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Perspectives Series:
Cell Adhesion in Vascular Biology

 

Lesions of atherosclerosis are only found in the intima, and the
smooth muscle cells (SMC)

 

1

 

 comprising these lesions are
clonal. These two simple facts imply that formation of the in-
tima, presumably by migration of cells from the media, is a key
event in the early stages of atherosclerosis. There is also a lot
of interest (1), although less data, in the possibility that smooth
muscle migration and proliferation are critical in later stages of
the disease and, particularly, in restenosis after angioplasty.
This review will discuss possible critical roles for migration in
the origin and progression of atherosclerotic lesions.

 

Diversity of smooth muscle

 

While special properties of the intimal SMC must underlie the
clonal localization of atherosclerotic lesions, all SMC have
very diverse origins. SMC investing both blood vessel and gut
arise locally from the surrounding mesenchyme (1, 2). These
diverse origins may imply differences in lineage that could be
important to the pathogenesis of diseases of SMC. For exam-
ple, mesenchyme of head and neck, including vascular smooth
muscle, is derived from ectoderm. Cultured mesectodermal
SMC have unique properties including higher synthesis of
elastin (2), implying that there are genetic differences between
mesodermal and mesectodermal smooth muscle. Such differ-
ences in SMC lineage could explain the localization of athero-
sclerotic lesions or even the genetic basis for supravalvular
aortic stenosis (3). There is abundant evidence that intimal
SMC also have a unique phenotype (1).

 

Investment of blood vessels by smooth muscle

 

The first hints of the factors involved in the recruitment of
SMC come from recent studies of knockout mice. Deletion of
the PDGF

 

b

 

 receptor leads to microvascular rupture due to a
lack of pericytes (4). This morphogenic defect suggests that
PDGF-

 

b

 

 induces pericytes to arise by migration from the SMC
of the larger vessels. However, a recent study with chimeric
mice made from PDGF

 

b

 

R knockout and wild-type cells sug-
gests that PDGF

 

b

 

R has an even wider role. In animals chi-

meric for this receptor, all types of muscle show a marked en-
richment in the wild-type cells having the PDGF

 

b

 

R. Thus, it is
likely that PDGF-

 

b

 

 plays a critical role in some early step of
the recruitment of muscle progenitors, perhaps by inducing
migration of cells from the primitive mesenchyme. This effect
may appear again in adult animals where PDGF appears to
play a key role in migration of medial SMC into the neointima
after vascular injury (1).

 

Intimal formation

 

The first point is that the SMC of atherosclerotic lesions are
comprised of clones in the intima. Murry et al. (5) have dem-
onstrated recently that the atherosclerotic clone is located in
the SMC of the fibrous cap itself, however, smaller clones are
also present in normal intima. Thus, clonality could result from
developmental expansion of rare cells in the intima as sug-
gested previously by Velican and by Thomas (cited in refer-
ence 1). The clonal origins of intimal cells could reflect trap-
ping of rare SMC during formation of the internal elastic
lamina, migration of rare cells across the internal elastic lam-
ina at later times, or, as originally proposed by Benditt, a mu-
tation that for some reason only occurs in intimal cells. In any
case, clonality suggests that migration of SMC from the media
to a location between the endothelium and the media is a nec-
essary step in formation of these lesions. Given the evidence
for clonal expansion it seems unlikely that the migration event
occurs as a response of the usual sort studied in animal models
of arterial injury (below).

Before discussing the role of migration of medial SMC in
the spontaneous formation of the intima, we should consider a
recent and controversial finding that raises another possible
explanation for intimal formation. deRuiter et al. (6) present
evidence that endothelial cells can delaminate and move into
the subjacent vessel wall during vascular development. Mark-
wald has described something quite similar for the origin of
cells in endocardial cushions (2). The origin of such unique
SMC, moreover, may not be restricted to the local endothe-
lium. A number of studies in the transplantation and marrow
literature suggest that the peripheral blood contains CD34
positive cells with potential to form several cell types, includ-
ing SMC, as well as endothelial cells (7).

