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The endogenous opioid system is involved in stress responses, in the regulation
of the experience of pain, and in the action of analgesic opiate drugs. We
examined the function of the opioid system and p.-opioid receptors in the brains
of healthy human subjects undergoing sustained pain. Sustained pain induced
the regional release of endogenous opioids interacting with p.-opioid receptors
in a number of cortical and subcortical brain regions. The activation of the
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affective ratings of the pain experience, with distinct neuroanatomical involve-
ments. These data demonstrate the central role of the p.-opioid receptors and
their endogenous ligands in the regulation of sensory and affective components

of the pain experience.

Considerable advances have been made in the
understanding of pronociceptive mechanisms
at the level of their transduction, transmis-
sion, and central nervous system representa-
tion (/-5). At supraspinal levels, the devel-
opment and widespread utilization of func-
tional neuroimaging has allowed the exami-
nation of changes in the metabolic function of
brain regions during the experience of pain.
These data have consolidated the view that
pain is a complex experience encompassing
sensory, affective, and cognitive elements.
Neuronal nuclei engaged in its sensory per-
ception and localization, as well as those
involved in its anticipatory and affective
components, have been described as a result
(4-10). However, the function of the su-
praspinal antinociceptive systems regulating
the pain experience has not been sufficiently
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explored in humans. The existing data point
to the presence of endogenous opioid release,
a down-regulation of opioid receptors, or
both, when patients diagnosed with persistent
painful conditions have been studied before
and after treatment with nonselective opioid
receptor markers (/1-13).

We examined the function of the endog-
enous opioid system and p-opioid receptors
during the experience of sustained pain in
healthy human subjects. The p.-opioid recep-
tors are implicated in antinociception, in
stress-induced analgesia, and in the actions of
exogenously administered opiate drugs (/4—
19). We studied 20 healthy volunteers, 13
men and 7 women, between the ages of 20
and 30 years (mean * SD, 24 * 2 years) (20)
with positron emission tomography (PET)
and [!'C]carfentanil, a selective p.-opioid re-
ceptor radiotracer (27, 22). Each volunteer
was studied twice, during experimentally in-
duced sustained pain and during placebo ad-
ministration applied in the masseter (jaw)
muscles. Placebo and sustained painful chal-
lenges were introduced 20 min after radio-
tracer administration and were maintained for
20 min. Pain intensity was maintained con-
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stant (40 to 60 visual analog scale units)
during that period of time (23). Pain and
placebo conditions were administered in a
double-blind, randomized and counterbal-
anced fashion. Parametric images of p.-opioid
receptor binding potential (defined as the
B_../K, for this receptor site) were then pro-
duced using data obtained from 20 to 70 min
posttracer administration (24). Pain intensity
was rated every 15 s, and its sensory and
pain-specific affective qualities were rated
after completion of the PET scans with the
McGill Pain Questionnaire (MPQ) (25). Each
participant also received a high-resolution
magnetic resonance imaging (MRI) anatom-
ical scan (26) that was coregistered to the
PET parametric images of receptor binding
potential (27).

From prior work in experimental animals,
it was hypothesized that the painful condition
would be associated with an increased release
of endogenous opioids in the anterior and
ventrolateral portions of the thalamus con-
tralateral to the painful challenge (28, 29), as
well as in the ipsilateral amygdala (30). Un-
der the experimental conditions used, the ac-
tivation of the endogenous opioid system and
p-opioid receptors would be observed as re-
ductions in p-opioid receptor availability in
vivo as measured with PET during the sus-
tained pain condition, compared with place-
bo. Significant activations of the p-opioid
receptor system were detected in volumes of
interest selected in the amygdala ipsilateral to
the painful stimulus and in the contralateral
ventrolateral portion of the thalamus. These
data supported the initial hypothesis that the
presence of sustained pain would induce a
regionally selective release of endogenous
opioids interacting with p-opioid receptors,
resulting in either competition with the radio-
labeled tracer for the receptor sites, receptor
internalization and recycling, or both (Table
1). The lateralization of these effects is also
consistent with those observed in experimen-
tal animals (28, 30).

