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The CD44 family of surface receptors regulates adhesion, movement, and activation of
normal and neoplastic cells. The cytokine osteopontin (Eta-1), which regulates similar
cellular functions, was found to be a protein ligand of CD44. Osteopontin induces cellular
chemotaxis but not homotypic aggregation, whereas the inverse is true for the interaction
between CD44 and a carbohydrate ligand, hyaluronate. The different responses of cells
after CD44 ligation by either osteopontin or hyaluronate may account for the independent
effects of CD44 on cell migration and growth. This mechanism may also be exploited by
tumor cells to promote metastasis formation.

The movement of lymphocytes and neo-
plastic cells through blood and lymphoid
tissues is orchestrated by a series of interac-
tions between cell-surface receptors and li-
gands contained in the extracellular matrix
and on other cells (1). The CD44 receptor
regulates attachment, homing, and aggrega-
tion of lymphocytes and other hematopoi-
etic cells (2). The CD44 gene encodes a

transmembrane protein that is expressed as

a family of molecular isoforms generated
from alternative RNA splicing and post-
translational modifications. Certain CD44
isoforms that regulate activation and migra-
tion of lymphocytes and macrophages may
also enhance local growth and metastatic
spread of tumor cells (3, 4). Although bind-
ing of hyaluronic acid (HA) to the NH,-
terminal domain of CD44 may enhance
cellular aggregation and tumor cell growth,
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this interaction does not readily account for
potential CD44-dependent effects on mi-
gration and homing of normal and neoplas-
tic cells (5).

We therefore investigated whether
CD44 has another ligand. One candidate is
osteopontin (Opn, also termed Eta-1, for
early T lymphocyte activation 1) because of
its chemotactic activity (6) and its poten-
tial role in cell attachment (7) and meta-
stasis formation (8, 9). Opn is an extracel-
lular phosphoprotein secreted by activated
T cells as well as by osteoblasts (10), mac-
rophages, and other cells (7, 11); several
posttranslational variants of. this protein
have been identified (7, 12). Although
Opn may interact with «,f8,,; Bs-contain-
ing integrin receptors through an Arg-Gly-
Asp (RGD) domain in a calcium-dependent
manner (13), Opn does not always require
RGD or Ca?* to attach to cells (14).

Opn secreted from activated T cells dis-
plays specific and saturable binding to peri-
toneal monocytes and the monocyte cell
line WEHI-3B (6). We confirmed that *?P-
labeled Opn, purified from K8 osteosarcoma
cells (15), bound specifically to WEHI-3B
cells (mean = SEM: 40.6 = 10.3 fmol per
109 cells, of which 20.8 = 1.7 fmol per 10°

Table 1. Chemotaxis of CD44 transfectants across Opn gradients. Migration
of CD44-transfected (77) A31.C1 cells and A31.MLV mock-transfected cells
toward K8-derived Opn was assessed by counting the numbers of cells that
migrated across a polycarbonate filter after 4 hours (28). Experiment 1: Mi-
gration of CD44-transfected A31.C1 cells into lower chambers containing two
concentrations of Opn (29). The migration was reduced by increasing con-
centrations of Opn in the upper chamber, which indicates that the response is
chemotactic rather than chemokinetic. Experiments 2 and 3: Numbers of
migrating A31.C1 cells (experiment 2) or A31.MLV cells (experiment 3) in
chambers containing an Opn gradient. The effects of including anti-Opn or

anti-CD44 in the upper or lower chambers are shown. Osteopontin-depen-
dent chemotaxis was noted for A31.C1 cells but not for A31.MLV cells. The
migration of responding cells was inhibited by Opn antibody (rabbit immuno-
globulin, 1:200 dilution) (30) or anti-CD44 KM 81 (TIB 241 supernatant,
1:200 dilution). HA did not induce A31.C1 cell migration and did not inhibit
migration in response to Opn. Experiment 4: Chemotaxis of AF3.G7 cells
toward recombinant Opn is dose-dependent and inhibited by Opn in the
upper chamber. Hyaluronic acid did not exert chemotactic stimuli to AF3.G7
cells. Statistical significance was assessed by analysis of variance.

