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The Central Nucleus of the Amygdala Contributes to the
Production of Morphine Antinociception in the Rat Tail-Flick Test
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Current models of endogenous pain control circuitry em-
phasize neural substrates within the brainstem and spinal
cord. We have recently shown, however, that the central
nucleus of the amygdala (Ce) contributes to morphine-in-
duced suppression of formalin-induced nociceptive behav-
iors. In the four experiments reported here, we investigated
the possibility that the Ce also contributes to morphine-
induced suppression of simple, spinally mediated nocicep-
tive reflexes. Bilateral N-methyl-p-aspartate (NMDA)-in-
duced lesions of the rat Ce, but not bilateral lesions cen-
tered on either the basolateral or medial amygdaloid nucle-
us, abolished the antinociception produced by 2.5 mg/kg
morphine sulfate in the noxious heat-evoked tail-flick test.
Bilateral Ce lesions also abolished the antinociception pro-
duced by 2 or 4 mg/kg morphine suifate, but a relatively
large dose of morphine sulfate (10 mg/kg, s.c.) resulted in
partial reinstatement of antinociception. It is unlikely that
these effects were due to secondary, seizure-induced dam-
age following NMDA injection (e.g., to areas outside the
amygdala) since bilateral inactivation of the Ce with the lo-
cal anesthetic lidocaine also reliably attenuated morphine
antinociception. It is also unlikely that these effects were
artifacts of lesion-induced hyperalgesia, since Ce lesions
failed to result in reliable thermal hyperalgesia, even at
baseline tail-flick latencies of 10-12 sec. These data are the
first to provide direct evidence that systemically adminis-
tered morphine requires the integrity of a forebrain area in
order to suppress spinally mediated nociceptive reflexes.
It is argued that the present results, together with recent
evidence linking the Ce to the production of several forms
of conditioned and unconditioned environmentally induced
antinociception, warrant incorporation of the Ce into cur-
rent models of endogenous pain control circuitry.

[Key words: pain, antinociception, morphine, tail flick,
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Morphine remains one of the most powerful analgesic agents.
The CNS substrates underlying morphine’s antinociceptive ef-
fects have been extensively studied in recent years. Although
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several different sites of action have been suggested (see Yaksh
et al., 1988), the midbrain periaqueductal gray matter (Yaksh et
al., 1976; Manning et al., 1994) and spinal cord (Yaksh and
Rudy, 1977) are among the more sensitive to direct application
of morphine. Furthermore, other neuroanatomical mediators of
morphine antinociception (MA) have been established, including
circuitry within the rostral ventromedial medulla (see Fields et
al.,, 1991), and serotonergic and noradrenergic projections
(Yaksh, 1979; Jensen and Yaksh, 1986b) descending through the
dorsolateral funiculus (DLF; Basbaum et al., 1977; Hayes et al.,
1978) to the spinal cord dorsal horn. Based on this and other
evidence, a brainstem and spinal cord model of descending an-
tinociceptive circuitry has been proposed (Mayer and Price,
1976; Basbaum and Fields, 1978, 1984; Mayer, 1979) and wide-
ly accepted as at least a partial basis for antinociceptive effects
of morphine, as well as the antinociceptive effects of some forms
of focal brain stimulation and stress (see Basbaum and Fields,
1984; Mayer and Manning, 1995).

Details concerning the microcircuitry and neurotransmitters of
endogeneous pain control systems have been extensively inves-
tigated (see Fields et al., 1991; Proudfit and Yeomans, 1995).
The possible contribution of forebrain areas to the production of
MA, however, has met with comparatively little research inter-
est. The few studies concerning this issue have suggested the
involvement of such areas as the arcuate nucleus of the hypo-
thalamus (Tseng and Wang, 1992) and area tempestas (d’ Amore
et al., 1991), but potential interactions of these areas with critical
brainstem and spinal cord substrates have not been fully ex-
plored. )

Several experimenters have recently used the rat paw formalin
test to investigate forebrain involvement in the production of
MA. The formalin test involves measuring behaviors indicative
of prolonged nociception elicited by subcutaneous injection of
dilute formalin into a paw (Dubuisson and Dennis, 1977). Sev-
eral forebrain regions, including the posterior hypothalamic area,
evoke antinociception in the formalin test upon direct applica-
tion of morphine (Manning et al., 1994). Furthermore, the sup-
pression of formalin-induced nociceptive behaviors by systemi-
cally administered morphine can be strongly attenuated either
by decerebration (Matthies and Franklin, 1992) or by bilateral
excitotoxin-induced lesions of the central nucleus of the amyg-
dala (Ce; Manning and Mayer, 1995).

Although the extent of Ce involvement in the production of
MA may be limited to prolonged nociceptive conditions reflect-
ed by the formalin test, it is possible that the Ce plays a general
role in pain control mechanisms. It is known, for example, that
the Ce entertains reciprocal connections with the PAG (Hopkins
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Figure 1. Photomicrographs of coronal sections through the Ce. AJ-A3, Progressively higher magnifications showing a portion of Ce infused with
0.1 m PBS corresponding to a rat in the Ce sham-lesion group of Experiment 1. Note the healthy neuronal cell profiles. B/-B3, Progressively
higher magnifications showing a portion of Ce infused with NMDA (0.25 M, pH 7.4) corresponding to a rat in the Ce lesion group of Experiment
1. Note the marked decrease in neuronal cell profiles and proliferation of smaller glial cells. Cresyl violet stain. Scale bars: Al and B, 400 pm;

A2 and B2, 200 pm; A3 and B3, 100 pm.

and Holstege, 1978; Rizvi et al., 1991), an area well known for
its ability to evoke suppression of spinally mediated nociceptive
reflexes (Mayer et al., 1971; Yaksh et al., 1988). Furthermore,
bilateral lesions of the amygdala (including the Ce) attenuate
several forms of environmentally induced antinociception as

measured on assays involving both brief (Helmstetter and Bell-
gowan, 1993; Fox and Sorenson, 1994) and prolonged (Helm-
stetter, 1992) nociception.

In the following series of experiments, we investigated the
possibility that the Ce contributes to morphine-induced suppres-




sion of the noxious heat-evoked, spinally mediated tail-flick (TF)
reflex. We bilaterally inactivated neurons within the rat Ce in
two ways: (1) through focal infusion of a small volume of the
excitotoxin N-methyl-D-aspartate (NMDA), which destroys neu-
ronal somata within a brain region but not fibers of passage
(Hastings et al., 1985; Winn et al., 1990, 1991), and (2) through
focal infusion of a small volume of the local anesthetic lido-
caine, which produces temporary, nonspecific, neuronal block-
ade (Sandkiihler et al., 1987; Martin, 1991). The antinociceptive
effects of several doses of systemically administered morphine
were then tested in awake, Ce-inactivated rats.

