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Nikolic DM, Cholewa J, Gass C, Gong MC, Post SR. Class A
scavenger receptor-mediated cell adhesion requires the sequential
activation of Lyn and PI3-kinase. Am J Physiol Cell Physiol
292: C1450–C1458, 2007. First published December 27, 2006;
doi:10.1152/ajpcell.00401.2006.—Class A scavenger receptors
(SR-A) participate in multiple macrophage functions including mac-
rophage adhesion to modified proteins. SR-A-mediated adhesion may
therefore contribute to chronic inflammation by promoting macro-
phage accumulation at sites of protein modification. The mechanisms
that couple SR-A binding to modified proteins with increased cell
adhesion have not been defined. In this study, SR-A expressing HEK
cells and SR-A�/� or SR-A�/� macrophages were used to delineate
the signaling pathways required for SR-A-mediated adhesion to mod-
ified protein. Inhibiting Gi/o activation, which decreases initial SR-A-
mediated cell attachment, did not prevent the subsequent spreading of
attached cells. In contrast, inhibition of Src kinases or PI3-kinase
abolished SR-A-dependent cell spreading without affecting SR-A-
mediated cell attachment. Consistent with these results, the Src kinase
Lyn and PI3-kinase were sequentially activated during SR-A-medi-
ated cell spreading. Furthermore, activation of both Lyn and PI3-
kinase was required for enhancing paxillin phosphorylation. Activa-
tion of a Src kinase-PI3-kinase-Akt pathway was also observed in
cells expressing a truncated SR-A protein that does not internalize
indicating that SR-A-mediated activation of intracellular signaling
cascades following adhesion to MDA-BSA is independent of receptor
internalization. Thus SR-A binding to modified protein activates
signaling cascades that have distinct roles in regulating initial cell
attachment and subsequent cell spreading.

macrophage; inflammation; intracellular signaling

THE CLASS A SCAVENGER RECEPTOR (SR-A) is a trimeric, type II
membrane glycoprotein that was initially described based on
its ability to endocytose modified LDL (11). In addition to
ligand endocytosis, SR-A has been shown to mediate phago-
cytosis and to promote cell adhesion. The observation that the
SR-A-specific monoclonal antibody, 2F8, inhibited cation-
independent macrophage attachment to serum-coated tissue
culture dishes first demonstrated the ability of SR-A to promote
macrophage adhesion (10). More recently, several modified
components of the extracellular matrix, such as glycated and
cigarette smoke-modified collagen type IV, denatured collagen
type I, �-amyloid fibrils, and proteoglycans present at sites of
inflammation, have been identified as adhesion substrates for
SR-A (8, 9, 12, 17, 25, 26). In addition, SR-A-mediated
adhesion of mouse peritoneal macrophages (MPM) is in-
creased following thioglycollate elicitation indicating that mac-
rophage activation enhances SR-A function (29). That SR-A-

mediated adhesion might play an important role in vivo is
suggested by the demonstration of increased macrophage ac-
cumulation and enhanced granuloma formation in transgenic
mice overexpressing SR-A (6). Thus SR-A-mediated macro-
phage adhesion may play an important role in chronic inflam-
matory processes characterized by modification of extracellular
matrix proteins and macrophage activation.

Receptor-mediated cell adhesion, which progresses from
initial attachment of cells to subsequent cell spreading, requires
coupling of cell surface adhesion molecules to the actin cy-
toskeleton. The best-studied adhesion molecules are the inte-
grin proteins. Integrins are ubiquitously expressed multimeric
proteins that mediate cell adhesion through interaction with the
extracellular matrix. Integrin-mediated attachment and subse-
quent firm adhesion of macrophages are a dynamic process
involving the activation of intracellular signaling cascades that
regulate the formation of focal adhesion complexes, cytoskel-
etal rearrangements, and extension of membrane projections
(reviewed in Refs. 2, 7, 27, 32). SR-A-dependent cell adhesion
induces changes in cell morphology similar to those observed
following integrin engagement (24). However, the signaling
pathways required for SR-A-mediated adhesion have not been
defined.

In addition to SR-A, macrophages express other receptors
that bind modified proteins. Therefore, in the current study the
signals involved in SR-A-mediated cell adhesion (attachment
and spreading) were examined in peritoneal macrophages iso-
lated from wild-type SR-A�/� or SR-A�/� mice and human
embryonic kidney cells (HEK-293) stably transfected that lack
SR-A expression (HEKSR-A�) or inducibly express SR-A
(HEKSR-A�). Our results support a model in which SR-A-
mediated cell adhesion progresses from initial cell attachment
to firm adhesion, characterized by increased cell surface area,
via the differential activation of intracellular signaling path-
ways.

