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Heparan Sulfate Proteoglycans Are Involved in Opiate Receptor-Mediated Cell
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ABSTRACT. Opioid receptors are expressed in cells of the immune system, and potent immunomodulatory
effects of their natural and synthetic ligands have been reported. In some studies, the opiate receptor
antagonist naloxone itself displayed immunomodulatory actions. We investigated effects of naloxone on
leukocyte chemotaxis. Cell migration was tested in micropore filter assays using modified Boyden chambers,
and receptor expression was investigated using radiolabel binding assays. Naloxone induced peripheral
blood nonadherent mononuclear cell and neutrophil chemotaxis at nanomolar concentrations and deactivated
their migration towargh-endorphin, angiotensin Il, somatostatin, or interleukin-8 but not toward RANTES,
vasoactive intestinal peptide, or substance P. Ligand binding studies showed no alteration in the binding
of interleukin-8 to neutrophils by naloxone. Cleavage of heparan sulfate from proteoglycans on the cells’
surface completely inhibited chemotactic and deactivating properties of naloxone but not other attractants.
Chemotactic properties were abolished by pretreating cells with heparinase, chondroitinase, sodium chlorate,
and anti-syndecan-4 antibodies, indicating the involvement of syndecan-4. The extent of migration toward
naloxone was diminished by pretreatment with dimethylsphingosine, a specific sphingosine kinase inhibitor.
As syndecan-4 signaling in leukocyte chemotaxis involves activation of sphingosine kinase, results indicate
that naloxone interacts with syndecan-4 function in cell migration and suggest a role for heparan sulfate
proteoglycans as coreceptors to members ofétopiate receptor family.

Endogenous opioids are known for their immunomodu- macrophage precursorslj. Opioid receptors may function
latory signals that regulate the trafficking of immune response to promote cellular migration by regulating chemokine
cells (1—-4). Classical pharmacological and biochemical receptor expressionl®). Activation of constitutively ex-
studies have defined three classes of opiate recepliors ( pressegi-opioid receptors inhibits microglial cell chemotaxis
and «) that differ in their affinity for various ligands and  toward C5a{3), and migratory effects of opioids have been
their distribution within the immune syster§)(In inflamed  reported not only for glia or leukocytes but also for several
tissue, they can be found in lymphocytes, monocytes, gther normal and malignant cell type&4(-16), further

macrophages, and neutrophiB).(Agonists to theu-, 9-,  jndicating the potential importance of opoid-dependent
and «-opioid receptors induce a chemotactic response in reqy|ation of leukocyte trafficking.

various leukocyte subsetg)( and functional opiate receptor

expression in leukocytes may have species specific variability Opioids themsel\{qs may gc.t as cr_lemoattractant.f, for
(5, 6, 8). Recent results in neutrophils identified nociceptin €UKocytes, but addition of opioid agonists to chemokines

