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ABSTRACT Microglial cells, the resident macrophages of
the brain, play an important role in the neuropathogenesis of
human immunodeficiency virus type 1 (HIV-1), and recent
studies suggest that opioid peptides regulate the function of
macrophages from somatic tissues. We report herein the
presence of x opioid receptors (KORs) in human fetal micro-
glia and inhibition of HIV-1 expression in acutely infected
microglial cell cultures treated with KOR ligands. Using
reverse transcriptase—polymerase chain reaction and se-
quencing analyses, we found that mRNA for the KOR was
constitutively expressed in microglia and determined that the
nucleotide sequence of the open reading frame was identical
to that of the human brain KOR gene. The expression of KOR
in microglial cells was confirmed by membrane binding of
[3H]U69,593, a k-selective ligand, and by indirect immuno-
fluorescence. Treatment of microglial cell cultures with
U50,488 or U69,593 resulted in a dose-dependent inhibition of
expression of the monocytotropic HIV-1 SF162 strain. This
antiviral effect of the « ligands was blocked by the specific
KOR antagonist, nor-binaltrophimine. These findings suggest
that « opioid agonists have immunomodulatory activity in the
brain, and that these compounds could have potential in the
treatment of HIV-1-associated encephalopathy.

Activation of the three major types of opioid receptors (i.e., w,
8, and k) has been shown to affect the endocrine, cardiovas-
cular, respiratory, gastrointestinal, and nervous systems (1, 2).
Considerable evidence has been amassed over the past decade
or more which indicates that endogenous opioid peptides also
affect the immune system (3). In recent years, increased
attention has been paid to the immunosuppressive effects of
opioid ligands on macrophages (4-6) as well as on lympho-
cytes (7-10). These studies have suggested the existence of
opioid receptors (KORs) on these immune cells. Pharmaco-
logical studies using the KOR-specific ligand [*H]U69,593
have now confirmed a  opioid binding site on the macrophage
cell line P388d, with a Kp value of 17 nM (4) and on the mouse
R1.1 thymoma cell line with a Kp value of 0.2 nM (8). Using
a high-affinity fluorescein-conjugated « opioid ligand and an
indirect immunofluorescence technique, Lawrence et al. (11)
have provided evidence for the presence of KOR on murine
thymocytes. Also, Chuang ez al. (12) have reported the partial
KOR amino acid sequences deduced from cDNA sequences of
human and monkey CD4 lymphocytes. The expression of the
KOR and the biologic function of the KOR on mononuclear
phagocytes, however, have not been defined.

Widespread distribution of the three types of opioid recep-
tors has been demonstrated within the central nervous system
(CNS) (13). Recently, the KOR cDNA has been cloned from
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a human brain cDNA library (14), and immunocytochemical
staining revealed the presence of the neuronal KOR in
postsynaptic sites (15, 16). Over 80% of the cells in the cerebral
cortex, however, are glial cells, and there is suggestive evidence
for KOR in rodent astrocytes (17-19), the predominant cell
type within the brain. Microglia, the resident macrophages of
the brain, comprise about 5% of the cells in the cerebral cortex.
In the present study, we hypothesized that microglia possess
KOR and that stimulation of microglial cell KOR would have
functional consequences. Because brain macrophages are the
principal cell type in which human immunodeficiency virus
type 1 (HIV-1) replicates within the CNS (20, 21), we specif-
ically examined the effect of k-selective ligands on HIV-1
expression in acutely infected microglial cell cultures.

MATERIALS AND METHODS

Reagents. The monocytotropic SF162 strain of HIV-1 was
kindly provided by the National Institutes of Health AIDS
Research and Reference Reagent Program (National Institute
of Allergy and Infectious Diseases, Rockville, MD). U50,488
and U69,593 were gifts of The Upjohn Company (Kalamazoo,
MI), and (+)U50,488 and (—)US50,488 stereoisomers were
kindly provided by Kenner Rice (National Institutes of
Health). Dynorphin A;_;3 and ;-37 were purchased from Pen-
insula Laboratories. The k-selective antagonist nor-
binaltrophimine (nor-BNI) was kindly provided by P. S. Por-
toghese (University of Minnesota, Minneapolis). The fluores-
cein-isothiocynate-coupled arylacetamide k opioid agonist
2-(3, 4-dichlorophenyl)-N-methyl-N-[1-(3-aminophenyl)2-(1-
pyrrolidinyl)ethyl] acetamide (FITC-AA) was prepared as
described (11). Other reagents were purchased from the
indicated sources: dynorphin;_;3 (Peninsula Laboratories);
[*H]U69,593 (54 Ci/mmol; 1 Ci = 37 GBq) (Amersham);
biotinylated rabbit anti-fluorescein IgG (Molecular Probes);
antibodies to microglial cell CD68 antigen and astrocyte glial
fibrillary acid protein (Dako); oligo(dT):2-1s primer (Clon-
tech); Taqg DNA polymerase, spermidine, avian myeloblastosis
virus reverse transcriptase (RT), and PolyATtract mRNA
Isolation System III (Promega); dexoynucleotide triphosphate
(dNTP) mixture containing dATP, dTTP, dGTP and dCTP
(Boehringer Mannheim); RNase inhibitor (Pharmacia); fetal
bovine serum (HyClone Laboratories); extravidin-R-
phycoerythrin, Dulbecco’s modified Eagle’s medium, Hepes-