In a second analysis, differences between
pain and placebo conditions were tested for
statistical significance on a pixel-by-pixel ba-
sis using statistical parametric mapping tech-
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niques and SPM’99 software (31, 32). Acti-
vations of the p-opioid receptor system were
detected in the dorsal anterior cingulate and
lateral prefrontal cortex, bilaterally, in the
insular cortex, thalamus, and hypothalamus
contralateral to the painful challenge, and in
the ipsilateral amygdala (Fig. 1). The binding
potential values for the regions identified by
this analysis, their stereotactic locations, clus-
ter size, z-scores, and percent change from
placebo to pain are shown in Table 2. The
individual changes in p-opioid receptor
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availability in vivo for the contralateral ante-
rior thalamus are also shown in Fig. 1. Of
note is the interindividual variability in
w-opioid receptor binding potential at base-
line (placebo condition) and in the change in
binding between conditions, reflecting the
variability in the activation of the p-opioid
receptor system at similar levels of pain in-
tensity, which was controlled for by the ex-
perimental paradigm (23).

These data demonstrate the activation of
the p.-opioid receptor system under a physi-

Table 1. Volume-of-interest analysis of endogenous opioid release during sustained masseter muscle
pain. Volumes of interest ( VOIs) were selected in the thalamus and the amygdala of each volunteer after
alignment to the intercommisural line, but before anatomical normalization to stereotactic coordinates.
The brain regions selected had been previously implicated in p-opioid—-mediated antinociception in
animal models and were readily identifiable in the MR images. The thalamus was divided, on the basis of
MRI landmarks, into anterior, posterior, dorsomedial, dorsolateral, ventromedial, and ventrolateral
sections. Spheric volumes of identical size, 9 mm in diameter, were centered in the MR images in the
anterior and ventrolateral divisions of the thalamus and in the amygdala, bilaterally, and then transferred
to the coregistered p.-opioid receptor availability maps. Data are expressed as the means = SD for each
condition. Percent change refers to the percent average change (+ SD) between B__ /K, values obtained

in the placebo and pain scans, within subjects.

Regions Placebo Pain Percent t value P value
(Bmax/ Kd) (Bmax/ Kd) Change
Ipsilateral
Amygdala 1.90 + 043 1.77 £ 0.34 -5.1+134 2.05 0.05*
Thalamus
Anterior 2.13 +0.39 2.15 +0.37 1.5+11.4 0.33 0.7
Ventrolateral 1.00 = 0.18 1.01£0.19 22+132 0.57 0.6
Contralateral
Amygdala 1.80 £ 0.33 1.75 £ 037 -2.1+15.2 0.76 0.4
Thalamus
Anterior 2.13 + 047 2.02 =039 -3.5+123 1.53 0.1
Ventrolateral 1.04 + 0.27 0.96 + 0.25 -7.1*x10.5 293 0.009*

*Significant changes in w-opioid receptor availability in vivo from placebo to sustained pain. Paired, two-tailed t-tests,

df = 19, P < 0.05.

Fig. 1. Activation of the p.-opioid recep-
tor system during sustained masseter
muscle pain. Brain areas where signifi-
cant reductions in regional p.-opioid re-
ceptor availability from placebo to sus-
tained pain were obtained. Z scores of
statistical significance are represented
by the pseudocolor scale on the right of
the image, and are superimposed over
an anatomically standardized MRI image
in axial views. Image data were prepared
so that the left side of the image corre-
sponds to the side where the painful
stimulus was applied (ipsilateral). PFCTX
BA 8, prefrontal cortex, Brodmann areas
8/9; A THA, anterior thalamus; INS, an-
terior insular cortex; HYPO, hypothala-
mus; AMY, amygdala.
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ological, controlled painful stimulus, directly
in human subjects. The regional distribution
of these activations coincides with that of
studies examining the supraspinal representa-
tion of pain of short duration (6, 33-38), or
the effect of p-opioid agonists on brain re-
gional metabolic function (39-41).