Experiment 1

The purpose of this experiment was to test the ability of a single
dose of morphine sulfate (2.5 mg/kg) to suppress the TF reflex
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Figure 2. Histological results of Ex-
periment 1 (bilateral Ce lesions). Rep-

resentations of six coronal sections
through the rat forebrain are shown in
sequence from anterior to posterior.
Millimeters posterior to bregma are
given to the left. The closed curves il-
lustrate the borders of Ce lesions (n =
6), as determined by the extent of neu-
ronal cell loss and gliosis. Lesion area
common to all six rats is shown as dark
shading in each hemisphere. Note that
over 80% of the Ce was bilaterally
damaged in all six rats. Adapted from
Paxinos and Watson (1986). Amygda-
loid areas: Ce, central nucleus; BLA,
basolateral nucleus, anterior; BLV, ba-
solateral nucleus, ventral; BSTIA, bed
nucleus of the stria terminalis, intra-
amygdaloid division; Me, medial nu-
cleus; BM, basomedial nucleus; Co,
cortical amygdaloid nuclei. Extra-
amygdaloid areas: GP, globus pallidus;
CP, caudate-putamen.

in rats with bilateral, excitotoxin-induced lesions of the Ce. In
addition to a Ce sham-lesion control group, treatment groups of
rats with bilateral lesions or bilateral sham lesions centered on
the basolateral nucleus of the amygdala (BL) or medial nucleus
of the amygdala (Me) were also prepared and tested.

Materials and Methods

Subjects. Experimentally naive, male Sprague-Dawley rats (Hilltop,
Scottdale, PA) weighing 300-325 gm at the time of surgery were used.
Animals were housed individually in cages on a 12:12 light/dark sched-
ule (lights on at 7:00 A.M.) with food and water available ad libitum.
All experimental procedures were approved by the Institutional Animal
Care and Use Committee of Virginia Commonwealth University.
Experimental design. Three sets of lesion animals (Ce-lesion, BL-
lesion, and Me-lesion) and three sets of sham-lesion animals (Ce-, BL-,
and Me-sham lesion) were surgically prepared for this experiment. An-
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Figure 3. Mean TFLs of Ce-treated rats (n = 6/group) in Experiment
1. Error bars indicate SEM. Baseline (i.e., systemic saline) TF latencies
of Ce lesion rats were not reliably different from those of Ce sham-
lesion rats (protected ¢ test, P > 0.05). In Ce sham-lesion rats, admin-
istration of morphine sulfate (2.5 mg/kg, s.c.) resulted in reliable ele-
vation of TF latencies as compared with saline (protected f test, P <
0.01), indicating the production of reliable antinociception. In Ce lesion
rats, however, the same dose of morphine was ineffective in producing
reliable antinociception (protected ¢ test, P << 0.01).

imals were allowed to recover for at least 7 d before nociceptive testing
began. If, however, an animal had not regained 100% of its preoperative
body weight by postsurgical day 10, it was not included in the study.
Each animal received two nociceptive test sessions, with each test ses-
sion separated by 7 d. Before each session, the animal received a sub-
cutaneous injection of either morphine sulfate (2.5 mg/kg) or saline
vehicle. Beginning 15 min after the injection, TF latencies (TFLs; pro-
cedure described below) were obtained at 10 min intervals for 50 min.
The order of systemic drug administration was counterbalanced within
each group.

The dose of 2.5 mg/kg morphine sulfate was chosen for this initial
experiment because in normal rats it produces reliable, yet submaximal,
suppression of the TF reflex when baseline TFLs of 3—4 sec are used.
It was hoped that by using this dose, quantitative differences between
the Ce lesion group and the various control groups would be readily
detectable.

Surgery. Rats were anesthetized with sodium pentobarbital (48 mg/
kg, i.p.). Using standard stereotaxic equipment, stainless steel injection
cannulas (30 gauge) were lowered bilaterally into either the Ce, BL, or
Me, based on coordinates provided by the atlas of Paxinos and Watson
(1986; Ce coordinates: AP —2.5 mm posterior to bregma, lateral = 4.4
mm, ventral 8.3 mm; BL coordinates: AP —2.5mm,L £ 5.2,V — 83;
Me coordinates: AP —2.5 mm, L —3.2, V —9.4). The cannulas were
connected, via polyethylene tubing, to syringes mounted on an infusion
pump (Harvard Apparatus, South Natick, MA). After 5 min, either
N-methyl-D-aspartate (NMDA; 0.25 M in sterile, isotonic 0.1 M PBS,
pH 7.4) or vehicle alone was slowly infused into the target site over 5
min such that the final volume of injection was 150 nl. The cannulas
were left in place an additional 5 min to allow sufficient time for ab-
sorption. The cannulas were then removed, and the scalp wound closed
with wound clips. Each rat received an injection of diazepam (1 mg,
i.p.) and rats treated with NMDA were monitored for early signs of
seizure activity until they awoke from anesthesia. If an NMDA-treated

rat showed any signs of seizure activity, an additional injection of di-
azepam (1 mg, i.p.) was administered.

Nociceptive testing. Ambient temperature of the test room was main-
tained at 24 * 0.5°C at all times. Each rat was positioned in a well
ventilated, tube-shaped plastic restrainer (internal diameter, 6.5 cm; in-
ternal length, 25 cm), to which the rat was habituated for 1 hr on each
of 3 d immediately prior to testing. The TFL was defined as the time
from the onset of radiant heat to withdrawal of the tail (D’Amour and
Smith, 1941). The radiant heat source came from a projection bulb
underneath a 3 mm thick glass plate. The bulb was aimed at the caudal
end (4-10 cm from the tail tip) of the rat’s tail. The intensity of heat
emitted by the bulb was adjusted using a rheostat to result in baseline
(i.e., systemic saline) TFLs of 3.0-4.0 sec. An automatic cutoff time of
8 sec was preset to minimize possible tissue damage caused by over-
stimulation in the absence of a withdrawal response. For each time point
tested, three TF trials were made with (1) a 1 min intertrial interval
(Depaulis et al., 1987) and (2) changes in the position of the tail re-
ceiving heat stimulation on each trial. The mean TFL from the three
trials was used as the nociceptive score for that time point. Testing was
performed blind as to which treatment group the subject belonged.

Histology. After completion of the second TF test session, rats were
overdosed with sodium pentobarbital (100 mg/kg) and perfused through
the heart with buffered 0.9% saline followed by 10% formalin. The
brains were removed and stored overnight in a buffered 10% formalin/
10% sucrose solution. The following morning the brains were quickly
frozen and sliced at —25°C. Coronal sections (20 wm thick) were taken
starting at the crossing of the anterior commissure and ending at the
caudal limit of the PAG, and stained with cresyl violet. Brains infused
with NMDA were inspected with a light microscope for gliosis and
neuronal cell loss as compared with brains infused with PBS (Hastings
et al., 1985; Winn et al., 1990, 1991). Since the Ce projects to the
ventrolateral PAG (Hopkins and Holstege, 1978; Beitz, 1982; Rizvi et
al., 1991), and the ventrolateral PAG is an important site of morphine
action in the TF test (e.g., Jensen and Yaksh, 1986a), the brains of lesion
rats were also inspected for signs of transsynaptic neuronal cell loss in
the PAG as compared with sham-lesion rats. Rat subjects were included
for statistical analysis if the nucleus targeted for destruction was dam-
aged by at least 80% in each hemisphere. In the case of BL and Me
lesion rats, a damage level of 20% or less bilaterally to the Ce was
permitted. Lesion mapping was performed blind to the behavioral re-
sults.

