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The potent reinforcing properties of psychoactive drugs have
been attributed to the activation of motivational processes
localized to the limbic system. We investigated the role of
2 specific outputs of the forebrain limbic system, the teg-
mental pedunculopontine nucleus (TPP) and the periac-
queductal gray (PAG) of the pons-midbrain, in the positive
motivational effects of morphine and amphetamine. We now
report that the TPP, but not the PAG nor other nearby regions,
is a critical site in the neural system subserving the reward-
ing effects of both opiates and stimulants. Bilateral ibotenic
acid lesions of the TPP blocked the positive reinforcing ef-
fects of both morphine and amphetamine in naive rats as
measured in a conditioned place preference paradigm. How-
ever, TPP lesioned animals were still capable of acquiring a
conditioned place preference to an environment paired with
the peripheral opiate antagonist methylnaltrexone. This sug-
gested that TPP lesions did not cause nonspecific deficits
in the basic learning mechanisms underlying conditioned
place preferences. Furthermore, while the TPP was critical
for the acquisition of a conditioned preference to an envi-
ronment paired with morphine in naive rats, rats that had
acquired a morphine conditioned place preference prior to
the lesions were capable of retaining and demonstrating
these place preferences after lesions of the TPP. This again
demonstrates that TPP lesions are producing an uncondi-
tioned deficit in motivation rather than a deficit in learning
or memory. Finally, direct comparisons of the place prefer-
ence data of individual animals with their correspondent TPP
lesion sites indicated that the most effective lesions over-
lapped to a greater degree TPP perikarya with descending,
rather than ascending, axons. This suggests that motiva-
tional information generated by drug stimuli acting at “up-
stream” neural structures flows in a descending direction
through the TPP region of the brain stem.

These results suggest that opiates and stimulants must
ultimately activate a single brain-stem substrate in order to
have a positive motivational impact. It is hypothesized that
the neural circuits mediating the rewarding effects of drug
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stimuli acting at forebrain sites exit the limbic system in the
TPP region of the brain stem, where motivation may ulti-
mately influence or be isomorphic with the elicitation of mo-
tor responses subserving approach and exploration.

The potent positive-reinforcing effects produced by systemic
administrations of opiates (such as heroin and morphine) and
stimulants (such as amphetamine and cocaine) have been at-
tributed to the activation of endogenous appetitive motivational
systems (Stewart et al., 1984) localized to the limbic system in
the brain. Indeed, the anatomical concept of a limbic system
was originally formulated as a neural substrate for motivation
and emotion (Papez, 1937; MacLean, 1949). However, this con-
cept did not explain how neurons in the limbic system were
related to somatomotor or visceromotor (neuroendocrine and
autonomic) neural systems that control the expression and per-
ception of emotional behavior.

Although the exact definition of what constitutes the limbic
system appears to have been in constant flux (Swanson, 1983),
there seems to be general agreement that many components of
the limbic system of the forebrain send fibers through the medial
forebrain bundle. The medial forebrain bundle comprises as
many as 50 independent descending and ascending pathways
connecting the forebrain to the midbrain and brain stem (Nieu-
wenhuys et al., 1982; Veening et al., 1982). Thus, the search for
the neural processes underlying positive reinforcement has most
often focused on pathways traveling through the medial fore-
brain bundle. Studies of electrical brain self-stimulation have
identified the medial forebrain bundle as a prime substrate for
reward (Olds and Olds, 1965; Rolls, 1975; Wise and Bozarth,
1984), and the neurons directly stimulated by the electrode are
apparently myelinated, fast-conducting, and descending neu-
rons that have short refractory periods (Shizgal et al., 1980;
Yeomans, 1989).

Several lines of evidence have also indicated the importance
of the medial forebrain bundle in mediating the rewarding effects
derived from the intracerebral microinjection of various psy-
choactive drugs. Rats show preferences for environments as-
sociated with the intracerebral microinjection of opiates into
the ventral tegmental area, nucleus accumbens, lateral hypo-
thalamus, and periacqueductal gray (Phillips and LePiane, 1980,
1982; van der Kooy et al., 1982). However, the microinjection
of similar doses of opiates into the caudate putamen, amygdala,
and nucleus ambiguus is ineffective in producing conditioned
place preferences (van der Kooy et al., 1982), despite the rela-
tively high concentrations of opiate receptors in these regions



(Atweh and Kuhar, 1977a, b). Furthermore, rats will self-ad-
minister opiates into the ventral tegmental area (Bozarth and
Wise, 1981), lateral hypothalamus (Olds, 1979; Olds and Wil-
liams, 1980), and nucleus accumbens (Olds, 1982; Goeders et
al., 1984) but will not self-administer opiates into the caudate
nucleus (Bozarth and Wise, 1981). Similar to the results with
opioids, rats show conditioned preference for places associated
with the microinjection of amphetamine into the nucleus ac-
cumbens but not into the striatum (Carr and White, 1986).
Furthermore, rats self-administer amphetamine into the nucleus
accumbens, while intrastriatal amphetamine self-administra-
tion is rare (Hoebel et al., 1982). Although most if not all of
these brain regions tested for the rewarding effects of microin-
jected opioids and stimulants eventually influence fibers trav-
eling in the medial forebrain bundle, only brain sites within or
directly adjacent to the medial forebrain bundle were identified
as positive reward sites. Thus, the medial forebrain bundle may
serve as a primary substrate for the rewards derived from both
electrical brain stimulation and psychoactive drugs.