and the novel opiate receptor, opiate receptor like-1 (ORL- would hinder the chemoattractant ability of the chemokines
1),! as an additional potent opiate neutrophil attractant and (4)- Opioid and chemokine receptors, both of which are
chemotaxis receptor, respectivel§).(ORL-1 was cloned ~ Shown to regulate leukocyte migration, are members of the
from highly conserved regions of thiopioid and soma-  Gi protein-linked seven-transmembrane_ receptor family.
tostatin receptor and identified as a new member of the opiate These receptors, as well as the chemokine and endogenous
receptor family €0). opioid peptide ligands, are widely distributed in brain tissue
Observations suggest thadike opioid peptides released ~and the periphery. Pretreatment with opioids, including
from embryonic mixed brain cells could be responsible for morphine, heroin, met-enkephalin, the selectixagonist
the infiltration of the developing central nervous system by [D-Ala,N-Me-Phe-4,Glydlenkephalin, or the selectivieag-
onist [p-Perf,p-Pertlenkephalin, leads to the inhibition of
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In addition to the question of how ligation of opiate and Mononuclear leukocytes (MNL) were isolated from EDTA-
chemokine receptors cross-deactivates each other’s responseeated peripheral blood by using Lymphoprep density
(4, 18), recent interest focuses on mechanisms that regulategradient centrifugation (Nycomed Pharma AS, Oslo, Nor-
immune cell function in a non-opioid-dependent fashion. way) as previously describe®1). The MNL preparations
Naloxone is a nonselective, competitive antagonist to the were resuspended in RPMI 1640/10% FCS (Biological
three opiate receptor®)(and, not surprisingly, is able to  Industries, Kibbutz Beit Haemek, Isreal) and incubated at a
affect opiate receptor-mediated migration of monocytes and density of 16 cells/mL at 38°C for 30 min. Nonadherent
lymphocytes 1, 19). However, the antagonist itself has been MNL [peripheral blood lymphocytes (PBL)] were placed into
shown to exert immunomodulatory effects on human neu- new tissue culture dishes and incubated for an additional 90
trophil respiratory burst activity20, 21). With regard to cell min. PBL were then washed and resuspended in RPMI 1640/
migration, as early as 1985, naloxone was described t00.5% BSA.
preservein vitro migration of gliadin-exposed leukocytes Migration Assay.Migration of leukocytes into cellulose
from patients with coelicac disease in the absence of opiatenitrate to gradients of soluble attractants was assessed using
receptor agonist2@). Naloxone was found to prevent both a 48-well Boyden microchemotaxis chamber (Neuroprobe,
opioid and opioid-unrelated increases in the extent of Bethesda, MD) in which a Bm pore-sized filter (Sartorius,
granulocyte migrationn vitro (23). Besides being able to  Gittingen, Germany) separated the upper chamber from the
inhibit morphin-induced migration, the-)- but not the ¢)- lower chamberg-Endorphin, vasoactive intestinal peptide
naloxone isomer proved to abolish either casein-, serum-,(VIP), and substance P (SP) were from Neosystem (Strass-
or formylpeptide-induced chemotaxis. It was concluded that bourg, France). RANTES was purchased from Peprotech
opioid-induced modulation of leukocyte migration is likely (London, U.K.). Interleukin-8 (IL-8) was from Roche (Basel,
to be mediated through opiate receptors, but the antichemo-Switzerland). Naloxone, naltrindoled{antagonist), nor-
tactic effect of naloxone suggested an involvement of as yetbinaltrophimine g-antagonist), and CTOPu{antagonist)
unexplained mechanismg4). were from Research Biochemicals International (Natick,

When stimulated with antithrombin, migration of neutro- MA).
phils, monocytes, and lymphocytes is abolished by removal ~ For deactivation of migration, leukocytes were pretreated
of heparan sulfate chains or addition of anti-syndecan-4 With naloxone for 20 min, followed by two washing steps,
antibodies 25, 26), and disruption of the syndecan-4 gene before chemotaxis was tested. In some experiments, cells
in primary fibroblasts abolishes migration durify vitro ~ Were incubated with heparinase or chondroitinase ABC
wound healing assay27). It appears that cell migration  (Sigma Chemical Corp., St. Louis, MO) for a total time of
directed by either extracellular matrix or soluble factors may 50 min prior to migration experiment8@. As leukocyte
be dependent on the heparan sulfate chains of syndecan-4migration might be mediated via syndecan-4, chemotaxis
Syndecan-4 is a ubiquitous transmembrane proteoglycan thagxperiments were performed in the presence of antibodies
localizes to the focal adhesions of adherent cells and bindsagainst the core protein of syndecan-4 (D-16) and the
to a range of extracellular ligands, including growth factors €ctodomain of this proteoglycan (5G9) (both from Santa Cruz
and chemokines. The cytoplasmic domain of syndecan-4Inc., Wiltshire, England). Since sodium chlorate is able to
interacts with a number of signaling and structural proteins, modify proteoglycan sulfation, we tested naloxone chemo-
and both extracellular and cytoplasmic domains are necessaryaxis after a 20 min pretreatment of cells with sodium
for regulated activation of associated transmembrane recepchlorate (Merck, Darmstadt, Germany). Dimethylsphingosine
tors (29). (DMS), a specific inhibitor of sphingosine kinase, was from
Biomol (Plymouth Meeting, PA). The time for migration into
the filters was 30 min for neutrophils and 120 min for
lymphocytes. After the migration time, the filters were
dehydrated, fixed, and stained with hematoxylin eosin. The
depth of migration of cells into the filter was quantified by
microscopy, measuring the distance (micrometers) from the
surface of the filter to the leading front of cells, before any
cells had reached the lower surface (leading front assay).
Data are expressed as the “chemotaxis index”, which is the
MATERIALS AND METHODS ratio of the distance of stimulated and random migration of

