INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films the
text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleedthrough, substandard margins, and improper alignment
can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete manuscript and
there are missing pages, these will be noted. Also, if unauthorized copyright
material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning
the original, beginning at the upper left-hand comer and continuing from left to
right in equal sections "vith small overlaps.

Photographs included in e original manuscript have been reproduced
xerographically in this copy. Higher quality 6° x 9° black and white photographic
prints are available for any photographs or illustrations appearing in this copy for
an additional charge. Contact UM directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA

®

800-521-0600






NOTE TO USERS

Page(s) not included in the original manuscript
are unavailable from the author or university. The
manuscript was microfilmed as received.

92,93

This reproduction is the best copy available.

UMI






An Analysis of the Role of Midbrain Dopamine Systems
in the Suppression of Tonic Pain

Nadege Altier

A Thesis
in
The Department
of
Psychology

Presented in Partial Fulfilment of the Requirements
for the Degree of Doctor of Philosophy at
Concordia University
Montreal, Quebec, Canada

April 1997

© Nadege Altier, 1997



%

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services
395 Waellington Street

Oftawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or szil
copies of this thesis in microform,
paper or electronic {ormats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliotheque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your hie Votre reference

Our hie Notre relarence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protege cette thése.
Ni la thése ni des exuaiis substantiels
de celle-ci ne doivent étre imprimeés
ou autrement reproduits sans son
autorisation.

0-612-39776-9

Canada



ABSTRACT

An Analysis of the Role of Midbrain Dopamine Systems
in the Suppression of Tonic Pain

Nadege Altier, Ph.D.
Concordia University, 1997

It has been considered for some time that the activation of the midbrain ascending
dopamine (DA) systems plays a role in the suppression of tonic or persistent pain. For
instance, earlier work has shown that substance P (SP), a tachykinin neuropeptide released
during pain and stress, acting in the midbrain induces analgesia in the formalin test for tonic
pain. The present thesis explored in more depth the role of SP-DA interactions in the
suppression of tonic pain, and examined whether the activation of midbrain DA neurons by
endogeneous SP might be a mechar T underlying stress-induced analgesia. A first series
of experiments were designed to examine the effects of agonists with different affinities for
tachykinin NK-1 and NK-3 receptors in the formalin test for tonic pair and, for
comparison, the tail-flick test for phasic pain, following infusions into either the ventral
tegmental area (VTA) in the midbrain or nucleus accumbens (NAS) in the forebrain.
Infusions into either the VTA or NAS of the NK-1 agonist, GR-73632, and the NK-3
agonist, senktide, induced analgesia in the formalin, but not the tail-flick test, suggesting
that NK-1 and NK-3 receptors in the VTA and NAS are involved in mediating the
inhibition of tonic pain. Pretreatment with the opioid 1eceptor antagonist, naltrexone, did
not attenuate the analgesic effects in the formalin test of intra-VTA or intra-NAS infusions
of the SP analog, DiMe-C7, GR-73632, or senktide, suggesting that these effects are
mediated independently from opioid mechanisms. The idea that exposure to stress inhibits
tonic pain by causing, in part, the release of SP in the VTA was supported by the finding
that intra-VTA pretreatment with the NK-1 selective receptor antagonist, RP 67580, blocks

stress-induced analgesia in the formalin test. Another series of studies were designed to



explore the possibility that enhanced DA transmission in the NAS mediates the inhibition of
tonic pain. It was found in these studies that intra-NAS pretreatment with DA receptor
antagonists attenuates analgesia induced by intra-VTA DiMe-C7, intra-VTA morphine, and
intra-NAS amphetamine in the formalin test. It was also found that reduced DA release in
midbrain ascending systems, induced by a low autoreceptor-specific dose of apomorphine,
prevents the analgesic effect of intra-VTA morphine. The findings revealed throughout the
present thesis suggest that part of a pain-suppression system that serves to inhibit tonic pain
depends, at least in part, upon the activation of the DA neurons innervating the NAS, and
that this pain-suppression system is naturally triggered by exposure to stress and/or pain,

through the release of opioids and SP.
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GENERAL INTRODUCTION

Pain is a complex multi-determined phenomenon that is characterized by both a
sensory and an emotional experience and, as with pleasure, motivates behaviour in a
powerful way. Descartes viewed, in 1664, the transmission of pain messages from the
periphery to the brain as occuring in a straight-through channel, similar to a bell-ringing
mechanism in a church and, in fact, this account is widely described in most medical
textbooks today (see Melzack & Wall, 1988, for review). The transmission of pain
signals in the central nervous system, however, has proved to be more complex than
once envisioned by Descartes. Its suppression has proved to be an even a greater
challenge. More and more, however, we are gaining a greater understanding of the
neural mechanisms that are involved in mediating both the transmission of pain signals

and the inhibition of pain.

Information about noxious painful stimulation is transmitted through sensory
neurons to the spinal cord, where ascending neurons in turn relay the information to
higher centers of the central nervous system through several pain-signalling pathways
such as the spinoreticular, spinohypothalamic, and spinothalamic tract (see Besson &
Chaouch, 1987, for review). These pathways have been categorized, based on
physiological and anatomical properties, into two major pain-signalling pathways
referred to as either the lateral or the medial system (Dennis & Melzack, 1979; Melzack,
1990). More specifically, the iateral system appears to transmit information about
noxious painful information rapidly through myelinated, fast-conducting, thin fibres to
the thalamus which, in turn, convey the information to the primary somatosensory
cortex. The activation of this system is thought to give rise to phasic pain, which is
sharp, transient, and sudden, and may function to provide an organism with immediate

information about the location of the noxious stimulation. In contrast, the medial system
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appears to transmit information about noxious stimulation through unmyelinated, slow-
conducting, large diameter fibres to various brainstem areas and the thalamus, the latter
of which, in turn, relays the information to several limbic sites such as the amygdala.
The activation of the medial system is thought to be responsible for eliciting tonic or
persistent pain, and may serve to remind an organism that an injury has occurred and

that it requires special attenton.

It is now known that exogeneous opioids inhibit pain by acting, in part, at spinal
sites (Hylden and Wilcox, 1983; Siuciak & Advocat, 1987; Yaksh and Rudy, 1977,
Yeung & Rudy, 1980). Numerous studies have also suggested that opioids inhibit the
transmission of pain signals by activating spinally-projecting descending pathways that
originate in the brainstem (see Advocat, 1988, for review). According to one model
(Basbaum & Fields, 1984), opioids act in the periaqueductal gray of the brainstem.
Upon the stimulation of opioid receptors at this site, neurons activate, through direct
projections, serotonin-containing cells in the nucleus raphe magnus which, in turn,
activate neurons that project, via the dorsolateral funiculus, to the dersal horn of the
spinal cord, where they inhibit axons that transmit information about noxisus painfui
stimulation to higher centers of the central nervous system. There is considerable
evidence in support of this model (e.g. Basbaum & Fields, 1984; Bennet & Mayer,
1976; Bodnar et al.,, 1988; Dickenson & Sullivan, 1986; Gebhart & Jones, 1988; Herz
etal., 1970; Jacquet & Lajtha, 1973, 1974; Mayer et al.,, 1971; Mayer & Murphin,
1976; Mayer & Price, 1976; Tsou & Jang, 1964; Yaksh & Rudy, 1978). For instance,
it has been reported that the anaigesic effect of systemic morphine is reduced in spinally-
transected animals relative to intact animals (Advocat, 1988). Presumably, this occurs
because the spinally-projecting brainstem inhibitory systems are removed and the effect

of systemic morphine is only expressed in the spinal cord.

[S9]



This brainstem descending pain-suppression system, however, is more effective
at inhibiting the transmission of phasic than tonic pain. In fact, several lines of evidence
suggest that the neural systems that mediate the inhibition of phasic versus tonic pain are
fundamentally different. This literature will be reviewed in the following paragraphs.
Before this literature is considered, however, the following section describes the pain

tests used in such studies.

Different Types of Pain Tests

Animal pain tests have been developed mainly to provide a screening device with
which to test the analgesic effects of drugs, but have also been used to explore the
neural mechanisms underlying pain suppression (Franklin & Abbott, 1989). Over 50
different types of pain tests are documented in the literature and numerous variations of
these have been developed (see Franklin & Abbott, 1989, for review). The most
commonly employed pain tests measure changes in the threshold at which a stimulus is
first perceived as being noxious. The pain assayed by such tests is transient, short-
lasting, rapidly rising and well-localized and thus has been termed phasic. The escape
response to phasic pain serves to prevent or minimize tissue damage and enduring pain.
One of the most popular phasic pain tests, the tail-tlick test (D'Amour and Smith,

1941), measures the withdrawal response to thermal stimulation of the tail. The twil-
flick response is organized at the level of the spinal cord, since it is elicited in spinally-
transected rats (Carroll & Lim, 1960; [rwin et al., 1951). Although studies employing
phasic pain stimuli have provided considerable information concerning the neural
mechanisms of pain and analgesia, the nature of the pain assayed in these tests does not
ressemble that encountered in the clinical situation. Thus the findings derived from
phasic pain tests provide limited information about the effectiveness of pain management

techniques (e.g. analgesic drugs) on pain of pathological origin.
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The formalin test was devised by Dubuisson and Dennis (1977) to provide a
model of injury-produced continuous (i.e., tonic) pain similar to that encountered in the
clinical situation. Unlike phasic pain tests, the formalin test assesses the behavioural
recuperative responses to inescapable pain generated by a subcutaneous injection of
dilute formalin into an animal's fore- or hindpaw. Pain responses last approximately 90
minutes and are characterized by favouring, raising and licking of the injured paw.
Human volunteers who have sustained a formalin injection describe the pain as being
poorly localized, moderate in intensity, burning and throbbing with a time-course
corresponding to the behavioural responses in animals (Alreja et al., 1984; Dubuisson &
Dennis, 1977; Frankiin & Abbott, 1989). These qualities, except for bumning
sensations, are similar to those produced by postsurgical pain in humans (Franklin &
Abbott, 1989). Together, these findings lend credibility to the idea that this test

adequately serves its purpose as an animal model of clinical pain.

In addition to developing the formalin test for tonic pain, Dubuisson and Dennis
(1977) provided a detailed description of a method used to quantify the intensity of the
various behavioural recuperative response to formalin pain. More specifically, using
this method, the different behavioural responses thought to reflect varying intensities of
pain are rated according to four behavioural categories each associated with a specified
weighted-pain score. Thus, an animal receives a score of 0 if it walks or sits normally
on the injected paw; a score of 1 if it favours the injected paw (e.g., if it limps or rests
the injected paw on the floor with little weight); a score of 2 if it raises the injected paw
away from the floor an body; a score of 3 if it licks, chews, or bites the injected paw.
An average pain intensity score is then calculated by multiplying the time spent in each
behavioural category by the weighted score, summing these products, and dividing by

the total time in a given time interval. The weighted-pain scores method of quantifying
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the behavioural responses to formalin has been widely employed (e.g., Abbott et al.,
1982; Cohen & Melzack, 1993; Lin et al., 1989; Matthies & Franklin, 1992; Pertovaara
etal., 1991). Other methods that have been used to quantify pain in the formalin test
involve the measurement of one single parameter, such as the time spent licking the
injured paw, or the number of times the animal licks the injected paw (e.g., Famser et
al., 1985; Hunkskaar et al., 1985; Sugimoto et al., 1986). It has been argued by several
researchers that the weighted-pain scores method is reliable and more accurately
describes the overall multi-dimensional experience of tonic pain by measuring several
pain-related behaviours, rather than one single behaviour, (e.g., Coderre et al., 1993;

Tj@lsen et al., 1992).

A recent study has confirmed the validity of the weighted-pain scores method of
quantifying the behavioural responses to tonic pain in showing that the different
weighted-pain scores assigned to the different behavioural categories accurately reflect
varying levels of pain intensities (Coderre et al., 1994). More specifically, it was found
in this study that escalating concertrations of formalin injected into a paw cause
progressive increases in weighted-pain scores. The ordinal nature of the behavioural
categories was also evident when the time spent in each category was examined. Thus,
as the concentration of formalin increased, animals spent progressively more time in the
behavioural categories reflecting more intense pain (i.e., scores 2 and 3), and
progressively less time in those reflecting less intense pain (i.e., scores 1 and especially
0). Using a constant formalin concentration of 5.0 %, it was also found that, as the
dose of morphine escalates, weighted-pain scores progressively decrease and animals
spend progressively less time in the behavioural categories reflecting more intense pain
and progressively more time in those reflecting less intense pain. Thus, all these
findings suggest that the weighted-pain scores method of quantifying the behavioural

responses to tonic pain is both valid and meaningful.
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Formalin produces a distinct biphasic behavioral (Tj@lsen et al., 1992) and
electrophysiological (Dickenson & Sullivan, 1987) response and there appear to be
fundamental differences between the two phases. An early transient pain phase begins
immediately following the formalin injection and is characterized by vigorous chewing,
shaking, and licking of the injured paw. These pain responses subside 5 minutes later
and give way to a period lasting 10-15 minutes in which an animal is relatively
insensitive to the injury. A late pain phase begins approximately 20 minutes following
the formalin injection, remains reladvely steady for about 20 minutes and then gradually
dissipates. Centrally-acting narcotic drugs such as morphine, codeine, meperidine,
buprenorphine and pentazocine inhibit pain responses during both the early and late
phase (Dubuisson & Dennis, 1977; Hunskaar et al., 1986; Hunskaar & Hole, 1987,
Shibata et al. , 1989; Vaccarino et al., 1989). Several lines of evidence suggest that
the early and late pain phases of the formalin test are mediated by independent
physiological processes (see Tj@lsen et al.,, 1992, for review). The early pain phase
appears to be due to direct stimulation of nociceptors and C-fibers since capsaicin
pretreatment, which selectively destroys SP-containing unmyelinated sensory neurons,
produces analgesia during the early but not the late phase (Shibata et al., 1989). The
late pain phase, in contrast, appears to result from ensuing inflammatory processes.
Peripherally-acting non-steroidal (e.g. aspirin, indomethacin) and steroidal (e.g
hydrocortisone, dexamethasone) anti-inflammatory drugs attenuate the late pain phase
while leaving the early pain phase unaffected (Hunskaar et al., 1986; Hunskaar & Hole,
1987; Rosland et al., 1990; Shibata et al., 1989).

The neural structures that are involved in mediating the behavioural recuperative
responses to formalin appear to lie at ipsilateral forebrain sites. More specifically, it has

been reported that unilateral knife cuts made through the medial forebrain buncle,
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hypothalamus, medial internal capsule, and thalamus attenuate formalin-induced pain
responses in the ipsilateral but not contralateral forepaw when both forepaws are injected
with formalin (Amodei & Paxinos, 1980). There is some evidence, however, to
suggest that sites lying more caudally in the brainstem are sufficient for the expression
of pain responses to formalin. Matthies and Franklin (1992) examined the behavioural
responses to formalin in decerebrated rats and found that transections rostral or caudal to

the pons fail to alter the rats' ability to display pain behaviour.

In summary, the formalin pain test differs from the more commonly used phasic
pain tests, such as the tail-flick test, in that (1) pain in the formalin test is inescapable
and long-lasting, whereas pain in phasic tests is escapable and short-lasting, (2) pain
responses in the formalin test appear to be organized at supraspinal sites, whereas those
in phasic pain tests appear to lie at more caudal sites in the spinal cord, and (3) pain
responses in the formalin test are generated by tissue injury whereas those in phasic pain

tests are usually elicited by nondamaging stimuli.

The neural mechanisms underlying analgesia in the formalin test are not well
understood, but are known to differ, as menticned previously, fundamentally from

those involved in phasic pain tests. The following section reviews this literature.

Different Neural Substrates Mediate Analgesia in Different Pain Tests

Studies that have examined the effects of lesions of the brainstem descending
pain-suppression systems indicate that they play a different role in the mediation of
anaigesia in phasic and tonic pain tests. For instance, it has been reported that lesions
of the nucleus raphe magnus, caudal periaqueductal gray, or dorsal lateral funiculus

attenuate morphine analgesia in the tail-flick test but are without effects on morphine
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analgesia in the formalin test (Abbott & Melzack, 1982a; Abbott et al., 1982b; Ryan et
al., 1985). Similarly, it has been shown that nucleus raphe magnus lesions disrupt
stimulation-produced analgesia (in the midbrain) in the tail-flick, but not in the formalin

test (Abbott & Melzack, 1983).

Pharmacological studies also reveal that the neurochemical systems subserving
analgesia in phasic pain tests differ fundamentally from those involved in tonic pain
tests. For instance, it has been reported that drugs which either decrease the synthesis
of the neurotransmitter serotonin, such as p-chlorophenylalanine (i.e., PCPA), or block
serotonin receptors, such as methysergide, attenuate morphine analgesia in the tail-flick
test but potentiate this effect in the formalin test (Dennis & Melzack, 1979). In contrast,
administration of the serotonin precursor L-tryptophan, which enhances serotonergic
activity, has been found to potentiate morphine analgesia in the tail-flick test but
diminish morphine analgesia in the formalin test (Abbott & Young, 1988). Similar
findings have been reported in the clinical situation. More specifically, it has been found
that the amount of morphine required by patients to control post-operative pain is lower
when plasma tryptophan levels are low, suggesting that decreased serotonergic activity

is associated with enhanced relief from persistent pain (Franklin et al., 1990).

Studies that manipulate noradrenergic systems reveal a similar dissociation of the
neural mechanisms underlying the inhibition of phasic versus tonic pain. Dennis and
Melzack (1980) have reported that the alpha-adrenergic agonist, clonidine, and the beta-
adrenergic agonist, isoproterenol, enhance morphine analgesia in the formalin test but
have no effect in the tail-flick. In another study, clonidine was found to produce
analgesia in both the formalin and the tail-flick tests, but substantially higher doses were

required to elevate tail-flick latencies (Tchakarov et al., 1985).



Support for the view that different neural systems mediate analgesia in different
types of pain tests is also provided by the finding that tests which assay phasic versus
tonic pain are differendally sensitive to the analgesic effects of opioid administration.
Several findings suggest that, although exogeneous opioids inhibit both tonic and phasic
pain, they are more effective against the former than the latter type of pain. For
instance, it has been shown that morphine, in the doses used clinically, is more effective
at alleviating the continuous, intense, burning pain produced by exercising an ischemic
limb in human experimental studies employing the tourniquet technique (Smith et al.,
1966) than at suppressing phasic pain produced by non damaging stimuli such as
pricking, pinching, or radiant heat (Beecher, 1968). These findings paraliel those of
clinical reports indicating that exogeneous opioids relieve postoperative pain but fail,
except at high doses, to suppress the sensations (e.g., twinges, tingling) caused by the
surgical wound (Dennis & Melzack, 1979; Jaffe & Martin, 1980). Similarly, it has
been reported that morphine relieves clinical postoperative pain without affecting
psychophysical ratings of sensory intensity and quality of pain (Franklin et al., 1990).
As in the clinical situation, animal studies indicate that exogeneous opioids are more
effective at alleviating tonic rather than phasic pain. For instance, Cohen et al. (1984)
found that a relatively low dose range (2.5 - 10.0 pg) of morphine infused into the
lateral ventricle elicits analgesia in the formalin test whereas much higher doses (50.0 -
200.0 pg) are required to raise pain thresholds in the foot-flick test. In another study, it
was found that morphine microinjected into the habenula produces analgesia in the

formalin, but not in the foot-flick test (Cohen & Melzack, 1985).

The evidence that repeated administration of morphine affects the analgesic
response differently depending on the nature of the pain involved provides another line
of evidence that different neural substrates mediate analgesia in different types of pain

tests. When animals are administered morphine repeatedly, using a given dose, and
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tested for pain sensitivity, a typical finding is that morphine analgesia manifests
tolerance (Adams et al., 1969; Advocat, 1989; Bardo & Hughes, 1979; Kayan et al.,
1973; Mucha et al,1979; Siegel, 1975, 1976; Siuciak & Advocat, 1989). That is, the
analgesic effect of a given dose of morphine declines progressively in response to
repeated administration such that, in order to maintain the same amount of analgesia,
escalating doses of the opioid are required. Although the pain assayed in these studies
is phasic, it is widely assumed that the results derived from such studies apply to the
types of pain encountered in the clinical situaton and, therefore, it is misbelieved that
tolerance to morphine analgesia is likely to be a practical problem in the management of
clinical pain (Melzack, 1990). As a result, the use of morphine for the management of
clinical pain is not only limited but also ill-tailored to suit the needs for both pain relief
and avoidance of aversive side-effects such as mental cloudness and nausea (Melzack,
1990). There is considerable evidence, however, to suggest that when opioids are taken
on a long-term basis solely for the relief of clinical pain, tolerance to morphine analgesia
is either nonexistent or minimal (Melzack, 1990; Isbell et al., 1947; Mountet al., 1976:
Twycross, 1974, 1978). Abbottet al. (1981, 1982) took a closer look at this problem
by comparing the effects of repeated morphine administration on analgesia in the
formalin and tail-flick tests. In accordance with findings obtained from clinical studies,
they found that little tolerance develops to morphine analgesia in the formalin test,

whereas morphine analgesia in the tail-flick test shows rapid tolerance.

In summary, it appears that the neural substrates underlying the inhibition of
tonic pain differ from those underlying the inhibition of phasic pain. This is supported
by the findings that analgesia in these two types of pain is dissociable with respect to
manipulatons of serotonergic, noradrenergic, and opioidergic systems and with respect
to the phenomenon of tolerance to morphine's analgesic effects. The neurotransmitter

dopamine has also been found to play a different role in the mediation of analgesia in
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phasic and tonic pain tests. This evidence will be reviewed and will be followed by a
description of some recent findings suggesting that part of the neural substrates
underlying the inhibition of tonic pain depends on activity in dopamine-containing
neurons originating in the midbrain and projecting to various forebrain sites. A clear
understanding of this literature, however, requires an initial description of the

neuroanatomy of these midbrain ascending dopamine-containing neurons.

Neuroanatomy of Midbrain Ascending Dopamine Systems

Detailed neuroanatomical mapping studies have shown that there are several
pathways in the central nervous system containing the neurotransmitter dopamine (DA;
Ungerstedt, 1971; Dahlstrom & Fuxe, 1965; Thierry et al., 1973; Lindvall & Bjorklund,
1974; Berger et al., 1976; Jacobowitz, 1978). The neurons of some of these pathways
originate in the ventromedial mesencephalon and project to various forebrain sites.

More specifically, these neurons arise from the continuum of cell bodies located in the
ventral tegmental area (VTA), substantia nigra (SN) and retrorubral field and send axons
ipsilaterally through the medial forebrain bundle to various forebrain sites (Dahlstrom &
Fuxe, 1964). Subpopulations of midbrain DA ascending neurons are classified and
referred to as nigrostriatal, mesocortical, and mesolimbic, according to their site of

origin and innervation.

The neurons comprising the nigrostriatal pathway originate in the SN and project
rostrally to innervate the striatum (which includes the caudate nucleus and the putamen)
and the globus pallidus (Bjorklund & Lindvall, 1984). Mesocortical DA neurons arise
from the VTA and project rostrally to innervate the prefrontal, entorhinal, anterior
cingulate, and piriform cortices (Berger et al., 1976; Fuxe etal., 1974; Lindvall et al.,
1978; Thierry et al, 1973). Mesolimbic DA neurons arise from the VTA and project
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rostrally to various limbic structures such as the nucleus accumbens septi (NAS; also
known as th2 ventral striatum), habenula, olfactory tubercle, medial portion of the lateral
septum, amygdala, bed nucleus of the stria terminalis, anterior olfactory nuclei and, to a
much lesser extent, the olfactory bulb and the nuclei of the diagonal band (Bjorklund &
Lindvall, 1984; Swanson, 1982). Relatively recent studies indicate that the NAS,
whose role in analgesia was examined in the present studies, contains three distinct
subterritories referred to as the " core ", " shell ", and " rostral pole " (for review, see
Heimer & Alheid, 1991; Zahm & Brog, 1992; Deutch et al., 1993). These subterritories
have been reported to differ with respect to somatodendritic morphology (Meridith et al.,
1992a), synaptic organization (Zahm, 1992; Meridith et al., 1992b), DA metabolism
(Deutch & Cameron, 1991), electrophysiological properties (Pennartz et al., 1991),
patterns of afferent (Brog et al., 1993) and efferent (Zahm & Heimer, 1990, 1993;
Heimer et al., 1991) projections, and distributions of various transmitters, peptides, and
receptors (Zaborsky et al., 1985; Phelps & Vaughn, 1986; Zahm & Heimer, 1988;
Meredith et al., 1989; Voorn et al., 1989; Churchill et al., 1990; Lee et al., 1990).

The midbruin DA ascending neurons appear to project topographically. More
specifically, it appears that different portions of the ventromedial mesencephalon give
rise to different ascending DA projections (Fallon, 1988). For instance, whereas
mesolimbic neurons innervating the olfactory tubercle and amygdala derive their cell
bodies from the dorsal VTA, those innervating the NAS and lateral septum derive their
cell bodies from the medial and ventral VTA, respectively. It has also been reported
that neurons located in both the VTA and SN contribute to nigrostriatal, mesocortical,
and mesolimbic ascending systems, although neurons in either cell group are
predominantly implicated in one system over the other (Fallon, 1988). For instance, the
majority of mesocortical neurons innervating the frontal, anterior cingulate and

suprarhinal cortices originate from the VTA but a minority of these also derive from
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discrete portions of the SN. Similarly, the caudate nucleus is innervated primarily by
neurons originating in the SN but it also receives a few inputs from neurons originating
in the ventral portion of the VTA. More detailed reviews of the neuroanatomy of
midbrain ascending DA systems are provided by Bjorklund and Lindvall (1984), Fallon
(1988), Oades and Halliday (1987), and Fallon and Loughlin (1987).

Only a few years ago, DA was thought to induce its effects by interacting in the
central nervous system with two DA receptor subtypes, termed D-1 and D-2. In recent
years, studies using molecular biological techniques have identified and cloned five
different DA receptors (Andersen et al., 1990; Seeman & Van Tol, 1994; Sibley &
Monsma, 1992; Sokoloff & Schwartz, 1995; Wolfarth & Ossowska, 1995). The DA
D-1-like receptors, D-1 and D-5, and the DA D-2-like receptors, D-2, D-3, and D-4
differ from each other in terms of their intracellular signalling systems, pharmacology,
localization, and sequence (Schwartz et al., 1994; Seeman & Van Tol, 1993; Vallar &
Meldolesi, 1989; Waddington & Deveney, 1996). For simplicity, D-1-like and D-2-like
receptors will be referred to as D-1 and D-2 receptors in the remaining sections of this

thesis.

An enormous amount of research has been conducted on DA since the relatively
recent discovery in the mid 1950s that it acts as a neurowransmitter. The findings
revealed by numerous behavioural, pharmacological, and biochemical studies indicate
that midbrain ascending DA systems play a cardinal role in mediating cognitive,
emotional, motvational, and motor processes. The activation of these systems elicits a
wide spectrum of goal-directed behaviours such as exploration, locomotion, drug-
seeking, sniffing, and heightened attention to environmental stimuli (e.g. D'Angio et al;
1988; Joyce & Iversen, 1979; Kalivas et al., 1983; Kelley et al., 1985; Stewart, 1991;
Stewart & Vezina, 1987, 1988, 1989; Stinus et al., 1978; Vezina et al., 1987, 1989:;
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Vezina & Stewart, 1984, 1989, 1990). There is also substantial evidence indicating
that midbrain ascending DA systems are implicated in the pathcphysiology of psychiatric
(e.g. psychosis; Crow, 1980; Fuxe et al., 1974; Kalivas & Stewart, 1991) and
neurological (e.g Parkinson's and Huntington's disease; Crow, 1980) disorders.
Recently, it has also been discovered that, as mentioned previously, midbrain ascending
DA systems play a role in mediating the inhibition of tonic pain. The following section

reviews this evidence.

Role of Midbrain DA Systems in Analgesia

As mentioned previously, DA has been shown to produce different effects on
pain responsiveness depending on the type of pain test employed. In the formalin test,
DA agonists such as cocaine, amphetamine, apomorphine and quinpirole elicit analgesia
(Clarke & Franklin, 1992; Dennis & Melzack, 1983; Lin et al., 1989; Morgan &
Franklin, 1990; 1991; Skaburskis, 1980). The analgesic effect of cocaine in this test is
blocked by pretreatment with either the mixed DA D-1 and D-2 receptor antagonist,
chlopromazine, the selective DA D-1 receptor antagonist, SCH 23390, or the selective
DA D-2 receptor antagonist, eticlopride (Lin et al., 1989). Similarly, amphetamine-
induced analgesia in the formalin test is blocked by pretreamment with either the mixed
DA D-1 and D-2 receptor antagonist, flupenthixol, the DA D-1 receptor antagonist, SCH
23390, or the selective D-2 receptor antagonist, pimozide (Morgan & Franklin, 1991;
Skaburskis, 1980). In contrast, when phasic pain tests are employed, DA agonists
such as amphetamine, cocaine, bromocriptine, and apomorphine have either no effect on
withdrawal latencies or elicit hyperalgesia (i.e., enhanced responsiveness to pain; Ben-
Sred et al., 1983; Carroll & Lim, 1960; Dennis & Melzack, 1983; Dunai-Kovidcs &
Székely, 1977; Gonzales et al., 1980; Hernandez et al.,1986; Misra et al., 1987; Nott,
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1968; Pertovaara et al., 1988; Robertson et al., 1981; Tocco & Maickel, 1984; Tocco et
al., 1985; Tulunay et al., 1976; Witkin et al., 1961).

Inferences from the literature on reward and on stimulation-produced analgesia
led Morgan and Franklin (Franklin, 1989; Morgan, 1990; Morgan & Franklin, 1990) to
speculate that midbrain ascending DA systerns might be implicated in mediating the
analgesic effects of drugs such as morphine and amphetamine in the formalin test.
With respect to the literature on reward, they speculated that the neural substrates
underlying the rewarding effects of drugs such as amphetamine or opioids might be the
same as those involved in mediating the inhibition of persistent pain because of the
findings that all drugs that are rewarding are also effective against clinical pain
(Franklin, 1989; Morgan, 1990). Thus, because psychostimulant drugs are known to
induce their rewarding effect by activating midbrain ascending DA neurons (e.g.
Bozarth, 1987; Bozarth & Wise, 1986; Broekkamp et al., 1976, 1979; Fibiger &
Philipps, 1989; Jenck et al., 1987; Phillips & LePiane, 1980; Smith et al., 1985;
Spyraki et al., 1982; Stewart, 1984; Stewart et al., 1984; Wise, 1988; Wise & Bozarth,
1987; Yokel & Wise, 1975, 1976), these systems became likely candidates. They also
suspected that these systems might mediate psychostimulant-induced analgesia in the
formalin test because of the evidence indicating that all the sites at which electrical
simulation inhibits the responses to pain in the vocalization-after-discharge test project
to the VTA, and because pain in this test is associated with significant negative affect, as

is the case for pain in the formalin test (Morgan, 1990).

Based on these lines of indirect evidence, Morgan and Franklin (1990) designed
an experiment to investigate the role of midbrain ascending DA systems on drug-induced
analgesia in the formalin and, for comparison, the tail-flick test. In this study, they

found that DA-depleting 6-hydroxydoparnine lesions of the ventral mesencephalon,
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which contains the cell bodies of the neurons that give rise to ascending forebrain
projections, abolish the analgesic effects of systemic morphine and amphetamine in the
formalin test, but not in the tail-flick test. Their findings suggested, for the first time,
that midbrain ascending DA systems are involved in mediating the inhibition of tonic but
not phasic pain. In support of these findings, they reported subsequently that infusions
of morphine directly into the VTA elicit analgesia in the formalin test (Manning et al.,
1994; Morgan, 1990; Franklin, 1989).

Interestingly, exposure to stress selectively activates DA transmission in
midbrain ascending DA neurons (see Deutch & Roth, 1990, for review) and this effect
has been shown to be dependent upon opioid mechanisms in the VTA (Kalivas &
Abhold, 1987). More specifically, it has been found that intra-VTA infusions of the
opioid receptor antagonist, naltrexone methylbromide, prevent the stress-induced
activation of DA metabolism in midbrain ascending neurons and that exposure to stress
causes the release of met-enkephalin into the VTA (Kalivas & Abhold, 1987). These
findings, combined with those indicating that exposure to stress inhibits tonic pain (e.g.,
Abbott et al., 1986; Fanselow, 1984; Fanselow & Baackes, 1982; Vaccarino et al.,
1992) and that morphine infused into the VTA induces analgesia in the formalin test for
tonic pain (Franklin, 1989; Manning etal., 1994; Morgan, 1990) suggest that the
stimulation of opioid receptors in the VT A by endogeneously released opioids might be
a mechanism underlying the stress-induced inhibition of tonic pain. In support of this
idea, it was reported recently that infusions of the opioid receptor antagonist, naltrexone
methylbromide, into the VTA attenuate stress-induced analgesia in the formalin test

(Alder & Stewart, 1996).

Several lines of evidence suggest that release of the tachykinin neuropeptide

substance P (SP) in the VTA might similarly play a role in mediating the suppression of
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tonic pain by stress. Indeed, there is considerable biochemical, behavioural, and
neuroanatomical evidence to suggest that SP interacts with midbrain ascending DA
systems in an excitatory way, and that the effects of SP on these systems are triggered
naturally by stress. The remaining sections will review in greater depth these lines of
evidence. First, however, an overview of the literature on stress-induced analgesia is

presented.

Stress-Induced Analgesia

Two important discoveries in the field of pain and analgesia were made during
the late 1960s and early 1970s. One of these was made in 1969 when it was found that
electrical stimulation in the brainstem of rats elicits analgesia and that this effect is
profound enough to permit abdominal surgery without the use of any anesthetic drugs
(Reynolds, 1969). In 1971, another group that was unaware of Reynolds' findings
discovered the same phenomenon (Mayer et al., 1971). This phenomenon, which has
come to be known as stimulation-produced analgesia, was subsequently replicated in the
rat Mayer & Liebeskind, 1974) and extended to other species including the cat (Oliveras
etal., 1974), monkey (Goodman & Holcombe, 1976; Ruda et al.,, 1976) and human
(Adams, 1976). During these same years, several researchers discovered the opioid
receptors (Goldstein et al., 1971; Pert et al., 1974; Pert & Snyder,1973) and the
endogeneous opioid peptides (Hughes et al., 1975; Terenius & Wahlstrom, 1975). All
of these discoveries suggested for the first time that endogeneous pain-suppression
mechanisms exist in the central nervous system. Based on these findings, pain
researchers began to speculate that endogeneous pain-suppression systems might have
evolved because they serve an important biological function. More specifically, they
proposed that, while pain is adaptive (see Melzack & Wall, 1988, for review), there

might be certain conditions under which pain inhibition might be even more adaptive. In

17



the years that followed the discovery of endogeneous pain-suppression systems,
researchers devoted much effort searching for the environmen:al conditions that might

naturally trigger these systems.

Inital studies on environmentally-induced analgesia were carried out almost
simultaneously in three separate laboratories (Akil et al., 1976; Hayes et al., 1976,
1978a,b; Rosecrans & Chance, 1976). It was found that analgesia could be produced
by such diverse environmental stimuli as exposure to inescapable footshock given
acutely (Akil et al., 1976; Hayes et al., 1976, 1978a,b) or chronically (Rosecrans and
Chance, 1976), to centrifugal rotation and to intraperitoneal saline injections (Hayes et
al., 1976, 1978a,b). These treatments appeared to affect pain responses specifically, as
responses to tactile simulation were unaffected (Hayes et al., 1978a). Interestingly,
although all of the environmental manipulations found to induce analgesia are stressors
(as defined by activation of the hypothalamus-pituitary-adrenal axis), not all are
effectdve. Indeed, neither exposure to ether vapors nor horizontal oscillation induce

analgesia (Hayes et al., 1978b).

Since these initial observations, a wide variety of stressors have been reported to
inhibit responses to painful stimulation. Some of these include cold (Bodnar et al.,
1978b) and warm water swimming (Vaccarino et al., 1992a,b; Willow et al., 1980),
restraint (Amir & Amit, 1978), environmental novelty (Abbott et al., 1986), aggressive
confrontation and defeat with a conspecific (Miczek etal., 1982, 1985), insulin
injections (Bodnar et al., 1979), exposure to a predator (Lester & Fanselow, 1985),
hypoglycemia (Bodnar et al., 1978a), body pinch (Omstein & Amir, 1981), food
deprivation (Bodnar et al., 1978), odors released by stressed conspecifics (Fanselow &
Sigmundi, 1986), tail pinch (Levine et al., 1982) and footshock (e.g. Chance et al.,
1977; Chance & Rosecrans, 1979; Cheser & Chan, 1977; Fanselow & Baackes, 1982;
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Fanselow & Bolles, 1979a,b; Hayes et al., 1978b; MacLennan et al.,, 1980; Ross &
Randich, 1985; Watkins et al., 1982). Exposure to stress has been observed to inhibit
responses to a variety of noxious painful simuli, such as applicaton of heat to the tail
(e.g. Cannon et al., 1983; Drugan et al., 1985; Lewis etal., 1983) or paws (e.g.
Amir & Amit, 1978; 1979a,b; Blair et al.,, 1982) and subcutaneous injections of
formalin into a paw (Abbott et al., 1986; Fanselow, 1984; Fanselow & Baackes, 1982;
Fanselow et al., 1988; Fanselow et al., 1989a,b; Fanselow & Helmstetter, 1988;
Fanselow & Sigmundi, 1986; Helmstetter, 1992; Helmstetter & Fanselow, 1987; Lester
& Fanselow, 1985; Maier et al.,, 1984; Vaccarino et al., 1992 a,b).