Abbreviations: Ag, antigen; CNS, central nervous system; FITC-AA,
fluorescein-isothiocynate-coupled arylacetamide; HI'V, human immu-
nodeficiency virus; KOR, k opioid receptor; nor-BNI, nor-
binaltrophimine; ORF, open reading frame; RT-PCR, reverse tran-
scriptase-PCR.
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buffered balanced salt solution, penicillin (100 units/ml),
streptomycin, and all other culture reagents (Sigma).

Microglial Cell Cultures. Human fetal brain tissue was
obtained from 16- to 22-week old aborted fetuses under a
protocol approved by the Human Subjects Research Commit-
tee at our institution. The procedure for isolating microglial
cells has been described (22). Briefly, brain tissues were
dissociated following a 30-min trypsinization (0.25%) and
plated in 75 cm? Falcon culture flasks in medium containing
10% heat-inactivated fetal bovine serum, penicillin (100 units/
ml), and streptomycin (100 pg/ml). The medium was replen-
ished 1 and 4 days after plating in medium containing 10%
fetal bovine serum only. On day 12 of culture, plates were
gently shaken and harvested cells were filtered through a
70-pum nylon mesh. These cells were then plated onto wells for
experimentation. Purified microglia were composed of a cell
population of which >99% stained with anti-CD68 antibody (a
human macrophage marker) and <1% stained with anti-glial
fibrillary acid protein antibody (an astrocyte marker).

Expression of KOR mRNA and Sequencing Analysis. To
determine whether microglial cells constitutively express KOR
sequences, a RT-PCR technique was used to detect expression
of the KOR gene in untreated microglial cell cultures. Total
RNA was isolated as described (23). Initially, one pair of
oligonucleotide primers, hkappa* and hkappa~ (Fig. 1), was
selected based on the sequences from GenBank accession
number L37362 (14). These primers amplify a 388-bp cDNA
fragment corresponding to the region from the putative sec-
ond extracellular loop to the seventh transmembrane domain
of both the human brain and placenta KOR cDNA (14, 24).
The extracellular loop domain was chosen since it was reported
that this region contains the sequence contributing to KOR’s
selectivity in binding the dynorphin ligand (25). For sequence
analysis of the entire KOR open reading frame (ORF), four
additional sets of primers (k1, k3, k6, and k7) were also
selected (see Fig. 1).

Reverse transcription of 1 ug total RNA from resting
microglial cell cultures was performed by using the oli-
20(dT)12-1s primer and avian myeloblastosis virus RT. Ampli-
fication of the KOR cDNA was performed in a final reaction
volume of 50 ul consisting of 5 ul of 10X PCR buffer (500 mM
KCl1/100 mM Tris-HCI, pH 9.0/1% Triton X-100), 3 ul of 25
mM MgCl,, 1 pl of ANTP mixture (10 mM of each dATP,
dTTP, dGTP, and dCTP), 1 ul of each (sense and anti-sense)
primer (from a 25 uM stock), 2 ul of cDNA, and 2 units of Taq
DNA polymerase. The mixture was subjected to 35 amplifi-
cation cycles with each cycle as follows: 94°C for 45 sec, 65°C
for 45 sec, and 72°C for 90 sec. The amplified cDNA fragment
was analyzed and visualized by 1.5% agarose gel electrophore-
sis, cloned into Bluescript plasmid, and sequenced using a
Sequenase version 2.0 sequencing kit (United States Biochem-
ical). After sequence analysis confirmed that the PCR product
was indeed KOR c¢DNA, the entire ORF was amplified in
segments and sequenced. To facilitate sequencing of the ORF,
total RNA was further purified to poly(A)™ mRNA using a
PolyATtract mRNA Isolation kit. cDNA was synthesized as
described above, using ~40 ng mRNA per reaction. The cDNA
was amplified by using the remaining primer pairs, and PCR
products were sequenced directly by an automated fluorescent
method (Applied Biosystems; DNA Sequencing Facility, Iowa
State University, Ames).

Competitive Binding Studies with [*H]U69,593. To test
microglial cell membranes for KOR, binding studies were
performed as described (8). Membranes (100 ug of protein
each treatment tube) from human fetal microglial cells (107
cells) were incubated with 1 nM [?PH]U69,593 in the absence or
presence of 10 uM nor-BNI, in a final volume of 1 ml of 50 mM
TrissHCI (pH 7.5). After incubation for 60 min at 25°C, samples
were filtered through glass fiber filters that were presoaked in
0.25% polyethylenimine. The filters were washed with ice-cold
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1 GAGCTCCGTG CTGGGAGGTG GGAAGGGGGC TTGACCCTGG GGACTCAGGC
51 AGTCTGGGGA CAGTTCCACC AGGGGCCGGT GCCTAAGAAT TGGTGAGGGA
101 GGCACCTCAG GGGCTTGGGG GAGAAGGAAC GAGCGCTCTT CGCCCCTCTC
e K7+____

