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analyzed by RNase protection assay, was 
present in all brain compartments examined 
(22). Approximate extracellular IFN-y pro- 
duction by recombinant virus is 1.5 X lo6 
plaque-forming units (pfu) per unit of IFN-y. 
as determined by L-929 bioactivity assay. 
The relative roles of secreted and intracellular 
IFN-y in SV clearance are unclear, but pre- 
vious studies have shown that intracellular 
IFN-y can mediate virus protection in an 
IFN-y receptor-dependent fashion similar to 
that of exogenous IFN-y (23). Therefore, lo- 
cal production of IFN-y alone is sufficient to 
effect T cell-mediated clearance of virus 
from some, but not all regions of the CNS. 
IFN-y has direct antiviral activity in periph- 
eral tissues and is important for clearance of 
mouse hepatitis virus from neurons and of 
VV from choriodal and meningeal cells in 
vivo (21. 24. 25). Our data provide further 
evidence for the specific role of IFN-y in 
noncytolytic clearance of virus from some, 
but not all. types of neurons. 

CD8 T cells function through cytokine 
production and/or the cytotoxic response. It is 
&idely accepted that cytotoxic T lympho-
cytes (CTL) provide antiviral protection 
through lysis of infected cells (26). However, 
in situations where the cells are nonrenew- 
able or where large numbers of cells are 
infected. lysis is counterproductive or not 
effective. Early studies of persistent lympho- 
cytic choriomeningitis virus infection of the 
CNS suggested that CD8 T cells could re- 
solve infection without necrosis (27), and 
evidence has accumulated for alternate non- 
cytolytic. cytokine-mediated T cell mecha- 
nisms of virus clearance (6. 28. 29). Our 
study demonstrates IFN-y-mediated noncy-
tolytic clearance of virus from neurons in 
vivo. providing evidence for the role of T cell 
cytokine production in the resolution of virus 
infection as an alternative to CTL-mediated 
killing of virus-infected cells. However. neu- 
rons are heterogeneous in their responses to 
IFN-y, resulting in a failure to contain virus 
replication in localized regions of the CNS. 
These results define some of the important 
immune components for recovery from viral 
encephalomyelitis, which could be useful in 
developing therapies targeted for specific re- 
gions of the CNS. 
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Family 
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Receptor tyrosine kinases and their ligands mediate cell-cell communication 
and interaction in many organ systems, but have not been known t o  act in this 
capacity in the mature immune system. We now provide genetic evidence that 
three closely related receptor tyrosine kinases, Tyro 3, Axl, and Mer, play an 
essential immunoregulatory role. Mutant mice that lack these receptors de- 
velop a severe lymphoproliferative disorder accompanied by broad-spectrum 
autoimmunity. These phenotypes are cell nonautonomous with respect t o  
lymphocytes and result from the hyperactivation of antigen-presenting cells in 
which the three receptors are normally expressed. 

The elimination of reactive lymphocytes is a 
central feature of homeostatic regulation in 
the immune system. Although clonal expan- 
sion of lymphocytes is essential for immune 
responses. activated T and B cells must be 
deleted once the antigens that triggered their 
expansion have been eradicated. Similarly. 
autoreactive T cell clonotypes pose a severe 
threat to tissue and organ integrity. and must 
also be deleted. Deficiencies in the homeo- 
static regulation of expanded or autoreactive 
lymphocytes lead to lymphoproliferative dis- 
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orders. impaired immune function. autoim- 
munity, and death (I) .  

