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he production and action of opioid peptides in 
the immune system has been extensively studied T beginning in the years 1979-1980 (1-3). The 

purpose of this review is to identify and highlight the 
accomplishments to date categorized into three major 
themes: (i) the action of opioids on immunocompe- 
tence in i i fro and in ri iv: (ii) the production of opioid 
peptides by cells of the immune system (immunocytes): 
and (iii) the identification and characterization of 
opioid receptors on immunocytes. Opioid peptides can 
be categorized into three groups: (i) the endorphins, 
which are encoded by the pro-opiomelanocortin 
(POMC) gene: ( i i )  the enkephalins, which are encoded 
by proenkephalin: and (iii) the dynorphins, which are 
encoded by prodynorphin. As will be described in this 
review. the modulation by these peptides of immuno- 
competence is mediated through membrane bound re- 
ceptors classified into four types: 6, t .  K .  and p. Whereas 
the 6-. K - ,  and p-classes of receptors are sensitive to 
broad and selective opioid antagonists. the d i k e  recep- 
tor is specific for ?-endorphin. However. it would ap- 
pear that the t-like receptor does. in fact. share some 
features in common with other opioid receptors of 
immune and neuroendocrine origin. The role these 
molecules have in immune homeostasis and in the 
production of opioids by immunocytes implicates these 
peptides as important signal molecules within the im- 
mune system and between the immune and neuroen- 
docrine systems. 

Biological Consequences of Opioid Administration In 
Vitro and In Vivo 

Lymphocyte proliferation in response to mitogens 
is a widely used and useful technique to assess “general” 
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immunocompetence. Early work described the ability 
of $-endorphin to enhance lymphocyte proliferation to 
T cell mitogens. concanavalin A (Con A). and phyto- 
hemagglutinin. but not to B cell mitogens (4). However, 
other opioid peptides, such as a-endorphin or [D- 
Ala2.Met‘]enkephalin, were ineffective. Moreover, the 
antagonist naloxone was unable to block the effect 
mediated b! &endorphin. indicating that the interac- 
tion of &endorphin with the lymphocyte membrane 
receptor is not through a “classical” opioid receptor- 
ligand interaction. Confirmation of the original finding 
is shown both in v i m  and in vivo. Specifically, both 
acet! lated and nonacetylated P-endorphinl.3, and trun- 
cated forms of ?-endorphin ( p - e n d ~ r p h i n ~ . ~ ~  and P- 
endorphin18.31) enhance Con A-induced T cell prolif- 
eration, whereas P-end~rphin~.~, ,  Met-enkephalin, and 
a- and y-endorphin are without effect ( 5 ) .  Similarly, 
intravenous administration of p-endorphin (but not 
Met-enkephalin or y-endorphin) augment spleen cell 
proliferation to Con A in a time- and dose-dependent 
manner (6). Interestingly, the truncated forms of p- 
endorphin are consistently not as effective in potentiat- 
ing the mitogenic response compared with the intact 
3 1 -residue peptide. implicating that the opioid active 
portion of the molecule (N-terminal portion) is a re- 
quirement to achieve maximal effect (5). However, the 
observation that P-endorphinl->, is inactive suggests that 
the C-terminal portion of the peptide is required for 
biological activity. A conformational analysis of P-en- 
dorphin ma! ha\ e clarified some of these observations. 
Specifically, ?-turns reportedly occur only in the C- 
terminal end in the 27-3 1 segment of p-endorphin (7), 
whereas a stable a-helix, present from residues 14-24, 
produces a strong amphiphilic surface on the molecule 
(8). In the absence of the N (residues 1-11)- and C 
(residues 27-3 1 )-terminal ends, the percentage of a- 
helix increases, suggesting that the N- and C-terminal 
portions are important in maintaining the amphiphilic 
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nature of the peptide and thus removing the hydropho- 
bic domain from exposure to water (8). This structural 
conformation promotes interactions with lipid moieties 
(8). Therefore, removal of either end could dramatically 
alter the amphiphilic nature of the peptide and thus 
alter the ability of the peptide to interact with the 
immunocyte receptor binding site. The data suggest 
that the C-terminal end is crucial for this modulatory 
effect. Another segment of the @-endorphin molecule 
which may be important in regulating immune re- 
sponses is the a-helix domain, residues 14-24. This 
segment of @-endorphin has been shown to specifically 
bind to calmodulin, a known regulator of adenylate 
cyclase (9). Since increases in [CAMP], have thus far 
been reported to inhibit T cell activation (10, 1 l) ,  
modulation of adenylate cyclase by @-endorphin 14-24 
through interactions with calmodulin is another possi- 
ble pathway in the potentiation of mitogen-induced 
lymphocyte proliferation. 