EXPERIMENTAL PROCEDURES

Chemicals. DMEM with L-glutamine, DMEM with 25 mM HEPES
without phenol red, penicillin, streptomycin, heat-inactivated FBS,
and human plasma fibronectin were purchased from GIBCO BRL
(Grand Island, NY). Ultra-low attachment polystyrene six-well plates
and six-well tissue culture plates were purchased from Costar (Corn-
ing, NY). Pertussis toxin (PTX; Bordetella pertussis), PP2 {4-amino-
5-(4-chlorophenyl)-7-(t-butyl) pyrazolo [3, 4-d] pyrimidine}, and PP3
{4-amino-7-phenylpyrazolo [3, 4-d] pyrimidine} were purchased
from Calbiochem (La Jolla, CA). LY294002 and wortmannin were
purchased from Biomol Research Laboratories (Plymouth, PA). Fluo-
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rescently labeled phalloidin and DAPI nuclear acid stain (4�,6�-
diamidino-2-phenylindole, dihydrochloride) were purchased from
Molecular Probes (Eugene, OR). Methyl cellulose and malondialde-
hyde bis (dimethyl acetal) were purchased from Sigma (St. Louis,
MO). Goat polyclonal anti-malondialdehyde antibody was purchased
from Academy Bio-Medical (Houston, TX). Rabbit polyclonal anti-
Lyn antibody was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit polyclonal antibodies against Akt, phospho-spe-
cific Ser473-Akt, phospho-GSK3�, and the mouse monoclonal anti-
phospho-Tyr antibody were purchased from Cell Signaling Technol-
ogy (Beverly, MA). Mouse anti-paxillin antibody was from BD
Transduction Laboratories.

Malondialdehyde modification of BSA. Malondialdehyde-modified
proteins (e.g., MDA-BSA) have been used previously to study SR-A
function (13, 14). Malondialdehyde removes positive charges from
the �-amino groups of proteins and thereby is able to convert a weakly
anionic protein into a strongly anionic one. It is thought that this
enhanced negative charge of MDA-modified proteins is responsible
for their binding to SR-A. MDA-BSA was prepared using a previ-
ously described method (14). Briefly, hydrochloric acid (0.2 ml; 12
M) was added to malondialdehyde bis (dimethyl acetal; 0.165 ml) and
incubated for 5 min while stirring on ice. Then, sodium phosphate
buffer (4.8 ml; 0.1 M; pH 6.4) was added and the pH was adjusted to
6.4 with NaOH. An equal volume of BSA (10 mg/ml in PBS; pH 7.4)
was added, and the reaction was incubated at 37°C for 3 h. The
solution was then dialyzed (MW cut off: 12,000–14,000) against PBS
and the protein concentration was determined using the Bio-Rad DC
protein assay (Hercules, CA). Protein modification was confirmed by
immunoblotting with anti-MDA-specific antibody (data not shown).

Cell isolation and culture. MPM were harvested from either SR-
A�/� (kindly provided by Dr. M. Freeman, Massachusetts General
Hospital, Harvard Medical School) or wild-type C57BL/6 mice (Jack-
son Laboratory, Bar Harbor, ME) via peritoneal lavage with ice-cold
sterile saline and cultured in DMEM containing FBS (10% vol/vol),
penicillin, and streptomycin as previously described (30). Animal care
and use for all procedures were done according to protocols reviewed
and approved by the Institutional Animal Care and Use Committee at
the University of Kentucky.

HEK-293 cells expressing the murine SR-A under inducible con-
trol of the ecdysone receptor were maintained in DMEM as previously
described (24). We also used HEK-293 cells expressing either wild-
type or truncated SR-A�1–49, which lacks the distal 49 amino acids of
the 55-amino acid cytoplasmic tail, under the control of tetracycline
inducible promoter (18). In the absence of inducing agent, these
transfected HEK cells do not express SR-A (HEKSR-A�). The addi-
tion of inducing agent (muristerone 4 �M; or tetracycline 0.5 �g/ml)
for 16 h induces SR-A expression (HEKSR-A�). For growth in
suspension, HEK cells were detached and resuspended in DMEM
supplemented with 10% FBS and cultured overnight in ultra-low
adherent six-well plates. To minimize the aggregation of suspended
cells, methylcellulose (0.8% wt/vol) was included in the culture
medium and cells were filtered through cell strainers (40-�m nylon)
before use in adhesion assays. Trypan blue exclusion was assessed to
confirm that none of the treatments altered cell viability.

Cell adhesion assays. To assess cell attachment, MPM or trans-
fected HEK cells (106 cells/ml) were pretreated as indicated with
inhibitors and then plated into tissue culture plates that were precoated
with either fibronectin (65 �g/ml) or MDA-BSA (400 �g/ml) over-
night at 4°C. Cells were allowed to attach for 10 min (HEK) or 30 min
(macrophages) at 37°C; conditions that were optimized in preliminary
experiments to assess SR-A-dependent attachment. Following incu-
bation, nonattached cells were removed by washing, adherent cells
were detached with trypsin, and cell number was determined using
hemacytometer as described previously (24).