Statistical analyses. TFLs collected from Ce-treated rats (lesion and
sham lesion), BL-treated rats (lesion and sham lesion), and Me-treated
rats (lesion and sham lesion) were analyzed in separate three-factor
ANOVAs (lesion X systemic drug treatment X time), with systemic
drug treatment and time analyzed as repeated measures. Multiple pair-
wise comparisons were made using protected ¢ tests.

Results

Recovery from surgery

In the present experiment, as well as in Experiments 3 and 4
(see below), most rats treated with intra-amygdaloid NMDA ap-
peared to recover well from surgery, with an average of one in
20 prepared rats failing to regain 100% preoperative body
weight by postsurgical day 10. All rats receiving intra-amyg-
daloid infusion of PBS regained 100% body weight before post-
surgical day 7.

Histology

Bilateral intra-Ce infusion of excitotoxic levels of NMDA pro-
duced lesions with a pattern of neuronal cell loss and prolifer-
ation of small glial cells (Fig. 1). In all cases, the lesion had
clearly definable borders, with substantial loss of neuronal cell
profiles and proliferation of glial elements on one side of the
border, and healthy neuronal cell profiles on the other side of
the border. Infusion of NMDA into the BL or Me was also
extremely effective in producing neuronal cell loss, with prolif-
eration of glial cells being even more pronounced than that ob-
served after NMDA infusion into the Ce. Lesions corresponding
to rats included in the Ce lesion group (n = 6), BL lesion group
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(n = 6), and Me lesion group (n = 8) are outlined in Figures
2, 4, and 6, respectively. The shading in each of these figures
indicates damaged tissue common to all rats in the group.
Ce-treated rats. Of the 14 rats initially prepared for the Ce-
lesion group, six met the strict inclusion criterion of 80% bilat-
eral Ce damage. Cases were rejected on the basis of insufficient
bilateral Ce damage or sufficient damage to the Ce in one hemi-
sphere only. In four of the six Ce lesion cases, neuronal cell loss
was evident in all portions of the Ce (including the medial and
lateral subdivisions) in one hemisphere, and in 85-90% of the
Ce in the other hemisphere (Fig. 2). In the other two cases,
neuronal cell loss was evident in 85-90% of the Ce bilaterally.
In all six cases, neuronal damage extended dorsally into portions
of overlying globus pallidus and caudate-putamen. Furthermore,
in all six cases, there was substantial bilateral damage to the BL

Figure 4. Histological results of Ex-
periment 1 (bilateral BL lesions). Rep-
resentations of six coronal sections
through the rat forebrain are shown in
sequence from anterior to posterior. Mil-
limeters posterior to bregma are given
to the left. The closed curves illustrate
the borders of BL lesions (n = 6), as
determined by the extent of neuronal
cell loss and gliosis. Lesion area com-
mon to all six rats is shown as light
shading in each hemisphere. Adapted
from Paxinos and Watson (1986).
Amygdaloid areas: Ce, central nucleus;
BLA, basolateral nucleus, anterior; BLV,
basolateral nucleus, ventral; BSTIA, bed
nucleus of the stria terminalis, intra-
amygdaloid division; Me, medial nucle-
us; BM, basomedial nucleus; Co, corti-
cal amygdaloid nuclei. Extra-amygda-
loid areas: GP, globus pallidus; CP,
caudate-putamen.

and portions of the lateral nucleus in addition to varying
amounts of bilateral damage to the intra-amygdaloid division of
the bed nucleus of the stria terminalis. The posterodorsal sub-
division of the Me was damaged bilaterally by approximately
50% in three cases, with the other three cases showing substan-
tial Me damage in one hemisphere but not the other.
BL-treated rats. Six out of 14 prepared rats met the inclusion
criterion for the BL lesion group. In all six BL lesion cases,
there was substantial bilateral neuronal cell loss in at least 80%
of the BL, with the ventral subdivision of the BL being most
frequently spared by the NMDA treatment (Fig. 4). In all cases,
a large percentage of the lateral nucleus and smaller percentages
of adjacent piriform cortex and overlying caudate-putamen and
globus pallidus were damaged bilaterally. Furthermore, damage
extended bilaterally into the lateral portion of the Ce (CeL) in



8204 Manning and Mayer « Central Nucleus Contributes to Morphine Antinociception

=@= BL Lesion/Morphine Sulfate (2.5 mg/kg)
8 — «(O>= BL Lesion/Saline
=4¢=— BL Sham Lesion/Morphine Sulfate (2.5 mg/kg)
w=== Bl. Sham Lesion/Saline

Tail-Flick Latency (Seconds)
(4]
i

3 1
SYSTEMIC v
INJECTION -
2 — T T T T T T T T T 1
16 0 10 20 30 40 50

Time (Minutes)

Figure 5. Mean TF latencies of BL-treated rats (n = 6/group) in Ex-
periment 1. Error bars indicate SEM. Baseline (i.e., systemic saline) TF
latencies of BL lesion rats were not reliably different from those of BL
sham-lesion rats (protected ¢ test, P > 0.05). Unlike the effect observed
in rats with bilateral Ce lesions (Fig. 3), the ability of morphine sulfate
(2.5 mg/kg, s.c.) to produce antinociception was not compromised by
bilateral lesions of the BL (protected ¢ test, P > 0.05).

all cases, although in five cases the damage was very slight. In
the other case the Ce was damaged by approximately 15% in
one hemisphere, while the Ce in the other hemisphere remained
intact except for slight damage around-the border of the CeL.

Me-treated rats. Eight out of 14 prepared rats met the inclu-
sion criterion for the Me lesion group. In all eight Me lesion
cases, there was substantial bilateral neuronal cell loss in at least
80% of the Me with dorsal portions of the Me being the most
frequently spared (Fig. 6). In all cases, there was substantial
damage to portions of the cortical amygdaloid nuclei and ba-
somedial amygdaloid nucleus. Furthermore, in one case there
was bilateral neuronal cell loss in the medial subdivision of the
Ce (CeM). This damage, however, did not exceed 20% of the
total area of that nucleus. In another five cases, there was slight
damage around the medial border of the CeM in one hemisphere
with the Ce in the other hemisphere left completely intact.

The histological results depicted in Figures 2, 4, and 6 are
combined in Figure 8 to show lesion area common to all rats in
the Ce lesion group (dark shading), and how this area relates to
lesion area common to rats in the Me and BL groups (light
shading). Note that while the bilateral Ce lesions also consis-
tently resulted in substantial neuronal cell loss in the BL, Me,
and lateral amygdaloid nucleus, this damage was largely con-
trolled for in the BL and Me lesion groups.