Other opioid pathways (naloxone-reversible) regu- 
late lymphocyte proliferation as well. For example, the 
p-class opioid ligands morphine and [D- 
Ala2,MePhe4,Gly-ol’lenkephalin (DAGO) enhance mi- 
togen-stimulated lymphocyte proliferation in vitro, 
which in the case of DAGO is naloxone reversible ( 12- 
14). However, in ~ i v o  administration of morphine at- 
tenuates lymphocyte proliferation to mitogen ( 1  5- 17). 
The mechanism of suppression by morphine in vivo is 
presently unclear, although corticosterone has been im- 
plicated ( 18). Specifically, morphine has been proposed 
to be a pharmacologic stressor that mimics behavioral 
stress ( 15). Adrenalectomized animals undergoing mor- 
phine treatment are only slightly immunosuppressed, 
implying that the adrenals are a source of the morphine- 
mediated immunosuppression ( 17). Similar to p-class 
opioid ligands, but in the absence of mitogen, &selective 
agonists increase C3H]thymidine uptake in lymphocytes 
that is blocked by the &selective antagonist ICI-174864 
( 19). Collectively, the effects of opioid compounds on 
lymphocyte proliferation indicate that two pathways 
are operational, (i) a @-endorphin specific pathway and 
(ii) a naloxone-sensitive opioid pathway. It would also 
seem these pathways share either (i) intracellular signal 
transduction pathways or (ii) a common structural 
component of a(the) receptor complex that is coupled 
to similar signal transduction molecules. 

Opioid peptides regulate antibody production in 
vitro and in vivo as well. In 1982, a study reported that 
a-endorphin in vitro significantly depressed primary 
antibody production to sheep red blood cells at 500 rul4 
(20). Both Met- and Leu-enkephalin are moderate in- 
hibitors, whereas @- and y-endorphin are not effective. 
In addition, naloxone is capable of blocking the a- 
endorphin-mediated suppression. These results have 
subsequently been confirmed using a-endorphin and 
measuring the primary antibody response to ovalbumin 

(2 1). In this study, it was found that the tyrosine at the 
N-terminal end of a-endorphin is necessary for the 
observed response, suggesting that the effect is mediated 
through a naloxone-sensitive opioid receptor. Similarly, 
p-class and x-class selective opioid agonists also inhibit 
antibody production to sheep red blood cells which is 
reversible using class-selective antagonists (22). Inter- 
estingly, @-endorphin, but not [Met]-enkephalin, sup- 
presses the IgG, but not IgA or IgM, production to 
Staphylococcus aureus in a naloxone-reversible fashion 
(23). The ability of some opioid peptides to regulate 
antibody production while others are inactive is not 
due to different opioid receptor classes on these cells, 
since both @-endorphin and Met-enkephalin act on p- 
and &class opioid receptors with near equal affinities. 
However, one possible explanation may reside with the 
time of expression of the opioid receptor on the lym- 
phocytes, which may be correlated with whether the 
immune reaction is primary or secondary. Specifically, 
in vivo administration of @-endorphin inhibits the pri- 
mary antibody response to keyhole-limpet hemocyanin, 
but enhances the secondary response (6). Similarly, a- 
and @-endorphin enhance the secondary response to 
tetanus toxoid at the nanomolar and picomolar levels 
(24). The effect of opioids on antibody production is 
also dependent on the lymphocyte populations tested. 
Specifically, Con A-stimulated Peyer’s patch lympho- 
cyte immunoglobulin production is suppressed in the 
presence of oxymorphindole (&selective agonist) or p- 
endorphin (25). However, these compounds have no 
effect on Con A-elicited immunoglobulin production 
by splenic lymphocytes. 

