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Abstract

Thrombin is a multifunctional serine protease generated at
sites of vascular injury. A host of thrombin actions on vascular
endothelial cells, smooth muscle cells, and macrophages has
been defined in cell culture systems, but the in vivo significance
of these activities is unknown. Wehave defined the expression
of the recently identified receptor for thrombin in human arter-
ies by both in situ hybridization and immunohistochemistry. In
normal-appearing arteries, thrombin receptor was expressed
almost exclusively in the endothelial layer. By contrast, in hu-
man atheroma, the receptor was widely expressed, both in re-
gions rich in macrophages and in regions rich in vascular
smooth muscle cells and mesenchymal-appearing intimal cells
of unknown origin. Thrombin receptor was expressed by hu-
man vascular endothelial cells and smooth muscle cells in cul-
ture and by macrophages obtained by bronchioalveolar lavage,
thus demonstrating that all three cell types are indeed capable
of expressing the thrombin receptor. These results establish
thrombin receptor activation as a candidate for contributing to
sclerotic and inflammatory processes in the human vasculature,
such as those that occur in atherosclerosis and restenosis. (J.
Clin. Invest. 1992.90:1614-1621.) Key words: thrombin recep-
tor * Xenopus oocytes * expression cloning * signaling. platelet

Introduction

Thrombin, a multifunctional serine protease generated at sites
of vascular injury, exhibits a host of cell activating functions
(reviewed in references 1-3). It is the most potent activator of
blood platelets (4, 5) and possesses a variety of actions upon
inflammatory cells and the constituent cells of the blood vessel
wall. Thrombin is chemotactic for monocytes (6) and is mito-
genic for lymphocytes (7) and for mesenchymal cells including
vascular smooth muscle cells (8, 9). Thrombin's effects on the
vascular endothelium include stimulating endothelial produc-
tion of prostacyclin (10), platelet-activating factor ( 11 ), plas-
minogen activator-inhibitor ( 12), and the potent smooth mus-
cle cell mitogen platelet-derived growth factor ( 13 ). Thrombin
also causes endothelial cells to express P-selectin on their sur-
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faces ( 14), an action potentially important in mediating the
initial adherence of monocytes and neutrophils to an injured or
otherwise abnormal artery. Teleologically, these multiple cell-
activating functions of thrombin may be viewed as orchestrat-
ing normal responses to vascular injury or wounding, poten-
tially mediating not only hemostatic but also inflammatory
and proliferative or reparative responses. It is also tempting to
hypothesize that thrombin's actions on cells may contribute to
pathologic inflammatory and proliferative cellular events in
the blood vessel wall, such as those that occur in atherosclerosis
and restenosis. However, while thrombin's role as a critical
regulator of platelet function in vivo is well established ( 15-
19), the many other cell activating functions of thrombin have
been defined only in vitro and remain of uncertain significance
in vivo.

Werecently isolated a cDNAencoding a functional throm-
bin receptor (20). The receptor encoded by this clone appears
to mediate thrombin-induced platelet activation (20-23) and
can mediate a variety of thrombin responses in cultured fibro-
blasts and endothelial cells (24-26). As a first step toward de-
fining the role of the thrombin receptor in vivo, we have exam-
ined thrombin receptor expression in normal and diseased hu-
man blood vessels. Wenow report that the thrombin receptor
is expressed in vivo not only by platelets but also by the endo-
thelium of normal-appearing human arteries. Moreover, in ath-
erosclerotic arteries, the thrombin receptor is widely expressed
within atheroma both in fatty streaks and in complex athero-
sclerotic lesions. These data suggest that the recently cloned
thrombin receptor may play a role in mediating normal and
pathological responses in the blood vessel wall.

Experimental procedures
In situ hybridization. Abdominal aorta obtained from kidney trans-
plant donors and carotid endarterectomy specimens obtained at sur-
gery were fixed in paraformaldehyde and processed for sectioning as
previously described (27). Human peripheral blood monocytes were
prepared using Histopaque 1077 (Sigma Chemical Co., St. Louis, MO)
according to the manufacturer's instructions, then allowed to adhere to
glass slides. Alveolar macrophages were obtained from bronchioalveo-
lar lavage specimens and cytospun onto glass slides. Both preparations
were then rinsed free of nonadherent cells and fixed for 10 min at 4°C
in 4%paraformaldehyde (27) then stored in 70% ethanol/30% water.
Sense and antisense "S-labeled riboprobes were transcribed from hu-
man thrombin receptor cDNA (20) or von Willebrand factor cDNA
(American Type Culture Collection, Rockville, MD) in pBluescript
SKor KS (Strategene Inc., La Jolla, CA) using T7 RNApolymerase; in
situ hybridization was performed using published procedures (27).
The results on human tissues shown are representative of those ob-
tained with 13 different specimens.