The neurochemical nature of stress-induced analgesia

Early observations indicated that analgesia produced by exposure to stressful
stimuli was similar to that induced by exogeneous opioids. These studies suggested
that stress-induced analgesia might be mediated by the recently discovered endogeneous
opioid peptides, endorphins, enkephalins and dynorphins (Akil et al., 1984; see Bodnar
etal., 1980, for review). Akiletal. (1976) and Chesher and Chan (1977), for
instance, studied the analgesic effect of footshock stress and found that the opioid
antagonist, naloxone, could block the response. In addition, other studies indicated
that, as in the case with repeated administration of opioids, tolerance develops to the
analgesic effects of repeated exposure to stress and cross-tolerance occurs between
opioids and stress (Chesher & Chan, 1977; Lewis et al., 1981; Terman et al., 1986).
Naloxone-sensitive stress-induced analgesia has also been reported in humans (Willer et
al.,, 1980). Other studies, however, found that, under some conditions, naloxone
failed to reverse stress-induced analgesia (see Amit & Galina, 1988, and Lewis, 1986,
for review), suggesting that at least two neurochemically discrete forms of stress-

induced analgesia exist, one mediated by opioids and one that is not. Many studies
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followed in which the determinants of opioid and non-opioid stress-induced analgesia

were sought using a single and reliable stressor, inescapable footshock stress.

Lewis et al. (1980) observed that exposure to footshock of a constant intensity
produces opioid or non-opioid forms of stress-induced analgesia depending on the
temporal parameters of the stressor. More specifically, they found that 20-minute
exposure to a 2.5 mA prolonged, intermittent footshock applied once every 5 seconds
causes analgesia that is blocked by naloxone at a dose as little as 0.1 mg/kg, suggesting
opioid involvement. In contrast, exposure to a 2.5 mA footshock applied continuously
for 3 minutes causes equipotent analgesia which is unaffected by even high doses of
naloxone. The naloxone-sensitive analgesia produced by prolonged. intermittent
footshock also satisfies other criteria for opioid involvement. It shows complete
tolerance after 14 days of exposure to this stressor (Lewis et al., 1981; Mayer & Price,
1976) and shows cross-tolerance with morphine in that the analgesia produced by this
stressor is markedly reduced in morphine-tolerant rats (Mayer & Price, 1976). The
naloxone-insensitive analgesia produced by brief, continuous footshock, on the other
hand, fails to manifest tolerance or cross-tolerance with morphine (Mayer & Price,

1976).

In summary, exposure to prolonged, intermittent footshock stress produces an
opioid form of stress-induced analgesia whereas exposure to brief, continuous
footshock stress elicits a non-opioid form of stress-induced analgesia. Terman et al.
(1984) subsequently extended these findings and observed that the neurochemical nature
of stress-induced analgesia produced by continuous footshock depends on shock
severity (intensity x duration). Based on their findings, these investigators suggested
that the neurochemical basis of analgesia produced by exposure to continuous footshock

stress follows a coulometric (intensity x duration) relation such that stress-induced
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analgesia is opioid-mediated if the product of these variables is below 7.5 (2.5-mA
shocks for 3 minutes) but non-opioid if the coulometric product is at or above 7.5.
Stress severity appears to play a similar role in determining the opioid versus non-opioid
nature of stress-induced analgesia from cold water swim stress (Terman et al., 1986)

and from conditdoned fear (Fanselow, 1984).

Interestingly, exposure to the stressors that inhibit pain has been shown, in other
studies, to selectively activate DA transmission in midbrain ascending neurons. For
instance, exposure to stressors such as footshock, restraint, or conditioned fear have all
been reported to enhance DA metabolism in terminals regions of midbrain ascending
systems (see Deutch et al., 1990, for review). The following section reviews this
evidence and will be followed by a description of the evidence indicating that SP in the
VTA plays an important role in mediating the stress-induced activation of midbrain

ascending DA systems.

Stress and Midbrain Ascending DA Systems

Several studies indicate that exposure to certain stressors such as mild
intermittent footshock consistently activates DA transmission in midbrain ascending
neurons, as reflected by increased levels of the DA metabolite dihydroxyphenylacetic
acid (DOPAC; Glowinski, 1984; Roffler-Tarlov et al., 1987; Roth etal., 1976) in
terminal projection fields. Thierry etal. (1976) provided the first evidence for this
selective stress-induced activation of midbrain ascending DA neurons. They reported
that exposure to mild intermittent footshock stress (1.6 mA) caused a pronounced
increase in DA utlization in the prefrontal cortex, and a smaller but significant increase
in DA utilizadon in the NAS. These findings were subsequently confirmed by other

investigators, using various footshock parameters (Deutch et al., 1985 b; Deutch et al.,
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1990; Fadda et al., 1978; Herman et al., 1982; Lavieille et al., 1978; Tissari et al.,
1979). Exposure to stressors other than footshock stress has similarly been
documented to enhance DOPAC levels in the prefrontal cortex and NAS. These include
conditioned fear (Deutch et al., 1985 b; Deutch & Roth, 1990; Herman et al., 1982;
Roth et al., 1988), restraint (Deutch & Roth, 1990; Imperato et al., 1991; Kennedy et
al., 1980; Roth et al., 1988), tail pinch (Abercrombie et al., 1989; Bertolucci-D'Angio
et al., 1990 a,b), swim stress (Knorr et al., 1984; Yang et al., 1985), forced
locomotion (Bertolluci-D'Angio et al., 1990 a,b) and environmental novelty (Tassin et

al., 1980).

Whereas mesocortical DA neurons appear to consistently respond to even minor
forms of stress, the stress-induced activation of mesolimbic DA neurons innervating the
NAS appears to be more variable (Deutch et al., 1985 b; Deutch et al., 1990; Lavieille
etal., 1978; Roth etal., 1988). Using footshock as a single and reliable stressor, it
has been suggested that stress severity plays an important role in determining whether
mesolimbic DA neurons, in additon to mesocortical DA neurons, will respond to stress.
More specifically, it has been found that, as the intensity or duration of footshock stress
increases, DA metabolism is enhanced in the prefrontal cortex, followed by the NAS
(Deutch et al., 1990; Deutch & Roth, 1990; Roth et al., 1988). For instance, exposure
to 0.2 mA footshock stress increases DOPAC concentrations in the prefrontal only,
whereas exposure to slightly more intense footshock (0.26 mA) increases this measure
in the NAS (Deutch & Roth, 1990). Sill, more severe stressors have been found to
enhance DOPAC levels in terminal projection sites of nigrostriatal neurons (Cabib et al.,

1988; Deutch & Roth, 1990; Dunn, 1988; Roth et al., 1988; Speciale et al., 1986).



Stress and SP

Several findings suggest that SP release in the VTA plays a critical role in the
stress-induced activation of midbrain ascending DA neurons. Bannon et al. (1983)
found that pretreatment with a monoclonal SP antibody infused into the VTA completely
prevented the stress-induced biochemical activation of midbrain DA neurons innervating
the prefrontal cortex. In addition, it has been reported that SP levels in the VTA are
decreased during and following exposure to footshock stress, suggesting enhanced
release of the peptide by the stressor (Bannon et al., 1986; Deutch et al., 1985a;
Lisoprawski et al., 1981). Finally, there is considerable indirect evidence suggesting
that SP release in the VTA mediates the stress-induced activation of midbrain DA
neurons. This indirect evidence is based on the findings of numerous studies indicating
that infusions of SP into the VTA mimic the biochemical activation of midbrain
ascending DA systems induced by stress. The following section reviews this evidence

in more detail.

Interactions Between SP and Midbrain Ascending DA Systems

Several studies report that SP infused directly into the cell bodies of the VTA
activates DA metabolism in mesocortical and mesolimbic neurons. For instance, Cador
et al. (1989) found that intra-VTA SP infusions dose-dependently increase the
DOPAC/DA ratio in the prefrontal cortex and, to a lesser extent, in the NAS. Likewise,
Deutch et al. (1985a) reported that DOPAC levels in the prefrontal cortex are enhanced
following infusions of SP into the VTA. Similar increases in DA metabolism in
midbrain terminal projection sites have been reported following intra-VTA infusions of
the enzyme-resistant and, therefore, long-acting SP analog, DiMe-C7 (Elliott et al.,

1986). Similarly, there is also some recent evidence indicating that the highly selective
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SP (NK-1) receptor agonist, GR-73632. increases DA metabolism in the NAS (Elliott et
al., 1991). Finally, it has been reported more recently that SP or DiMe-C7 administered
systemically enhance extracellular levels of DA and its metabolites in studies employing

in vivo microdialysis in the freely-moving rat (Boix et al., 1992a,b).

Evidence for a close functional relationship between SP and midbrain ascending
DA systems is also provided by the findings that infusions of SP into the VTA stimulate
DA-mediated behaviours. A number of studies have shown that DA agonists increase
locomotor activity and that a primary event underlying this effect is the release of DA
from terminals of mesolimbic neurons innervating the NAS. Thus, increased
locomotor activity is produced by the systemic administration of the indirect DA agonists
amphetamine and cocaine (Kelly & Iversen, 1976), the DA precursor L-DOPA, the DA
receptor agonist apomorphine (Kelly et al., 1975), and numerous other DA-enhancing
drugs (Cole, 1978; Isaacson et al., 1978). In support of the idea that enhanced DA
actvity in the NAS mediates this behavioural response, it has been shown that the
locomotor-actvating effects of amphetamine are greatly reduced by DA-depleting 6-
hydroxydopamine lesions of the NAS (Kelly & Iversen, 1976; Kelly et al., 1975) and
by infusions of the DA receptor antagonist haloperidol in the NAS (Pijnenburg et al.,
1975), but are unaffected by a lesion to the PFC (Simon et al, 1981). Furthermore, it
has been reported that infusions of amphetamine, DA, and other DA agonists directly
into the NAS stimulate locomotor activity (Kelly, 1977; Pijnenburg et al., 1976; Staton

& Solomon, 1984).

Stinus et al. (1978) were the first to report that infusions of SP into the VTA
stimulate locomotor activity in rodents. This behavioural effect of SP was subsequently
replicated by other investigators (Kelley et al. , 1985; Kelley et al. , 1979), and was

also observed following intra-VTA infusions of the enzyme-resistent SP analog, DiMe-
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C7 (Eison et al. , 1982 a,b; Elliott & Iversen, 1986; Naranjo & Del Rio, 1984).
Likewise, there is also evidence that intra-VTA infusions of agonists with different
affinides for tachykinin receptors stimulate locomotor activity (Elliott et al., 1991, 1992;
Stoessl et al., 1991). As observed with DA agonists, enhanced DA activity in the NAS
appears to be an important mechanism underlying the behavioural-activating effects of
SP. More specifically, it has been shown that the systemic administration of the DA
receptor antagonist, haloperidol (Eison et al., 1982a; Naranjo & Del Rio, 1984) blocks
the locomotor-stimulant effects of SP and DiMe-C7, whereas that of the DA agonist,
amphetamine, potentiates the response (Eison et al., 1982a; Stinus et al., 1978). More
convincing evidence is provided by the findings that the locomotor-activating effects of
SP infused into the VTA are blocked either by intra-NAS infusions of the DA receptor
antagonist, haloperidol, or by 6-hydroxydopamine lesions of the NAS (Kelley et al.,
1979).

Interestingly, there are also reports indicating that SP interacts with midbrain DA
ascending systems by acting into the NAS. Indeed, SP and SP receptors are present in
the NAS (Ljungdahl et al., 1978 a,b; Pickel et al., 1988; Saffroy et al., 1988), and
several studies indicate that SP acts in the NAS to enhance DA transmission. For
instance, it has been reported that infusions of SP into the NAS augment DA metabolism
at this site (Kalivas & Miller, 1986). There is also some evidence indicating that intra-
NAS infusions of a selective SP (NK-1) agonist increases locomotor activity and that
this effect is prevented by the systemic administration of the DA receptor antagonist,

haloperidol (Elliott et al., 1992).

In summary, there is considerable evidence suggesting that SP interacts with
midbrain ascending DA systems in an excitatory way and that the effects of SP on DA

transmission in these systems are triggered naturally during exposure to stress. This
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close functional relationship between SP and midbrain ascending DA systems is further
supported by the findings that SP terminals make direct synaptic contacts with DA-
containing cell bodies in the VTA (Tamiya et al., 1990) and that SP receptors are located
directly on these cell bodies in the midbrain (Stoessl, 1992). The evidence that exposure
to stress both inhibits tonic pain and causes the SP-mediated activation of midbrain
ascending DA neurons, and that the activation of these neurons by morphine inhibits
tonic pain in the formalin test suggests that SP release in the VTA might play arole in
mediating the inhibition of tonic pain by stress. Additional evidence in support of this
idea is provided by the finding that infusions of the SP analog, DiMe-C7, into the VTA
induce analgesia in the formalin test for tonic pain (Alter & Stewart, 1993). More
specifically, in this study, it was found that intra-VTA DiMe-C7 decreased formalin pain
responses immediately following the infusions during approximately 30 minutes.
Importantly, it was found that infusions of DiMe-C7 made 1.0 mm dorsal to the VTA
did not affect formalin pain reseponses, indicating that the SP analog induces analgesia

by acting at receptors within the VTA.

Rationale of the Present Experiments

The role that midbrain SP plays in the inhibition of tonic pain was further
explored in the present thesis. Because SP interacts with at least three tachykinin
receptor subtypes, the purpose of Experiment 1 was to examine the effects of selective
tachykinin receptor agonists infused into the VTA in the formalin test for tonic pain.
Thus, animals were tested in the formalin test following intra-VTA infusions of either
the NK-1 selective agonist, GR-73632, or the NK-3 selective agonist, senktide. Based
on the evidence that SP terminals and receptors are present in the NAS and that SP
interacts at this site with DA in an excitatory way, Experiment 2 was designed to

examine the role of SP acting in the NAS in the inhibition of tonic pain. Thus, animals
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were tested in the formalin test following infusions into the NAS of either the NK-1

selective agonist, GR-73632, or the NK-3 selective agonist, senktide.

Previous studies have reported that the analgesic effects induced by SP
administered either intracerebroventricularly or systemically are mediated via
endogenoeus opioids. On the basis of these findings, Experiment 3 was designed to
examine whether opioids might similarly mediate the analgesic effects induced by either
the SP analog, DiMe-C7, the NK-1 selective agonist, GR-73632, or the NK-3 selective
agonist, senktide, infused into the VTA or the NAS.

As mendoned previously, there is considerable evidence indicating that the
neural systems mediating the inhibition of tonic versus phasic pain are fundamentally
different. In additon, in a previous study, it was found that DiMe-C7 infused into the
VTA elicits analgesia in the formalin test for tonic pain, but is without effect in the tail-
flick test for phasic pain. Given these findings, the effects that were observed in the
formalin test following infusions of tachykinin selective agonists into either the VTA or
NAS (Experiments | and 2) were compared, in Experiment 4, to those in the tail-flick
test. In addidon, the effect of intra-VTA morphine in the tail-flick test was examined,

using a dose found in previous studies to induce potent analgesia in the formalin test.

As described previously, there is considerable evidence suggesting that SP
release in the VTA plays a role in the stress-induced activation of midbrain ascending
DA systems. This evidence, together with that indicating that midbrain DA systems play
are involved in mediating the suppression of tonic pain suggests that SP release in the
VTA might play a role in the stress-induced inhibition of tonic pain. To examine this

idea, Experiment 5 was designed to explore the effect of intra-VTA pretreatment with the



novel selective NK-1 receptor antagonist, RP 67580, on stress-induced analgesia in the

formalin test.

Several lines of evidence suggest that the analgesic effects induced by SP, as
well as by morphine and amphetamine in the formalin test are caused, at least in part, by
enhanced DA wtransmission in mesolimbic neurons innervating the NAS. This idea was
explored in the last series of experiments. Experiment 6 examined the effects of intra-
NAS pretreatment with the DA receptor antagonists raclopride, SCH 23390, and
flupenthixol on the analgesic effects induced by intra-VTA infusions of either DiMe-C7
or morphine, and intra-NAS infusions of amphetamine. Another approach taken to test
this idea was to examine, in Experiment 7, the effects of reducing DA release in
midbrain ascending DA neurons, by pretreating animals with a low autoreceptor-specific
dose of apomorphine, on the analgesic effects of intra-VTA infusions of either SP or

morphine, and intra-NAS infusions of amphetamine in the formalin test.



THE EXPERIMENTS

General Methods and Procedures
Because most of the experiments described in this thesis were conducted

following the same basic procedures, these are described in the following section.

Subjects, housing and habituation

Naive male Wistar rats weighing 350-375 g (Charles River Canada, St-
Constant, Quebec) served as subjects. Upon arrival, they were housed two by two in
standard clear plastic cages with wire tops. They had continuous access to food and
water and were maintained on a 12 h light-dark cycle (lights on at 9:00 pm and off at
9:00 am). All testing took place in an illuminated test room during the dark portion of
the light-dark cycle. On the four days prior to testing, each rat was handled for one
minute. On the two days prior to either formalin or tail-flick testing, each animal was
handled and habituated to the various testing procedures exactly as it was to be treated
on the test day, except that neither intracranial nor formalin injections were

administered.

Apparatus
The formalin test cubicles measured 30 x 30 x 30 cm and were made from clear
Plexiglas. A mirror was mounted beneath the floor of the cubicle at a 45 ° angle to allow

an unobstructed view of the rats' paws.

Surgery
Seven to ten days after arrival, rats were anesthetized with an injection of

sodium pentobarbital (Somnotol, 65 mg/kg, i.p.; MTC Pharmaceuticals Ltd.,

29



Cambridge, Ontario). When required, anesthesia was maintained with Methoxyflurane
(Metofane; Pitman-Moore, Missisauga, Ontario). Following immobilization of the
animals in a stereotaxic frame, an incision was made along the midline and the skull was
exposed. Guide cannulae (Plastics One, Inc.) were implanted, bilaterally, 1.0 mm
above the target structure and anchored to the skull with 5 stainless steel screws and
dental acrylic cement. Prior to surgery, animals were injected with 0.6 mg/kg given
s.c. of atropine sulfate (Glaxo Laboratories, Montreal, Quebec) and 0.1 ml given i.m.
of Penicillin G (Ayercillin; Ayerst, Montreal, Canada). Following surgery, 28 gauge
stainless steel obturators (Plastics One, Inc.) were inserted into the guide cannulae.
These extended 1.0 mm beyond the tip of the guide cannulae. Upon recovery under a
heat lamp, rats were housed individually in standard clear plastic cages with wire tops
and were allowed a 7-day recovery period before habituation to testing procedures was

begun.

Intracranial microinjections

After removing the obturators, 28 gauge stainless steel internal injector cannulae
extending 1.0 mm beyond the tip of the guide cannulae were inserted and held in place
in the guide cannulae by a brass screw cuff. The injector cannulae were connected via
polyethylene tubing to 1-pl Hamilton syringes. Compounds were administered in
unrestrained rats in a volume of 0.5 pl/side over 60 seconds. The injectors remained in
place for an additional 120 seconds to allow diffusion of the solutions Iaround the
injection site. Obturators were immediately replaced following removal of the injectors.
To prevent intracranial infections, all intemal injector cannulae and obturators were
wiped with 70% alcohol and dried immediately prior to being inserted into the guide

cannulae.
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Histology

Following completion of the experiments, rats were deeply anesthetized with
chloral hydrate (1 ml, i.p.) and perfused transcardially with the injectors in place with
0.9 % saline followed by 10% formalin. Brains were then removed and stored in 10%
formalin for at least one week. Histological verification of cannulae tp placements was
subsequently determined on 30 micron thionine-stained coronal sections. Data from an
animal were included in the analyses only if the injector tips were located within 0.5 mm

of the target structure.

The Formalin Test

On the two days prior to testing, each rat was habituated to the observation
cubicle by being placed in it and left undisturbed for at least 60 minutes. On the test
day, tonic pain was induced by a subcutaneous injection of 0.05 ml of 2.5 % formalin
into the plantar surface of one hind paw. Animals were then placed in the observation
cubicle and pain responses were recorded continuously once every 5 seconds for 60
minutes, using a time sampling procedure. Thus. 12 observations were recorded were
made per minute. In the present studies. the weighted-pain scores method described by
Dubuisson and Dennis (1977) was employed to rate the intensity of various pain-related
behaviours because there is evidence that the different weighted-pain scores (e.g.. score
3) associated with each behavioural category (e.g., paw-licking) accurately reflect
varying levels of pain intensities (Coderre et al., 1993). Thus, the intensity of pain was
rated according to 4 behavioral categories. using a scale of () to 3 : a score of 0 was
recorded, if the rat walked or sat normally with weight placed equally on both hind
paws; 1, if the rat favored the injured paw (e.g.. if it limped); 2, if the rat held the
injured paw off the floor, with at most the nails touching the tloor: and 3, if the rat
chewed or licked the injured paw. Average formalin pain scores were determined for

3-minute periods. If an animal failed to exhibit pain behavior at any time throughout a

31



session, its data were discarded. In all experiments, the observer was blind to which

animal had been injected with a drug and which with the vehicle.



EXPERIMENT 1

Effects of Intra-VTA Infusions of the Tachykinin NK-1 Selective
Agonist, GR-73632, or the Tachykinin NK-3 Selective Agonist,

Senktide, in the Formalin test

As mentioned in the Introduction, it was found previously that infusions of the
SP analog, DiMe-C7, into the VTA induce analgesia in the formalin test for tonic pain
(Altier & Stewart, 1993). It was also shown, in that set of studies, that the effects of
DiMe-C7 are restricted to the VTA, for control infusions of the peptide made 1.0 mm
dorsal to the VTA are without effects on pain responses in this test. SP, as well as the
structurally-related tachykinins, Neurokinin A and B, interact in the peripheral and
central nervous system with at least three receptor subtypes (Watling, 1992). SPis the
most potent natural ligand of the NK-1 receptor subtype, whereas Neurokinin A and B
bind preferentally with the NK-2 and NK-3 receptor subtypes. respectively (Regoli et
al., 1988). It must be kept in mind, however, that these tachykinin peptides likely exert
their physiological and behavioural effects by interacting with all three receptors because

their selectivity for their preferred receptor is poor (Watling, 1992).

Although SP displays the highest affinity for the NK-1 tachykinin receptor
subtype, the SP analog, DiMe-C7, appears to bind preferentially to the NK-3 receptor
subtype (Torrens et al., 1985). This finding suggests the analgesic effect induced by
DiMe-C7 infused into the VTA in the formalin test might be due to the preferential
stimulation at this site of NK-3 receptor subtypes. In support of this idea,

autoradiographic studies indicate that NK-3 receptors are present in the VTA (Dam et
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al., 1990; Stoessl and Hill, 1990; Stoessl, 1994) and it has been reported that intra-VTA
infusions of the highly selective NK-3 agonist, senktide, increase locomotor activity
(Elliott et al., 1991, 1992). It is likely, however, that DiMe-C7 infused into the VTA
induces analgesia by stimulating NK-1, in addition to NK-3, receptor subtypes at this
site. Indeed, although this SP analog displays higher affinity for the NK-3 receptor
subtype, it is not a highly selective NK-3 agonist and thus probably also binds, like SP,
to NK-1 receptor subtypes. The finding that intra-VTA infusions of the highly selective
NK-1 agonist, GR-73632, cause behavioural activation (Elliott et al., 1991, 1992)
supports this idea. On the other hand, it is unlikely that the simulation of NK-2
receptor subtypes in the VTA mediates the analgesic effects of intra-VTA DiMe-C7
because there is, as of yet, no evidence for the existence of these receptors in the VTA
and it has been reported that intra-VTA infusions of highly selective NK-2 agonists are

without effects in behavioural studies (Elliott et al., 1991, 1992).

The purpose of Experiment 1 was to explore the relative contribution of NK-1
and NK-3 tachykinin receptor subtypes on analgesia in the formalin test for tonic pain.
This was accomplished by examining the analgesic effects of intra-VTA infusions of the
selective NK-1 receptor agonist, GR-73632 (Hagan et al., 1991) and the selective NK-3

receptor agonist, senktide (Laufer et al. 1986; Wormser et al. 1986).

Method

Surgery
21 mm long, 22 gauge guide cannulae (Plastics One, Inc.) were implanted,
bilaterally, 1.0 mm above the VTA and aimed at the following coordinates : - 5.7 mm

posterior to bregma, + 0.6 mm lateral from the midline, and - 7.4 mm ventral from the
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skull surface (Paxinos and Watson, 1986). The stereotaxic arms were angled at 15
degrees from the perpendicular and the skull was level between lambda and bregma

(i.e., flat skull position).

Drugs

The doses of the NK-1 agonist, GR-73632 { Ava-[L-Pro9, N-Me-Leu l0] SP (7-
11); Research Biochemicals, Inc., Natick, MA}, used in these experiments were 0.005,
0.05, 0.5 and 1.5 nmol/side. The doses of the NK-3 agonist, senktide {(Succinyl-
[Aspé, MePhe8] SP (6-11)Peninsula Laboratories, Inc., Belmont, CA}, used were
0.005, 0.50, or 1.5 nmol/side. These doses of GR-73632 and senktide were reported
previously to be effective at stimulating locomotor activity (Elliott et al., 1991; 1992).
The compounds were dissolved in saline. Stock volumes (5.0 pl) of all compounds and
vehicles were aliquoted into polypropylene vials and frozen at - 70 ° C until used.

Solutions were thawed within 30 min of the infusions.

Design and Procedure

On the test day, animals received bilateral intra-VTA infusions of either the NK-
I agonist, GR-73632 (0.005. 0.05. or 0.5 nmol/0.5 wl/side), the NK-3 agonist,
senktide (0.005, 0.5, or 1.5 nmol/0.5 wl/side), or saline, using a between-subjects
design, immediately prior to a subcutaneous injection of 0.05 mi of 2.5 % formalin into
the plantar surface of one hind paw. [n another experiment, animals received bilateral
intra-VTA infusions of either a combined solution containing GR-73632 and senktide
(0.05 and 0.5 nmol/0.5 pl/side, respectively), or saline, using a counterbalanced within-
subjects design. Thus, for this experiment, animals were tested twice (once with the
combined solution, once with saline) in the formalin test, at a 1-week interval. Either

the right or left hind paw was injected on successive tests.
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Statistical Analyses

Data on pain scores were analyzed by two-way analyses of variance (ANOVA)
with Treatment as either the between-subjects variable (Figures 1, 2, and 3; drug vs
saline; 4 levels) or the within-subjects variable (Figure 4; 2 levels) and Time (10 post-
infusion time points) as the within-subjects variable; because most of the effects of the
drugs occurred within the first 30 minutes of testing, only the first 10 post-infusion
time-points were included in the analyses. It could be argued that because formalin pain
scores are measured on an ordinal scale, a non-parametric statistical test should be used
to analyze the data. There is, however, no non-parametric analog of the two-way
analysis of variance. Therefore, in additon to carrying out the two-way ANOVAs,
one-way ANOV As were conducted to analyze the differences in the time spent in each
behavioural category following various doses of GR 73632 infused in the VTA. All
analyses were tollowed, if appropriate, by Tukev's post-hoc test for overall differences
between conditions. Tests for simple main effects were used, when appropriate, to
analyze the differences at each time point between a control and treatment condition.
Data from an animal were included in the analyses only if the injector tips were located

within 0.5 mm of the target area.

Results

Figures 1 a, b, and ¢ show the effect of intra-VTA infusions of the NK-1
agonist, GR-73632 (0.00S, 0.05, or 0.5 nmol/0.5 pl/side), or saline, in the formalin
test. As shown in saline-treated animals, formalin injected into one hind paw typically
produced a biphasic pain response. An early pain phase developed immediately
following the injection and lasted approximately 5 minutes. This was followed by a
period in which rats exhibited less pain reactivity. Approximately 15 minutes after the

formalin injection, pain responses returned gradually, lasting until the end of the test
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Mean formalin pain scores (+ S.E.M.) following bilateral

intra-VTA infusions of the NK-1 agonist, GR-73632, using a) 0.005, b)
0.05, or c¢) 0.5 nmol/0.5 ul/side). Significantly different from saline : *
p <0.01; + p<0.05. Rats (n = 5-9 per group) were tested in a
between-subjects design. For clarity, the three doses were plotted in

different graphs, with the same control group in each.
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session. The ANOVA yielded a significant effect of Treatment, F (3, 24) =239,P <
0.0001. The NK-1 agonist caused significant analgesia following intra-VTA infusions
of the intermediate and highest doses used (P < 0.05). Pain scores were also
significantly different between the lowest and highest, lowest and intermediate, and

intermediate and highest doses of GR-73632 tested (Ps < 0.05).

Figure 2 shows the effect of intra-VTA infusions of GR-73632 (0.0, 0.005,
0.05, or 0.5 nmol/0.5 pl/side) on the dme spent in score a) 0,b) 1,¢) 2,and ¢) 3.
There was a significant effect of Trearment in a) F (3, 23) = 21.63. P < 0.0001, ¢) F (
3,23)=3.5,P <0.05,and d) F (3. 23) = 4.44, P < 0.05, but not b) F (3, 23) =
0.612, P = 0.62. Figure 2 a shows that animals spent progressively more time in score
0 as the dose of GR-73632 increased. The time spent in this behavioural category was
significantly longer following GR-73632 infusions of 0.05 and 0.5 nmol/side than
following saline (Ps < 0.05). There was no relationship, however, between escalating
doses of GR-73632 and the time spent in score 1, as shown in Figure 2 b. Figure 2 ¢
shows that animals spent progressively less time in score 2 as the doses of GR-73632
increased. There was a significant difference in the time spent in this behavioural
category between saline and a GR-73632 dose of 0.5 nmol/side (P < 0.05). Similarly,
animals spent progressively less time in score 3 as the dose of the NK-1 agonist
increased, as seen in Figure 2 d. The time spent in this behavioural category was

significantly shorter following a dose ot 0.05 and 0.5 than following saline (Ps < 0.05).

Figures 3 a, b, and c show the effect of the NK-3 agonist, senktide (0.005,0.5, or 1.5
nmol/0.5 pl/side), or saline, infused into the VTA. There was a significant effect of
Treatment, F (3, 29) = 5.45, P < 0.0005. Each of the senktide groups differed
significantly from the saline group (Ps < 0.05), but there were no significant differences

in pain scores between the three doses of senktide tested.
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-VTA
infusions of the NK-3 agonist, senktide, using a) 0.005, b) 0.5, or ¢)
1.5 nmol/0.5 pl/side. Significantly different from saline : * p <0.01;
** n < 0.005; + p <0.05. Rats (n = 6-10 per group) were tested in a
between-subjects design. For clarity, the three doses were plotted in

different graphs, with the same control group in each.
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The analgesia induced by infusions of a combined solution containing GR-
73632 and senktde into the VTA is shown in Figure 4. The combination induced

significant analgesia, F (1, §) = 3.15, p < 0.0005.

The location of the injector tips of all rats that received bilateral intra-VTA
infusions of either GR-73632, senktide, or a combination of both of these tachykinin
agonists is illustrated in Figure 5. As shown, 69 rats had their injector tips within the
VTA. Three rats had their injector tips outside the limits of the VTA and thus their data

were discarded.

Discussion

The results obtained from the present experiments indicate that agonists selective
for the tachykinin NK-1 and NK-3 receptor subtypes induce analgesia in the formalin
test for tonic pain following infusions into the VTA. Inhibition of formalin-induced
tonic pain responses was observed immediately following intra-VTA infusions of either
the NK-1 agonist, GR-73632, the NK-3 agonist, senktide, or a solution containing both
compounds. The NK-1 agonist, GR-73632, appeared to be, within the range of doses
used, more effective at inducing analgesia in this test than the NK-3 agonist, senktde.
These findings suggest that NK-1 receptors in the VTA may play a more important role
than NK-3 receptors in the VTA in this response. It is likely thar the tachykinin agonists
were acting at receptors within the VTA because infusions of the SP analog, DiMe-C7,

made 1.0 mm dorsal to the VTA fail to induce the response (Altier and Stewart, 1993).
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Effect of a combined solution containing the NK-1 agonist, GR-
73632 (0.05 nmol/0.5 pl/side) and the NK-3 agonist, senktide (0.5
nmol/0.5 p/side), or saline, infused bilaterally in the VTA in the
formalin test. Mean formalin pain scores (+ S.E.M.) were
significantly different from saline at all dme points during 21 min
following the intracranial infusions: * p < 0.05. Rats (n =6 per
group) were tested in a counterbalanced within-subjects design.



Locaton of the internal injector cannulae tps of all rats that recetved
intra-VTA infusions of either the NK-1 receptor agonist. GR-
73632, the NK-3 recepror agonist, senktde, a soluton containing
both tachykinin agonists, or saline (n = 69/side). Drawings
(adapted from Adobe HNlusmator 5.5 for Windows) are from the atlas
by Swanson (1992). Values on the right represent distance in mm
caudal from bregma.
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The present findings that tachykinin NK-1 and NK-3 selective receptor agonists
infused into the VTA produce analgesia in the formalin test are consistent with those of
the previous study showing that intra-VTA infusions of the SP analog, DiMe-C7,
induce analgesia in this test (Altier & Stewart, 1993). They are also in accordance with
the results of other studies indicating that midbrain ascending DA neurons play a role in
the mediation of analgesia in the formalin test (Anderson & Rompré, 1996; Clarke &

Franklin, 1992; Franklin, 1989; Morgan & Franklin, 1990).

SP has been reported previously to increase nociceptive thresholds in phasic
pain tests following intraventricular (Frederickson et al., 1978: Kotani et al., 1981;
Malick & Goldstein, 1978; Mészaros et al., 1980: Naranjo et al., 1982a; Stewart et al.,
1976) and peripheral (Hall & Stewart, 1983: Mohrland <. Gebhart, 1979; Oehme et al.,
1980; Starr et al., 1978; Szreniawski et al., 1979) adminiswation. More recently,
Yeomans and Proudfit (1992) reported that SP microinfused into the spinally-projecting
noradrenergic A7 cell group increases nociceptive thresholds in the foot withdrawal test.
A7 neurons receive afferent input from SP-containing neurons originating in the
ventromedial medulla and appear to participate in the brainstem descending pain-
suppression system (Yeomans & Proudfit. 1991, 1992). The present findings agree
with those of these previous studies in showing that SP has analgesic properties and
extend the results of these previous reports by indicating that SP can act in the VTA of

the midbrain to suppress the transmission of tonic pain.

Several lines of indirect evidence suggest that the stimulation of NK-1 and NK-3
receptors in the VTA induces analgesia in the formalin test by activating midbrain
ascending DA neurons that innervate the NAS. First, increased locomotor activity,

which is thought to reflect enhanced DA activity in the NAS (e.g., Kelley and Iversen,
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1976; Pijnenburg et al. 1976), can be induced by intra-VTA infusions of GR-73632 or
senktide (Elliott et al. 1991, 1992), SP (Stinus et al. 1978; Kelley et al. 1979, 1985) as
well as by DiMe-C7 (Eison et al. 1982 a, b; Naranjo and Del Rio, 1984; Elliott and
Iversen, 1986). Infusions of GR-73632 (Elliott et al. 1991), SP (Deutch et al. 1985;
Cador et al. 1989), and DiMe-C7 (Elliou et al. 1986a) into the VTA have also been
reported to enhance DA metabolism in the NAS. In line with these biochemical results,
it was found recently, using in vivo microdialysis, that intra-VTA infusions of DiMe-C7
increase extracellular levels of DA and its metabolites in the NAS (Altier, 1993).
Furthermore, Overton et al. (1992) reported an increase in the firing rate of neurons in
the VTA following administration into this site of either GR-73632 or senktide. Finally,
there is evidence that infusions into the NAS of amphetamine, which causes synaptic
DA release and re-uptake blockade, induce analgesia in the formalin test (Altier &
Stewart, 1993). The idea that SP acting in the VTA induces analgesia in the formalin
test by enhancing DA wansmission in the mesolimbic system will be examined in

Experiments 6 and 7.
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EXPERIMENT 2

Effects of Intra-NAS Infusions of the Tachykinin NK-1 Selective
Agonist, GR-73632, or the Tachykinin NK-3 Selective Agonist,

Senktide, in the Formalin test

SP immunoreactivity is also evident in the NAS ( Ljungdahl et al. 1978 a,b).
SP-containing neurons project from the midbrain periaqueductal gray (Li et al., 1990a)
and nucleus of the solitary tract (Li et al., 1990b) to the NAS, where SP-like
immunoreactive terminals have been found to form close connections with terminals
labeled for tyrosine hydroxylase (Pickel et al.. 1988). Autoradiographic studies reveal
the presence of all three tachykinin receptor subtypes in the NAS (Saffroy et al., 1988),
but results of behavioural studies suggest that only NK-1 receptor stimulation into this

area is effective at increasing locomotor activity (Elliott et al., 1992).

Given the findings that SP terminals and receptors are present in the NAS, that
SP interacts with DA at this site in an excitatory way (Elliott et al.. 1986b, 1992;
Kalivas & Miller, 1986), and that amphetamine-induced DA release in the NAS elicits
analgesia in the formalin test (Altier & Stewart, 1993), it was of interest to investigate
the effect of stimulating different tachykinin receptor subtypes in the NAS on tonic pain.
To this end, the following experiment was designed to examine the analgesic effects of
intra-NAS infusions of the NK-1 selective receptor agonist, GR-73632, and the NK-3

selective receptor agonist, senktide, in the formalin test.
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Method

Surgery

19 mm long, 22 gauge guide cannulae were implanted bilaterally in the NAS at
the following coordinates: + 3.0 mm anterior from bregma, + 1.4 mm lateral from
midline, and - 6.3 mm ventral from the skull surface (Pellegrino et al. 1967). One
group of rats was implanted with cannulae aimed 1.0 mm dorsal to the NAS infusion
sites. Cannulae were lowered at an angle of 10 degrees from the perpendicular, and the

incisor bar was set 5.0 mm above the interaural line.