No lesion rats showed signs of neuronal cell loss or gliosis
when examined along the rostral-caudal extent of the PAG.

Nociceptive scores

Ce-treated rats. TFLs of Ce-treated rats (lesion and sham lesion)
are shown in Figure 3. An ANOVA revealed reliable interactions

between lesion and systemic drug treatment [F(1,10) = 12.30,
P < 0.01], and systemic drug treatment and time [F(5,50) =
3.68, P < 0.01]. Further analysis of the lesion X systemic drug
treatment interaction showed that morphine sulfate (2.5 mg/kg)
produced reliably higher TFLs than saline in Ce sham-lesion rats
(Fig. 3; protected ¢ test, P < (.01), indicating reliable antinoci-
ception had occurred. Morphine, however, failed to produce re-
liably higher TFLs than saline in Ce lesion rats (Fig. 3; protected
t test, P > 0.05). Finally, the TFLs of Ce lesion rats treated with
saline were not reliably different from TFLs displayed by Ce
sham-lesion rats treated with saline (Fig. 3; protected ¢ test, P
> 0.05).

BL-treated rats. TFLs of BL-treated rats (lesion and sham
lesion) are shown in Figure 5. An ANOVA revealed a reliable
interaction between systemic drug treatment and time [F(5,50)
= 6.01, P < 0.001]. There was, however, no reliable main effect
of lesion [F(1,10) = 0.895, P > 0.05], indicating that TFLs of
BL lesion and BL sham-lesion rats were not reliably different
overall. Further analysis of the systemic drug treatment X time
interaction showed that morphine produced reliably higher TFLs
than saline (indicating reliable antinociception) in BL-treated
rats at all time points (Fig. 5; protected ¢ tests, P << 0.01) except
the last, at 65 min after morphine injection (Fig. 5; protected ¢
test, P > 0.05).

Me-treated rats. TFLs of Me-treated rats (lesion and sham
lesion) are shown in Figure 7. An ANOVA revealed a reliable
three-way interaction between lesion, systemic drug treatment,
and time [F(5,70) = 2.76, P < 0.02]. Morphine sulfate (2.5 mg/
kg) produced reliably higher TFLs than saline in Me sham-lesion
rats at all time points tested except the first (Fig. 7; protected ¢
tests, P << 0.01 at all time points), indicating the production of
reliable antinociception. Morphine also produced reliably higher
TFLs than saline in Me lesion rats at all time points tested (Fig.
7; protected ¢ tests, P << 0.05), indicating reliable antinociception
was also produced in Me lesion rats. TFLs did not differ at any
time point between Me sham-lesion rats treated with morphine
and Me lesion rats treated with morphine (Fig. 7; protected ¢
tests, P > 0.05 at all time points). Finally, no reliable differences
in baseline (i.e., systemic saline) TFLs were detected between
Me lesion and Me sham-lesion rats (Fig. 7; protected ¢ tests, P
> 0.05 at all time points), except at 15 min after saline injection,
when Me sham-lesion rats showed reliably higher TFLs than Me
lesion rats (Fig. 7; protected ¢ test, P < 0.01).

Experiment 2

The results of Experiment 1 suggest that bilateral NMDA-in-
duced lesions of the Ce, but not bilateral lesions of the BL or
Me, attenuate the antinociceptive effects of systemically admin-
istered morphine in the TF test. It should be pointed out, how-
ever, that intracerebral infusion of neurotoxic levels of excitatory
amino acids such as NMDA, ibotenate, or kainate has been re-
ported to result in seizure activity (e.g., Winn et al., 1991). Fur-
thermore, in the case of kainate at least, such seizure activity
may result in secondary neuronal damage in brain areas remote
from the site of injection (e.g., Ben-Ari et al., 1979; Kohler and
Schwarcz, 1983). In our experience, intra-amygdaloid microin-
jection of buffered NMDA does not produce strong seizure ac-
tivity, and early signs of such activity can be easily controlled
by diazepam (see Experiment I, Materials and Methods). Fur-
thermore, the histological results of Experiment 1 revealed no
obvious signs of neuronal damage to PAG neurons in Ce lesion
rats. Nevertheless, the possibility of seizure-induced toxic effects
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to areas outside the amygdala cannot be completely discounted.
Accordingly, we sought to determine whether bilateral intra-Ce
microinjections of the local anesthetic lidocaine would also re-
sult in attenuation of MA in the TF test. Lidocaine produces
temporary, nonspecific, neuronal blockade within an injection
area, including blockade of fibers of passage (e.g., Sandkiihler
et al., 1987; Martin, 1991). It would not, however, be expected
to produce neuronal blockade in brain areas remote from the site
of injection.

Materials and Methods

Surgery. Rats were anesthetized as described in Experiment 1. Stainless
steel guide cannulas (23 gauge) were stereotaxically placed bilaterally
2 mm above the Ce according to the atlas of Paxinos and Watson (1986;
coordinates: AP —2.5 mm posterior to bregma, lateral * 4.4 mm, ven-
tral 6.3 mm). A stainless steel stylet (00 gauge), extending just past the
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Figure 6. Histological results of Ex-
periment 1 (bilateral Me lesions). Rep-
resentations of six coronal sections
through the rat forebrain are shown in
sequence from anterior to posterior.
Millimeters posterior to bregma are
given to the left. The closed curves il-
lustrate the borders of Me lesions (n =
8), as determined by the extent of neu-
ronal cell loss and gliosis. Lesion area
common to all eight rats is shown as
light shading in each hemisphere.
Adapted from Paxinos and Watson
(1986). Amygdaloid areas: Ce, central
nucleus; BLA, basolateral nucleus, an-
terior; BLV, basolateral nucleus, ven-
tral; BSTIA, bed nucleus of the stria ter-
minalis, intra-amygdaloid division; Me,
medial nucleus; BM, basomedial nucle-
us; Co, cortical amygdaloid nuclei. Ex-
tra-amygdaloid areas: GP, globus pal-
lidus; CP, caudate-putamen.

tip of the guide cannula, kept it free of debris during the surgical re-
covery period. The recovery period lasted 7 d.