leukocytes into the nitrocellulose filters. Mean distances of

Cell PreparationsHuman neutrophils were obtained from random migration were around 55 and/&@ for neutrophils
the peripheral blood of healthy donors after discontinuous and PBL, respectively. Day-to-day variability of neutrophil
density gradient centrifugation on Percoll by dextran sedi- migration toward the positive control IL-8 (1 nmol/L)
mentation and centrifugation through a layer of Ficoll- resulted in a variability coefficient of 0.12h (= 4); the
Hypaque, followed by hypotonic lysis of contaminating variabilty coefficient for lymphocyte migration toward IL-8
erythrocytes using a sodium chloride solutiod0); Cell (2 nmol/L) (32—34) was 0.2431f = 4).
preparations yielded more than 95% neutrophils (by mor-  Binding ExperimentsHHuman neutrophils (I0cells/mL)
phology in Giemsa stains) and more than 99% viability (by were incubated with sodium iodid&]IL-8 (2000 Ci/mM)
trypan dye exclusion). Except in binding experiments, where at a concentration of 10 fmol/L with or without an excess
a binding buffer was used, all other neutrophil experiments of unlabeled IL-8, or naloxone at various concentrations, in
were performed with RPMI 1640/0.5% BSA (Aventis a total volume of 40@&L of PBS/0.5% BSA (binding buffer),
Behring, Marburg, Germany). for 90 min at 4°C. After incubation, cells were washed twice

Since naloxone itself not only inhibits leukocyte migration
(23, 24) but also hinders proliferation of leukemic celg,
we investigated the possible involvement of syndecan-4 in
direct effects of naloxone on leukocyte migration and in
particular its functional interaction with the cell surface
heparan sulfate proteoglycans (HSPG). We report on nalox-
one-dependent leukocyte migration that is abolished by
removal of heparan sulfate chains from the cells’ surface.
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Ficure 1: Deactivation of lymphocyte and neutrophil chemotaxis by naloxone. Cells were pretreated for 20 min with naloxone, and after
washing had been carried out, PBL shown in the left panel (A) migrated toward various chemoattractants (VIP, SP, FeAditiB&hin,

IL-8, AT-1l, and SST) and neutrophils shown in the right panel (B) were attracted by IL-8. Migration time periods for lymphocytes and
neutrophils were 90 and 30 min, respectively. Migration depth was quantified microscopically by the leading front assay. Data are expressed
as the chemotaxis index, which is the ratio of the distance of stimulated and random migration of leukocytes into the nitrocellulose filters
(n = 7). In the Mann WhitneyJ test after Kruskal Wallis ANOVA, one asterisk denoteP af <0.05 and two asterisks denotePeaof

<0.01.

with PBS/0.5% BSA containing 0.5 mol/L saline and tants, naloxone itself exerted a significant chemotactic effect

centrifuged at 209 for 10 min. The bottom of the tube (Figure 1A).

containing the neutrophil pellet was counted in a Beckman The inhibitory effect of naloxone on cell migration was

y counter. Results are expressed as counts per minute (CPM)a|so observed in neutrophils that were attracted by IL-8 (1