Drugs

The doses of the NK-1 agonist, GR-73632 used in these experiments were
0.005, 0.5 and 1.5 nmol/side. The doses of the NK-3 agonist, senktide, used were
0.005, 0.5, or 1.5 nmol/side. These doses of GR-73632 and senktide were reported
previously to be effective at stimulating locomotor activity (Elliott et al. 1992). All other

information regarding these compounds is described in Experiment 1.

Design and Procedure

On the test day, rats received bilateral inra-NAS infusions of either GR-73632
(0.005, 0.5, or 1.5 nmol/0.5 pl/side), senktide (0.005, 0.5, or 1.5 nmol/0.5 ui/side), or
saline, immediately prior to the formalin injection. In order to examine the site
specificity of the effects observed following intra-NAS infusions of tachykinin selective
agonists, rats received bilateral infusions of either GR-73632 (1.5 nmol/0.5 W/side),
senktide (1.5 nmol/0.5 pl/side), or saline, 1.0 mm dorsal to the NAS, using a
counterbalanced within-subjects design. Thus, for this experiment, animals were tested
twice (once with an agonist, once with saline) in the formalin test, at a 1-week interval.

Either the right or left hind paw was injected on successive tests.
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Statistical Analyses

Data were analyzed by two-way ANOV As with Treatment as either the between-
subjects variable (Figures 6 and 7; drug vs saline; 4 levels) or the within-subjects
variable (Figure 8; 2 levels) and Time (10 post-infusion time points) as the within-
subjects variable; because most of the effects of the drugs occurred within the first 30
minutes of testing, only the first 10 post-infusion time-points were included in the
analyses. All analyses were followed, if appropriate, by Tukey's post-hoc test for
overall differences between conditions. Tests for simple main effects were used, when
appropriate, to analyze the differences at each time point between a control and rearment
condition. Data from an animal were included in the analyses only if the injector tips

were located within 0.5 mm of the target area.

Results

The effect of intra-NAS infusions of the NK-1 agonist, GR-73632 (0.005, 0.5
or 1.5 nmol/0.5 ui/side), in the formalin test is shown in Figure 6. There was a
significant effect of Treatment, F (3, 18) = 78.3, P < 0.0001, due primarily to the
profound inhibition of tonic pain responses induced by the highest dose of 1.5 nmol/0.5
ul/side. The pain scores of this 1.5 nmol/0.5 pl/side group differed significandy from

those of each other treatment group (Ps < 0.035).

Figure 7 shows the effect on formalin pain responses of inra-NAS infusions of
the NK-3 agonist, senktide (0.003, 0.5 or 1.5 nmol/0.5 ul/side), or saline. The
ANOVA yielded a significant effect of Treatment, F (3,17) = 9.50, P < 0.001.
Senktide induced significant pain inhibition at the intermediate and highest dose tested,

but the pain scores in these groups did not differ significantly from each other.
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-
NAS infusions of the NK-1 agonist, GR-73632 using a) 0.005.
b) 0.5, or ¢) 1.5 nmol/0.5 pl/side. Significanty different from
saline : * p <0.005; + p <0.05. Rats (n = 5-6 per group) were
tested in a between-subjects design. For clarity, the three doses
were plotted in different graphs. with the same control group in

each.
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Mean formalin pain scores (+ S.E.M) following bilateral intra-
NAS infusions of the NK-3 agonist, senktide, using either a)
0.005, b) 0.5, or ¢) 1.5 nmol/0.5 ul/side. Significantly different
from saline : * p < 0.005; + p <0.05. Rats (n = 5-6 per group)
were tested in a between-subjects design. For clarity, the three
doses were plotted in different graphs, with the same control

group in each.
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Figure 8 shows the effect of infusions made 1.0 mm above the NAS of the NK-
1 agonist, GR-73632 (1.5 nmol/0.5 ul/side), or the NK-3 agonist, senktide (1.5
nmol/0.5 pl/side). As can be seen, these infusions did not reduce pain scores, as
compared to saline infusions. There were no significant differences in pain responses
between saline and GR-73632 or senktide conditions, F (1, 3) = 0.06, P = 0.825, and
F (1, 3) =0.11, P = 0.66, respectively.

Figure 9 illustrates the location of the injector tips of all animals tested in the
present experiment. Forty three rats had their injector tips within the NAS. Three rats
had their injector tips outside the limits of the NAS and thus their data were discarded.
Eight rats in the dorsal conwrol condition had their injector tips outside the limits of the

NAS.

Discussion

The results obtained from the present experiments indicate that the NK-1
selective agonist, GR-73632, and the NK-3 selective agonist, senktide, induce analgesia
in the formalin test for tonic pain following infusions into the NAS. Because infusions
of either GR-73632 or senktide made 1.) mm dorsal to the NAS were without effects
on pain responses in the formalin test, it is likely that the tachykinin agonists induced
their analgesic effects by acting at receptors within the NAS. These findings indicate
that NK-1 and NK-3 receptors acting in the NAS play a role in mediating the inhibiton
of tonic pain. As observed with the VT A (Experiment 1), the NK-1 agonist induced

more potent analgesia in the formalin test, within the range of doses used, than the NK-
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agonist, GR-73632 (1.5 nmol/0.5 ul/side), or b) the NK-3 agonist,
senatide (1.5 nmol/0.5 ul/side) infused bilateraily 1.0 mm dorsal to
the NAS infusion sites. Animals (n = 4 per group) were tested in a
counterbalanced within-subjects design.
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Figure 9.

+2.15
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+1.45

+~1.20

Location of the internal injector cannulae dps of all rats that received
intra-NAS infusions of tachykinin agonists and saline. Open circles
(n = 43/side) represent effective injecton sites whereas closed
circles (n = 4/side) represent ineffective injection control sites. Note
that effective injection sites were clustered in the shell region of the
NAS. Drawings (adapted from Adobe Ilustrator 5.5 for Windows)
are from the atlas by Swanson (1992). Values on the right represent
distance in mm rosual from bregma.



3 agonist, suggesting that NK-1 receptors in the NAS play a more important role than

NK-3 receptors in this response.

The mechanisms by which tachykinin receptor agonists infused into the NAS
induce analgesia are unclear. There is some evidence to suggest that SP acts in the NAS
to enhance DA neurotransmission. Kalivas and Miller (1986), for example, found that
SP infused into the NAS increases the levels of DA metabolites at this same site and
potentiates the locomotor activating effects of inra-NAS DA administration. It has also
been reported that amphetamine-induced locomotor activity is blocked by a SP antibody
infused into the NAS (Elliott et al. 1986b). More recently, Elliott et al. (1992) found
that the locomotor-stimulant effects of intra-NAS infusions of the NK-1 selective
agonist, GR-73632, are blocked by systemic administration of the DA receptor

antagonist, haloperidol.

In support of a relationship between SP and DA in the NAS, it has been reported
that some SP-immunoreactive terminals form synaptic connections with tyrosine
hydroxylase (DA)-containing terminals in the NAS (Pickel et al. 1988). Interestingly,
the NAS receives SP-containing terminals originating from the periaqueductal gray in
the brainstemn (Li et al. 1990), an area that is known to play an important role in pain and
its suppression (e.g., Basbaum & Fields, 1984). Although the mechanisms underlying
the interaction between SP and DA are uncleur. it has been proposed that SP in the NAS
may function to regulate presynapticaily the release of DA (Elliott et al. 1986b; Kalivas
and Miller, 1986; Pickel et al. 1988). The possibility that tachykinin agonists acting in
the NAS induce analgesia in the formalin test by enhancing the local release of DA is
consistent with the finding that amphetamine-induced DA release in the NAS inhibits
tonic pain in the formalin test (Altier & Stewart, 1993) and provides further support for

the idea that enhanced DA activity in the NAS is involved in mediating the suppression
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of tonic pain.
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EXPERIMENT 3

Effects of Pretreatment with the Opioid Antagonist, Naltrexone, on
Analgesia Induced by Intra-VTA or Intra-NAS Infusions of Tachykinin

Agonists in the Formalin Test

It has been shown previously that SP administered either systemically or into the
ventricles induces naloxone-reversible analgesia in phasic pain tests (Frederickson et al.
1978; Malick and Goldstein, 1978; Mohrland and Gebhart, 1979; Oehme et al. 1980;
Stewart et al. 1976; Szreniawski et al. 1979). Since SP neither binds to opioid
receptors (Terenius, 1975; Onoki et al., 1977: Szreniawski et al. 1979) nor acts like
opioids on isolated tissue preparations (Frederickson et al. 1978), it has been proposed
that SP produces analgesia indirectly by releasing endogeneous opioid peptides
(Frederickson et al. 1978; Malick and Goldstein, 1978). In support of this, subsequent
studies indicated that SP-induced analgesia in the vocalization after-discharge test. a test
similar to the formalin test in that it induces pain associated with significant negative
affect, is blocked by intraventricular infusions of the antibody against met-enkephalin
(Naranjo et al. 1982 a,b), and that the amount of met-enkephalin released from the
periaqueductal gray correlates with the analgesic potency of SP and its analog, DiMe-C7
(Del Rio et al. 1983). Given these findings, the purpose of the following experiments
was to explore the involvement of opioids on the analgesic effects induced by DiMe-C7,
the NK-1 selective receptor agonist, GR-73632. and the NK-3 selective receptor

agonist, senktide, infused into the VTA or NAS (DiMe-C7 only).
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DiMe-C7 {(p-Glu5-MePhe8-MeGly?) SP 5.1} is a carboxyl-terminal
fragment of the SP molecule and is resistent to enzymatic degradation in the central
nervous system (Sandberg et al., 1981). When infused into the VTA, DiMe-C7 is
equipotent with SP in causing locomotor hyperactivity, but the effects of DiMe-C7 are
longer-lasting (Eison et al., 1982a, b; Elliott & Iversen, 1986). Furthermore, compared
to SP, DiMe-C7 appears to penetrate the blood-brain barrier more readily because of the
lack of charged groups and its lipophilic character (Banks & Kastin, 1985; Sandberg et
al., 1981). Because of these qualities, DiMe-C7 has been proposed to be better suited
for behavioral studies (Eison et al., 1982a; Elliott & Iversen, 1986), hence its use in the

present experiments.

Method

Surgery

21 mm long, 22 gauge guide cannulae (Plastics One, Inc.) were implanted,
bilaterally, 1.0 mm above the VTA and aimed at the following coordinates : - 5.7 mm
posterior to bregma, + 0.6 mm lateral from the midline, and - 7.4 mm ventral from the
skull surface (Paxinos and Watson, 1986). The stereotaxic arms were angled at 15
degrees from the perpendicular and the skull was level between lambda and bregma
(i.e., flat skull position). For the NAS, 19 mm long, 22 gauge guide cannulae were
implanted bilaterally at the following coordinates: + 3.0 mm anterior from bregma, +
1.4 mm lateral from midline, and - 6.3 mm venmal from the skull surface (Pellegrino et
al. 1967). Cannulae were lowered at an angle of 10 degrees from the perpendicular, and

the incisor bar was set 5.0 mm above the interaural line.
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Drugs

The dose of the NK-1 agonist, GR-73632 used in this experiment was 0.5
nmol/0.5 pl/side. The dose of the NK-3 agonist, senktide, was 1.5 nmol/0.5 pl/side.
All other information regarding these compounds is described in Experiment 1. DiMe-
C7 (Sigma, St. Louis, MO), was infused bilaterally at a dose of 3.0 ug/0.5 pl/side.
The compound was dissolved in acid saline (pH = 6.05) in order to inhibit absorption of
the peptide to plastic. Stock concentrations (30.0 pg/5.0 ul) of DiMe-C7 and the
vehicle, acid saline, were aliquoted into polypropylene vials and frozen at -70 ° C until
used. All solutions were thawed within 30 minutes of use. Naltrexone hydrochloride
(Endo Laboratories Inc., Garden City, NW) was dissolved in saline and injected

subcutanecusly using a dose of 2.0 mg/kg.

Design and Procedure

On the test day, rats were tested in the formalin test immediately following
infusions of either the SP analog, DiMe-C7 (3.0 ng/0.5 pl/side), the NK-1 agonist,
GR-73632 (0.5 nmol/0.5 ul/side), the NK-3 agonist, senktide (1.5 nmol/0.5 pul/side),
or the vehicle, into the VTA or NAS (DiMe-C7 only) using a between-subjects design.
All animals were pretreated, 10 min prior to the intracranial microinfusions, with either

the opioid antagonist, naltrexone (2.0 mg/kg; s.c), or saline.

Statistical Analyses

Data were analyzed by a two-way ANOVAs with Treatment (Naltrexone-Peptide
vs Saline-Peptide vs Saline-Vehicle) as the between-subjects variable and Time (10
post-infusion time-points) as the within-subjects variable; because most of the effects of
the drugs occurred within the first 30 minutes of testing, only the first 10 post-infusion
time-points were included in the analyses. All analyses were followed. if appropriate,

by Tukey's post-hoc test for overall differences between conditions. Tests for simple
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main effects were used, when appropriate, to analyze the differences at each time point
between a control and treatment condition. Data from an animal were included in the

analyses only if the injector tips were located within 0.5 mm of the target area.

Results

Figures 10, 11 and 12 show the effect of the opioid antagonist, naltrexone (2.0
mg/kg) or saline pretreatment on the analgesic effects induced by inra-VTA infusions of
either the SP analog, DiMe-C7 (3.0 pg/0.5 ul/side), the NK-1 agonist, GR-73632 (0.5
nmol/0.5 pl/side), or the NK-3 agonist, senktide (1.5 nmol/0.5 wl/side), respectively.
For each tachykinin agonists, there were significant Treatment effects. F (2, 21) =
20.76, P < 0.0001, F (2, 20) = 6.48, P < 0.01, and F (2, 16) = 14.34, P < 0.0005,
respectively. As can be seen from these Figures, each of the agonists induced analgesia
(Ps < 0.05) and naltrexone pretreatnent failed to reverse analgesia induced by either
DiMe-C7, GR-73632, or senktide. Post-hoc comparisons indicated that there were no

significant differences between naltrexone-peptide and saline-peptide conditions.

Figure 13 illustrates the location of the intemal injector cannulae tips of all rats
that received intra-VTA infusions of tachykinin agonists or the vehicle. As shown, 61
rats had their internal injector cannulae tips within the VTA. The data from two rats were
discarded because the location of their internal injector cannulae tips did not satisfy the

criterion of inclusion.

Figure 14 shows the effect of pretreatment with the opioid antagonist, naltrexone
(2.0 mg/kg) or saline, on the analgesic effects induced by DiMe-C7 (3.0 ug/0.5
ul/side), or the vehicle, infused into the NAS. There was a significant effect of

Treatment, F (2, 17) = 8.89, P <0.005. As seen by comparing conditions Saline-
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-VTA
infusions of the SP analog, DiMe-C7 (3.0 pug/0.5 pul/side), or the
vehicle in rats pretreated with either the opioid antagonist, naltrexone
(2.0 mg/kg) or saline. Significant differences between saline-peptide
and saline-venicle : * p <0.001; ** p <0.005; ¥ p <0.05. Animals
(n = 5-11 per group) were tested in a between-subjects design. Post
hoc comparisons indicated that Naltrexone-DiMe-C7 and Saline-
DiMe-C7 conditions differed significantly from the Saline-Vehicle
condition (P < 0.05) and did not differ significantly from each other.
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-VTA
infusions of the NK-1 agonist GR-73632 (0.5 nmol/0.5 pl/side), or
saline, in rats pretreated with either the opioid antagonist, naltrexone
(2.0 mg/kg) or saline. Significant differences between Saline-GR-
73632 and Saline-Saline : * p < 0.001; ** p < 0.005; ¥ p <0.05.
Animals (n = 5-12 per group) were tested in a between-subjects
design. Post hoc comparisons indicated that Naltrexone-GR-73632
and Saline-GR-73632 conditons differed significantly from the
Saline-Saline condition (P < 0.05) and did not differ significantly
from each other.
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-VTA
infusions of the NK-3 agonist, senktide (1.5 nmol/0.5 pi/side), or
saline, in rats pretreated with either the opioid antagonist, naltrexone
(2.0 mg/kg) or saline. Significant differences between Saline-
Senktide and Saline-Saline : * p < 0.001; ** p < 0.005; T p <0.05.
Animals (n = 5-9 per group) were tested in a between-subjects
design. Animals in the Saline-Saline condition were the same as in
Figure 10. Post hoc comparisons indicated that Naltrexone-
Senktide and Saline-Senktide condidons differed significanty from
the Saline-Saline condition (P < 0.05) and did not differ
significantly from each other.

66



re 1

Location of the internal injector cannulae dps of all rats that received
intra-VTA infusions of tachykinin agonists and the vehicle (n =
61/side). Drawings (adapted from Adobe Illustrator 5.5 for
Windows) are from the atlas by Swanson (1992). Values on the
right represent distance in mm caudal from bregma.
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-NAS
infusions of the SP analog, DiMe-C7 (3.0 ug/0.5 wi/side), or the
vehicle, in rats pretreated with either the opioid antagonist,
naltrexone (2.0 mg/kg), or scline. Significant differences between
Saline-DiMe-C7 and Saline-Vehicle : * p < 0.001; ¥ p <0.05.
Animals (n = 6-10 per group) were tested in a between-subjects
design. Post hoc comparisons indicated that Naltrexone-DiMe-C7
and Saline-DiMe-C7 conditions differed significantly from the
Saline-Vehicle condition (P < 0.05) and did not differ significantly
from each other.
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DiMe-C7 and Saline-Vehicle, intra-NAS infusions of DiMe-C7 induced significant
analgesia (P < 0.05). Naltrexone pretreamment failed to reverse DiMe-C7-induced

analgesia, as seen by comparing conditions Naltrexone-DiMe-C7 and Saline-DiMe-C7.

Figure 15 illustrates the location of the internal injector cannulae tips of all rats
that received infusions of DiMe-C7 or the vehicle into the NAS. As shown, 20 rats had
their internal injector cannulae tips within the NAS. One rat had its tips outside the

limits of the NAS and thus its data were discarded.

Discussion

As mentioned previously, SP has been reported previously to induce naloxone-
reversible analgesia in phasic pain tests (Stewart et al. 1976: Frederickson et al. 1978;
Malick and Goldstein, 1978; Mohrland and Gebhart, 1979; Szreniawski et al. 1979,
Oehme et al. 1980). [n contrast, the present results indicate that at least those
analgesic effects induced by infusions of the SP analog, DiMe-C7, the NK-1 selective
agonist, GR-73632, and the NK-3 selective agonist, senktide, into the VTA or NAS
(DiMe-C7 only) occur independently from opioid mechanisms. These opposing results
could be due to the the fact that, as described previously, the expression and inhibition
of tonic versus phasic pain responses are mediated at different levels of the neuraxis and

by different neural substrates.

With respect to the VTA effects, these differences could also be due to the fact
that, when SP acts at this site, it appears to modulate the activity of midbrain DA
systems by interacting directly with tachykinin receptors located on DA cell bodies.

Indeed, there is evidence that SP afferents make direct synaptic contacts with DA cell
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bodies in the VTA (Tamiya et al. 1990) and that tachykinin receptors with which SP
interacts are located on DA neurons in the midbrain (Stoessl, 1992). It has also been
shown that intra-VTA pretreatment with naltrexone methylbromide does not attenuate
the capacity of intra-VTA DiMe-C7 to increase DA metabolism in terminal fields
(Kalivas and Abhold, 1987), suggesting that the SP analog mediates this biochemical
response independently from opioid mechanisms. Similarly, SP acting in the NAS
might induce analgesia independently from opioid mechanisms by interacting directly
with tachykinin receptors located on DA terminals at this site to enhance DA release
through direct presynaptic mechanisms. Support for this idea is provided by the finding
that SP terminals in the NAS form close connections with DA-containing terminals at

this site (Pickel et al., 1988).
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EXPERIMENT 4

Effects of Intra-VTA or Intra-NAS Infusions of the NK-1 Selective
Agonist, GR-73632, the NK-3 Selective Agonist, Senktide, and
Morphine in the Tail-Flick Test for Phasic Pain

As mentioned previously in the Inroduction, it appears that the neural systems
mediating analgesia in the formalin test for tonic pain are fundamentally different from
those that mediate analgesia in phasic pain tests, such as the spinal reflex withdrawal
tail-flick test (e.g. Abbott et al., 1982: Abbott & Melzack, 1982, 1983; Ryan et al.,
1985). More specifically, it has been shown that anaigesia in tonic and phasic pain tests
are dissociable with respect to manipulations of serotonergic, noradrenergic, and
opioidergic systems and with respect to the phenomenon of iolerance to morphine's

analgesic effects.

Similarly, manipulations of DAergic systems appear to produce different effects
on pain sensitivity depending on the nature of the painful stimulus. Thus, DA agonists
such as cocaine, amphetamine, apomorphine, and quinpirole produce analgesia in the
formalin test (Dennis & Melzack, 1983; Lin et al., 1989; Morgan & Franklin, 1991;
Skaburskis, 1980) and in the clinical situation (Battista & Wolff, 1973; Miley et al.,
1978; Webb et al., 1978), but are either without effect or elicit hyperalgesia (i.e.,
increased pain responsiveness) in phasic pain tests (Ben-Sreti et al., 1983; Caroll &
Lim, 1960; Dennis & Melzack, 1983; Dunai-Kovics & Székely, 1977; Gonzales et al.,
1980; Hernandez et al., 1986; Misra et al., 1987: Nott, 1968: Pertovaara et al., 1988;



Robertson et al., 1981; Tocco & Maickel, 1984; Tocco et al., 1985; Tulunay et al.,
1976; Witkin et al., 1961).

As mentioned previously, Morgan and Franklin (1990) were the first to explore
more systematically the effects of manipulations of DA on responses to tonic versus
phasic pain by examining the effects of DA-depleting 6-hydroxydopamine lesions of the
VTA on the analgesic effects of systemic morphine and amphetamine in the formalin and
tail-flick tests. To reiterate, it was found in these studies that the lesions attenuated
morphine- and amphetamine-induced analgesia in the formalin, but not the tail flick test,
suggesting that the DA-containing neurons in the VTA are important for the expression
of drug-induced analgesia in the former but not the latter test. In the same vein, it has
been reported previously that infusions into mesolimbic sites of compounds known to
enhance DA activity produce different effects depending on the type of pain test used
(Alder & Stewart, 1993). More specifically. it has been found that infusions of either
the SP analog, DiMe-C7, into the VTA or amphetamine into the NAS induce analgesia
in the formalin, but not the til-flick test. Given these findings, it was of interest to
compare the effects of intra-VTA (Experiment 1) and inra-NAS (Experiment 2)
infusions of the NK-1 selective receptor agonist, GR-73632, and the NK-3 selecuve
receptor agonist, senktide, in the formalin test to those in the tail-flick test. In addition,
an experiment was designed to examine the etfect of intra-VTA infusions of morphine in
the tail-flick test, using a dose that elicits potent analgesia in the formalin test (Manning

et al,, 1994; Morgan, 1990; also see results of Experiments 6 and 7).
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Method

Subjects

In the case of the experiments using the tachykinin selective agonists, animals
used had been tested two weeks before in the formalin test in Experiments 1 and 2. In
order to control for the possible effects of previous intracranial infusions of the
peptides, only those animals that had received saline infusions in Experiments 1 and 2

were used in the present experiments.

Apparatus

The tail-flick test apparatus consisted of a wood platform mounted on the rim of
a43 x 30 x 22 cm clear Plexiglas tank. The tank water was heated at 55 ° C by a Haake
E2 Immersion/Open Bath Circulator. Between tests, animals were kept in opaque

buckets lined with beta chip.

Drugs

The highest doses that were used in the formalin test were employed in these
studies. Thus, the doses of the NK-1 agonist, GR-73632, infused into the VTA and
NAS were 0.5 and 1.5 nmol/side, respectively. The doses of the NK-3 agonist,
senktide, infused into the VTA and NAS were 1.5 nmol/side in both cases. All other
information regarding these compounds is described in Experiment 1. Morphine
sulphate (BDH Inc., Québec, Canada) was dissolved in saline and infused bilaterally

into the VTA using a dose of 3.0 png.0.5 pl/side.
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Design and Procedure

On each of the 2 days prior to testing, rats were administered 7 habituation trials
to the tail-flick test apparatus. On each of these trials, rats were hand-held for
approximately 2 minutes on the platform, with their tails hanging over the side of the
water tank. The bath circulator was in operation during the habituation trials in order to
allow the rats to adapt to its noises. On the test day, each rat was first given 2
habituation trials. Following these, rats received bilateral intra-VTA infusions of either
GR-73632 (0.5 nmol/0.5 pl/side), senktide (1.5 nmol/0.5 pi/side), morphine (3.0
11g/0.5 ul/side), or saline, in a counterbalanced within-subjects design, and tail-flick
tests were begun immediately and were repeated once every 10 minutes for 1 hour. In
the second set of experiments, using the same design and procedure, rats were
administered bilateral intra-NAS infusions of GR-73632 (1.5 nmol/0.5 pl/side),
senktide (1.5 nmol/0.5 pl/side), or saline followed by tail-flick test tnals. In order to
examine whether tail-flick latencies are affected by prior formalin testing, tail-flick test
trials were administered following intra-VTA infusions of saline in either animals tested
two weeks previously in the formalin test following intra-VTA saline. or animals never

tested previously in the formalin test.

A test trial consisted of hand-holding a rat on the platform and immersing the
distal 5-10 cm of the tail in the 55 ° C water. The latency for the animal to flick its tail
out of the water was recorded. Although water heated at 55 ° C yields a relatively low
baseline tail-flick latency of approximately 2 seconds, the test is nevertheless sensitive to
drug effects; systemic morphine administered under tail-flick test conditions similar to
those used here significantly elevates tail-flick latencies (Morgan & Franklin, 1990).
Rats were retumned to their holding buckets immediately after execution of a tail-flick. A
cut-off time of 15 seconds was employed in order to avoid tissue damage. Rats were

tested twice with four days between tests.
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Statistical Analyses

Data from the tail-flick test were analyzed by two-way ANOVAs with Treatment
(Drug vs saline) and Time (7 post-infusion time-points) as within-subjects variables.
For the experiment concerning the effect on tail-flick latencies of prior experience in the
formalin test, a two-way ANOVA was conducted with Treatment (Formalin-Tail-Flick
vs No Formalin-Tail-Flick) as the between-subjects variable and Time (7 post-infusion
time-points) as the within-subjects variable. Tests for simple main effects were used, if
appropriate, to analyze the differences at each tume point between a control and treatment
condition. Data from an animal were included in the analyses only if the injector tips

were located within 0.5 mm of the target area.

Results

In these experiments, the effects of the tachykinin NK-1 and NK-3 selective
agonists were studied in the tail-tlick test for phasic pain. The highest doses used in the
formalin test were employed in these studies. Figure 16 shows the effect of intra-VTA
infusions of a) the NK-1 selective agonist, GR-73632 (0.5 nmol/0.5 ul/side), or saline,
or b) the NK-3 selective agonist, senktide (1.5 nmol/0.5 pl/side), or saline. As shown,
neither the NK-1 nor the NK-3 selective agonists altered tail-flick latencies following the
infusions into the VTA. F (1, 7) =128, P =0.30,and (1, 7) = 1.31, P =041,

respectively.

Figure 17 shows the effect of inra-NAS infusions of a) the NK-1 selective
agonist, GR-73632 (1.5 nmol/0.5 pl/side), or saline, or b) the NK-3 selective agonist,

senktide (1.5 nmol/0.5 p/side), or saline. There were no significant effects of these
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infusions of either a) the NK-1 agonist, GR-73632 (0.5 nmol/0.5
ul/side), or b) the NK-3 agonist, senktide (1.5 nmol/0.5 ul/side).
Rats (n = 8 per graph) were tested in a counterbalanced within-

subjects design.
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Figure 17. Mean wil-flick latencies (+ S.E.M.) following bilateral inra-NAS
infusions of either a) the NK-1 agonist, GR-73632 (1.5 nmol/0.5
ul/side), or b) the NK-3 agonist, senktide (1.5 nmol/0.5 pl/side).
Rats (n = 8 in a; n = 7 in b) were tested in a counterbalanced within-

subjects design.
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drugs on tail-flick latencies following the infusions, F (1, 7) = 0.19, P =0.30, and F
(1, 6) = 0.38, P = 0.56, respectively.

Figure 18 shows the tail-flick latencies of rats with or without previous
experience in the formalin test. There was no significant Treatment effect, F (1, 9) =
0.133, P = 0.724, suggesting that tail-flick latencies are not significantly affected by

prior experience in the formalin test.

The effect of morphine (3.0 ug/0.5 ul/side), or saline, infused into the VTA in
the tail-flick test is shown in Figure 19. As seen, intra-VTA morphine had no effect on

tail-flick latencies, F (1, 7) = 1.27, P =0.32.

Figure 20 illustrates the location of the internal injector cannulae tips of all
animals that received intra-VTA infusions. As shown, 27 animals had their tips within
the VTA. Figure 21 illustrates the location of the internal injector cannulae tips of all
animals that received intra-NAS infusions. As shown, fifteen animals had their tips

within the NAS.

Discussion

The present results indicate that the stimulation of NK-1 and NK-3 receptors by
selective tachykinin agonists in either the VTA or NAS has no effect on phasic pain, as
assessed by the tail-flick test. These results are in contrast with those obtained in
Experiments 1 and 2, in which identical manipulations of midbrain DA neurons using
the same tachykinin agonists induce potent analgesia in the formalin test. The findings

that infusions into either the VTA or NAS of selective tachykinin agonists induce
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analgesia in the formalin, but not the tail-flick test parallel previous observations using
intra-VTA DiMe-C7 and intra-NAS amphetamine (Altier and Stewart, 1993). They are
also in accordance with the findings of Morgan and Franklin (1990), whose findings
indicate that midbrain ascending DA systems mediate the analgesic effects of systemic

morphine and amphetamine in the formalin, but not the tail-flick test.

In the course of investigating the effects of identical manipulations of midbrain
ascending DA neurons in the formalin and tail-flick pain tests, it was also found in the
present study that intra-VTA infusions of morphine, using a dose (3.0 ug/0.5 pi/side)
previously reported to produce analgesia in the formalin test (Morgan, 1990; also see
results of Experiments 6 and 7), were without effects on tail-flick latencies. Similar
findings come from a study by Moreau et al. (1985), who reported that intra-VTA
infusions of morphine have no effect on phasic pain, as determined by responses to

footshock.

A role of the midbrain in the modulation of phasic pain has been reported
previously. Indeed, Baumeister et al. (1988) reported that infusions of the opioid
receptor antagonist, naloxone, into the substantia nigra, but not VTA, attenuate
morphine analgesia in the tail-flick test. However, the highly lipophilic nature of
naloxone and the consequent rapid spread through tissue make the data difficult to
interpret. There are also some reports on the effects of opioids infused into the NAS in
the tail-flick test. More specifically, it has been reported that intra-NAS infusions of
morphine have no effect on tail-flick latencies (Tseng & Wang, 1992), although there is
one report of analgesia in the tail-flick test following infusions of a very high dose of

morphine (22.5 pg/2ul) bilateraily at chis site (Dill & Costa, 1977).
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In summary, the findings that infusions of tachykinin agonists or morphine
(VTA only) into either the VTA or NAS produce different effects in the formalin and
tail-flick tests reinforce the idea that the neural substrates underlying the inhibition of
tonic pain are fundamentally different from those underlying the inhibition of phasic
pain. A comparison of the neural systems that are involved in mediating the inhibiton

of tonic versus phasic pain will be presented in the General Discussion.
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EXPERIMENT 5§

Effect of Intra-VTA Infusions of the Selective NK-1 Receptor
Antagonist, RP 67580, on Footshock Stress-Induced Analgesia in the

Formalin Test

As described previously, exposure to a wide variety of stressors such as
footshock, restraint, conditioned fear, and environmental novelty, has been shown to
inhibit the responses to several noxious painful stimuli including application of heat to
the tail (e.g., Cannon et al., 1983; Grugan et al., 1985; Lewis et al., 1983) or paws
(e.g., Amir & Amit, 1979: Blair et al., 1992), and injections of formalin into a paw
(e.g., Abbott et al., 1986; Fanselow, 1984: Fanselow & Baackes, 1982; Vaccarino et
al., 1992). Interestingly, as mentioned before, exposure to stressors that induce
analgesia has been shown, in different studies, to selectively activate DA transmission in
midbrain ascending neurons (see Deutch & Roth, 1990, for review), and there is
evidence that this effect is dependant upon opioid mechanisms in the VTA (Kalivas &
Abhold, 1987). More specifically. it has been reported that blockade of opioid receptors
in the VTA attenuates the stress-induced activation of midbrain DA ascending neurons
and that exposure to footshock stress causes the release of met-enkephalin in the VTA
(Kalivas & Abhold, 1987). The evidence that opioids in the VTA play a role in the
stress-induced activation of midbrain DA neurons is further supported by the findings
that intra- VTA infusions of mu opioid agonists stimulate DA-dependant locomotor
activity and enhance DA metabolism from the terminals of these neurons (Kalivas et al.,
1983; Kalivas & Richardson-Carlson, 1986; Latimer et al., 1987; Stinus et al., 1980).

Of interest are the findings that infusions of morphine into the VTA inhibit tonic pain in
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the formalin test (Manning et al., 1994; Morgan, 1990), and that opioid receptors in the

VTA mediare stress-induced analgesia in this test (Altier & Stewart, 1996).

There are several reasons to believe that SP acting in the VTA might similarly
play an important role in stress-induced analgesia in the formalin test. First, as
reviewed previously, there is considerable neuroanatomical, behavioural, and
biochemical evidence indicating that SP interacts with midbrain ascending DA neurons
in an excitatory way (Cador et al., 1989; Deutch et al., 1985; Eison et al., 1982 a,b;
Kelley et al., 1979; Stinus et al., 1978; Tamiya et al., 1990). Second, several findings
indicate that SP release in the VTA plays a critical role in the stress-induced activation of
midbrain ascending DA neurons. More specifically, it has been reported that
prereatment with a monoclonal SP antibody infused into the VTA completely
antagonizes the stress-induced biochemical activation of midbrain DA neurons (Bannon
et al., 1983). In addition, the results of several studies indicate that exposure to stress
causes the release of SP in the VTA (Bannon et al., 1986; Deutch et al., 1985;

Lisoprawski et al., 1981).

Thus, the evidence that exposure to stress both inhibits formalin pain responses
and causes SP-mediated activation of midbrain DA neurons and that analgesia in the
formalin test is induced by the activation of these neurons suggests that stimulation of
SP receptors in the VTA might be a mechanism underlying stress-induced analgesia in
the formalin test. Support for this hypothesis is provided by the findings that intra-
VTA infusions of DiMe-C7 (Altier & Stewart, 1993) and tachykinin selective NK-1 and
NK-3 agonists (Experiment 1) induce analgesia in the formalin test. The purpose of the
following experiments was therefore to explore the role of SP in the VTA on swress-
induced analgesia in the formalin test. This was accomplished by examining the effect

of intra-VTA pretreatment with a SP receptor antagonist on stress-induced analgesia in
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this test. Because SP binds preferentially to NK-1 tachykinin receptors and the NK-1
selective agonist, GR-73632, induces more potent analgesa in the formalin test than the
NK-3 selective agonist, senktide, a selective NK-1 antagonist was sought to examine

the role of midbrain SP in stress-induced analgesia.

Although many SP receptor antagonists are available (Snider et al., 1991),
several findings suggest that their use has little heuristic value. For instance, their
affinity for the SP (NK-1) receptor is low and they are metabolically unstable (Snider et
al., 1991). In recent years, a number of nonpeptide NK-1 receptor antagonists have
been developed (Watling, 1991). CP 96345 was the first NK-1 receptor antagonist
discovered (Snider et al., 1921) and has been shown to block many physiological and
behavioural effects of SP (see Watling, 1991, tor review). This nonpeptide NK-1
antagonist, however, displays greater affinity for the NK-1 receptor in bovines, guinea
pigs, and humans than in mice and rats (Srider et al., 1991; Beresford et al., 1991;
Fardin et al., 1993), which would not be useful to the present study using rats. More
recently, a novel nonpeptide NK-1 receptor antagonist, RP 67580, has been synthesized
which binds with higher affinity to the rodent than the dog, guinea pig, and human NK-
1 receptor (Fardin et al., 1993: Garret et al.. 1991). This compound has been reported
to effectively antagonize SP-induced physiological and behavioural effects (Culman et
al., 1995; Watling et al., 1991). The present experiment therefore employed RP 67580
and its inactive enantiomer, RP 686351, to explore the role of midbrain SP in stress-
induced analgesia in the rat. RP 67580 was also used because it is the only NK-1
receptor antagonist, to our knowledge, that can be dissolved in saline for intracranial

infusions.

Because footshock was used as a stressor to demonstrate the role of SP in the

stress-induced activation of midbrain DA neurons (Bannon et al., 1983), the same
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stressor was employed in the present experiments to induce analgesia. The parameters
of footshock-stress used here (three 1-sec, | -mA shocks at 20-sec intervals) were
similar to those used by Fanselow (1984; three 0.75-sec, 1-mA shocks at 20-sec

intervals), who found that these parameters cause potent analgesia in the formalin test.

Method

Apparatus

Footshock stress was conducted in 42 x 39 x 33.5 cm hexagonal chambers.
The contours were constructed with clear Plexiglas, the removubie wp with wood, and
the floor with 22 stainless steel rods set 1.5 cm apart. Each rod was connected to a
shock generator (Lafayette Instruments, Lafayette, Indiana) . Because these chambers
were also used to observe formalin-induced pain responses, a mirror was mounted
behind the rear panel to allow a clear view of the rats' paws. From the time between
the formalin injection and testing, rats were kept individually in buckets lined with beta

chip.

