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ABSTRACT

It has been proposed that analgesia in the formalin test
is mediated through forebrain systems associated with
reinforcement, whereas motor responses necessary for the
expression of pain are organized at the level of the
brainstem. Because it 1is located in the brainstem and
connected with both 1limbic reward systems and motor
structures, the peduncu.opontine tegmental nucleus (PPTg) is
a site where reward signals might influence the expression of
pain. Experiment 1 confirmed that NMDA-induced lesions of the
PPTg block the development of a conditioned place preference
to morphine. Subsequently, morphine-induced analgesia was
found to be reduced, but not eliminated. The reduction of
reward was not significantly correlated with loss ot cholire
acetyltre.sferase containing neurons in the PPTg. 1In
Experiment 2, PPTg lesions did not affect morphine analgesia
in drug naive animals, but produced motor abnormalitie: and
blocked the morphine-induced depression of sponta.aeous motor

activity and catalepsy.




RESIIME

It a eté proposé que 1l’analgésie observée dans le test de
formaline est produite par les systems du télencéphale qui
sont associés avec le renforcement, alors que les réponses
moteures necessaires a l’expression de la douleur sont
organisées au niveau du mésencéphale ou pluapart. Le nucleus
tegementi pedunculopontinus (PPTg) did & sa position dans le
mésencéphale et & ses connections avec les systemes de
récompenses peuvent influencer l’expression de la douleur. La
premiere expérience a confirmé que les lésions produites par
le NMDA au PPTg bloquent le deéveloppement d’une préférence
positionelle conditionée a la morphine. Par aprés, l’analgésie
produite par la morphine était réduite mais pas éliminée. La
réduction de la récompense n’était pas corréliee de facgon
significative avec la perte de neurones contenant de la
choline acetyltransferase dans le PPTg. Dans la deuxiéme
expérience, les lésions au PPTg n’‘ont pas affectés 1‘agent
analgesique de la morphine chez des animaux jamais drogués,
mais par contre ces lésions ont produit des abnormalités du
mouvement et ont bloqués la dépression de l’activité motrice

spontanée et de la catalepsie produite par la morphine.
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Experiment 1
INTRODUCTION

Experiences of pleasantness and unpleasantness and the:r
role in motivating behaviour have been studied for centuries,
The Greek philosopher Epicurus (341-270 B.C.) emphasized that
happiness could be achieved through the pursuit of pleasure
and the avoidance of pain. In the nineteenth century, Spencer
(1872) speculated that pain and pleasure are the principle
guiding forces that motivate human behaviour. Using J3Spencer’s
hypothesis as a basis, Troland (1928) classitied stimuli
according to their sensory properties and attempted to relate
hedonic experiences to sensation. Beebe-Center {1932) also
examined sensory pe.ception and suggested that experiences ot
pleasantness and unpleasantness are opposite extremes on a
single intensity continuum. Recently Le Magnen et al. (1980)
reformulated this suggestion in physiological terms and
proposed that reward and pain modulation are mediated through
the same neural substrate; when the system is activated so
that rewarding effects are enhanced, pain will simultanecusly
be diminished.

Le Magnen’s hypothesis is supported by evidence
indicating that responses to aversive stimuli are altered by
changes in levels of motivation for other goals. For example,
food deprivation reduces the threshold to nociceptive stimuli
(McGivern and Bentson, 1980) and sucrose infusions into mouths

of infanrt rats increase pain thresholds (Blass et al., 1987).
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Moreover, there is evidence that an animal may react to
noxious stimuli by attempting to activate endogenous reward
systems. Ingecstion of highly palatable foods is increased
under stressful conditions (Antelman et al., 1975, 1976;
Levine et al., 1982) and, responding for intra-cranial self-
stimulation (ICSS) (believed to reflect the activation of
endogenous reward substrates) is facilitated by both foot-
shock (De Witte, 1979) and aversive hindbrain stimulation
(Carr and Coons, 1982).

Le Magnen’s hypothesis further proposes that the
biochemical mechanisms mediating reward and pain modulation
both involve endogenous opioid systems. In support of this
suggestion, Levine et al. (1982) demonstrate that the opiate
antagonist naloxone Dblocks both feeding and analgesic
responses elicited by tail-pinch, and Roane and Martin (1990)
report that morphine analgesia 1s increased following
continuous sucrose feeding. Furthermore, naloxone enhances a
taste aversior. and abolishes a taste preference (Le Magnen et
al., 1980). These findings imply that pleasurable and aversive
sensations may be am<cciated with high and low opioid activity
respectively.

The mechanism(s) by which reinforcing stimuli alter(s)
endogerous opioid mechanisms and morphine analgesia are
unknown. Roane and Martin (1990) suggest that the properties
of sucrose which make it a reinforcing stimulus, may be

related to those responsible for its modulation of opioid
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function. Similarly, Carr (1984) hypothesizes that opiates
potentiate reward through activation of oproid systems while
concurrently diminishing emotional responsiveness to aversive
stimuli. These hypotheses are also consistent with the notion
that reward and analgesia may be mediated through the
activation of a single neural substrate.

The idea that reward and analgesia are both reflections
of the state of activity in common systems provides a
neurochemical mechanism for the pschological hypothesis that
analgesia 1is associated with a change in the emotional
response to pain. For example, it has been suggestea that
opiocds may produce their analgesic etfect by reducing the
patient’s suffering, but not the sensory intensity of their
pain (Beecher, 1959; Jaffe and Martin, 1975). Consistent with
this view, all strong, centrally acting, analgesics are self-
administered by both animals and humans (Franklin, 1989), and
their efficacy as analgesics is roughly proportional to their
abuse potential. Thus, the most powerful analgesics, including
morphine, heroin, and amphetamine, have high abuse potential,
while *the partial agonist analgesics have weaker analgesic
activity, but reduced abuse potential (Jaffe and Martin,
1975). Since opioid receptors are widely distributed in the
brain, the coincidence of analgesic activity and rewarding
effects of opiods is not itself strong evidence that reward
and analgesia are mediated through a single neural substrate.

Stronger support for the hypothesis would be evidcnce that the
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opioid receptors subserving analgesia are located in the same
areas as those subserving reward and interact in the same way
with the neurotransmitter systems involved in reward.

The neural substrate. of reward have been explored using
ICSS, self-administration, and conditioned place preference
(CPP) paradiyms. Based on converging evidence from studies
employing these paradigms, Koob and Bloom (1988) propose that
neural structures and systems mediating the reinforcing effect
of drugs include DA neurons in the ventral tegmental area
(VTA), (Wise and Bozarth, 1987), cell bodies in the nucleus
accumbens (NA) (Zito et al., 1985), and termination sites of
NA fipbers in the the ventral pallidum (VP) (Swerdlow et al.,
1984; Hubner and Koob, 1987).

Much of the evidence on neurochemical mechanisms of
reinforcement has been derived from the CPP paradigm, which,
as a measure of reward, has a number of advantages (Carr et
al., 1989). First, the CPP paradigm 1is very sensitive:
rewarding effects are observed at 0.08 mg/kg morphine (Mucha
et al., 1982), 0.5mg/kg d-amp (Spyraki et al., 1982b), or 0.08
mg/kg heroin (Spyraki et al., 1983); CPP can be produced using
a sirgle drug pairing (Mucha et al., 1982); CPP can be
retained for up to one month following three morphine pairings
in a distinct environment (Mucha and Iversen, 1985). Second,
testing is conducted under drug free conditions, thus
eliminating confounds of sensory and/or motor changes that may

influence responding. Finally, drug dose is determined and
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controlled by the experimenter, unlike self-administration
paradigms in which the animal’s rate of responding determines
the dose administered.

Studies employing vthe CPP paradigm occasionaily yield
different results from those using self-adminstration as a
measures of reward. For example, 6-hydroxydopamine (6~0HDA)
lesions of the N2 block cocaine self-adminstration (Roberts et
al., 1980), but do not affect cocaine-induced CPP (Spyraki ct
al., 1982a), and 6-0OHDA lesions of the N2 block heroin-induced
CPP (Spvraki et al., 1983), whereas responding for heroin
self-administration is not affected (Petit et al., 1984). Carr
et al. (1989) points out that these apparently contradictory
results may be due to different sensitivities of the paradigms
to the reinforcing effects of drugs, and further suggests that
the number of discrepant findings are relatively few in
comparison with the vast majority of cases in which the two
methods have generated conceptually consistent results. This
fact, along with the advantages outlined above, suggests that
the CPP paradigm has considerable concurrent validity as a
measure of reward (van der Kooy, 1987; Carr et al., 1989).