S_pec;ific binding_ is defineq as total binding minus nonspecific nM); the effect was dose-dependent and strongest at equimo-

binding, which is the residual com bound in the presence of |5 concentrations of naloxone (Figure 1B). Similar results

a 100-fold excess of unlabeled IL-80). were obtained when leukocytes were exposed to a combina-
Statistics.Data are expressed as meanSEM of the ClI tion of naloxone and the attractants in the lower chambers

or of cpm. Means were compared by the Mann Whitney test (data not shown). When AT-Il or SST was used for

after Kruskal Wallis ANOVA. AP value of <0.05 was pretreatment followed by chemotaxis toward IL-8, deactiva-

considered significant. tion of neutrophil migration also occurred (data not shown).
No Effect of Naloxone on Binding of IL-8 to Neutrophils.
RESULTS IL-8 is a potent chemokine that has a key role in the

recruitment of neutrophils. IL-8 reacts in the recruitment of
neutrophils via two distinct types of IL-8 receptod?). As
naloxone inhibited IL-8-induced chemotaxis, we wanted to

Selectie Deactiation of Leukocyte Chemotaxis by Nalox-
one.RANTES and VIP, SP, gB-endorphin are prototypical
lymphocyte attractant chemokines and neuropeptides, re- o " e )
spectively (9, 31, 35). In addition, migratory responses of exclgde the possibility that it impairs binding of IL-8 to its
lymphocytes have been observed toward 1L38, (37), a binding sites.
well-established neutrophil attractaB6), somatostatin (SST) Concomitant incubation of neutrophils with radiolabeled
(38), and angiotensin Il (AT-11) 89, 40). IL-8, -endorphin, IL-8 and various concentrations of unlabeled IL-8 displaced
SST, and AT-ll exert their cellular effects via specific the [?]IL-8 from its receptor on the cell surface in a typical

receptors that belong to thiopiate receptor family41). manner. Naloxone, even at high concentrations (up to 1 mM),
We, therefore, tested the effects of naloxone on migration failed to affect binding of IL-8 to neutrophils (Figure 2).
of PBL toward these various attractants. Chemotactic Effects of Naloxone on Lymphocytes and

PBL migrated toward the neuropeptides VIP (10 nM), SP Neutrophils.To test whether naloxone may directly stimulate
(0.1 uM), or S-endorphin (0.1uM), as well as toward IL-8  migration in a well-defined assay system using isolated cells,
(1 nM), SST (10 nM), and AT-ll (10 nM). RANTES (50 the nonselective opioid receptor antagonist was tested for
ng/mL) served as a positive control for PBL chemoattraction. its ability to induce chemotaxis. Both cell types, PBL and
All attractants induced significant PBL chemotaxis. Pretreat- neutrophils, migrated in a dose-dependent manner toward
ment of the cells with naloxone did not affect VIP-, SP-, or gradients of naloxone that was put into the lower wells of
RANTES-induced chemotaxis of PBL but significantly the chemotaxis chamber; maximal chemotaxis was induced
hindered migration toward non-opioid ligands to thepiate in lymphocytes at 0.1 nM and in neutrophils at QM
receptor family, SST, and AT-Il or towar-endorphin or (Figure 3). The selective opioid receptor antagonists naltrin-
IL-8 (Figure 1A). Noteably, in the absence of chemoattrac- dole (9-antagonist), nor-binaltrophimine-antagonist), and
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i 3 Table 1: Effects of Heparinase on the Naloxone-Induced
80001 %+ L L] [} Deactivation of IL-8 Chemotaxis
60004 chemotaxis toward
® pretreatment IL-8 (1 nmol/L)
P
; 40004 medium 2.28+ 0.3
e heparinase (50 milliunits/mL) 2.280.2
& naloxone (100 nmol/L) 1.2 0.0
2000+ heparinase (50 milliunits/mL) 2.38+0.1°
= I8 followed by naloxone (100 nmol/L)
e naloxone - - - .
01 a Neutrophils were pretreated for 50 min at 32 with heparinase
—— T T T T T or medium. After being washed, cells were incubated with naloxone
0 -13 -1 -9 -7 -5 -3