To assess cell spreading, MPM or transfected HEK cells were
plated (30,000 cells/well) into four-chambered LAB-TEK slides
(Nalge Nunc International, Naperville, IL) precoated with either

MDA-BSA or fibronectin. Following treatments, cells were gently
washed with warm PBS and fixed with 4% paraformaldehyde. Fixed
cells were permeabilized with 0.1% Triton X-100 and then blocked
with 1% BSA for 30 min. Polymerized actin (F actin) was stained with
Alexa-Fluor568-conjugated phalloidin, and nuclei were stained with
DAPI. Cells were mounted in the embedding medium Mowiol con-
taining 1% n-propyl gallate and dried overnight at 4°C. Images were
digitally captured using a Leica TCS SP confocal microscope. Cell
surface area was quantified using Metamorph software. Images of at
least 30 cells from at least three independent experiments were used
for quantification.

Detection of protein phosphorylation. Following treatment, cells
were washed with ice-cold PBS and lysed in RIPA buffer containing
phosphatase and protease inhibitors for 30 min on ice. Cell lysates
were centrifuged for 15 min (4°C; 13,000 g), and the pellet was
discarded. Cell lysate protein was denatured by boiling for 5 min in
reducing sample buffer, and proteins were resolved by 12% Bis-Tris
gel SDS-PAGE. Proteins were electrophoretically transferred to poly-
vinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA),
blocked with 5% nonfat milk in TBST, and incubated overnight at 4°C
with the indicated primary antibodies. Proteins were visualized by
enhanced chemiluminescence using species-specific horseradish per-
oxidase-coupled secondary antibodies. Images were digitally captured
and quantified using a Kodak Image Station 2000R.

To detect Lyn and paxillin phosphorylation, cell lysates were
incubated overnight at 4°C with agarose-coupled Lyn antibody or
paxillin antibody followed by protein A/G-coupled sepharose beads
and washed with ice-cold RIPA buffer. Immunoprecipitated proteins
were dissolved in SDS-loading buffer and processed as described
above. The phosphorylated forms of Lyn and paxillin were detected
by immunoblotting with an anti-phospho-Tyr antibody.

Phosphorylation of Akt and GSK3� was used to assess activation
of the PI3-kinase pathway. To detect Akt phosphorylation, total cell
lysates were immunoblotted with a rabbit polyclonal phospho-specific
Ser473-Akt antibody. The same blots were reprobed with total Akt
antibody and the amount of phosphorylated Akt was normalized to the
total amount of Akt in each sample. Similarly, GSK3� phosphoryla-
tion in cell lysates was quantified by immunoblotting with a specific
phospho-GSK3� antibody.

Statistical analysis. Data were analyzed using GraphPad Prism.
Experiments were repeated at least three times, and significance
between treatment groups was determined by one-way ANOVA.
Values with P � 0.05 were considered to be statistically significant.

RESULTS

To study the regulation of SR-A-dependent adhesion, the
ability of cells that express SR-A to adhere to tissue culture
plates coated with the SR-A ligand MDA-BSA was compared
with cells that do not express SR-A. For this, we first used
stably transfected HEK cells that inducibly express SR-A. As
shown in Fig. 1A, we found that only 5.4 	 3.0% of HEKSR-A�

cells attached to MDA-BSA-coated plates following a 10-min
incubation, compared with 64.0 	 4.5% of HEKSR-A� cells
(P � 0.05). Moreover, the enhanced attachment of HEKSR-A�

cells to MDA-BSA was inhibited by the SR-A antagonist
polyinosine but was not affected by EDTA, which chelates
divalent cations required for integrin-mediated cell attachment.
In contrast, integrin-mediated cell attachment to fibronectin
was not affected by inducing SR-A expression or by adding
SR-A antagonist but was abolished by EDTA (Fig. 1B). Next,
the ability of SR-A to mediate cell attachment in macrophages
that endogenously express the receptor was examined. As
shown in Fig. 1C, the initial attachment of peritoneal macro-
phages isolated from SR-A�/� mice to MDA-BSA-coated
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tissue culture plates for 30 min was significantly greater than
macrophages isolated from SR-A�/� mice (50.2 	 4.0 vs.
31.4 	 4.2% of macrophages plated, P � 0.05). The addition
of polyinosine reduced the attachment of SR-A�/� macro-
phages to the level observed in SR-A�/� macrophages with-
out significantly affecting the attachment of SR-A�/� mac-
rophages. In contrast, integrin-mediated macrophage attach-

ment to fibronectin was not affected by the absence of SR-A or
the addition of SR-A antagonist but was abolished by EDTA
(data not shown). Thus these results demonstrate that SR-A
expression is required for the increased attachment of
HEKSR-A� and SR-A�/� macrophages to MDA-BSA-coated
dishes.