Surgery

21 mm long, 22 gauge guide cannulae were implanted, bilaterally, 1.0 mm
above the VTA at the following coordinates : - 5.7 caudal to bregma, + 0.6 mm lateral
from midline, and - 7.2 ventral from the dura mater (Paxinos & Watson, 1986). The
stereotaxic arms were angled at 15 degrees and the skull was level between lambda and

bregma (i.e. flat skull position).

Drugs
The novel nonpeptide NK-1 receptor antagonist, RP 67580, and its inactive

enantiomer, RP 68651, were kind gifts from Dr. C. Garret (Rhéne-Poulenc Rorer,
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France). RP 67580, 2-[1-imino-2-(2 methoxy phenyl) ethyl]-7,7 diphenyl-4
perhydroisoindolone (3aR,7aR), and RP 68651, (3aS,7aS), were dissolved in saline

and infused bilaterally into the VTA using a dose of 3.0 ug/0.5 pl/side, in each case.

Design and procedure

On the test day, rats received a formalin injecton into one hind paw followed 15
minutes later by intra-VTA infusions of either RP 67580 (3.0 ug/0.5 nl/side), RP
68651 (3.0 ug/0.5 ui/side), or saline. Immediately following the intracranial infusions,
rats were placed in the footshock chambers and, after a 1-min adaptation period, were
exposed to either footshock (three-1 sec, 1-mA shocks at 20-sec intervals) or no
footshock. Pain responses were recorded continuously for 38 minutes immediately
following the third shock. Thus, rats were tested in a counterbalanced between-subjects
design and were randomly assigned to one of four groups : No Footshock + Saline;
Footshock + RP 67580; Footshock + RP 68651; Footshock + Saline. The VTA
infusions were dmed so that their effects on SIA could occur during the late stable pain

phase of the formalin test, starting 20 minutes after the formalin injecton.

Statistical Analyses

Data were analyzed by a two-way ANOVA with Treatment (4 levels; see result
section for details) as the between-subjects variable and Time (5 post-stress time points)
as the within-subjects variable. Because the effects of footshock stress and the
antagonist occured within the first 15 minutes, only the first 5 post-stress ome-points
were included in the analysis. All analyses were followed, if appropriate, by Tukey's
post-hoc test for overall differences between conditions. Tests for simple main effects
were used, when appropriate, to analyze the differences at each time point between a
control and treatment condition. Data from an animal were included in the analyses only

if the injector tips were located within 0.5 mm of the target area.
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Results

Figure 22 shows the effect of inra-VTA RP 67580 (3.0 ug/0.5 ul/side) or RP
68651 (3.0 ug/0.5 pl/side) pretreatment on footshock stress-induced analgesia. The
ANOVA revealed a significant effect of Treatment, F (3, 17) = 8.19, P < 0.005. Post
hoc tests showed that the pain scores of conditon No Footshock + Saline (open circles)
differed significantly from those of condition Footshock + Saline (closed tiangles; P <
0.05), indicating that exposure to footshock stress induced significant anaigesia. Intra-
VTA RP-67580 pretrcatment significantly reversed the analgesic effect induced by
exposure to footshock stress. There were no significant differences in pain scores
between groups No Footshock + Saline (open circles) and Footshock + RP 67580
(closed circles), nor between groups Footshock + RP 68651 (closed squares) and

Footshock + Saline (closed triangles), Ps > 0.05.

Figure 23 illustrates the location of the internal injector cannulae tips of all rats
tested in this experiment. As shown, 21 rats had their tips within the limits of the VTA.
The data for one rat were discarded because one of its tip was outside the limits of this

site.

Discussion

It was found in the present study that pretreatment with the SP receptor
antagonist, RP 67580, infused directly into the VTA completely prevented footshock
stress-induced analgesia in the formalin test for tonic pain. In contrast, intra-VTA

pretreatment with the inactive enantiomer, RP 68631, had no effect on footshock stress-
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induced analgesia in this test. These findings indicate that the stmulation of SP
receptors in the VTA plays a critical role in mediating the stress-induced inhibition of
tonic pain. These results are in accordance with those reported previously showing that
infusions into the VTA of the tachykinin agonists DiMe-C7 (Altier & Stewart, 1993),
GR-73632, and senktide (Experiment 1), elicit analgesia in the formalin test. They are
also consistent with the findings of previous studies indicating that exposure to stress
causes the release of SP in the VTA (Bannon et al., 1986; Deutch et al., 1985;
Lisoprawski et al., 1981) and that stimulation of SP receptors at this site mediates the
biochemical activation of midbrain ascending DA neurons induced by exposure to

footshock stress (Bannon et al., 1983).

Because the SP receptor antagonist RP 67580 binds with high selectivity to the
NK-1 tachykinin receptor subtype, the present finding that this compound reverses
stress-induced analgesia in the formalin test indicates that this effect is mediated by the
blockade of NK-1 tachykinin receptors in the VTA. Using procedures similar to those
described in the present experiment, a previous study (Altier, 1993) has examined the
effects on stress-induced analgesia of another nonpeptide antagonist which binds with
high selectivity to the NK-1 receptor in rat tissue, WIN 51708 (Appell et al., 1992)
following infusions into the VTA. Unlike with RP 67580, however, WIN 51708 had
no effect on stress-induced analgesia. The different effects on stress-induced analgesia
induced by these two nonpeptide NK-1 antagonists probably reflects the fact that WIN
51708, due to its poor solubility in a non-toxic vehicle, was applied to the VTA in
crystalline form packed into internal injector cannulae, whereas RP 67580 was
dissolved in saline and infused at this site. One potental problem with applying a
compound in its crystal form intracranially is that it does not guarantee that it
successfully interacted with brain tissue, thereby limiting interpretations of effects

observed. The fact that RP 67580 is soluble in non-toxic vehicles and, as found in the
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present experiment, prevents stress-induced analgesia following intra-VTA infusions
suggests that it is a useful tool to study the physiological and behavioural effects of SP,

and more specifically of NK-1 tachykinin receptors, following intracranial infusions.

The finding that the selective NK-3 receptor agonist, senktide, infused into the
VTA induces analgesia in the formalin test (Experiment 1) suggests that NK-3 receptors
at this site might similarly play a role in stress-induced analgesia, although to a lesser
extent than NK-1 receptors given that senktide caused less potent analgesia than the
NK-1 selective agonist, GR-73632. A previous study (Altier, 1993) examined the
effects of intra- VTA pretreatment with the selective NK-3 receptor antagonist, R-486
(Drapeau et al., 1990: Regoli et al., 1991, 1993 a. b), on stress-induced analgesia in the
formalin test, but no effects were found. As with WIN 51708, however, this NK-3
antagonist was applied in crystal form in the VTA because it could not be dissolved for
intracranial use. The latter experiment therefore needs to be re-evaluated using a
nonpeptide NK-3 selective receptor antagonist that can be dissolved in non-toxic

vehicles for intracranial infusions which. to our knowledge, has not yet been developed.

Exposure to stress has been shown to cause the biochemical activation of the DA
neurons innervating the prefrontal cortex and. to a lesser extent, the NAS (see Deutch &
Roth, 1990, for review). Using footshock parameters that activate mesocortical
neurons only, it has also been found that SP receptors in the VTA mediate this swess-
induced biochemical response (Bannon et al., 1983). These findings, combined with
those of the present study indicating that the stimulation of SP receptors in the VTA
plays a role in stress-induced analgesia, suggest that exposure to stress induces
analgesia by activating the DA neurons projecting to the prefrontal cortex and/or the
NAS. There is some evidence from this laboratory, however, suggesting that DA

release from terminals in the NAS, but not the prefrontal cortex, is responsible for the
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stress-induced analgesia observed in the present experiment. More specifically, it was
found that, as mentioned previously, infusions of amphetamine, which cause DA
release and re-uptake blockade, into the NAS, but not the prefrontal cortex, induce
analgesia in the formalin test (Alder & Stewart, 1993). Additional evidence in support

of this idea is provided by the findings obtained in Experiment 6.

In summary, the results of the present experiment indicate that pretreatment with
the novel selective NK-1 receptor antagonist, RP 67580, infused into the VTA
completely prevented the analgesic effects induced by exposure to footshock stress in
the formalin test for tonic pain. This finding suggests that a critical neurochemical
mechanism underlying the stress-induced inhibition of tonic pain is the stimulation of
tachykinin NK-1 receptors in the VTA by SP, released from terminals of neurons most
likely originating from the habenula (Lisoprawski et al., 1981). In addition, there is
some evidence to suggest that the SP-mediated stress-induced inhibition of tonic pain is

due to the activation of the DA neurons innervating the NAS.
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EXPERIMENTS 6 AND 7

Effects of Blocking DA Receptors in the NAS or Decreasing DA Release
in Midbrain Ascending Neurons on SP-, Morphine, and Amphetamine-

Induced Analgesia in the Formalin Test

As mentioned previously, morphine and amphetamine administered systemically
induce analgesia in the formalin test (Morgan & Franklin, 1990. 1991; Skaburskis,
1980) and appear to exert this effect by interacting with midbrain ascending DA neurons
(Morgan & Franklin, 1990). Similarly, the neuropeptide SP induces analgesia in the
formalin test for tonic pain when it acts in either the VTA or NAS, as revealed in
Experiments 1 and 2 (also see Altier & Stewart, 1993). There are several reasons to
believe that SP, merphine, and amphetamine induce analgesia in the formalin test by

enhancing the release of DA from terminals in the NAS of midbrain ascending neurons.

In the case of SP, there is considerable evidence to suggest that it interacts in an
excitatory way with midbrain ascending DA neurons projecting to the NAS (see
Kalivas, 1985, for review). For instance, as reviewed before in more detail, infusions
of SP or its analog, DiMe-C7, into the VTA enhance DA metabolism in the NAS (Cador
et al., 1989; Deutch et al., 1985a; Elliott et al., 1981) and increase DA-dependent
locomotor activity (e.g., Kelley et al., 1979). Likewise, peripherally-administered SP
or DiMe-C7 increase extracelluler levels of DA in the NAS, as assessed by in vivo
microdialysis (Boix et al., 1992 a, b). Similarly, as mentioned before, there is some

evidence to suggest that SP acting in the NAS enhances DA transmission at this site.
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There is also a substantial amount of evidence indicating that morphine and other
mu receptor agonists act to increase DA release in the NAS. For instance, DA
metabolism in the NAS :s increased following intra-VTA infusions of opioids (Kalivas
et al., 1983; Kalivas & Richardson-Carlson, 1986; Latimer et al., 1987), as is
extracellular in vivo DA following systemic or intraveneous administration of morphine
and other mu agonists (Di Chiara & Imperato, 1988; Pontieri et al., 1995; Spanagel et
al., 1990). Likewise, intra-VTA infusions of mu agonists stimulate locomotor activity
(Joyce et al., 1981; Kalivas et al., 1986; Latimer et al., 1987) and this effect is blocked
by either intra-NAS DA antagonists or lesions made to the NAS (Kalivas et al., 1983:
Stinus et al., 1980). Numerous studies have also reported that opioids are rewarding
(e.g., Devine & Wise, 1994; Phillips & LePiane, 1980, 1982; Stewart, 1984) and that a
primary event underlying this effect is the activation of midbrain DA neurons projecting
to the NAS. For instance, systemic or intra-VTA administration of mu agonisis induce
conditioned place preference (Bals-Kubic et al., 1993; Bozarth, 1987; Phillips &
LePiane, 1980; Shippenberg et al., 1993), an effect which is abolished by electrolytic or
6-hydroxydopamine lesions of the NAS (Kelsey et al., 1989; Shippenberg et al., 1993).

Finally, numerous studies indicate that amphetamine elevates extracellular levels
of DA in the NAS, as revealed by in vivo microdialysis (Carboni et al., 1989; Di Chiara
& Imperato, 1988; Kuczenski & Segal, 1989; Pontieri et al., 1995: Sharp et al, 1987).
Similarly, several studies have shown that amphetamine stimulates locomotor activity
(e.g., Kelly & Iversen, 1976) and is rewarding (e.g., Mackey & Van der Kooy, 1985:
Kuczenski, 1977; Yokel & Wise, 1975), and that an important mechanism underlying
these behavioral responses is enhanced DA release into the NAS. For instance,
amphetamine-induced hyperactivity and self-administration are greatly reduced by 6-
hydroxydopamine lesions of the NAS (Kelly & Iversen, 1976; Kelly et al., 1975;

Lyness etal., 1979) and by microinfusions of DA receptor antagonists directly into the
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NAS (Boss et al.; Phillips et al., 1983; Pijnenberg et al., 1975 a, b). It has also been
shown that microinfusions of amphetamine directly into the NAS induce conditioned
place preference and self-administration (Carr & White, 1983; Hoebel et al., 1983;
Phillips et al., 1994) and stimulate locomotor activity (Kelly, 1977; Pijnenburg et al.,
1976; Staton & Salomon, 1984; Van Ree et al., 1986).

Thus, the evidence that SP, morphine, and amphetamine act to increase DA
transmission in the mesolimbic system, that all are effective at attenuating tonic pain
(Experiments 1 and 2; Morgan & Franklin, 1990), and that amphetamine-induced DA
release in the NAS elicits analgesia in the formalin test (Alder & Stewart, 1993) suggests
that the analgesic effects induced by tachykinins, opioids, and amphetamine are due, at
least in part, to enhanced DA release from terminals in the NAS. The following
experiments were therefore designed to examine the involvement of DA in the NAS on
the analgesic effects induced by these compounds in the formalin test. This was
accomplished, in Experiment 6, by examining the effect of pretreatment with the DA
receptor antagonist, raclopride, on the analgesic effects of induced by infusions of
DiMe-C7 or morphine in the VTA and infusions of amphetamine in the NAS.
Raclopride is a highly selective DA D-2 receptor antagonist (Kohler et al., 1985; De
Paulis et al., 1986; Hall et al., 1986; Ogren et al., 1986) and was used in the present
experiments because there is one report indicating that analgesia in the formalin test is
induced by a selective DA D-2, but not DA D-1, receptor agonist (Morgan & Franklin,
1991). In the case of intra-VTA DiMe-C7-induced analgesia, the effect of intra-NAS
pretreatments with either the highly selective DA D-1 receptor antagonist, SCH 23390
(Christensen et al., 1984), or the mixed DA D-1/D-2 receptor aniagonist, flupenthixol,
was examined, for comparison. Experiment 7 was designed to examined the effect of
reducing DA release in midbrain ascending neurons, by pretreating animals with a low

autoreceptor-specific dose of apomorphine, on the analgesic effects induced by intra-
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VTA infusions of either DiMe-C7 or mnorphine, and intra-NAS infusions of

amphetamine.

100



EXPERIMENT 6

Effects of Intra-NAS Pretreatment with Raclopride, SCH 23390, or
Flupenthixol on the Analgesic Effects of Intra-VTA DiMe-C7, Intra-VTA

Morphine, and Intra-NAS Amphetamine in the Formalin Test

Method

Surgery

Animals receiving a DA receptor antagonist in the NAS followed by intra-VTA
morphine or DiMe-C7 were implanted with four cannulae. First, 21 mm long, 22
gauge guide cannulae (Plastics One, Inc.) were implanted, bilaterally. 1.0 mm above the
VTA and aimed at the following coordinates : - 5.7 mm posterior to bregma, + 0.6 mm
lateral from the midline, and - 7.4 mm ventral from the dura mater (Paxinos & Watson,
1986). The stereotaxic arms were angled laterally at 15 degrees from the perpendicular
and the skull was level between lambda and bregma (i.e.. flat skull position). Five
stainless steel screws were secured to the skull and the VTA cannulae were anchored to
the skull with dental acrylic cement applied around them without blocking bregma from
view. The incisor bar was then set 5.0 mm above the interaural line and cannulae were
angled at 10 degrees from the perpendicular. Nineteen mm long, 22 gauge guide
cannulae were then implanted, bilaterally, 1.0 mm above the NAS at the following
coordinaes: + 3.0 mm anterior from bregma, + 1.4 mm lateral from midline, and - 6.3
mm ventral from the skull surface (Pellegrino et al, 1979). Cannulae were anchored

with dental acrylic cement. Four rats that were implanted with four cannulae died within
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two days after surgery. This unusual death toll after surgery in our laboratory suggests
that these animals may have died from the physical trauma of being implanted with 4
cannulae at once. Animals receiving infusions into the NAS of raclopride followed by
amphetamine were implanted with cannulae in the NAS, using the same coordinates

stated above.

Drugs

The SP analog, DiMe-C7 (Sigma, St. Louis, MO) was dissolved in acid saline
(pH = 6.05) and infused bilaterally into the VTA using a dose of 3.0 ug/0.5 pl/side.
Stock volumes (5.0 pl) of this compound and its vehicle were aliquoted into
polypropylene vials and frozen at - 70 * C. Solutions were thawed within 30 minutes of
the infusions. Morphine sulphate (BDH Inc., Québec) was dissolved in saline and
infused bilaterally into the VTA using a dose of 3.0 ug.0.5 pl/side. D-amphetamine
sulfate (Smith Kline Beecham, Qakville, Ontario) was dissolved in saline and infused
bilaterally into the NAS using a dose of 2.5 ug/0.5 ptl/side. Raclopride (Astra Pharma,
Mississauga, Ontario) was dissolved in saline and infused bilaterally into the NAS using
a dose of either 1.0, 3.0, or 5.0 ug/0.5 pl/side. SCH 23390 (RBI Inc) was dissolved
in saline and infused into the NAS using a dose of 0.1 ug/0.5 ul/side). The effects of
intra-NAS pretreatment with higher doses of SCH 23390 on DiMe-C7-induced
analgesia were not examined because they induce pronounced motor side-effects. Cis-
flupenthixol (Lundbeck, Kobenhaun) was dissolved in saline and infused bilaterally into

the NAS using a dose of either 1.5 or 3.0 £g/0.5 pl/side.

Design and Procedure
On the test day, rats received either bilateral intra-VTA infusions of DiMe-C7
(3.0 ug/0.5 ul/side) or morphine (3.0 ng.0.5 pl/side) ot bilateral intra-NAS infusions of

amphetamine (2.5 pg/0.5 pl/side). Ten minutes prior to these intracranial infusions, all
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rats were pretreated with bilateral intra-NAS infusions of either raclopride (1.0, 3.0, or
5.0 ug/0.5 ul/side), SCH 23390 (0.1 png/0.5 pl/side; DiMe-C7 only), flupenthixol (1.5
or 3.0 ug/0.5 ul/side; DiMe-C7 only), or saline. Rats received a s.c. injection of 0.05
ml of 2.5 % formalin into the plantar surface of one hind paw immediately following the

last intracranial infusions.

Rats assigned to conditions Raclopride-DiMe-C7 and Saline-DiMe-C7 (Figure
24), Raclopride-Morphine and Saline-Morphine (Figure 25), Raclopride-Amphetamine
and Saline-Amphetamine (Figure 26), SCH 23390-DiMe-C7 and Saline-DiMe-C7
(Figure 27), and Flupenthixol-DiMe-C7 and Saline-DiMe-C7 (Figure 28) were tested in
the formalin test using a counterbalanced within-subjects design. Thus, animals were
tested twice in the formalin test, at a 1-week interval. Either the right or left hind paw
was injected on successive tests. Rats assigned to all the remaining conditions were

tested in the formalin test once, using a between-subjects design.

Statistical Analyses

To verify whether DiMe-C7, morphine, and amphetamine induced significant
analgesia and whether pretreatment with the DA receptor antagonists had any effects on
its own, separate two-way ANOVAs were conducted with Treatrnent Group (Vehicle-
Drug vs. Antagonist-Vehicle vs. Vehicle-Vehicle) as the between-subjects variable and
Time (10 post-infusion time-points) as the within-subjects variable; because most of the
effects of the drugs occurred within the first 30 minutes of testing, only the first 10
post-infusions time-points were included in the analyses. All analyses were followed,
when appropriate, by Tukey's post-hoc test for overall differences between groups.
Unless otherwise specified, to examine the effects of pretreatment with the DA receptor
antagonists on the analgesic effects of DiMe-C7, morphine, and amphetamine, two-way

ANOVAs were conducted with Pretreatment Condition (Antagonist-Drug versus
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Vehicle-Drug) and Time (10 post-infusion time-points) as within-subjects variables.
Tests for simple main effects were used when appropriate to analyze the differences at
each time point between the two conditions. Data from an animal were included in the

analyses only if the injector tips were located within 0.5 mm of the target area.

Results

Effect of intra-NAS raclopride on DiMe-C7-, morphine-, and amphetamine-induced
analgesia

Figures 24 A, B, and C show the effect of intra-NAS pretreatment with
escalating doses of raclopride on the analgesic effects of intra-VTA infusions of DiMe-
C7 (3.0 ug/0.5 pul/side). The ANOVAs conducted with Treatment Group (Saline-DiMe-
C7 vs. Raclopride-Vehicle vs. Saline-Vehicle) and Time variables for each dose of
raclopride (see A,B, and C) revealed significant overall Treatment Group effects, F (2,
18) = 6.05, P <0.01, F (2, 17) = 67.72, P < 0.0001, and F (2, 16) = 37.3,P <
0.0001, respectively. In each case, DiMe-C7 significantly reduced pain scores (P <
0.05). A three-way ANOVA with Dose (1.0, 3.0 or 5.0 pg/0.5 pnl/side) as the between
subjects variable, and both Prereatment Condition (Raclopride-DiMe-C7 or Saline-
DiMe-C7) and Time (10 post-infusion time-points) as within subjects variables revealed
a significant main effect of Pretreatment Condition, F (1, 16) = 17.033, P < 0.001. As
shown by comparing conditions Raclopride-DiMe-C7 (closed circles) and Saline-DiMe-
C7 (closed squares) in A, B, and C, the analgesic effect induced by DiMe-C7 was
significantly blocked by inwra-NAS pretreatment with the highest (P < 0.05), but not the
lowest nor the intermediate dose of raclopride. At the highest dose of raclopride tested,
DiMe-C7 analgesia was blocked at all time points during 18 minutes after the formalin

injection. As seen by comparing groups Raclopride-Vehicle (closed triangles) and
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Eigure 24.

Mean formalin pain scores (+ S.E.M.) following bilateral intra-
VTA infusions of the SP analog, DiMe-C7 (3.0 ug/0.5 ul/side),
or the vehicle, in animals pretreated with the DA D-2 receptor
antagonist, raclopride, infused bilaterally into the NAS using a
dose of either A) 1.0 pg/0.5 ul/side. B) 3.0 ug/0.5 pl/side, or C)
5.0 ug/0.5 pl/side. Significant differences between Raclopride-
DiMe-C7 and Saline-DiMe-C7 conditions : * p < 0.005; + p <
0.05. Animals assigned to groups Raclopride-DiMe-C7 and
Saline-DiMe-C7 in A) (n=7), B) (n = 6), and C) (n = 6) were
tested in a counterbalanced within-subjects design. Animals
assigned to the Raclopride- Vehicle condition in A) (n = 6), B) (n
= 6), and C) (n = 5) and the Saline-Vehicle (n = 8) condition
were tested in a between-subjects design. Animals in the Saline-

Vehicle condition were the same in both A, B, and C.
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Saline-Vehicle (open circles), raclopride pretreatment alone was without effect on pain

scores at any of the doses tested.

The effect of intra-NAS raclopride (5.0 ng/0.5 pl/side) pretreatment on the
analgesic effect of intra-VTA morphine is shown in Figure 25. The ANOVA conducted
with Treatment Group (Saline-Morphine vs.Saline-Saline vs. Raclopride-Saline) and
Time variables revealed a significant overall Treatment Group effect, F (2, 22) = 46.38,
P <0.0001. Asshown by comparing groups Saline-Morphine (closed squares) and
Saline-Saline (open circles), intra-VTA infusions of morphine significantly reduced pain
scores for approximately 30 minutes after the formalin injection (P < 0.05). The
ANOVA conducted with Pretreatment Condition (Raclopride-Morphine vs. Saline-
Morphine) and Time variables revealed a significant effect of Prereatment Condition, F
(1, 7) = 41.65, P <0.0005, indicating that the analgesic effect of morphine was
significantly blocked by raclopride pretreatrment. Simple main effects tests indicated that
the pain scores between Raclopride-Morphine and Saline-Morphine Prereatment
Conditions were significantly different at all time points during 27 minutes following the
formalin injection, except at time point 6. As shown by comparing groups Raclopride-
Saline (closed triangles) and Saline-Saline (open circles), raclopride pretreatment
appeared to induce mild hyperalgesia during the first few minutes following the formalin

injection. This effect, however, was not statistically significant.

Figure 26 shows the effect of pretreatment with raclopride (5.0 ng/0.5 pl/side)
infused into the NAS on the analgesic effects induced by amphetamine (2.5 pug/0.5
pl/side) infused at the same site. The ANOVA yielded a significant overall effect of
Treatment Group, F (2, 14) =29.15, P < 0.0001. As seen by comparing Saline-
Amphetamine (closed squares) and Saline-Saline (open circles) groups, amphetamine

infused into the NAS significanty reduced formalin pain scores (P < 0.05). The
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-VTA
infusions of morphine (3.0 pg/0.5 pl/side), or saline, in animals
pretreated with raclopride (5.0 ug/0.5 pl/side), or saline, infused
bilaterally into the NAS. Significant differences between
Raclopride-Morphine and Saline-Morphine condidons: * p < 0.001;
** p <0.01; ¥ p <0.05. Animals (n = 8) assigned to the
Raclopride-Morphine and Saline-Morphine condidons were tested in
a counterbalanced within-subjects design. Separate groups of
animals were assigned to conditions Raclopride-Saline (n = 8) and
Saline-Saline (n =9).
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Mean formalin pain scores (+ S.E.M.) following bilateral infusions
of amphetamine (2.5 pug/0.5 pl/side), or saline, into the NAS in
animals pretreated with raclopride (5.0 ug/0.5 pl/side), or saline,
infused bilaterally at the same site. Significant differences in pain
scores between Raclopride-Amphetamine and Saline-Amphetamine
conditions : * p <0.001; + p <0.05. Animals (n = 6) assigned to
groups Raclopride-Amphetamine and Saline-Amphetamine were
tested in a counterbalanced within-subjects design. Animals
assigned to groups Raclopride-Saline (n = 5) and Saline-Saline (n =
6) were tested in a between-subjects design.

109



ANOVA conducted with Pretreatment Condition (Raclopride-Amphetamine and Saline-
Amphetamine) and Time variables revealed a signicant overall effect of Pretreatment
Condition, F (1,5) = 35.56, P < 0.005, indicating that this amphetamine-induced
analgesic effect was prevented by intra-NAS raclopride pretreatment. Simple main
effects tests indicated that the differences in pain scores between Conditions Raclopride-
Amphetamine and Saline-Amphetamine were significant from 6 to 24 minutes following
the formalin injection. Raclopride pretreatment followed by intra-N AS saline (closed
triangles) appeared to elevate formalin pain scores relative to the Saline-Saline group
(open circles), from approximately 9 to 12 minutes following the formalin injection.

This hyperalgesic rend, however, was not significant.

Effect of intra-NAS SCH 23390 on DiMe-C7-induced analgesia

Figure 27 shows the effect of intra-NAS pretreatment with the DA D-1 receptor
antagonist, SCH 23390 (0.1 pg/0.5 pl/side), on the analgesic effects of intra-VTA
DiMe-C7 (3.0 ug/0.5 ul/side). The ANOV A conducted with Treatment Group (Saline-
DiMe-C7 vs. SCH 23390-Saline vs. Saline-Vehicle) and Time variables revealed a
significant overall effect of Treatment Group, F (2, 12) = 55.04, P < 0.0001. As
shown by comparing groups Saline-DiMe-C7 (closed squares) and Saline-Vehicle (open
circles), intra-VTA infusions of DiMe-C7 induced significant analgesia during
approximately 30 minutes after the formalin injection (P < 0.05). The ANOVA
conducted with Prereatment Condition (SCH 23390-DiMe-C7 and Saline-DiMe-C7)
and Time variables revealed a significant effect of Prereatment Condition, F (1, 5) =
10.85, P < 0.05. As seen by comparing conditions SCH 23390-DiMe-C7 and Saline-
DiMe-C7, the analgesic effect of intra-VTA DiMe-C7 was significantly attenuated, but
not completely prevented, by pretreatment with SCH 23390 in the NAS (P < 0.05). It
can also be seen, by comparing groups SCH 23390-Vehicle (closed triangies) and

Saline-Vehicle (open circles), that SCH 23390 pretreatment alone had no effect on pain
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Mean formalin pain scores (+ S.E.M.) following bilateral inra-VTA
infusions of DiMe-C7 (3.0 ug/0.5 pl/side), or the vehicle, in rats
pretreated with the D-1 receptor antagonist, SCH 23390 (1.0 ug/0.5
ul/side), or saline, infused bilaterally into the NAS. Significant
differences in pain scores between SCH23390-DiMe-C7 and Saline-
DiMe-C7 condidons : * p <0.005; ** p < 0.05. Animals (n = 6)
assigned to groups SCH 23390-DiMe-C7 and Saline-DiMe-C7 were
tested in a counterbalanced within-subjects design. Animals
assigned to groups SCH-Vehicle (n = 5) and Saline-Vehicle (n = 5)
were tested in a between-subjects design.
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scores. The data for one rat pretreated with SCH 23390 were discarded because the

animal was unusually inactive following these infusions of this drug in the NAS.

Effect of intra-NAS flupenthixol on DiMe-C7-induced analgesia

Figure 28 shows the effect of intra-NAS pretreatment with the mixed DA D-1
and D-2 receptor antagonist, flupenthixol (A: 1.5 pug/0.5 pl/side or B: 3.0 ug/0.5
pi/side) on the analgesic effects of DiMe-C7 (3.0 ug/0.5 pl/side) infused into the VTA.
Seperate ANOVAs conducted with Treatment Group (Saline-DiMe-C7 vs. Saline-
Vehicle vs. Flupenthixol-Vehicle) and Time variables for each dose of flupenthixol (see
A and B) revealed significant Treatment Group effects, F (2, 15) = 60.954, P < 0.0001
and F (2, 16) =43.194, P < 0.0001, respectively. As seen by comparing groups
Saline-DiMe-C7 (closed squares) and Saline-Vehicle (open circles) in both A and B,
intra-VTA DiMe-C7 significandy attenuated pain scores (Ps < (0.05) during

approximately 30 minutes.

Intra-NAS flupenthixol pretreatment using a dose of either A) 1.5 pg/0.5 ul/side
or B) 3.0 ug/0.5 wl/side attenuated the analgesic effect of intra-VTA DiMe-C7 from time
points 12 to 21, as seen by comparing conditions Flupenthixol-DiMe-C7 and Saline-
DiMe-C7 in both A and B. A three-way ANOVA conducted with Dose (1.5 or 3.0
ng/0.5 pl/side) as the between-subjects variable and both Prereatment Condition
(Flupenthixol-DiMe-C7 vs. Saline-DiMe-C7) and Time (10 post-infusion time points) as
within-subjects variables revealed a significant main effect of Prereatrnent Condition, F
(1,9) =5.64, P < 0.05. Simple main effects tests indicated that pretreatment with either
dose of flupenthixol significantly attenuated DiMe-C7-induced analgesia from 15 to 18
minutes following the formalin injection. Finally, as seen by comparing groups
Flupenthixol-Vehicle versus Saline-Vehicle in A and B, tlupenthixol pretreatment alone

had no effect on pain scores.



Figure 28.

Mean formalin pain scores (+ S.E.M.) following bilateral intra-VTA
infusions of DiMe-C7 (3.0 nug/0.5 ul/side), or the vehicle, in rats
pretreated with the mixed DA D-1 and D-2 receptor antagonist,
flupenthixol, or saline, infused bilaterally into the NAS using a dose of
either A) 1.5 ng/0.5 pl/side) or B) 3.0 ng/0.5 ul/side). Significant
differences in pain scores between Flupenthixol-DiMe-C7 and Saline-
DiMe-C7 : * p <0.05. Animals assigned to conditions Flupenthixol-
DiMe-C7 and Saline-DiMe-C7 in A) (n =5) and B) (n = 6) were tested in
a counterbalanced within-subjects design. Separate groups of animais
were assigned to conditions Flupenthixol (1.5 pg)-Vehicle (n = 5),
Flupenthixol (3.0 pg)-Vehicle (n = 5) and Saline-Vehicle (n = 7).
Animals in the Saline-Vehicle condition were the same in both A and B.
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The histological planes presented in Figure 29 illustrate the location of the
internal injector cannulae tips within the VTA of all rats that received infusions of either
DiMe-C7, morphine, or their respective vehicle. One hundred and fifty rats had their
internal injector cannulae tips within the VTA. The data from 11 rats were discarded

because their cannulae tips were not within the limits of the VTA.

Figure 30 illustrates the location of the internal injector cannulae tips within the
NAS of all rats that were pretreated with a DA antagonist, or saline, at this site as well
as rats that received infusions of amphetamine at this site. One hundred and forty seven
rats had injector tips in the NAS. The data for seven rats were discarded because the

location of their injector tips did not satisfy the criterion for inclusion.

Discussion

The present findings indicate that blockade of DA D-2 receptors in the NAS
prevents the analgesic effects induced by SP, morphine, and amphetamine in the
formalin test for tonic pain. More specifically, it was found that pretreatment with the
DA D-2 selective receptor antagonist, raclopride, infused directly into the NAS blocks
the analgesic effects of inra-VTA infusions of either the SP analog, DiMe-C7, or
morphine, and of intra-NAS infusions of amphetamine. In the case of DiMe-C7,
animals were pretreated with three different doses of raclopride and a dose-dependent
attenuation of DiMe-C7 was observed, with the highest dose (i.e., 5.0 pg/0.5 pl/side)
resulting in a complete blockade of the effects of DiMe-C7. Likewise, this highest dose
of raclopride caused a complete blockade of intra-VTA morphine- and intra-NAS

amphetamine-induced analgesia. These findings are in accordance with those of
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Figure 29.

Locadon of the intemal injector cannulae dps in the VTA (n =
150/side) of all rats tested in Experiment 7. Drawings (adapted
from Adobe Illustrator 3.5 for Windows) are from the atlas by
Swanson (1992). Values on the right represent distance in mm
caudal from bregma.
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Figure 30.

+2.15

+ 1.70

+1.45

+1.20

Locaton of the internal injector cannulae tips in the NAS (n =
147/side) of all rats tested in Experiment 6. Note that the infusion
sites were clustered in the shell region of the NAS. Drawings
(adapted from Adobe [llustrator 5.5 for Windows) are from the atlas
by Swanson (1992). Values on the right represent distance in mm
rostal from bregma.
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previous studies implicating midbrain ascending DA neurons in the inhibition of tonic
pain (Anderson & Rompré, 1996; Altier & Stewart, 1993, 1996. Franklin, 1989;
Manning et al.. 1994; Morgan & Franklin, 1990) and, more specifically, implicating
enhanced DA activity in the NAS in this effect (Clarke & Franklin, 1992).

Previous studies have reported that selective DA D-2 agonists administered
systerically induce analgesia in the formalin test (Morgan & Franklin, 1991) and the
vocalization after discharge test (Carr, 1984), the latter of which induces pain associated
with significant negative affect (Morgan, 1990). It has also been reported that selective
DA D-2 receptor antagonists administered systemically attenuate the analgesic effects of
systemic amphetamine, morphine, and cocaine in the formalin test (Lin et al., 1989;
Morgan & Franklin, 1991; Skaburskis, 1980) and in the vocalization-after discharge test
(Carr, 1984; Paalzow & Paalzow, 1975). The present findings are consistent with
those of these previous studies implicating DA D-2 receptors in the inhibition of tonic
pain and extend their results by showing that the NAS is the neuroanatomical site where
these DA receptor subtypes mediate this response. The present findings also extend
those of previous studies by showing that DA D-2 receptors in the NAS mediate the
analgesic effects of morphine and amphetamine when they are infused directly at sites
within the mesolimbic system, namely in the VTA and NAS, respectively. Finally, the
present results indicate that, as is the case for morphine and amphetamine, DA D-2
receptors in the NAS also mediate the analgesic effects induced by SP acting in the

VTA.

The present findings suggest that a mechanism underlying the inhibition of tonic
pain is the stimulation of DA D-2 receptors in the NAS by DA released from terminals
of midbrain neurons arising from the VTA. These findings corroborate those of Harris

and Aston-Jones (1994), who showed that the DA D-2 receptors in the NAS are
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involved in the modulation of aversive somatic withdrawal symptoms which, like tonic
pain, are presumably associated with significant negative affect. More specifically, they
found that intra-NAS infusions of a selective DA D-2 agonist inhibit naloxone-
precipitated somatic withdrawal symptoms, whereas those of a selective DA D-2
receptor antagonist elicit somatic withdrawal symptoms in morphine-dependent rats.
The evidence that DA D-2 receptors in the NAS mediate the inhibition of both tonic pain
and aversive withdrawal symptoms suggest that analgesia in the formalin test may be
due to a greater extent to the alleviation of negative affect rather than to that of the
sensory dimension of tonic pain. A discussion of this issue will be presented in the

General Discussion.