The medial forebrain bundle projects down to a wide swath
of midbrain and rostral pons referred to as the “limbic mid-
brain” by Nauta (Nauta, 1958; Swanson et al., 1984). The ma-
jority of descending medial forebrain bundle projections ter-
minate in the midbrain and pons, although a small minority of
medial forebrain bundle fibers do reach the spinal cord (Swanson
and Kuypers, 1980). Several lines of evidence have pointed to
the importance of structures caudal to the medial forebrain
bundle stimulation sites in the mediation of the reward derived
from the electrical self-stimulation of neurons in the medial
forebrain bundle. Lateral or posterior hypothalamic self-stim-
ulation rate is decreased by small lesions in or near the medial
forebrain bundle both rostral (in the preoptic area) and caudal
(near the interpeduncular nucleus of the midbrain) to the stim-
ulating electrode (Boyd and Gardner, 1967; Olds and Olds,
1969). However, a caudal lesion produces the greater decrease
in rate, and in contrast to a rostral lesion there is no partial
recovery of rate over the few days following the lesion. Fur-
thermore, the occurrence of lateral hypothalamic self-stimula-
tion in rats after removal of almost the entire telencephalon
(Huston and Borbely, 1973) suggests that much of the forebrain
is probably not essential for this reward. Taken together, these
experiments suggest that the brain regions that are caudal to the
medial forebrain bundle self-stimulation sites may be critical in
controlling whether self-stimulation occurs. Unfortunately, there
are some limitations in studies attempting to demonstrate the
direct “downstream” nature of the brain-stem nuclei subserving
medial forebrain bundle reward. First, the survival rate of rats
with large electrolytic lesions within the midbrain and brain
stem is relatively poor. Second, electrolytic lesions are generally
confounded by the fact that these lesions do not only destroy
neuronal cell bodies, but also damage the axons en route to
other brain structures. However, it is now possible to obtain
good survival with brain-stem lesions that selectively destroy
cell bodies while sparing fibers of passage by using chemical
excitotoxins such as ibotenic acid (Coyle and Schwarcz, 1983).

Given the primary role of the medial forebrain bundle in the
reward derived from both electrical brain stimulation and psy-
choactive drugs, as well as the putative importance of caudal
structures in the control of these positive-reinforcing effects, we
hypothesized that a selective removal of neuronal cell bodies
(using ibotenic acid lesions) within regions of the limbic mid-
brain and pons that receive medial forebrain bundle outputs
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might abolish the rewarding effects elicited by psychoactive drugs.
Therefore, we examined the effects of bilateral ibotenic acid
lesions of 2 sites within the limbic midbrain and pons—the
tegmental pedunculopontine nucleus (TPP) and the periac-
queductal gray (PAG)—on the rewarding effects of morphine in
opiate naive rats. We now report that lesions of the TPP, but
not of the PAG, region abolished the preferences for environ-
ments conditioned to the rewarding effects of even high doses
of morphine in drug naive rats. These lesions were also effective
in blocking the acquisition of amphetamine-conditioned place
preferences. We suggest that TPP lesions cause a specific deficit
in the unconditioned rewarding effects of these psychoactive
drugs.

Materials and Methods

Subjects. All animals used in these experiments were adult male Wistar
rats (Charles River) weighing 350-450 gm. Subjects were housed in-
dividually in suspended gray wire cages in a room kept at a temperature
of 22°C and lit between 0900 to 2100. Purina rat chow was available
ad lib throughout the experiments. Water was continuously available.

Surgery. Different groups of rats were anesthetized with 0.8 ml/kg
doses of Somnital. Each of the rats was placed in a stereotaxic apparatus,
a scalp incision was made, and 2 small holes were drilled in the skull
to allow passage of a needle. Each rat was either bilaterally injected with
0.2 ul of a 4% ibotenic acid solution via a 1 ul Hamilton microsyringe
over 25 min (lesion groups) or with physiological saline (sham groups).
The needle was left in place for 5 min following the infusions. The
injection coordinates as taken from the atlas of Paxinos and Watson
(1982) (with the mouthbar set at —3.3 mm below the interaural line)
were AP —7.8 mm posterior to bregma, L. + 1.6 mm lateral to the
midline, and DV —5.8 mm below the dura for the TPP, and the PAG
coordinates were AP —7.8 mm posterior to bregma, L + 0.8 mm lateral
to the midline, and DV —5.5 mm below the dura. The PAG lesions
were designed to be approximately the same size (using the same volume
of ibotenic acid) and at the same rostrocaudal level as the TPP lesions.
At least 2 weeks were allowed for recovery from surgery before any
experiments were begun. During the recovery period each rat was han-
dled for a few minutes on each of several days.

Histology. At the end of the behavioral experiments, all the operated
rats were deeply anesthetized with Somnital and perfused through the
heart with isotonic saline followed by 10% formalin. The brains were
removed and postfixed in 15% sucrose, and then 32 um cryostat sections
were cut. Sections were mounted on gelatin-coated slides and stained
with cresyl violet in order to verify the placement and extent of the
lesions. Sections were examined and photographed in bright-field mi-
Croscopy.

Place conditioning. The place-conditioning procedures were identical
to those previously described (Mucha et al., 1982). Conditioning took
place in 1 of 2 boxes that differed in color, texture, and smell. One had
black walls and a black Plexiglas floor that was wiped with a 2% acetic
acid solution just prior to placing each rat inside it. The other box had
white walls and a wood chip floor that gave off a slight smell of wood.
Each rat received 4 drug injections spaced equally over 8 d and was
immediately confined after each drug injection to a distinct environment
for 30 min. On the 4 alternating days when no drug injection was given,
each rat was injected with saline vehicle and confined for 30 min to the
other separate and different distinctive environment. Order of injections
and drug-paired environment were counterbalanced within groups. On
day 9, rats were selected at random so that the conditioning schedule
was unknown to the experimenter. Each uninjected rat was then tested
by recording the amount of time the rat spent in each of the 2 previously
paired distinctive environments when given a 10 min period to explore
both environments freely. During testing, the experimenter was blind
as to which side of the box had been paired with a drug during training.
The 2 environments of the test apparatus were separated by a neutral
gray zone. For scoring purposes, the rat was defined as being in a given
compartment when both forepaws were located in that compartment.
The preference an animal showed for the previously drug-paired en-
vironment over the saline vehicle-paired environment was taken as a
measure of drug reward (Mucha et al., 1982). This “unbiased” place
conditioning method controls for possible interactions between an un-
conditioned side preference and various nonreinforcing effects of the
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drug (van der Kooy, 1987; Carr et al., 1989). Furthermore, this method
of place conditioning, which balances the baseline preferences for the
2 compartments of the place-conditioning apparatus, has repeatedly
been shown to yield equal preferences for both environments when non-
drug-conditioned animals are allowed to explore both environments
freely (Mucha et al., 1982; Mucha and Iverson, 1984; Bechara and van
der Kooy, 1987, 1988).