151 TGGCACCCAG CGGCGCGCCT GCTGGCCGGA AAGGCAGCGA GAAGTCCGTT
201 m—TGCCCCCGGC GACTTGCGGC CCGGGTGGGA GTCCGCAGGC
251 TCCGGGTCCC CAGCGCCGCT GGCCAGGGCG CGGGCAAAGT TTGCCTCTCC
301 GCGTCCAGCC GGTTCTTTCG CTCCCGCAGC GCCGCAGGTG CCGCCTGTCC
351 TCGCCTTCCT GCTGCAATCG CCCCACCatg GACTCCCCGA TCCAGATCTT
401 CCGCGGGGAG CCGGGCCCTA CCTGCGCCCC GAGCGCCTGC CTGCCCCCCA
451 ACAGCAGCGC CTGGTTTCCC GGCTGGGCCG AGCCCGACAG CAACGGCAGC
501 GCCGGCTCGG AGGACGCGCA GCTGGAGCCC GCGCACATCT CCCCGGCCAT
551 CCCGGTCATC Amceegzs_mamf;:mmc GTGGGCTTGG

k7-
601 TGGGCAACTC GCTGGTCATG TTCGTGATCA TCCGATACAC AAAGATGAAG

651 ACAGCAACCA ACATTTACAT ATTTAACCTG GCTTTGGCAG ATGCTTTAGT
X1+
701 TACTACAACC ATGCCCTTTC AGAGTACGGT CTACTTGATG AATTCCTGGC

751 CTTTTGGGGA TGTGCTGTGC AAGATAGTAA TTTCCATTGA TTACTACAAC

801 ATGTTCACCA GCATCTTCAC CTTGACCATG ATGAGCGTGG ACCGCTACAT
k6~
851 TGCCGTGTGC CACCCCGTGA AGGCTTTGGA CTTCCGCACA CCCTTGAAGG

901 CAAAGATCAT CAATATCTGC ATCTGGCTGC TGTCGTCATC TGTTGGCATC
hkappa+
951 TCTGCAATAG TCCTTGGAGG CACCAAAGTC AGGGAAGACG TCGATGTCAT

1001 TGAGTGCTCC TTGCAGTTCC CAGATGATGA CTACTCCTGG TGGGACCTCT
_k3+__
1051 TCATGAAGAT CTGCGTCTTC ATCTTTGCCT TCGTGATCCC TGTCCTCATC

1101 ATCATCGTCT GCTACACCCT GATGATCCTG CGTCTCAAGA GCGTCCGGCT
1151 CCTTTCTGGC TCCCGAGAGA AAGATCGCAA CCTGCGTAGG ATCACCAGAC
1201 TGGTCCTGGT GGTGGTGGCA GTCTTCGTCG TCTGCTGGAC TCCCATTCAC
1251 ATATTCATCC TGGTGGAGGC TCTGGGGAGC ACCTCCCACA GCACAGCTGC

1301 TCTCTCCAGC TATTACTTCT GCATCGCCTT AGGCTATACC AACAGTAGCC
’ hkappa-
1351 TGAATCCCAT TCTCTACGCC TTTCTTGATG AAAACTTCAA GCGGTGTTTC

1401 CGGGACTTCT GCTTTCCACT GAAGATGAGG ATGGAGCGGC AGAGCACTAG
1451 CAGAGTCCGA AATACAGTTC AGGATCCTGC TTACCTGAGG GACATCGATG

1501 GGATGAATAA ACCAGTAtga CTAGTCGTGG AGATGICTTC GTACAGTTCT
kl- k3-
1551 TCGGGAAGAG AGGAGTTCAA TGATCTAGGT TTAACTCAGA TCACTACTGC

1601 AGTC

Fic. 1. cDNA sequence of KOR from human brain (GenBank
accession no. L37362), showing location of primers used for PCR
amplification of human microglial cell cDNA. Primer sequences are
overlined indicating sense (+) strands or underlined indicating anti-
sense (—) strands. .

TrissHCl (pH 7.5), then counted in 2 ml of Ecoscint A
scintillation cocktail (Research Biochemicals, Natick, MA).
Selection of 1 nM [?H]U69,593 in the present study was based
on a previous study with the R1.1 cell line (8) and a preliminary
study indicating that the Kp, value of [*H]U69,593 binding to
human glial cell membranes was 0.4 nM (unpublished data).