In the present study, it was also found that pretreatment with the selective DA D-
| receptor antagonist, SCH 23390, infused into the NAS attenuates the analgesic effects
induced by the SP analog, DiMe-C7, infused into the VTA. Together with the findings
on the effects of raclopride, this finding suggests that SP acting in the VTA inhibits
tonic pain by causing the release of DA in the NAS from mesolimbic terminals which in
turn stimulates both DA D-1 and DA D-2 receptors at this site. The finding that DA D-
1, in addition to DA D-2, receptors in the NAS mediate the analgesic effects induced by
SP acting in the VTA agrees with the results of other reports indicating that SCH 23390
administered systemically attenuates the analgesic effects of amphetamine, morphine,
and cocaine in the formalin test (Lin et al., 1989; Morgan & Franklin, 1991). It s likely
that the NAS is the site where DA D-1 receptors also mediate the analgesic effects of
morphine and amphetamine administered either systemically or into the VTA or NAS,
respectively, given the similarities reported in the present studies between the effects of
DiMe-C7, morphine, and amphetamine on tonic pain, and on the involvement of DA D-
2 receptors in the NAS in these effects. This remains, however, to be tested in the

future.
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Although the antagonism of either DA D-1 or D-2 receptors in the NAS
artenuated the analgesic effect induced by intra-VTA DiMe-C7, the DA D-2 receptor
antagonist, raclopride, was more effective at attenuating analgesia than the DA D-1
receptor antagonist, SCH 23390. These findings suggest that D-2 receptors may play a
more important role than D-1 receptors in the NAS in the mediation of analgesia induced
by SP, and perhaps, amphetamine and morphine. This difference between the effects of
raclopride and SCH 23390 on analgesia, however, may reflect the fact that the dose of
the DA D-1 receptor antagonist, SCH 23390, was not high enough to induce a more
potent attenuation of analgesia. Only one dose of SCH 23390 was used to examine its
effects on SP analgesia, whereas three doses of the DA D-2 receptor antagonist,
raclopride, were employed to explore the same effect. Alternatively, the finding that
pretreatment with SCH 23990 induces a less potent attenuation of SP analgesia than that
with raclopride could be due to the anti-serotonergic actions of SCH 23390. Indeed, as
Morgan and Franklin (1991) pointed out for the purposes of explaining an unexpected
potentation of morphine analgesia by pretreatment with SCH 23390, the latter
compound has been documented to bind to 5-HT-2 receptors (Bisehoff et al., 1986), in
additon to DA D-1 receptors, and to depress serotonergic activity through an interaction
with these receptors (Bijak & Smialowski, 1989; Hicks et al., 1984). As mentioned
previously, drugs or lesions that deplete serotonin have been reported to potentiate
morphine analgesia (Abbott & Melzack, 1983: Dennis & Melzack, 1979). Thus,
although intra-NAS SCH 23390 prevented SP-induced analgesia through the
antagonism of DA D-1 receptors, it is possible that this effect was incomplete because
the compound also synergised with SP to attenuate tonic pain, through a blockade of 5-
HT-2 receptors. Finally, the incomplete attenuation of DiMe-C7-induced analgesia by
inra-NAS SCH 23390 may have also been due to the apparent DA-enhancing properties
of the DA D-1 antagonist (Imperato & Di Chiara, 1989).
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It might be interesting in the future to compare the effects of intra-NAS
pretreatment with the DA D-1 receptor antagonist, SCH 23390, on the analgesic effects
of VTA DiMe-C7 in the formalin test to those of intra-NAS infusions of a selective DA
D-1 agonist in this test. In a previous study, Morgan and Franklin (1991) found that,
whereas pretreatment with SCH 23390 administered systemically attenuates the
analgesic effects of systemic amphetamine and morphine in the formalin test, the
systemnic administration of the selective DA D-1 agonist, SKF 38393, was without
effect in this test. They suggested that these contradictory findings could be explained
by the 'enabling’ action of D-1 receptors on D-2 receptors. More specifically, given the
evidence that D-1 and D-2 receptors interact with each other in opposing or synergistic
ways (Clark & White, 1987), they proposed that , in the case where morphine or
amphetamine are administered and induce analgesia by stimulating D-2 receptors,
blockade of D-1 receptors inhibits the 'enabling’ effect that these receptors have on D-2
receptors, thereby accounting for the attenuation of morphine and amphetamine
analgesia. However, in the absence of analgesia induced by the stimulation of D-2
receptors by morphine or amphetamine, administration of a D-1 agonist has no effect on
tonic pain. Based on this account, Morgan and Franklin's findings suggest that D-1 and
D-2 receptors are involved in morphine and amphetamine analgesia in the formalin test,
but that D-1 receptors are involved only in the case where analgesia is induced by D-2
receptor stimulation. Thus, to further explore this idea, it might be worthwhile to
examine whether a DA D-1 agonist infused directly into the NAS might similarly be

without effects on pain responses in the formalin test.

In the present studies, it was also found that pretreatment with the mixed DA D-
1 and D-2 receptor antagonist, flupenthixol, infused into the NAS attenuatas the

analgesic effects of intra- VTA DiMe-C7. This observation agrees with the findings
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reported here indicating that intra-NAS infusions of the selective D-1 receptor
antagonist, SCH 23390, or the selective D-2 receptor antagonist, raclopride, attenuate
the analgesic effects of intra-VTA DiMe-C7. In addition, this finding is consistent with
the results of previous reports indicating that the mixed DA D-1 and D-2 receptor
antagonists flupenthixol or chlorpromazine administered systemically attenuate the
analgesic effects of systemic amphetamnine, morphine, and cocaine in the formalin test
(Lin etal., 1989; Morgan & Franklin, 1991) and that mixed DA D-1 and D-2 agonists
administered systemically induce analgesia in this test (e.g., Dennis & Melzack, 1983;

Lin et al., 1989; Morgan & Franklin, 1991).

In a previous study by Clarke and Franklin (1992), it was found that 6-
hydroxydopamine lesions made bilaterally into the NAS attenuate the analgesic effects
induced by systemic amphetamine in the formalin test. The present findings concemning
the role of DA in the NAS on amphetamine-induced analgesia in the formalin test are
consistent with those of Clarke and Franklin and extend their findings by showing that
the attenuation of amphetamine-induced analgesia resulting from blockade of DA
transmission in the NAS occurs when the psychostimulant is infused directly into the
NAS. In contrast to the present results, however, Clarke and Franklin found that 6-
hydroxydopamine lesions in the NAS did not reduce the analgesic effects of
systemically administered morphine in the formalin test whereas, in the present study,
blockade of DA neurotransmission in the NAS prevented the analgesic effects induced
by morphine infused into the VTA. The discrepancy between Clarke and Franklin's
results and those of the present study regarding the role of DA in the NAS in morphine
analgesia probably relates to differences in the effectiveness of the manipulations aimed
at blocking DA transmission in the NAS. Indeed, it is likely that the manipulations
carried out in Clarke and Franklin's study did not affect morphine-induced analgesia,

whereas they did in the present study, because blockade of DA transmission was not
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substantial enough in their study, as opposed to the present study. In support of this
idea, Clarke and Franklin report that the 6-hydroxydopamine lesions made in the NAS
caused a 78.9 % DA depledon at this site. Although this small amount of DA depletion
in the NAS was sufficient to attenuate the analgesic effect of systemic amphetamine, that
of systemic morphine was not sensitive to this effect. In fact, it is suprising that a 21.1
% DA depletion in the NAS was effective at attenuating amphetamine-induced analgesia,
given that at least a 90 % DA depletion in midbrain ascending DA terminal fields is
required to observe any behavioural change (e.g., motor deficits). Perhaps this low
amount of DA depletion in the NAS was effective at disrupting amphetamine-induced
analgesia because amphetamine, although it acts at several sites in the brain, modulates

tonic pain by acting to a large extent in the NAS.

Differences in the routes of morphine administration might also account for the
discrepancy between Clarke and Franklin's results and those of the present study on the
role of DA in the NAS on morphine analgesia. Indeed, it is possible that the
manipulations carried out in Clarke and Franklin's study aimed at decreasing DA
transmission in the NAS did not block morphine analgesia because the opioid given
systemically elicited analgesia by acting at several sites involved in modulating tonic
pain. There is evidence that morphine infused at several supraspinal sites other than the
VTA, such as the posterior hypothalamic area, periaqueductal gray, and habenula,
produces analgesia in the formalin test (Cohen & Melzack, 1995; Manning et al., 1994;
Vaccarino & Chorney, 1994). In contrast, in the present study, morphine analgesia
may have been prevented successfully by DA receptor antagonism in the NAS because
the opioid was infused directly into the VTA, thereby restricting the effect of the opioid

on tonic pain to midbrain ascending DA systems.



In summary, the results derived from the present studies indicate that blockade
of DA D-2 receptors in the NAS by raclopride prevents the analgesic effects induced by
either infusions into the VTA of the SP analog, DiMe-C7, or morphine, or infusions of
amphetamine into the NAS. It was also found that intra-NAS infusions of either the DA
D-1 receptor antagonist, SCH 23390, or the mixed DA D-1 and D-2 receptor antagonist,
flupenthixol, attenuate the analgesic effects of intra-VTA DiMe-C7. Several lines of
evidence suggest that DA D-1 receptors in the NAS might similarly be involved in
mediating the analgesic effects of intra-VTA morphine and intra-NAS amphetarnine.
Together, all these findings suggest that a mechanism underlying the inhibition of tonic
pain is the stimulation of DA D-1 and D-2 receptors in the NAS by DA released from

terminals of mesolimbic neurons.

As a follow-up, Experiment 7 was designed to examine the effect of reducing
DA release in midbrain ascending neurons, via pretreatment with a low autoreceptor-
specific dose of apomorphine, on the analgesic effects induced by intra-VTA SP, intra-

VTA morphine, and inra-NAS amphetamine.
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EXPERIMENT 7

Effects of Decreased DA Release in Midbrain Ascending DA Neurons on
the Anaigesic Effects of Intra-VTA DiMe-C7, Intra-VTA Morphine, and

Intra-NAS Amphetamine in the Formalin Test

Method

Surgery

21 mm long, 22 gauge guide cannulae (Plastics One, Inc.) were implanted,
bilaterally, 1.0 mm above the VTA and aimed at the following coordinates : - 5.7 mm
posterior to bregma, + 0.6 mm lateral from the midline, and - 7.4 mm ventral from the
skull surface (Paxinos and Watson, 1986). The stereotaxic arms were angled at 15
degrees from the perpendicular and the skull was level between lambda and bregma

(i.e., flat skull position).

Drugs

DiMe-C7 (Sigma, St. Louis, MO), morphine sulphate (BDH Inc., Québec), and
D-amphetamine sulfate (Smith Kline Beecham, Oakville, Ontario) were used exactly as
described in Experiment 6. Apomorphine hydrochloride (Sigma, St. Louis, MO) was
dissolved in 0.001 N hydrochioric acid and injected s.c. using a dose of 0.05 mg/kg.
This dose of apomorphine, which acts specifically at autoreceptors, has been shown
previously to prevent sensitization to the behavioural effects of amphetamine (Riffee &

Wilcox, 1985)



Design and Procedure

Rats were pretreated with apomorphine (0.05 mg/kg; s.c.) or the vehicle, 10
minutes prior to receiving either bilateral infusions of DiMe-C7 (3.0 ng/0.5 ul/side) or
morphine (3.0 ug.0.5 pl/side) into the VTA, or bilateral infusions of amphetamine (2.5
ng/0.5 pl/side) into the NAS. Rats received a s.c. injecton of 0.05 ml of 2.5 %
formalin into the plantar surface of one hind paw immediately following the last

intracranial infusions.

Rats assigned to conditions Apomorphine-DiMe-C7 and Vehicle-DiMe-C7
(Figure 31), Apomorphine-Morphine and Vehicle-Morphine (Figure 32), and
Apomorphine-Amphetamine and Vehicle-Amphetamine (Figure 33) were tested in the
formalin test using a counterbalanced within-subjects design. Thus, animals were tested
twice in the formalin test, at a 1-week interval. Either the right or left hind paw was
injected on successive tests. Rats assigned to all the remaining conditions were tested in

the formalin test once, using a between-subjects design.

Statistical Analyses

To verify whether DiMe-C7, morphine. and amphetamine induced significant
analgesia and whether pretreatment with the antagonists or apomorphine had any effects
on its own, separate two-way ANOVAs were conducted with Treatment Group
(Vehicle-Drug vs. Apomorphine-Vehicle vs. Vehicle-Vehicle) as the between-subjects
variable and Time (10 post-infusion time-points) as the within-subjects variable; because
most of the effects of the drugs occurred within the first 30 minutes of testing, only the
first 10 post-infusions time-points were included in the analyses. All analyses were
followed, when appropriate, by Tukey's post-hoc test for overall differences between
groups. To examine the effects of pretreatment with apomorphine on the analgesic

effects of DiMe-C7, morphine, and amphetamine. two-way ANOV As were conducted
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with Pretreatment Condition (Apomorphine-Drug vs. Vehicle-Drug) and Time (10 post-
infusion time-points) as within-subjects variables. Tests for simple main effects were
used when appropriate to analyze the differences at each time point between the two
conditions. Data from an animal were included in the analyses only if the injector tips

were located within 0.5 mm of the target area.

Results

The effect on formalin pain responses of DiMe-C7 (3.0 ug/0.5 pl/side) infused
into the VTA in rats pretreated with apomorphine (0.05 mg/kg) is shown in Figure 31.
The ANOVA conducted with Treatment Group (Vehicle-DiMe-C7 vs. Apomorphine-
Vehicle vs. Vehicle-Vehicle) and Time variables yielded a significant overall Treatment
Group effect, F (2, 17) = 16.022, P < 0.001. As shown by comparing groups Vehicle-
DiMe-C7 and Vehicle-Vehicle, DiMe-C7 infused into the VTA significantly attenuated
pain scores (P <0.05). The ANOVA conducted with Pretreatment Condition
(Apomorphine-DiMe-C7 vs. Vehicle-DiMe-C7) and Time variables indicated that there
was no significant overall main effect, F (1,5) =0.071, P =0.79. As seen by
comparing condidons Apomorphine-DiMe-C7 and Vehicle-DiMe-C7, apomorphine
pretreatment did not reverse the analgesic effects induced by intra-VTA DiMe-C7.
Pretreament with apomorphine alone appeared to elevate pain scores, as shown by
comparing conditions Apomorphine-Vehicle (closed triangles) and Vehicle-Vehicle

(open circles). This trend, however, was not statistically significant.

The effect on formalin pain responses of morphine (3.0 ug/0.5 pl/side) infused
into the VTA in rats pretreated with apomorphine (0.05 mg/kg) is shown in Figure 32.
The ANOVA conducted with Treatment Groups (Vehicle-Morphine vs.Apomorphine-
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Time (min)

Mean formalin pain scores (+ S.E.M.) following bilateral intra-
VTA infusions of DiMe-C7 (3.0 ng/0.5 pl/side), or the vehicle, in
rats pretreated with apomorphine (0.05 mg/kg) or the vehicle.
Animals (n = 6) assigned to condidons Apomorphine-DiMe-C7 and
Vehicle-DiMe-C7 were tested in a counterbalanced within-subjects
design. Separate groups of animals were assigned to conditions
Apomorphine-Vehicle (n = 6) and Vehicle-Vehicle (n = 8).



Pain Score

—®— Apomorphine-Morphine
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Mean formalin pain scores (+ S.E.M.) following bilateral intra-VTA
infusions of morphine (3.0 ug/0.5 pl/side), or saline, in rats
pretreated with apomorphine (0.05 mg/kg) or the vehicle.
Significant differences between Apomorphine-Morphine and
Vehicle-Morphine conditions : * p <0.001; ** p <0.005; 7 p <
0.05. Animals (n = 6) assigned to groups Apomorphine-Morphine
and Vehicle -Morphine were tested in a counterbalanced within-
subjects design. Animals assigned to groups Apomorphine-Saline
(n =4) and Vehicle-Saline (n = 6) were tested in a between-subjects
design.



Saline vs. Vehicle-Saline) and Time as variables revealed a significant overall main
effect of Treatment Groups, F (2, 14) =8.517, P <0.005. It can be seen by comparing
groups Vehicle-Saline and Vehicle-Morphine that intra-VTA morphine induced
significant analgesia (P< 0.05). The ANOVA conducted with Pretreatment Condition
(Apomorphine-Morphine and Vehicle-Morphine) and Time as variables yielded a
significant main effect of Pretreatment Condition, F (1, 5) = 39.93, P < 0.005. As
shown by comparing conditions Apomorphine-Morphine and Vehicle-Morphine,
apomorphine pretreatment completely prevented the analgesic effect induced by intra-
VTA morphine. Apomorphine pretreatment alone did not have a significant effect on

pain scores.

The effect on formalin pain responses of amphetamine (2.5 pg/0.5 pl/side)
infused into the NAS in rats pretreated with apomorphine (0.05 mg/kg) is shown in
Figure 33. The ANOVA conducted with Treatment Group (Vehicle-Amphetamine
vs.Vehicle-Saline vs. Apomorphine-Saline) and Time variables revealed a significant
overall main effect of Treatment Group, F ( 2, 13) = 13.455, P < 0.001. As seen by
comparing Vehicle-Amphetamine and Vehicle-Saline conditions, amphetamine infused
into the NAS elicited significant analgesia (P <0.05). The ANOVA conducted with
Pretreatment Condition (Apomorphine-Amphetamine vs.Vehicle-Amphetamine) and
Time as variables revealed that there was no significant main effect of Pretreatment
Condition, F (1, 4) = 0.02, P = 0.89. Thus, apomorphine pretreatment did not
artenuate the analgesic effect induced by intra-NAS amphetamine. Also, as seen in
Figure 33, apomorphine pretreatment alone appeared to elevate pain scores, but this

effect was not statistically significant.
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Pain Score

—®— Apomorphine-Amphetamine
3.0 - —®&— Vehicle-Amphetamine
— & Apomorphine-Saline
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2.01
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0.0

Mean formalin pain scores (+ S.E.M.) following bilateral inra-NAS
infusions of amphetamine (2.5 pg/0.5 yl/side), or saline, in rats
pretreated with apomorphine (0.05 mg/kg) or its vehicle. Animals
(n = 5) assigned to Apomorphine-Amphetamine and Vehicle-
Amphetamine conditions were tested in a counterbalanced within-
subjects design. Separate groups of animals were assigned to
Apomorphine-Saline (n = 5) and Vehicle-Saline (n = 6) condidons.
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Figure 34 illustrates the location of the internal injector cannulae tips in the VTA.
As shown, 69 rats had their tips within the limits of the VTA. The data for three rats

were discarded because their tips were not within the limits of the VTA.

Discussion

The results obtained from these experiments indicate that decreased DA release
in midbrain ascending neurons by pretreatment with a low autorector-specific dose of
apomorphine blocks the analgesic effects of intra-VTA morphine, but not of intra-NAS
amphetamine or intra-VTA DiMe-C7 in the formalin test. These findings suggest that
enhanced DA transmission in midbrain ascending neurons plays an important role in
mediating the inhibition of tonic pain induced by morphine, but not amphetamine nor
SP. At first glance, these findings might appear to be inconsistent with those of
Experiment 6 showing that pretreatment with the DA receptor antagonist, raclopride,
prevents the analgesic effects of intra-VTA SP, intra-VTA morphine, and intra-NAS

amphetamine.

The differential effects of pretreatment with a low dose of apomorphine on SP-,
morphine-, and amphetamine-induced analgesia can be explained, however, by the
different neurochemical actions of these drugs on midbrain DA ascending neurons.
Morphine and other mu opioids are thought to activate DA transmission in the
mesolimbic systemn indirectly by simulating mu receptors located on GABA
interneurons in the VTA, the effects of which in turn inhibit the inhibitory effects of
GABA on midbrain DA ascending neurons (e.g., Johnson & North, 1992; Matthews &

German, 1984). Thus, because morphine increases firing in DA neurons indirectly by
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Location of the internal injector cannulae dps in the VTA (n =
69/side) of all rats tested in Experiment 7. Drawings (adapted
from Adobe [llusmator 3.5 tor Windows) are from the atlas by
Swanson (1992). Values on the right represent distance in mm

caudal from bregma.
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the inhibition of GABA interneurons, any effect of the opioid is blocked by a low dose
of apomorphine because its depressant effects on DA impulse flow cannot be
counteracted by the opioid. In contrast, SP increases firing in midbrain DA neurons by
stimulating tachykinin receptors located directly on DA cell bodies in the VTA (Stoessl,
1992). Amphetamine, on the other hand, promotes synaptic DA release independently
from cell firing and blocks DA reuptake from terminals (Kuzcenski, 1983; Reith et al.,
1986). Thus, intra-VTA SP and intra-NAS amphetamine elicit analgesia despite
pretreatment with a low dose of apomorphine because its effects on DA release are

counteracted by the direct actions of SP and amphetamine on midbrain DA neurons.
The present results are, therefore, in accordance with those of Experiment 6 in

showing that enhanced DA transmission in midbrain ascending neurons plays an

important role in the inhibition of tonic pain.
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General Discussion

In the first series of experiments presented in this thesis, the analgesic effects of
the SP analog, DiMe-C7, infused into the cell body region of the VTA (Alter &
Stewart, 1993) were further explored by examining the role of tachykinin NK-1 and
NK-3 receptors in both the VTA and terminal projection site in the NAS in the
modulation of tonic pain. It was found that agonists selective for the tachykinin NK-1
and NK-3 receptor subtypes induce analgesia in the formalin test for tonic pain when
they are infused into either the VTA or the NAS (Experiments | and 2). Atboth sites of
infusions, the NK-1 agonist, GR-73632, appeared to be, within the range of doses
used, more effective at inducing analgesia in the formalin test than the NK-3 agonist,
senktide. Because neither infusions of the SP analog, DiMe-C7, made 1.0 mm dorsal
to the VTA (Alder & Stewart, 1993) nor infusions of either GR-73632 or senktide made
1.0 mm dorsal to the NAS induce analgesia in the formalin test (Experiment 2), it is
likely that the tachykinin agonists were acting at receptors in the VTA and NAS. These
findings are consistent with the previous report that intra-VTA infusions of the SP
analog, DiMe-C7, induce analgesia in the formalin test (Altier & Stewart, 1993) and
extend it by showing that SP also acts in the NAS to modulate tonic pain. These
findings also lend support to previous studies implicating midbrain ascending DA
neurons in the modulation of tonic pain (Anderson & Rompré, 1996: Clarke &
Franklin, 1992; Franklin, 1990; Manning et al., 1994; Morgan, 1990; Morgan &
Franklin, 1990, 1991).

The analgesic effects induced by tachykinin NK-1 and NK-3 selective agonists
infused into either the VTA or NAS were dose-dependent, especially in the case of the

NK-1 selective agonist, as revealed by the weighted-pain scores method described by
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Dubuisson and Dennis (1977). More specifically, it was found that, as the doses of
these agonists escalated, pain scores decreased progressively. It is likely that these
agonists induced analgesia, using the weighted-scores method, by affecting all
behavioural responses reflecting various pain intensities. Evidence in support of this
idea comes from the results described in Experiment 1 on the effects of escalating doses
of the NK-1 agonist, GR-73632, infused in the VTA on the time spent in each
behavioural category. It was found that, as the doses of GR-73632 increased, animals
spent progressively less time in behavioural categories reflecting more intense pain and
more time in those reflecting less intense pain (see Figure 2). Similar findings were
reported by Coderre et al. (1993) using various escalating doses of morphine
administered systemically. The findings that GR-73632 and morphine (Coderre et al.,
1993) induce analgesia dose-dependently, as revealed by the weighted-pain scores
method, and affect dose-dependently the time spent in all behavioural categories suggest
that it is a valid method for studying the effects of manipulations in the formalin test for
tonic pain. In addition, these findings support the idea that the weighted-pain scores
method accurately describes the overall experience of tonic pain by measuring several

pain-related behaviours reflecting varying intensites of pain.

The inhibidon of formalin-induced tonic pain by intra-VTA or intra-NAS
infusions of tachykinin agonists does not appear to be mediated by endogeneous
opioids, for this inhibition was not prevented by pretreatment with the opioid receptor
antagonist, naltrexone (Experiment 3). These findings are different from those of other
studies showing that the analgesic effects of SP administered either systemically or into
the ventricles are mediated indirectly via the release of endogeneous opioids (Del Rio et
al. 1983; Frederickson et al. 1978; Malick and Goldstein, 1978; Naranjo et al. 1982 a,b;
Yashpal et al., 1995). The finding that tachykinin agonists infused into the VTA or

NAS elicit analgesia independently from opioid mechanisms probably reflects the fact
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that SP terminals make direct contacts with cell bodies in the VTA (Tamiya et al., 1990)
and terminals in the NAS (Pickel et al., 1988), thereby allowing for the direct interaction

of SP with the mesolimbic DA system (see Discussion of Experiment 3).

Effects of Manipulations in the Mesolimbic DA System on Tonic and

Phasic Pain

One of the most interesting findings revealed from the present investigation is
that manipulations of the mesolimbic DA system produce different effects depending on
the type of pain test employed. More specifically, it was found that stimulation of
tachykinin NK-1 and NK-3 receptors in either the VTA or NAS induces analgesia in the
formalin test for tonic pain (Experiments 1 and 2), but not in the tail-flick test for phasic
pain (Experiment 4). Similarly, whereas infusions of morphine into the VTA inhibit
tonic pain in the formalin test (Manning et al., 1994; Morgan, 1990; also see
Experiments 6 and 7), they are without effects in the tail-flick test (Experiment 4).
These findings parallel those of previous studies using intra-VTA DiMe-C7 and intra-
NAS amphetamine (Altier & Stewart, 1993), as well as those of Morgan and Franklin
(1990), who showed that 6-hydroxydopamine lesions of midbrain DA neurons attenuate
morphine- and amphetamine-induced analgesia in the formalin, but not the tail-flick test.
The present findings are also in uccordance with previous findings indicating that DA
agonists produce analgesia in the formalin test (Dennis & Melzack, 1983; Lin etal,,
1989; Morgan & Franklin, 1991; Skaburskis, 1980), but are either without effect or
elicit hyperalgesia in phasic pain tests (Ben-Sred et al., 1983; Caroll & Lim, 1960;
Dennis & Melzack, 1983; Dunai-Kovidcs & Székely, 1977; Gonzales et al., 1980:.
Hernandez et al., 1986; Misra et al., 1987: Nott, 1968; Pertovaara et al., 1988;
Robertson et al., 1981; Tocco & Maickel, 1984; Tocco et al., 1985; Tulunay et al.,,

1976; Witkin et al., 1961). The present findings provide additional evidence in support
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of the idea that the neural substrates underlying the inhibition of tonic pain are
fundamentally different from those underlying the inhibition of phasic pain. As
described previously, there is considerable evidence indicating that analgesia in tonic
and phasic pain tests are also dissociable with respect to manipulations of serotonergic
(e.g., Abbott & Melzack, 1982a, b; Abbott & Young, 1988), noradrenergic (Dennis &
Melzack, 1980), opioidergic (e.g.Cohen & Melzack, 1985) systems and with respect to

the phenomenon of tolerance to morphine analgesia (Abbott et al., 1981, 1982).

The biological significance of this dissociation in the effects of drugs (e.g.,
tachykinin agonists, opioids) on tonic versus phasic pain is unclear. One possibility is
that this dissociation evolved to promote survival under conditions of stress. As
described previously, exposure to swess causes the release of opioids and SP in the
VTA which, in turn, augment DA transmission in terminals fields of midbrain ascending
neurons. The evidence provided here and in past studies that enhanced activity of these
peptides and transmitter (Altier & Stewart, 1993), at sites where they are endogeneously
released by stress, inhibits tonic pain in the formalin test, but is without effect in the tail-
flick test for phasic pain suggests that, under naturally stressful conditions, these
mechanisms may function to minimize the behavioural recuperative responses to pain
when it is tonic and inescapable, but preserve reflexive withdrawal and active avoidance
when pain is phasic and escapable. Thus, by inhibiting tonic pain without affecting
phasic pain, these neural mechanisms may serve to help organisms cope with stress and
pain more effectively while preventing or minimizing further tissue damage. This
possibility may also help to explain why exogeneous opioids relieve clinical post-
operative pain but fail, except at high doses, to suppress the sensations caused by the

surgical wound (Dennis & Melzack, 1979; Jaffe & Martin, 1980).
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Similarities and differences in the neural substrates underlying the inhibition of tonic

versus phasic pain

Although there are reports that structures rostral to the periaqueductal gray
mediate analgesia in phasic pain tests (e.g., Baumeister et al., 1987, 1988, 1993,
Hardy, 198S; Terenzi et al., 1990; Terenzi & Prado, 1990), there is considerable
evidence to suggest that the inhibition of phasic pain depends to a greater extent on the
activation of a brainstem-descending pain-suppression system that originates in the
periaqueductal gray. The latter brainstem site also plays a role in the modulation of tonic
pain. For instance, it has been shown that infusious of morphine or electrical
stimulation into the periaqueductal gray induce analgesia in the formalin test (Manning et
al., 1994; Vaccarino & Chorney, 1994). Thus, the neural systems that underlie the
inhibition of phasic and tonic pain appear to be the same at the level of the periaqueductal
gray. In contrast to phasic pain, however, tonic pain appears to be additionally
modulated by a pain-suppression system located at sites more rostral to the
periaqueductal gray, one component of which appears to depend upon the activation of
the mesolimbic DA system, through the release of various peptides, such as
endogeneous opioids and SP. The habenula is another site that has been shown to play
a role in the modulation of tonic pain (Cohen & Melzack, 1985, 1986, 1993; Fuchs &
Cox, 1993). Interestingly, exposure to stress causes the release of SP in the VTA from
terminals thought to originate in the habenula (Lisoprawski et al., 1981). Given the
evidence presented in this thesis implicating midbrain SP in the inhibition of tonic pain,
it is possible that the habenula, VTA, and NAS are interconnected in the same circuitry
that serves to modulate tonic pain. Future studies should be conducted to explore this

idea.



The Role of Midbrain SP in Stress-Induced Analgesia

It was hypothesized that SP release in the VTA might mediate stress-induced
analgesia in the formalin test. This idea was based on the evidence that the stimulation
of SP receptors in the VTA mediates the stress-induced activation of midbrain ascending
DA neurons (Bannon et al., 1983), that exposure to stress causes the release of SP in
the VTA (Bannon et al., 1983, Deutch et al., 1985; Lisoprawski et al., 1981) and
inhibits tonic pain (Fanselow, 1982), and that stimulation of SP receptors in the VTA by
infusions at this site of the SP analog, DiMe-C7, and selective tachykinin NK-1 and
NK-3 agonists induce analgesia in the formalin test (Experiment 1). Experiment 5 was
designed therefore to examine the effect of blocking SP receptors in the VTA on stress-
induced analgesia in the formalin test. [t was found that intra-VTA pretreatment with the
selective NK-1 receptor antagonist, RP 67580, prevents footshock stress-induced
analgesia in the formalin test, suggesting that the stimulation of SP receptors in the VTA
is a mechanism underlying the stress-induced inhibition of tonic pain. This finding,
together with the evidence that the stimulation of SP receptors in the VTA mediates the
stress-induced activation of midbrain DA systems, also suggests that exposure to stress
induces analgesia in the formalin test by causing, at least in part, the release of SP in the
VTA which in turn activates midbrain ascending DA neurons. Support for this idea is
providéd by the results of Experiment 7 in which it was found that the analgesic effects
induced by intra-VTA infusions of the SP analog, DiMe-C7, are abolished by intra-

NAS pretreatment with the DA D-2 receptor antagonist, raclopride.

It was mentioned in the Introduction that exposure to stress induces analgesia
that is either opioid- or non-opioid-mediated and that the neurochemical nature of stress-
induced analgesia is determined by several variables, the most important being stress

severity (intensity x duration; e.g., Terman et al., 1984). In a previous study, it was
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found that exposure to footshock stress, using the same parameters as those used here,
causes analgesia that is mediated, at least in part, by the stimulation of opioid receptors
in the VTA (Altier & Stewart, 1996). More specifically, it was found that infusions into
the VTA of the opioid receptor antagonist, naltrexone methylbromide, at a dose (0.2
pg/rat) reported previously to prevent the stress-induced activation of midbrain DA
systems (Kalivas & Abhold, 1987), attenuate footshock stress-induced analgesia in the
formalin test. This finding suggests that thé stimulation of opioid receptors in the VTA
contributes significantly to the stress-induced analgesia reported in the present study.
Furthermore, this finding, together with the present finding that the stimulation of NK-1
receptors in the VTA also contributes significantly to stress-induced analgesia in the
formalin test, suggests that both opioid and non-opioid mechanisms in the VTA are

involved in mediatng the stress-induced inhibition of tonic pain.

Given the findings that exposure to stress inhibits tonic pain by causing the
stimulation of SP and opioid receptors in the VTA, it was surprising to find that the
blockade of either receptors at this site prevented stress-induced analgesia in the formalin
test. It may be that intra-VTA blockade of SP receptors was effective at preventing
stress-induced analgesia, despite concurrent simulation of opioid receptors in the VTA,
because SP directly activates midbrain ascending DA neurons by stimulating tachykinin
receptors located on the DA neurons (Stoessl, 1992), whereas the effect of opioids
acting at this site on the DA neurons is indirect (Johnson & North, 1992). On the other
hand, the antagonism of opioid receptors in the VTA may have similarly been effective
at preventing stress-induced analgesia, despite concurrent SP receptor stimulation at this
site, because the inhibitory effect of intra-VTA opioid receptor blockade on the DA
neurons can counteract the direct excitatory effect of SP receptor stimulation on the same

neurons.
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The findings reported in the present thesis and elsewhere (Del Rio & Naranjo,
1983; Frederickson et al., 1978; Kotani et al., 1981; Malick & Goldstein, 1978;
Mészaros et al., 1980; Naranjo & Del Rio, 1982; Naranjo et al., 1981; Starretal.,
1978; Stewart et al., 1976; Szreniawski et al., 1979; Yeomans & Proudfit, 1992)
implicating SP in analgesia may appear counterintuitive in light of the role that SP is
considered to play in the ransmission of nociceptive information from the periphery to
higher levels of the central nervous system (e.g., Brodin et al., 1987; Go et al., 1987,
Henry, 1976; Kuraishi et al., 1985). Indeed, SP is present in the dorsal horn of the
spinal cord (Cuello et al., 1977; Cuello & Kanazawa, 1978; Hokfelt et al., 1977), where
small dizmeter primary afferent fibers coming from the periphery terminate (Light &
Perl, 1979; Sugiura et al., 1986) and where high concentrations of SP receptors are
present (Quirion et al., 1983; Yashpal et al., 1990). Furthermore, it has been shown
that SP in the dorsal horn preferentally excites nociceptive-sensitive neurons (De
Koninck & Henry, 1991; Henry, 1976; Radhakrishnan & Henry, 1991; Salter &
Henry, 1991) and that this effect is blocked by an NK-1 receptor antagonist (De
Koninck & Henry, 1991; Radhakrishnan & Henry, 1991). It has also been reported
that intrathecal (i.e., spinal) administration of SP elicits hyperalgesia in the tail-flick test
(e.g., Cridland & Henry, 1986; Rochford & Henry, 1988; Yashpal et al., 1993) and
that pretreatment with an NK-1 receptor antagonist blocks this effect (Yashpal et al.,
1993). Similarly, NK-1 receptor antagonism has been shown to reduce the behavioural
responses to noxious thermal and chemical stimulation (Yashpal et al., 1993). Finally,
there is evidence from the clinical literature that humans afflicted with a congenital
depleton of SP-containing afferents display diminished pain sensitivity (Pearson et al.,

1982).

These opposing roles of SP in the transmission and modulation of pain may be

understood, however, when it is considered that aversive simuli can, in themselves, be

142



the source of pain inhibition. Indeed, there is ample evidence that, as mentioned
previously, exposure to a wide variety of stressors induces analgesia (e.g., Fanselow,
1984; Fanselow & Sigmundi, 1986; Lewis et al., 1983; Maier et al., 1984). Moreover,
there is evidence that exposure to noxious painful stimuli suppresses the response to
another noxious painful stimulus delivered to a different part of the body (Le Bars et al,,
1979 a,b; Yashpal et al., 1995) and it appears that this effect is mediated by SP (Yashpal
et al., 1995). In fact, many remedies used in folk medecine to combat pain involve pain
infliction (see Melzack & Wall, 1988, and Melzack, 1989, for review). For instance,
cupping, which involves placing an inverted glass cup heated by flaming alcohol or
coals over a a painfui body part, was used historically io alleviate pain resulting from a
number of conditions such as headaches, backaches, and arthritis. Other strategies that
make use of pain to inhibit pain include scarification, cauterization, counterirritation,
acupuncture, and transcutaneous electrical nerve stimulation (see Melzack & Wall, 1988,

for review).

Interestingly, SP is released in the VTA in response to stress (Bannon et al.,
1986; Deutch et al., 1983, 1985; Lisoprawski et al., 1981) and, recently, it has been
found that formalin-induced pain increases the number of DA neurons in the VTA
expressing Fos-positive immunoreactivity (Ma et al., 1993). Thus, the evidence that
exposure to stress or pain inhibits pain and activates midbrain DA systems, that SP in
the VTA plays a role in mediating stress-induced analgesia, and that pain-induced
analgesia is mediated by SP suggests that SP release in the VTA is part of an
endogenous pain-suppression system that is naturally triggered by exposure to aversive

stimuli such as stress and pain.
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The Analgesic Effects of Tachykinin Agonists, Morphine, and

Amphetamine

In the present investigation, it was found that infusions of either the SP analog,
DiMe-C7, tachykinin NK-1 or NK-3 selective agonists, or morphine into the VTA, and
infusions of amphetamine into the NAS induce potent analgesia during approximately 30
minutes in the formalin test for tonic pain. Intra-VTA infusions of either DiMe-C7,
NK-1 or NK-3 agonists, or mu opioid agonists, and intra-NAS infusions amphetamine
have been shown previously to induce biochemical and behavioural effects lasting for at
least one hour (e.g., Boss et al., 1988; Eison et al., 1982a,b; Elliott & Iversen, 1986;
Joyce et al., 1981; Kalivas & Richardson-Carlson, 1986; Kalivas et al., 1983; Latimer
et al., 1987; Stinus et al., 1980). It was, therefore, somewhat surprising to find that
these compounds induced analgesia in the formalin test for no longer than 30 minutes.
These differences in time course suggest that the effects of DiMe-C7, NK-1 and NK-3
selective agonists, morphine, and amphetamine infused at sites within the mesolimbic
DA system on tonic pain are short-lasting. Previous studies also found that intra-VTA
morphine (Manning et al., 1994) and intra-NAS amphetamine (Morgan, 1990) induce
analgesia during 30 minutes following the intracranial infusions. Unfortunately, for
comparison purposes, it is not known from these previous studies whether the analgesic
effects were also short-lasting, as in the present studies, because pain responses were

not recorded beyond 30 minutes following the intracranial infusions.