Whatever the source of intimal SMC, intimal formation oc-
curs spontaneously before birth in the ductus arteriosus and in
most arteries after birth. Morphologic studies imply that this
occurs by migration from the preexisting media (1, 2). Essen-
tially nothing is known about the mechanisms controlling this
potentially critical early event in the origins of atherosclerotic
lesions.

In contrast, pathological intimal formation has also been
seen as a response to many different kinds of injury, ranging
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from trauma, to lipid feeding, and especially transplant rejec-
tion (1). Mechanistic data, however, are almost all confined to
one model, the rat carotid artery.

 

Neointimal formation after injury

 

The initial response to injury in the rat model is SMC prolifer-
ation in the media. This initial proliferative wave must have
something to do with the final formation of the intima since anti-
proliferatives, including antisense directed at genes required
for proliferation, have no effect on rates of migration across
the internal elastic lamella but do inhibit the final number of
cells that migrate (8). Nothing is known about why this initial
proliferative event is important. However, intimal cells show
loss of the contractile proteins that characterize medial SMC,
suggesting that medial cells must undergo a marked change in
cytoskeleton in order to migrate. Similar loss of contractile
structure is seen in other muscle cells, including skeletal mus-
cle cells, migrating into wounds and it seems quite possible
that migration of any differentiated cell into a wound requires
dedifferentiation to a motile form.

Migration, after this initial proliferation, is controlled by a
redundant set of molecules including PDGF, angiotensin II,
TGF-

 

b

 

, and FGF. However, even when inhibitors have been
used, after several weeks an intima still appears. Thus, low lev-
els of migration or intimal replication may go on at a low but
steady rate.

 

Adhesion molecules and intimal formation

 

Surprisingly little has been done to identify the matrix mole-
cules involved in migration into the intima. Osteopontin is of
special interest because it is characteristically expressed in sites
where tissues are undergoing marked remodeling including
the notochord and sites forming new smooth muscle layers, in-
cluding the gut and the neointima formed after injury, and the
normal intima that forms spontaneously in the ductus arterio-
sus before birth (9). In vitro, osteopontin is a potent chemotac-
tic factor and antibodies to osteopontin inhibit migration into
the intima after balloon angioplasty (10).

While cells can attach to osteopontin via other 

 

a

 

v

 

 integrins,

 

a

 

v

 

b

 

3

 

 appears to be the major migration promoting receptor in
vitro (11). This may be true in vivo as well since antagonists di-
rected at 

 

a

 

v

 

b

 

3

 

 inhibit formation of the intima after balloon in-
jury (12, 13). These experiments seem to explain the apparent
ability of ReoPro, an antibody against all 

 

b

 

3

 

 integrins, to in-
hibit restenosis. However, caution needs to be expressed be-
cause the human studies lack evidence that intimal formation,
rather than remodeling of the media, is the critical event in
narrowing (1). Moreover, recent immunocytochemical studies
from our laboratory found that 

 

a

 

v

 

b

 

3

 

 was largely confined to
the media rather than the intima where, one assumes, neointi-
mal hyperplasia would have its pathologic effect (11).

It is important to point out that very little is known about
other integrins present in vascular tissue. For example, while a
number of in vitro studies have emphasized the role of 

 

a

 

2

 

b

 

1

 

 in-
tegrins in interaction of cultured SMC with collagen, this integ-
rin is not seen in vascular SMC in vivo. Instead, the major 

 

b

 

1

 

integrin seen in the intima in vivo is 

 

a

 

1

 

b

 

1

 

. A recent paper sug-
gests that this may be the major integrin involved in smooth
muscle migration on collagen (14). On the other hand, while
we know very little about the expression of integrins during
vascular response to injury, a recent report on the intima of the
ductus arteriosus reports that several integrins, including 

 

a

 

5

 

b

 

1

 

and 

 

a

 

v

 

b

 

3

 

, are expressed during the rapid intimal formation
seen in the ductus before birth (15). There is very little litera-
ture on the modulation of expression of integrins in other ex-
amples of intimal formation.