The assessment of an affective component of pain in
animals is more problematic. There are more than 50 pain tests
recorded in the literature (Franklin and Abbott, 1989), but
the most commonly used tests would not be expected to be
sensitive to the affective aspects of pain because they

measure latencies of refexes to a nociceptive stimulus at the
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pain threshold. Since the reflex rapidly terminates the
stimulus, it is unlikely that a significant affective response
is evoked by the nociceptive stiimlus. In this regard, Carroll
and Lim (1960) have shown that, when nociceptive stimulation
is continued beyond the latency of the withdrawal reflex,
affective responses to pain are evoked and these responses
involve higher levels of the nervous system than the reflex
withdrawal responses o a noxious stimulus which are organized
in the spinal cord.

One test that measures responses to continuing pain is
the formalin test. Developed by Dubuisson and Dennis (1977)
as an animal model of clinical pain, the procedure involves
injecting of a small quantity (0.05 ml) of dilute formalin
into the animal’s paw and assessing its protective responses
tcwards the injured limb. Human subjects who have experienced
the pain of formalin injection describe it as initally burning
in quality, then developing into a deep aching pain that
recedes over 90 minutes. At its peak, the pain is moderate in
intensity, poorly 1localized, and the primary area is
surrounded by a region of hyperasthesia and miid spontaneous
pain (Franklin and Abbott, 1989).

It has been shown that the formalin test is sensitive to
analgesic mechanisms that are different from those predominant
in reflex withdrawal tests (Abbott et al., 1982; Abbott and
Melzack, 1982; Abbott and Melzack, 1983; Ryan et al., 1985;

Morgan and Franklin, 1990). For example, tolerance to morphine
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analgesia develops rapidly in threshold tests, but not the
formalin test (Abbott et al., 1981). Further evidence suggests
that antinociception in threshold tests and analgesia in the
formalin test are not mediated through the same neural system.
As reviewed by Frields (1991), opioid analgesics are thought
to activate opioid receptors the periacqueductal grey (PAG).
PAG fibers project to the rostral ventromedial medulla (RVM),
which in the rat, includes the nucleus raphe magnus (NRM), the
nucleus reticularis gigantocellularis, and the nucleus
reticularis paragigantocellularis. RVM neurons descend through
the dorsolateral funiculus to the dorsal horns of the spinal
cord where sensory input is inhibited. Lesions of the NRM and
caudal PAG attenuate morphine analgesia in the tail flick
test, but have no effect in the formalin test (Abbott 2ot al.,
1982; Abbott and Melack, 1983; Ryan et al., 1985). The same
lesions attenuate the analgesic effects of PAG stimulation in
the tail flick test, but not the formalin test (Abbott et al.,
1982). Moreover, dorsolateral funiculus lesions attenuate
morphine analgesia in the tail flick test but have no effect
on analgesia in the formalin test (Ryan et al., 198%).

Pharmacological mechanisms of analgesia in the two tests
are also dissociable. Serotonin antagonists potentiate
morphine analgesia in the formalin test but attenuate the
effect in the tail flick tests (Dennis and Melzack, 1980;
Abbott and Melzack, 1982; Fasmer et al., 1986). Abbott and

Young (1989) have recently shown that morphine analgesia in
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the formalin test is potentiated by decreasing, and attenuated
by increasing, serotonin (5-HT) synthesis. In addition,
norepinephrine (NE) antagonists attenuate morphine analgesia
in the formalin test and potentiate morphine analgesia in the
tail flick test (Dennis et al., 1980; Tchakarov et al., 1985).
Finally, recent evidence suggests that DA systems ascending
from the VTA mediatc analgesia in the formalin, but not the
tail flick, test (Lin et al., 1989; Franklin, 1989; Morygan and
Fra'klin, 1990).

The evidence outlined above indicates that analgesia in
the formalin test is not mediated through the system outlined
by Fields (1991). Rather, forebrain structures appear to be
responsible for the effect because lesions of the median
raphe, which projects rostrally to forebrain structures
(Conrad et al., 1974), have no effect on the tail flick test
(Abbott and Melzack, 1982; Buxbaum et al., 1973), but
potentiate morphine analgesia in the formalin test (Abbott and
Melzack, 1982). In addition, microinjections of morphine into
the lateral ventricles (Cohen et al., 1984), lateral habenula,
dorsal thalamic region (Cohen and Melzack, 1985), VIA and NA
(Franklin, 1989; Morgan and Franklin, 1990) as well as
stimulation of the habenula (Cohen and Melzack, 1986) produce
analgesia in the formalin test. Finally, morphine analgesia in
the formalin test is potentiated by psychomotor stimulant

activation of ascending DA projections, originating in the
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VTA, and attenuated by destruction or pharmacological blockade
of this system (Lin et al., 1989; Morgan and Franklin, 1991).

There 1is some evidence suggesting neural substrates
mediating the reinforcing effects of drugs and analgesia in
the formalin test overlap (Franklin, 1989; Lin et al., 1989).
For example, microinjections of morphine into the lateral
habenuta, as well as stimulation of this region, produce
analgesia in the formalin test (Cohen and Melzack, 198%; Cohen
and Melzack, 1986). Stimulation of the habenula is also
rewarding as shown by the fact that ICSS in the region is
vigorous (Sutherland and Nakajima, 198i). Furthermore,
ascending DA projections from the VTA to the NA are important
for the reinforcing effects of drugs (Koob and Bloom, 1988) as
well as the analgesic effects of morphine (Morgan and
Franklin, 1990), amphetamine (Morgan and Franklin, 1991), and
cocaine (Lin et al., 1989; Pertovaara et al., 1988) in the
formalin test. This evidence suggests that, at the level of
the forebrain, drug-induced reinforcement and analgesia may bhe
produced by activation of the same neural system.

Matthies and Franklin (1990) confirm that analgesia in
the formalin test is mediated by forebrain structures, and
further demonstrate that motor responses necessary for the
expression of pain in this test occur at or below the level of
the brainstem. They found that responses to a formalin
iniection were not altered by transections at the level of the

rostral metencephalon. Morphine administration, howeve., was
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ineffective in reducing formalin-induced pain responses in
these animals. Given these findings, it appears that, in order
to produce analgesia in the formalin test, forebrain systems
must be capable of modulating nociceptive input at the level
of the brainstenm.

Because it is located in the brainstem and receives
projections from limbic structures associated with
reinforcement, the pedunculopontine tegmental nucleus (PPTQ)
is a possible site wherein reward signals exiting the
forebrain might influence brainstem mediated pain. For
example, the PPTg receives input from, and projects to, the
VTA (Swanson 1982). There is a direct projection from the NA
to the PPTg, as well as an indirect connection through the VP
(Natua et al., 1978). Swanson et al. (1984) confirm the latter
report, tracing the NA inhibitory input to the subpallidal
region through the medial forebrain bundle to the PPTg.

In addition to its relationship with the limbic systen,
the PPTg has strong connections with structures associated
with motor systems. These include reciprocal connections with
the various Dbasal ganglia structures including the
entopeduncular nucleus, substantia nigra (SN) (Moon Edley and
Graybiel, 1983; Beninato and Spencer, 1987; Clarke et al.,
1987), subthalamic nuclei (Hammond et al., 1983; Hallanger et
al., 1987), globus pallidus, and neostriatum (Saper and Lowey,
1982; Jackson and Crossman, 1983; Spann and Grofova, 1989), as

well as descending projections to the deep cerebellar nuclei
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(Dellovade et al., 1988; Newman and Ginsberg, 1988), the
nucleus reticularis gigantocellularis in the region of the
medioventral medulla (Garcia-Rill et al., 1986; Rye et al.,
1987; Spann and Grofova, 1989), the pontomedullary reticular
nuclei (Rye et al., 1988), and the spinal cord (Goldsmith and
van der Kooy, 1988; Rye et al., 1988; Spann and Grofova,
1989). Based on these observations Graybiel and Ragsdale
(1978) and Alexander and Crutcher (1990) propose that the PPTg
is one of the subsidiary basal ganglia circuits. Moreover, the
PPTg coincides anatomically with the mesencephalic locomotor
region (MLR) in the rat (Skinner and Garcia-Rill, 1984); that
is, locomotion can be induced by electrical stimulation of
this region following brain stem transection.