Following initial cell attachment to the extracellular matrix,
cells undergo a series of membrane and actin cytoskeletal
changes resulting in firm adhesion, which is characterized by a
spread morphology (i.e., increased cell surface area). To assess
the ability of SR-A to mediate this process, the ability of
HEKSR-A� and HEKSR-A� cells to acquire a spread morphol-
ogy after culturing on MDA-BSA for various times was com-
pared. Changes in cell morphology were assessed by staining
polymerized actin with fluorescently conjugated phalloidin. As
shown in Fig. 2A, the morphology of HEKSR-A� cells evolves
from an initial round shape at 10 min to a spread morphology
characterized by increase in cell surface area and the formation
of membrane extensions at the cell periphery following a 2-h
incubation. Consistent with SR-A mediating enhanced cell
adhesion, HEKSR-A� cells remained rounded and were easily
detached following a 2-h incubation on MDA-BSA. Both
HEKSR-A� and HEKSR-A� cells displayed a similar extent of
cell spreading when plated on fibronectin (data not shown)
indicating that integrin-mediated cell spreading was not influ-
enced by SR-A expression.

To assess the ability of endogenously expressed SR-A to
enhance cell spreading, the ability of macrophages isolated
from SR-A�/� mice and SR-A�/� mice to acquire a spread
morphology when plated on MDA-BSA was compared. As
shown in Fig. 2B, SR-A�/� macrophages spread faster and to
a greater extent than SR-A�/� macrophages. The enhanced
spreading of SR-A�/� macrophages was apparent by 2 h
(Table 1) and became even more pronounced following 24-
and 48-h incubations. The spreading of SR-A�/� and SR-
A�/� macrophages was similar when macrophages were
plated on fibronectin-coated plates (data not shown) confirming
that integrin-mediated macrophage spreading was not affected
by the absence of SR-A. Together with results presented in
Figs. 1 and 2, these results demonstrate that SR-A expression
is both necessary and sufficient for the enhanced attachment
and spreading of cells plated on MDA-BSA.

To study the role of intracellular signaling pathways in
SR-A-mediated cell adhesion, we examined the attachment of
cells plated on MDA-BSA-coated plates following treatment
with inhibitors of specific signaling pathways. First, we con-
firmed that activation of Gi/o protein enhances the initial
SR-A-mediated attachment of cells to MDA-BSA (24). Con-
sistent with this previous study, when plated on MDA-BSA,
inhibiting Gi/o reduces initial cell attachment of HEKSR-A� by
50% and SR-A�/� macrophages by 28% (P � 0.05; n 
 5;
data not shown). To determine the potential role of Gi/o protein
activation in the subsequent SR-A-mediated spreading,
HEKSR-A� cells and SR-A�/� macrophages were treated with
PTX before plating into MDA-BSA-coated dishes. PTX treat-
ment did not affect the ability of either SR-A expressing
HEKSR-A� cells (Fig. 3A) or SR-A�/� macrophages (Fig. 3B)
to spread. Specifically, PTX treatment had no effect on either
the average surface area or the percentage of macrophages with
surface area above 100 �m2 following 2-h incubation (Table 1).
This indicates that although activation of Gi/o is involved in

Fig. 1. Class A scavenger receptors (SR-A) enhance the attachment of induced
human embryonic kidney (HEK)SR-A cells and mouse peritoneal macrophages
(MPM) to immobilized MDA-BSA. As indicated, HEKSR-A� cells, HEKSR-A�

cells, or MPM isolated from wild-type SR-A�/� or SR-A�/� C57BL/6 mice
were resuspended in either the absence or presence of EDTA (10 mM). As
indicated, cells were pretreated with the SR-A antagonist polyinosine (10
�g/ml) for 5 min. Following pretreatment, macrophages were resuspended
either in media without EDTA or in media containing EDTA (10 mM) and the
number of cells that attached to MDA-BSA (A, C)- or fibronectin (B)-coated
plates was determined. Results are expressed as the percentage of the total
number of cells plated that remained attached and represent means 	 SE of at
least 3 separate experiments. *Significant difference (P � 0.05) from buffer
control values.
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initial SR-A-mediated cell attachment, additional signaling
pathways are involved in the subsequent SR-A-dependent cell
spreading.

Activation of Src family kinases and PI3-kinase is typically
associated with the changes in membrane and cytoskeleton that
occur during cell adhesion. Therefore, the role of these kinases
in SR-A-mediated cell spreading was assessed. Cells were
treated for 30 min with wortmannin (200 nM) to inhibit
PI3-kinase or PP2 (50 �M) to inhibit Src kinases before plating
on MDA-BSA-coated tissue culture plates for 2 h. As shown in
Fig. 4A, pretreating cells with either wortmannin or PP2
abolished the enhanced spreading of HEKSR-A� cells and
SR-A�/� macrophages on MDA-BSA. Pretreating cells with
LY294002, another PI3-kinase inhibitor, also inhibited SR-A-
mediated cell spreading, whereas PP3 (50 �M), an inactive
structural analog of PP2, had no effect on cell spreading (data
not shown). The effects of PP2 and wortmannin on both the
cell surface area and the percentage of cells that spread are
quantified in Table 1. Although pretreating cells with either
PI3-kinase or Src kinase inhibitors abolished SR-A-mediated
cell spreading, the initial SR-A-mediated cell attachment was
not affected by either inhibitor (Fig. 4B). Together, these data
indicate that SR-A-mediated cell spreading specifically re-
quires PI3-kinase and Src kinase activity.