Natural killer (NK) activity mediated predomi- 
nately by large granular lymphocytes is also regulated 
by opioid compounds. @-endorphin and Met-enkepha- 
lin augment NK activity in a dose-dependent (peaking 
at 10 nM) and naloxone-reversible fashion (26, 27). a- 
Endorphin. y-endorphin, Leu-enkephalin, and mor- 
phine are ineffective or slightly suppressive (26, 28). 
Another study found that nonopioid fragments of @- 
endorphin (peptide segments 2- 16, 2- 17. and 6- 17) 
enhance NK activity at picomolar levels through a 
naloxone-reversible pathway (29). This data would sug- 
gest that the N terminus tyrosine is not required to 
mediate the effect. Moreover, the results suggest that 
unique opioid binding sites occur on these cells com- 
pared with those on neuronal tissue (the N terminus 
tyrosine is a requirement for opioid activity in neural 
tissue). Class-selective opioid agonists for 6-, K - ,  and p- 
classes have recently been shown to modulate NK 
activity both positively and negatively, depending on 
the responder population (30). Thus, the opioid pep- 
tides, including DAGO, [~-Ser’]-Leu-enkephalin, and 
d y n ~ r p h i n ~ . ~ ~ ,  act as “fine tuners,” enhancing lower 
NK responder populations and suppressing high NK 
responder populations at a concentration range of lop8- 
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lo-’’ M. However, another recent report has shown 
that the p-selective ligands DAGO and 2-( p-ethoxy- 
benzy1)- 1 - [  N,N-diethylamino]ethyl-5 - i so th io  
cyanatobenzimidazole suppress NK activity ( 14). The 
results in vitro are complicated by data obtained in vivo. 
When employing an inescapable footshock stress para- 
digm that is known to elicit endogenous opioid peptide 
release, a decrease in NK activity has been reported 
(3 1). Likewise, systemic administration of morphine 
(30-50 mg/kg) results in suppression. Both these effects 
are blocked by the long-acting antagonist naltrexone. 
However, systemic administration of N-methylmor- 
phine, which is incapable of crossing the “blood-brain 
bamer,” does not produce any measurable suppression, 
indicating the involvement of central (brain) opioid 
receptors in the morphine-induced immunosuppres- 
sion (32). Subsequent studies have mapped the immu- 
nosuppressive qualities of morphine to the periaque- 
ductal gray matter of the mesencephalin (33). Based on 
the above results, the relationship of opioids and NK 
activity remains somewhat controversial. Nevertheless, 
opioid pathways play a significant immunoregulatory 
role in vivo. This idea has most recently been demon- 
strated using naloxone. The administration of naloxone 
to mice enhances NK activity and antigen-specific an- 
tibody production in a dose-dependent and stereoselec- 
tive manner (34). Similarly, clinical studies have also 
implicated opioids with immunocompetence. Specifi- 
cally, a recent study correlated low NK activity with 
low circulating levels of plasma @-endorphin and pre- 
dicted higher illness morbidity (35). Likewise, another 
study showed that Met-enkephalin inhibits tumor me- 
tastasis and potentiates splenic NK activity in mice 
immunized with the murine B-16 melanoma (36). 

Neutrophils and monocytes and macrophages are 
important immune effector cells in the phagocytosis of 
foreign matter such as bacteria, as well as in the proc- 
essing and presentation of antigen by macrophages. 
Both cell types are affected by opioid compounds. 
Specifically. ?-endorphin, morphine, and Met-enkeph- 
alin stimulate granulocyte and mononuclear cell 
chemotaxis (37. 38). These effects are reversed by nal- 
oxone; in one investigation, the antagonist inhibition 
was stereoselective (38). In another study using frag- 
ments of p-endorphin. both N- and C-terminal peptides 
stimulated chemotaxis of monocytes (39). Moreover. 
only the N-terminal-mediated effects were naloxone 
reversible. Morphine. @-endorphin. and Met-enkepha- 
lin also effect respiratory burst activity of mononuclear 
cells. Whereas resting levels of 02- and Hz02 are sig- 
nificantly enhanced in these cells (40, 41). zymosan- 
and phorbol myristate acetate-induced respiratory burst 
activity is significantly suppressed by opioid peptides 
(40). The opioid-mediated effects are blocked by nal- 
oxone and cannot be mimicked with N-acetylated @- 
endorphin, indicating the involvement of non-@-endor- 

phin-specific opioid receptors (40). Interestingly, mor- 
phine (lo-’ ,W), but not DAGO, DADLE, or 
dynorphinl+ inhibits granulocyte aggregation (42), 
whereas p-endorphin and Met-enkephalin (lo-’- 
-W) enhance neutrophil adherence to serum-coated glass 
(43). The inhibitory effect by morphine is completely 
naloxone-reversible (42), whereas the action of the 
opioid peptides on neutrophil adherence is only par- 
tially naloxone-reversible (43). The observations show- 
ing that opioids suppress intracellular killing mecha- 
nisms of activated mononuclear cells (40), coupled with 
studies indicating opioid peptides suppress phagocytosis 
and reduce vimentin filament expression and surface 
expression of HLA-DR molecules (44), seem to indicate 
opioid molecules may be detrimental to granulocyte 
and monocyte function as well. In addition, the ability 
to present antigen in the context of major histocom- 
patibility complex/human histocompatibility leukocyte 
antigens expression by antigen-presenting cells (e.g., 
macrophages) that is compromised by opioid peptides 
correlates with the immunosuppression mediated by 
opioid peptides in the primary antibody response (20- 
23). 

The fact that opioids enhance the secondary anti- 
body response may be linked to other immunocyte- 
mediated events. For example, Met-enkephalin and @- 
endorphin have been shown to augment y-interferon 
production by mononuclear cells (45) and purified large 
granular lymphocytes (461, although heterogeneity 
among donor lymphocytes has been reported (47). 
Likewise, @-endorphin has been shown to enhance in- 
terleukin IL 2 production by Con A-stimulated lym- 
phocytes (48) or by IL- 1 -stimulated EL-4 lymphoid 
cells (49). Similarly, @-endorphin and Leu-enkephalin 
have been shown to potentiate IL-1 production by 
bone-marrow macrophages concomitantly stimulated 
with lipopolysaccharide (LPS) (50). The enhanced pro- 
duction of these cytokines by opioid peptides is, in most 
cases, reversed by naloxone (46, 49, 50). The findings 
that @-endorphin and Met-enkephalin augment the gen- 
eration of cytotoxic T lymphocytes through a naloxone- 
sensitive pathway ( 5  1)  may also be related to the opioid- 
mediated effects on cytokine production. 