In the mature immune system, lympho- 
cyte numbers are under the control of a wide 
variety of soluble cytokines, as well as cell 
surface inhibitory and costimulatory mole-
cules. Although many of these regulators 
bind to receptors that are coupled to cytoplas- 
mic protein-tyrosine kinases (PTKs). none of 
them is known to signal through the more 
direct mechanism of binding and activating a 
receptor with intrinsic PTK activity (2). This 
notwithstanding, we have found that three 
structurally related receptor PTKs-Tyro 
(3. 4). Ax1 (3, j), and Mer (3. 6)-play an 
essential immunoregulatory role. These re-
ceptors are, together with their ligands Gas6 

306 	 13 JULY 2001 VOL 293 SCIENCE www.sciencemag.org 

3 

mailto:lernke@salk.edu


R E P O R T S  

and Protein S (7, R), widely coexpressed in 
cells of the immune, nervous, vascular, and 
reproductive systems, but their biological 
roles in these tissues have only recently be-
gun to be addressed directly (9). 

We have analyzed the immune system 
phenotypes of an allelic series of mice that 
are singly, doubly, and triply mutant in the 
p r o  3, Axl, and Mer genes (9). At birth, 
even triple mutants of this series displayed 
peripheral lymphoid organs of normal size 
and weight, and the initial postnatal devel-
opment of both their lymphoid and myeloid 
cell lineages was not obviously different 
from wild type. Beginning at -4 weeks, 
however, the spleens and lymph nodes of 
these triple mutants grew at elevated rates 
relative to wild type (Fig. 1, A through C), 
such that by 1 year of age, their spleen 
weights were on average 10 times that of 
wild type (C57B116 X 129sv) (Fig. 1C). 
Dramatic enlargements of lymph nodes 
were also evident in all triple mutants, no-
tably in the submaxillary, popliteal, and 
mesenteric nodal stations (Fig. 1A). These 

changes were progressively dependent on 
the inactivation of all three genes in the 
Tyro 3 family (Fig. lC), a genetic interac-
tion through the allelic series that is con-
sistent with the extensive coexpression of 
Tyro 3, Axl, and Mer in cells of the im-
mune system and elsewhere (9). 

The aberrant growth of peripheral lymphoid 
organs was primarily due to the hyperprolifera-
tion of B and T cells. Although both classes of 
lymphocyte were greatly increased in the triple 
mutants, flow cytometricanalyses (10) revealed 
a modest but selective enrichment of T cells 
over B cells (Fig. 1, D and E). Within T cell 
populations, we detected a fbrther enrichment 
for CD4+ over CD8+ cells (Fig. 1E). The 
continued proliferation of B and T cells in the 
triple mutants eventually filled their lymphoid 
compartments beyond capacity. Remarkably, 
we detected ectopic colonies of lymphocytes in 
every adult organ that we examined, including 
lung, liver, kidney, heart, pancreas, intestine, 
skeletal muscle, eye, brain, and spinal cord 
(Fig. 1, F and G). 

The B and T cell populations of the triple 

Fig. 1. Aberrant lymphocyte proliferation 
and growth of peripheral lymphoidorgans in 

.-g 0.6 Tyro 3/Axl/Mer triple mutants. (A) Enlarged 
submaxillary lymph node (arrow) in a 10-5 0.2 

0- month-old triple mutant female. (8) Relative 

8 sizes of the spleen in a triple mutant (TAM) 

Genotype versus wild-type ( W )  male at 1 year. (C) 
Adult spleen weight 
as a function of ge-
notype. T, A, and M 
represent Tyro 3, Ax[, 
and Mer single mu-
tants, respectively, 
TM represents Tyro 
3/Mer double mu-
tants, and so forth. 
TaM represents Ty-
ro3-'-Ax1 +I-Merl-

male and female 
mice between 5 and 
14 months of age; 
n = 3 (TM), 4 (A, M, 
TaM). 5 (TI, 6 (TA). 7 
(AM), 8 (TAM), and 9 
mice ( W ) .  (D) FACS 
scans of expression 
of the B22O B cell 

, marker versus the 
TCRap T cell marker, 
in cells from wild-

occupy that quadrant. (E) Expression of the 
T cell markers CD8 versus CD4 in WT and 
TAM spleen and lymph node at 2 months of 
age. (F) Colonies of small, darkly staining 
lymphocytes (arrows) inthe liver, and in (C), 
the kidney, of a triple mutant. Bar, 0.1 mm. 