Based on the anatomical connections linking the PPTg to
limbic and motor structures, Koob and Bloom (1988) propose
that the region 1is a critical site in neural systemns
mediating the reinforcing properties of drugs. This hypothesis
is supported by the finding that lesions of the PPTg hlock the
acquisition of a CPP to both morphine and amphetamine in rats
(Bechara and van der Kooy, 1989). The present study was
designed to investigate the role of the PPTg in morphine
reinforcement and analgesia in the formalin test. If nerual
substrates mediating reinforcement and analgesia are
isomorphic, there should be a correlation between reduction of
the two effects following lesions of the PPTg. The first

experiment attempted to replicate Bechara and van der Kooy

T
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(1989) by examining the development of a morphine-induced CPP
in animals with neurotoxin lesions of the PPTg. Following this
test, in the same animals, morphine analgesia in the formalin
test was evaluated.

There is both anatomical and functional evidence that the
PPTg may be involved in pain modulation. PPTg fibers project
to the nucleus reticularis gigantocellularis and stimulation
of the region suppresses nociceptive input (Fitzgerald and
Proudfit, 1989; Haws et al., 1989; Katayama, 1984)). Because
the PPTg has been implicated in nociceptive modulation in
reflex withdrawal tests, (Haws et al., 1989; Katayama et al.,
1984), the present study also tested whether the distinction
between systems mediating analgesia in threshold and formalin
tests is maintained at this brainstem nucleus.

The study further attempted to identify the
neurosransmitter(s) within the PPTg responsible for mediating
morphine reinforcement and/or analgesia. There has been
considerable controversy concerning which neural regions
constitute the PPTg. The term was originally employed by
Olszewski and Baxter (1954) to describe the region of the
human mesencephalic tegmentum which is bound medially by the
superior cerebellar peduncle, laterally and ventrally by
fibers of the medial lemniscus, and dorsally by the nuclei
cuneiformis and subcuneiformis. Some authors (Rye et al.,
1987; Rye et al., 1988; Lee et al., 1988) define the PPTg as

a large celled <cholinergic nucleus and, based on
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cytoarchitecture, chemistry, and connections, separate it from
the medially adjacent midbrain extrapyramidal system. Other
researchers, however, have identified non-cholinergic cells
within the boundaries of the PPTg (Scarnati et al., 1986,
1988; Goldsmith and van der Kooy, 1988; and Kang and Kitai,
1990). According to Spann and Grofova (1989), the definition
of the PPTg presented by Rye and colleagues is controversial
and unorthodox because a nucleus consists of a cell population
within a giver region irrespective of size, chemistry, or
projections. Based on morphology, transmitter type and
electrical membrane properties, Kang and Kitai (1990) identify
three different types of neurons within the PPTg; they
conclude that both large cholinergic and small non-cholinergic
cells constitute the nucleus. The non-cholinergic
neurotransmitter in the PPTg has not been identified, although
Clements and Grant (1990) suggest that a sub-population ot
neurons within the PPTqg may be glutamatergic. The present
study employed the term PPTg in agreement with the definition
of the region in the rat brain described by Newman (1985);
that is, the region consists of both cholinergic and non-
cholinergic neurons within the boundaries outlined above.

In their examination of PPTg mediated reward, Bechara and
Van der Kooy (1989) observed a correspondence between the
variation in individual PPTg lesions and the degree of
motivational deficits. Based on this evidence, they propose

that the critical site for psychoactive drug reward is the
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ventromedial PPTg. By comparing their localized lesions to the
results of an anatomical tracing study (Goldsmith and Van der
Kooy, 1988), they suggest that the most effective block of CPP
was associated with lesions of the non-cholinergic regions of
the PPTg. Immunocytochemical studies have revealed that much
of the PPTg cell volume is made up of acetylcholine (ACh)
cells (Newman, 1985; Rye ¢t al., 1988) that can be
specifically labelled (Vincent et al., 1983). Therefore, the
present study formally tested Bechara and van der Kooy’s
hypothesis by counting the ACh cells in PPTg lesioned animals
and assessing the relationship between cholinergic depletion
and the blockage of CPP reward and/or analgesia.

MATERIALS AND METHODS

Sub jects

The subjects were 41 (21 lesioned and 20 sham lesioned)
adult male Wistar rats supplied by Charles Rivers, Quebec.
Rats weighed between 300 and 350 grams at the start of the
experiment. Animals were housed individually, kept on a 12
hours on and 12 hours off light/dark schedule, and allowed ad
libitum access to Purina rat chow and water except during
experimental procedures.
Apparatus

The CPP apparatus consisted of three compartments, made
of wood with a plexiglass front wall. Two of the compartments
were identical in size (45 X 45 X 30 cm), but differed in

colour, tactile, and olfactory cues. One compartment was
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painted white and had wood chips on a smooth floor. The other
compartments was painted black and the floor was made of 12 mm
wire mesh. In addition, a few drops of vinegar (1l ml 2% acetic
acid) were placed on the floor of this compartment below the
wire mesh. These two compartments were completely separated
from each other by a wooden partition. An entrance to each
compartment was located at the rear next to the partition. The
third compartment, an unpainted tunnel (36 X 18 X 20 cm),
connected the two entrances. This apparatus does not produce
any unconditional preference for either compartment (Clarke et
al., 1990).

Formalin testing was carried out in a clear, plexiglass,
cubicle with dimensions 32 X 32 X 32 cm. Below the floor, a
mirror angled at 45 degrees provided the experimental rater
with an unobstructed view of the rat’s paw.

Surgery

Surgical procedures and post operative care of the
animals were carried out in accordance with the guidelines for
the ethical use of animals in research approved by the
Canadi>n Council on Animal Care and McGill University. Prior
to surgery, animals were anaesthetized with Nembutal (60
mg/kg) and secured 1in a standard stereotaxic apparatus.
Injector needles, inserted through two holes drilled in the
skull, were aimed at the region of the PPTg. According to the
atlas of Paxinos and Watson (1986), coordinates were -7.8 mm

posterior to Bregma, +/- 1.6 mm lateral to the midline, and -
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7.0 mm ventral to the skull surface. 0.5 ul of 0.1M N-methyl-
D-asparate (NMDA) solution or physiological saline (sham
lesion) was injected via a 250 ul syringe over ten minutes.
The injector was left in place for five minutes following the
infusion. Animals were allowed to recover for two weeks
following surgery before any testing began. During this time,
they were handled ifor a few minutes each day.
Procedures
Place Conditioning

The CPP procedure required eight days. On day 1,
entrances to the tunnels remained opened and rats were allowed
to freely explore the three compartments for 30 minutes. On
the following six days, each rat received subcutaneous
injections of morphine sulphate (2 mg/kg) or vehicle and was
immediately confined to one of the distinct environments.
Order of injection and drug-paired environment were
counterbalanced within groups. On day 8, entrances to the
tunnel were opened, each rat was placed in the tunnel, allowedl
a 10 minute period to explore. then tested for 20 minutes by
recording the amount of time spent in each of the three
compartments.

A bhalanced paradigm, in which animals show no baseline
preference for either compartment, was used for the following
reasons: (1) A Dbalanced paradigm measures the positive
reinforcing properties of the drug stimulus whereas the

unbalanced paradigm may be confounded by interactions between
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various non reinforcing effects of the drug and a preterence
for the unconditioned compartment. (2) Unbalanced paradigms
often produce relative increases in time spent in the least
preferred side, nrnot absolute preferences for the drug paired
compartment, raking interpretation of the results difticult.
(3) Groups can be counterbalanced in the balanced paradigm.
(4) Unbalanced paradigms introduce problems of ceiling effects
(van der Kooy, 1987; Carr et al., 1989).

Formalin Testing

One week after the completion of the CPP test, morphine
analgesia was assessed in the formalin test. Formalin testing
was based on the procedure described by Dubuisson and Dennis
(1977) and modified by Abbott et al. (1984). On the two days
prior to testing, rats were placed in the test cubicle tor 30
minutes to allow them to habituate to the apparatus and test
room. On test day, rats were injected with 0.05 ml of 2.5%
formalin 1into the plantar surface of one hindpaw. The
injection initially produces a moderate pain that lessens or
disappears after 5 to 10 minutes, then returns 20 to 30
minutes following the injection and continues steadily for an
additional 30 to 60 minutes. Animals that did not demonstrate
signs of pain within ten minutes of injection were eliminated
from the study. To ensure that tne effect of morphine was
assessed when pain scores were stable, testing began 30
minutes after the formalin injection and continued for 20

minutes.
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The animal’s level of pain was determined according to
the following scale: walking or sitting normally, that is,
showing no preference for the injected paw (pain rating = 0):
tavouring the injected paw, that is, not applying full weight
while walking or sitting (pain rating = 1); holding the
injected paw off the floor (pain rating = 2); licking or
chewing the injected paw (pain rating = 3).