The effects of the regional activation of
the p.-opioid receptor system on the subjec-
tively perceived pain experience were then
examined. For this purpose, the sensory and
affective scores of the MPQ subscales were
correlated with the changes in p-opioid re-
ceptor availability between conditions on a
pixel-by-pixel basis with SPM’99. MPQ sen-
sory ratings were negatively correlated with
the degree of w-opioid receptor system acti-
vation in the nucleus accumbens, thalamus,
and amygdala ipsilateral to the painful chal-
lenge (Fig. 2). Correlations below the statis-
tically significant level were observed in the
periacqueductal gray (peak coordinates, -3,
—-29,-18, z = 4.15), a region also involved in
w-opioid receptor—mediated antinociception
(42). The individual values for the change in
w-opioid receptor availability in relation with
MPQ sensory scores for the ipsilateral amyg-
dala and nucleus accumbens are shown in the
graph insets of Fig. 2.

These findings are consistent with those
of previous studies showing that the activa-
tion of amygdala p-opioid receptors mediates
antinociceptive responses, possibly through
direct ipsilateral connections with the periac-
queductal gray (30, 43, 44). The involvement
of the ipsilateral thalamus in the representa-
tion of pain has also been described in studies
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examining supraspinal metabolic responses
to tonic pain (35, 38). In the case of the
nucleus accumbens, this brain region has
been most frequently associated with the me-
diation of reward reinforcement and in re-
sponses to novel environmental stimuli.
However, there is recent evidence demon-
strating its involvement in p.-receptor-medi-
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ated antinociception, perhaps through con-
nections with the amygdala and the periacq-
ueductal gray (45, 46).

The activation of the p.-opioid receptor
system during sustained pain was also nega-
tively correlated with the pain-specific MPQ
affective scores, bilaterally in the dorsal an-
terior cingulate cortex and thalamus, and ip-
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silaterally in the nucleus accumbens (Fig. 3).
The values for the individual changes in re-
ceptor availability in the anterior cingulate
and contralateral thalamus are shown in the
graph insets of Fig. 3. These data support
previous observations implicating the thala-
mus in experimental animals (47), and the
dorsal anterior cingulate in humans (8, 48), in

Fig. 2. Negative correlations between
MPQ sensory scores and p.-opioid recep-
tor system activation. Brain areas where
significant correlations were obtained
are shown, superimposed over an ana-
tomically standardized MRI. Z scores of
statistical significance are represented
by the pseudocolor scale on the left. The
thalamus, nucleus accumbens, and
amygdala ipsilateral to the painful stim-
ulus are shown in sagittal views, with
z-scores of 8.66, 6.89, and 4.92, respec-
tively (peak stereotactic coordinates, x,
y, zin mm; thalamus, -7, -1, -1; nucleus
accumbens, —10, 10, —8; amygdala, -27,
3, =26). In the right row, a detail of the
correlations in the anterior thalamus,
nucleus accumbens, and amygdala are
shown in axial and coronal views. The
graph insets show the individual changes
in B,,.,,/K, values (placebo - pain) in the
ipsilateral nucleus accumbens and
amygdala plotted against MPQ sensory
scores. AMY, amygdala; N ACC, nucleus
accumbens; THA, anterior thalamus.

Fig. 3. Negative correlations between
pain-specific MPQ affective scores and
w-opioid receptor system activation.
Brain areas where significant correla-
tions were found are shown, superim-
posed over an anatomically standardized
MRI. Z scores of statistical significance
are represented by the pseudocolor
scale shown. In the upper figure, the
anterior cingulate cortex (coordinates, x,
y,zinmm, -8,-3,46;z = 411, P <
0.0001 after correction for cluster vol-
ume and multiple comparisons), thala-
mus (ipsilateral, -7,-2,-1,z = 5.76,P <
0.0001; contralateral, 10, =16, 3, z =
4.19, P < 0.001), and ipsilateral nucleus
accumbens (-8, 8, -9,z = 444, P <
0.001) are shown. Correlations that did
not reach statistical levels of signficance
were noted in the contralateral nucleus
accumbens (11, 14, -6,z = 4.24, P =
0.09) and cerebellar vermis (-3, —49,
—44, 7 = 428, P = 0.08). The lower
three figures show details of some of
these regions in axial and coronal views.
The graph insets show the individual
changes in B_ /K, (placebo — pain) in
the anterior cingulate and contralateral
thalamus plotted against MPQ affective
scores. A CING, anterior cingulate; THA,
thalamus; N ACC, nucleus accumbens.
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Table 2. Significant reductions in regional -opioid receptor availability in healthy human volunteers
during sustained masseter muscle pain. Statistical parametric mapping analysis. Data represent the
means *+ SD of binding potential values in regions identified as showing significant reductions in p.-opioid
receptor availability from placebo to sustained pain conditions in statistical parametric maps. Cluster size
is expressed in 13-mm voxels. Z values refer to the comparison between placebo and pain B,,,, /K, values,
within subjects. Percent change refers to the percent average change (+ SD) between B, /K, values
obtained in the placebo and pain scans, within subjects. No significant increases in p-opioid receptor
availability were observed in the pain condition with respect to the placebo condition. C, contralateral to
the side of pain; |, ipsilateral to the side of pain; (8/9), Brodmann areas 8/9 of the prefrontal cortex.