Experimental design. After surgery, animals were randomly chosen
for inclusion in either an intra-Ce lidocaine treatment group or an intra-
Ce saline treatment group. Each of these groups in turn received two
TF sessions spaced 7 d apart: (1) a session beginning with a subcuta-
neous injection of morphine sulfate (2.5 mg/kg), and (2) a session be-
ginning with a subcutaneous injection of saline vehicle. Each test ses-
sion began with the subcutaneous injection, whereupon the rat imme-
diately started the microinjection procedure. Each stylet was removed
from its respective guide cannula, and replaced with a 30 gauge inner
cannula extending 2 mm beyond the tip of the guide cannula. Beginning
at 5 min after subcutaneous injection, the intra-Ce injectate (either 2.0%
lidocaine HCI in sterile, isotonic 0.1 M PBS, pH 7.4, or 0.1 M PBS
alone) was slowly infused over 5 min such that the final volume of
injection was 250 nl bilaterally. The inner cannulas were left in place
for an additional two min to allow sufficient time for absorption of
injectate into local tissue. The rat was then immediately placed in the



8206 Manning and Mayer « Central Nucleus Contributes to Morphine Antinociception

== Me Lesion/Morphine Sulfate (2.5 mg/kg)
8 - === Me Lesion/Saline
==¢= Me Sham Lesion/Morphine Sulfate (2.5 mg/kg)
=== Ne Sham Lesion/Saline

Tail-Flick Latency (Seconds)
(4]
1

ISYSTEMIC'
INJECTION

2_|Z|=I T T T T T T T T T 1

-15 0 10 20 30 40 50

Time (Minutes)

Figure 7. Mean TF latencies of Me-lesion (n = 8) and Me sham-
lesion (n = 7) rats in Experiment 1. Error bars indicate SEM. Baseline
(i.e., systemic saline) TF latencies of Me lesion rats were not different
from those of Me sham-lesion rats (protected ¢ test, P > 0.05). Unlike
the effect observed in rats with bilateral Ce lesions (Fig. 3), the ability
of morphine sulfate (2.5 mg/kg, s.c.) to produce antinociception was
not compromised by bilateral lesions of the Me (protected ¢ test, P >
0.05).

plastic restraint tube (see Experiment 1). TF testing began 15 min after
subcutaneous drug injection. TFLs were obtained at 10 min intervals
for the next 50 min (see Experiment 1, Materials and Methods, Noci-
ceptive testing). The order of systemic drug administration was coun-
terbalanced within each group.

After completion of the second TF session, rats were perfused
through the heart and their brains removed and stored in sucrose/for-
malin as described in Experiment 1. The brains were quickly frozen
and sliced at —25°C. Coronal sections (20 pm thick) were taken through
the amygdala and stained with cresyl violet. The tips of the inner can-
nulas were determined bilaterally with the aid of a light microscope.
Only rat subjects with bilateral cannula placements within the borders
of the Ce were included for statistical analyses.

Statistical analyses. TFLs collected from Ce-treated rats were ana-
lyzed in a three-factor ANOVA (intra-Ce drug treatment X systemic
drug treatment X time). Multiple pairwise comparisons were made us-
ing protected ¢ tests. Systemic drug treatment and time were analyzed
as repeated measures.

Results

Histology

The bilateral placements of inner cannula tips corresponding to
intra-amygdaloid lidocaine-treated rats (n = 7) are shown in
Figure 9. Note that the cannula placements of these rats, as well
as those corresponding to the intra-amygdaloid saline treated rats

(n = 7; not shown in Fig. 9), were bilaterally within the borders
of the Ce.

Nociceptive scores

Figure 10 shows the TFLs of rats in Experiment 2. An ANOVA
revealed a reliable interaction between intra-Ce drug treatment
and systemic drug treatment [F(1,12) = 5.015, P < 0.05], but

no reliable main effect of time [F(5,60) = 1.39, P = 0.24].
Further analysis of the reliable interaction showed that there was
no reliable difference between TFLs of systemic saline-treated
rats simultaneously treated with intra-Ce lidocaine and systemic
saline-treated rats simultaneously treated with intra-Ce saline
(protected ¢ test, P > 0.05). In rats treated with intra-Ce saline,
morphine sulfate (2.5 mg/kg) produced a reliable elevation in
TFLs as compared with systemic saline (Fig. 10; protected ¢ test,
P < 0.01), indicating reliable antinociception had occurred. The
same dose of morphine produced reliably less antinociception,
however, in rats treated with intra-Ce lidocaine (Fig. 10; pro-
tected ¢ test, P < 0.01). The blockade of MA by intra-Ce lido-
caine was not complete, however, since morphine still retained
reliable antinociceptive effects as compared with saline in lido-
caine-treated rats (protected ¢ test, P << 0.05).

Experiment 3

The results of Experiments 1 and 2 demonstrated that blockade
of neural activity within the Ce, using either a somata-selective
excitotoxin or a nonspecific local anesthetic, abolishes the anti-
nociceptive effects of 2.5 mg/kg morphine sulfate in the TF test.
Experiment 3 was designed, therefore, to determine whether this
effect is generalizable to other doses of systemic morphine.

Materials and Methods

Experiment 3 was identical to Experiment 1 except for the following:
(1) only Ce-treated (sham lesion and lesion) rats were utilized, with
each rat receiving four TF sessions (each separated by 7 d) under four
different systemic drug treatments (0, 2, 4, and 10 mg/kg morphine
sulfate). Drug treatments were administered in a counterbalanced order
within the Ce lesion and Ce sham-lesion groups. A stricter histological
inclusion criterion of 90% bilateral damage was employed for Ce lesion
rats since higher doses of morphine were being employed in this ex-
periment as compared with the dose employed in Experiment 1.

Statistical analyses. TFLs collected from Ce-treated rats (lesion and
sham lesion) were analyzed in a three-factor ANOVA (lesion X sys-
temic drug dose X time), with systemic drug dose and time analyzed
as repeated measures. Multiple pairwise comparisons were made using
protected # tests.

Results

Histology
As observed in Experiment 1, all lesions had clearly definable
borders. Lesions corresponding to rats in the Ce lesion group (n
= 7) are outlined in Figure 11. The dark shading in the figure
indicates damaged tissue common to all rats in the group.

Of the 20 rats prepared for the Ce-lesion group in Experiment
3, seven met the strict inclusion criterion of 90% bilateral Ce
damage. Once again cases were rejected on the basis of insuf-
ficient bilateral Ce damage or sufficient damage to the Ce in
only one hemisphere. In four of the seven Ce lesion cases, sub-
stantial neuronal cell loss was evident in all portions of the Ce
(including the medial and lateral subdivisions) in both hemi-
spheres. In another two cases, neuronal cell loss was evident in
all portions of the Ce (including the medial and lateral subdi-
visions) in one hemisphere, and over 90% of the Ce in the other
hemisphere. In the remaining case, neuronal cell loss was evi-
dent in over 90% of the Ce bilaterally. In all seven cases, neu-
ronal damage extended dorsally into portions of overlying glo-
bus pallidus and caudate-putamen. Furthermore, in all seven
cases there was substantial bilateral damage to the BL and por-
tions of the lateral nucleus, in addition to varying amounts of
bilateral damage to the intra-amygdaloid division of the bed nu-
cleus of the stria terminalis, the Me and the basomedial amyg-
daloid nucleus.



No lesion rats showed any signs of neuronal cell loss or gli-
osis when examined along the rostral-caudal extent of the PAG.