Collectively, the data leaves little doubt that opioid 
compounds regulate immunocompetence and immune 
homeostasis (Table I). These effects are mediated 
through both P-endorphin-specific, d i k e  opioid recep- 
tors and opioid receptors that exhibit ligand preferences 
similar to the 6-, K - ,  and p-class opioid receptors found 
in the central nervous system. However, in some in- 
stances, opioids both suppress and enhance the same 
immunological function. e.g., antibody production 
(52), NK activity (30), superoxide anion release by 
neutrophils ( 5  3), and mitogen-stimulated lymphocyte 
proliferation (54). The reasons for these differences 
remain to be determined, although some explanations 
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Table 1. Opioid Receptor-Mediated Biological Effects on Various Immune Parameters In Vitro 

Immune function Opioid receptor 
class' Effect Reference 

Mitogen-induced lymphocyte proliferation t-Like Enhancement 4-6 
P Enhancement 13,14 

Unstimulated lymphocyte proliferation 6 Enhancement 19 

P3 K Suppression 22 
Primary antibody production Opioid Suppression 6, 20, 21, 23 

Secondary antibody production Opioid Enhancement 6, 24 
Natural killer activity Opioid Enhancement 26-29 

P V  6 ,  K Enhancement 30 
Pv 6 ,  K Suppression 14,30 

Monocyte-granulocyte chemotaxis Opioid Enhancement 37-39 
y-Interferon production Opioid Enhancement 45-47 
Interleukin 1 production Opioid Enhancement 50 

Interleukin 2 production €-Like Enhancement 48 

Cytotoxic T lymphocyte generation Opioid Enhancement 51 

a The irnrnunornodulatory effect elicited by the opioid drug acts through a specific class of opioid receptor. These classes include 6, t ,  K ,  and F. 
Where the word "opioid" is used, it refers to a naloxone-sensitive binding site which has not yet been categorized into a particular opioid 
receptor class. 

Opioid Suppression 

Opioid Enhancement 49 

have been provided, including species and strain differ- 
ences, cell preparation techniques, and ligands em- 
ployed (30, 53, 54). It is anticipated that future work 
will incorporate these findings into relevant therapeutic 
protocols to alleviate or reverse pathophysiologic states. 
In one such case, Met-enkephalin was reportedly suc- 
cessful in reversing symptoms in acquired immune 
deficiency syndrome patients (55). 

The Production of Opioid Peptides by Immunocytes 
Originally, it was found that substances that in- 

duced a-interferon, such as viruses, elicited the produc- 
tion of endorphin-like molecules (3, 56). Lymphocyte- 
derived, endorphin-like molecules could block [3H] 
dihydromorphine binding to brain tissue and lympho- 
cytes taken from virally induced mice stained positive 
using a specific antiserum to y-endorphin (56). The 
production of endorphins or enkephalins by lympho- 
cytes has subsequently been shown by various groups. 
Macrophages constitutively secrete @-endorphin (57); 
LPS stimulates production of a- or y-endorphin by 
leukocytes (58); sheep red blood cells induce opioid- 
like molecules ( M r  = 1300-2000), termed "myelopep- 
tides," by bone marrow cells (59); corticotropin-releas- 
ing hormone (CRH) elicits the production of immu- 
noreactive @-endorphin by peripheral blood mononu- 
clear cells (60) and splenic and mesenteric lymph node 
lymphocytes (6 1); and phytohemagglutinin elicits the 
production of proenkephalin-derived peptides by lym- 
phocytes (62). The CRH-elicited production of @-en- 
dorphin is reportedly mediated through IL- 1 secreted 
from CD14' monocytes (63). Moreover, the CRH- 
elicited production of opioids by immunocytes is bio- 
logically active. Specifically, preincubation of splenic 

lymphocytes with CRH has been shown to enhance 
natural killer activity through naloxone- and naltrin- 
dole (&selective antagonist)-sensitive pathways (64). 
The CRH-mediated effect is time-dependent and re- 
quires macrophages. Taken together, the results point 
to a biological role for the production of opioid peptides 
by immune cells after CRH treatment, which may be 
important in paracrine or autocrine regulatory mecha- 
nisms. 