The pain score for the entire 20 minutes period was
calculated to be the sum of the number of seconds spent in
each category multiplied by the pain rating value and divided
by 1200, thus providing @ paln score with a possible range of
0.0 to 3.0. Immediately prior to formalin injection, animals
were subcutaneously injected with morphine sulphate (4mg/kg).
One week later, the test was repeated with an 8mg/kg morphine
injection.

Histology

Animals were sacrificed with 30% chloral hydrate and
brains were immediately removed and frozen. Coronal sections
(20 um) were cut and mounted on gelatin coated slides.
Adjacent sections were mounted on alternate series of ‘A’ and
‘B’ slides.

In order to identify cholinergic cells, ‘A’ sections were
stained using the nicotinamide adenine dinucleotide phosphate
(NADPH)~diaphorase histochemical technique described by
Vincent et al. (1983). Briefly, slices were fixed for 10

minutes in a 0.1M/0.1M solution of 10% formalin in Phosphate
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Buffered Saline (PBS) (pH 8.0), rinsed twice for five minutes
in PBS, incubated at 37 C for 30 minutes in a solution of PBS
containing 1.0 mM NADPH, 0.2 mM nitroblue tetrazolium, and
0.3% Triton X-100, rinsed, air dried over night, and
coverslipped. Choline acetyltransferase (ChAT) containing
neurons stain deep blue and can be easily identified. By
combining this technique with immunofluorescence, Vincent and
colleagues demonstrated that the diaphorase cells 1in the
region of the PPTg are cholinergic.

'B’ sections were stained using the Kluver Barrera
method. The location of each lesion was determined according
to the atlas of Paxinos and Watson (1986). The extent ot the
lesion was identified on the ‘B’ sections by determining the
area where cells were lost or gliosis was present. Animals
with lesions extending beyond the region of the PP"g to the SN
and/or the PAG were not included in the analysis. ’B’ sections
were also examined to determine the injection site in the sham
lesioned animals. Only those animals with injection sites
within the boundaries of the PPTg (see below) were included in
the analysis.

A’ sections were examined to determine the proportion of
cholinergic depletion within the region of the PPTg. NADPH
stained neurons were counted within the boundaries of the PPTg
outlined by Newman (1985): caudally from the caudal substantia
nigra and retrorubral field to the fourth cranial motor

nucleus and rostral parabrachial nucleus; dorsally from the
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pont ine tegrnental field and rubrospinal tract to the cuneitform
nucteus; and laterally from the periacqueductal grey and the
decussat ton of  che brachium conjunctivam to  the lateral
lemniscus and associat ed nucler. The percentage of cholinergic
depletion an lesitoned animals was azsessed by comparing the
number of COHAT containing cells present to that of sham
lowioned animals 1n the following manner: legs than 50% of the
cholinergic cells present = extensive lesion; 50% to 75% of
the cholinergic cells present = partial lesion; animals with
more than 7%% of the cholinerygie cells present were discarded
from the study. Based on this criterion, lesioned animals were
daivided into iwo categories.

Stat 1stircal Analysis

PP data and pain scores 1n the formalin test were
dnalyzed using o repeated measures 2-way ANOVA with group as
one factor and compartment tn the conditioning apparatus (CPP)
ot druy dose (formalin test) as the other factor. Pairrwise
compatasons for both tests were analyzed using Tukey™s
protected T test. Dose response curves were obtained in the
formalin test by plotting mean pain score against dose. The
criterion for significance 1n both tests was p < 0.05,

RESULTS

Histology

The location and extent of the largest (solid circle) and
smal lest (dotted cirvecle) PPTg lesions are shown in Figure 1.

ChAT contailning cells were counted within the boundaries




Figure 1. The location and extent of the largest (solid circle) and smallest (dotted circle)

PPTg lesions are shown above. ChAT-containing cells were counted within the boundaries

outlined by the square box.
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outlined by the square box. Photomicrographs in Figure 2 show
the histological appearance of sham (left panel) and NMDA
(right panel) lesions, stained with Kluver Barrera (top panel)
and NADPH-diaphorase (bottom panel) techniques. Histological
examination revealed that 11 animals had extensive lesions of
the PPTg and 10 animals had partial lesions. The percentage of
cholinergic cells remaining in the PPTg across the two groups
ranged from 23% to 72%.

Conditioned Place Preference

As presented in Figure 3, sham lesioned animals developed
a CPP for the morphine-paired compartment [t(38) = 7.15; p <
.01], whereas animals with extensive [t(20) = 1.32; p = 0.2
NS] or partial [t(18) = 0.98; p = 0.34 NS] lesions did not.
There was no significant ditrference between animals with
extensive and partial lesions in time spent in each of the
large compartments {F(1, 21) = 1.93; p = 0.18 NS] and no
significant correlation between percentage 1loss of ChAT
containing cells and reduction of CPP. Thus, animals with
extensive and partial lesions were combined into one group
(Lesion); time spent in each of the large compartments was not
significantly different for this group [t(40) = 1.66; p = 0.1
NS]. Sham lesioned animals spent significantly more time in
the morphine-paired versus the saline-paired compartment than
animals with PPTg lesions [F(1l, 41) = 5.4; p < .05].

The only difference between animals with extensive and

partial lesions was that time spent in the drug-paired versus



Figure 2. PPTg sham (left panel) and NMDA (right panel)

lesions, stained with Kluver Barrera (top panel) and NADPH-

diaphorase (bottom panel) techniques.
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saline-paired compartments was significantly different between
animals with sham and partial lesions [t(28) = 2.85; p < .01],
but not between animals with sham and extensive lesions [t(29)
= 2.01; p = 0.06 NS].

During testing, sham lesioned animals spent 49%, 21%, and
30% and PPTg lesioned animals spent 35%, 32%, and 33% of the
total time in the conditioned, non-conditioned, and tunnel
compartments respectively.

Formalin Testing

As presented in Figure 4, pain scores between PPTg sham
and lesioned animals were significantly different [F(1, 41) =
12.29; p < .05]. There was a significant difference in pain
scores between the two groups following morphine
administration of 4 mg/kg [t(39) = 2.47; p < .05] and 8 mg/kg
[t(39) = -2.56; p < .05]. There was no significant difference
in pain scores between animals with extensive and partial
lesions at morphine doses of either 4 mg/kg [t(19) = -.44; p
= 0.67 NS} or 8 mg/kg [t(19) = -.17; p = 0.87 NS].

There was no significant correlation between block of
reward and block of analgesia for animals with PPTg lesions
(extensive, partial, or combined groups).

DISCUSSION

Results of the present experiment confirm a previous
report (Bechara and Van der Kooy, 1989), that excitotoxin
lesions of the PPTg block the development of CPP to morphine.

They also support Bechara and van der Kooy'’s proposal that the
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Figure 4. Pain scores in the formalin test for animals with
PPTg sham or NMDA lesions (partial, extensive, or combined

groups) following morphine adminstration of 4mg/kg or 8mg/kg.
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reduction of reward in PPTg lesioned animals is not correlated

with the loss of cholinergic cells in this region. There was

no significant correlation between block of reward and loss of
ChAT containing cells in the PPTg, and no significant
difference in reduction of reward between animals with partial
and extensive lesions. As stated above, except for the
cholinergic component, the neurotransmitters in the PPTy are
unknown. Thus, the only conclusion concerning the role of
neurotransr.itters that can be drawn from this study is that
morphine reward that involves the PPTg is probably not
dependent on cholinergic cells in the region.

The inability to establish a correlation between
cholinergic depletion and reward attenuation may provide
indirect support for Bechara and Van der Kooy'’s proposal that
systems mediating reward in the PPTg can be localized to the
ventromedial region. Based on cytoarchitectural features, the
PPTg can be divided into two subdivisions: the subnucleus
compactus and the subnucleus dissipatus (Olszewski and Baxter,
1954; Newman, 1985). The former region, located at the
dorsolateral and caudal portion of PPTg contains large,
densely packed neurons; the 1latter region, located more
ventrally and medially at the rostral end of the nucleus,
consists of smaller, loosely-scattered neurons (Spann and
Grofova, 1989). Subnucleus compactus fibers are predominantiy
ascending whereas those from the subnucleus dissipatus make up

the majority the spinal cord projections (Spann and Grofova,
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1989). Furthermore, cholinergic cells are concentrated within
the PPTg region corresponding to the subnucleus compactus
(Spann and Grofova, 1989; Garcia-Rill, 1991).!