Nociceptive scores

TFLs of Ce-treated rats (lesion and sham lesion) are shown in
Figure 12. An ANOVA revealed reliable interactions between
lesion and systemic drug dose [F(3,42) = 11.62, P < 0.0001],
lesion and time [F(5,70) = 3.51, P < 0.01] and systemic drug
dose and time [F(15,210) = 3.28, P < 0.0001]. Further analysis
of the lesion X systemic drug dose interaction showed that mor-
phine sulfate (2, 4 and 10 mg/kg) produced dose-dependent an-
tinociception in Ce sham-lesion rats (Fig. 12A; protected ¢ tests,
P < 0.01). The two lower doses of morphine sulfate (2 and 4
mg/kg), however, failed to produce reliably higher TFLs than
saline in Ce lesion rats (Fig. 12B; protected ¢ tests, P > 0.05).

The Journal of Neuroscience, December 1995, 15(12) 8207

Figure 8. Combined histological re-
sults of Experiment 1 (bilateral Me, Ce,
and BL lesions). The histological re-
sults depicted in Figures 2, 4, and 6 are
combined into a composite representa-
tion of the bilateral lesions that resulted
in reliable attenuation of morphine an-
tinociception (Ce lesions; see Fig. 3)
and the bilateral lesions that failed to
attenuate morphine antinociception
(BL and Me lesions; see Figs. 5 and 7,

respectively). Millimeters posterior to

bregma are given to the left. The bilat-
eral dark shading indicates lesion area
common to all rats in the Ce lesion
group of Experiment 1. Lesion area
common to rats in the BL and Me le-
sion groups is shown as light shading
in each hemisphere. Note that while bi-
lateral Ce lesions also consistently re-
sulted in substantial neuronal cell loss
in the BL, Me and lateral amygdaloid
nucleus, this damage was largely con-
trolled for in the BL and Me lesion
groups. Adapted from Paxinos and
Watson (1986). Amygdaloid areas: Ce,
central nucleus; BLA, basolateral nucle-
us, anterior; BLV, basolateral nucleus,
ventral; BSTIA, bed nucleus of the stria
terminalis, intra-amygdaloid division;
Me, medial nucleus; BM, basomedial
nucleus; Co, cortical amygdaloid nu-
clei: Extra-amygdaloid areas: GP, glo-
bus pallidus; CP, caudate-putamen.

The highest dose of morphine sulfate (10 mg/kg) did produce
reliable antinociception in Ce lesion rats (Fig. 12B; protected ¢
test, P < 0.05) but this effect was reliably lower than that pro-
duced by 10 mg/kg morphine sulfate in Ce sham-lesion rats (Fig.
12A; protected ¢ test, P < 0.05). Finally, as was the case in
Experiment 1, the TFLs of Ce lesion rats treated with saline
were not reliably different from TFLs displayed by Ce sham-
lesion rats treated with saline (Fig. 12; protected ¢ test, P >
0.05).

Experiment 4

The results of Experiments 1-3 suggest that the Ce contributes
to the production of MA in the TF test. It could be argued,
however, that blockade of neural activity within the Ce increases
a rat’s sensitivity to noxious stimulation (i.e., produces hyper-



8208 Manning and Mayer « Central Nucleus Contributes to Morphine Antinociception
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Figure 9. Histological results of Ex-
periment 2 (bilateral lidocaine injec-
tions into the Ce). Representations of
four coronal sections through the rat
amygdala are shown in sequence from
anterior to posterior. Millimeters pos-
terior to bregma are given to the left.
The solid circles in each hemisphere
show the approximate positions of the
cannula tips corresponding to rats in
the intra-Ce lidocaine treatment group
(n = 7). Adapted from Paxinos and
Watson (1986). Amygdaloid areas: Ce,
central nucleus; BLA, basolateral nucle-
us, anterior; BLV, basolateral nucleus,
ventral; BSTIA, bed nucleus of the stria
terminalis, intra-amygdaloid division;
Me, medial nucleus; BM, basomedial
nucleus; Co, cortical amygdaloid nu-
clei. Extra-amygdaloid areas: GP, glo-
bus pallidus; CP, caudate-putamen.
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algesia) independent of a disruption of pain control circuitry.
This increase in sensitivity, in turn, could result in a rightward
shift in the morphine dose-response curve. While Ce blockade
appeared to have had no hyperalgesic effect on baseline TFLs
in Experiments 1-3 (Figs. 3, 10, 12), this possibility cannot be
entirely discounted since baseline TFLs of 3-4 sec are not par-
ticularly sensitive for detection of hyperalgesia (Hargreaves et
al., 1988). It remains possible, then, that the effects observed in
Experiments 1-3 reflect a hyperalgesic effect of Ce lesions, and
not a disruption of antinociceptive mechanisms. To thoroughly
investigate this possibility, another set of Ce-treated rats (lesion
and sham lesion) was prepared and tested for nociceptive reac-
tivity with the heat source adjusted to result in baseline TFLs of
10-12 sec. Similar latencies have been used for sensitive detec-
tion of hyperalgesia using the paw-withdrawal test (Hargreaves
et al., 1988; Mao et al., 1994). All rats received TF test sessions
on each of 6 weeks following surgery to test for possible time-
dependent effects of Ce lesions on baseline TFLs.

Materials and Methods

Experimental design. One set of Ce-treated (lesion and sham lesion)
rats was surgically prepared as described in Experiment 1. Animals
were allowed to recover for 7 d before nociceptive testing began. The
general procedure of TF testing applied to these rats was similar to the
procedure described in Experiment 1, with the following differences:
(1) each animal received six nociceptive test sessions (see below), with
each test session separated by 7 d; (2) each of these test sessions, in
turn, consisted of three TF trials only, the results of which were aver-
aged to result in a single nociceptive score for that session; (3) the heat

source was adjusted to result in baseline TFLs of 10-12 sec. Histolog-
ical procedures and lesion mapping were similar to those described in
Experiment 1, with an inclusion criterion of 80% bilateral Ce damage
applied to Ce lesion rats.

Nociceptive testing. Nociceptive test procedures were similar to those
described in Experiments 1 and 2, with the following differences. Once
again, each rat was positioned in a plastic restrainer, to which the rat
was habituated for 1 hr on each of 3 d prior to testing. The radiant heat
source (described in Experiment 1) was aimed at the caudal end (4-10
cm from the tail tip) of the rat’s tail and adjusted by a rheostat to result
in baseline TFLs of 10-12 sec. An automatic cutoff time of 15 sec was
preset to minimize possible tissue damage cdused by overstimulation in
the absence of a withdrawal response. For each test session, three TF
trials were made with a 3 min intertrial interval, and with changes in
the position of the tail receiving heat stimulation on each trial. The
mean TFL from the three trials was used as the nociceptive score for
that test session.

Statistical analyses. TFLs collected from Ce-treated rats were ana-
lyzed in a two-factor ANOVA (lesion X week), with week analyzed. as
a repeated measure. Multiple pairwise comparisons were then made
using protected ¢ tests.

Results

Histology

Of the 20 rats prepared for the Ce lesion group in Experiment
4, nine met the inclusion criterion of 80% bilateral Ce damage.

The lesions of these nine rats were similar in size to those shown
in Figure 2.