mutants were also constituitively activated. El-
evated numbers of triple mutant T cells, for 
example, expressed the interleukin-2 (IL-2) re-
ceptor (Fig. 2A) and the lectin CD69 (1l), both 
markers of T cell activation. Similarly, triple 
mutant B cells displayed elevated surface ex-
pression of the acute activationmarker Fas (Fig. 
2B) and the chronic activation marker CD44 
(Fig. 2C), and a pronounced increase in the 
expression of interferon-gamma (IFN-7) was 
observed in the spleen and lymph nodes (Fig. 
2D). The broad activationof B and T cells was, 
in turn, reflected in the activation of nonim-
mune tissues with which these cells interact. 
For example, intercellular adhesion molecule-1 
(ICAM-I), which is required for lymphocyte 
adhesion to blood vessels and subsequent inva-
sion of tissue parenchyma, was strongly up-
regulated in the vascular endotheliaof the triple 
mutants (Fig. 2E). 

All triple mutants eventually developed 
autoimmunity. Disease symptoms, which 
were first detectable in a subset of individuals 
at -4 weeks after birth, were histologically 
similar to those seen in a broad spectrum of 
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human autoimmune disorders, including 
rheumatoid arthritis (12) (Fig. 3A), pemphi- 
gus vulgaris (13) (Fig. 3B), and systemic 
lupus erythematosus (SLE) (14) (Fig. 3C). 
We detected recurrent thromboses and hem- 
orrhage in several tissues, including the brain 
(Fig. 3D). These thromboses, which are as- 
sociated with the presence of antibodies to 
phospholipids in human autoimmune syn- 
dromes (15), were especially prevalent in 
triple mutant females. Systemic autoimmune 
diseases result in elevated blood titers of 
antibodies directed against normal cellular 
antigens, including nucleoproteins and dou- 
ble-stranded (ds) DNA (16). Consistent with 
their autoimmune manifestations, we mea- 
sured abnormally high levels of circulating 
antibodies to dsDNA throughout the allelic 
series of Tyro 3 family mutants (1 7,18) (Fig. 
3E). In general, individuals carrying muta- 
tions in any two of the three genes exhibited 
higher a-dsDNA titers than did single mu- 
tants; on average, triple mutant titers were the 
highest (Fig. 3E). Also prevalent were auto- 
antibodies to various collagens (Fig. 3F), 
which are frequently detected in the sera of 
patients with rheumatoid arthritis (12). Cir- 
culating antibodies to phospholipids, which 
are among the most reliable indicators of 
human autoimmune syndromes characterized 
by recurrent thromboses, hemolytic anemia, 
and, in women, chronic infertility due to re- 
current fetal loss (19), appeared throughout 
the allelic series. We detected markedly ele- 
vated antibody titers to cardiolipin (Fig. 3G), 
phosphatidylserine ( I  I), phosphatidylethano- 
lamine (II),  and phosphatidylinositol (Fig. 
3H). Elevated a-cardiolipin titers were ob- 
sewed in several Tyro 3 and Ax1 single mu- 
tants, and individual triple mutants frequently 
displayed titers that were 20- to 40-fold high- 
er than wild type (Fig. 3G). Most triple mu- 
tant females never carried pregnancies to 
term. 

B and T cells do not express the three 
receptor genes that we inactivated. Previ- 
ous work has established that Mer is ex- 
pressed by peripheral blood and bone mar- 
row mononuclear cells, monocytes, and 
macrophages, but not by granulocytes or 
peripheral blood B or T lymphocytes (6, 
20). Similarly, Ax1 is expressed by CD34+ 
progenitor and bone marrow stromal cells 
and by peripheral monocytes and macro- 
phages, but not by granulocytes or lympho- 
cytes (21, 22). We used similar flow cyto- 
metric analyses with cell-specific markers 
to demonstrate that the Tyro 3 gene is also 
the product of monocytes and macrophages 
but not of B or T cells (11). In addition, we 
used in situ hybridization to examine the 
sites of expression of the Tyro 3, Axl, and 
Mer mRNAs, and of the Gas6 and Protein 
S mRNAs, in lymphoid tissues (Fig. 4, A 
through J). In the spleen, the mRNAs for all 