Immunohistochemistry. Frozen tissue sections were reacted with
monoclonal antibody Ham56 (Dako Corp., Carpinteria, CA) to iden-
tify monocytes and macrophages or HHF35 (Enzo Pharmaceuticals,
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Figure 1. Thrombin receptor expression in normal aorta and fatty streak. In situ hybridization of sections from organ donor aorta for thrombin
receptor or von Willebrand factor mRNA. (A ) Normal-appearing region of aorta revealing positive hybnidization for thrombin receptor mRNA
expression in the endothelial layer (E) (dark-field photomicrograph at x200; positive hybridization is indicated by the collections of bright
grains). Occasional positive cells (arrows) were noted in normal-appearing regions of aortic media. (B) Bright-field photomicrograph of A
showing nuclei in the endothelial layer. ( C) In situ hybridization of a section from the same tissue sample as shown in A and B for von Wille-
brand factor mRNA(dark-field photomicrograph at x200). Note striking collections of silver grains over the endothelial layer. (D) Adjacent
section to that shown in C hybridized with control sense von Willebrand factor probe. Note lack of cell-associated collections of silver grains.
Similar results were obtained with sense probes derived from thrombin receptor cDNA. (E) Fatty streak revealing diffuse expression of thrombin
receptor mRNAin the neointima (dark-field photomicrograph at x 100). (F) Samesection as Ephotographed in bright-field showing demarca-
tion between the thickened intima (I) and underlying media (M). Sections were hybridized with antisense or sense 35S-labeled RNAprobe
transcribed from human thrombin receptor or von Willebrand factor cDNAas described in Experimental procedures.
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NewYork) to identify vascular smooth muscle cells as described (27).
Thrombin receptor immunohistochemistry was performed using IgG
purified from peptide antiserum 1047 which recognizes the human
thrombin receptor's hirudin-like domain (23). The IgG as used at a
final concentration of 30 tg/ml, the same concentration required to
block platelet activation by thrombin (23). Human thrombin recep-
tor-transfected and naive Rat 1 cells as well as incubations without
primary antibody or with irrelevant primary antibodies were used to
confirm the specificity of thrombin receptor staining. Primary antibod-
ies were detected using biotin-conjugated second antibody and avidin-
alkaline phosphatase or avidin-horse radish peroxidase (Vector Labora-
tories, Burlingame, CA) as described (27).

Cell culture and Northern blot analysis. Human vascular smooth
muscle cells were explanted from aorta obtained from transplant do-
nors (28). Humanumbilical venous endothelial cells were a generous
gift from Dr. Robert Taylor (University of California, San Francisco).
Total cellular RNAwas prepared using guanidinium thiocyanate lysis
and centrifugation through cesium chloride (29). Smooth muscle or
endothelial cell RNAwas sized by glyoxal gel electrophoresis and ana-
lyzed for human thrombin receptor mRNAby Northern blot (29).

Results and Discussion

In situ hybridization of normal-appearing regions of human
aorta revealed thrombin receptor mRNAexpression in the en-
dothelial layer (Fig. 1 A; see also Fig. 2 F, endothelial layer at
lower left). Only occasional cells in the aortic media showed
hybridization for receptor mRNA(Fig. I A). The presence of
endothelial cells in this sample is apparent by hematoxylin-eo-
sin staining (Fig. 1 B) and by in situ hybridization for von
Willebrand factor mRNA, an endothelial marker (Fig. 1 C).
The lack of hybridization to the endothelial layer noted when
control "sense" probes were used (Figs. 1 D, 2 B vs. 2 C, and
data not shown) and the lack of silver grains at the adventitial
edge and other tissue boundaries (Fig. 2, B-lower right and
F-upper right) suggested that the endothelial hybridization

seen in these studies was specific and did not represent an "edge
effect." These data suggest that the thrombin receptor can be
expressed by endothelial cells in normal-appearing human ar-
teries. No conclusions regarding the activation state ofthe endo-
thelium in these samples or any activation dependence of re-
ceptor mRNAexpression should be drawn from these studies
of human pathology specimens. However, we have noted ro-
bust thrombin receptor mRNAexpression in cardiac and aor-
tic endothelium in mouse embryos that were rapidly fixed
(S. J. Soifer, J. O'Keefe, and S. R. Coughlin, manuscript in
preparation), again suggesting that normal endothelium can
express the receptor in vivo.

In contrast to the localized expression seen in the normal
artery, thrombin receptor mRNAwas widely expressed in ath-
erosclerotic vessels. In fatty streaks, the early lesions of athero-
sclerosis, thrombin receptor was widely expressed in the neoin-
tima (Fig. 1, E and F). Little expression was noted in the un-
derlying normal media. In complex atherosclerotic lesions
obtained as carotid endarterectomy specimens (Fig. 2, A-C),
abundant thrombin receptor expression was also noted. Again
little receptor expression was seen in the underlying medial
layer.