Nociceptive scores

TFLs were consistently lower in Ce lesion rats (n = 9) as com-
pared with Ce sham-lesion rats (n = 11) at all weeks tested (Fig.
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Figure 10. Mean TF latencies of intra-Ce lidocaine (n = 7) and intra-
Ce saline (n = 7) treated rats in Experiment 2. Error bars indicate SEM.
In rats treated with bilateral intra-Ce microinjections of saline, systemic
administration of morphine sulfate (2.5 mg/kg, s.c.) resulted in reliable
elevation of TF latencies (i.e., antinociception) as compared with sys-
temic administration of saline (protected ¢ test, P << 0.01). Morphine
sulfate (2.5 mg/kg, s.c.) also produced reliable antinociception in rats
treated with bilateral intra-Ce microinjections of lidocaine (protected ¢
test, P << 0.05), but this effect was reliably lower than that produced
by the same dose of morphine in rats treated with intra-Ce saline. Bi-
lateral intra-Ce microinjection of lidocaine failed to alter baseline (i.e.,
systemic saline) TF latencies as compared with bilateral intra-Ce mi-
croinjection of saline (protected ¢ test, P > 0.05). Note that bilateral
intra-Ce microinjection of lidocaine reliably attenuated MA for the en-
tire duration of the 50 min test session (protected ¢ test, P < 0.05). This
duration of effect appears to be consistent with the time course of neu-
ronal inactivation and hypometabolism produced by lidocaine in the
cerebral cortex (Sandkiihler et al., 1987) and spinal cord dorsal columns
(Martin, 1991).

13). This effect, however, cannot be classified as reliable thermal
hyperalgesia since there was no reliable main effect of lesion
[F(1,20) = 2.41, P > 0.05], nor was there a reliable interaction
between lesion and week [F(5,100) = 0.936, P > 0.05]. Given
that Ce lesion rats in Experiments 1 and 3 were tested at 14
weeks after surgery, it seems unlikely that the results of these
experiments were artifacts of Ce lesion-induced hyperalgesia.

Discussion

The results of Experiments 1-4 indicate that bilateral lesions of
the Ce abolish the antinociceptive effects of low doses (2, 2.5,
4 mg/kg) of systemically administered morphine in the rat TF
test (Figs. 3, 10, 12). Antinociception can be partially reinstated,
however, if the dose of morphine sulfate is raised to 10 mg/kg
(Fig. 12B). This pattern of results is similar to patterns obtained
with thoracic spinal cord transections (Advokat and Burton,
1987), bilateral lesions of the spinal cord DLF (Basbaum et al.,
1977), and lesions of the rostral ventromedial medulla (Yaksh
et al., 1977): the inhibitory effects of these manipulations on
MA can be overcome if the dose of morphine sulfate is raised
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from 3-5 mg/kg to 10+ mg/kg. The apparent antinociceptive
effect of 10 mg/kg in Ce lesion rats (Fig. 12B) may indeed
reflect reinstatement of antinociception, perhaps through an in-
creased contribution of spinal cord or peripheral (e.g., Levine
and Taiwo, 1989) sites of action as the dose of systemic mor-
phine is raised. Alternatively, increased motor impairments (i.e.,
catatonia) that accompany higher doses of morphine (De Ryck
et al., 1980; Wolgin, 1985), or the few surviving Ce neurons
that remained in several Ce lesion rats, may account for the
apparent presence of an antinociceptive effect at this dose.

It is unlikely that a factor other than the destruction of Ce
neurons was responsible for the attenuation of MA in the present
experiments. First, biochemical analyses of the effects of NMDA
lesions in other brain areas indicate that this neurotoxin leaves
fibers of passage intact (Hastings et al., 1985; Winn et al., 1990,
1991). It is unlikely, then, that damage to fibers coursing through
or around the Ce is responsible for the effects reported in the
present experiments. Second, while our Ce lesions also extended
into the basolateral, lateral, and medial amygdaloid nuclei, the
effects of this extraneous damage were controlled for in the BL
and Me lesion groups of Experiment 1 (see Fig. 8). Third, it is
unlikely that neuronal damage to portions of overlying striatum
and globus pallidus account for the present effects since well
over 95% of both structures remained intact in Ce lesion rats.
Finally, the techniques used to block Ce neuronal activity in
Experiments 1 and 2 are complementary: the somata-selective
lesions produced by NMDA infusion control for the blockade
of fiber activity produced by lidocaine infusion, and the nonse-
lective local anesthesia produced by lidocaine infusion controls
for possible remote, seizure-induced damage produced by
NMDA infusion.

The present experiments are the first to demonstrate that le-
sions of a specific amygdaloid nucleus disrupt MA in the TF
test. Several other reports, however, implicate the amygdala in
MA. We have recently shown that the suppression of formalin-
induced nociceptive behaviors by systemically administered
morphine is strongly attenuated by bilateral excitotoxin-induced
lesions of the Ce (Manning and Mayer, 1995). Furthermore, mi-
croinjection of morphine into the corticomedial subdivision of
the amygdala has been reported to produce antinociception in
the flinch-jump (Rodgers, 1977, 1978) and hot plate (Yaksh et
al., 1988) tests, and one report suggests that microinjection of
morphine into the BL produces antinociception in the TF test
(Helmstetter et al., 1993). While the BL and corticomedial
amygdaloid subdivision may indeed elicit antinociception upon
focal microinjection of morphine, the results of Experiment 1
(Fig. 8) suggest that these areas are not major contributors to
the antinociceptive effects of systemic morphine, since large bi-
lateral lesions of the Me (including large portions of the cortical
amygdaloid nuclei; see Figs. 6, 8) or BL (Figs. 4, §; see also
Manning and Mayer, 1995) do not attenuate MA (Figs. 5, 7).

Our present and previous (Manning and Mayer, 1995) data
suggest that the Ce contributes to the production of MA in both
the formalin and TF tests. This pattern of results, however, con-
trasts somewhat with several previously published reports. In
agreement with our previous data, removal of the entire rat fore-
brain (i.e., decerebration) is reported to attenuate the antinoci-
ceptive effects of systemic morphine in the formalin test (Mat-
thies and Franklin, 1992). Decerebration does not, however, sim-
ilarly impair MA in the TF test (Proudfit and Levy, 1978; Mat-
thies and Franklin, 1992). These results appear to support the
hypothesis that the neural substrates underlying MA in the for-
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Figure 11. Histological results of Ex-
periment 3 (bilateral Ce lesions). Rep-
resentations of six coronal sections
through the rat forebrain are shown in
sequence from anterior to posterior.
Millimeters posterior to bregma are
given to the left. The closed curves il-
lustrate the borders of Ce lesions (n =
7), as determined by the extent of neu-
ronal cell loss and gliosis. Lesion area
common to all seven rats is shown as
dark shading in each hemisphere.
Adapted from Paxinos and Watson
(1986). Amygdaloid areas: Ce, central
nucleus; BLA, basolateral nucleus, an-
terior; BLV, basolateral nucleus, ven-
tral; BSTIA, bed nucleus of the stria ter-
minalis, intra-amygdaloid division; Me,
medial nucleus; BM, basomedial nucle-
us; Co, cortical amygdaloid nuclei. Ex-
tra-amygdaloid areas: GP, globus pal-
lidus; CP, caudate-putamen.
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malin test are different from those underlying MA in the TF test
(e.g., Abbott and Melzack, 1982). Our data tend to suggest, how-
ever, that the neural substrates underlying MA in the formalin
and TF tests overlap, at least at the level of the amygdala. Clear-
ly, further experimentation is necessary to determine why dis-
crete bilateral removal of the Ce using an excitotoxin is effective
in attenuating MA in the TF test (present results), while gross
bilateral removal of the Ce via decerebration fails to have a
similar effect (Proudfit and Levy, 1978; Matthies and Franklin,
1992).