three receptors and both ligands were lo- 
calized to the red pulp and to the marginal 
zones, and were largely excluded from the 
periarteriolar lymphoid sheath, the B cell 
corona, and the germinal centers of the 
white pulp, which contain the bulk of both 
B and T cells (circled signal-free areas in 
Fig. 4, A, C, E, G, and I). The Tyro 3 and 
Ax1 mRNAs were similarly absent from the 
primary lymphoid follicles and germinal 
centers of the lymph nodes (Fig. 4, B and 
D), which are predominantly composed of 
B cells, and the same was true for Gas6 and 
Protein S (Fig. 4, H and J). Each of these 
mRNAs were instead localized to paracor- 
tical and medullary cord regions of the 
lymph node, which contain macrophages 
and T cells. A similar pattern was observed 
for Mer mRNA, although a small number 
of discrete Mer+ cells were also detected 
within lymphoid follicles (Fig. 4F). The 
Tyro 3, Axl, and Mer mRNAs were each 
also confined to the central medulla of the 

thymus (23), a localization that excludes 
expression by immature T cells but is con- 
sistent with expression by dendritic cells 
and macrophages. 

In addition to these expression analyses, 
we performed a series of in vivo transfer 
experiments in both wild-type and triple mu- 
tant mice. We labeled wild-type spleen cells 
with the fluorescent dye carboxyfluorescein 
diacetate succinimidyl ester (CFSE) (24-26), 
which allowed us to measure the proliferation 
of the donor cells after injection. As mea- 
sured by flow cytometry, successive rounds 
of cell division result in successive twofold 
diminutions in the fluorescence intensity of 
CFSE-labeled daughter cells. Three to 4 days 
after injection of CFSE-labeled cells, we an- 
alyzed spleens and lymph nodes of the inject- 
ed mice for the number and fluorescence 
intensity of CFSE-labeled B220+ B cells and 
of labeled CD4+ and CD8+ T cells (Fig. 4, K 
through N). As expected, injection of wild- 
type cells into wild-type recipients (WT + 

ICAM- + 

Fig. 2. Activation of the immune system in the triple mutants. (A) Expression of the IL-2 receptor 
(CD25) on TCRaP+ nodal T cells from wild-type and triple mutant individuals at 4 months of age. 
(B) Expression of Fas on B220+ splenic B cells from wild-type and triple mutant individuals at 2 
months of age. (C) Expression of the chronic activation marker CD44 on B220+ lymph node B cells 
from wild-type and triple mutant individuals at 10 months of age. (D) In situ hybridization to 
sections of lymph nodes from Qmonth-old micedemonstrating strong up-regulation of lFNy 
mRNA in triple mutant (TAM) relative to wild type (WT). IFN-y mRNA is abundantly expressed 
in T cell-rich regions of the triple mutant spleen (7  7). (E) lmmunohistochemical staining of ICAM-1 
on endothelial cells lining blood vessels in the brain (arrows) in triple mutants (TAM) relative to 
wild type (WT). Bars, 0.1 mm. 
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WT) resulted in the recovery o f  nondividing into triple mutants (WT +TAM) resulted in  proliferate in wild-type recipients were ob-
B and T cell populationsfrom the spleens and the recovery o f  wild-type donor B and T cells served to undergo up to four rounds o f  cell 
lymph nodes o f  the recipients (Fig. 4, L and that had undergone multiple rounds o f  cell division after 4.5 days in triple mutant 
N). I n  contrast, injection o f  the same cells division. The wild-type B cells that failed to spleens (Fig. 4K),and the wild-type T cells 

a-collagen 

A 

a-cardiolipin '"1H a-phosphatidylinositol 

A 

Fig. 3. Clinical and humoralmanifestationsof autoimmunity in Tyro 3/ 
Axl/Mer triple mutants. (A) Swollen joints and footpad in a 6-month-old 