Cell numbers with upper chamber contents of

Lower
chamiber Opn (09 Anti- Ant- HA
0 20 50 100 200 Opn CD44 (1o
Experiment 1: A31.C1 cells
None 38 = 18 42 = 21 26 + 11 46 = 19 197 — — —
Opn (50 ng) 211 = 36** 174 + 48* 77 *£ 24* 65 = 12 13+ 4 — — —
Opn (100 ng) 276 = 46™ 226 + 53** 196 + 40™ 103 + 22** 87 + 34* — — —
Experiment 2: A31.C1 cells
None 15+ 4 — — 20+ 8 — 11%6 28 +£7 22+8
Opn (100 ng) 97 + 32 — — 3213 — 67 + 22* 43 =18 117 + 28"
Anti-Opn 11*4 — — 9+5 — 18+7 23 =10 28 = 11
Anti-CD44 17+6 — — 34 = 11 = 26 = 10 9+4 19+9
HA (1 wg) 44 = 28 — — 24 £ 7 — 18+ 3 31 =15 21+ 18
Experiment 3: A31.MLV cells
None 21 =14 — — 27 = 11 — 10%3 9+3 14+6
Opn (100 ng) 48 £ 22 — — 32 =13 — 29 + 12 36 *+9 31 +10
Anti-Opn 9+4 — — 18+8 — 11 +5 16+5 22 £13
Anti-CD44 22 *+9 — — 24 =14 — 17+6 8+3 27 =13
HA (1 png) 24 +8 — — 31 =16 — 21 +£8 22=*7 194
Experiment 4: AF3.G7 cells
None 5+2 — — 74 4+3 — 9+4 —
Opn (50 ng) 48 £ 7* — — 21 +8 11+6 — 157 —
Opn (100 ng) 33 + 11* — — 22+6 9+ 4 — 17+ 8 —
HA (100 .g) 6+3 — — 5+2 8+3 — 2 1 —
*P < 0.05. P < 0.01.
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cells remained bound in the presence of a
200-fold excess of unlabeled Opn); binding
was inhibited by two rat monoclonal anti-
bodies (mAbs) to mouse CD44 [mAb Pgp-
1, clone IM7, 97%; mAb KM 81, clone
TIB241, 118%; and rat immunoglobulin G
(IgG), control, 19% (16)].

We also analyzed Opn binding to cellu-
lar CD44 by generating murine fibroblast
A31 cell transfectants that stably expressed
CD44 (A31.C1) and mock-transfected
A31.MLV cells, which do not display de-
tectable CD44 (Fig. 1A). The K8 osteosar-
coma cell line, which expresses CD44 that
binds to Opn in the absence of &, and B,
integrins [which might contribute to Opn
binding (13)], was selected as the source of
CD44 complementary DNA (cDNA) be-
cause these cells contain a single RNA
species for CD44 as detected by polymerase
chain reaction (PCR) (17). The binding of
biotin-labeled Opn to A31.C1 CD44 trans-
fectants was dependent on dose, was specif-
ic (Fig. 1B), and was inhibited by an anti-
body to CD44 (Fig. 1C) but not by an
irrelevant antibody.