Indirect Inmunofluorescence with Phycoerythrin. For all
fluorescence studies, the buffer used was a Hepes-buffered
balanced salt solution, which consisted of 15 mM Hepes, 3.4
mM K;HPO,, 0.6 mM KH;POj4, 150 mM NaCl, 5 mM KCl, 2.5
mM CaCl, 1.2 mM MgSO,, and 1% (wt/vol) bovine serum
albumin (pH 7.4) as described (11). Unfixed cells were washed
twice by centrifugation at 200 X g for 10 min at 4°C, followed
by resuspension in medium. In a final volume of 100 ul
medium, 2 X 105 cells per sample were incubated with 30 uM
FITC-AA for 30 min at 25°C for optimal staining. This volume
included 10 ul of biotin-conjugated anti-fluorescein IgG,
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except in FITC-AA only controls as described below. The
high-affinity, k-selective antagonist nor-BNI at a final con-
centration of 500 uM was included to measure nonspecific
fluorescence. Samples were incubated for 30 min on ice,
diluted with 1 ml of medium, followed by centrifugation at
400 X g for 3 min at 4°C. After aspirating the supernatants,
cells were washed twice, then resuspended in 40 pul of medium
and 10 pl of extravidin-conjugated R-phycoerythrin. This
incubation took place for 15 min on ice, then the cells were
washed twice before resuspension in a final volume of 500 ul
medium. Samples were viewed with an Olympus BH-2 fluo-
rescence microscope, using a NMG filter cube with indepen-
dent filters to visualize fluorescein or phycoerythrin fluores-
cence, as described (11). The objective used was a D-Plan Apo
X20 with an aperture of 0.70.

In each sample, 10,000-15,000 cells were analyzed using a
Coulter XL100. The fluorescein was measured on a logarith-
mic scale, with band pass filters of 530 nm for fluorescein and
585 nm for phycoerythrin. Median values of fluorescence
intensity distributions were used to compare the fluorescence
among samples. This assumes that only a single population is
labeled, because the resulting histograms were bell-shaped,
consistent with a single population of cellular staining. A small
(<10%) cell population that contained high autofluorescence
was excluded. Cells labeled with only FITC-AA were used as
negative controls to ensure that fluorescein did not contribute
to the phycoerythrin signal as measured by the flow cytometer.
This was accomplished by setting the compensation such that
when phycoerythrin fluorescence was measured, the intensity
of cells labeled with only FITC-A A was identical to that of the
autofluorescence controls. Background phycoerythrin con-
trols were also included, where FITC-A A was omitted but cells
were incubated with biotin-conjugated anti-fluorescein IgG
and extravidin-conjugated R-phycoerythrin. This control
served to reestablish a baseline of R-phycoerythrin emission,
taking into consideration the nonspecific staining of both the
anti-fluorescein IgG and the extravidin-R-phycoerythrin.

Effects of KOR Stimulation on HIV-1 Expression in Acutely
Infected Microglial Cell Cultures. To evaluate the effect of
KOR activation on HIV-1 expression in microglial cell cul-
tures, we modified a previously described technique by using
mixed glial and neuronal cell cultures infected with the mono-
cytotropic strain HIV-1 SF162 (26). In brief, microglial cells
(2 X 10°/well) were first treated with indicated concentrations
of U50,488 for 24 h followed by infection with the SF162 strain
at a multiplicity of infection of 0.02 for 24 h according to a
previously described protocol (27). After washing three times,
cell cultures were incubated for 7, 14, or 21 days, and super-
natants were harvested for quantifying HIV-1 p24 antigen
(Ag) as a reflection of HIV-1 expression, as described (23).

Next, we evaluated the effects of several k opioid ligands
(i.e., U50,488, U69,593, dynorphin A;_;3, and dynorphin A;_17)
on HIV-1 expression in acutely infected microglial cell cul-
tures. Cell cultures were first treated with varying concentra-
tions (ranging from 0.1 fM to 1 uM) of these k-selective ligands
for 24 h prior to infection with HIV-1 for an additional 24 h.
Supernatants were harvested on day 7 of culture and assayed
for p24 Ag. To test the stereospecificity of U50,488, a dose-
response curve ranging from 10 fM to 1 uM of (=) or (+)
isomers was carried out. The specificity of KOR activation was
confirmed by adding a 10-fold higher concentration of nor-
BNI 30 min before treatment with k-selective ligands.

HIV-1 Ag levels were measured by using an enzyme-linked
immunosorbent assay that detects mainly HIV-1 p24 Ag
(Abbott Laboratories), as described (23). A standard curve
derived from known amounts of p24 Ag was used to quantify
the Ag levels in culture supernatants.

Statistical Analysis. Where appropriate, data were ex-
pressed as mean * SEM. To compare means of two groups,
Student’s ¢ test was used.
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FiG. 2. Constitutive expression of KOR mRNA. Total RNA was
harvested from resting microglial cell cultures. RT-PCR was per-
formed to evaluate constitutive expression of KOR mRNA. RT-PCR
products were loaded onto a 1.5% agarose gel. Lanes: 0, molecular
weight marker; 1, RT-PCR product; 2, negative control (RT-PCR in
the absence of RT).

RESULTS

Expression of KOR mRNA and Sequencing Analysis. Using
RT-PCR analysis with a primer set for amplification of hkappa
cDNA, we found that human microglia constitutively express
KOR mRNA. This was not found in the negative control group
where RT was omitted, thereby excluding the possibility of an
artifact due to genomic DNA contamination (Fig. 2). DNA
sequence analysis of overlapping RT-PCR products derived
from the five primer sets shown in Fig. 1 revealed 100%
identity between microglial cell cDNA and the human brain
KOR gene (14). Comparison of the deduced amino acid
sequence from microglial KOR cDNA to that of human
placenta (24) and CD4 lymphocytes (12) also showed nearly
100% homology.