Bechara and van der Kooy propose that the PPTg cells
mediating morphine reward are ventromedially located, non-
cholinergic cells, with descending projections. It seems
probable, therefore, that their most effective lesions
corresponded to the PPTg region associated with the subnucleus
dissipatus. In the present study, the Kluver Barrera stained
sectinons did not show sufficient detail to precisely determine
the extent of the les.ions. ChAT-stained sections showed that
lesioned animals in this study had neuronal destruction within
the boundaries of the PPTg: extensive lesions with more than
75% ACh depletion and partial lesions with 50% to 75% ACh
depletion. Based on the distribution of ChAT-stained cell
loss, it can be inferred that the former group had lesions
concentrated in the subnucleus compactus region, whereas the
latter group had lesions in the subnucleus dissipatus. Given
Bechara and van der Kooy'‘'s conclusions, this may explain why
animals with partial, but not extensive, lesions differed
significantly from controls in block of reward.

In addition to attenuating morphine reward, PPTg lesions

appeared to reduce the analgesic effects of morphine. However,

' The two PPTg subdivisions are not entirely distinct in terms
of either cytoarchitecture, fiber projections, or neurochemistry;
nor are these divisions consistent across species. Therefore, in
order to avoid discrepancies, all studies cited, like the present
investigation, employed rats as subjects.
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the hypothesis that a single neural substiate pedirat os teward
and  andlgesia 1n the formalin test proedacts o correlation
betweoen reduction of reward and analgesia in lesroned animal s
and this proposal was not confirmed 1n the present study. of
norphine analgesia 1involves the PPTg. b appears thal ot g
not medirated throngh the same svstoem thal e 1esponstble ot
the reinforcing effect of morphine,

1 1s possible that the reduced analygesia observed an
this esperiment 1s due fo o ifference between PPTg sham and
lesi1oned animals in the expression of paimn an the formalin
test. According to Bechara, by seven davs after sargery, PPy
and sham lesioned animals could not be dastainguished by the
gross beliaviour and  appearance  (personal communacal son,
yugust , 1990) . In the present study, however, PPTqg lesioned
animals displayed varving degrees of flacerd dystonta and
locomotor hyperactivity up to three months following surgery !
According to Cohen, Abbott, and Mel/sack (1983), "demonst rat 1on
of pain 1n formalin test 1s dependent on the animal's aba oty
to perform actions such as lifting or bicking a hindpaw and
difference 1n catalepsy might be 1mmterpreted as a difference
In analgesia”. Furthermore, 1ncreascd levels of spontancooas
notor activity may compete with the mot or responses necessary

for the demonslration of analgesia in the formalin test (for

' All animals were sacrificed after a maximum of t} e mont he

. of behavioral testing. There 18 no reason to  guspect  that
differences between sham and lesioned animals desceribed above would
disappear after this time period.



36
example, paw 1lifting and licking). Therefore, PPTg lesions may
result in general and/or specific motor abnormalities that
interfere with the behavioral responses required for
expression of pain in the formalin test.

The difference in pain scores between PPTg sham and
lesioned animal’s may also be due to a difference in the
development of tolerance to the effects of morphine. Formalin
testing occured following three injections of morphine (CPP
procedure), which may have altered the response to morphine
administration in lesioned animals. These concerns were
addressed in Experiment 2.

Experiment 2
INTRODUCTION

In Experiment 1, PPTg lesions eliminated the development
of morphine-induced CPP and, following CPP testing, reduced
morphine analgesia in the formalin test. The CPP procedure,
however, requires a series of morphine injections, which may
interact with the effects of lesions to alter pain scores in
the formalin test. To eliminate this possible interaction,
Experiment 2 assessed the effect of PPTg lesions on formalin
pair and morphine analgesia in drug naive animals.
Furthermore, PPTg lesioned animals in Experiment 1 often
experienced seizures as they were recovering from surgery,
which may result in neurotoxin spread and subsequent damage to
distal neural sites (Jarrard, 1986). In order to minimize this

possibilty, animals were injected post-operatively with
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diazepam. To determine if PPTg lesions produce motor
abnormalities, motor abilities of PPTg sham and lesioned
animals were examined by evaluating sensorimotor responses,
limb use, spontaneous motor activity (SMA), and catalepsy.

MATERIALS AND METHODS

Subjects, apparatus, surgery, and histology were
identical to those described in experiment 1. Different and
additioral procedures used in this experiment are outlined
below.
Subjects

Nineteen subjects (9 lesioned and 10 sham lesioned) were
used in the following experiment.
Surgery

To control seizures, all animals were injected
interperitonally with diazepanm (1 mg/kg) immediately following
surgery.
Procedures
Formalin Testing

Prior to formalin testing, each subject was injected with
saline, 4 mg/kg morphine, or 8 mg/kg morphine 1in a
counterbalanced, repeated measures design such that all rats
were tested in all conditions. Successive formalin tests
occurred at one week intervals.
Neurclogical Tests

One week after the third formalin test, each animals was

examined for impairments in sensorimotor responses and limb
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use following the protocol described by Marshall and
Teitelbaum (1974). Four aspects of the rat’s sensory and motor
functioning were examined: (1) orientation to stimuli, (2)
limb use, (3) muscular tone, and (4) open field activity.

(1) The abilitv to orient the head toward olfactory,
tactile, or visual stimuli in space and on the body surface
was 1investigated by noting responses to stimuli suddenly
introduced on either side of the rat’s body. A normal animal
turns its head towards the stimulus, often contacts it, and
sometimes bites it. In order to minimize locomotion during
testing, the animal was placed on a slightly unsteady wire
platform. Responses to olfactory stimuli were assessed by
moving a cotton swab soaked in ammonia towards the head of the
animal such that the stimulus did not enter the visual field
or contact the animal’s whiskers. Responses to tactile stimuli
were assessed by lightly touching the vibrissae on either side
of the animal with a cotton swab. Responses to visual stimuii
were assessed by holding a 5 cm X 5 cm cardboard square
approximately 10 cm away from the rat, and moving it rapidly
back and forth across the visual field of each eye. In each of
these tests, the animal’s response (or lack of response) to
the introduction of the stimulus was recorded.

Orientation to visual stimuli was also examined by
observing the animal’s fore limb placing response. For this
test, the rat was held suspended by the tail and 1lowered

slowly from a height of 20 cm to the table surface. Whether or
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not the animal displayed the normal extension of the forelimbs
to meet the table edge was recorded.

(2) Limb use in simple reflexes and movements requiring
accurate placement in space was assessed in the following
tests: The ability to use the limbs when bracing against a

gravitational pull was assessed by placing the rat on a flat

wire-rung platform, tilting the platform and observing whether |
the rat was able to lean against the slant in order to
maintain its balance. The use of forelimbs was examined by
observing whether an animal could pull itself up into the
experimenter’s hand when suspended from each forepaw. Accurate
limb use was assessed by reccrding whether an animal could
climb 50 cm through the rungs of a wire cage to a platform
without falling. The ability to use limbs to right itself was
assessed by placing the animal in a supine position in the
palm of the experiment’s hand and recording whether it was
able to return to an upright position. Limb reflexes were
examined by holding the rat around the chest 1n a vertical
position, pinching each 1limb 1lightly with forceps, and
observing whether the animal withdrew the limb. Proprioceptive
lateral hopping was examined by holding the rat in a vertical
position and tilting it slightly to one side so that one hind
paw touched the table surface and supported much of the rat’s
weight. The rat was moved laterally across the table surface
and it was observed whether the animal was able to

successfully adjust to the changing centre of gravity by
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flexing and extending each hind limb. Proprioceptive placing
of the hind limbs was measured by holding the rat in a
vertical position, positioning one hind paw underneath the
table surface, moving the rat upwards, and observing whether
the animal flexed the limb and placed it on the table surface.

(3) Muscular tone was assessed by holding the rat in a
vertical position around the chest and passively flexing and
extending each limb. Resistance was rated on a four point
scale: no resistance or flaccid = 1; mild resistance or little
opposition to flexion = 2; medium resistance or some
opposition to flexion = 3; high resistance or difficult to
flex limb = 4. Resistance scores for each limb were added so
that the possible range of muscle tone score for each animal
was 0 to 16.

(4) In addition, each animal was placed for 15 minutes on
a 75 X 60 cm table surface. The pattern of movement was traced
on a paper to determine the total activity as well as how
frequently the animal turned in each direction. During this
period, the animal was observed for abnormalities in posture,
grooming, or other movements.