Acquisition of Opn-binding activity af-
ter stable expression of CD44 and inhibi-
tion by antibodies to CD44 suggested a
direct interaction between Opn and CD44.
We confirmed this by analyzing proteins
that bound to recombinant glutathione-S-
transferase (GST)-Opn (which lacks glyco-
syl moieties, including HA) immobilized on
Sepharose 4B (12). Coomassie-stained elec-
trophoresis gels of the desalted eluate
showed comigration of the most prominent
band with CD44 purified from the same cell
line (Fig. 2A, lanes 1 and 2). Several bands
of lower molecular weight were also noted,
the number of which varied inversely with
the stringency of the buffer conditions. The
specificity of binding to immobilized Opn
was confirmed by comparison of separate
eluates from a GST-Opn column and a
control GST column on SDS gel electro-
phoresis (Fig. 2A, lanes 3 and 4). The elu-
ate from the GST-Opn column but not
from the GST column contained CD44
according to protein immunoblotting with
mAb KM 81 (antibody to CD44), which
revealed a single band that comigrated with
a KM 81-reactive band from whole AF3.G7
T cell lysate (18) and from affinity-purified
CD44 on native polyacrylamide gel electro-
phoresis (Fig. 2B). Depletion of CD44 from
cell lysates with antibody removed this
band from the material eluted from the
GST-Opn columns. Similar results were ob-
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Fig. 1. (A) Flow cytometry of CD44
expression by A31 cells, mock-
transfected A31.MLV cells, and
CD44-transfected A31.C1  cells
(24). Immunofluorescent profiles of
cells treated with fluorescein iso-
thiocyanate (FITC) anti-Pgp-1 (dark
gray), FITC anti-H-2D% (A31.MLV)
(light gray), or FITC anti-MHC class
Il (control for nonspecific binding)
(white) are shown. (B) Osteopontin
binding to CD44 transfectants.
(Left) The indicated cells were incu-
bated with various concentrations
of biotinylated Opn in 150 .l of cal-
cium- and magnesium-free PBS (to
avoid binding to integrins) or of bioti-
nylated BSA (right) followed by phy-
coerythrin-streptavidin  (25). Data
points reflect relative units (nonspe-
cific binding = 1 unit) from one to
three experiments. CD44-trans-
fected A31.C1 cells bind in a dose-

.0 05 1.0 15 2.0 0.0 1.0 2.0 3.0 40 5.0

[Opn] (pg/ml) [BSA] (ng/mi)

dependent manner, whereas mock-transfected A31.MLV or A31.E6 cells do not display significant
binding activity. Binding does not reflect nonspecific effects associated with CD44 expression because
the transfectants do not show enhanced binding to biotinylated BSA compared with the results obtained
with mock-transfected A31.MLV cells. At very high concentrations of 40 p.g of BSA in 150 pl of solution,
BSA still bound equally well to A31.C1 (13.58 fluorescence units) and A31.MLV (13.60 fluorescence units)
cells. (C) Fluorescence microscopy of Opn binding to CD44 transfectants. Shown are CD44-transfected
A31.C1 cells (top) and mock-transfected A31.MLV cells (middle) after incubation with biotinylated Opn
and addition of phycoerythrin-streptavidin as in (B). In the bottom panels, CD44* A31.C1 cells were
preincubated with CD44 antibody KM 81 (1: 50 dilution) before analysis of binding. The isotype-matched
rat antibody GK1.5 (1:50 dilution) had no effect. The left panel shows the same microscopic fields in
phase contrast for comparison of cell concentration (200-fold magnification).

tained for Opn-binding material from
WEHI-3B cells, K8 cells, and A31.Cl1
transfectants. .
We next investigated the potential bio-
logical consequences of the interaction be-
tween CD44 expressed on the cell surface
and the Opn ligand. Cellular adhesion par-
ticipates in both cell aggregation and mo-
tility. A31.C1 cells but not A31.MLV cells
adhered to plate-bound Opn or HA in cal-
cium- and magnesium-free medium, and
binding to both immobilized ligands was
inhibited by soluble Opn or HA but not by
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the GRGDS peptide (where G is Gly, R is
Arg, D is Asp, and S is Ser) (Fig. 3). In
contrast, both A31.C1 and A31.MLYV cells
adhered to fibronectin in calcium-contain-
ing cultures, and adherence was inhibited
by the GRGDS peptide but not by HA or
Opn. The efficiency of adherence to Opn
and HA by A31.C1 cells was not affected
by the presence or absence of calcium and
magnesium. Treatment of A31.Cl cells
with chondroitinase ABC did not inhibit
specific binding or adherence of Opn to
CD44, whereas such treatment eliminated