Transcripts for the POMC gene have been identi- 
fied in lymphocytes obtained from the antropyloric and 
duodenum mucosa (65) splenic lymphocytes from 
Newcastle disease virus-infected mice (66), phytohe- 
magglutinin-stimulated peripheral blood, tonsillar lym- 
phocytes (67), Epstein-Barr virus-infected B lympho- 
cyte lines (67), and a T lymphocyte cell line derived 
from a patient with lymphoma (68). Proenkephalin 
mRNA has been isolated from T cell lines (69, 70), 
mastocytoma and macrophage cell lines (70), normal 
B and T lymphocytes obtained from the spleen, lymph 
nodes, and bone marrow (71), and CD4+ thymocytes 
(72). Proenkephalin-derived peptides secreted by T 
helper cell lines have also been reported (73). However, 
these peptides are much larger (mol wt of 3,000-1 5,000) 
than neuroendocrine enkephalins and apparently are 
inactive in opioid-binding assays. 

CRH up-regulates the expression of two truncated 
POMC transcripts (74). Using the polymerase chain 
reaction with sense primers homologous to the 5' end 
of exons 1, 2, and 3 and internal to exon 3 and an 
antisense primer complementary to the 3' end of exon 
3 and the first-strand cDNA obtained from selectively 
reverse-transcribing lymphocyte poly(A+) mRNA from 
unstimulated lymphocytes, a truncated exon 3 product 
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(549 bp) results (74). When lymphocytes are treated 
with CRH prior to polymerase chain reaction analysis, 
both a truncated (549 bp) and full-length (615 bp) exon 
3 product are obtained. In neither treated nor untreated 
lymphocytes are products observed using selective 
primers for exons 1 and 2. From this study, it was 
concluded that (i) alternate splicing of the POMC 
mRNA exists or (ii) different transcription initiation 
sites on the POMC gene occur in lymphocytes. Exon 
3 ,  which contains the coding region for adrenocortico- 
tropin and @-lipotropin (which encodes endorphin), has 
recently been sequenced in lymphocytes and found to 
be identical to the coding sequence from pituitary exon 
3 (75). 

Posttranslational processing of opioid peptides by 
immunocytes has also been studied. Splenic macro- 
phages have been shown to secrete @-endorphin 1-3  I ,  X- 
acetyl-@-endorphin I ,  and IY-acetylated fragments of 
@-endorphin (@-endorphinl.16, and (76). How- 
ever, the predominant product appears to be the non- 
acetylated @-endorphinl.3 I .  Furthermore, processing of 
the endorphin molecule is reportedly dependent on the 
stimulus for induction. For example, CRH-treated lym- 
phocytes produce @-endorphin, whereas LPS-stimu- 
lated lymphocytes secrete a- and ?-endorphin (77). The 
fact that immunocytes produce acetylated and nona- 
cetylated forms of @-endorphin (76), as well as frag- 
ments thereof depending on the stimulus (77). suggests 
that these peptides may have an immunoregulatory 
role. In addition, since neutral endopeptidases can 
cleave opioid peptides to fragments including Y-G-G, 
which are reportedly endogenous opioid antagonists 
(78), these fragments may also be considered regulatory 
molecules relative to opioid peptides in the immune 
system. 

The validity of biologically active, lymphocyte- 
derived opioids in vivo has been shown employing two 
different models. The first model used LPS-sensitive 
(C3He/FeJ) and -resistant (C3H/HeJ) inbred mice. The 
C3HeB/FeJ mice injected with LPS presented with the 
pathophysiologic symptoms of endotoxic shock (79). 
Moreover, lymphocytes obtained from these animals, 
but not those from the C3H/HeJ mice. stained positive 
for endorphin after LPS treatment. However, by isolat- 
ing the immunoreactive endorphin from C3He/FeJ 
cultured, LPS-stimulated lymphocytes and administer- 
ing it to the C3H/HeJ mice. symptoms associated with 
endotoxic shock were manifested in these animals (79). 
The second study used a hind paw inflammatory model. 
It was found that localized opioid receptor-mediated 
antinociception in peripheral inflamed tissue was due 
to the secretion of @-endorphin by infiltrating macro- 
phages, lymphocytes, mast cells. and plasma cells (80). 
Taken together, these studies illustrate the biological 
relevance lymphocyte-derived opioids have as potent 
neuroendocrine signaling molecules. 

Characterization of Opioid Receptors on Cells of the 
Immune System 

Opioid receptors first identified in neuronal tissue 
(8 1-83) are designated into four distinctive classes-p, 
6. t, and K-depending on ligand preferences (84, 85). 
These receptors exhibit saturable and stereospecific 
binding with the 6-, K-, and preceptors sensitive to 
antagonists, while the t-receptor is insensitive to opioid 
antagonists. The 6-, K-, and preceptors are coupled to 
G proteins (Gi and Go), which in the case of 6- and p- 
receptors regulates adenylate cyclase (86-88). In gen- 
eral, neuronal opioid receptors (i) have affinities in the 
nanomolar range (89), (ii) are sensitive to cations and 
guanosine 5'-0-(3-thiotriphosphate) (89), (iii) are gly- 
cosylated (90), (iv) are sensitive to reducing agents (91), 
and (v) are intricately associated with lipid moieties 
(92). 