Spontaneous Motor Activity

SMA was measured during the second habituation session
before the first formalin test. The plexiglass floor of the
formalin test cubicle was divided into four quadrants and the
number of times that the rat crossed from one quadrant to

another was recorded. All four paws had to be in a new
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quadrant to register a crossing. The inclined mirror provaded
a clear view of the rat's body 1 relation to the fown
quadrants. SMA was recorded for five 2 minute perrods at 5,
10, 15, 20, and 25 minutes followtng the placoment of the ral
in the formalin box. The total number of quadiant crossings
during the conbined ten minutes  constaituted the  SMA
neasurenent for each rat. One week after the last fornalin
test , SMA was measured for each  antmal following a
subcutancous 1njection of morphine (10 mg kqg).
Calalepsy

Followimy cach SMA test, the rat was removed from | he
test. box and tested for catalepsy usiug the <tandard bar tesd
(Costall and Navlor, 1974). The rat's hindpaws wore placed or
the table and the forepaws on a horizontatl bar 10 ¢m above he
table. The time for the rat 1o place both lTorepaws on e
table was recorded. A maximum of 60 scconds was recorded o f
the animals had not removed both forcpaws from the bhar by ths
time.
Statistical Analysis

Analysis of pain scores was carried out as described an
experiment 1. SMA and calalepsy scores were analyzed using 2-
way 1independent measures ANOVA with group as one factor and
drug condition as the other factor (repeated measures).,
Pairwise comparisons were performed using Tukey's protoctoed T
test.. Dose response curves were obtailned by plotiing mean SMA

or catalepsy score against dose,
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RESULTS

Histology

The location and extent of the largest (solid circle) and
smallest (dotted circle) PPTg lesions are shown in Figure 5 on
the following page. ChAT containing cells were counted within
the boundaries outlined by the square box. Based on the
criterion employed in experiment 1, 4 animals had extensive
lesions and 5 animals had partial lesions of the PPTg. The
percentage of ChAT containing cells remaining ranged from 29%
to 59%. There was no significant difference between animals
witn extensive and partial lesions in any test, and no
significant correlation between size of 1lesion and any
behavioral measure. Therefore, animals with extensive and
partial lesions were combined into a single group (Lesion).
Formalin Testing

As presented in Figure 6, PPTg lesions had no significant
effect on pain scores in the formalin test [F(1, 19) = 0.016;
p = 0.97 NS]. There was no significant difference between pain

scores of PPTg sham and lesioned animals in any condition:

saline [t(18) = 1.16; p = 0.26 NS], 4 mg/kg morphine [t(18)

0.04; p = 0.97 NS], and 8 mg/kg morphine [t(18) = ~1.41; p

0.18 NS].
Neurological Tests

PPTg sham and lesioned animals did not differ in
orientation responses to either olfactory, visual, or tactile

stimuli; both groups displaying responses typical of normal
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Figure 5. The location and extent of the largest (solid circle) and smallest (dotted circle)

PPTg lesions are shown above. ChAT-containing cells were counted within the boundaries

outlined by the square box.
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Figure 6. Pain scores in the formalin test for PPTg sham and

lesioned animals following injections of saline, 4mg/kg

Py

morphine, or 8ag/kg morphine.
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rats. However, PPTg lesioned animals did not always extend

their fore limbs as they were lowered towards the table

surface. In Figure 7 a PPTg sham and lesioned animal are shown
suspended approximately 20 cm above a table surface. The sham
lesioned animal displays the normal response of forelimb
extension whereas the lesioned animal does not. PPTg lesioned
animals also exhibited deficits in limb use: 7 of the 9
lesioned animals, were unable to pull themselves up when
suspended by the forepaws and 6 lesioned animals failed to
accurately climb through the 1rungs of a wire cage.
Furthermore, muscle resistance of PPTg lesioned animals (mean
score = 12.2) was significantly different than shams (mean
score = 9.2) [t(17) = =2.49 p < .05). Open field activity of
PPTg sham and lesiconed animals did not differ.
Spontaneous Motor Activity

To eliminate non-homogeneity of variance and a
correlation between means and variances, a square root
transformation was applied to the SMA scores. As shown in the
top panel of Figure 8, morphine inhibited SMA in sham lesioned
animals whereas SMA was not significantly different in
morphine and drug free trials for PPTg lesioned animals.
[Interaction F(1, 19) = 8.23; p < .05].
Catalepsy

Catalepsy scores for PPTg sham and lesioned animals in
morphine and drug free trials are shown in the bottom panel of

Figure 8. Morphine administration significantly increased
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Figure 7. A PPTqg sham (left panel) and lesioned animal (right
panel) are shown suspended approximately 20 cm above a table

surface.
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Figure 8. SMA (top panel) and catalepsy (bottom panel) scores

for PPTg sham and lesioned animals in morphine and drug-free

trials.
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catalepsy scores for sham lesioned, but not PPTg lesioned
animals [Interaction F(1, 19) = 4.59; p < .05].

DISCUSSION

In Experiment 2, drug naive rats with lesions of the PPTg
were not impaired in their ability to express pain in the
formalin test. These results are consistent with the
observation (Matthies and Franklin, 1990) that responses to
formalin injection are normal in animals with transcctions at
the level of, or caudal to, the PPTg. Graybiel and Ragsdale
(1978) suggest that the PPTg may be involved in centre of
gravity control and other postural functions during
locomotion; nevertheless, it appears that destruction of the
region does not interfere with the complex movements and
postural adjustments necessary for expression of pain in the
formalin test.

Despite their normal pain responses, animals with PPTg
lesions did exhibit abnormalities in limb use and muscle tone.
These observations are consistent with previous
investigations. For example, Buscher et al. (1989) report that
animals with NMDA lesions of the PPTg display increased muscle
tone and are impaired in righting reflexes, and Garcia-Rill et
al. (1990) found that neurotoxin injections into the PPTg
create a dose dependent increase in locomotion as well as an
increase in muscle tone. Given that the PPTg is reciprocally

connected with various extrapyramidal motor structures, it is
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likely that lesions in this area produce disturbances in

extrapyramidal motor system functioning.

Contrary to the findings in Experiment 1, results of the
present study indicate that the PPTg does not mediate the
analgesic effect of morphine in the formalin test. It is
possible that animals in Experiment 1 may have suffered
greater motor deficits than those in Experiment 2. Although
PPTg coordinates and administration of NMDA were identical in
the two experiments, animals in Experiment 2, unlike those in
Experiment 1, received injections of diazepam following
surgery. As a result, only 1 of 9 lesioned animals in the
second experiment, compared to 18 of 21 in the first
experiment, experienced seizures during recovery. Ben—-Ari et
al. (1980) report that seizures resulting from neurotoxin
injections produce brain damage at local and distal sites,
both effects being reduced by diazepam. Although PPTg lesions
in the two groups did not differ significantly, it is possible
that the seizures experienced by lesioned animals in
Experiment 1 caused neural damage in regions remote from the
injection site, and that this caused animals with PPTg lesions
to be impaired in their ability to express pain in the
formalin test. This hypothesis can not be confirmed, however,
because motor abilities of animals employed in Experiment 1
were not examined in detail. Moreover, pain scores in the

absence of morphine were not assessed in these animals.
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It is important to note that animals treated post
surgically with diazepam in Experiment 2 were not subjected to
CPP testing. Similarly, lesioned animals in Bechara and van
der Kooy’s (1%89) study did not receive anti-convulsants,
making it likely that their animals also experienced seizures
and, consequently, damage at unspecified sites distal from the
PPTg. Although it seems unlikely, it is possible that
neurotoxin lesions in both Bechara and van der Kooy’s study
and Experiment 1 caused neural damage in regions beyond the
PPTg that affected morphine reinforcement in these
experiments. In order to assess this possibility, it will be
necessary to test the effect of PPTg lesions on the
development of a morphine-induced CPP in animals treated with
diazepam to relieve seizures.

In addition to neurological tests, differences in motor
functioning between PPTg sham and lesioned animals were
assessed in two measurements: SMA and catalepsy. Results
support previous reports (Dellu et al., 1991; Bechara,
personal communication, July 1991) that PPTg lesions do not
affect SMA or catalepsy in drug free trials. The present study
revealed, however, that 1lesions of this region block
morphine’s effects on the two behaviours; that is, compared to
sham lesioned animals, animals with PPTg lecsions did not
exhibit a decrease in SMA or an increase in catalepsy
following morphine administration. Similarly, Matthies and

Franklin (1990) observed that animals with transections of the
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rostral pons generally exhibit the normal inhibition of SMA

and increased catalepsy following morphine administration,
whereas animals with transections caudal to the PPTg do not
show these changes. Both findings suggest that the PPTg in
involved in mediating the effect of morphine on SMA and
catalepsy.