or medium for deactivation experiments. Then migration toward 1L-8
was assessed. Data are expressed as the chemotaxis index, which is
the ratio of the distance of stimulated and random migration of

log [M]
FiGURe 2: Competitive binding of?3-labeled IL-8 with neutrophils. . ! ) h
Human neutropE)hiIs (f(l:ells/n?L) were incubated with radiolgbeled leukocytes into the nitrocellulose filters. Mann Whitnejytest (after
IL-8 for 90 min at 4°C in the presence of increasing concentrations Kruskal Wallis ANOVA, p < 0.05);n = 3. » Effect of naloxone vs
of unlabeled IL-8 or naloxone. Bound and unbound radiologand Prétreatment with mediump( < 0.05).¢ Effect of heparinase on
were separated by centrifugation, and specific binding was assessed2/0x0one-induced chemotaxis deactivatipn<( 0.05).
Results are expressed as meaSEM of counts per minute (cpm)

(n=3). differentiate between the two HSPG, glypicans and synde-
50 cans. Glypicans carry heparan sulfate but not chondroitin
—e— Neutrophils sulfate side chains, whereas syndecans carry bigth (
18 —o— Lymphocytes ] Chemotactic effects of naloxone (Quinol/L) on neutro-
| 1‘ phils were found to be completely abolished by pretreatment

with either heparinase | or chondroitinase, whereas chemo-
tactic effects of formylpeptide or IL-8 remained unchanged
(Figure 4A,B). The opiate receptor antagonist also lost its
ability to deactivate neutrophil chemotaxis toward IL-8 (1
nM) when cells were treated with heparinase | prior to
concomitant incubation with naloxone and the chemokine
(Table 1).

To investigate the effect of sodium chlorate, which
modifies sulfation of syndecans in cell culture, neutrophils
were pretreated with sodium chlorate {140 mmol/L), and
after cells had been washed twice, naloxone-induced (0.1
umol/L) chemotaxis was tested. Neutrophil chemotaxis
toward naloxone was significantly inhibited by sodium
2 chlorate (Figure 4C).

Inhibition of Directed Neutrophil Migration toward Nalox-
Ficure 3: Lymphocyte and neutrophilg:hem_otaxis toward naloxc_)ne. one by Antibodies to Syndecanidhibition of naloxone-
Untreated lymphocytes or neutrophils migrated toward various induced chemotaxis of leukocytes by both chondroitinase and

concentrations of naloxone in the lower wells of a Boyden h - | d d . | Itis Kk
microchemotaxis chamber. IL-8 served as a positive control. Néparinase | suggested syndecan involvement. It is known

Migration time periods for lymphocytes and neutrophils were 90 from previous studies that cell migration toward non-G
and 30 min, respectively. Migration depth was quantified micro- protein-coupled receptors relates to function of syndecan-4
s::]opic?lly_ by Ijhe 'ea#i”hg_f“t)r?t assay. ﬁ]at% are expr?s?_ed as tgl‘e(25, 26, 45). Chemotaxis experiments with naloxone were
chemotaxis index, which is the ratio of the distance of stimulate : : B
and random migration of leukocytes into the nitrocellulose filters therefore performed using two dlffere_znt antl_bodles to syn-
(n=5). In the Mann WhitneyJ test after Kruskal Wallis ANOVA, decan-4 (D-16 and 5G9) that block this function. Cells were
one asterisk denotesPaof <0.05 and two asterisks denotdaf pretreated with the two antibodies and then allowed to
<0.01. migrate toward naloxone (0.,mol/L). Antibodies to the
syndecan-4 core protein and to the ectodomain of syndecan-4
CTOP -antagonist) that were tested in the same way failed inhibited directed migration of leukocytes toward naloxone