A substantial body of research using the place-conditioning paradigm
has accumulated over the past few years and confirms that this paradigm
can serve as a valid and reliable measure of drug reward (van der Kooy,
1987; Carret al., 1989). Challenges to this validity (Swerdlow and Koob,
1984; Heinrichs and Martinez, 1986; Scoles and Siegel, 1986) have been
based largely on procedural variations, which do not typify conditioned
place-preference studies in gensral (Carr et al., 1988, 1989) nor the
paradigm employed in the present study in particular.

Morphine-conditioned place preferences after TPP or PAG lesions. The
effects of lesioning different sites within the limbic pons and midbrain
(the TPP and PAG) were measured by morphine-conditioned place
preferences in 4 separate groups of drug and experiment naive rats. Two
experimental groups received bilateral ibotenic acid lesions of either the
TPP or PAG (TPP lesion, n = 8; PAG lesion, # = 8). The 2 remaining
groups served as sham controls and received bilateral saline vehicle
injections instead of ibotenic acid into either the TPP or PAG (TPP
sham, n = 13, PAG sham, n = 7). Following recovery, all rats received
place conditioning as described above with morphine (1 mg/kg, s.c.).

Dose-response analysis of morphine-conditioned place preferences af-
ter TPP lesions. From separate groups of TPP sham and ibotenic acid-
lesioned rats, we constructed a dose-response curve showing the effects
of the lesions on the rewarding properties of several doses of morphine
(1, 5, and 10 mg/kg, s.c.) measured in the place-conditioning paradigm.
Prior to surgery all rats were drug and experiment naive. Three groups
received bilateral ibotenic acid injections into the TPP. Following re-
covery, each group was place conditioned with only one dose of mor-
phine (lesion 1 mg/kg, n = 14; lesion 5 mg/kg, » = §; lesion 10 mg/kg,
n=15). Three other groups received sham instead of ibotenic acid lesions
and were place conditioned with morphine in an identical manner to
the lesion groups (sham 1 mg/kg, n = 17; sham 5 mg/kg, n = 9; sham
10 mg/kg, n = 9). All rats remained drug and experiment naive after
surgery except for the sham and lesioned groups place conditioned with
5 mg/kg doses of morphine. These rats were subjects in a drug-discrim-
ination experiment (Martin et al., 1987), in which they received 10
injections of 5 mg/kg morphine over a 20 d period that ended 1 week
prior to the start of the place-conditioning experiment. It is worth men-
tioning that the place conditioning of the sham and lesion groups in-
jected with 5 mg/kg of morphine was carried out by 2 separate exper-
imenters blind to the conditions of the study. The type of the lesion
was unknown to the experimenter carrying out the conditioning phase.
The type of the lesion as well as the drug-paired side were unknown to
the other experimenter carrying out the test phase.

Place preferences conditioned by amphetamine and methylnaltrexone
after TPP lesions. In light of the evidence that TPP lesions abolished
the positive motivational effects produced by opiates, we first asked
whether the TPP region is involved in the positive-reinforcing properties
of another psychoactive drug stimulus such as amphetamine. This ex-
periment employed 2 separate groups of sham (n = 8) and lesioned rats
(n = 8) that were drug and experiment naive. All rats were place con-
ditioned with amphetamine sulfate (1 mg/kg, s.c.).

The selective blockade of either central or peripheral opiate recep-
tors with selective opiate antagonists produces motivational effects that
are of opposite valence to those produced by the selective activation of
the same receptors with opiate agonists (Bechara and van der Kooy,
1985; Bechara et al., 1987). Thus, the quaternary opiate antagonist
methylnaltrexone (MN), which does not cross the blood-brain barrier
(BBB) effectively (Valentino et al., 1981), produces conditioned place
preferences through antagonism of endogenous opioid peptides acting
on peripheral opiate receptors, the primary site mediating opiate aver-
sive effects (Bechara and van der Kooy, 1985; Bechara et al., 1987).
Because MN acts at a site so distinct from the drugs used above, we
tested the effect of TPP lesions on place preferences conditioned by MN.
Two groups of drug and experiment naive rats were used for the MN
place-conditioning experiment, following a 2 week recovery from sham
(n = 8) or ibotenic acid lesions (z = 8) of the TPP region. All rats were
place conditioned with MN (1 mg/kg, i.p.).