It is unlikely that the short-lasting analgesic effects induced by intra-VTA
tachykinin agonists, inra-VTA morphine, and intra-NAS amphetamine were due to a
selectivity of the effects on the early pain phase because analgesia was observed during
both the early pain phase and during the first part of the late pain phase of the formalin

test. In support of this, it was found, in a previous study, that intra-VTA infusions of
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DiMe-C7 made 25 minutes following a formalin injection induce analgesia during
approximately 30 minutes (Altier & Stewart, 1993). Similarly, morphine and
amphetamine infused into the VTA and NAS, respectively, 20 minutes following a
formalin injection induce analgesia during the late pain phase (Morgan, 1990; Manning
et al., 1994).

It is unclear why the analgesic effects induced by intra-VTA tachykinin agonists,
intra-VTA morphine, and intra-NAS amphetamine are short-lasting. One possibility is
that the short-lasting analgesia and the rapid reinstatement of tonic pain responses serve
an adaptive function under conditions of stress. More specifically, it is possible that the
short-lasting analgesic effects induced by the activation of the mesolimbic DA system by
SP, morphine, and amphetamine serve to reduce pain temporarily, allowing the animal
to engage in defensive behaviours (i.e., fight or flight) while the threat may still be
present. When an organism successfully escapes from the stressor or when the threat
poses no more danger, analgesia may no longer serve a purpose and thus gradually
dissipates, perhaps through the activation of an anti-analgesic system involving
neuropeptide FF (Altier & Stewart, 1997), thereby allowing the organism to engage in
recuperative behaviours (i.e., limping) which promote healing of the injured body part.
The evidence that SP, opioids, and DA are all natrally release by exposure to stress at

sites within the mesolimbic DA system lends support to this idea.

The Role of DA in the NAS in Analgesia

Based on several lines of evidence described previously, it was hypothesized
that enhanced DA transmission in the NAS mediates the analgesic effects of tachykinin
agonists, morphine, and amphetamine in the formalin test. Experiments were designed,

therefore, to examine the effects of DA receptor antagonism into the NAS on analgesia
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induced by intra-VTA infusions of either the SP analog, DiMe-C7, or morphine, and
intra-NAS infusions of amphetamine. The results indicated that pretreatment with the
DA D-2 receptor antagonist, raclopride, infused into the NAS prevents the analgesic
effects induced by intra-VTA DiMe-C7, intra-VTA morphine, and intra-NAS
amphetamine. It was also found that intra-NAS pretreatment with either the selective
DA D-1 receptor antagonist, SCH 23390, or the mixed DA D-1 and D-2 receptor
antagonist, flupenthixol, attenuates the analgesic effects induced by DiMe-C7 infused
into the VTA. These findings suggest that a mechanism underlying the inhibition of
tonic pain is the stimuladon of DA D-1 and D-2 receptors in the NAS by DA released
from terminals of mesolimbic neurons. In support of this idea, it was found, in
Experiment 7, that reduced DA release in midbrain ascending systems, by the
administration of a low autoreceptor-specific dose of apomorphine, prevents the

analgesic effect of morphine infused into the VTA.

With regards to the effects of blocking DA receptors in the NAS or reducing DA
release in midbrain systems on tonic pain, it was found that intra-NAS infusions of
either raclopride, SCH 23390, or flupenthixol, and systemic apomorphine had no effect
on their own on pain responses in the formalin test. Although these manipulations
appeared to induce mild hyperalgesia (i.e., increased pain responsiveness), this effect
was expected to be more pronounced given the evidence presented in this thesis that DA
plays a role in modulating tonic pain. It is possible, however, that these manipulations
were not effective at inducing the expected hyperalgesic effects because pain scores,
recorded following an injection of 2.5 % formalin , show a ceiling effect. In support of
this idea, it has been reported in a previous study that pain scores recorded following the
injection of 5.0 % formalin do not differ from those recorded following the injection of
2.5 % formalin (Coderre et al., 1993). These findings suggest that it might be

worthwhile re-examining the effects of biocking DA receptors in the NAS or reducing
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DA release in midbrain systems on tonic pain, using a concentration of formalin lower

than that used in the present studies.
Analgesia and Reward : A Common Neural Substrate ?

There is considerable evidence to suggest that psychostimulant drugs such as
amphetamine, cocaine and mu agonists such as heroin or morphine are rewarding and
that a common primary event underlying this effect is enhanced DA transmission in the
NAS (e.g., Fibiger & Phillips, 1988; Koob & Bloom, 1988; Wise, 1987, 1988, 1989;
Wise & Rompré, 1989). For instance, these psychostimulants have all been reported to
be self-administered and to induce conditioned place preference (e.g., Bals-Kubic et al.,
1993; Bozarth, 1987; Phillips & LePiane, 1980; Shippenberg et al., 1993) and there is
considerable evidence indicating that these effects are abolished by 6-hydroxydopamine
lesions or infusions of DA antagonists directly into the NAS (Boss et al., Kelly &
Iversen, 1976; Kelly et al,, 1975; Kelsey et al., 1989; Lyness et al., 1979; Phillips et
al., 1983; Pijnenberg et al., 1975 a, b; Shippenberg et al., 1993). In addition, it has
been shown that drugs that are rewarding in these paradigms all share the ability to
enhance DA release in the NAS (Di Chiara et al., 1987). There is also evidence
indicating that SP is rewarding in the conditioned place preference paradigm (Hasendhrl
et al., 1990; Holzhiuer-Oitzl et al., 1987; Huston & Oitzl, 1989; Oitzl et al., 1990;
Riidiger et al., 1991; Stdubli & Huston, 1985). Although the role of DA in the NAS
was not examined in these studies, it is interesting to note that, as in the case of
psychostimulant drugs, SP enhances DA ransmission in the NAS (Boix et al., 1992 a,
b; Cador et al., 1985a; Elliott et al., 1986). Given the latter evidence and that
implicating DA transmission in the NAS in reward, it likely that DA in the NAS plays a

role in the rewarding effects of SP, although this needs to be verified experimentally.
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Interestingly, as mentioned throughout this thesis, the psychostimulant drugs
amphetamine, cocaine, morphine, and the SP analog, DiMe-C7, are effective at
inhibiting tonic pain and it appears that enhanced DA transmission in the NAS is an
important mechanism underlying this effect (Experiments 6 and 7). The evidence that
amphetamine, morphine, and DiMe-C7 are both rewarding and analgesic in the formalin
test and appear to induce these behavioural effects primarily by causing the release of
DA from terminals of mesolimbic DA neurons suggests that the neural substrates that
mediate reward and analgesia (more specifically, the inhibition of tonic pain) are the
same. In fact, as Franklin (1989) also pointed out, the findings that all drugs that are
rewarding are also analgesic in the clinical situation supports this idea. There is some
recent evidence, however, indicating that these substrates are dissociated at the level of
the pedunculopontine tegmental nucleus, the latter of which is part of the brain circuitry
mediating the behavioural effects of psychostimulant drugs (e.g., Klitenick & Kalivas,
1994). Indeed, Olmstead and Franklin (1993) have shown that lesions of the
pedunculopontine tegmental nucleus abolish the rewarding effects of morphine in the
conditoned place preference paradigm, but are without effects on morphine analgesia in

the formalin test.

Analgesia and Affect

The findings that drugs that are rewarding are also effective against clinical pain,
and that both reward and analgesia in the formalin test appear to be mediated by a
common neural substrate involving the activation of the mesolimbic DA system provide
clues as to the nature of the inhibition of tonic pain. Psychostimulant drugs are thought
to be rewarding because they induce positive affect (Gunne et al., 1972; Jaffe & Martin,
1985). This finding, combined with the evidence suggesting that reward and analgesia

in the formalin test are mediated by a commo: nzural cubstrate, and that drugs that are
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rewarding are also potent analgesics in the clinical situation, suggest that
psychostimulant drugs inhibit clinical pain and tonic pain in the formalin test by
alleviating negative affect, the latter of which is strongly associated with these types of
pain. Reports from the clinical literature support this idea. For instance, it has been
observed that relief from post-operative pain following opioid administration is
associated with a change in mood and that patients treated with opioids often report that
they still feel the pain but are no longer bothered by it (Franklin, 1989; Jaffe & Martin,
1975). Thus it appears that opioids cause ' dissociative analgesia ' by alleviating the
affective-motivational ' suffering ' dimension of clinical pain without modulating the

sensory-discriminative dimension of clinical pain.

The idea that reward and analgesia in the formalin test are associated behavioural
phenomena, in that they are the result of the positive affect-enhancing effects of
psychostimulant drugs, may be better understood by viewing them on a hedonic
continuum (Morgan, 1990; Young, 1961), with extreme negative and positive affect
located at opposite ends, and normal affect located in the middle of the continuum. Thus
under conditons of tonic pain and, hence, strong negative affect, psychostimulant drugs
may induce ' dissociative ' analgesia by shifting affect from one extreme closer towards
normal levels at the middle of the continuum. In contrast, under pain-free conditions,
these drugs may be rewarding because they shift affect from normal levels closer
towards extreme positive affect at one end of the continuum. Viewing reward and
analgesia on this continuum might help to explain why opioids neither induce tolerance
nor result in drug dependence when taken on a long-term basis solely for the relief of
clinical pain, whereas they induce these effects in humans not experiencing clinical pain.
More specifically, it is possible that these problems are not encountered when using
opioids for the management of clinical pain because opioids modulate the affective

dimension of clinical pain by helping patients to achieve levels of affect that are normally
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experienced in a pain-free state. In contrast, when opioids are taken during a pain-free
state and, therefore, in the absence of negative affect, they induce levels of positive

affect that are rewarding and hence lead to habit-formation and tolerance.

Several other lines of evidence support the idea that analgesia in the clinical
situation and in the formalin test is due to the alleviation of negative affect. For
instance, there are reports indicating that manipulations carried out in midbrain
ascending neurons are effective at suppressing the responses to aversive stimuli, the
latter of which, like tonic pain, are presumably associated with significant negative
affect. Thus, it has been reported that rewarding electrical stimulation of the VTA,
which induces analgesia in the formalin test (Anderson & Rompré, 1996), prevents the
escape responses elicited by concomitant aversive electrical stimulation of the nucleus
reticularis gigantocellularis (Anderson et al., 1995), a site involved in aversion (e.g.,
Casey, 1971; Guilbaud et al., 1973). It has also been shown that enhanced DA
transmission in the NAS plays an important role in mediating the suppression of
aversive somatic withdrawal symptoms (Harris & Aston-Jones, 1994), as it does in
mediating that of tonic pain (Experiment 6 and 7). Finally, it is interesting to note that
the analgesia induced by escalating doses of systemic morphine (Coderre et al., 1993) or
infusions of the NK-1 agonist, GR 73632, into the VTA (Experiment 1) is characterized
by progressive decreases in the time spent in behavioural categories reflecting more
intense pain (i.e., scores 2 and especially 3) which are presumably associated with more
intense negative affect, and by little or no effect in the time spent in those reflecting less

intense pain (i.e., score 1).
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DA in the NAS in Relation to the Pain-Suppression System that Serves to

Inhibit Tonic Pain

Given the evidence presented in this thesis that enhanced DA transmission in the
NAS is part of a pain-suppression system that serves to inhibit tonic pain, what is the
broader neuroanatomical circuitry underlying this effect ? In other words, how does DA
release in the NAS modulate information about tonic noxious stimulation coming from
the periphery ? A survey of the literature on ascending pathways carrying pain
information from the periphery to supraspinal sites and on projections from the NAS to
sites involved in the modulation of pain suggests at least three possibilities. One
possibility involves the inhibiton of tonic pain directly at the level of the NAS. It has
been found using retrograde labeling techniques that hundreds of neurons in the spinal
cord project directly to the NAS (Burnstein and Giesler, 1989; Cliffer et al. 1991).
Although the importance of this pathway in the ransmission of pain has yet to be
explored, it is possible that DA release in the NAS induces analgesia in the formalin test
by inhibiting, directly at this site, information about tonic noxious stimulation
ransmitted by neurons originating in the spinal cord. Another way in which DA release
in the NAS could affect pain information is via a projection from the NAS to the medial
thalamus (Koikegami et al. 1967; Powell and Leman, 1976; Williams et al. 1977,
Smeets and Medina, 1995). Indeed, itis possible that DA release in the NAS stimulates
the neurons projecting from the latter to the medial thalamus which, in turn, inhibit
activity of medial thalamic cells known to be driven by spinal dorsal homn neurons
sensitive to noxious stimuli (Casey and Jones, 1978; Giesler et al. 1979; Craig and
Burton, 1981; Kevetter and Willis, 1982; Albe-Fessard :t al. 1985). This area of the
brain would seem well suited for a role in the modulation of tonic pain in that it is
considered to be involved in mediating the affective-motivational and not the sensory-

discriminative dimension of pain (Carr and Bak, 1988). A third possibility involves a
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projection from the NAS to the amygdala (Yao and Zhou, 1983; Yu and Han, 1990; Ma
and Han, 1991) and from the ‘latter to the spinal cord (Mizuno et al., 1985; Sandrew et
al., 1986; Follet, 1989). In this case, DA release in the NAS could act, via the NAS-
amygdala projection, to inhibit cells in the amiygaala involved in aversive reactions and
autonomic responding. Activation by DA of the NAS-amygdala pathway could, in turn,
activate the neurons projecting from the amygdala to the spinal cord, where it could

inhibit cells that transmit tonic pain.
Alternative Mechanisms

Although the findings revealed from the present studies strongly suggest that
enhanced DA transmission in the NAS mediates the inhibition of tonic pain, the
possibility that different neural mechanisms are involved in mediating this effect should
not be overlooked. In fact, the evidence that infusions of either tachykinin agonists or
morphine into the VTA, and infusions of amphetamine into the NAS induce effects on
DA that outlast those on tonic pain suggest that other mechanisms should be considered.
Several findings from previous reports suggest that non-DAergic mechanisms might
mediate the analgesic effects induced by tachykinin agonists and psychostimuiants. For
instance, one such mechanism might involve decreased activity of the neurotransmitter
acetylcholine in the NAS. There is evidence that the systemic administration of either
morphine (Rada et al., 1991a.b,1996) or SP (Boix et al., 1994) decreases extracellular
levels of acetylcholine in the NAS, in addition to increasing those of DA at this site.
There are also some reports implicating cholinergic activity in the NAS in the processing
of aversion. More specifically, it has been reported that extracellular levels of
acetylcholine in the NAS are increased in animals experiencing either aversive somatic
withdrawal symptoms (Rada et al., 1991, 1996), or conditioned taste aversion (Mark et

al., 1995), and in animals exposed to aversive handling stimulation (Boix et al., 1994;
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Pfister et al., 1994). Finally, there is also evidence implicating cholinergic activity in
reward. For instance, it has been reported that administration of the cholinergic
antagonist scopolamine enhances rewarding hypothalamic brain self-stimulation
(Stephens & Herberg, 1979) and amphetamine-induced conditioned place preference
(Lynch, 1991). All of these findings, together with those described previously
suggesting that that the inhibition of tonic pain is due to the alleviation of aversive
negative affect, and that reward and analgesia appear to be mediated by a common neural
substrate, suggest that decreased cholinergic activity in the NAS might be involved in
mediating the analgesic effects induced by tachykinin agonists and psychostimulants.
Future studies should be conducted to evaluate the effect of manipulations of the

cholinergic system, especially in the NAS, on responses to tonic pain.

Alternatively, it is possible that intra-VTA tachykinin agonists, intra-VTA
morphine, and intra-NAS amphetamine induce analgesia in the formalin test by
decreasing the activity of serotonergic systems. As mentioned previously,
manipulations that deplete serotonin potentate the analgesic effects of morphine in the
formalin test (Abbott & Melzack, 1982; Abbott et al., 1982; Abbott & Young, 1988;
Dennis & Melzack, 1979), whereas those that enhance serotonin attenuate morphine
analgesia in the test (Abbott & Young, 1988; Dennis & Melzack, 1979). Likewise,
there is evidence from the clinical literature that decreased serotonergic function
potentiates morphine analgesia (Franklin et al., 1990). In addition, there is evidence
that manipulations of serotonergic activity modulate the rewarding effects of
psychostimulant drugs. For instance, it has been reported that manipulations that
decrease serotonin enhance amphetamine self-administration (Lyness et al., 1980;
Lyness & Moore, 1983), whereas those that increase serotonin attenuate this effect
(Lyness, 1983) as well as attenuate operant responding to a conditioned reward

(Fletcher, 1995). Thus, the findings that decreased serotonergic function potentiates

153



both the analgesic and rewarding effects of psychostimulant drugs, and that analgesia in
the formalin test and reward appear to be associated behavioural phenomena suggest that
intra-VTA tachykinin agonists, intra-VTA morphine, and intra-NAS amphetamine may
induce analgesia in the formalin test by depressing serotonergic function. To the extent
that decreased serotonergic activity might be involved in the analgesic effects induced by
these drugs, however, this neurochemical mechanism is likely to take place at a site
other than the NAS because there is evidence that intra-VTA DiMe-C7 does not affect
extracellular levels in the NAS of the serotonin metabolite, 5-hydroxyindoleactic acid, in

animals experiencing formalin pain (Alter, 1993).

[t is also possible that the analgesia observed in the present studies was due to
the actions of tachykinin agonists, morphine, and amphetamine on noradrenergic
systems. As mentioned previously, it has been shown that administration of the alpha
adrenergic agonist clonidine induces analgesia and potentiates morphine analgesia in the
formalin test (Dennis & Melzack, 1980; Tchakarov et al., 1985). The evidence that
amphetamine, which causes the synaptic release and re-uptake blockade of
noradrenaline, in addition to DA, administered either systemically or in the NAS induces

analgesia in the formalin test lends support to this idea.

Finally, in the case of tachykinin agonists and morphine acting in the VTA, it is
possible that, while midbrain DA neurons are critical in mediating the analgesic effects
induced by these compounds, those projecting to forebrain sites other than the NAS are
important. For instance, it is possible that midbrain DA neurons projecting to the
caudate are involved in morphine (Clarke & Franklin, 1994) and SP-induced analgesia
in the formalin test. Another possibility is that the DA neurons projecting from the VTA
to the medial thalamus, including the paraventricular and mediodorsal nuclei, mediate the

analgesic effects of intra-VTA SP and morphine. The evidence that pain-sensitive
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neurons are present in these regions (Casey and Jones, 1978; Giesler et al. 1979; Craig
and Burton, 1981; Kevetter and Willis, 1982; Albe-Fessard et al. 1985) supports this
possibility. Finally, it is also possible that the direct descending projections from the
VTA to the periaqueductal gray are involved in mediating the analgesic effects of SP and
morphine. Support for this idea comes from the findings that morphine infusions or
electrical stimulation into the periaqueductal gray induce analgesia in the formalin test

(Manning et al., 1994; Vaccarino & Chomney, 1994).

Analgesia and Locomotor Activity

In addition to inducing analgesia, it was observed that intra-VTA tachykinin
agonists, intra-VTA morphine, and intra-NAS amphetamine stimulated locomotor
activity, as others have reported (e.g., Elliott et al., 1991; Joyce et al., 1981; Kalivas et
al., 1985, 1986; Kelly & Iversen, 1976; Latimer et al., 1987; Stinus et al., 1978). It
could therefore be argued that increased locomotor activity might have interfered with
the animals' ability to display pain responses, thereby accounting for the analgesic
effects reported here. There are several lines of evidence, however, indicating that
locomotor activity levels and analgesia in the formalin test are dissociable. First, there is
a discrepancy in the time-course between the locomotor stimulant and analgesic effects
induced by tachykinin agonists and psychostimulants. More specifically, the locomotor-
activating effects of intra-VTA infusions of either SP and DiMe-C7 (e.g., Elliott et al.,
1986) or mu receptor agonists (e.g., Joyce et al., 1981; Kalivas & Richardson-Carlson,
1986) and intra-NAS infusions of amphetamine (e.g., Boss et al., 1988) greatly outlast
the analgesic effects induced by similar manipulations. For instance, in a previous
study, it was found that intra-VTA infusions of DiMe-C7 in animals experiencing
formalin-induced pain cause increases in locomotor activity that last at least 110 minutes

(Altier, 1993). Pain responses, however, are gradually reinstated approximately 30
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minutes following identical manipulations (Experiments 3, 6, and 7). Second, the issue
has been examined directly by Abbott (1981), who showed that levels of locomotion
and analgesia in the formalin test are uncorrelated. In the same vein, it was observed in
Experiment 2 that animals infused with the lowest dose of the NK-1 agonist, GR-73632
(i.e., 0.005 nmol/side), into the NAS were hyperactive and yet displayed pain scores no
different from animals infused with saline at this site. Finally, it was observed in the
present studies, as was in other studies (Clarke & Franklin, 1992; Manning et al., 1994;
Morgan & Franklin, 1991) that animals can locomote (e.g., on three paws) while
engaging in pain behaviours. In fact, it was found in Experiment 1 that hyperactive
animals infused with analgesic-inducing doses of GR-73632 (i.e., 0.05 and 0.5
nmol/side) into the VTA stll spent between 220 and 300 seconds licking or chewing
their injured paw, and between 613 and 840 seconds raising their injured paw over a

time period of 1800 seconds (see Figure 2).

Probably the strongest evidence that high levels of locomotor activity are not
responsible for analgesia in the formalin test comes from the fact that footshock stress-
induced analgesia is not accompanied by increased locomotor activity and, just as is the
case for systemic or intra-VTA morphine-induced analgesia, is prevented by intra-VTA
infusions of either an opioid receptor antagonist (Altier & Stewart, 1996; Morgan, 1990)
or Neuropeptide FF (Altier & Stewart, 1997). Other lines of evidence that secondary
motor effects do not interfere with an animal's ability to display pain behaviour comes
from studies showing that animals that are either cataleptic (Matthies & Franklin, 1992)
or hypoactive due to DA receptor antagonist pretreatment (Morgan & Franklin, 1991)
display high pain scores in the formalin test. Thus, based on all these findings, it is
unlikely that the effects on tonic'pain reported in the present experiments are due to

secondary motor deficits.
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Concluding Remarks

In conclusion, several findings revealed throughout this thesis suggest that part
of a pain-suppression system in the central nervous system that serves to inhibit tonic
pain depends upon the acu'vation.of midbrain ascending DA neurons projecting to the
NAS, and that their activation by endogeneous SP released in the VTA is part of a
mechanism underlying stress and/or pain-induced inhibition of tonic pain. This idea
may provide a resolution to the paradox that exposure to both appetitive (e.g., drug-
related cues, palatable food, sexually receptive mate) and aversive (e.g., stress, pain)
stimuli activate the same midbrain DA'ascending neurons. [t may be that these stimuli,
although opposing, activate the same neural systems because their effects on behaviour
are the same. Indeed, exposure to either type of stimulus motivates organisms, through
the activation of the same neural substrate, to engage in behaviours that have a survival
value. More specifically, engaging in consummatory behaviours (e.g., feeding,
copulation) following exposure to an appetitive stimulus and experiencing relief from
persistent pain under aversive stressful conditions are adaptive because they promote
survival of the individual and species. Thus, it would appear that midbrain ascending

DA neurons are, along with other brain structures, essential to survival.

157



REFERENCES

Abbott, F.V. (1981). S e ang :
Ph.D. Thesis, McGill Uni ersity, Montreal

Abbott, F.V., Franklin, K.B.J., and Connell, B. (1986). The stress of a novel
environment reduces formalin pain : possible role of serotonin. European

Joumnal of Pharmacology, 126, 141-144.

Abbott, E.V., Franklin, K.B.J., Ludwick, R.J. and Melzack, R. (1981). Apparent lack
of tolerance in the formalin test suggests different mechanisms for morphine
analgesia in different types of pain. igchemi havior,
15, 637-640.

Abbott, F.V., and Melzack, R.(1982). Brainstem lesions dissociate neural mechanisms
of morphine analgesia in different kinds of pain . Brain Research, 251, 149-
155.

Abbott, F.V., and Melzack, R. (1983). Dissociation of the mechanisms of stimulation-
produced analgesia in tests of tonic and phasic pain. Advances in Pain Research
and Therapy, 5, 401-409.

Abbott, F.V., Melzack, R. and Leber, B.F. (1982). Morphine analgesia and tolerance
in the tail-flick and formalin tests : Dose-response relationships. Pharmacology

Biochemistry and Behavior, 17, 1213-1219.

Abbott, F.V., Melzack, R. and Samuel, C. (1982). Morphine analgesia in the tail-flick
and formalin pain tests is mediated by different neural systems. Experimental

Neurology, 75 644-651.

Abbott, F.V. and Young, S.N. (1988). Effect of S-hydroxytryptamine precursors on
morphine analgesia in the formalin test. Pharmacology Bigchemistry and
Behavior, 31, 855-860.

158



Acton, J., McKenna, J.E., Melzack, R. (1992). Amimiptaline produces analgesia in the
formalin pain test. Experimental Neurology, 117, 94-96.

Adams, J.E. (1976). Noloxone reversal of analgesia produced by brain stimulation in
the human. Pain, 2, 161-166.

Adams, W.J., Yeh, S.Y., Woods, L. and Mitchell, C.L. (1969). Drug-test interaction
as a factor in the development of tolerance to the analgesic effect of morphine.

Journal of Pharmacology and Experimental Therapeutics, 168, 251-257.

Advocat, C. (1988). The role of descending inhibidon in morphine-induced analgesia.
Trends in Pharmacological Sciences, 9, 330-334.

Advocat, C. (1989). Tolerance to the antinociceptive effect of morphine in spinally
transected rats. Behavioral Neuroscience, 103, 1091-1098.

Advocat, C. and Burton, P. (1987). Antinociceptive effect of systemic and intrathecal

morphine in spinally transected rats. European Journal of Pharmacology, 139,
335-343.

Aimone, L.D., Appell, K.C., Chippari, S.C., Harris, A.L. and Ward, S.J. (1991).
Society for Neuroscience Abstracts, 17, 320-325.

Akil, H., Madden, J., Patrick, R.L., and Barchas, J.D. (1976). Stress-induced
increase in endogeneous opiate peptides : Concurrent analgesia and its partial

reversal by naloxone. In H.W. Kosterlitz (Ed.), Opiate and Endogeneous
Opiate Peptides. North-Holland, Amsterdam.

Akil, H., Watson, S.J., Young, E., Lewis, M.E., Khachaturian, H. and Walker, J.M.
(1984). Endogeneous opioids : Biology and functon. Annual Review of
Neuroscience, 7, 223-255.

Albe-Fessard, D., Berkley, K.J., Kruger, L., Ralston, HJ. and Willis, W.D. (1985).
Diencephalic mechanisms of pain sensation. Brain Research Review, 9, 217-
296.
159



Allard, M., Geoffre, S., Legendre, P., Vincent, J.D. and Simmonet, G.,
Characterization of rat spinal cord receptors to FLFQPQRFamide, a mammalian
morphine-modulating peptide : a binding study, Brain Res., 500 (1989) 169-
176.

Alreja, M., Mutalik, P., Nayar, V. and Manchanda, S.K. (1984). The formalin test :
A tonic pain model in the primate.  Pain, 20, 97-105.

Alder, N. Tl le of midbrain sut P induced analeesia using t
formalin test for tonic pain, Master's Thesis, Concordia University, Montreal,
1993.

Alder, N. and Stewart, J. (1993). Intra-VTA infusions of the substance P analogue,
DiMe-C7, and intra-accumbens infusions of amphetamine induce analgesia in the
formalin test for tonic pain. Brain Research, 628, 279-285.

Altier, N. and Stewart, J. (1996). Opioid receptors in the ventral tegmental area
contribute to stress-induced analgesia in the formalin test for tonic pain. Brain

Research, 718, 203-206.

Alder, N. and Stewart, J. (1997). Neuropeptide FF in the VTA blocks the analgesic
effects of both intra-VTA morphine and exposure to stress. Brain Research. In
press.

Amir, S. and Amir, Z. (1978). Endogeneous opioid ligands may mediate stress-
induced changes in the affective properties of pain related behavior in rats. Life

Sciences, 23, 1143-1152.

Amir, S. and Amit, Z. (1979). Enhanced analgesic effects of stress following chronic

administration of naltrexone in rats. n f Ph logy, 59,
137-140.

Amir, S. and Amit, Z. (1979). The pituitary gland mediates acute and chronic pain
responsiveness in stressed and non-stressed rats.  Life Sciences, 24, 439-448.

160



Amit, Z. and Galina, Z.H. (1988). Stress induced analgesia plays an adaptive role in

the organization of behavioral responding. Brain Research Bulletin, 21, 955-
958.

Amodei, N. and Paxinos, G. (1980). Unilateral knife cuts produce ipsilateral
suppression of responsiveness to pain in the formalin test. Brain Research,

193, 85-94.

Andersen, P.H., Gingrich, J.A., Bates, M.D., Dearry, A., Falardeau, P., Senogles,
S.E. and Caron, M.G. (1990). Dopamine receptor subtypes : beyond the D1/D2
classification. Trends in Pharmacological Sciences, 11, 231-236.

Anderson, R., Diotte, M. and Miliaressis, E. (1995). The bidirectional interaction
between ventral tegmental rewarding and hindbrain aversive stimulation effects

in the rat. Brain Research, 688, 15-20.

Anderson, R.M. and Rompré, P.-P. (1996). Rewarding electrical stimulation of the
ventral tegmental area attenuates pain during the formalin test. Society for
Neuroscience Abstracts, 22, 686.

Appell, K.C., Fragale, B.J., Loscig, J., Singh, S. and Tomczuk, B.E. (1992).
Molecular Pharmacology, 41, 772-778.

Banks, W.A. and Kastin, A.J. (1985). Peptides and the blood-brain barrier :
lipophilicity as a predictor of permeability. Brain Research Bulletin, 15, 287-
292.

Bannon, M.J., Deutch, A.Y., Tam, S.-Y., Zamir, N., Eskay, R.L., Lee, J.-M,,
Maggio, J.E. and Roth, R.H. (1986). Mild footshock stress dissociates
substance P from substance K and dynorphin from Met- and Leu-enkephalin.
Brain Research, 381, 393-396.

Bannon, M.J., Elliott, P.J., Alpert, J.E., Goedert, M., Iversen, S.D. and Iversen, L.L.
(1983). Role of endogeneous substance P in stress-induced activation of
mesocortical dopamine neurons. Nature, 306 791-792.

161



Bardo, M.T. and Hughes, R.A. (1979). Exposure to a non functional hot plate as a
factor in the assessment of morphine-induced analgesia and analgesic tolerance.

Pharmacology Biocemistry and Behavior, 10, 481-485.

Basbaum, A.lL and Fields, H.L. (1984). Endogeneous pain control mechanisms :
Brainstem pathways and endorphin circuitry.  Annual Review of Neuroscience,
7, 309-338.

Battista, A.F. and Wolff, B.B. (1973). Levadopa and induced pain response : a study
of patients with Parkinsonian and pain sydromes. Archives of International
Medecine, 132, 70-74.

Baumeister, A.A., Anticich, T.G., Hawkins, M.F,, Liter, J.C., Thibodeaux, H.F., and
Guillory, E.C. (1988). Evidence that the substantia nigra is a component of the
endogeneous pain suppression system in the rat. Brain Research, 447, 116-
121.

Beecher, H.K. (1968). The measurement of pain in man : A re-inspection of the work
of the Harvard group. In A. Soulairac, J. Cahn and J. Charpentier (Eds.),
Pain (pp. 201-213). Academic Press, London.

Ben-Sreti, M.M., Gonzales, J.P.and Sewell, R.D.E. (1983). Differential effects of
SKF 38393 and LY 141865 on nociception and morphine analgesia. Life

Sciences, 33, 665-668.

Beresford, 1.J.M., Birch, P.J., Hagan, R.M., and Ireland, S.J. (1991). Investigation
into species variants in tachykinin NK-1 receptors by use of the non-peptide
antagonist, CP-96,345. Br.J. Pharmacol, 104, 292-293.

Berger, B., Thierry, A.M., Tassin, J.P. and Moyne, M.A. (1976). Dopaminergic
innervation of the rat prefrontal cortex : A fluorescence histochemical study.

Brain Research, 106, 133-145.

Besson, J-M. and Chaouch, A. (1987). Peripheral and spinal mechanisms of
nociception. Physiological Reviews, 67, 67-157.
162



Bijak, M. and Smialowski, A. (1989). Serotonin receptor blocking effect of SCH
23390. Pharmacology, Biochemistry and Behaviour, 32, 585-587.

Bisehoff, S., Heinrich, M., Sonntag, J.M. and Krauss, J. (1986). The D-1 dopamine
receptor antagonist SCH 23390 also interacts potently with brain serotonin (5-

HT?2) receptors. European Jounal of Pharmacology, 129, 367-370.

Bjorklund, A., and Lindvall, O. (1984). Dopamine-containing systems in the CNS.
In A. Bjorklund & T. Hokfelt (Eds.), Handbook of chemical neyroanatomy,

Vol. 2 : Classical Transmitters in the CNS. Part [. Elsevier Science Publishers
Amsterdam.

Blair, R., Galina, Z., Holmes, L.J. and Amit, Z. (1982). Stress-induced analgesia : A
performance deficit or a change in pain responsiveness. Behavioral Neural

Biology, 34, 152-138.

Bobillier, P., Sequin, S., Degueurce, A., Lewis, B.D. and Pujol, J.F. (1979). Brain
Research, 166, 1-8.

Bodnar, R.J., Kelly, D.D., Brutus, M., Mansour, A. and Glusman, M. (1978a). 2-
Deoxy-D-glucose-induced decrements in operant and reflex pain thresholds.

Pharmacology Biochemistry and Behavior, 9, 543-549.

Bodnar, R.J., Kelly, D.D., Brutus, M. and Glusman, M. (1980). Stress-induced
analgesia : neural and hormonal determinants. N ien i vi

Reviews, 4, 87-100.

Bodnar, R.J., Kelly, D.D., Mansour, A. and Glusman, M. (1979). Diiferential effect
of hypophysectomy upon analgesia induced by two glucoprivic stressors and

morphine, Pharmacology Biochemistry and Behavior, 11, 303-307.

Bodnar, R.J., Kelly, D.D., Spiaggia, A. and Glusman, M. (1978b). Dose-dependent
reductions by naloxone of analgesia induced by cold-water stress.

Pharmacology Biochemistry and Behavior, 8, 667-672.

163



Bodnar, R.J., Kelly, D.D., Spiaggia, A., Ehrenberg, C. and Glusman, M. (1978c).
Biphasic alterations of nociceptive thresholds induced by food deprivation.

Physiological Psychology, §, 391-395.

Boix, F., Huston, J.P. and Schwarting, R.K.W. (1992b).  Effects of C- and N-
terminal sequences of substance P on in vivo dopamine release in the
neostriatum and nucleus accumbens. Brain Research, 592, 181-597.

Boix, F., Mattioli, R., Adams, F., Huston, J.P. and Schwarting, R.K.W. (1992a).
Effects of substance P on extracellular dopamine in neostriatum and nucleus

accumbens, European Journal Pharmacology, 216, 103-107.

Boix, F., Pfister, M., Huston, J.P. and Schwarting, R.K.W. Substance P decreases
extracellular concentrations of acetylcholine in neostriatum and nucleus
accumbens in vivo : possible relevance for the central processing of reward and

aversion. Behavioural Brain Research, 63, 213-219.

Bolles, R.C. and Fanselow, M.S. (1980). A perceptual-defensive-recuperative model
of fear and pain. Behavioral and Brain Sciences, 3, 291-323.

Bozarth, M.A. (1987). Neuroanatomical boundaries of the reward-relevant opiate-
receptor field in the ventral tegmental area as mapped by the conditioned place
preference method in rats.  Brain Research, 414, 77-84.

Bozarth, M.A. & Wise, R.A. (1986). Involvement of the ventral tegmental dopamine
system in opioid and psychomotor stimulant reinforcement. In L.S. Harris

(Ed.), Problems of Drug Dependence (pp. 190-196). Washington. : US

Government Printing Office .

Brodin E., Linderoth, B., Gazelius, B. and Ungerstedt, U. (1987). In vivo release of
substance P in cat dorsal hom studied with microdialysis. Neuroscience Letters,
16, 357-362.

164



Broekkamp, C.L.E., Van den Boggard, J.H., Heunen, H.J., Rops, R.H., Cools, A.R.
& Van Rossum, J.M. (1976). Separation of inhibiting and stimulating effects
of morphine on self-stimulation behavior by intracerebral microinjections.

European Journal of Pharmacology, 36, 443-446.

Broekkamp, C.L.E., Phillips, A.G. and Cools, A.R. (1979). Facilitation of self-
stimulation behavior following intracranial microinjections of opioids into the
ventral tegmental area.  Pharmacology Biochemistry and Behavior, 11, 289-
295.

Burstein, R. and Giesler, G.J. (1989). Rewograde labeling of neurons in spinal cord
that preject directly to nucleus accumbens or the septal nuclei in the rat. Brain
Research, 497, 149-154.