In contrast to results from the present study, Bechara
and van der Kooy (1991b) report that PPTg lesions do not alter
the effects of morphine on SMA and catalepsy. This discrepancy
is probably due to a difference in the location of lesions
between the two studies. According to Garcia-Rill (1986), the
anteriorally located subnucleus pars compactus region of the
PPTg (where the cholinergic cells are concentrated) is
responsible for its motor effects. Animals in the present
study probably had neural destruction in thic¢ region because
lesions depleted between 41% and 71% of ACh cells. Bechara and
van der Kooy’s lesions may have been more selective, sparing
the majority of cells in this region and, therefore, not
affecting PPTg mediated motor responses. In support of this
interpretation, Bechara and van der Kooy did not observed any
gross behavioral differences between PPTg sham and lesioned
animals whereas sham and lesioned animals in the present study
appeared different under superficial examination. Although the
subnucleus compactus region may be associated with PPTg
mediated motor effects, there was no significant correlation

between ACh 1loss and reduction of morrhine effect. This
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suggests that the cholinergic cells in this region may not be
responsible for the inhibition of SMA and increase 1n
catalepsy following morphine administration.

Another possible source of discrepancy between »esults
from the present study and those of Bechara and van der Kooy
is a difference in testing procedures. Bechara and van der
Kooy assessed SMA over a two minute period, two minutes after
drug administration; testing in the present study began thirty
minutes following the injection and continued for thirty
minutes (during which time SMA was assessed in five, two
minute bins). Similarly, catalepsy was measured fifteen
minutes after morphine adminstration in Bechara and van der
Kooy’s study, and sixty minutes following adminstration in the
present study. Given that the maximal effect of morphine peaks
between 45 and 60 minutes following subcutaneous injections,
measurements of SMA and catalepsy in the present experiment
may be more accurate reflections of the effect of PPTg lesions
on SMA and catalepsy following morphine administration.

By their own reports, low levels of SMA following
morphine administration may make the paradigm employed by
Bechara and van der Kooy insensitive to detecting differences
between PPTg sham and lesioned animals. Rather than measuring
SMA over a long period (as in the present study), the authors
address this concern by examining the effect of PPTg lesions
on morphine induced catalepsy. Since an animal that is

cataleptic is likely to exhibit low levels of SMA, it seems
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reasonable to assume a relationship between the twou
measurements. In the present study, however, there no
significant correlation between SMA and catalepsy for RPTg
sham and lesionec animals in either morphine or drug free
trials, indicating that, although the two effects may be
related, they are not alternative measurements of a single
phenomenon.

Finally, Hand and Franklin (1985) demonstrated that the
mechanisms responsible for morphine catalepsy are dissociable
from those involved in the development of tolerance to the
effect. Lesioned animals in the Bechara and van der Kooy'’s
study differed from animals in Experiment 2 in terms of
previous drug experience: compared to the present study,
animals tested for SMA in Bechara and van der Kooy'’s study had
more morphine experience whereas those tested for catalepsy
had less. Furthermore, in the present study differences
between PPTg sham and lesioned animals in response to morphine
adminstration were observed following the first morphine
injection. Therefore, although tolerance to the effects of
morphine may have affected measurements in both studies, it
seems unlikely that differences in tolerance explain the
contradictory results concerning the role of the PPTg in

mediating SMA and catalepsy following morphine administration.
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GENERAIL DISCUSSION

The purpose of the present study was to examine the
relationship between neural substrates mediating reinforcement
and analgesia. It has been proposed that analgesia in the
formalin test is mediated by reward systems known to be
involved in the reinforcing effects of drugs and ICSS,
particularly DA projections from the VITA to the NA (Franklin,
1989; Lin et al., 1989; Morgan and Franklin, 1990). Matthies
and Franklin (1990) demonstrated that the organization of
motor responses necessary for the expression of pain in the
formalin test remains intact in animals with transections of
the rostral metencephalon; thus, in order to produce
analgesia, forebrain systems mediating reinforcement must be
capable of modulating behavioural responses to pain at the
level of the brainstem. As reviewed in the Introduction (page
16), the PPTg receives projections from limbic structures
associated with both reinforcement and projects to motor
system structures. Anatomical connections';uggest, therefore,
that this brainstem nucleus may have a role in reinforcement
and analgesia. To test this hypothesis, the present study
examined the effect of PPTg lesions on the reinforcing and
analgesic effects of morphine, and quantitatively assessed the

role of cholinergic cells in the two effects.
In Experiment 1, PPTg lesions blocked the development of
a CPP to morphine, thereby confirming that the region is

involved in the reinforcing effect of morphine. Previous
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evidence suggests that the reinforcing effect of amphetamine

is also mediated through this region (Bechara and van der

Kooy, 1989). Moreover, ICSS in the vicinity of the PPTg is
reinforcing (Crow, 1972; Huston et al., 1984), and radio
frequency or neurotoxin lesions of the PPTg decrease the
reinforcing value of lateral hypothalamic ICSS (Buscher et
al., 1989). Thus, Experiment 1 supports the hypothesis (Koob
and Bloom, 1988; Mogenson et al., 1987) that the PPTg may be
a critical site in neural systems mediating reinforcement.

Because the PPTg is a heterogenous nucleus (Garcia-Rill,
1991), containing subpopulations of neurons with distinct
ascending or descending fibers and little collateralization
(Goldsmith and van der Kooy, 1989), it seems probable that
separate functions may be associated with various PPTg regions
(Spann and Grofova, 1989; Goldsmith and van der Kooy, 1989).
Bechara and van der Kooy (1989) propose that ACh cells in this
region are not involved in drug reinforcement: Results of
Experiment 1 confirm this suggestion by demonstrating that
there is no relationship between loss of ChAT containing cells
in the PPTg and block of morphine reward.

Koob and Bloom (1988) propose that the neural circuit
through which the reinforcing effect of drugs 1is mediated
includes DA projections from the VTA to the NA, NA projections
to the VP, and VP projections to the PPTg. Bechara and van der
Kooy (1989) agree that the reinforcement circuit descends from

forebrain limbic sites through the PPTg, and further propose
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that PPTg efferents mediating drug reinforcement descend to
the ventromedial medulla and spinal cord. In contrast, Rompré
and Trudeau (1991) report that the electrophysiological
characteristics of PPTg neurons driven by ICSS in the lateral
hypothalamus, fall within the range of estimates for neurons
responsible for mediating the behaviour. They suggest,
therefore, that PPTg neurons involved in reinforcement ascend
to, rather than descend from, limbic sites.

Results from the present study do not provide any
information into the direction of the reinforcement circuit
beyond the PPTg: Although it was shown that cholinergic
components of the PPTg are not involved in the reinforcing
effect of morphine, there are both ascending and descending
non-cholinergic fibers originating in the PPTg (Kang and
Kitai, 1990). Nevertheless, cell bodies with ascending and
descending efferents appear to be anatomically segregated
within the PPTg (Goldsmith and van der Kooy, 1988), and it may
be possible to selectively lesion PPTg neurons with ascending
or descending connections. In this way, subsequent
examinations of the effects of anatomically distinct lesions
on reinforcement may provide insight into whether the drug
reinforcement circuit ascends and/or descends beyond the PPTg.

Implicit in examinations of reward mechanisms, is the
assumption that neural systems activated by drugs and ICSS are
the same as those activated by natural rewards. This

hypothesis is supported by evidence that the reinforcing



-

-

57
properties of natural reinforcers, like those of drugs and
ICSS, appear to be dependent on DA projections from the VTA to
the NA (Wise, 1988). Recently, Bechara and van der Kooy
(1991c) demonstrated that substrates mediating the reinforcing
effects of morphine and of food in non-deprived animals are
isomorphic at the level of the PPTg, suggesting that this
nucleus may also be part of a neural circuit through which the
reinforcing properties of natural rewards are mediated.