Among the nine Src family members, the cytoplasmic ty-
rosine kinase Lyn has been reported to be expressed predom-
inantly in hematopoietic cells and to be functionally associated
with SR-A in macrophages (20). Src kinases are phosphory-
lated on tyrosine residues when activated. Therefore, to exam-
ine whether SR-A-mediated adhesion activates Lyn kinase,

Lyn was immunoprecipitated from cell lysates prepared from
macrophages plated on MDA-BSA for various times and
immunoblotted with anti-phosphotyrosine-specific antibody.
As shown in Fig. 5A, Lyn activation was substantially in-
creased by 30 min and remained elevated for 2 h in MPM
plated on MDA-BSA-coated dishes. Using a Src antibody that
detects multiple Src isoforms (pp60, c-Src, Yes, Fyn, Fgr) but
not Lyn, we were unable to detect activation of other Src
isoforms during SR-A-mediated adhesion (data not shown).
Pretreating macrophages with PP2 abolished SR-A adhesion-
dependent Lyn activation, whereas wortmannin had no effect
on Lyn activation indicating that Lyn activation does not
require PI3-kinase. Importantly, Lyn activation following plat-
ing on MDA-BSA was substantially diminished in SR-A�/�

Table 1. Dependency of SR-A-mediated cell spreading on
Gi/o, Src, and PI3-kinase signaling pathways

Cell Surface Area, �m
2

Percentage Spread, �100 �m2

SR-A�/� 50.9	2.4* 8.7	3.2*
SR-A�/� 253.1	24.2† 68.5	6.2†

� PTX 290.0	43.5† 75.9	10.2†
� PP2 51.99	5.6* 6.7	2.5*
� WM 54.3	5.5* 8.7	4.1*

Values are means 	 SE. Data are from images containing at least 30 cells
and represent at least 3 independent experiments. Cell surface area was
assessed using Alexa568-phalloidin to stain cells and quantified using Meta-
morph image analysis software. SR-A, Class A scavenger receptors; PTX,
pertussis toxin; WM, wortmannin. *P � 0.05 vs. SR-A�/�. †P � 0.05 vs.
SR-A�/�.

Fig. 2. SR-A enhances the spreading of
HEKSR-A cells and macrophages on MDA-
BSA. As indicated, HEKSR-A� or HEKSR-A�

cells were cultured in suspension overnight
and then plated into MDA-BSA-coated slides
for either 10 min or 2 h at 37°C (A). B: MPM
isolated from C57BL/6 wild-type (top) or SR-
A�/� mice (bottom) were plated into MDA-
BSA-coated slides and allowed to spread for
the indicated times at 37°C. Following incuba-
tions, cells were fixed and cell morphology was
visualized by staining with Alexa-Fluor568-
conjugated phalloidin. Nuclei were stained
with DAPI. Confocal images (�40) were dig-
itally captured and are representative of at least
3 separate experiments. The scale bar repre-
sents 40 �m.
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macrophages demonstrating that Lyn activation is SR-A de-
pendent (Fig. 5B).

To examine activation of the PI3-kinase signaling pathway
during SR-A-mediated adhesion, cell lysates were prepared
from macrophages plated on MDA-BSA for various times and
phosphorylation of the PI3-kinase downstream effector Akt
was assessed. As shown in Fig. 6A, Akt phosphorylation was
increased by 60 min and peaked by 4 h in macrophages plated
on MDA-BSA-coated dishes. Akt can phosphorylate several
proteins including GSK3�. Plating MPM on MDA-BSA-
coated dishes stimulated GSK3� phosphorylation indicating
activation of Akt (Fig. 6B). Pretreating macrophages with

wortmannin abolished SR-A-dependent Akt and GSK3� phos-
phorylation demonstrating that their phosphorylation was de-
pendent on PI3-kinase activation. Similarly, pretreating mac-
rophages with PP2 abolished SR-A-dependent Akt and GSK3�
phosphorylation indicating that Src kinase activation (Lyn)
occurs upstream of PI3-kinase activation.