I,*!;:;!!, l i ; ; ; - i : , ,
A 

triple mutant female. Histologically, these symptoms were reflected in 
A 

inflammation and lymphocyte invasion of the joints (11). (B) A typical 5 u z  F e z! Z p + u F  q S P Z " I
skin lesion (arrowhead) on the upper back of an 8-month-old triple Genotype 
mutant female. (C) lmmunoglobulin G (IgG) deposits in a glomerulus of 
the kidney (arrowhead) in a 12-month-oldtriple mutant female. (D) Blood vessel hemorrhages (arrowheads) in the brain of a 12-month-oldtriple 
mutant female. Bars, 0.1 rnm. Circulatingautoantibodieswere measuredin a 1:200 dilution~ofserum collectedfromsingle,double, and triple mutants 
of the Tyro 3 allelic series, against dsDNA (E), collagen (F), cardiolipin (ti),and phosphatidylinositol (H). Points represent the average of triplicate 
determinations by solid-phase ELlSA (17, 18) in individual mice of the indicated genotypes. Genotype designations are as for Fig. 1C. 

Fig. 4. Expression of 

"n-
K the Tyro 3 (A and B), 

- .  Axl (C and D), Mer (E 
c and F), Gas 6 (C and 
8 .- H),and Protein5 (1 and 
% J) mRNAs in lymphoid
E -e tissues. In situ hybrid--
P i 

ization was performed 
to sections of wild-
type adult spleen (left!.: column) and lymph- = m I- node (right column).
Dashed circles high-
light signal-free areas 
in the white pulp of 
the spleen (left col-
umn) and lymphoid 
follicles of the lymph 
nodes (right column). 
Bar, 1 mm. See text for 
details. Host-depen-
dent proliferation of 
wild-type Band T cells 
after transfer (K 

CFSE fluorescence through N). Dissociat-
ed spleen cells from 

wild-ty females at 2 (M and N) and 2.5 (K and L) months of age were labeled with CFSE 
(ZC2Tand injected into the tail veins of wild-type (L and N) and triple m w n t  (K and M) 
females at 8 to 10 months of age. Cells were recovered from either the spleens (K and 1) or 
lymph nodes (M and N) of the recipientsat 4.5 (K and L) and 4 (M and N) days after injection; 
dissociated cellswere then analyzed flow cytornetry for expression of the Bcell marker B22O 
(K and 4 or the T cell marker CD4yM and N) and were simultaneously measured for CFSE 
fluorescence intensity(x axis, all panels). Dottedlines mark meanCFSE fluorescence peaks that 
correspond to absence of proliferationof the injected cells. 
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that failed to proliferate by 4 days after in- 
jection in wild-type recipients were observed 
to undergo up to three rounds of cell division 
by the same time in the triple mutant lymph 
nodes (Fig. 4M). 

The above results suggest that rather than 
B and T lymphocytes, the cells that initiate 
the lymphoproliferation and autoimmunity of 
the Tyro 3 family mutants are the macro-. 
phages and dendritic cells that normally ex- 
press the three inactivated receptor genes. It 
has previously been noted that peritoneal 
macrophages cultured from Mer single mu- 
tants and challenged with bacterial lipopoly- 
saccharide (LPS) express excessive levels of 
both activated nuclear factor kappa B (NF- 
KB) and the inflammatory cytokine tumor 
necrosis factor a (TNFa) (27,28). Therefore, 
we examined the activation status of antigen- 
presenting cells (APCs) identified with the 
macrophage and dendritic cell markers 
CDllb and CDllc, at steady-state and in 
response to LPS stimulation, in triple mutants 
versus wild type (Fig. 5). Activated APCs 