Competitive Binding Studies with [3H]U69,593. In addition
to molecular evidence of constitutive expression of microglial
cell KOR, we also found that the KOR-selective ligand
[*H]U69,593 (1 nM) bound to a microglial cell membrane
preparation (35.22 * 1.43 fmol/mg protein). The binding of
the radiolabeled ligand was blocked by 63.5% (P < 0.01) in the
presence of nor-BNI (12.85 *+ 1.75 fmol/mg protein) (Fig. 3).
The Kp value for [*’H]U69,593 binding to human microglial cell
membranes was not carried out because of the technical
difficulty in obtaining a sufficient number of microglial cells
for such a study.
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(fmol/mg protein)
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FiGc. 3. Specific binding of [3H]U69,593 to human microglial cell
membranes. Binding of [?’H]U69,593 (1 nM) was performed by using
human microglial cell membranes (100 ug of protein/sample) in the
absence or presence of 10 uM nor-BNI. Data are mean *= SEM of
duplicates. **, P < 0.01 versus group without nor-BNI.
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Indirect Immunofluorescence. Visualization of binding of a
k-selective ligand to microglial cells at a cellular level was
accomplished by using an indirect immunofluorescence mi-
croscopy technique and FITC-AA, a k-selective ligand. This
technique revealed clear binding of FITC-AA to microglial
cells (Fig. 4B) as compared with control cells (Fig. 44) after
amplification with phycoerythrin-conjugated antibody against
FITC. More than 90% of the FITC-A A-treated microglial cells
stained positively. Binding of FITC-AA was completely
blocked by pretreatment for 30 min with nor-BNI (Fig. 4C),
suggesting specificity for the KOR. To confirm the binding of
FITC-AA to microglial cells, fluorescence-activated cell sorter
analysis was performed. This analysis revealed that 98% of the
microglial cells bound FITC-AA, which was completely
blocked by nor-BNI (Fig. 5). The fluorescence intensity of
FITC-AA binding (median 42.2 arbitrary units versus 2.93
arbitrary units in antibody control group) was totally blocked
by pretreatment of microglial cells with nor-BNI (2.3 arbitrary
units). The median intensity of the autofluorescence control
(FITC-AA only without antibody) was 5.6 arbitrary units.

Effect of KOR Activation on HIV-1 Expression in Acutely
Infected Microglial Cell Cultures. To evaluate the effect of

Fic. 4. Microscopic analysis of phycoerythrin amplification of
FITC-AA labeling of the KOR. Microglial cells were incubated with
Hepes-balanced salt solution buffer (4), 30 uM FITC-AA (B), or 30
uM FITC-AA plus 500 uM nor-BNI (C), followed by incubations with
biotinylated anti-fluorescein IgG and extravidin-coupled R-
phycoerythrin. (X400)

Proc. Natl. Acad. Sci. USA 93 (1996)
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F1G. 5. Flow cytometric analysis of phycoerythrin amplification of
FITC-AA labeling of the KOR. Microglial cells were incubated with
30 uM FITC-AA in the absence or presence of 500 uM nor-BNI or
without FITC-AA (only biotinylated anti-fluorescein IgG and extra-
vidin-coupled R-phycoerythrin) as a background control. Data are
representative of three separate experiments.

stimulation of microglial cell KOR on HIV-1 expression, we
first developed an in vitro model of microglial cell HIV-1
infection by using the monocytotropic SF162 strain. Expres-
sion of HIV-1 was detected 7 days after infection of human
microglial cells, peaking by 21 days (Fig. 6). In 10 separate
experiments, the control levels of HIV-1 p24 Ag obtained from
supernatants of 7-day cultures were 489 * 96 pg/ml, ranging
from 124 to 897 pg/ml. Treatment of microglial cell cultures
with either U50,488 or U69,593 resulted in a dose-dependent,
bell-shaped inhibition of HIV-1 expression (Fig. 7). Maximal
inhibition was observed when microglial cell cultures were
treated with 1 pM US50,488 (=~47% suppression) and 10 fM
U69,593 (=~52% inhibition), respectively. On the other hand,
the endogenous KOR ligand, dynorphin A;_;3, induced min-
imal inhibition of HIV-1 expression (maximal inhibition was
16.9% at a concentration of 100 pM). Dynorphin A;_;7 did not
affect HI'V-1 expression in this model system (data not shown).
This finding suggests that activation of the KOR by the stable
synthetic KOR ligands is associated with a more potent
inhibition of HIV-1 expression. In a separate experiment, the
inactive enantiomer (+) US50,488 (1 pM) inhibited HIV-1
expression by only 12% (P > 0.05), while (—) US50,488
suppressed HIV-1 expression by 43% (P < 0.01), suggesting
the inhibitory effect of this KOR ligand is stereospecific.
Pretreatment of microglial cell cultures with 10 pM nor-BNI