The molecular characterization of immunocyte 
opioid receptors has only recently been undertaken. A 
high affinity (Kd = 3 nM), d i k e  receptor initially 
described on cultured lymphocytes (93) was later stud- 
ied using the EL-4 thymoma cell. Chemical cross- 
linking studies indicate that the d i k e  receptor binding 
site has an apparent mol wt of 72,000 (94). Recent 
studies have confirmed the high affinity (Kd = 4 nM) 
nature of the d i k e  binding site on splenocytes, with a 
discrepancy to the size of the receptor (95). Covalent 
cross-linking experiments of [ "'I]@-endorphin to splen- 
ocytes that were subsequently resolved on polyacryl- 
amide gels show the selective labeling of proteins at mol 
wt of 66,000, 57,000 and 44,000. The [1251]@-endorphin 
can be displaced with N-acetylated-@-endorphin and C- 
terminal fragments of @-endorphin, but not by nalox- 
one (95). The d i k e  receptor is sensitive to cations and 
guanosine 5 '-0-( 3-thiotriphosphate) (96) and is coupled 
to a calcium uptake pathway in the early stages of 
lymphocyte activation (97). Interestingly, an earlier 
study using similar cross-linking techniques, polyacryl- 
amide gel electrophoresis (PAGE), and [ 1251]@-end~r- 
phin showed the labeling of proteins on splenocytes 
with mol wt of 50,000 and 34,000 (98), with the ma- 
jority of the radioactive signal associated with the 50- 
kDa polypeptide. In addition, the labeling was blocked 
in the presence of excess, unlabeled naloxone. Subtract- 
ing the molecular weight of @-endorphin and cross- 
linking agent, the apparent size of the naloxone-sensi- 
tive binding site is 46 kDa. Photoaffinity-labeling brain 
opioid receptors with [ 1251](~-Ala2,p-N3-Phe4,Met5) 
enkephalin shows the specific labeling of a polypeptide 
with a mol wt of 46,000 as determined by PAGE (99). 
The labeling can be blocked with p, 6-, and K-class- 
selective opioid ligands, but not with unrelated pep- 
tides, suggesting that the protein is a common structural 
element among p-, 6-, and K-brain opioid receptors. 
Taken together, the data indicate a similar-sized com- 
ponent of the putative opioid receptor complex from 
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immune and neuroendocrine tissues. In addition, the 
similarity in size of one of the naloxone-insensitive 
receptor polypeptides (44 kDa) and the naloxone-sen- 
sitive receptor polypeptides (46 kDa) suggests that the 
naloxone-sensitive and -insensitive opioid receptors 
share a common structural polypeptide which may be 
involved in the intracellular signaling transduction 
pathway. 

Early pharmacological studies on other (naloxone- 
sensitive) immunocyte opioid receptors illustrate that 
granulocytes and monocytes ( 100, 10 l), as well as lym- 
phocytes (102, 103), possess 6-, K - ,  and p-opioid binding 
sites. Although an accurate determination as to the 
affinity and the number of sites per cell cannot be 
obtained from the data presented, these early studies 
have helped establish a precedence for neuropeptide 
receptors on immune cells. More recent binding studies 
have identified high affinity (Kd in the nanomolar 
range), saturable, K-class opioid receptors on EL-4 thy- 
moma (104) and P388dl macrophage (105) cell lines. 
Although the K-type opioid binding sites on EL-4 thy- 
moma cells do not exhibit stereospecificity, class-selec- 
tive properties for ligand interaction are observed (104). 
The d i k e  opioid receptor binding site on the P388dl 
cell is sensitive to K-class ligands such as trans-(+)-3,4- 
dichloro-N-methyl-" -24 1 -pyrolidinyl)cyclohexyl] - 
benzene acetamide methane sulphonate (U-50488), but 
not DAGO (p-selective) or Met-enkephalinamide (6 -  
selective). In addition, this binding site shows enantio- 
selectivity using derivatives of U-50488 (106). Simi- 
larly, a p-like opioid binding site is found on mitogen- 
activated lymphocytes using [3H]naloxone ( 107). [3H] 
Naloxone binding to these cells can be displaced by 
using excess unlabeled morphine sulphate or naloxone, 
but not Met- or Leu-enkephalin or P-endorphin. Fur- 
thermore, the binding of [3H]naloxone is inhibited in 
the presence of guanosine 5'-0-(3-thiotriphosphate) and 
Na+ ( 107). In addition, the binding capacity of lympho- 
cytes for [3H]naloxone is reduced in aged animals, 
although the affinity remains constant (108). 