express elevated levels of major histocompat- 
ibility complex ( F C )  antigens on their sur- 
face, and this was the case for APCs in the 
triple mutants. Although MHC class I1 (I-Ab) 
levels were only modestly elevated in 
CDl lc+ cells freshly dissociated from triple 
mutant spleen or lymph node (Fig. 5A, upper 
panels), these levels were superelevated in 
the same cells as an acute (1 hour) response 
to a 100 mgkg intraperitoneal (IP) injection 
of LPS (Fig. 5A, lower panels). A similar 
LPS-induced superelevation of the B7.2 
(CD86) co-receptor, also a marker of APC 
activation, was observed (Fig. 5B). Triple 
mutant peritoneal macrophages expressed ab- 
errantly high MHC class I1 levels in cell 
culture, even in the absence of LPS stimula- 
tion (Fig. 5C, upper panels), and these levels 
were even further elevated 5 hours after ex- 
posure to LPS (Fig. 5C, lower panels). We 
also observed that cultured triple mutant mac- 
rophages produced excessive amounts of the 
proinflammatory cytokine IL-12 (Fig. 5D), 
and exhibited a 3.5 1- 0.9-fold increase (rel- 

Fig. 5. Hyperactivation of APCs in the triple mutants. (A) Expression of MHC class II protein on the 
surface of CDl l c +  splenocytes isolated from wild-type (WT) and triple mutant (TAM) mice, before 
(-LPS) and 1 hour after (+LPS) an IP injection of LPS (100 mgtkg). (B) Expression of B7.2 on the 
surface of CDl l c +  splenocytes isolated from wild-type (WT) and triple mutant (TAM) mice, before 
(-LPS) and 1 hour after (+LPS) an IP injection of LPS. (C) Expression of MHC class II protein on the 
surface of wild-type (WT) and triple mutant (TAM) CDl l b +  peritoneal macrophages in culture, 
before (-LPS) and 5 hours after (+LPS) exposure to  LPS (1 pg/ml). (D) Expression of IL-12 in fixed 
and permeabilized wild-type (WT) and triple mutant (TAM) CDl l b +  peritoneal macrophages in 
culture, before (-LPS) and 5 hours after (+LPS) exposure to  LPS. 

ative to wild type) in generalized phagocyto- 
sis in vitro, as assayed by the uptake of 
fluorescently labeled Escherichia coli after 1 
hour of co-culture (28, 29). Finally, serum 
levels of TNFa were 11.3 1- 2.5 ng/ml 1 hour 
after injection of LPS into the triple mutants 
(n = 3 mice), as compared to 5.2 ? 1.1 ng/ml 
(n = 3) for wild type. 

The salient features of the autoimmune 
phenotypes described above have important 
implications for the development of autoim- 
munity in humans (23). The chronic hyper- 
activation of APCs in the triple mutants in- 
dicates that signaling through the Tyro 3 
family receptors normally serves as a self- 
extinguishing regulatory mechanism that lim- 
its the severity and time course of inflamma- 
tory immune responses. The frequently ob- 
served coexpression of the receptors and their 
ligands (9), together with the presence of 
conserved irnmunoreceptor tyrosine-based 
inhibition motifs (ITIM-like elements) (30) in 
the cytoplasmic domains of all three recep- 
tors, immediately suggest a molecular basis 
for this self-regulation (23), a model that we 
are currently testing. 
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The endogenous opioid system is involved i n  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 
p-opioid receptor system was associated with reductions in  the sensory and 
affective ratings of the pain experience, wi th  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 (1-5). 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 (11-13). 

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 (14- 
19). We studied 20 healthy volunteers, 13 
men and 7 women, between the ages of 20 
and 30 years (mean i SD, 24 i2 years) (20) 
with positron emission tomography (PET) 
and ["C]carfentanil, a selective p-opioid re- 
ceptor radiotracer (21, 22). Each volunteer 
was studied twice. during exverimentallv in- - & 

duced sustained pain and during 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,,,IK, 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 Eompletion 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 
recevtor svstem were detected in volumes of 

A . 


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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