16

ChermotaMs Index
I

418 75

Naloxone flog M)

43

ciurm
IL-8 [1 nh A

to show such an effect (data not shown).

in a concentration-dependent manner (Figure 4D). RANTES-

Inhibition of Naloxone-Induced Neutrophil Chemotaxis by induced chemotaxis was not affected by pretreatment of cells

Heparinase, Chondroitinase, and Sodium Chlor&ende-

can-4 participates in focal adhesion by non-G protein-

dependent activation of protein kinase £3); Ligation of
HSPG leads to directional migration of leukocyt2s,(26).

with these antibodies (data not shown).

Inhibition of Naloxone-Induced Leukocyte Chemotaxis by
Dimethylsphingosind.igation of syndecan-4 elicits pertussis
toxin-sensitive chemotaxis of leukocytes via protein kinase

To investigate a role of this intact HSPG for naloxone- C (45). Activation of protein kinase C stimulates release of
induced migration, neutrophils and PBL were pretreated for sphingosine 1-phosphate, a chemoattracting G protein-
50 min with heparinase | (50 nanounits/mL to 50 milliunits/ coupled receptor agonist). To study sphingosine kinase-
mL) or chondroitinase (50 nanounits/mL to 50 milliunits/ dependent signaling of naloxone in leukocyte migration, cells
mL) at 37 °C, followed by washing. Experiments were were treated with DMS, an inhibitor of sphingosine kinase,
performed with both heparinase | and chondroitinase to an enzyme that synthesizes sphingosine 1-phospHiéje (
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Ficure 4: Effects of heparinase, chondroitinase, sodium chlorate, and anti-syndecan-4 antibodies on naloxone-induced chemotaxis of
neutrophils. Panels AC show the effects of heparinase, chondroitinase, and sodium chlorate, respectively. (A) After treatment of human
neutrophils with heparinase and washing, cells migrated toward naloxone, formylpeptide (fMet-Leu-Phe), or IL-8. (B) Dose-dependent
effects of enzyme pretreatment on naloxone-induced (100 nmol/L) migration of neutrophils. (C) Dose-dependent effect of pretreatment of
human neutrophils with sodium chlorate on naloxone-induced (100 nmol/L) migration. Panel D shows the dose-dependent effects of
preincubating human neutrophils with the monoclonal antibodies to either the syndecan-4 core protein (D-16) or the syndecan-4 ectodomain
(5G9) on naloxone-induced (100 nmol/L) migration. Data are expressed as the chemotaxis index, which is the ratio of the distance of
stimulated and random migration into the nitrocellulose filters=(5). Two asterisks denoteRiof <0.01 in the Mann Whitney test after

Kruskal Wallis ANOVA.

Cells, preincubated with DMS (100 amol/L to 100 nmol/L) Here we report that treatment of leukocytes with naloxone
for 30 min, were allowed to migrate toward naloxone in the not only inhibited chemotaxis of the cells toward the well-
lower wells of the chemotaxis chamber. Treatment with DMS known u-receptor agonist3-endorphin, but also hindered
abbrogated naloxone- but not IL-8-induced chemotaxis in a migration toward AT-II, SST, or IL-8. A common feature

concentration-dependent manner (Figure 5). of these different ligands, from the respective neuroendocrine
polypeptide and chemokine families, is that their putative
DISCUSSION receptors share significant sequence homology or belong to

the family of -opiate receptors4l). Moreover, naloxone

Cell motility is a prerequisite in developmental biology, AT A . :
y prereq P gy jnot only inhibited leukocyte migration toward this particular