22. M. Titeler et al., Eur. J. Pharmacol. 167, 221 (1989).

23. X. Zhang, ). A. Ashton-Miller, C. S. Stohler, /EEE Trans.
Biomed. Eng. 40, 344 (1993).

24. PET scans were acquired with a Siemens ECAT EXACT
scanner in three dimensional mode with septa retract-
ed. Participants were positioned in the PET scanner
gantry, and two intravenous (antecubital) lines were
placed. A light forehead restraint was used to eliminate
intrascan movement. ["'C]carfentanil was synthesized
at high specific activity (>1000 Ci/mmol) by the reac-

Pl . Coordinates  Cluster
Regions acebo Pain (x.2) size 7 Percent
(Brmax/Ky) (BrmaxKy) (mm) (voxels) change
Anterior thalamus (C) 181039 166 =*0.36 6, -4, 4 604 506 -72*120
Lateral thalamus (C) 1.11£031 097 +0.25 15, -9, 15 306 483 -11.3*139
Amygdala (1) 183044 170*+035 -24, 1, 19 468 455 -6.0*11.1
Hypothalamus (C) 1.15+049 1.02*+0.33 10, -2,-11 113 461 -39+ 331
Significant after correction for cluster size
Cingulate cortex 0.87 +0.14 0.77 =£0.15 10,-24, 42 1335 3.49 -107*+127
Anterior insula (C) 109017 097*0.19 39, 23, -2 1605 397 -105*x75
Prefrontal cortex (8/9) () 0.85*=0.15 0.75*0.16 -20, -1,-59 1370 330 -11.0*138
Prefrontal cortex (8/9) (C) 0.84*+0.15 073*0.15 32, 9,52 1876 417 -123+130

the regulation of pain affect and unpleasant-
ness. These results therefore indicate that the
endogenous opioid system, through the acti-
vation of p-opioid receptors in specific brain
regions, is involved in the attenuation of sen-
sory and pain-specific affective responses to
a sustained painful stimulus. They also pro-
vide evidence for the role of this receptor in
the regulation of the individual experience of
pain.

Multiple cortical and subcortical brain re-
gions appear involved in p-opioid—mediated
antinociceptive responses. As has been de-
scribed by other authors (4, 5, 9, 29, 47, 49),
some regions demonstrated specialized func-
tions, regulating primarily sensory (e.g., ipsi-
lateral nucleus accumbens and amygdala) or
affective (e.g., anterior cingulate) compo-
nents of the pain experience. Conversely, the
activation of p-opioid receptors in the thala-
mus appeared to regulate both these dimen-
sions, possibly through local and thalamocor-
tical pathways impacting somatosensory, af-
fective, and cognitive aspects of the pain
experience (28, 29, 47, 49).

The ability to examine the function of
specific neurotransmitter systems directly in
human subjects has important implications
for the study of physiological and pathologi-
cal brain processes. In the case of the p-opi-
oid receptor and its endogenous ligands, the
study of interindividual differences in p-re-
ceptor—mediated antinociceptive and stress
responses is highly relevant to the under-
standing of the variability in the experience
of pain across subjects. In this regard, the
function of the opioid receptor system is in-
fluenced by gender, gonadal steroids, and the
presence of persistent pain (//-13, 50-52).
Further investigation of these phenomena ap-
pears warranted due to their direct implica-
tions for the understanding and treatment of
persistent pain syndromes, a serious health
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concern with considerable morbidity for the
individual and substantial costs to society.
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