Effects of TPP lesions on retention versus acquisition of conditioned
morphine place preferences. This experiment was designed to determine

whether the motivational deficits observed in TPP lesioned rats could
be dissociated from other putative deficits involving the basic mecha-
nisms of learning and memory. Through associative learning (i.e., clas-
sical conditioning), an initially weak or ineffective conditioned stimulus
(CS) acquires a novel motivational significance after it has been paired
with a strong unconditioned stimulus (US). After an animal has been
conditioned it behaves as if the CS predicts the US. Thus, if the mo-
tivational effects of a drug (US) are repeatedly paired with a distinct
place (CS) (as is the case in place conditioning), then the drug-paired
environmental stimuli acquire new motivational properties in that they
become capable of eliciting behavioral responses reflecting the moti-
vational properties of the drug itself. From this analysis it is clear that
there are several possible mechanisms, other than disrupting the mo-
tivational processes underlying the US itself, by which TPP lesions could
block opiate place conditioning. First, TPP lesions may cause a non-
specific interference with mechanisms underlying the learning of all CS-
US associations. Second, a disruption of the neural processes mediating
the CS effects themselves would also prevent the learning of a CS-US
association. The experiments described above examined TPP lesion
effects on the place preferences produced by drugs other than opiates,
thus testing the possibility of nonspecific deficits in processing the CS
or in the learning mechanisms underlying the acquisition of all condi-
tioned place preferences. Third, the mechanisms by which the memory
of the CS-US association is retained might be interrupted by TPP le-
sions. In order to test if TPP lesions produce a memory deficit, we place
conditioned rats with morphine prior to lesioning the TPP and then
tested them after the lesions for their ability to retain the previously
acquired preference for places paired with morphine. Finally, after a
series of extinction trials, we examined the ability of the same lesioned
rats to reacquire the morphine-conditioned place preference after only
a few additional pairings with morphine. This reacquisition experiment
provides a strong test of our hypothesis that TPP lesions disrupt a US
neural pathway mediating the positive motivational impact of opiates.

Two separate groups of drug and experiment naive rats were place
conditioned with morphine (1 mg/kg, s.c.). Immediately after the last
training day, one group (n = 7) received ibotenic acid lesions of the
TPP region, and another group (n = 8) received sham lesions. Following
a 2 week recovery from surgery, all these previously place-conditioned
rats were tested for the retention of morphine-conditioned place pref-
erence. Following the testing for place conditioning, both sham and
lesion groups underwent a total of 8 extinction trials. Each uninjected
rat was allowed half an hour to freely explore the environment previ-
ously paired with morphine and half an hour to freely explore the
environment previously paired with saline vehicle. These extinction
trials alternated for a total of 4 drug-paired environment extinction and
4 vehicle-paired environment extinction trials spread over 2 days. On
the third day, the sham and lesion groups were retested for any evidence
of place preferences. Following the extinction trials and testing, both
the sham and lesion groups underwent 2 morphine pairings (1 mg/kg,
s.c.) in the environment previously paired with morphine, and on 2
alternate days they were paired with the saline vehicle in the environ-
ments previously associated with these vehicle injections. On the day
following the last retraining day, these reacquisition sham and lesion
groups were tested for evidence of conditioned morphine place pref-
erences.

Anatomical characterization of the TPP region critical for psychoactive
drug reward. Recent anatomical work has shown that separate TPP
perikarya have ascending projections to the forebrain versus descending
projections to the medulla and spinal cord (Goldsmith and van der
Kooy, 1988). The distribution of TPP cell bodies with ascending versus
descending projections were shown to be spatially distinct, but partially
overlapping (Goldsmith and van der Kooy, 1988). One question that
arises in characterizing the behavioral deficits caused by TPP lesions is
whether the ibotenic acid lesions have primarily interrupted an ascend-
ing or a descending flow of information from the TPP.

Only rats with histologically verified lesions destroying a significant
portion of the TPP bilaterally were included in the behavioral data
analyses. However, we then subdivided the TPP lesioned rats into an-
imals demonstrating complete blockade of the place preferences pro-
duced by morphine or amphetamine (the majority of rats), animals with
lesions in the TPP that showed less complete place-preference deficits,
and the very few animals with lesions that destroyed a significant area
of the TPP yet failed to show any place-preference deficits. With the
aid ofa camera lucida, the TPP lesion sites from all the animals included
in the behavioral analyses were drawn on previously published sche-
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Figure 1. Effects of bilateral ibotenic acid or sham lesions of the TPP
and the PAG regions on the place preferences induced by morphine in
drug naive rats. Each bar represents the mean = SEM for 7-13 rats.

matics of the TPP region, showing the distributions of the populations
of neuronal perikarya in the TPP region with ascending versus descend-
ing projections (Goldsmith and van der Kooy, 1988).

Results

Rats with ibotenic acid lesions of the TPP region appeared
grossly normal under superficial visual examination and main-
tained normal body weights compared with sham lesioned an-
imals. However, rats with similar size bilateral ibotenic acid
lesion in the PAG lost weight following the lesions, and a mi-
nority of these PAG lesioned rats died prior to behavioral test-
ing. All animals included in the statistical analyses of behavioral
data were histologically verified for bilateral lesions that encom-
passed a significant portion of the TPP region or the majority
of the ventrolateral quadrant of the PAG.

The TPP extends as far rostrally as the caudal substantia nigra
and retrorubral field and as far caudally (in close association
with the ascending limb of the brachium conjunctivum) as the
fourth cranial motor nucleus and the rostral parabrachial nu-
cleus (Newman, 1985; Rye et al., 1987; Goldsmith and van der
Kooy, 1988). Dorsally, the TPP extends as far as the cuneiform
nucleus, and laterally as far as the lateral lemniscus and asso-
ciated nuclei (Newman, 1985; Rye et al., 1987). The pontine
tegmental field and rubrospinal tract form the ventral bound-
aries of the TPP (Newman, 1985; Rye et al., 1987), whereas the
PAG and the decussation of the brachium conjunctivum form
its medial boundaries (Newman, 1985). TPP neuronal perikarya
are found dorsal and ventral to, and intermingled with, the
ascending fibers of the brachium conjunctivum.

The lesions and their boundaries were relatively easily defined
in Nissl sections by the loss of neuronal perikarya and gliosis.
Histological sections of TPP and PAG lesions at the level of the
decussation of brachium conjunctivum are shown in Figure 5.