Structurally, immunocyte opioid receptors have 
been studied using immunoaffinity purification tech- 
niques. The immunoaffinity-purified immunocyte re- 
ceptor has been described as a complex composed of 
four polypeptide chains with mol wt of 70,000, 56,000- 
58,000, 46,000, and 3 1,000 (109). The entire complex 
has a mol wt of >350,000, as determined by PAGE 
(1 10). A similar subunit structure has also been identi- 
fied for both brain ( 109) and NG 108- 1 5 neuroblastoma 
X glioma hybrid cells ( 1  1 1). However, the opioid recep- 
tor complex from NG108-15 cells has a mol wt of 
2 10,000, as determined by PAGE ( 1  1 1 )  or radiation 
inactivation analysis ( 1 12). Likewise, covalently label- 
ing brain opioid receptors with radiolabeled ligands 
followed by molecular exclusion chromatography and 
PAGE show a complex with a mol wt of 380,000 ( 1  13). 

However, the number of subunits the opioid receptor 
complex consists of is presently unclear. Specifically, 
the 58-kDa and 70-kDa polypeptides are believed to be 
mature and immature forms of the same protein, 
whereas the 3 1 -kDa subunit may be a stable degradative 
product of one of the other polypeptides (14, 110). 
Therefore, only the 46,000- and 58,000-70,000-mol wt 
subunits are accountable as complex constituents. 

The sizes of the class-specific opioid binding sites 
have recently been investigated using radiolabeled, site- 
directed acylating agents and class-selective ligands. The 
&class selective opioid drug [3H]cis-( +)-3-methyl-fen- 
tanylisothiocyanate (SUPERFIT) labels a protein on 
immunocyte membranes with an apparent mol wt of 
58,000 under nonreducing conditions and 70,000 un- 
der reducing conditions (1 14). The labeling is specific, 
since excess unlabeled &selective ligands (SUPERFIT 
or DADLE) or naloxone can displace [3H]SUPERFIT 
binding, while DAGO (p-selective) cannot appreciably 
inhibit binding. These results are similar to those using 
[ 3H]SUPERFIT labeling of &class opioid receptors on 
NG108-15 cells (1 15). 

The p-class selective opioid compound [3H]2-( p- 
ethoxy-benzy1)- 1 -[ N,N-diethylamino]ethyl-5-isothio 
cyanatobenzimidazole (BIT) has been used to identify 
the binding site of p-class opioid receptors on immu- 
nocytes. Similar to the &class opioid receptor, [3H]BIT- 
labeled protein from immune cells has a mol wt of 
58,000 under nonreducing conditions and 70,000 un- 
der reducing conditions ( 14). However, [3H]BIT-la- 
beled proteins from brain extracts migrate at a mol wt 
of 54,000 under nonreducing conditions (14). These 
size differences may be due to glycosylation anomalies. 
In addition, the K-selective ligand, (5a,7a,8P)-(-)-N- 
methyl-N-[7-( 1 -pyrrolidinyl)- 1 -0xaspiro (4,5)-dec-8-yl] 
benzeneacetamide (U-69593) can partially displace 
[3H]BIT binding to immunocyte, but not brain, opioid 
receptors (14). However, this observation is not re- 
peated using dynorphin A, indicating a unique feature 
of U-69593 for p-like opioid binding sites on immune 
cells. Interestingly, the &selective opioid agonist oxi- 
morphindole augments [3H]BIT binding to both brain 
and immunocyte opioid receptors, while the &selective 
antagonist naltrindole ( 1 16) blocks [3H]BIT binding 
( 14). However, neither SUPERFIT nor Leu-enkephalin 
affect binding of [3H]BIT to immunocyte receptors (Fig. 
1). The observation showing that oxymorphindole aug- 
ments binding of [3H]BIT to brain and immunocyte 
opioid receptors suggests a possible coupling of p / &  
binding sites or -receptor complexes. Other investiga- 
tions have also found evidence for a p/&opioid receptor 
complex in neuronal tissue (1 17- 120). 

Unlike the immunocyte p- and &binding sites, the 
K-class binding site is smaller in size (106). The K-  

selective acylating agent [3H]( 1 S,2S)-( -)-trans-2-isothio 
cyanato-N-methyl-N-[ 2-( 1 -pyrrolidinyl)cyclohexyl] 
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Table II. The Molecular Size of Opioid Receptor 
Binding Sites of Neural and Immune Origina 

97 - 
68 * 

43 * 

29 * 

Figure 1. Autoradiogram of in situ-labeled P388d1 cells specifically 
bound to [3H]BIT electrophoresed on polyacrylamide gels under 
nonreducing conditions. P388dl cells (2 mgirnl) were incubated with 
[3H]BIT (50 nM, sp act 31.4 Ci/mmol) in the presence or absence of 
various unlabeled ligands and subsequently electrophoresed on a 
10% polyacrylamide gel. The resultant gel was subjected to autora- 
diography (21 days). Lane A, [3H]BIT only. Lane B, [3H]BIT + unla- 
beled BIT (2 pM). Lane C, [3H]BIT + unlabeled SUPERFIT (2 pM). 
Lane D, [3H]BIT + unlabeled Leu-enkephalin (10 pM). 