host defense, and tissue repair. Leukocyte migration is crucial o .
during the development of the immune system and in the 9r0UP Of non-opioid attractants but also itself exerted
responses to infection, inflammation, and tumor rejection. chemotactic effects in neutrophils and lymphocytes. This
The relationship of the leukocyte with its environment occurs SUg9ests that receptor cross-deactivati@) (could be
through different kinds of receptors that interact with ligands consistent with our finding that preincubation of monocytes
that are soluble, fixed on the membrane of other cells, or OF neutrophils with opiate receptor ligands, met-enkephalin
immobilized on the extracellular matrix. Leukocytes navigate Of morphin, prevented their subsequent chemotaxis in
toward their target sites by constantly orienting themselves response to the chemokine macrophage inflammatory protein-
in response to specific signals in their surroundings. Chemo- 1o or IL-8 (18). Bidirectional, heterologous desensitization
kines, cytokines, growth factors, and neuropeptides are keyof opioid and chemokine receptors may occur regulaly (
biological mediators that provide such signals for cell Furthermore, enkephalin and endorphin are both synthesized
navigation 47). in neutrophils, and enkephalin is also secreted upon stimula-
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20 Trans-activation of endothelial differentiation gene-1,
which is a heterotrimeric guanine nucleotide binding protein-
18 - coupled receptor for sphingosine 1-phosphate, induces cell
migration toward platelet-derived growth factor, which
N stimulates sphingosine kinase and increases the intracellular
level of sphingosine 1-phosphat&7]. Inhibition of sphin-
gosine kinase suppressed chemotaxis not only toward
platelet-derived growth factorsf) but also toward anti-
thrombin which induces leukocyte migration via ligation of
syndecan-4 and activation of protein kinased6)(The core
* protein of syndecan-4, a member of the proteoglycan receptor
family, can directly bind the catalytic domain of protein
kinase C $8). Whether such receptor cross-communication
is critical for naloxone-dependent cell motility was therefore
ns —— : . — explored.
0 A3 -1 -9 -7 To verify the involvement of heparan sulfate of syndecan-4
Dimethyl Sphingasine in na_qu_one-depen_dent migrati_on of leukocytes, we used_ the
o ] specificity of heparinase I for highly sulfated polysaccharide

F ) . . . S chains containing linkages to 2-O-sulfated -iodopyrano-
IGURE 5: Effects of dimethylsphingosine on neutrophil migration. . . . .
To investigate whether activation of sphingosine kinase is involved Syluronic acid residues. The same heparinase | has recently
in naloxone-induced chemotaxis, neutrophils were incubated with been described to degrade the synthetic heparin pentasac-
dimethylsphingosine (DMS), a sphingosine kinase inhibitor, for 30 charide to a disaccharide and trisacchari®.(Results of
m:n'ra'?g%v\\l/vaarzhri\rgogggeb(eleono Cnanrwr(i)?ﬁ_)ogrt’||(_:eéls(1wner:1eoﬁﬂ)owsgt;o the study presented here showed that cleavage of heparan
aréJ expressed as the chemotaxis index, which is the ratio of thesulfate chains on glycosamlnoglycans.of qukocyteg abro-
distance of stimulated and random migration of leukocytes into the 9ated the effects of naloxone on both stimulation of directed
nitrocellulose filters § = 3). One asterisk denotesPaof <0.05 in migration as well as deactivation of chemotaxis. Modification
the Mann WhitneyJ test after Kruskal Wallis ANOVA. of proteoglycan sulfation with sodium chlora®5 similarly
abrogated the migratory effects of naloxone. The chemotactic
, ) activities of formylpeptide and IL-8 were not affected by
tion (48, 49). However, these data do not explain the e mogifications to neutrophil HSPG, indicating that
mechanisms by which naloxone itself may induce chemotaxis :hemotaxis receptor function and migratory capabilities of
or deactivate migration toward non-opioid mediators as it {he cells are intact.