Morphine-conditioned place preferences after TPP or PAG
lesions

Bilateral ibotenic acid lesions of the TPP, but not of the PAG,
region abolished the positive-reinforcing effects produced by
morphine (1 mg/kg, s.c.) in drug naive rats (Fig. 1). An analysis
of variance on the data from the TPP sham and lesion groups
revealed a significant interaction of the TPP lesion with time
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Figure 2. Effects of bilateral ibotenic acid or sham lesions of the TPP
region on the conditioned place preferences produced by various doses
of morphine (s.c.). Each point represents the mean = SEM for 5-17
rats. Each rat was trained with only one dose of morphine.

spent in the drug- versus vehicle-paired environment (F, , =
10.8, p < 0.05). That is, the time spent in the drug- versus
vehicle-paired environments depended on whether rats had sham
or ibotenic acid lesions. TPP sham {#(12) = 4.7, p < 0.05] but
not TPP lesioned [¢(7) = —0.4, p > 0.05] rats showed significant
preferences for places paired with morphine. In contrast, an
analysis of variance on the data from the PAG sham and lesion
groups revealed a significant main effect of time spent on drug-
versus saline vehicle associated sides (F, ;; = 17.5, p < 0.05),
but no significant main effect of the lesion nor any interaction
of lesion with time spent in either environment of the place-
conditioning apparatus. In other words, both sham and lesioned
PAG groups equally showed significant preferences for the places
associated with morphine. These results demonstrate that the
TPP, but not the PAG, region is critical for morphine-condi-
tioned place preferences in drug naive rats.

Dose-response analysis of morphine-conditioned place
preferences after TPP lesions

Over an order of magnitude of doses, morphine produced con-
ditioned place preferences in rats with sham but not ibotenic
acid lesion of the TPP region (Fig. 2). A 3-way analysis of
variance on the TPP sham and lesion groups conditioned with
different doses of morphine revealed a significant interaction of
lesion with time spent in the drug- versus saline vehicle-paired
environments (F, 5, = 32.0, p < 0.05). TPP sham, but not TPP
lesioned, rats spent significantly more time on the side paired
with morphine than on the side paired with saline vehicle. There
was no significant 3-way interaction of dose with lesion and
with time spent on drug- versus vehicle-paired side. Neverthe-
less, a direct comparison of the place preferences produced by
1 and 10 mg/kg morphine in the sham groups revealed larger
preferences at 10 mg/kg [£(24) = 3.5, p < 0.05].

Place preferences conditioned by amphetamine and
methylnaltrexone after TPP lesions

TPP lesions blocked amphetamine (1 mg/kg, s.c.) conditioned
place preferences (Fig. 3, left). An analysis of variance on the
data from the sham amphetamine and lesion amphetamine
groups revealed a significant interaction between time spent on
drug- versus saline-paired sides and the lesion (F, , = 4.9,p <
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Figure 3. Effects of bilateral ibotenic acid or sham TPP lesions on the
conditioned place preferences produced by amphetamine (/eft) and MN
(right) in naive rats. Bars represent means + SEM for 8 rats.

0.05). Sham [#(7) = 3.4, p < 0.05], but not lesioned [#(7) = 0.5,
p.> 0.05], rats showed significant preferences for places paired
with amphetamine.

The rewarding properties of MN in the place-conditioning
paradigm, thought to be related to the antagonism of the pe-
ripheral opioid aversive system (Bechara and van der Kooy,
1985; Bechara et al., 1987), were not blocked by TPP lesions
(Fig. 3, right). An analysis of variance on the data from the sham
MN and lesion MN groups revealed only a significant main
effect of time spent on drug- versus saline vehicle-paired sides
(Fi14 = 11.6, p < 0.05). There was no significant main effect of
lesion, nor any significant interaction. Both sham and ibotenic
acid lesioned rats showed preferences for places paired with MN
over places paired with the saline vehicle.

Effects of TPP lesions on retention versus acquisition of
conditioned morphine place preferences

The TPP region proved critical for the acquisition, but not the
retention, of a morphine-conditioned place preference (Fig. 4).
Rats were conditioned with morphine in the place-preference
paradigm and then received bilateral sham or ibotenic acid le-
sions of the TPP. Testing for retention of the place conditioning
following the sham or TPP lesions revealed a significant main
effect of time in drug- versus saline vehicle-paired environments
(F,;; = 31.0, p < 0.05), but no significant main effect of lesion
nor any interaction of lesion with time spent in each compart-
ment of the place-conditioning apparatus. Thus, both sham and
TPP lesioned rats showed significant retention of preferences
for places paired with morphine prior to surgery (Fig. 4, left).
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Figure 4. Effects of bilateral ibotenic acid or sham TPP lesions on the
retention of a morphine-conditioned place preference acquired prior to
the lesions (left), on the extinction of these preferences (middle), and on
the ability of these same rats to reacquire conditioned place preferences
after 2 additional morphine pairings (right). Bars represent means +
SEM for 7-8 rats.

After extinction, neither the sham nor lesion rats showed sig-
nificant preferences for the drug or saline vehicle-paired sides
of the test box (Fig. 4, middle). However, testing for the reac-
quisition of the place conditioning in the sham or TPP lesioned
animals revealed a significant interaction of lesion with time
spent in drug- versus saline vehicle-paired environments (F, ,;
= 5.0, p < 0.05). Sham [#(7) = 3.8, p < 0.05], but not lesioned
[t(6) = 1.1, p > 0.05], rats showed significant preferences for
places paired with 2 injections of morphine during the reac-
quisition phase of the experiment (Fig, 4, right). In sum, lesions
of the TPP region produce a deficit in the acquisition and reac-
quisition, but not the retention, of a morphine-conditioned place
preference. This experiment strongly supports the idea that TPP
lesions block the unconditioned positive-reinforcing effects of
morphine in nonopiate-dependent rats but do not block the
action or extinction of conditioned stimuli that had been paired
with morphine prior to the lesions.