It remains unclear as to which subpopulation of Ce receptors
plays a role in MA. If opioid receptors within the Ce are nec-
essary, then systemically administered morphine may elicit at
least part of its antinociceptive effects through direct action at
these receptors. Two lines of evidence, however, count against
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this possibility. First, receptor autoradiographic studies have
failed to detect the presence of p-opioid receptors in the Ce
(McLean et al., 1986; Mansour et al., 1987). Second, intra-Ce
microinjection of morphine appears to be ineffective in eliciting
antinociception in the flinch-jump and TF tests (Rodgers, 1978).
Although further research is necessary to determine the precise
role of the Ce in MA, the possibility exists that the Ce represents
a nonopioid component of endogenous antinociceptive circuitry
that is activated after the occupation of opioid receptors else-
where in the CNS.

In addition to its putative role in MA, several other lines of
evidence suggest an involvement of the amygdala in antinoci-
ceptive processes. Bilateral microinjection of carbachol into var-
jous amygdaloid nuclei, including the Ce, has been reported to
elicit antinociception in the TF test (Klamt and Prado, 1991;
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Figure 12. Mean TF latencies of Ce sham-lesion (A; n = 8) and Ce
lesion (B; n = 7) rats in Experiment 3. Error bars indicate SEM. Baseline
(i.e., systemic saline) TF latencies of Ce lesion rats were not reliably dif-
ferent from those of Ce sham-lesion rats (protected ¢ test, P > 0.05). In Ce
sham-lesion rats, morphine sulfate (2, 4 and 10 mg/kg, s.c.) produced dose-
dependent antinociception (see A and Experiment 3, Results). In Ce lesion
rats, however, 2 and 4 mg/kg morphine sulfate failed to produce reliable
antinociception (B; protected ¢ test, P > 0.05). A dose of 10 mg/kg pro-
duced reliable antinociception in Ce lesion rats (B; protected ¢ test, P <
0.05), but the antinociception was reliably less than that produced by the
same dose in Ce sham-lesion rats (protected ¢ test, P << 0.05).
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Figure 13. Mean TF latencies of Ce sham-lesion (» = 11) and Ce
lesion (n = 9) rats in Experiment 4. Error bars indicate SEM. The heat
source was adjusted in this experiment to result in baseline TF latencies
of 10-12 sec. This was done in order to better detect a possible hyper-
algesic effect of Ce lesions. Although the Ce lesion group displayed
consistently lower mean TF latencies than the Ce sham-lesion group,
TF latencies of Ce lesion rats were not reliably different from those of
Ce sham-lesion rats (protected ¢ test, P > 0.05). These results suggest
that bilateral Ce lesions fail to result in reliable thermal hyperalgesia.

Oliveira and Prado, 1994), while bilateral intra-Ce microinjec-
tion of the enkephalinase inhibitor SCH-32615 (Al-Rodhan et
al., 1990) or neurotensin (Kalivas et al., 1982) elicits antinoci-
ception in the hot plate test. Several recent reports also implicate
the amygdala in the expression of several forms of environmen-
tally induced antinociception. Bilateral lesions of the amygdala
(including the Ce) abolish antinociception produced by reexpo-
sure to cues previously associated with noxious footshock (i.e.,
classically conditioned antinociception; Helmstetter, 1992;
Helmstetter and Bellgowan, 1993; Watkins et al., 1993). Lesions
of the Ce also impair some unconditioned forms of environ-
mentally induced antinociception in the TF test. The antinoci-
ception produced by exposure to a natural predator (Fox and
Sorenson, 1994), as well as the antinociceptions produced by
exposure to brief (Fox and Sorenson, 1994) or prolonged (Werka
and Marek, 1990; Werka, 1994) footshock, are all attenuated or
abolished by bilateral Ce lesions.

The amygdala, PAG, and hypothalamus have been proposed
to be components of an integrated defense system (Adams,
1979; Graeff, 1988; LeDoux et al., 1988; Fanselow, 1991,
Helmstetter, 1992). Furthermore, the amygdala (including the
Ce) has been repeatedly implicated in the mediation of both
conditioned and innate fear-related processes (see Davis, 1992,
for a review). A role for the Ce in antinociceptive processes
(including MA) is not inconsistent with its proposed role in fear
and defense reactions; indeed, classically conditioned antinoci-
ception is considered to be an index of fear by some investi-
gators (Lichtman and Fanselow, 1991; Helmstetter, 1992). It
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may also be relevant that the Ce receives nociceptive signals
from the parabrachial area via the spino-ponto-amygdaloid no-
ciceptive pathway (Bernard et al., 1992). These signals have
been hypothesized to trigger affective-motivational responses to
noxious stimulation (Bernard and Besson, 1990; Bernard et al.,
1992), responses that may, under certain circumstances, include
fear and antinociception. It may be useful, then, to view the
amygdala as part of a highly complex and coordinated defense
system of which nociception, fear, antinociception (both condi-
tioned and unconditioned) and various autonomic concomitants
are all components.

The present results are the first to demonstrate, using lesioning
techniques, that relatively low doses of systemically adminis-
tered morphine require the integrity of a specific forebrain area
to suppress nociceptive signals at the level of the spinal cord.
While microinjections of various opioid and nonopioid com-
pounds into a wide range of brainstem and forebrain areas have
been shown to elicit antinociception, only lesions of the spinal
cord DLF (e.g., Basbaum et al., 1977; Hayes et al., 1978; Barton
et al., 1980) and medullary nucleus raphe magnus (e.g., Proudfit
and Anderson, 1975; Cannon et al., 1983) have consistently re-
sulted in attenuation of the antinociceptive effects of systemic
morphine. Accordingly, a large portion of the research into su-
praspinal pain control systems has focussed on medullospinal
systems (see Fields et al., 1991). Given, however, that there is
now mounting evidence implicating the amygdala in the pro-
duction of MA, as well as several forms of conditioned and
unconditioned environmentally induced antinociception, it may
be appropriate to incorporate the amygdala into current models
of endogenous pain control circuitry. At the very least, further
experimentation is necessary to determine how the Ce interacts
with previously established pain control circuitry to generate the
full antinociceptive effect of systemic morphine.
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