Although PPTg lesions block the reinforcing effect of
morphine, Experiment 2 showed that they do not affect morphine
analgesia in the formalin test. Thus, the hypothesis that
reinforcement and analgesia in the formalin test are mediated
through a single neural substrate was n verified. These
results, however, do not contradict the proposal that
analgesia reflects a change in the affective component of pain
(Beecher, 1959; Jaffe and Martin, 1975; Franklin, 1989).
Rather, the evidence presented above indicates tnat, at the
level of the PPTg, systems mediating reinforcement are
dissociable from those involved in the inhibition of reactions
to aversive stimulation. It is still possible that brainstem
structures and systems which mediate the expression of pain in
the formalin test receive input from systems associated with
reinforcement such that the perception of pain is altered,
responses are inhibited, and analgesia in produced.

Stimuli that 1induce positive affect and those that

produce relief from distress are both reinforcing, but may be
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mediated through separate neural systems (Wise, 1988); there
is evidence that these systems are separate at the level of
the PPTg. For example, PPTg lesions block the reinforcing
effect of morphine in drug naive but not dependent animals,
and block the reinforcing effect of food in sated but not food
deprived animals (Bechara and van der Kooy, 1991c). Moreover,
if the aversive effects of morphine withdrawal are alleviated,
morphine reinforcement is expressed in dependent animals, and
this effect is blocked by PPTg lesions (Bechara and van der
Kooy, 1991a). One interpretation of these findings is that the
PPTg mediates the reinforcing effect associated with positive
affect, but not the reinforcing effect produced by relief from
distress. Inhibition of formalin-induced pain by morphine may
be similar to alleviation of hunger by food, or of morphine
withdrawal by morphine, in that the animal’s suffering is
relieved by the treatment. The present finding that PPTg
lesions blocked the reinforcing, but not the analgesic, effect
of morphine, would be consistent with the interpretation that
the region is involved in mediating reinforcement of rewarding
stimuli, but not reinforcement due to termination of distress
(Bechara et al., 1991).

Results from Experiment 2 also demonstrate that neural
systems mediating morphine analgesia can be dissociated from
those involved in morphine’s effects on catalepsy and SMA. In
this study, animals with PPTg lesions displayed normal

analgesic responses to morphine; the same animals, however,
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did not show the characteristic decrease in SMA and increase
in catalepsy following morphine administration. In addition,
the reduced motor effects of morphine were not significantly
correlated with the reduction of ChAT containing cells in the
PPTg. Thus, it appears that the morphine-induced catalepsy and
decrease in SMA are mediated through a system that involves
non-cholinergic portions of the PPTg. Furthermore, systems
mediating morphine’s effects on catalepsy and SMA are
independent of systems mediating morphine analgesia because
PPTg lesions blocked morphine-induced catalepsy and inhibition
of SMA, but did not affect morphine analgesia.

It 1is perhaps not surprising that neural systems
mediating the reinforcing effect of rewarding stimuli and of
pain relief are dissociable at the level of structures
involved in motor mechanisms because motor responses to
continuous painful stimuli would be expected to be different
from those associated with rewarding stimuli. For example,
pain is likely to be manifested by protection of the injured
limb whereas reinforcement related to natural rewards is
generally associated with forward locomotion (Glickman and
Schiff, 1967; Wise and Bozarth, 1987). Furthermore, the two
behaviours may compete with each other since pain and/or
injury tend to inhibit forward locomotion. It is likely,
therefore, that distinct brainstem sites are involved in
organizing motor responses for the expressior. of pain and

forward locomotion. If this 1is true, systems mediating
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reinforcement and analgesia may overlap at forebrain sites,
but send efferents to distinct brain stem regions which
organize motor responses.

Given that the PPTg is involved in the reinforcing effect
of rewarding stimuli, but not of analgesia, the region should
also be associated with the initiation of forward locomotion,
but not the expression of pain. In support of this proposal,
findings in Experiment 2 confirm that the PPTg is not involved
in the behavioural responses to formalin-induced pain, and
previous studies indicate that the region is involved in the
induction of forward locomotion. For example, in the rat, the
MLR, which is i1nvolved in initiating locomotion, includes both
the anterior and posterior portions of the PPTg*® (Skinner and
Garcia-Rill, 1984). Further, stimulation of the subnucleus
pars compacta region of the PPTg elicits controlled rhythmic
locomotion (Garcia-Rill et al., 1987), such that increasing
stimulation drives the frequency of stepping from a walk, to
a trot, and ultimately to a gallop. Locomotion can also be
induced by injections of GABA antagonists (Garcia-Rill, 1985),
Substance P (Garcia-Rill, 1986), or NMDA (Garcia-Rill et al.,
1990) into the PPTg. In addition, %he rhythmic pattern of
activity in the PPTg, associated with spontaneous locomotion
persists even if the limbs are restrained (Garcia-Rill et al.,

1983), providing further evidence that the region is important

' The MIR constitutes different anatomical areas in different
species; its function may also vary between species.
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in the initiation of locomotion. PPTg locomotion is likely
mediated through reticulospinal projections from this region
to spinal cord generators involved in control of rhythmic limb
movements (Garcia-Rill, 1986; Mogenson et al., 1985).
Furthermore, ascendinag projections from the PPTg may modulate
locomotion by relaying basal ganglia information back to the
thalamus and cortex (Mogenson and Wu, 1986). Evidence from
Experiment 2 that PPTg lesions do not block SMA in drug free
trials is not inconsistent with the suggestion that the region
is involved in generating fcrward locomotion because the PPTg
does not constitute the entire MLR (Garcia-Rill et al., 1986)
and a number of pathways are capable of modulating locomotion
(Garcia-Rill et al., 1987).

As outlined in the Introduction, neural systems mediating
antinociception in reflex withdrawal tests and analgesia in
the formalin test are at least partly independent (Abbott et
al., 1982; Abbott and Melzack, 1982; Abbott and Melzack, 1983;
Ryan et al., 1985; Morgan and Franklin, 1990); results from
the present study provide further indirect support tor this
hypothesis. PPTg lesions in the present study did not affect
morphine analgesia in the formalin test. On the other hand,
stimulation of the PPTg increases tail flick latencies ftrom
noxious heat (Fitzgerald and Proudfit, 1989; Haws et al.,
1989), the effect being mediated through cholinergic cells in
the region (Fitzgerald and Proudfit, 1989). The involvement of

the PPTg in both antinociception and forward locomotion
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supports Garcia-Rill’s (1991) suggestion that, in the process
of forward locomotion, it may be advantageous and possibly
necessary to suppress sensory input.

Over twenty years ago, Glickman and Schiff (1967)
observed that a fundamental characteristic of natural rewards
is their ability to induce species typical approach
behaviours. Because of this association, they proposed that
neural substrates of reinforcement and forward locomotion are
closely related. Consistent with this hypothesis, the evidence
outlined above indicates that a single neural region, the
PPTg, is involved in both the reinforcing effect of natural
rewards and the initiation of forward locomotion. Furthermore,
forward locomotion elicited by PPTg stimulation appears to be
mediated through the VTA-NA-VP-PPTg pathway which is
associated with reinforcement: First, locomotor activity can
be induced by amphetamine or DA injections into the NA,
whereas 1lesions, inactivation, or blockage of synaptic
transmission in the PPTg reduce the effect (Brudzynski and
Mogenson, 1985; Mogenson et al., 1990). Second, picrotoxin
injections into the VP induce locomotion; inactivation of the
PPTg reduces the effect (Mogenson and Wu, 1988). Third,
blocking the VP-PPTg pathway reduces locomotion induced by
picrotoxin injections in the VP and amphetamine injections in
the NA (Mogenson et al., 1985).

Based on anatomical evidence linking the PPTg to limbic

and motor systems, Mogenson et al. (1980) propose that this
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region 1is strategically situated to contribute to the
locomotor component of adaptive behaviours; Bechara and van
der Kooy (1989) agree that reward information exiting the
limbic system influences appetitive behaviour in the region of
the PPTg. Both proposals suggest that 1limbic structures
associated with biologically significant behaviours transmit
motivational signals to the PPTg, which projects to motor
systems in order to initiate locomotion (Mogenson, 1987).
Because previous studies associate the PPTg with the
initiation of forward locomotion, results from the present
study which confirms that the PPTg is also involved in
reinforcement provide further support for the hypothesis that
reinforcement and forward locomotion are mediated through the
same neural substrate.

In conclusion, the present study was undertaken as a
continuation of previous work which examined the relationship
between neural substrates of reinforcement and analgesia. The
study confirmed the role of the PPTg in the development of a
morphine-induced CPP, but showed that its role 1in the
reinforcing effect of morphine was dissociable from the
analgesic effect of moprhine. These results have important
clinical implications in that they suggest that knowing where
reinforcement and analgesia systems are integrated and where
they diverge may provide clues for strategies to develop

analgesic drugs with low abuse potential.
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