Anatomical characterization of the TPP region critical for
psychoactive drug reward

The motivational deficits produced by TPP lesions in the present
experiments were specific to the TPP region and were not seen
after PAG lesions (Fig. 5). Furthermore, 1 rat with ibotenic acid
lesions directly dorsal to the TPP (in the cuneiform nucleus),
and 3 rats with lesions that were far dorsal to the TPP (infringing
on the superior and inferior colliculi), also failed to demonstrate
any motivational deficits. These animals were not included in
the TPP groups for behavioral analyses. All rats with ibotenic
acid lesions that destroyed a significant portion of the TPP
bilaterally were included in the behavioral analyses. However,

-

Figure 5. A, Schematics of the average diameters of clusters of ibotenic acid lesions of the TPP that were completely effective (solid lines), partially
effective (shaded areas) or noneflective (dast:ed lines) in blocking the effects of morphine and amphetamine in the place-preference tests. Photo-
micrographs of Nissl-stained frontal sections through similar rostrocaudal levels of the pons show bilateral ibotenic acid lesions (arrows) of the
TPP that were completely effective (B) or partially effective (C) in producing the motivational deficits. After bilateral ibotenic acid lesions of the
PAG, a photomicrograph of a Nissl-stained section (D) shows shrinkage of the ventrolateral portions (arrows) of the PAG region due to the loss
of neuronal perikarya. The lesions showed gross bilateral symmetry, but the schematics of the TPP lesions were drawn only unilaterally (4). These
schematics were compared with the distributions of cells in the TPP and surrounding region with ipsilateral ascending versus descending projections.
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A ® pescending projections

O Ascending projections
Most effective lesions
Less effective lesions

Non effective lesions

Solid dots (bilaterally) represent neuronal perikarya retrogradely labeled from the spinal cord ipsilateral to the schematized lesions, and open dots
(bilaterally) represent neurons retrogradely labeled from the ipsilateral thalamus. The completely effective lesions appear to destroy a greater
percentage of TPP cells with descending than with ascending projections. This is in contrast to the noneffective lesions, which appear to spare the

TPP cells with descending projections and primarily destroy the cells with ascending projections. Distributions of labeled neuronal perikarya were
taken from Goldsmith and van der Kooy (1988).
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within the collection of TPP lesioned animals there was some
variation in the individual lesions, which appeared to corre-
spond to the degree of motivational deficits and, to a certain
extent, to the origin of various efferent projections from the
TPP. Figure 54 shows the average diameters of various clusters
of TPP lesions that were defined on the basis of their behavioral
effects. Specifically, the very few TPP lesioned rats that failed
to show any behavioral deficits in the morphine or amphetamine
place-preference tests proved to have lesions that fell more lat-
erally (either dorsolaterally or ventrolaterally) in the TPP region.
In contrast, rats with TPP lesions that included the more ven-
tromedial areas (and thus ventral to the decussation of the bra-
chium conjunctivum) tended to show complete blockade in the
same place-preference tests. However, several rats with TPP
lesions that destroyed the medial and dorsomedial regions of
the TPP (at the level or dorsal to the decussation of the brachium
conjunctivum) appeared to show somewhat less complete def-
icits in the morphine or amphetamine place-preference tests.
Comparing these variations in lesion sites to the distribution of
TPP perikarya with descending versus ascending ?rojections
(Fig. 54), we find that the ventromedial lesion sites that resulted
in the most complete blockade of morphine and amphetamine
motivational effects overlapped a larger percentage of the TPP
neurons with descending than with ascending projections.
Nevertheless, these same maximally effective lesions also de-
stroyed a significant population of the TPP cells with ascending
projections, so that no absolute conclusion can be drawn con-
cerning the directionality of the TPP efferents underlying the
behavioral deficits. However, it is important to note that the
lesion sites that spared most of the TPP cells with descending
projections and destroyed primarily the TPP neurons with as-
cending projections produced no or only partial behavioral def-
ICItS.

Discussion

This series of experiments has revealed that the TPP region
serves as a critical brain-stem substrate in the system underlying
the unconditioned positive-reinforcing properties of morphine
as measured in the place-conditioning paradigm, The fact that
TPP lesions also blocked the positive-reinforcing effects of am-
phetamine suggests that the TPP region may serve as a nodal
brain-stem substrate for the rewarding properties of many psy-
choactive drugs. The failure of TPP lesions to block the con-
ditioned taste aversions produced by morphine and amphet-
amine (Bechara and van der Kooy, 1986) emphasize the
motivational specificity of the deficits. However, before ac-
cepting that TPP lesions cause a specific motivational deficit,
other explanations of the behavioral changes must be consid-
ered.

First, TPP lesions may primarily affect state-dependent learn-
ing. It could be argued that the rewarding properties of the drugs
tested in TPP lesioned animals were still intact; however, these
reinforcing properties are no longer expressed unless animals
are tested in the “drugged” state, and even then TPP lesions
may block the discrimination of the “drugged” state. Standing
against such a possibility is evidence that state-dependent learn-
ing plays no role in opiate preference conditioning procedures
like the ones used here (Mucha et al., 1982; Mucha and Iverson,
1984; Carr et al., 1989). Furthermore, TPP lesioned animals
showed normal preferences for the MN-paired side when tested
in the absence of MN, suggesting that a drug state is not nec-
essary for the expression of place preferences in lesioned ani-

mals. Finally, a direct assessment of the discriminative or state-
dependent properties of morphine showed that TPP lesions had
no effect on these properties (Martin et al., 1987).