Proteoglycans may also be relevant to formation of the in-
tima. CD44, a receptor for hyaluronic acid, has also been
shown to play a role in migration of cells into fibrin or osteo-
pontin (16, 17). CD44 is upregulated, along with hyaluronic acid
in the neointima (18). Finally, the presence of hyaluronic acid
in the intima may be very important itself. Hyaluronic acid ac-
cumulation is characteristic of the formation of a spontaneous
neointima in the ductus arteriosus where it is believed to play a
critical role in this process. In addition to CD44, migrating
SMC express another hyaluronic receptor, RHAMM. Chemo-
taxis of cultured SMC is inhibited by HA-binding peptides or
high doses of HA and high concentrations of HA in vivo in-
hibit neointimal formation.

The third class of relevant molecules are the matrix pro-
teases. The cells forming the neointima have been shown to
express several proteases including tissue type plasminogen ac-
tivator, plasmin, MMP-2, and MMP-9 (19). The significance of
these proteases is supported by three kinds of evidence. First,
heparin, known to be a potent inhibitor of neointimal forma-
tion, inhibits induction of expression of tissue-type plasmino-
gen activator as well as collagenase. This may be due to the
ability of heparin to wash free FGF out of the wall as FGF has
also been shown to induce transcription of plasminogen activa-
tor. Similarly, PDGF induces expression of a number of pro-
teases and, as already noted, anti-PDGF inhibits smooth mus-
cle migration. Finally, protease inhibitors inhibit intimal
formation (19).

 

Other morphogenic processes in vascular pathology

 

While this review has emphasized intimal formation after in-
jury, clonality suggests that plaques arise by clonal expansion
of cells already in the intima. We do not know how the normal
intima forms. For example clonality could be the result of trap-
ping of rare cells within the forming internal elastic lamina (1).
In summary, we do not know if the intimal hyperplasia is a key
event in atherosclerosis or restenosis.

However, it is likely that other morphogenic processes are
involved in atherosclerosis. For example, vascular narrowing
may well depend on some form of smooth muscle migration.
The size of atherosclerotic plaques does not correlate with the
extent of vascular narrowing (20). As shown in Fig. 1, it is pos-
sible that repeated episodes of plaque rupture create wounds,
and vessels narrow because of wound contracture. Indeed, in-
travascular ultrasound studies of vessels after angioplasty show
just such wounds and the narrowing called “restenosis” seems
to occur, in most cases, without addition of mass to the vessel
wall (21). Unfortunately, there is no literature on the mecha-
nisms controlling wound contracture in vessel walls but we as-
sume that SMC migration would be critical to this process. The
other possibility shown in Fig. 1 is that narrowing is the result
of failure of a remodeling mechanism that permits expansion
of the lumen as the lesion grows. Even less is known about
how such a process might occur. However, a recent paper sug-
gests an intriguing possibility. Mogford et al. showed that 

 

a

 

v

 

b

 

3

 

may regulate contraction of the vessel wall (22). Thus, integ-
rins may play a role in active contraction as well as migration
of SMC, providing a possible unifying mechanism for vascular
remodeling.
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Clinical relevance

 

Antimigratory drugs directed at formation of the intima may
be of little interest if intimal formation is an early developmen-
tal event. Indeed, there is some reason to believe that resis-
tance to plaque rupture may be dependent on formation of a
fibrous cap so any therapy directed at inhibiting intimal forma-
tion may be a bad idea. However, narrowing is a very intrigu-
ing clinical target, one where the processes and relevant mole-
cules need to be defined. Especially in the case of stent
stenosis and transplant rejection, this may depend on intimal
formation. On the other hand, in atherosclerotic progression
and postangioplasty restenosis remodeling and wound healing
may be the appropriate targets.
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