Cell adhesion involves multiple adhesion proteins including
the multidomain adaptor protein paxillin, which is phosphor-
ylated during cell adhesion (3). Paxillin phosphorylation results
in the recruitment of both structural and signaling molecules into
focal adhesions. Because of the importance of paxillin in cell
adhesion, we determined whether paxillin was involved in SR-A-

Fig. 3. SR-A-mediated cell spreading is independent of Gi/o

protein activation. As indicated, HEKSR-A� cells (A) or
MPM isolated from wild-type C57BL/6 mice (B) were pre-
treated in suspension with pertussis toxin (PTX; 100 ng/ml)
for 16 h. Cells were then plated for the indicated times on
MDA-BSA-coated slides at 37°C. Following incubations,
cell morphology was visualized by staining cells with Alexa-
Fluor568-conjugated phalloidin and nuclei with DAPI. Con-
focal images (�40) were digitally captured and are repre-
sentative of at least 3 separate experiments. The scale bar
represents 40 �m for HEK cells and 50 �m for MPM.

Fig. 4. SR-A-mediated cell spreading requires
activation of Src and PI-3-kinase. HEKSR-A�

cells, HEKSR-A� cells, or MPM isolated from
SR-A�/� or SR-A�/� mice were pretreated as
indicated with wortmannin (200 nM) or PP2 (50
�M) for 30 min in suspension. To assess cell
spreading (A), pretreated cells were plated on
MDA-BSA-coated slides for 2 h at 37°C and cell
morphology was visualized by staining cells with
Alexa-Fluor568-conjugated phalloidin and nuclei
with DAPI. Images (�100 for HEK cells; �40
for MPM) were digitally captured and are repre-
sentative of at least 3 separate experiments. The
scale bars represent 20 �m for HEK cells and 40
�m for MPM. To assess cell attachment (B), the
number of pretreated cells that attached to MDA-
BSA-coated plates was determined. Results are
expressed as the percentage of the total number
of cells plated that remained attached and repre-
sent means 	 SE.
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mediated macrophage adhesion. As shown in Fig. 7, SR-A-
mediated adhesion promoted the tyrosine phosphorylation of
paxillin. Treatment of macrophages with either PP2 or wortman-
nin inhibited paxillin phosphorylation. Together, these results
suggest that Lyn and PI3-kinase activation is required to couple
SR-A to paxillin phosphorylation and macrophage adhesion.

Using a truncated SR-A construct that lacks the 49 NH2-
terminal cytoplasmic amino acids of SR-A (SR-A�1–49), previous
studies showed that the six membrane-proximal amino acids of
the cytoplasmic domain of SR-A are required and sufficient for
mediating cell adhesion (18). Although the truncated SR-
A�1–49 mediates cell adhesion, this receptor did not internalize

Fig. 5. SR-A-mediated adhesion activates the
Src kinase Lyn. A: MPM isolated from wild-type
C57BL/6 mice were pretreated as indicated with
wortmannin (200 nM) or PP2 (50 �M) for 30
min in suspension. Following pretreatments,
cells were either kept in suspension or plated
into MDA-BSA-coated dishes for various times
and cell lysates were prepared. Lyn activation
was assessed by immunoprecipitating Lyn pro-
tein from cell lysates and detecting the active
form of Lyn kinase by immunoblotting with an
anti-phospho-Tyr-specific antibody. The amount
of phosphorylated Lyn kinase was quantified and
normalized to total amount of the Lyn kinase
protein in each immunoprecipitate. A represen-
tative blot of Lyn phosphorylation and means 	
SE of 3 separate experiments are shown. B: to
determine whether Lyn kinase becomes specifi-
cally activated by SR-A-dependent adhesion,
MPM isolated from wild-type or SR-A�/�
mice were either kept in suspension or plated
into MDA-BSA-coated dishes for 2 h. Cell ly-
sates were prepared and activation of Lyn was
determined as described above. A blot of Lyn
phosphorylation is shown and is representative
of 3 separate experiments.

Fig. 6. SR-A-mediated adhesion activates
PI3-kinase. MPM isolated from wild-type
C57BL/6 mice were either left untreated or
pretreated as indicated with wortmannin (200
nM) or PP2 (50 �M) for 30 min in suspen-
sion. Following pretreatments, cells were ei-
ther kept in suspension or plated into MDA-
BSA-coated dishes for various times and cell
lysates were prepared. A: to assess PI3-kinase
activation, cell lysates were immunoblotted
with an anti-phospho-Ser473-Akt antibody.
The amount of phosphorylated Akt was quan-
tified and normalized to total amount of the
Akt in each sample. A representative blot of
Akt phosphorylation and means 	 range of 2
separate experiments are shown. B: similarly,
GSK3� phosphorylation in cell lysates pre-
pared from macrophages that were kept in
suspension or adhered to MDA-BSA for 120
min was quantified by immunoblotting with a
specific phospho-GSK3� antibody. A repre-
sentative blot of GSK3� phosphorylation and
means 	 SE of 3 independent experiments are
shown. *Significant difference (P � 0.05)
from cells kept in suspension.
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ligand and showed increased cell surface expression compared
with the full-length receptor. Thus it is not clear that the
truncated SR-A�1–49 would activate similar signaling cascades
as wild-type SR-A. To examine the activation of signaling
cascades by SR-A�1–49-mediated adhesion, HEK cells ex-
pressing either wild-type or truncated SR-A�1–49 were treated
with either PI3-kinase or Src inhibitors before plating into
MDA-BSA-coated dishes. Cell lysates were prepared, and
activation of signaling cascades was examined as described
above. As shown in Fig. 8, Akt phosphorylation was elevated
to a similar extent when HEK cells expressing either SR-A or
SR-A�1–49 were plated on MDA-BSA. Pretreating SR-A or
SR-A�1–49 expressing cells with PP2 or wortmannin abolished
the increased Akt phosphorylation following adhesion to
MDA-BSA.