Fig. 2. (A) SDS-polyacrylamide gel electrophoresis (PAGE) of
eluates from immobilized GST-Opn columns. GST-Opn binding
material from AF3.G7 lysates is shown in lane 2 after separation
on 8% SDS-PAGE followed by Coomassie staining. Co-migra-
tion with antibody-purified CD44 (KM 81, ATCC clone TIB 241)
(lane 1) is apparent. Both purification procedures included pre-
clearing with nonspecific affinity columns (GST for lane 2 and rat
IgG for lane 1) (18). The specificity of binding was confirmed by
comparison of silver-stained gels of material directly eluted from
a GST-Opn column (lane 3) or a GST column (lane 4) without
preclearing. The anti-CD44 bound material (arrowhead) repre-
sented a variant CD44 according to its size of approximately 115
kD. (B) Protein immunoblot analysis. Eluates from a recombinant
GST-Opn column, an anti-CD44 column, and AF3.G7 whole-
cell lysate were separated on native PAGE, in tris-CAPS (pH 9.4),
followed by protein immunoblotting on nitrocellulose with anti-
CD44 (KM 81). The visualized bands of Opn-binding material
and antibody-purified CD44 co-migrated (arrowhead). Nonspe-
cific binding was excluded because reprobing the membrane
with an irrelevant antibody (rabbit IgG) did not reveal a detectable
band. Opn-binding material from WEHI-3B cells, K8 cells, and

A

B
GST- Anti- Starting
Opn CD44 lysate

A31.C1 transfectants yielded similar results.
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Fig. 3. Attachment of A31.C1 (A) and A31.MLV
(B) cells to Opn (26). As expected (13), in the
absence of divalent cations the cells did not ad-
here to fibronectin. Both cell lines displayed sub-
stantial adherence to fibronectin-coated plates in
the presence of calcium and magnesium, an ad-
herence that was inhibited by 1 mM GRGDS pep-
tide but not by HA (not shown). Adherence of both
A31.C1 and A31.MLYV cells in calcium-containing
cultures to fibronectin was inhibited by GRGDS
peptide but not by HA or Opn (not shown). Statis-
tical significance for attachment was assessed by
analysis of variance; the double asterisks indicate
P < 0.01; the single asterisk indicates P < 0.05.

HA-mediated aggregation and decreased at-
tachment to HA by about 60%. These re-
sults suggest that unlike HA, Opn binding
to CD44 is not mediated by chondroitin
sulfate.

Because Opn can induce chemotaxis in
vivo (6), we investigated whether this li-
gand and HA might cause CD44-depen-
dent chemotaxis in vitro (Table 1). Trans-
fected A31.C1 cells migrated toward Opn
in modified Boyden chambers (19) in a
manner reflecting chemotaxis rather than a

= A31.C1
= A31.MLV

Cells in aggregates (%)
8 & 8

o

Media CD44 + HA

Fig. 4. Aggregation of A31.MLV or A31.C1 cells
by hyaluronate and Opn (27). Addition of hyaluro-
nate (HA; 100 pg/ml) but not Opn (Opn; 50 wg/ml)
induced homotypic aggregation of CD44-trans-
fected A31.C1 cells. Cultures of A31.C1 cells do
not aggregate upon addition of anti-CD44 (25 pl
of the TIB 241 supernatant) and HA (100 pg/ml)
(CD44 + HA) as well as under conditions without
either ligand (media). The cells were enumerated
and expressed as the percentage of cells in ag-
gregates. Approximately 200 cells per well were
counted for each group for A31.C1 and A31.MLV
cells. Each experiment was performed in tripli-
cate, and each data point represents the mean of
five overlapping fields. The asterisk indicates P <
0.05.

HA Opn

nonspecific increase in motility (chemoki-
nesis) (Table 1, experiment 1) and were
inhibited by antibodies to Opn or CD44
(Table 1, experiment 2). The mock-trans-
fected cell line A31.MLV did not display
chemotaxis to Opn (Table 1, experiment
3). In contrast to Opn, the CD44 ligand
HA did not induce significant chemotactic
activity (Table 1, experiments 2 and 3).
The interaction between naturally ex-
pressed CD44 on AF3.G7 cells and Opn
depicted biochemically in Fig. 2 also medi-
ated a chemotactic response similar to that
obtained after genetic transfer of CD44 into
A3l cells (Table 1, experiment 4). o By
integrins may also interact with Opn, and
a, B; mediates chemotaxis of smooth mus-
cle cells (20). Although A31 and A31.C1
SCIENCE
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cells do not express integrin o 3, they may
express small amounts of other «, integrins.
If so, these integrins do not contribute to
the Opn-dependent activation described
here. CD44-negative A31.MLV cells do not
bind, attach, or migrate toward Opn, and
the attachment and migration of CD44*
A31.Cl1 cells is calcium-independent and
inhibited by CD44 antibody but not by in-
tegrin B; antibody or GRGDS peptides.