Second, TPP lesions may have blocked place preferences as
a by-product of effects on locomotor excitation. Previous reports
have indicated that the place-conditioning effects of psychoac-
tive drugs are correlated with the amount of exploratory activity
exhibited by the animals in the place-conditioning apparatus
(Swerdlow and Koob, 1984). This becomes critical in light of
our preliminary findings that TPP lesions also blocked the hy-
peractivity produced by morphine and amphetamine in the open
field (Bechara and van der Kooy, 1986). One could argue that
the failure of TPP lesioned animals to express preferences for
places conditioned to the reinforcing effects of morphine or
amphetamine resulted from a compromised locomotor explo-
ration of the drug compartment by lesioned, but not sham,
animals during conditioning, However, recent evidence shows
that the development of a conditioned place preference does
not depend on the amount of locomotor activity experienced
in the place-conditioning apparatus (Carr et al., 1988, 1989).
Indeed, the attenuation or blockade of amphetamine-induced
locomotor activity during conditioning did not prevent the de-
velopment and expression of amphetamine-conditioned place
preferences (Di Scala et al., 1985; Carr et al., 1988). Further-
more, locomotor deficits produced by TPP lesions have no effect
on the conditioned place preferences produced by MN.

Thus, locomotor deficits cannot explain the blockade of mor-
phine- and amphetamine-conditioned place preferences by TPP
lesions. However, the fact that TPP lesions could block both
the positive-reinforcing (present results) and the hyperactivity
(Bechara and van der Kooy, 1986) effects of morphine and
amphetamine suggests that the appetitive and the motor-acti-
vating properties of these psychoactive drugs may be subserved
by a common neural system. It has been suggested that complex
motor patterns, involving the sequential performance of a va-
riety of movements that constitute approach behavior and ex-
ploration, are organized in some “preformed” state within the
brain stem (Glickman and Schiff, 1967). Indeed, it has been
postulated that reinforcement evolved with and is isomorphic
with the activation of the neural pathways underlying species
typical approach behaviors (Glickman and Schiff, 1967). Our
findings that a single brain-stem lesion may disrupt both the
positive-reinforcing and the locomotor excitatory effects of mor-
phine and amphetamine lends some evidence to the Glickman
and Schiff (1967) biological theory of reinforcement. We suggest
that the activation of this appetitive locomotor system in the
TPP, through excitation generated by rewarding drug stimuli
acting at more rostral medial forebrain bundle sites, constitutes
a necessary condition for these drugs to have positive incentive
motivational impact in non-drug-dependent animals. However,
the ability of TPP lesions to block the positive-reinforcing prop-
erties of some drug reinforcers (morphine and amphetamine),
but not others (MN and morphine in opiate-dependent subjects,
Bechara and van der Kooy, 1987, 1988), suggests that there may
be multiple parallel reinforcement systems in the brain.

Our results have also demonstrated that the behavioral def-
icits produced by TPP lesions are not a by-product of nonspecific
interference with fundamental mechanisms of learning and
memory. First, the normal place conditioning seen with MN
and with morphine in opiate-dependent rats (Bechara and van
der Kooy, 1987, 1988) demonstrate that TPP lesioned rats are
still capable of acquiring conditioned place preferences. Second,



the retention experiment revealed that TPP lesioned rats are
capable of remembering the conditioned reinforcing properties
of places associated with morphine if the conditioning preceded
the lesions. Interestingly, after the extinction of the place pref-
erences in these rats, sham but not TPP lesioned rats reacquired
conditioned preferences for places paired with morphine. These
results strongly suggest that TPP lesions disrupt the uncondi-
tioned reinforcing effects of morphine itself, but not the con-
ditioned reinforcing effects of stimuli previously associated with
morphine. Thus, the conditioned stimulus processing pathway,
as well as the anatomical site(s) mediating the CS-US association
and the memory of this association, all remain to be identified.

Specifying the critical TPP neurons

Immunocytochemical procedures have established that many
cells within the TPP in the rat are cholinergic (Newman, 1985,
Garcia-Rill, 1986; Rye et al., 1987). Moreover, the distribution
of cholinergic TPP cells overlaps the distribution of sites pro-
ducing locomotion after electrical stimulation in both the cat
and the rat (Garcia-Rill, 1986). However, our maximally effec-
tive lesions for producing motivational deficits extended further
medially and ventrally than the distribution of the largest con-
centration of cholinergic cells in the TPP (Rye etal., 1987, 1988;
Goldsmith and van der Kooy, 1988). Lesion sites that extended
laterally and thus overlapped the distribution of the largest con-
centration of cholinergic TPP neurons (Rye et al., 1987, 1988;
Goldsmith and van der Kooy, 1988) did not produce motiva-
tional deficits. Thus, the critical lesions defined a ventromedial
area of the TPP that corresponds to a population of mostly
noncholinergic neuronal perikarya with axons descending to the
ventromedial medulla and spinal cord (Rye et al., 1987, 1988;
Goldsmith and van der Kooy, 1988). This area contrasts with
the lateral portion of the TPP (especially the dorsolateral por-
tion) that contains the majority of the cholinergic neurons, which
have diffuse ascending projections to the thalamus and the fore-
brain (Sofroniew et al., 1985; Goldsmith and van der Kooy,
1988).

Rye et al. (1987, 1988) have recently termed the mostly non-
cholinergic neurons in the path of descending basal ganglia input
as the midbrain extrapyramidal area. They separated the mid-
brain extrapyramidal area from the laterally adjacent TPP, which
was defined by the dense concentration of medium and large-
sized cholinergic neurons, and suggested that the midbrain ex-
trapyramidal area was most homologous to the mesencephalic
locomotor region (Rye et al., 1987, 1988).

