from cultured
nodose ganglion neurons. The nodose ganglion contains cell bodies of afferent fibers from
visceral organs, such as the esophagus, trachea, heart, lungs and stomach (Chase &
Ranson, 1914). The main projection of these neurons is to the nucleus tractus solitarius
(NTS) of the brainstem (Kalia & Mesulam, 1980; 1982). These fibers have conduction
velocities in the A- and C-fiber range, but are predominately unmyelinated C-fibers
(Agostoni, Chinnock, De Burgh-Daly & Murray, 1957). Nodose ganglion neurons are
associated with substance P and calcitonin gene-related peptide, similar to small-diameter
dorsal root ganglion neurons (MacLean, Bennett, Morris & Wheeler, 1989). The passive
and active membrane properties of these cells in slice preparations and in whole ganglion
are also A- and C-like (Gallego & Ezyaguirre, 1978; Stansfield & Wallis, 1985). Similar to
spinal afferents, nodose afferents have been shown to express and transport opioid
receptors to both terminals (Laduron, 1984), and these receptors are decreased in the NTS

after vagotomy (Atweh and Kuhar, 1977). Approximately 75% of the opioid receptors are

LL-receptors, although -, 8- and x- receptors are localized to nodose ganglion neurons
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(Zarbin, Wamsley & Kuhar, 1990). Interestingly, opioids have no effect on electrical

membrane properties of these neurons when at rest (Shefner, et al., 1981). However, k-

receptors inhibit stimulated N-type calcium currents (Gross, Moises, Uhler & Macdonald,
1990). Although the responses of nodose afferents to noxious stimuli have been difficult
to assess in vivo, they have similar characteristics to small-diameter primary afferents (AS-
and C-) in the dorsal root ganglion and were chosen in this study because a large

percentage of cells in the ganglion respond to opioids.

The second portion of this thesis deals with the mechanism of modulation of I, by PGE2
and opioids. PGE2-induced hyperalgesia and sensitization of primary afferents was shown
to be sensitive to the inhibitor peptide of protein kinase A (Cui & Nicol, 1995; Ouseph,
1995). Several different mechanisms of I;, modulation have been proposed in cardiac
myocytes; phosphorylation by protein kinase A (Chang, Cohen, DiFrancesco, Rosen &
Tromba, 1991), direct stimulation by G proteins (Yatani, Okabe, Codina, Birnbaumer &
Brown, 1990), and direct stimulation by cAMP (DiFrancesco & Tortora, 1991). We were

interested in determining the mechanism of cAMP augmentation of I, in primary afferents.
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