benzeneacetamide ([ -1-BD 166) specifically labels a 
protein from P388d' macrophage cell membranes with 
a mol wt of 38,000 under nonreducing conditions and 
42.000 under reducing conditions, as determined by 
PAGE (106). The active enantiomer (-) of U-50488 is 
able to block the labeling, whereas the inactive enan- 
tiomer (+) of U-50488 is unable to displace specific 
binding. In comparison. K-OpiOid receptors isolated 
from frog brain membranes and resolved on polyacryl- 
amide gels have a mol wt of 65.000 and 43,000 under 
reducing conditions (12 1). Moreover, a monoclonal 
antibody recognizing K -  but not 6- or p-opioid receptors 
binds to a 45,000- mol wt protein by Western blot 
analysis ( 122). Therefore. the data suggest immunocyte- 
and neuronal-derived K-OpiOid receptors may share a 
common binding subunit, 1.e.. a 42.000-45.000-mol wt 
polypeptide. A summary comparing the size and affin- 
ities of neuronal and immune opioid receptor binding 
sites is shown in Table 11. 

Opioid receptors immunoafinity purified from im- 
munocyte membrane preparations bind [ "'1]-/3-endor- 
phin, [3H]SUPERFIT, and [3H]Met-enkephalinamide 
with specificity, although the affinity is reduced (123). 
The reduction in affinity for opioid ligands by purified 
receptor has been observed by others (121. 125. 126). 
However. reconstitution of these purified receptors with 
acidic lipids results in a high affinity ligand-receptor 
interaction. The observations showing that lipid moie- 
ties play an important role in opioid ligand binding 

Reference Immune Neural 
'lass (mol wt) (mol wt) 

t-Like 72,000 Unknown 94 
66,000, 57,000 95 

6 58,000 105, 114,123 

!J 58,000 14 
58,000 89,115 

58,000 124 
K 42,000 106 

65,000, 43,000 122 
Opioidb 46,000 98 

46,000 99 

a The size of the opioid receptor binding sites was determined using 
affinity-labeling techniques of the binding sites subsequently resolved 
using sodium dodecyl sulphate polyacrylamide gels. 

Opioid class refers to an undetermined type of naloxone-sensitive 
opioid-binding protein that may be shared among the receptor classes 
(96). 

profiles and are intricately associated with opioid recep- 
tors (92, 127) may in part be an explanation for the 
differences observed of ligand preferences between 
neural and immunocyte opioid receptors (14, 107). 

The activation of immunocyte opioid receptors 
stimulates a variety of transduction signaling pathways. 
For example, endogenous opioid peptides such as Met- 
enkephalin and @-endorphin have been shown to in- 
duce a rise in cGMP (128), yet suppress adenylase 
cyclase activity ( 129), through naloxone-sensitive path- 
ways at physiological concentrations. However, other 
investigations indicate opioid peptides can augment or 
suppress cAMP production depending on the source of 
the immunocytes (donor) and the concentration of 
ligand ( 1  30. 13 1). Ionic conductance pathways are also 
modulated by opioid peptides. For example, @-endor- 
phin suppresses mitogen-stimulated K+ currents in Jur- 
kat cells ( 1  32) and blocks K+ channel activity of T- 
enriched lymphocytes (98, 133). Studying another sig- 
nal transduction pathway, lymphocyte preceptor acti- 
vation by DAGO or BIT augments Ca2+ uptake in T- 
enriched, but not B-enriched, lymphocytes ( 14). In 
some instances, the signaling pathways following opioid 
receptor activation in immunocytes parallel those seen 
after neuronal opioid receptor activation (e.g., suppres- 
sion in cAMP production) (89). Collectively, the data 
illustrate both unique and shared features of the opioid 
receptors on cells of the immune system compared with 
their neuroendocrine counterparts. 

Summary 
Opioid peptides appear to be dynamic signaling 

molecules that are produced within the immune system 
and are active regulators of an immune response. Fur- 
thermore, the receptors for these peptides occurring on 
immunocyte membranes share characteristics with neu- 
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ronal opioid receptors, including molecular size, im- 
munogenicity, and the use of specific intracellular sig- 
naling pathways. Recent studies of the interaction of 
opioids with cytokines have indicated that opioid pep- 
tides are intimately involved within the immune sys- 
tem. Specifically, opioids, including 2-n-pentyloxy-2- 
phenyl-4-methyl-morpholine, naloxone, and (3-endor- 
phin, have been shown to interact with IL-2 receptors 
( 1  34) and regulate production of IL-1 and IL-2 (48-50, 
135). Conversely, IL- 1 has been shown to up-regulate 
opioid peptide binding in brain tissue ( 1  36). Further- 
more, the induction of IL-1 by opioids has also been 
identified in the invertebrate Mytilus, indicating the 
evolutionary conservation of this relationship ( 137). 
These results seem to typify the intricate association 
between the immune and neuroendocrine systems 
through opioid pathways. It is predicted that future 
endeavors will use this relationship to diagnose and 
treat specific diseases that have at their basis neuroen- 
docrine and immunologic imbalances. 
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