4000

3000

2000

p24 Ag (pg/ml)

1000

7 14 21

Days Post-infection

FiG. 6. HIV-1 expression in acutely infected microglial cell cul-
tures. HIV-1 SF162 was added to microglial cell cultures for 24 h. After
washing, cell cultures were incubated for indicated time periods and
supernatants were harvested for assaying p24 Ag. Data are mean *
SEM of duplicate values and are representative of three experiments.
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Fic. 7. Effects of k-selective ligands on HIV-1 expression. Micro-
glial cells were treated with indicated concentrations of U50,488,
U69,593, or dynorphin A;_;3 for 24 h before incubation with HIV-1 for
24 h. After washing, cultures were incubated for 7 days at which time
supernatants were harvested for measurement of p24 Ag levels. Data
are expressed as % inhibition relative to HIV-1 p24 Ag levels in
supernatants of control cells lacking opioids (652 * 35 pg p24 Ag/ml).
Values are mean = SEM of duplicates and are representative of three
experiments.

markedly attenuated (P < 0.01) the inhibitory effect of
U50,488 and U69,593 on HIV-1 expression (Fig. 8).

DISCUSSION

Our results have revealed that human microglial cells consti-
tutively express KOR, as demonstrated by molecular (RT-
PCR and sequence analysis), pharmacological (radioligand
binding), and immunological (indirect immunofluorescence)
techniques. Recently, the deduced KOR amino acid sequence
also has been reported in human and monkey T lymphocytes
(12), and it appears that the sequence of KOR in both types of
immune cells is similar or identical to that described in human
brain tissue (14). In the present study, we have provided
functional evidence of the KOR showing inhibition of HIV-1
expression in acutely infected microglial cells by KOR ligands.

60

50- l——U50,488 | ‘—-U69,593—-—]

40
301

201

% Inhibition

101

o

* * * 3k

- +

- +
' Nor-BNl —— |

FiG. 8. Nor-BNI blockade of « agonist-mediated-inhibition of
HIV-1 expression. Microglial cells were treated with medium (—) or
10 pM nor-BNI (+) for 30 min before incubation with 1 pM U50,499
or 10 fM U69,593 for 24 h followed by infection with HIV-1. After 7
days of incubation, supernatants were harvested for assaying p24 Ag
levels. Data are expressed as % inhibition. Values are mean * SEM
of duplicates and are representative of three experiments. **, P < 0.01
versus group without nor-BNI.
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Microglia are derived from blood monocytes arising from
the bone marrow early in embryonic development (28). These
resident macrophages of the brain are the ontogenetic and
functional equivalent of macrophages in somatic tissues (29).
Histopathological evidence suggests that microglia play an
important role in the neuropathogenesis of HIV-1 infection
within the CNS (30-33). Permissive HIV-1 infection of the
CNS occurs only in microglia, although astrocytes are also
involved in HI'V-1-related neuropathogenesis (34, 35). While
antiviral drugs such as RT (26, 36) and protease (26) inhibitors
have been shown to suppress HIV-1 expression in brain cell
cultures, the finding that U50,488 and U69,593 inhibit viral
expression suggests that targeting relevant microglial cell
receptors, such as KOR, may be an effective strategy to inhibit
HIV-1 by an indirect mechanism.

Dynorphin, the endogenous KOR ligand, is distributed
throughout the CNS (37). Although dynorphin possesses
higher affinity for KOR, this opioid peptide also binds to u
opioid receptors (MOR) (selective for morphine-like ligands)
and & receptors (enkephalin selective) as well as to nonopioid
receptor sites (38). The demonstration of 62% homology
between human brain KOR and MOR suggests a potential for
functional overlap. In addition to involvement in neurotrans-
mitter release (39, 40), the biologic activities associated with
KOR include suppression of opiate withdrawal and tolerance
(41), stress-induced behavior (42), food intake (43), memory
(44), and glutamate receptor-mediated neurotoxicity (45). The
finding that k-selective ligands inhibit HIV-1 expression in
microglial cell cultures supports the concept that the KOR also
has an immunomodulatory role in the CNS. That the KOR
ligands U50,488 and U69,593 were more potent than dynor-
phin in suppressing HI'V-1 expression is likely due to resistance
of these synthetic compounds to endopeptidases to which
dynorphin is highly susceptible (46). In this regard, U50,488
has been shown to have superior neuroprotective activity
against ischemic injury when compared with dynorphin (47).