HA mediates homotypic aggregation of
CD44* hematopoietic cells and fibroblasts
(21). We confirmed that HA caused
CD44" A31.C1 cells, but not A31.MLV
cells, to aggregate and that aggregation was
inhibited completely by antibody to CD44.
In contrast, Opn did not induce detectable
aggregation at 10 to 100 times the concen-
trations necessary for attachment and che-
motaxis (Fig. 4). The failure of Opn to
mediate aggregation was not simply due to a
small number of binding sites per molecule
compared with HA because large aggregates
of 5 to 10 Opn molecules are formed at the
concentrations used in these experiments.

These data bring together two previously
independent lines of research concerning
the effects of the Opn cytokine and the
CD44 receptor. The ability of Opn to reg-
ulate inflammation (6), bone formation
(22), and angiogenesis (23), which has
been attributed mainly to ligation of o @,
integrins, may also depend on an interac-
tion with CD44. In inflammatory responses,
antigen stimulation of lymphocytes leads to
enhanced expression of a CD44 splice vari-
ant (3) and secretion of Opn (6, 11). Our
data indicate that Opn (but not HA) can
induce CD44-dependent chemotaxis (Ta-
ble 1), whereas HA (but not Opn) induces
CD44-dependent cell aggregation (Fig. 4).
The interaction between Opn and CD44
on activated lymphocytes and monocytes
may mediate migration out of the blood-
stream into sites of inflammation, where
additional interactions between CD44 and
HA may mobilize and activate these emi-
grant cells.

CD44 has also been implicated in tumor
metastasis (4), although its precise role in
this process has been unclear. The alterna-
tive responses to CD44 ligation described
above may be exploited by tumor cells to
allow Opn-mediated metastatic spread and
HA-dependent growth in newly colonized
tissues. The definition of peptides that can
block the interaction between Opn and
CD44 may lead to new approaches intended
to inhibit this mechanism of tumor invasion.
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Activation by Attention of the Human Reticular
Formation and Thalamic Intralaminar Nuclei

Shigeo Kinomura, Jonas Larsson, Balazs Gulyas, Per E. Roland*

It has been known for over 45 years that electrical stimulation of the midbrain reticular
formation and of the thalamic intralaminar nuclei of the brain alerts animals. However,
lesions of these sectors fail to impair arousal and vigilance in some cases, making the role
of the ascending activating reticular system controversial. Here, a positron emission
tomographic study showed activation of the midbrain reticular formation and of thalamic
intralaminar nuclei when human participants went from a relaxed awake state to an
attention-demanding reaction-time task. These results confirm the role of these areas of
the brain and brainstem in arousal and vigilance.

Electrical stimulation of the midbrain re-
ticular formation (MRF), an evolutionarily
ancient part of the mammalian brainstem
(Fig. 1), produces desynchronization in
electroencephalograms (EEGs) and awak-
ens and arouses animals (I). Electrocoagu-
lation of this area induces a comatose state
and the absence of EEG desynchronization
and behavioral arousal to sensory stimuli
(2). These observations led to the concept
of an ascending reticular activating system
and were corroborated by anatomical and
electrophysiological studies showing that
the MRF sends efferents to the intralaminar
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thalamic nuclei. These studies also showed
that the MRF and intralaminar nuclei,
when stimulated artificially or by sensory
stimuli, in concert evoked EEG desynchro-
nization and behavioral arousal and woke
up the experimental animals (3, 4).
However, it has been difficult to repro-
duce the electrocoagulation findings by
more refined methods that destroy only the
neuronal perikaryra of the MRF and not the
traversing axons (5). Whereas recordings
from MRF neurons have documented the
involvement of this part of the brainstem in
the transition between sleep and the awake
state (6, 7), direct evidence that the MRF
and intralaminar nuclei are tonically en-
gaged in maintaining a state of high vigi--
lance and attention has been lacking. We
therefore measured the regional cerebral