Rye et al. (1987, 1988) have placed the midbrain extrapy-
ramidal area dorsal to the decussation of the brachium con-
junctivum. Our lesions, which destroy this region, at least par-
tially block the positive-reinforcing effects of morphine and
amphetamine. However, it is clear that our maximally effective
lesions [as well as the perikarya with descending projections
(Goldsmith and van der Kooy, 1988)] also extend ventral to
the decussation of the brachium conjunctivum. Furthermore,
the extrapyramidal inputs to this region, which presumably de-
fine the midbrain extrapyramidal area, also extend ventral to
the decussation of the brachium conjunctivum, and in the case
of the substantia nigra pars reticulata the projections are denser
ventromedially than dorsomedially with respect to the decus-
sation of the brachium conjunctivum (Beckstead et al., 1979).
Thus, we propose that the critical area for psychoactive drug
reward is the ventromedial TPP, rather than the midbrain ex-
trapyramidal area as defined by Rye et al. (1987, 1988).
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The TPP as a critical output of the brain reward circuitry

Microinjection studies have revealed that the receptor sites where
opiates and stimulants act to produce positive-reinforcing effects
are in the limbic forebrain and midbrain (Phillips and LePiane,
1980; van der Kooy et al., 1982; Wise and Bozarth, 1982; Vac-
carino et al., 1985; Carr and White, 1986). Regions that receive
neuronal inputs from these positive-reward sites have been pro-
posed as critical reward centers. Indeed, there is substantial
evidence that the dopamine neurons of the ventral tegmental
area can serve as a nexus point for psychoactive drug reward
(Wise and Bozarth, 1987; Wise, 1988), although the validity of
this conclusion specifically for opiate reward has been challenged
by other investigators (Ettenberg et al., 1982; Mackey and van
der Kooy, 1985). Furthermore, previous lesion studies have
pointed to the importance of the neuronal cell bodies within
the nucleus accumbens (Zito et al., 1985) and the ventral pal-
lidum (substantia innominata) (Hubner and Koob, 1987; Koob
and Swerdlow, 1989) in opiate and stimulant rewards. In par-
ticular, the disruption of cocaine and heroin self-administration
by lesions of the nucleus accumbens was attributed to the de-
struction of the target of the dopaminergic projections from the
ventral tegmental area (Zito et al., 1985). Similarly, the disrup-
tion of psychoactive drug reward by ventral pallidal lesions was
attributed to the destruction of the target of accumbens projec-
tions (Swerdlow et al., 1984; Hubner and Koob, 1987; Koob
and Swerdlow, 1989). Thus, it has been hypothesized that psy-
choactive drugs elicit their positive-reinforcing effects via neural
excitation of a ventral tegmental area—accumbens—ventral pal-
lidal system (Koob and Bloom, 1988).

Anatomical evidence indicates that the TPP region of the
midbrain and pons receives neuronal inputs from all of these
structures identified as positive reward sites, via direct mono-
synaptic or indirect multisynaptic pathways (Nauta et al., 1978;
Saper et al., 1979; Swanson, 1982; Swanson et al., 1984, 1987).
Furthermore, it has been suggested that the putative brain sites
identified as critical for drug reward appear to form a chain of
neuronal structures linked in series to the TPP region of the
brain stem (Koob and Bloom, 1988). Electrophysiological stud-
ies indicate that the reward information generated by electrical
brain stimulation at forebrain sites are carried through descend-
ing pathways of the medial forebrain bundle to the midbrain
(Bielajew and Shizgal, 1986). The TPP itself has low levels of
opiate receptors (Herkenham and Pert, 1982; Mansour et al.,
1986), and thus we propose that the TPP is the neuronal link
in an incentive reward system after the receptor-bearing neu-
rons. Given our results that TPP lesions block the positive-
reinforcing effects of amphetamine as well as of morphine, we
suggest that the TPP region serves as a nodal point for the reward
generated by opiates and stimulants acting at various sites in
the forebrain and exiting the limbic system in the TPP region
of the brain stem. Furthermore, we have preliminary results
showing that TPP lesions block the place preferences produced
by food in non-food-deprived, but not in food-deprived, ani-
mals (Bechara and van der Kooy, 1988). Thus, it remains to be
seen whether the TPP region can similarly serve as a nexus point
in the relay of reward information from natural reinforcers such
as food, water, and sex.

The identification of the TPP as a critical site in morphine
and amphetamine reward provides an anatomical substrate for
studying the translation of rewarding drug stimuli (acting at
“upstream” limbic regions) into action and drug-seeking be-
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havior. In addition to its anatomical connections with all the
putative reward centers of the brain (i.e., nucleus accumbens,
ventral pallidum, lateral hypothalamus, ventral tegmental area),
the TPP is also in a position to influence a variety of somato-
motor responses, since it projects directly to widespread parts
of the brain-stem reticular formation (Moon Edley and Gray-
biel, 1983), the thalamus (Sofroniew et al., 1985; Hallanger et
al., 1987), the spinal cord (Swanson et al., 1984; Goldsmith and
van der Kooy, 1988; Rye et al., 1988), and the basal ganglia
and associated structures (Saper and Loewy, 1982; Garcia-Rill,
1983; Jackson and Crossman, 1983; Moon Edley and Graybiel,
1983; Steeves and Jordan, 1984). Furthermore, the TPP region
appears to overlap the mesencephalic locomotor region, a region
that facilitates locomotion when elecirically stimulated in the
decerebrate rat (Skinner and Garcia-Rill, 1984). Indeed, it has
been shown that the injection of the local anesthetic procaine
into the TPP blocks forebrain-elicited increases in locomotion
(Mogenson and Wu, 1988). Thus, in addition to its critical role
in reward functions, the TPP region appears to be involved in
locomotor behaviors (Garcia-Rill, 1986). Therefore, we suggest
that the neural information generated by psychoactive drugs
acting on “upstream” reward sites of the brain, and descending
through the medial forebrain bundle, exits the limbic system in
the TPP region of the brain stem where reward can influence
appetitive and drug-seeking behaviors.
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