Previous studies in our laboratory have indicated that both
morphine and the KOR ligands (i.e., dynorphin and U50,488)
potentiate expression of HIV-1 in chronically infected
promonocytes (U1 cells) when these cells were cocultured with
human fetal mixed glial/neuronal cells (23, 48). The mecha-
nism of the indirect proviral effect of these opioids appears to
involve an opioid receptor and an enhanced production of
cytokines known to upregulate the expression of HIV-1in Ul
cells (23, 48). The mechanism underlying the antiviral effect of
KOR ligands in acutely infected microglial cell cultures in the
present study is unknown. The discrepancy between an anti-
viral effect of U50,488 versus a proviral effect in previous
studies of mixed brain/U1 cell cocultures could be explained
by several factors: the type of culture (enriched microglial cells
versus mixed brain/U1 cocultures), the type of HIV-1 infec-
tion (acutely versus chronically infected cells), viral strain
(HIV-1 SF162 versus AD-87), and the cell source (brain
microglia versus somatic promonocytes). A question remain-
ing to be addressed is which infection model has more rele-
vance to human HIV-1 encephalopathy and AIDS dementia.
The clinical observation that RT inhibitors are beneficial in the
treatment of- HIV-1-induced encephalopathy and yet have
little or no effect on limiting HIV-1 expression in chronically
infected promonocytes (26, 49, 50) suggests that acutely in-
fected microglial cells are important in the neuropathogenesis
of HIV-1. If so, the findings in the present study that KOR
agonists inhibited HIV-1 expression may have therapeutic
implications.

We thank Fred Kravitz for technical assistance. This work was
supported by U.S. Public Health Service Grants DA09924, DA04381,
DAO04355, DA01674, and T32-DA07239 from the National Institute on
Drug Abuse.



8056

10.
11.
12.

13.
14.
15.
16.

17.
18.

19.
20.

21.

22.
23.
24,

Neurobiology: Chao et al.

Olson, G. A., Olson, R. D. & Kastin, L. (1989) Peptides 10,
1253-1280.

Wagner, J.J., Terman, G. W. & Chavkin, C. (1993) Nature
(London) 363, 451-454.

Carr, D.J.J. & Serou, M. (1995) Immunopharmacology 31,
59-71.

Carr, D.J.J,, DeCosta, B.R., Kim, C.-H., Jacobson, A.E.,
Guarcello, V., Rice, K. C. & Black, J. E. (1989) J. Endocrinol.
122, 161-168.

Roy, S., Loh, H. H. & Lee, N. M. (1991) Eur. J. Pharmacol. 202,
355-359.

Szabo, L., Rojavin, M., Russiere, J. L., Eisenstein, T. K., Adler,
M. W. & Rogers, T.J. (1993) J. Pharmacol. Exp. Ther. 267,
703-706.

Taub, D. D., Eisenstein, T. K., Geller, E. B., Adler, M. W. &
Rogers, T. J. (1991) Proc. Natl. Acad. Sci. USA 88, 360-364.
Bidlack, J. M., Saripalli, L. D. & Lawrence, D. M. (1992) Eur.
J. Pharmacol. 2217, 257-265.

Caroleo, M. C., Arbitrio, M., Melchiorri, D. & Nistico, G. (1994)
Neuroimmunomodulation 1, 141-147.

Radulovic, J., Miljevic, C., Djergovic, D., Vujic, V., Antic, J., von
Horsten, S. & Jankovic, B. D. (1995) J. Neuroimmunol. 57, 55-62.
Lawrence, D. M. P., El-Hamouly, W., Archer, S., Leary, J.F. &
Bidlack, J. M. (1995) Proc. Natl. Acad. Sci. USA 92, 1062-1066.
Chuang, L. F., Chuang, T. K., Killam, K. F., Jr,, Qiu, Q., Wang,
X.R,, Lin, J.-J.,, Kung, H.-F, Sheng, W., Chao, C., Yu, L. &
Chuang, R.Y. (1995) Biochem. Biophys. Res. Commun. 209,
1003-1010.

Mansour, A., Khachaturian, H., Lewis, M. E., Akil, H. & Watson,
S. J. (1987) J. Neurosci. T, 2445-2464.

Zhuy, J., Chen, C., Xue, J.-C., Kunapuli, S., DeRiel, J.K. &
Liu-Chen, L.-Y. (1995) Life Sci. 56, 201-207.

Schmidt, P., Schroder, H., Maderspach, K. & Staak, M. (1994)
Brain Res. 654, 223-233.

Arvidsson, U., Riedl, M., Chakrabarti, S., Vulchanova, L., Lee,
J.-H., Nakano, A. H,, Lin, X., Loh, H. H,, Law, P.-Y., Wessen-
dorf, M. W. & Elde, R. (1995) Proc. Natl. Acad. Sci. USA 92,
5062-5066.

Maderspach, K. & Solomonia, R. (1988) Brain Res. 441, 41-47.
Erikccon, P. S., Hansson, E. & Ronnback, L. (1990) Neurochem.
Res. 15, 1123-1126.

Barg, J., Belcheva, M. M., Rowinski, J. & Coscia, C. J. (1993)
J. Neurochem. 60, 1505-1511.

Koenig, S., Gendelman, H. E., Orenstein, J. M., dal Canto, M. C.,
Pezeshkpour, G. H., Yungbluth, M., Janotta, F., Aksamit, A.,
Martin, M. A. & Fauci, A. S. (1986) Science 233, 1089-1093.
Watkins, R. A., Dorn, H. H,, Kelly, W. B., Armstrong, R. C,,
Potts, B. J., Michaels, F., Kufta, C. V. & Dubois-Dalcq, M. (1990)
Science 249, 549-553.