lacks agonistic activity of opiate receptors. Since syndecans carry both heparan sulfates and chon-
Naloxone binds to opiate receptors with high affinity but droitin sulfates, and chemotaxis was significantly abolished
fails to activate receptor signaling, and it blocks signaling by pretreatment with heparinase and chondroitinase, the
in response to opiate receptor agonis@(There are reports  suyggestion is that of the two HSPG, i.e., syndecans and
that protein kinase C activity can be upregulated by naloxone, glypicans, syndecans are involved in naloxone-dependent
but this effect was observed only after naloxone-precipitated signaling and induction of migration. Syndecan-4 exists on
opiate withdrawal §1). Most such effects of naloxone are |ymphocytes and on a variety of mature macrophage-like
reported fromin vivo experiments and could be ascribed to cells as well as on human neutrophils and human PBMC
the removal of the regulatory effects exerted by endogenous(25, 26, 60). It is involved in assembling and migration of
opioid peptides in different organ systems, including the various cell types, and syndecan-4 blockade with specific
immune system, where activation T(H)2 and suppression antibodies abolishes its functioB, 26, 28). In the experi-
T(H)1 cytokines with naloxone were observeé®), Endog- ments described herein, inhibition of cell migration toward
enous opioids may be present in lymphocy®3+55), but naloxone with anti-syndecan-4 antibodies was found, sug-
the presence or release from isolated neutrophils has not yegesting that syndecan-4 mediates effects of naloxone on cell
been reported. Since effects of naloxone on leukocyte migration.
migration were seen in neutrophils as well as in PBL, Sphingosine 1_phosphate is a novel |euk0cyte chemoat-
removal of autocrine regulatory effects of endogenous tractant that induces immature dendritic cell and natural killer
opioids by naloxonen vitro appears to be rather unlikely.  cell chemotaxis via G protein-coupled sphingosine 1-phos-
Because in our study naloxone inhibited chemotaxis of phate receptor$(, 62). Although most chemoattractants of
leukocytes toward IL-8, which is an established chemokine, leukocytes use G protein-coupled receptors for signal relay,
we next focused on IL-8 receptors. Dimeric IL-8 was shown non-G protein-coupled receptors are also involved, including
to be a heparin-binding molecule; beside specific receptor receptors for transforming growth factgr63) and syndecan
ligation, IL-8 binds to proteoglycans on leukocyt&§)and ligands @5, 26). The mechanisms by which non-G protein-
may, therefore, be present on isolated cells and releasedcoupled receptors induce migration may involve trans-
Receptor binding studies in neutrophils, however, demon- activation of sphingosine 1-phosphate receptors after induc-
strated that naloxone is unable to compete with the specific tion of sphingosine kinase. Inhibition of sphingosine kinase
binding of IL-8 to its receptors. If IL-8 or other chemokine with DMS abrogates such migratory responsgd.(Inhibi-
receptors are involved in the migratory effects of naloxone tion of naloxone-dependent effects on leukocyte migration
in leukocytes, trans-activation and cross-deactivation ratherby DMS, as reported here, may indicate the involvement of
than direct effects on the receptors may take place. this chemotaxis pathway in this study. DMS is considered a
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specific inhibitor of sphingosine kinas&4) even though
some inhibitory action for protein kinase C was also proposed
(65). As leukocyte migration toward IL-8 which can be
hindered by inhibitors of protein kinase BQ) was not
affected by DMS, potential inhibition of protein kinase C
by DMS may not be relevant for leukocyte migration here.
In summary, exposure of untouched, isolated lymphocytes
or neutrophils to nanomolar concentrations of naloxone alters
cell migration by involving HSPG and probably a sphin-

gosine kinase-dependent pathway. More detailed mechanisms?!

for the activation of leukocyte migration by the potent opiate
receptor antagonist remain speculative. Interestingly, the
migration inhibiting effects of naloxone clustered around
chemotactic ligands of thé-opiate receptor family. This
receptor family has recently been used to clone ORL-1, a
novel opiate chemotaxis receptor of neutropHils YWhether
naloxone exerts its effect via ORL-1 or other ligand binding
sites that are shared among members obtiopiate receptor
family, as well as the precise character of the proposed
coreceptor function of syndecan-4, requires further study.
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