Cabib, S., Kempf, E., Schleef, C., Oliverio, A. and Puglisi-Allegra, S. (1988).
Effects of immobilization stress on dopamine and its metabolites in different
brain areas of the mouse : Role of genotype and stress duration. Brain

Research, 441, 153-160.

Cador, M., Rivet, J.-M., Kelley, A.E., Le Moal, M. and Stnus, L., Substance P
(1989). Neurotensin and enkephalin injections into the ventral tegmental area :
Comparative study on dopamine turnover in several forebrain structures, Brain

Research, 436 357-363.
Cannon, J.T., Lewis, J.W., Weinberg, V.E. and Liebeskind, J.C. (1983). Evidence
for the independence of brainstem mechanisms mediating analgesia induced by

morphine and two forma of stess. Brain Research, 269, 231-236.

Carroll, M.N. and Lim, R.K.S. (1960). Observation on the neuropharmacology of

morphine and morphine-like analgesia. Archives International
Pharmacodynamics, 125, 383-403.

Casey, K.L. (1971). Somatosensory responses of bulboreticular units in awake cat :
relation to escape-producing stimuli. Science, 173, 77-80.

165



Carter, C.J. and Pycock, C.J. (1980). Behavioral and biochemical effects of
dopamine and noradrenaline depletion within the medial prefrontal cortex of the
rat. Brain Research, 192, 163-176.

Casey, K.L. and Jones, E.G. (1978). An overview of ascending pathways : brainstem
and thalamus. Neuroscience Research Progress Bulletin, 16, 103-118.

Chance, W.T., Krynock, G.M. and Rosecrans, J.A. (1978). Antinociception
following lesion-induced hyperemotionality and conditioned fear. Pain, 4,
243-252.

Chance, W.T. and Rosecrans, J.A. (1979). Lack of effect of of naloxone on
autoanalgesia. Pharmacology, Biochemistry and Behavior, 11, 643-646.

Chance, W.T., White, A.C., Krynock, G.M. and Rosecrans, J.A. (1977).
Autoanalgesia : behaviorally activated antinociception. European Journal of
Pharmacology, 44, 283-284.

Chesher, G.B. and Chan, B. (1977). Footshock induced analgesia in mice : its
reversal by naloxone and cross tolerance with morphine. Life Sciences, 21,
1569-1574.

Christensen, A.V., Amt, J., Hyttel, J., Larsen, J.J. and Svendsen, O. (1984).
Pharmacological effects of a specific dopamine D-1 antagonist SCH 23390 in
comparison with neuroleptics. Life Sciences, 34, 1529-1540.

Churchill, L., Dilts, R.P. and Kalivas, P.W. (1990). Changes in gamma-aminobutyric
acid, mu-opioid and neurotensin receptors in the accumbens-pallidalprojection

after discrete quinolinic acid lesions in the nucleus accumbens. Brain Research,

S11, 41-54.
Clarke, P.B.S. and Franklin, K.B.J. (1992). Infusions of 6-hydroxydopamine into the

nucleus accumbens abolish the analgesic effect of amphetamine but not of
morphine in the formalin test. Brain Research, 580, 106-110.

166



Cliffer, K.D., Burstein, R. and Giesler, G.J., (1991). Distributions of spinothalamic,
spinohypothalamic, and spinotelencephalic fibers revealed by anterograde
transport of PHA-L in rats. Journal of Neuroscience, 11, 852-868.

Coderre, T.J., Fundytus, M.E., Mc Kenna, J.F., Dalal, S., and Melzack, R. ( 1993).
The formalin test : a validation of the weighted-scores method of behavioural
pain rating. Pain, 54, 43-50.

Coderre, T.J., Vaccarino, A.L. and Melzack, R. (1990). Central nervous system
plasticity in the tonic pain response to subcutaneous formalin. Brain Research,
535, 155-153.

Cohen, S.R., Abbott, F.V. and Melzack, R. (1984). Unilateral analgesia produced by
intraventricular morphine. Brain Research, 303, 277-287.

Cohen, R.S. and Melzack, R. (1985). Morphine injected into the habenula and dorsal
pos:eromedial thalamus produces analgesia in the formalin test. Brain Research,
359, 131-139.

Cohen, R.S. and Melzack, R. (1986). Habenular stimulation produces analgesia in the
formalin test. Neuroscience Letters, 70, 165-169.

Cohen, R.S. and Melzack, R. (1993). The habenula and pain : repeated electrical
stimulation produces prolonged analgesia but lesions have no effect on formalin

pain or morphine analgesia. Behavioural Brain Research, 54, 171-178.

Cole, S.0. (1978). Brain mechanisms of amphetamine-induced anorexia, locomotion,

and stereotypy : A review. Neuroscience and Biobehavioral Reviews, 2, 89-
100.

Cooper, J.R., Bloom, F.E., Roth, R.H. (1991). The Bicchemicai Basis of
Neuropharmacology. Oxford University Press, New York.

Craig, A.D. and Burton, H. (1981). Spinal and medullary lamina I projection to
nucleus submedius in medial thalamus : a possible pain center. Journal of

Neurophysiology, 45, 443-465.
167



Cridland, R.A. and Henry, J.L. (1986). Comparison of the effects of substance P,
neurokinin A, physalaemin and eledoisin in facilitating a nociceptive reflex in the

rat. Brain Research, 381, 93-99.

Cridland, R.A. and Henry, J.L. (1988). N- and C-terminal fragments of substance P :
Spinal effects in the rat tail-flick test. Brain Research Bulletin, 20, 429-432.

Crow, T.J. (1980). Positive and negative schizphrenic symtoms and the role of
dopamine. British Journal of Psychiatry, 137, 383-386.

Cuello, A.C., Jessell, T.M., Kanazawa, I., and Iversen, L.L. (1977). Substance P-
localization in synaptic vessicles in rat central nervous system. Journal of

Neurochemistry, 29, 747-751.

Cuello, A.C., and Kanazawa, [. (1978). The distribution of substance P
immunoreactive fibres in the rat central nervous system. Journal of Comparative
Neurology, 178, 129-156.

Culman, J., Wiegand, B., Spitznagel, H., Klee, S. and Unger, T. (1995). Effects of
the tachykinin NK-1 receptor antagonist, RP 67580, on central cardiovascular
and behavioural effects of substance P, neurokinin A and neurokinin B. Br,_J.
Pharmacol., 114, 1310-1316.

D' Amour, F.E. & Smith, D.L. (1984). A method for determining loss of pain

sensation. Journal of Pharmacology and Experimental Therapeutics, 72, 74-
79.

D' Angio, M., Serrano, A., Driscoll, P. and Scatton, B. (1988). Stressful
environmental stimuli increase extracellular DOPAC levels in the prefrontal
cortex of hypoemotional (Roman high-avoidance) but not hyperemotional
(Roman low-avoidance) rats. An in vivo volammetric study. Brain

Research, 451, 237-247.

168



Dahlstrom, A. and Fuxe, K. (1964). Evidence for the existence of monoamine
containing neurons in the central nervous system. I. Demonstration of
monoamines in the cell bodies of brainstem neurons. Acta Physiologica

Scandinavica, 62, 1-55.

Dam, T.'-V., Escher, E. and Quirion, R. (1990). Visualization of neurokinin-3
receptor sites in rat brain using the highly selective ligand [3H]senktde. Brain
Research, 506 175-179. ‘

De Koninck, Y., and Henry, J.L. (1991). Substance P-mediated slow EPSP elicited in
dorsal horn neurons in vivo by noxious stimulation. Proceedings of the
National Academy of Sciences, U.S.A.., 88, 11344-11348.

Del Rio, J., Naranjo, J.R., Yang, H-Y.T. and Costa, E. (1983). Substance P-induced
release of met 5-enkephalin from striatal and periaqueductal gray slides, Brain

Research, 279, 121-126.

Dennis, S.G. and Melzack, R. (1979). Comparison of phasic and tonic pain in

animals. Advances in Pain Research apd Therapy, 3, 747-760.

Dennis, S.G. and Melzack, R. (1980). Pain modulation by 5-hydroxytryptaminergic

agents and morphine as measured by three pain tests. Experimenta] Neurology,
69, 260-270.

Dennis, S.G. and Melzack, R. (1983). Effects of cholinergic and dopaminergic agents

on morphine analgesia measured by three pain tests. Experimental Neurology,
81, 167-176.

Deutch, A.Y., Bourdelais, A.J. and Zahm, D.S. (1993). The nucleus accumbens core
and shell : accumbal compartments and their functional atwributes. In P.W.

Kalivas and C.D Bames (Eds.), The Mesolimbic Motor Circuit and its Role in
Neuropsychiatric Disorders. Boca Raton, Florida, CRC Press, pp. 45-88.

169



Deutch, A.Y. and Cameron, D.S. (1991). Pharmacological characterization of
dopamine systems in the nucleus accumbens core and shell. Neuroscience, 46,
49-56.

Deutch, A.Y., Clark, W.A. and Roth, R.H. (1990). Prefrontal cortical dopamine
depletion enhances the responsiveness of mesolimbic dopamine neurons o

stress. Brain Research, 521, 311-315.

Deutch, A.Y., Maggio, J.E., Bannon, M.J., Kalivas, P.W., Tam, S-Y., Goldstein, M.
and Roth, R.H. (1985a) Substance K and substance P differentially modulate
mesolimbic and mesocortical systems, Peptides, § 113-122.

Deutch, A.Y., Tam, S.-Y. and Roth, R.H. (1985b). Footshock and conditioned stress
increase 3,4-dihydroxyphenylacetic acid (DOPAC) in the ventral tegmental area
but not the substantia nigra. Brain Research, 333, 143-146.

Deutch, A.Y. and Roth, R.H. (1990). The determinants of stress-induced activation of

the prefrontal cortical dopamine system. Progress in Brain Research, 85, 367-
402.

Devine, D.P. and Wise, R.A. (1994). Self-administration of morphine, DAMGO, and
DPDPE into the ventral tegmental area of rats. Joumnal of Neuroscience, 14,
1978-1984.

Di Chiara, G., Imperato, A. and Mulas, A. (1987). Preferential stimulation of
dopamine release in the mesolimbic system : a common feature of drugs of
abuse. In M. Sandler, C. Feuerstein and B. Scatton (Eds.), Neurotransmitter
Interactions in the Basal Ganglia, Raven Press, New York, pp. 171-182.

Dickenson, A.H. & Sullivan, A.F. (1986). Subcutaneous formalin-induced activity of
dorsal horn neurones in the rat : differential response to an intrathecal opiate
administered pre or post formalin. Pain, 30, 349-360.

Drapeau, G., Rouissi, N., Nantel, F., Rhaleb, N.-E., Tousignant, C. and Regoli, D.
(1990). Antagonists for the neurokinin NK-3 receptor evaluated in selective

receptor systems. Regulatory Peptides, 31, 125-135.
170



Dubuisson, D., & Dennis, S.G. (1977). The formalin test : A quantitative study of the
analgesic effects of morphine, meperidine and brain stem stimulation in rats and
cats. Pain, 4, 161-174.

Dunai-Kovacs, Z. and Székely, J.I. (1977). Effect of apomorphine on the
antinociceptive activity of morphine. Psychopharmacology, 33, 65-72.

Dunn, A.J. (1988). Stress-related activation of cerebral dopaminergic systems.

Annals of the New York Academy of Sciences, 537, 188-205.

Drugan, R.C., Ader, D.N. and Maier, S.F. (1985). Shock controllability and the
nature of stress-induced analgesia. Behavioral Neuroscience, 99, 791-801.

Eison, A.S., Eison, M.S. and Iversen, S.D. (1982a). The behavioral effects of a novel
substance P analogue following infusion into the ventral tegmental area or

substantia nigra of rat brain. Brain Research, 238, 137-152.

Eison, A.S., Iversen, S.D., Sandberg, S.E.B., Watson, S., Hanely, M.R. and
Iversen, L.L. (1982b). A novel substance P analogue, DiMe-C7 : evidence for
stability in rat brain and prolonged central actions. Science, 215 188-190.

Elliott, P.J., Alpert, J.E., Bannon, M.J. and Iversen, S.D. (1986a). Selective
activation of mesolimbic and mesocortical dopamine metabolism in rat brain by
infusion of a stable substance P analogue into the ventral tegmental area, Brain
Research, 363, 145-147.

Elliott, P.J., Mason, G.S., Graham, E.A., Turpin, M.P., and Hagan, R.M. (1992).
Modulation of the rat mesolimbic dopamine pathway by neurokinins.

Behavioral Brain Research, 51, 77-82.

Elliott, P.J. and Iversen, S.D. (1986). Behavioral effects of tachykinins and related
peptides, Brain Research, 381, 68-76.

171



Elliott, P.J., Mason, G.S., Stephens-Smith, M., and Hagan, R.M. (1991). Behavioral
and biochemical responses following activation of midbrain dopamine pathways
by receptor selective neurokinin agonists. Neuropeptides, 19, 119-126.

Elliot, P.J., Nemeroff, C.B., and Kilts, C.D. (1986b). Evidence for a tonic facilitatory
influence of substance P on dopamine release in the nucleus accumbens. Brain

Research, 385, 379-382.

Fadda, F., Argiolas, A., Melis, M.R., Tissari, A.H., Onali, P.L. and Gessa, G.
(1978). Stress-induced increase in 3,4-dihydroxyphenylacetic acid (DOPAC)
levels in the cerebral cortex and N. accumbens : Reversal by diazepam. Life

Sciences, 23, 2219-2224.

Fallon, J.H. (1988). Topographic organization of ascending dopaminergic
projections. Annals of the New York Academy of Sciences, 631, 1-9.

Fallon, J.H. and Loughlin, S.E., (1987). Monoamine innervation of cerebral cortex
and a theory of the role of monoamines in cerebral cortex and basal ganglia. In

E.G. Jones and A. Peters (Eds.), Cerebral Cortex, Vol, 6 (pp. 41-127).
Plenum Press, New York.

Fanselow, M.S. (1984). Shock-induced analgesia on the formalin test : effects of
shock severity, naloxone, hypophysectomy, and associated variables,

Behavioral Neuroscience, 98, 79-95.

Fanselow, M.S. and Baackes, M.P. (1982). Conditioned fear-induced opiate
analgesia on the formalin test : Evidence for two aversive motivational systems.

Leaming and Motivation, 13, 200-221.

Fanselow, M.S. and Bolles, R.C. (1979). Triggering of the endorphinergic analgesic
reaction by a cue previously associated with shock : Reversal by naloxone.

Bulletin of the Psychonomic Society, 14, 88-90.

172



Fanselow, M.S., Calgagnetti, D.J. and Helmstetter, F.J. (1989a). Delta opioid
antagonist, 16-Me cyprenorphine, selectively attenuates conditional fear- and

DPDPE-induced analgesia in the formalin test. Pharmacology Biochemistry and
Behavior, 32, 469-473.

Fanselow, M.S., Calgagnetti, D.J. and Helmstetter, F.J. (1989b). Role of mu and
kappa opioid receptors in conditioned fear-induced analgesia : The antagonistic
actions of nor-binaltorphimine and the cyclic somatostatin octapeptide,
Cys2Tyr30rn3Pen’-Amidel- al of Pharmacology and Experimental

Therapeutics, 250, 825-830.

Fanselow, M.S. and Helmstetter, F.J. (1988). Conditional analgesia, defensive
freezing and benzodiazepines. Behavioral Neuroscience, 102, 233-243.

Fanselow, M.S. and Sigmundi, R.A. (1986). Species specific danger signals,
endogeneous opioid analgesia, and defensive behavior. Journal of

Experimental Psvchology, 12, 301-309.

Fardin, V., Foucault, Bock, M.D., Jolly, A., Flamand, O., Clerc, F. and Garret, C.
(1993). Variations in affinities for the NK-1 receptor : differences between the
non-peptide substance P antagonists RP 67580 and CP-96,345 and the agonist

sepdde. Regulatory Peptides, 46, 300-303.

Fibiger, H.C. & Phillips, A.G. (1988). Mesocorticolimbic dopamine systems and

reward. In P.W. Kalivas and C.B. Nemeroff (Eds.) The mesocorticolimbic
Annals of th w York A f Sciences, 537, The

New York Academy of Sciences, New York, pp. 206-214.

Follett, K.A. (1989). A telencephalospinal projection in the Tegu lizard (Tupinambis
teguixin) . Brain Research, 496, 89-97.

Franklin, K.B.J. (1989). Analgesia and the neural substrate of reward. Neuroscience
and Biobehavioral Reviews, 13, 149-154.

173



Franklin, K.B.J. and Abbott, F.V. (1989). Techniques for assessing the effects of
drugs on nociceptive responses. In A.A. Boulton, G.B. Baker & A.J.

Greenshaw (Eds.), Neuromethods, Vol, 13 : Psychopharmacology (pp. 145-
216). The Humana Press, Inc., Clifton, NIJ.

Franklin, K.B.J., Abbott, F.V., English, M.J.M., Jeans, M.E., Tasker, R.A.R. and
Young, S.N. (1990). Tryptophan-morphine interactions and postoperative
pain. Pharmacology Biochemistry and Behavior, 33, 157-163.

Frederickson, R.C.A., Burgis, V. and Edwards, C.E.H. (1978). Dual actions of
substance P on nociception : possible role of endogeneous opioids, Science, 199
1359-1362.

Fuchs, P. and Cox, V. (1993). Habenula lesions attenuate lateral hypothalamic
analgesia in the formalin test. Neuroreport, 4, 121-124.

Fuxe, K., Hokfelt, T., Johansson, O., Jonsson, G., Lidbrink, P., and Ljungdahl, A.
(1974). The origin of the dopamine nerve terminals in limbic and frontal
cortex. Evidence for mesocortico dopamine neurons. Brain Research, 82,
349-355.

Garret, C., Carruette, A., Fardin, V., Moussaoui, S., Peyronel, J.-F., Blanchard, J.-
C. and Laduraon, P.M,, (1991). Pharmacological properties of a selective

nonpeptide substance P antagonist. Proc, Natl, Acad, Sci, US.A,, 88 , 10208-
10212. .

Gebhart, G.F. & Jones, S.L. (1988). Effects of morphine given in the brain stem on
the activity of dorsal horn nociceptive neurons. In H.L. Fields & J.M. Besson
(Eds.), Pain Modulation (pp. 229-243). New York, Elsevier.

Giesler, G.J., Menétrey, D. and Basbaum, A.L (1979). Differential origins of

spinothalamic tract projections to medial and lateral thalamus in the rat. Journal

of Comparative Neurology, 184, 107-126.

174



Giesler, G.J., Yezierski, R.P., Gerhart, K.D. and Willis, W.D. (1981). Spinothalamic
tract neurons that project to medial and/or lateral thalamic nuclei : evidence for a

physiologically novel population of spinal cord neurons. Joumnal of
Neurophysiology, 46, 1285-1308.

Go, V.W. and Yaksh, T.L. (1987). Release of substance P from the cat spinal cord.
Joumnal of Physiology, 391, 141-167.

Gonzales, J.P., Sewell, R.D.E., Spencer, P.S.J. (1980). Antinociceptive activity of
opiates in the presence of the antidepressant agent nomifensine.

Neyropharmacology, 19, 613-616.

Guilbaud, G. and Besson, J.M., Oliveras, J.L. and Wyon-Maillard, M.C. (1973).
Modifications of the firing rate of bulbar redcular units (nucleus
gigantocellularis) after intra-arterial injecxtion of bradykinin into the limbs.
Brain Research, 63, 131-140.

Gunne, L.M., Anggard, E., & Jonsson, L.E. (1972). Clinical trials with amphetamine-
blocking drugs. Psvchiat, Neurol, Neurochir., 75, 225-226.

Gysling, K. and Wang, R.Y. (1983). Morphine-induced activation of A10 dopamine
neurons in the rat. Brain Research, 277, 119-127.

Hagan, R.M,, Ireland, S.J., Jordan, C.C., Beresford, I.J.M., Deal, M.J,, and Ward,
P. (1991). Receptor-selective, peptidase-resistant agonists at neurokinin NK-1
and NK-2 receptors : new tools for investigating neurokinin function.

Neuropeptides, 19, 127-135.

Hall, M.E. and Stewart, J.M. (1983a). Substance P and antinociception. Peptides, 4.,
31-35.

Hall, M.E. and Stewart, J.M. (1983b). Substance P and Behavior : Opposite effects
of N-terminal and C-terminal fragments. Peptides, 4, 763-768.

175



Hayes, R.L., Bennett, G.J., Newlon, P. and Mayer, D.J. (1976). Analgesic effects
of certain noxious and stressful manipulations in the rat.  Society for

Neuroscience Abstracts, 2, 1350.

Hayes, R.L., Price, D.D., Bennett, G.J., Wilcox, G.L. and Mayer, D.J. (1978a).
Differential effects of spinal cord lesions on narcotic and non-narcotic
suppression of nociceptive reflexes : Further evidence for the physiologic
multiplicity of pain modulation. Brain Research, 153, 91-101.

Hayes, R.L., Bennett, G.J., Newlon, P.G., and Mayer, D.J. (1978b). Behavioral
and physiological studies of non-narcotic analgesia in the rat elicited by certain
environmental stimuli. Brain Research, 155, 69-90.

Heimer, L. and Alheid, G.F. (1991). Piecing together the puzzle of basal forebrain
anatomy. In T.C. Napier, P.W. Kalivas, and 1. Hanin (Eds.), The Basal

Forebrain : Anatomy to Function, New York, Plenum Press, pp. 1-44.

Helmstetter, F.J. (1992). The amygdala is essential for the expression of conditioned
hypoalgesia. Behaviora] Neuroscience, 106, 518-528.

Helmstetter, F.J. and Fanselow, M.S. (1987). Effects of naltrexone on leamning and
performance of conditional fear-induced freezing and opioid analgesia.

Physiology and Behavior, 39, 501-505.

Henry, J.L. (1976). Effects of substance P on functionally identified units in cat spinal
cord. Brain Research, 114, 439-451.

Herman, J.P., Guillonneau, D., Dantzer, R., Scatton, B., Semerdjian-Rouquier, L. and
LeMoal, M. (1982). Differential effects of inescapable footshocks and of
stimuli previously paired with inescapable footshocks on dopamine turnover in
cortical and limbic areas of the rat. Life Sciences, 30, 2207-2214.

Hemandez, D.E., Stanley, D.A., Melvin, J.A. and Prange, Jr, AJ. (1986). Role of
brain neurotransmitters on neurotensin-induced gastric cytoprotection.

Pharmacology Biochemistry and Behavior, 22, 509-513.

176



Herz, A., Albus, K., Metys, J., Schubert, P. & Teschemacher, H. (1970). On the
central sites for the antinociceptive action of morphine and fentanyl.

Neuropharmacology, 9, 539-551.

Hicks, P.E., Schoemaker, H. and Langer, S.Z. (1981). 5-HT receptor antagonist
properties of SCH 23390 in vascular smooth muscle and brain. European

Journal of Pharmacology, 105, 339-342.

Hokfelt, T., Ljungdahl, A., Terenius, L., Elde, R., and Nilsson, G. (1977).
Immunohistochemical analysis of peptide pathways possibly related to pain and

analgesia : enkephalin and substance P. Proceedings of the National Academy
of Sciences, U.S.A., 74, 3081-3085.

Hunskaar, S., Berge, O.-G. and Hole, K. (1986). Dissociation between
antinociceptive and anti-inflammatory effects of acetylsalicyclic acid and
indomethacin in the formalin test. Pain, 25, 125-132.

Hunskaar, S. & Hole, K. (1987). The formalin test in mice : dissociation between
inflammatory and non-inflammatory pain. Pain, 30, 103-114.

Imperato, A. and Di Chiara, G. (1984). Trans-striatal dialysis coupled to reverse
phase high performance liquid chromatography with electrochemical detection :
A new method for the study of the in vivo release of endogeneous dopamine and

metabolites. Journal of Neuroscience, 4, 966-977.

Imperato, A., Puglisi-Allegra, S., Casolini, P. and Angelucci, L. (1991). Changes in
brain dopamine and acertylcholine release during and following stress are
independent of the pituitary-adrenocortical axis. Brain Research, 538, 111-
117.

Irwin, S., Houde, R.W., Bennett, D.R., Hendershot, L.C. & Seevers, M.H. (1951).
The effects of morphine, methadone and meperidine on some reflex responses of
spinal animals to nociceptive simulation. rnal of Ph 1 n

Experimental Therapeutics, 101, 132-143.

177



Isaacson, R.L., Yongue, B. and McClearn, D. (1978). Dopamine agonists : their
effects on locomotion and exploration. Behavioral Biology, 23, 163-179.

Isbell, H., Wikler, N.B., Eddy, N.B., Wilson, J.L. and Moran, C.F. (1947).
Tolerance and addiction liability of 6-dimethylanino-4-4-diphenylhepatanone-3
(methadon). Journal of the American Medical Association, 135, 888-894.

Jacquet, Y.F. & Lajtha, A. (1974). Paradoxical effects after microinjection of
morphine in the periaqueductal gray matter in the rat. Science, 183, 1055-1057.

Jaffe, J.H. and Martin, W.R. (1980). Opioid analgesics and antagonists. In L.S.

Goodman and A. Gilman (Eds.), The Pharmacological Basis of Therapeutics
(pp. 494-534). New York, MacMillan Publishing Company.

Jaffe, J.H. and Martin, W.R. (1985). Opioid analgesics and antagonists. In A.
Gilman and L.S. Goodman, T.W. Wall and F. Murad (Eds.), Goodman and

Gilman's the Pharmacological Basis of Therapeutics (pp. 491-531). New York,
MacMillan Publishing Company.

Jenck, F., Gratton, A. and Wise, R.A. (1987). Opioid receptor subtypes associated
with ventral tegmental facilitaton of lateral hypothalamic brain stimulation
reward. Brain Research, 423, 34-38.

Johnson, R.P., Sar, M. and Stumpf, W.E. (1980). A topographic localization of
enkephalin on the dopamine neurons of the rat substantia nigra and ventral
tegmental area demonstrated by combined histofluorescence-
immunocytochemistry. Brain Research, 194, 566-571.

Johnson, S.W. and North, R.A. (1992). Opioids excite dopamine neurons by
hyperpolarization of local inetrneurons. Journal of Neyroscience, 12, 483-488.

Joyce, E.M. and Iversen, S.D. (1979). The effect of morphine applied locally to

mesencephalic dopamine cell bodies on spontaneous activity in the rat.

Neuroscience Letters, 14, 207-212.

178



Joyce, E.M., Koob, G.F., Strecker, R, Iversen, S.D. and Bloom, F.E. (1981). The
behavioral effects of enkephalin analogues injected into the ventral tegmental area
and globus pallidus. Brain Research, 221, 359-370.

Kalivas, P.W. (1985). Interactions between neuropeptides and dopamine neurons in

the ventromedial mesencephalon, Neuroscience and Biobehavioral Reviews, 9,
573-587.

Kalivas, P.W. and Abhold, R. (1987). Enkephalin release into the ventral tegmental
area in response stress : Modulation of mesocorticolimbic dopamine. Brain

Research, 414, 339-348.

Kalivas, P.W., Burgess, S.K., Nemeroff, C.B. and Prange Jr., A.J. (1983).
Behavioral and neurochemical effects of neurotensin microinjection into the
ventral tegmental area. Neyroscience, 8, 496-505.

Kalivas, P.W. and Miller, J.S. (1984). Substance P modulation of dopamine in the
nucleus accumbens. Neuroscience Leters, 48, 55-59.

Kalivas, P.W. and Richardson-Carlson, R. (1986). Endogeneous enkephalin
modulation of dopamine neurons in the ventral tegmental area. American

Journal of Physiology, 258, 243-249.

Kalivas, P.W. and Stewart, J. (1991). Dopamine transmission in the initiation and
expression of drug- and stress-induced sensitization of motor activity. Brain

Research Reviews, 16, 223-244.

Kalivas, P.W., Widerlov, E., Stanley, D., Breese, G. and Prange, A.J.Jr. (1983).
Enkephalin action on the mesolimbic dopamine system : A dopamine-dependent
and a dopamine-independent increase in locomotor activity. Journal of

h ] nd Experimental Th ics, 227, 229-237.

Kavaliers, M. (1990). Inhibitory influences of mammalian FMRFamide (Phe-Met-Arg-
Phe-amide)-related peptides on nociception and morphine- and stress-induced
analgesia in mice. Neuroscience Leters, 115, 307-312.

179



Kavaliers, M. and Yang, H.-Y.T. (1989). IgG from antiserum against endogenous
mammalian FMRF-NH2-related peptides augments morphine and stress-induced
analgesia in mice. Peptides, 10, 741-745.

Kayan, S., Ferguson, R.K. and Mitchell, C.L. (1973). An investigation of
pharmacologic and behavioral tolerance to morphine in rats. Journal of

Pharmacology and Experimental Therapeutics, 183, 300-306.

Kelley, A.E., Cador, M. and Stinus, L. (1985). Behavioural analysis of the effect of
substance P injected into the ventral mesencephalon on investigatory and

spontaneous motor behavior in the rat. Psychopharmacology, 85 37-46.

Kelley, A.E., Stinus, L. and Iversen, S.D. (1979). Behavioral activation induced in
the rat by substance P infusion into the ventral tegmental area : Implication of
dopaminergic A 10 neurones. Neuroscience Letters, 11, 335-339.

Kelley, A.E., Stinus, L. and Iversen, S.D. (1980). Interactions between D-Ala-Met-
enkephalin, A10 dopaminergic neurones, and spontaneous behavior in the rat.

Behavioral Brain Research, 1, 3-24.

Kelly, P.H. (1977). Drug-induced motor behaviour. In L.L. Iversen, S.D. Iversen

and S.H. Snyder (Eds.), Handbook in Pharmacology, Vol. 8 (pp. 295-332),
Plenum Press, New York.

Kelly, P.H. and Iversen, S.D. (1976). Selective 60HDA-induced destruction of
mesolimbic dopamine neurons : Abolition of psychostimulant-induced locomotor

activity in rats. European Journal of Pharmacology, 40, 45-56.

Kelly, P.H., Seviour, P.W. and Iversen, S.D. (1975). Amphetamine and apomorphine
responses in the rat following 6-OHDA lesions of the nucleus accumbens sept
and corpus striatum. Brain Research, 94, 507-522.

Kevetter, G.A. and Willis, W.D. (1982). Spinothalamic cells in the rat lumbar cord with
collaterals to the medullary reticular formation. Brain Research, 238, 181-185.

180



Khachaturian, H., Lewis, M.E. and Watson, S.J. (1983). Enkephalin systems in

diencephalic and brainstem of the rat. Journal of Comparative Neurology, 220,
310-320.

Kivipelto, L., Majane, E.A., Yang, H.-Y.T. and Panula, P. (1989).
Immunochistochemical distribution and partial characterization of

FLFQPQRFamidelike peptides in central nervous system of rats. Journal of
Comparative Neurology, 286, 269-287.

Klitenick, M.A. and Kalivas, P.W. (1994). Behavioural and neurochemical studies of

opioid effects in the pedunculopontine nucleus and mediodorsal thalamus.

fP ] rimental Th ics, 269, 437-448.

Koob, G.F. and Bloom, F.E. (1988). Cellular and molecular mechanisms of dru
dependence, Science, 242, 715-723. )

Knorr, A.M., Galloway, M.P. and Roth, R.H. (1984). Swim stress selectvely
increases norepinephrine metabolism in rat hypothalamus. Federal Proceedings,
Ameri i xperi 1 Biology, 43, 745.

Koikegami, H., Hirata, Y. and Oguma, J. (1967)Studies on the paralimbic brain
structures. 1. Definition and delimitation of the paralimbic brain structures and

some experiments on the nucleus accumbens. Folia Psvchiat, Neurol. Jap., 21,
151-180.

Kotani, Y., Oka, M., Yonehara, T.K. and Inoki, R. (1981). Algesiogenic and

analgesic activities of synthetic substance P, Japanese Journal of Pharmacology,
31, 315-321.

Krettek, J.E. and Price, J.L. (1978). Amygdaloid projections to subcortical structures
within the basal forebrain and brain stem in the rat and cat. Journal of

Comparative Neurology, 178, 225-254.

181



Kuczenski, R. (1983). Biochemical actions of amphetamine and other stimulants. In L.

Creese (Ed.), Stimulants : Neurochemical, Behavioral and Clinical Perspectives
(pp.31-61). Raven Press, New york.

Kuraishi, Y., Hirota, N., Sato, Y., Hino, Y., Satoh, M. and Takagi, H. (1985).
Evidence that substance P and somatostatin ransmit separate information related
to pain in the spinal dorsal horn. Brain Research, 325, 294-298.

Lake, J.R., Hammond, M.V, Shaddox, R.C., Hunsicker, L. M., Yang, H.-Y.T. and

Malin, D.H. (1991). IgG from neuropeptide FF antiserum reverses morphine
tolerance in the rat. Neuroscience Letters, 132, 29-32.

Latimer, L.G., Duffy, P., Kalivas, P.W. (1987). Mu opioid receptor involvement in
enkephalin activation of dopamine neurons in the ventral tegmental area. Journal

of Pharmacology and Experimental Therapeutics, 241, 328-337.

Laufer, R., Gilon, C., Chorey, M., and Selinger, Z. (1986). Characterization of a
neurokinin B receptor site in rat brain using a highly selective radioligand.

Journal of Biological Chemistry, 261, 10257-10263.

Lavielle, S., Tassin, J-P., Thierry, A.-M,, Blanc, G., Hervé, D., Barthelemy, C. and
Glowinski, J. (1978). Blockade by benzodiazepines of the selective high
increase in dopamine tunover induced by stress in mesocortical dopaminergic
neurons of the rat. Brain Research, 168, 585-594.

Lee, M.C,, Jenssen, R.T., Coy, D.H. and Moody, T.W. (1990). Autoradiographic
localization of neurotemedian B binding sites in rat brain. Molecular Cell.
Neuroscience, 1, 161-167.

Lee, C.M., Sandberg, B.E.B., Hanley, M.R.. and Iversen, L.L. (1981). Purification
and characterization of a membrane bound substance P degrading enzyme from

human brain. European Journal of Biochemistry, 114, 315-327.

182



Lester, L.S. and Fanselow, M.S. (1985). Exposure to a cet produces opioid analgesia
in rats. Behavioral Neuroscience, 99, 756-759.

Levine, A.S., Wilcox, G.L., Grace, M. and Morley, J.F. (1982). Tail pinch induced
consummatory behaviors are associated with analgesia. Physiology and
Behavior, 28, 959-962. '

Lewis, J.W. (1986). Multple neurochemical and hormonal mechanisms of stress-

induced analgesia. Annals of the New York Academy of Sciences, x, 194-204.

Lewis, J.W., Cannon, J.T. and Liebeskind, J.C. (1980). Opioid and nonopioid
mechanisms of stress analgesia. Science, 208, 623-625.

Lewis, J.W., Sherman, J.E. and Liebeskind, J.C. (1981). Cpioid and non-opioid
stress-analgesia : assessment of tolerance and cross-tolerance with morphine.

Journal of Neuroscience, 1, 358-363.

Lewis, J.W., Terman, G.W., Watkins, L.R., Mayer, D.J. and Liebeskind, J.C.
(1983). Opioid and non-opioid mechanisms of footshock-induced analgesia :
Role of the spinal dorsolateral funiculus. Brain Research, 267, 139-144.

Li, Y.-Q., Rao, Z.-R., and Shi, J.-W., Midbrain periaqueductal gray neurons with
substance P- or enkephalin-like immunoreactvity send projection fibers to the

nucleus accumbens in the rat, Neurosci. Letters, 119 (1990a) 269-271.

Li, Y.-Q., Rao, Z.-R., and Shi, J.-W. (1990b). Substance P-like immunoreactive
neurons in the nucleus tractus solitarii of the rat send their axons to the nucleus

accumbens. Neyroscicnce Letters, 120, 194-196.

Light, A.R. and Perl, E.R. (1979). Spinal termination of functionality identified
primary afferent neurons with slowly conducting myelinated fibers. Journal of

Comparative Neurology, 186, 133-150.

183



Lin, Y., Morrow, T.J.,, Kiritsy-Roy, J.A., Cass Terry, L. and Casey, K.L. (1989).
Cocaine : Evidence for supraspinal, dopamine-mediated, non-opiate analgesia.

Brain Research, 479, 306-312.

Lisoprawski, A., Blanc, G. and Glowinski, J. (1981). Activation by stress of the
habenulo-interpeduncular substance P neurons in the rat. Neuroscience Letters,
25, 47-51.

Ljungdahl, A., Hokfelt, T., Nilsson, G. and Goldstein, M. (1978). Distribution of
substance P-like immunoreactivity in the central nervous system of the rat-I.
Light microscopic localization in relation to catecholamine-containing neurons,

Neuroscience, 3, 945-976.

Lynch, M.R. (1991). Scopolamine enhances expression of an amphetamine-
conditioned place preference. Neuroreport, 2, 715-718.

Ma, Q.P. and Han, J.S. (1991). Neurochemical studies on the mesolimbic circuitry of
antinociception. Brain Research, 566, 95-102.

Ma, Q.P., Zhou, Y. and Han, J.S. (1993). Noxious stimulation accelerated the
expression of c-fos protooncogene in cholecystokininergic and dopaminergic

neurons in the ventral tegmental area. Peptides, 14, 561-566.

MacLennan, A.J., Jackson, R.L. and Maier, S.F. (1980). Conditioned analgesia in the
rat. Bulletin of the Psychonomic Society, 13, 387-390.

Maier, S.F., Ryan, S.M. and Kurtz, R. (1984). The formalin test and the opioid nature
of stress-induced analgesia. Behavioral and Neural Biology, 41, 54-62.

Malick, J.B. and Goldstein, J.M. (1978). Analgesic activity of Substance P following
intracerebral administration in rats. Life Science, 23, 835-344.