Chao, C.C., Gekker, G., Hu, S. & Peterson, P.K. (1994)
J. Immunol. 152, 1246-1252.

Chao, C. C., Gekker, G., Hu, S., Sheng, W. S., Portoghese, P. S.
& Peterson, P. K. (1995) Biochem. Pharmacol. 50, 715-722.
Mansson, E., Bare, L. & Yang, D. (1994) Biochem. Biophys. Res.
Commun. 202, 1431-1437.

26.
27.
28.
29.
30.
31
32.
33.
34,

3s.

36.
37.
38.
39.
40.
41.
42.
43.

45.
46.

47.

48.

49.
50.

Proc. Natl. Acad. Sci. USA 93 (1996)

Wang, J. B., Johnson, P. S., Wy, J. M., Wang, W. F. & Uhl, G. R.
(1994) J. Biol. Chem. 269, 25966—-25969.

Peterson, P. K., Gekker, G., Hu, S. & Chao, CC. (1994) Antimi-
crob. Agents Chemother. 38, 2465-2468.

Lee, S. C., Hatch, W. C,, Liu, W., Kress, Y., Lyman, W.D. &
Dickson, D. W. (1993) Am. J. Pathol. 143, 1032-1039.

Perry, V. H. & Gordon, S. (1988) Trends Neurosci. 11, 273-277.
Giulian, D. (1987) J. Neurosci. Res. 18, 155-171.

Dickson, D. W., Mattiace, L. A., Kure, K., Hutchins, K., Lyman,
W.D. & Brosnan, C. F. (1991) Lab. Invest. 64, 135-156.
Spencer, D. C. & Price, R. W. (1992) Annu. Rev. Microbiol. 46,
655-693.

Atwood, W.J., Berger, J., Kaderman, R., Tornatore, C.S. &
Major, E. O. (1993) Clin. Microbiol. Rev. 6, 339-366.
Gendelman, H. E,, Lipton, S. A., Tardieu, M., Bukrinsky, M. I. &
Nottet, H. S. L. M. (1994) J. Leukocyte Biol. 56, 389-398.
Tornatore, C., Meyers, K., Atwood, W., Conant, K. & Major, E.
(1994) J. Virol. 68, 93-102. .

Nottet, S. L. M., Jett, M., Flanagan, C. R., Zhai, Q.-H., Persidsky,
Y., Rizzino, A., Bernton, E. W., Genis, P., Baldwin, T., Schwartz,
J., LaBenz, C. & Gendelman, H. E. (1995) J. Immunol. 154,
3567-3581.

Geleziunas, R., Arts, E. J., Boulerice, F., Goldman, H. & Wain-
berg, M. A. (1993) Antimicrob. Agents Chemother. 37, 1305-1312.
Leslie, F. M. & Loughlin, S. E. (1993) in The Neurobiology of
Opiates, ed. Hammer, R. P. (CRC, Boca Raton, FL), pp. 85-123.
Smith, A. P. & Lee, N. M, (1988) Annu. Rev. Pharmacol. Toxicol.
28, 123-140.

Suarez-Roca, H. & Maixner, W. (1993) J. Pharmacol. Exp. Ther.
264, 648-653.

Jackisch, R., Hotz, H. & Hertting, G. (1993) Naunyn-Schmiede-
berg’s Arch. Pharmacol. 348, 234-241.

Takemori, A. E., Loh, H. H. & Lee, N. M. (1993) J. Pharmacol.
Exp. Ther. 266, 121-124.

Nabeshima, T., Katoh, A., Wada, M. & Kameyama, T. (1992) Life
Sci. 51, 211-217.

Lambert, P. D., Wilding, J. P. H., Al-Dokhayel, A. A. M., Bo-
huon, C., Comoy, E., Gilbey, S.G. & Bloom, S.R. (1993)
Endocrinology 133, 29-32.

Itoh, J., Ukai, M. & Kameyama, T. (1993) Eur. J. Pharmacol. 234,
9-15.

Skilling, S. R., Sun, X, Kurtz, H. J. & Larson, A. A. (1992) Brain
Res. 575, 272-278.

Shipp, M. A., Stefano, G.B., D’Adamio, L., Switzer, S.N.,
Howard, F.D., Sinisterra, J., Scharrer, B. & Reinherz, E. L.
(1990) Nature (London) 347, 394-396.

Baskin, D. S., Widmayer, M. A., Browning, J. L., Heizer, M. L. &
Schmidt, W. K. (1994) Stroke 25, 2047-2054.

Peterson, P. K., Gekker, G., Hu, S., Anderson, W. R,, Kravitz, F.,
Portoghese, P.S., Balfour, H. H,, Jr., & Chao, C.C. (1994)
J. Neuroimmunol. 50,167-175.

Poli, G., Orenstein, J. M., Kinter, A., Folks, T. M. & Fauci, A. S.
(1989) Science 244, 575-577.

Verhoef, J., Gekker, G., Erice, A., Peterson, P. K. & Balfour,
H. H. (1992) Eur. J. Clin. Microbiol. Infect. Dis. 11, 715-721.