DISCUSSION

Chronic inflammatory diseases such as diabetes, atheroscle-
rosis, and Alzheimer’s disease are characterized by changes in
the extracellular matrix. Such modifications result in the for-
mation of SR-A ligands supporting the hypothesis that SR-A
may contribute to macrophage accumulation at specific inflam-
matory sites. For example, SR-A recognizes glycated proteins
formed as a result of the hyperglycemia accompanying diabe-
tes. The finding that SR-A contributes to the enhanced glomer-
ular macrophage accumulation in diabetic animals suggests a
role for SR-A in diabetes-induced nephropathy (16). Similarly,
biglycan and decorin are proteoglycans of the extracellular
matrix that are upregulated in atherosclerotic plaques. The
identification of these proteoglycans as SR-A ligands suggests
that SR-A may contribute to macrophage adhesion and reten-
tion in atherosclerotic lesions (25). An additional pathological
role for SR-A is suggested by the finding that SR-A mediates
the adhesion of microglia to �-amyloid fibril-coated surfaces

indicating that SR-A may contribute to the macrophage adhe-
sion at the �-amyloid plaques (8).

To better understand the mechanism by which SR-A pro-
motes macrophage adhesion, we examined the activation of
signaling cascades required for SR-A-mediated macrophage
adhesion. The regulation of SR-A function by intracellular
signals is indicated by the previous findings that SR-A-medi-
ated AcLDL uptake and initial cell attachment are reduced by
inhibiting Gi/o activation (24, 30). In the current study, we
found that the spreading of SR-A expressing cells is insensitive
to Gi/o inhibition indicating that Gi/o activation enhances SR-
A-dependent cell attachment but is not required for the subse-
quent cytoskeletal changes associated with cell spreading and
firm adhesion. These results indicate that following initial
SR-A-mediated cell attachment, activation of additional sig-
nals is required to mediate cell spreading.

In many cell types, membrane and cytoskeletal dynamics are
regulated by the activation of PI3-kinase and Src kinases. We
found that when macrophages adhered to SR-A ligand, both
PI3-kinase and the Src kinase Lyn were activated and that
inhibitors of Src kinases or PI3-kinase abolished SR-A-medi-
ated macrophage spreading. Furthermore, the time course for
Lyn and PI3-kinase activation coincided with that of macro-
phage spreading on MDA-BSA. However, SR-A-dependent
Lyn activation occurred more rapidly than PI3-kinase activa-
tion suggesting that Lyn activation precedes PI3-kinase acti-
vation. The sequential activation of Lyn and PI3-kinase is
supported by the findings that inhibiting Lyn abolished PI3-
kinase activation, whereas inhibiting PI3-kinase did not affect
Lyn activation.

Src family kinases play a predominant role in signaling
triggered by integrin-mediated adhesion in macrophages (19,

Fig. 7. SR-A-mediated adhesion enhances paxillin phosphorylation. MPM
isolated from wild-type C57BL/6 mice were either left untreated or pretreated
as indicated with wortmannin (200 nM) or PP2 (50 �M) for 30 min in
suspension. Following pretreatments, cells were either kept in suspension or
plated into MDA-BSA-coated dishes for 60 min and cell lysates were prepared.
To detect paxillin phosphorylation, paxillin was immunoprecipitated from cell
lysates and phosphorylation was assessed by immunoblotting with an anti-
phospho-Tyr-specific antibody. A representative blot of paxillin phosphoryla-
tion and means 	 SE of 3 separate experiments are shown. *Significant
difference (P � 0.05) from cells kept in suspension.