184



Malin, D.H., Lake, J.R., Fowler, D.E., Hammond, M.V., Brown, S.L., Leyva, J.E,,
Prasco, P.E. and Dougherty, T.M. (1990a). FMRF-NH2-like mammalian
peptide precipitates opiate-withdrawal syndrome in the rat. Peptides, 11. 277-
280.

Malin, D.H., Lake, J.R., Hammond, M.V., Fowler, D.E., Rogillio, R.B., Brown,
S.L., Sims, J.L., Leecraft, B.M. and Yang, H.-Y.T. (1990b). FMRF-NH2-
like mammalian octapeptide : possible role in opiate dependence and abstinence.

Peptides, 11. 969-972.

Manning, B.H., Morgan, M.J. and Franklin, K.B.J. (1994). Morphine analgesia in
the formalin test : evidence for forebrain and midbrain sites of action.

Neuroscience, 63, 289-294.

Mansour, A., Khachaturian, H., Lewis, M.E., Akil, H. and Watson, S.J. (1988).
Anatomy of CNS opioid receptors. Trends in Neuroscience, 11, 306-314.

Marco, N., Stinus, L., Allard, M., Le Moal, M., and Simmonet, G. (1995).
Neuropeptide FLFQPQRFAMIDE receptors within the ventral mesencephalon
and dopaminergic terminal areas : localization and functional antiopioid

involvement. Neuroscience, 64, 1035-1044.

Mark, G.P.,Weinberg, J.B., Rada, P. and Hoebel, B.G. (1995). Extracellular
acetylcholine is increased in the nucleus accumbens following the presentation of

an aversively conditioned taste stimulus. Brain Research, 688, 184-188.
Matthews, R.T. and German, D.C. (1984). Electrophysiological evidence for excitation

of rat ventral tegmental area dopamine neurons by morphine. Neuroscience, 11,
617-628.

185



Matthies, B. and Franklin, K.B.J. (1990). Fbrmalin pain but not analgesia in
brainstem transected rats. Society for Neuroscience Abstracts, 16, 705.

Matthies, B.K. and Franklin, K.B.J. (1992). Formalin pain is expressed in decerebrate
rats but not attenuated by morphine. Pain, 31, 199-206.

Mayer, D.J., Wolfe, T.L., Akil, H., Carder, B., and Liebeskind, J.C. (1971).
Analgesia from electrical stimulation in the brainstem of the rat. Science, 174,
1351-1354.

Mayer, D.J. and Liebeskind, J.C. (1974). Pain reduction by focal electrical stimulation
of the brain : An anatomical and behavioural analysis. Brain Research, 68, 73-
94,

Mayer, D.J. and Price, D.D. (1976). Central nervous system mechanisms of analgesia.
Pain, 2, 379-404.

McLean, S., Rothman, R.B. and Herkernham, M. (1986). Autoradiographic
localization of mu and delta opiate receptors in the forebrain in the rat. Brain
Research, 378, 49-60.

Melzack, R. (1990). The wragedy of needless pain. Scientific American, 262, 27-33.

Melzack, R. and Wall, P. (1988). The challenge of pain. Penguin Books.

Meredith, G.E., Agolia, R., Arts, M., Groenewegen, H.J. and Zahm, D.S. (1992a).
Morphological differences between the projection neurons in the core and shell

of the nucleus accumbens in the rat. Neuroscience, 50, 149-162.

Meredith, G.E., Blank, B. and Groenewegen, H.J. (1989). The distribution and
compartmental organization of the cholinergic neurons in nucleus accumbens of

the rat. Neuroscience, 31, 328-345.

186



Meredith, G.E., Ingham, C.A., Voorn, P. and Arbuthnott, G.W. (1992b).
Ultrastructural characteristics of enkephalin-irnmunoreactive boutons and their
post-synaptc targets in the shell and core of the nucleus accumbens of the rat.

Journal of Comparative Neurology, 332, 224-236.

Mészdros, J., Tarchalska, B., Gajewska, S., Janicki, P., Duriasz, H. and Szreniawskd,
Z. (1980). Substance P, Hexapeptide pGlu6(SP6-11), analgesia and serotonin

depletion, Pharmacology Biochemistry and Behavior, 14, 11-15.

Miczek, K.A., Thompson, M.L. and Shuster, L. (1982). Opioid-like analgesia in
defeated mice. Science, 215, 1518-1520.

Miley, D.P., Abrams, A.A., Atkinson, J.H., and Janowski, D.S. (1978). Successful
treatment of thalamic pain with apomorphine. American Journal of Psychiary,
135, 1230.

Miller, J.D., Speciale, S.G., McMillan, B.A. and German, D.C. (1984). Naloxone
antagonism of stress-induced augmention of frontal cortex dopamine

metabolism. European Journal of Pharmacology, 98, 437-439.

Misra, A.L., Pontani, R.B. and Vadlamani, N.L. (1987). Stereospecific potentiation of
opiate analgesia by cocaine : predominant role of noradrenaline. Pain, 28, 129-
138.

Mizuno, N., Takahashi, O., Satoda, T. and Matsushima, R. (1985). Amygdalospinal
projections in the macaque monkey. Neuroscience Letters, 53, 327-330.

Mohrland, J.S. and Gebhart, G.F. (1979). Substance P-induced analgesia in the rat.
Brain Research, 171, 556-559.

Moochhala, S.M. and Sawynok, J. (1984). Hyperalgesia produced by intrathecal
substance P and related peptides : Desensitization and cross desensitization.

British Journal of Pharmacology, 82, 381-388.

187



Moreau, J.-L., Schmitt, P. and Karli, P. (1985). Morphine applied to the ventral
tegmentum differentially affects centrally and peripherally induced aversive

effects. Pharmacology Biochemistry and Behavior, 23, 931-936.

Morgan, M.J. (1990). Opioid-Dopamine Interactions in Analgesia in the Formalin
Test. Doctoral Dissertation, McGill University, Montreal, Quebec, Canada,

1990.

Morgan, M.J. and Franklin, K.BJ. (1990). 6-hydroxydopamine lesions of the ventral
tegmentum abolish (+)-amphetamine and morphine analgesia in the formalin test
but not the tail flick test. Brain Research, 519, 144-149.

Morgan, M.J. and Franklin, K.B.J. (1991). Dopamine receptor subtypes and formalin
test analgesia. Ph ] iochemi havior, 40, 317-322.

Moskowitz, A.S. and Goodman, R.R. (1984). Light microscopic autoradiographic
localization of and opioid binding sites in the mouse central nervous system.

Journal of Neuroscience, 4, 1331-1342,

Mount, B.M., Ajemian, I. and Scott, J.F. (1976). Use of the Brompton mixture in
treating the chronic pain of malignant disease. Canadian Medical Association J.,
115, 122-124.

Mucha, R.F., Kalant, H. and Linseman, J.A. (1979). Quantitative relationships among
measures of morphine tolrance and physical dependence in the rat.

Pharmacology Biochemistry and Behavior, 10, 397-405.

Naranjo , J.R. and Del Rio, J. (1984). Locomotor activation induced in rodents by
substance P and analogues. Neuropharmacology, 23, 1167-1171.

Naranjo, J.R. and Sdnchez-Franco, F. and Del Rio, J. (1982a). Analgesic activity of
substance P in rats : Apparent mediation by met-enkephalin release. Life

Sciences, 30, 441-446.

188



Naranjo, J.R. and Sédnchez-Franco, F. and Del Rio, J. (1982b). Blockade by met-
enkephalin antiserum of analgesia induced by substance P in mice,

Neuropharmacology, 21, 1295-1299.

Nott, M.W. (1968). Potentiation of morphine analgesia by cocaine in mice. European
Journal of Phammacology, 3, 93-99.

Oades, R.D. and Halliday, G.M. (1987). Ventral tegmental (A10) system :

Neurobiology. I. Anatomy and connectivity. Brain Research Reviews, 12, 117-
165.

Oberling, P., Stinus, L., Le Moal, M. and Simmonet, G. (1993). Biphasic effect on
nociception and antiopiate activity of the neuropeptide FF (FLFQPQRFainide) in
the rat. Peptides, 14, 919-924.

Oechme, P., Hilse, H., Morgenstern, E. and Géres, E. (1980). Substance P : does it
produce analgesia or hyperalgesia ?. Science, 208, 305-307.

Oliveras, J.L., Woda, A., Guilbaud, G. and Liebeskind, J.C. (1974), Behavioral and
electrophysiological evidence of pain inhibition from midbrain stimulation in the

cat. Experimental Brain Research, 20, 32-44.

Onoki, R.K., Matsumoto, K, Oka, M, Kotani, Y and Kudo, T. (1977). Algesiogenic
activity of synthetic substance P. | of Ph logy, 27, 75.

Omstein, K. and Amir, S. (1981). Pinch-induced catalepsy in mice. Journal of
m ive and Physiological 95, 827-835.

Overton, P, Elliott, P.J., Hagan, R.M., and Clark, D. (1992). Neurokinin agonists
differentially affect A9 and A 10 dopamine cells in rat. European Journal of
Pharmacology, 213, 165-166.

Paxinos, G. and Watson, C. (1986). The rat brain in stereotaxic coordinates,

Y ) . ™~ 9 t L JISREREN BV
Acadgemnmuc rress, urianuo, riornaua, .

189



Pearson, J., Brandeis, L., and Cuello, A.C. (1982). Depletion of substance P-
containing axons in substantia gelatinosa of patiants with diminished pain

sensitivity. Nature, 293, 61-63.

Pellegrino, L.J., Pellegrino, A.S. and Cushman, A.J. (1979). A stereotaxic atlas of
the rat brain, Plenum, New York.

Pennartz, C.M.A., Dolleman-Van der Weel, M.J., Lopes da Silva, F.H. (1992).
Differential membrane properties and dopamine effects in the shell and core of
the rat nucleus accumbens studied in vitro. Neuroscience Letters, 136, 109-112.

Pernow, B. (1983). Substance P. Pharmacological Review, 35, 85-141.

Pertovaara, A., Belczynski, C.R., Morrow, T.J. and Casey, K.L. (1988). The effect
of systemic cocaine on spinal nociceptive reflex activity in the rat. Brain

Research, 438, 286-290.

Pfister, M., Boix, F., Huston, J.P. and Schwarting, R.K.W. (1994). Different effects
of scopolamine on extracellular acetylcholine levels in neostriatum and nucleus
accumbens measured in vivo : possible interaction with aversive stimulation.

Journal of Neural Transmission, 97, 13-25.

Phelps, P.E. and Vaughn, J.E. (1986). Immunocytochemical localization of choline
acetyltransferase in rat ventral striatum : A light and electron microscopic study.

Joumal of Neurocvtology, 15, 595-617.

Phillips, A.G. and LePiane, F.G. (1980). Reinforcing effect of morphine

microinjecton into the ventral tegmental area. Ph logy Biocehmi
Behavior, 12, 965-968.

Phillips, A.G. and LePiane, F.G. (1982). Reward produced by microinjection of (D-

Ala2), Met5-enkephalinamide into the ventral tegmental area. Behavioural Brain
Research, 5, 225-229.

190



Pickel, V.M., Joh, T.H., and Chan, J. (1988). Substance P in the rat nucleus
accumbens : ultrastructural localizaton in axon terminals and their relation to
dopaminergic afferents. Brain Research, 444, 247-264.

Pijnenburg, A.J.J., Honig, W.M.M., Van Der Heyden, J.A.M. and Van Rossum, J.M.
(1976). Effects of chemical stimulation of the mesolimbic dopamine system

upon locomotor activity. European Joumnal of Pharmacology, 33, 45-58.

Powell, E.W. and Leman, R.B. (1976). Connectons of the nucleus accumbens.

Brain Research, 105, 389-403.

Proudfit, H.K. and Anderson, E.G. (1975). Morphine analgesia : blockade by raphe
magnus lesions. Brain Research, 93, 612-618.

Pycock, C.J., Carter, C.J. and Kerwin, R.W. (19802). Effect of 6-hydroxydopamine
lesions of the medial prefrontal cortex on neurotransmitter systems in subcortical

sites in the rat. Journal of Neurochemistry, 34, 91-99.

Pycock, C.J., Kerwin, R.W.and Carter, C.J. (1980b). Effect of lesion of cortical
dopamine terminals on subcortical dopamine receptors in rats. Nature, 286, 74-
77.

Quirion, R., Shults, C.W., Shults, C.W., Moody, T.W., Pert, C.B., Chase, T.N. and
O'Donohue, T.L. (1983). Autoradiographic distribution of substance P
receptors in rat central nervous system. Nature, 303, 714-716.

Rada, P., Mark, G.P., Pothos, E. and Hoebel, B.G. (1991a). Systemic morphine
simultaneously decreases extracellular acetylcholine and increases dopamine in
the nucleus accumbens of freely moving rats. Neuropharmacology, 30, 1133-
1136.

Rada, P., Mark, G.P., Taylor, K.M. and Hoebel, B.G. (1996). Morphine and

naloxone, i.p. or locally, affect extracellular acetylcholine in the accumbens and

prefrontal cortex. Pharmacology, Biochemistry and Behaviour, 53, 809-816.

191



Rada, P., Pothos, E., Mark, G.P. and Hoebel, B.G. (1991b). Microdialysis evidence
that acetylcholine in the nucleus accumbens is involved in morphine withdrawal
and its treatment with clonidine. Brain Research, 561, 354-356.

Radhakrishnan, V. and Henry, J.L. (1991). Novel substance P antagonist, CP-96,
345, blocks responses of spinal dorsal horn neurons to noxious cutaneous

stimulation and to substance P. Neuroscience Letters, 132, 39-43.

Regoli, D., D' Orleans-Juste, P., Rouissi, N. and Rhaleb, N.E. (1993a). Vasoactive
peptides and characterization of their receptors. Regulatory Peptides, 43, 323-
340.

Regoli, D., Drapeau, G., Dion, S. and Couture, R. (1988). New selective agonists for
neurokinin receptors : Pharmacological tools for receptor characterization.

Trends in Pharmacological Sciences, 9, 290-295.

Regoli, D., Nantel, F., Tousignant, C., Jukic, D., Rouissi, N., Rhaleb, N.-E.,
Télémagque, G., Drapeau, G. and D' Orléans-Juste. P. (1991). Neurokinin

agonists and antagonists. Annals of the New York Academy of Sciences, 632,
170-182.

Regoli, D., Nguyen, Q.T., Jukic, D. and Rouissi, N. (1993b). Functional
characterization of neurokinin receptors with agonists and antagonists.

Regulatory Peptides, 46, 287-289.

Reynolds, D.V. (1969). Surgery in the rat during electrical analgesia induced by focal
brain stimuladon. Science, 164, 444-445.

Riffee, W.H. and Wilcox, R.E. (1985). Effects of multiple pretreatment with
apomorphine and amphetamine on amphetamine-induced locmotor activity and

its inhibition by apomorphine. Psychopharmacology, 83, 97-101.
Robertson, J., Weston, R., Lewis, M.J. and Barasi, S. (1981). Evidence for the

potentiation of the antinociceptive action of morphine by bromocriptine.
Neuropharmacology, 20, 1029-1032.

192



Robinson, T.E. and Whishaw, 1.Q. (1988). Normalization of extracellular dopamine in
striatum following recovery from a partial unilateral 6-OHDA lesion of the
substantia nigra : A microdialysis study in freely moving rats. Brain Research,
450, 209-224.

Rochford, J. and Henry, J.L. (1988). Lack of effect of adrenal denervation on
analgesia elicited by continuous and intermittent cold water swim in the rat.

Brain Research, 445, 404-406.

Rosecrans, J.A. and Chance, W.T. (1976). Emodonally-induced antinociception.

Society for Neuroscience Abstracts, 2, 919.

Rosland, J.H., Tjolsen, A., Maehle, B. and Hole, K. The formalin test in mice - effect
of formalin concentration. Pain, 42, 235-242.

Ross, R.T. and Randich, A. (1985). Associative aspects of conditioned analgesia
evoked by a discrete CS. Animal Learning and Behavior, 13, 419-431.

Roth, R.H., Tam, S.-Y., Ida, Y., Yang, J.-X. and Deutch, A.Y. (1988). Stress and

the mesocorticolimbic dopamine systems. Annals of the New York Academy of
Sciences, 337, 138-147.

Ryan, S.M., Watkins, L.R., Mayer, D.J. and Maier, S.F. (1985). Spinal pain
suppression mechanisms may differ for phasic and tonic pain. Brain Research,
334, 173-175.

Saffroy, M., Beaujouan, J.C., Torrens, Y., Besseyre, J., Bergstrom, L., and
Glowinski, J. (1988). Localization of tachykinin binding sites (NK1, NK2,
NK3 ligands) in the rat brain. Peptides, 9, 227-241.

Salter, M.W. and Henry, J.L. (1991). Responses of functionally identified neurons in

the dorsal horn of the cat spinal cord to substance P, neurokinin A and
physalaemin. Neuroscience, 43, 601-610.

193



Samanin, R., Ghezz, D., Mauron, C., and Valzelli, L. (1973). Effect of midbrain
raphe lesion on the antinociceptive action of morphine and other analgesics in

rats. Psychopharmacologia, 33, 365-368.

Sandberg, B.E.B., Lee, C.M., Hanley, M.R. and Iversen, L.L. (1981). Synthesis and
biological properties of enzyme-resistant analogues of substance P. European
Journal of Biochemistry, 114, 329-337.

Sandrew, B.B., Edwards, D.L., Polett, C.E., Foote, W.E. (1986). Amygdalospinal
projections in the cat. Brain Research, 373, 235-239.

Sawynok, J. and Robertson, G. (1985). Desensitization to substance P following
intrathecal injection. A technique for investigating the role of substance P in

nociception. Naunyn Schmiedeberg's Archives of Pharmacology, 331, 152-
158.

Schwartz, J.C., Diaz, J., Griffon, N., Levesque, D., Marues, M.P., Sokoloff, P.
(1994). Multiple dopamine receptors : the D3 receptor and actions of substance
of abuse, EXS, 71, 81-92.

Sciuciak, J.A. and Advocat, C. (1989). Antinociceptve effect of intrathecal morphine

in tolerant and nontolerant spinal rats. Pharmacology Biochemistry and
Behavior, 34, 445-452.

Seeman, P and Van Tol, H.H. (1994). Dopamine receptor pharmacology. Trends in
Pharmacological Sciences, 15, 264-270.

Seeman, P and Van Tol, H.H. (1993). Dopamine receptor pharmacology.

Shibata, M., Ohkubo, T., Takahashi, H. and Inoki, R. (1989). Modified formalin test :
Characteristic biphasic pain response. Pain, 38, 347-352.

Shults, C.W., Quirion, R., Chronwall, B., Chase, T.N. and O'Donohue, T.L. (1984).
A comparison of the anatomical distribution of substance P and substance P
receptors in the rat central nervous system, Peptides, 5, 1097-1128.

194



Sibley, D.R. and Monsma, F.J. (1992). Molecular biology of dopamine receptors,
Trends in Pharmacological Sciences, 13, 61-69.

Siegel, S. (1975). Evidence from rats that morphine tolerance is a learned response.

Journal of Comparative and Physiological Psychology, 89, 498-506.

Siegel, S. (1976). Morphine analgesic tolerance : Its situation specificity supports a
Pavlovian conditioning model. Science, 193, 323-325.

Siuciak, J.A. & Advocat, C. (1989). Antinociceptive effect of intrathecal morphine in

tolerant and nontolerant spinal rats. Pharmacology Biochemistry and Behavior,
34, 445-452.

Skaburskis, M. (1980). Amphetamine-induced analgesia in the formalin test
Antagonism by pimozide, a dopamine blocker. Master's thesis, McGill

University, Montreal.

Skilling, S.R., Smullin, D.H. and Larson, A.A. (1990). Differential effects of C- and
N-terminal substance P metabolites on the release of amino acid
neurotransmitters from the spinal cord : Potential role in nocicepton. The

Joumnal of Neuroscience, 10, 1309-1318.

Smeets, W.J. and Medina, L. (1995). The efferent connections of the nucleus
accumbens in the lizard Gekko gecko. A combined tract-tracing/transmitter-

immunohistochemical study. Anat Embrvol,, 191, 73-81.

Smith, G.M., Egbert, .D., Markowitz, R.A., Mosteller, F. and Beecher, H.K. (1966).
An experimental pain method sensitive to morphine in man : The submaximum
effort tourniquet technique. Journal of Pharmacology and Experimental
Therapeutics, 154, 324-332.

Smith, J.E., Guerin, G.F,, Co, C., Barr, T.S. & Lane, J.D. (1985). Effects of 6-
OHDA lesions of the central medial nucleus accumbens on the rat intraveneous
morphine self-administration. Ph 1 i i havior, 23,
843-849.

195



Snider, R.M., Constantine, J.W., Lowe III, J.A., Longo, K.P., Lebel, W.S., Woody,
H.A., Drozda, S.E., Desdai, M.C., Vinick, F.J., Spencer, R.W. and Hess, H.-
1. (1991). A potent nonpeptide antagonist of the substance P (NK-1) receptor.

Science, 251, 435-437.

Sokoloff, P. and Schwartz, J.C. (1995). Novel dopamine receptors half a decade later.
Trends in Pharmacological Sciences, 16, 270-275.

Speciale, S.G., Miller, J.D., McMillaen, B.A. and German, D.C. (1986). Actvation
of specific central dopamine pathways : Locomotion and footshock. Brain
Research Bulletin, 16, 33-38.

Spyraki, C., Fibiger, H.C. & Phillips, A.G. (1982). Dopaminergic substrates of
amphetamine-induced place preference conditioning. Brain Research, 253, 185-
193.

Starr, M.S., James, T.A. and Gaytten, D. (1978). Behavioural depressant and
antinociceptive properties of substance P in the mouse : Possible implication of

brain monoamines. European Joumal of Pharmacology. 48, 203-212.

Staton, D.M. and Solomon, P.R. (1984). Microinjections of d-amphetamine into the
nucleus accumbens and caudate-putamen differendally affect stereotypy and

locomotion in the rat. Physiological Psychology, 12, 159-162.

Stewart, J. (1984). Reinstatement of heroin and cocaine self-administration behavior in
the rat by intracerebral application of morphine in the ventral tegmental area.

h l Biochemi havior, 20, 917-923.

Stewart, J. (1991). Conditioned stimulus control of the expression of sensitization of
the behavioral activating eeffects of opiate and simulant drugs. In I. Gormezano

and E.A. Wasserman (Eds.), Leamning and Memory : Behavioral and Biological
Substrates. Hillside, NJ, Erlbaum.

Stewart, J., de Wit, H. and Eikelboom, R. (1984). Role of unconditioned and
conditioned drug effects in the self-administration of opiates and stimulants.

Psvchological Reviews, 91, 251-268.
196



Stewart, J. and Vezina, P. (1987). Environment-specific enhancement of hyperactivity
induced by systemic or intra-VTA morphine injections in rats preexposed to

amphetamine. Psychobiology, 15, 144-153.

Stewart, J. and Vezina, P. (1988). Condidoning and behavioral sensitization. In P.W.

Kalivas and C.D. Barnes (Eds.), Sensitization in the Nervous System.
Caldwell, N.J., Telford Press.

Stewart, J. and Vezina, P. (1989). Microinjections of SCH-23390 into the ventral
tegmental area and substantia nigra pars reticulata attenuate the development of
sensitizaton to the locomotor activating effects of systemic amphetamine. Brain

Research, 495, 401-406.

Stewart, J.M., Getto, C.J., Neldner, K., Reeve, E.B., Krivoy, W.A. and
Zimmermann, E. (1976). Substance P and analgesia. Nature, 262, 784-785.

Stewart, J.M., Hall, M.E., Harkins, J., Frederickson, R.C.A., Terenius, L., Hokfelt,
T. and Krivoy, W.A.(1982). A fragment of substance P with specific central
activity : SP (1-7). Peptides, 3, 851-857.

Stinus, L., Kelley, A.E. and Iversen, S.D. (1978). Increased spontaneous activity
following substance P infusion into A10 dopaminergic area. Natyre, 276, 616-
618.

Stoessl, J.A. (1992). NK-3 tachykinin receptors localized on midbrain dopamine
neurons, Society for Neuroscience Abstracts, 18, 454.

Stoessl, A.J. and Hill, D.R. (1990). Autoradiographic visualization of NK-3
tachykinin binding sites in the rat brain, utilizing [3H]senktide. Brain Research,
534, 1-7.

Stoessl, A.J., Szczutkowski, E., Glenn, B. and Watson, . (1991). Behavioural effects

of selective tachykinin agonists in midbrain dopamine regions. Brain Research,
565, 254-262.

197



Sugiura, Y., Lee, C.L. and Perl, E.R. (1986). Central projections of identified,
unmyelinated (C) afferent fibers innervating mammalian skin. Science, 234,
358-361.

Swanson, L.W. (1982). The projection of the ventral tegmental area and adjacent
regions : A combined fluorescent retrograde tracer and immunofluorescence

study in the rat. Brain Research Bulletin, 9, 321-353.

Szreniawski, Z., Czlonkowski, A., Janicki, P., Libich, J. and Gumulka, S.W. (1979).
Analgesic effect of substance P and related hexapeptides. Polish Journal of
Pharm and Pharmacology, 31, 579-587.

Tamiya, R., Hanada, M., Kawai, Y., Inagaki, S. and Takagi, H. (1990). Substance P
sfferents have synaptic contacts with dopaminergic neurons in the ventral

tegmental area of the rat. Neuroscience Letters, 110, 11-15.

Tassin, J.P., Hervé, D., Blanc, G. and Glowinski, J. (1980). Differential effects of a
two-minute open field session on dopamine utilization in the frontal cortices of

BALB/C and C57 BL/6 mice. Neuroscience Letters, 17, 67-71.

Tchakarov, L., Abbott, F.V., Ramirez Gonzales, M.D. and Kunos, G. (1985).
Clonidine's analgesic actions are reversible with naloxone in spontaneously

hypertensive rats. Brain Research, 328, 33-40.

Terenius, L. (1975). Effect of peptides and amino acids on dihydromorphine binding to
the opiate receptor. Journal of Pharm and Phammacology, 31, 579-587.

Terenzi, M.G., Guimaraes, F.S. and Prado, W.A. (1990). Brain Research, 524, 213-
218.

Terenzi, M.G. and Prado, W.A. (1990). Brain Research, 535, 18-24.

Terman, G.W. (1986). Opioid and non-opioid stress analgesia from cold water swim :
importance of stress severity. Brain Research, 372, 167-171.

198



Terman, G.W., Shavit, Y., Lewis, J.W., Cannon, J.T. and Liebeskind, J.C. (1984).
Intrinsic mechanisms of pain inhibition : Activation by stress. Science, 226,
1270-1277.

Terman, G.W., Lewis, J.W. and Liebeskind, J.C. (1986). Two opioid forms of stress
analgesia : Studies of tolerance and cross tolerance. Brain Research, 368, 101-
106.

Thierry, A.M., Blanc, G., Sobel, A., Stinus, L. and Glowinski, J. ( 1973).
Dopaminergic terminals in the rat cortex. Science, 182, 499-501.

Thierry, A.M., Tassin, J.-P., Blanc, G. and Glowinski, J. (1976). Selectve activation
of the mesocortical dopamine systemn by stess. Nature, 263, 242-243.

Tissari, A.H., Argiolas, A., Fadda, F., Serra, G. and Gessa, G.L. (1979). Footshock
stress accelerates non-striatal dopamine synthesis without activating tyrosine

hydroxylase. Naunyn-Schmiedeberg's Archives of Pharmacology, 308, 155-
157.

Tjolsen, A., Berge, O-G., Hunskaar, S., Rosland, J.H. & Hole, K. ( 1992). The
formalin test : An evaluation of the method. Pain, 51, 5-17.

Tocco, D.R. and Maickel, R.P. (1984). Analgesic activides of amphetamine isomers.
rchives [ ional Ph ics, 268, 25-31.

Tocco, D.R., Spratto, G.R. and Maickel, R.P. (1985). Differental analgetic actions of
amphetamine enantiomers in the mouse : A drug-drug interaction study.

hives In ional Ph vnamics, 278, 261-272.

Torens, Y., Beaujouan, J.C., and Glowinski, J. Pharmacological characterisation of
two tachykinin binding sites in the rat cerebral cortex. Neuropeptides, §, 59-70.

Tsou, K. and Jang, C.S. (1964). Studies on the site of analgesic action of morphine by
intracerebral microinjection. Scientia Sinica, 8, 1099-1109.

199



Tulunay, F.C., Yano, I. and Takemori, A.E. (1976). The effect of biogenic amine
modifiers on morphine analgesia and its antagonism by naloxone. European
Journal of Pharmacology, 35, 285-292.

Twycross, R.G. (1974). Clinical experience with diamorphine in advanced malignant
disease. International Journal of Clinical Pharmacology, 9, 184-198.

Twycross, R.G. (1978). Relief of pain. In C.M. Saunders (Ed.), The Management of
Terminal Disease (pp. 65-98). Edward Armold, LTD, London.

Ungerstedt, U. (1984). Measurement of neurotransmitter release by intracranial

dialysis. In C.A. Marsden, (Ed.), Measurement of Neurotransmitter release In
Vivo (pp. 81-105). Wiley, New York.

Vaccarino, A.L. and Chomney, D.A. (1994). Descending modulation of central neural
plasticity in the formalin pain test. Brain Research, 666, 104-108.

Vaccarino, A.L., Tasker, R.A. and Melzack, R. (1989). Analgesia produced by normal
doses of opioid antagonists alone and in combination with morphine. Pain, 36,
103-109.

Vaccarino, A.L., Marek, P., and Liebeskind, J.C. (1992a). Stress-induced analgesia
prevents the development of the tonic, late phase of pain produced by

subcutaneous formalin. Brain Research, 572, 250-252.

Vaccarino, A.L., Marek, P., Sternberg, W. and Liebeskind, J.C. (1992b). NMDA
receptor antagonist MK-801 blocks non-opioid stress-induced analgesia in the
formalin test. Pain, 50, 119-123.

Vallar, L. and Meldolesi, J. (1989). Mechanisms of signal transduction at the dopamine
D2 receptor. nds in Ph logical Sci 10, 74-717.

Vezina, P., Blanc, G., Glowinski, J. and Tassin, J-P. (1991). Opposed behavioral
outputs of increased dopamine transmission in prefrontocortical and subcortical
areas : A role for the cortical D-1 dopamine receptor. European Journal of
Neuroscience, 3, 1001-1007.

200



Vezina, P., Kalivas, P.W. and Stewart, J. (1987). Sensitization occurs to the
locomotor effects of morphine and the specific mu opioid receptor agonist,
DAGO, administered repeatedly to the VTA but not to the nucleus accumbens.

Brain Research, 417, 51-58.

Vezina, P., Giovino, A.A., Wise, R.A. and Stewart, J. (1989). Environment-specific
cross-sensitization between the locomotor activating effects of morphine and

amphetamine. Pharmacology Biochemistry and Behavior, 32, 581-584.

Vezina, P. and Stewart, J. (1984). Conditioning and place-specific sensitization of
increases in activity induced by morphine in the VTA. Pharmacology
Biochemistry and Behavior, 20, 925-934.

Vezina, P. and Stewart, J. (1989). The effect of dopamine receptor blockade on the
development of sensitization to the locomotor activating effects of amphetamine

and morphine. Brain Research, 499, 108-120.

Vezna, P. and Stewart, J. (1990). Amphetamine administered to the ventral tegmental
area but not to the nucleus accumbens sensitizes rats to systemic morphine : Lack

of conditioned effects. Brain Research, 516, 99-106.

Voom, P., Gerfen, C.R. and Groenwegen, H.J. (1989). The compartmental
organization of the ventral stiatum of the rat : [mmunohistochemical distribution
of enkephalin, substance P, dopamine, and calcium-binding protein. Journal of

Comparatve Neurology, 289, 189-201.

Waddington, J.L. and Deveney, A.M. (1996). Dopamine receptor multiplicity : "D1-
like ' - "D2-like' interactions and "D1-like" receptors not linked to adenylate

cyclase. Biochemical Society Transactions, 24, 177-182.

Watkins, L.R., Cobelli, D.A. and Mayer, D.J. (1982). Classical conditioning of front
paw and hind paw footshock induced analgesia (FSIA) : Naloxone reversibility

and descending pathways. Brain Research, 243, 119-132.

201



Watling, K.J., Nonpeptide antagonists herald new era in tachykinin research. (1992).
Trends in Pharmacological Sciences, 13, 266-269.

Webb, S.S., Smith, G.M., Evans, W.0O. and Webb, N.C. (1978). Toward the

development of a potent nonsedating oral analgesic. Psychopharmacology, 60,
25-28.

Willer, J.C. and Albe-Fessard, D. (1980). Electrophysiological evidence for a release
of endogeneous opiates in stress-induced 'analgesia’ in man. Brain Research,
198, 419-426.

Willow, M., Carmody, J.J. and Carroll, P.R. (1980). The effects of swimming in mice
on pain perception and sleeping time in response to hypnotic drugs. Life
Sciences, 26, 219-224.

Wise, R.A. (1988). Psvchomotor stimulant properties of addictive drugs. Annals of
the New York Academy of Sciences, 537, 228.

Wise, R.A. (1989). Opiate reward : sites and substrates. Neuroscience and
Biobehaviora] Reviews, 13, 129-133.

Wise, R.A. and Bozarth, M.A. (1987). A psychomotor stimulant theory of addiction.
Psychological Reviews, 94, 469-492.

Wise, R.A. and Rompré, P.-P. (1989). Brain dopmamine and reward. Annual Review
of Psychology, 40, 191-225.

Williams, D.J., Crossman, A.R. and Slater, P. (1977). The efferent projections of the
nucleus accumbens in the rat. Brain Research, 130, 217-227.

Witkin, L.B., Heubner, C.F., Goldi, F., O'Keefe, E., Spitaletta, P. and Plummer,
A.J. (1961). Pharmacology of z-amino-indane hydrochloride (Su-8629). A
potent non-narcotic analgesic. Journal of Pharmacology and Experimental
Therapeutics, 133, 400-408.

202



Wolfarth, S. and Ossowska (1995). Dopamine receptors : The present state of research

and perspectives, Polish Journal of Pharmacology, 47, 207-218.

Wormser, U., Laufer, R., Hart, Y., Chorev, M., Gilon, C., and Selinger, Z. (1986).
Highly selective agonists for substance P receptor subtypes. EMBO ], 3, 2805-
2808.

Yaksh, T.L., Plant, R.L., & Rudy, T.A. (1977). Studies of the antagonism by raphe
lesions of the antinociceptive action of systemic morphine. European Journal of

Pharmacology, 41, 399-408.

Yaksh, T.L. & Rudy, T.A. (1978). Narcotic analgetics : CNS sites and mechanisms of
action as revealed by intracerebral injection techniques. Pain, 4, 299-359.

Yao, Z.X. and Zhou, J.X., (1983). Afferent connections of amygdaloid complex : an
HRP study on central and medial amygdaloid nuclei. Acta Anat, Sin., 14, 367-
373.

Yang, H.-Y.T., Fratta, W., Majane, E.A., and Costa, E. (1985). Isolaton,
sequencing, synthesis and pharmacological characterization of two brain
neuropeptides that modulate the action of morphine. Proceedings of the
National Academy of Sciences U.S.A., 82, 7757-7761.

Yashpal, K., Dam, T.-V. and Quirion, R. (1990). Quantitative autoradiographic

distribution of multiple neurokinin binding sites in rat spinal cord. Brain
Research, 506, 259-266.

Yashpal, K., Pitcher, G.M. and Henry, J.L. (1995). Noxious peripheral stimulation
produces antinociceptionmediated via substance P and opioid mechanisms in the

rat tail-flick test. Brain Research, 674, 97-103.

Yashpal, K., Wright, D.M. and Henry, J.L. (1982). Substance P reduces tail-flick
latency : Implication for chronic pain syndromes. Pain, 14, 155-167.

203



Yeomans, D.C. and Proudfit, H.K. (1990). Projections of substance P-
immunoreactive neurons located in the ventromedial medulla to the A7
noradrenergic nucleus of the rat demonstrated using retrograde tracing combined
with immunocytochemistry. Brain Research, 532, 329-332.

Yeomans, D.C. and Proudfit, H.K. (1992). Antinociception induced by microinjection
of substance P into the A7 catecholamine cell group in the rat. Neuroscience,
49, 681-691.

Yeung, J.C. & Rudy, T.A. (1980). Sites of antinociceptive action of systemically
injected morphine : Involvement of supraspinal loci as revealed by
intracerebroventricular injection of naloxone. Journal of Pharmacology and

Experimental Therapeutics, 213, 626-632.

Yokel, R.A. & Wise, R.A. (1975). Increased lever pressing for amphetamine in rats :
Implications for dopamine theory of reward. Science, 187, 547-549.

Young, P.T. (1961). Motivation and emotion : a survey of the determinants of hurman
and anima] activity. New York, London, Wiley & Sons.

Yu, L.C. and Han, J.S. (1990). A neural pathway from nucleus accumbens to

amygdala in morphine analgesia of the rabbit. Acta Physiologica Sinica, 42,
277-283.

Zaborsky, L., Alheid, G.F., Beinfeld, M.C., Eiden, L.E., Heimer, L. and Palkovits,
M. (1985). Cholecystokinin innervation of the ventral striatum : A

morphological and radioimmunological study. Neuroscience, 14, 427-453.

Zahm, D.S. and Brog, J.S. (1992). Commentary : On the significance of the core-shell
boundary in the rat nucleus accumbens. Neuroscience, 50, 751-767.



Zahm, D.S. and Heimer, L. (1993). The efferent projections of the rostral pole of the
nucleus accumbens in the rat : Comparison with the core and shell projection

patterns. Journal of Comparative Neurology, 327, 220-232.

205