Fig. 8. Membrane proximal amino acids are sufficient for SR-A-mediated
activation of adhesion signals. HEK cells were grown in suspension for 16 h
and induced to express either wild-type or truncated SR-A�1–49 by tetracy-
cline. Cells were then pretreated with PP2 (50 �M) or wortmannin (200 nM)
for 30 min and plated into MDA-BSA-coated dishes for 30 min. Cell lysates
were prepared and Akt activation was determined by immunoblotting with an
anti-phospho-Ser473-Akt antibody. The amount of phosphorylated Akt was
quantified and normalized to total amount of the Akt in each sample. A
representative blot of Akt phosphorylation and the means 	 SE of 3 separate
experiments are shown. *Significant difference (P � 0.05) from cells kept in
suspension. #Significant difference (P � 0.05) from cells adhered in the
absence of inhibitors.
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21). Primary macrophages isolated from mice that do not
express the Src kinases Hck and Fgr showed impaired macro-
phage spreading on fibronectin demonstrating an important
role for these Src kinases in integrin-mediated cell adhesion
(28). In contrast, the Src kinase Lyn has been previously
associated with SR-A in THP-1 macrophages (20). Our results
demonstrate that Lyn, but not other Src kinase isoforms, is
activated during SR-A-mediated adhesion. Furthermore, pax-
illin phosphorylation induced by SR-A-mediated adhesion was
inhibited by PP2 indicating that Lyn activation is required for
SR-A-dependent PI3-kinase paxillin phosphorylation. Thus
Lyn plays an essential role in coupling surface SR-A to the
formation of focal adhesion complexes and the actin cytoskel-
eton.

In addition to Lyn, our data demonstrate an important role
for PI3-kinase in SR-A-dependent paxillin phosphorylation
and macrophage adhesion. The involvement of Src family
kinases in regulating the PI3-kinase/Akt cascade has been
previously demonstrated (4, 15, 19, 23). For example, when
plated on fibronectin, macrophages isolated from Hck/Fgr/
Lyn�/� mice displayed impaired PI3-kinase translocation to
the cytoskeleton when compared with wild-type macrophages
(19). This indicates that membrane localization of PI3-kinase
may be critical in regulating cytoskeletal rearrangements and
implies that the defective spreading of these macrophages on
fibronectin might be due to impaired PI3-kinase function. Our
results demonstrating that inhibiting Lyn blocks PI3-kinase
activation in macrophages adhered to MDA-BSA indicate that
Lyn may play a similar role in translocating PI3-kinase during
SR-A-mediated cell adhesion. Our data further demonstrate
that both Lyn and PI3-kinase activation are involved in paxillin
phosphorylation. This is similar to previous results demonstrat-
ing that both Src and PI3-kinase were required for paxillin
phosphorylation induced by LPS (31). The specific role of
PI3-kinase in paxillin phosphorylation during SR-A-mediated
adhesion is not clear but may involve the activation of addi-
tional kinases that are involved in the adhesion process.

Using a truncated receptor that does not internalize (SRA�1–

49), we show that SR-A-mediated activation of intracellular
signaling cascades following adhesion to MDA-BSA is inde-
pendent of receptor internalization. Cell spreading mediated by
both SR-A and SRA�1–49 induces the Src-kinase-dependent
activation of PI3-kinase. Interestingly, Src inhibition does not
affect SR-A-mediated AcLDL endocytosis (data not shown)
providing additional evidence that the different SR-A func-
tions, ligand uptake and cell adhesion, are regulated by distinct
signaling pathways. Taken further, this would suggest that
SR-A-mediated cell adhesion, but not ligand uptake, can be
specifically inhibited to affect an inflammatory process. This is
particularly intriguing given the recent association of SR-A-
mediated ligand binding and internalization with a reduced
inflammatory response (1, 5, 22).

Overall, our results support a model in which SR-A-medi-
ated cell adhesion progresses from an initial cell attachment to
subsequent cell spreading and that these processes are regu-
lated by different signals. Following interaction with an im-
mobilized ligand (e.g., MDA-BSA), Gi/o proteins are activated
thereby enhancing SR-A-dependent cell attachment. Subse-
quently, additional signals are generated to acquire the spread
morphology characteristic of macrophage firm adhesion. These
signals include the sequential activation of the Src kinase Lyn

and PI3-kinase. Activation of Lyn and PI3-kinase mediates
paxillin phosphorylation, which in turn couples SR-A to the
formation of focal adhesion complexes and the actin cytoskel-
eton.

SR-A-mediated macrophage adhesion may have important
physiological and pathological roles, particularly at sites rich in
modified extracellular matrix proteins. Modifications of the
extracellular matrix that enhance interaction with SR-A can
occur in chronic inflammation, atherosclerosis, smoking, and
diabetes. Our results indicate that in addition to enhancing
macrophage accumulation and retention at the sites of matrix
modification, SR-A-mediated cell adhesion might contribute to
the pathophysiology of inflammatory diseases by activating
intracellular signaling pathways (e.g., Lyn-PI3-kinase-Akt-
GSK3�) that regulate macrophage function. Evaluation of the
role of SR-A in vivo therefore requires consideration of not
only its ability to mediate ligand internalization but also its
ability to mediate macrophage adhesion (attachment and
spreading) and the consequent activation of multiple intracel-
lular signaling pathways.
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