To correlate thrombin receptor expression with the pres-
ence of particular cell types within the atheroma, sections adja-
cent to those probed for thrombin receptor were stained with
immunohistochemical markers for monocyte / macrophages or
smooth muscle cells using monoclonal antibodies HAM56or
HHF35, respectively. Two distinct patterns of thrombin recep-
tor expression were noted. In the first, thrombin receptor ex-
pression correlated with areas of high cellularity staining with
the macrophage marker HAM56 (Fig. 2, Eand Fvs. G). In the
second, thrombin receptor expression was noted in areas which
failed to stain for macrophages, but which did stain with the
smooth muscle marker HHF35. For example, the particular
region of atheroma shown in Fig. 2, Dand H, did not stain with

Figure 2. Thrombin receptor expression in complex plaques: analysis of carotid endarterectomy specimens.
Adjacent sections from a carotid endarterectomy specimen hybridized with antisense thrombin receptor probe to detect receptor mRNA,with

sense thrombin receptor probe as a negative control, or were processed for immunohistochemistry using the monocyte/macrophage marker
HAM56or the smooth muscle marker HHF35. (A) Carotid plaque. Bright-field photomicrograph (X 100) of hematoxylin and eosin-stained
section of a complex carotid plaque showing neointima (I) and underlying media (M). (B) Thrombin receptor mRNAin carotid plaque.
Dark-field photomicrograph of the same field shown in A. Section was hybridized with antisense probe for human thrombin receptor. Exposure
time was 10 d. Collections of bright silver grains indicate cells hybridizing for receptor mRNA. (C) Sense probe control. Dark-field photomi-
crograph of a section adjacent to that shown in B. This section was hybridized with sense probe for thrombin receptor mRNAand exposed and
developed in parallel with that shown in B. Note absence of hybridizing cells (compare to B). (D) Macrophage-poor region of atheroma.
Bright-field photomicrograph (X200) of a region of complex plaque containing HHF35 positive (smooth muscle) and nonstaining mesenchy-
mal-appearing intimal cells but no HAM56positive (monocyte/macrophage) cells. The section was stained with hematoxylin and eosin stain
to show nuclei for comparison with the dark-field photomicrograph of the same field showing thrombin receptor hybridization (H); arrows show
the same cell in each photo for orientation. (E) Macrophage immunostaining of carotid plaque. Bright-field photomicrograph (x50) of a section
of carotid plaque immunostained with monocyte macrophage marker HAM56. Positive staining (arrows) is seen as the brown peroxidase prod-
uct. For orientation, the endothelial surface is lower left, medial layer is upper right. (F) Dark-field photomicrograph (X50) of a carotid plaque
section adjacent to that shown in E hybridized for thrombin receptor mRNA. Positive hybridization denoted by collections of silver grains. Note
band of positive cells (arrows) that correlates with area of HAM56staining for monocyte/macrophages. Note also the lack of hybridization to
the medial layer seen at upper right; also seen in Gas the layer at the upper right with linear HHF35 staining. Lastly, note the lack of silver grains
at the adventitial outer edge (extreme upper right) suggesting that the silver grains overlying the endothelial layer (lower left) represent hybrid-
ization and not "edge effect" (see also Fig. 1). (G) Smooth muscle immunostaining of carotid plaque. Bright-field photomicrograph (X50) of
section adjacent to F stained with the smooth muscle marker HHF35. Positive staining is seen as the brown peroxidase product. Arrows show
the cellular area corresponding to that staining for macrophages in E. (H) Macrophage poor region of atheroma shows thrombin receptor hy-
bridization. Dark-field photomicrograph corresponding to the bright-field view shown in D. Silver grains indicate hybridization for thrombin
receptor mRNAto nearly all cells in this field (compare nuclei in D to collections of silver grains in H). Immunostaining of adjacent sections
revealed no macrophage staining in this region. Approximately half of the cells in this region did stain with the smooth muscle cell marker
HHF35 and half remained unstained, the latter presumably representing mesenchymal-appearing intimal cells.

Thrombin Receptor Expression in Vivo 1617
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Figure 3. Northern blot analysis of thrombin
receptor mRNAexpression by vascular cells
in culture. Total cellular RNAwas prepared
from cultured human aorta-derived smooth
muscle cells and from human umbilical venous

endothelial cells and was analyzed by Northern
blot for thrombin receptor mRNA.(hSMC)
8 pg total cellular RNAfrom two separate iso-
lates of human smooth muscle cells. (hEndo)
8 pg of total cellular RNAfrom two separate
isolates of human umbilical venous endothelial
cells. (Dami) 8 ,g polyA+ RNAfrom Dami
cells included as a positive control. RNAsize
standards are indicated at left.

Figure 4. In situ hybridization of peripheral blood
monocytes and bronchioalveolar lavage-derived mac-

rophages for thrombin receptor mRNA.Epilumines-
cence photomicrograph (X400). Bright blue dots in-
dicate silver grains denoting the presence of thrombin
receptor mRNA.Cells were fixed and hybridized for
thrombin receptor mRNAas described in Experi-
mental procedures. Greater than 90% of cells in the
peripheral blood monocytes and bronchioalveolar
lavage preparations had the morphologic features of
monocytes or macrophages, respectively, by Wright's
stain. Even at 8 wk exposure, only a very low signal
for thrombin receptor mRNAwas detected in mono-

cytes (A). By contrast, at 4 wk exposure, clear hy-
bridization was noted in macrophages (B). The sense

probe controls for both monocytes and macrophages
revealed no positive hybridization. Expression of
thrombin receptor protein in macrophages was con-

firmed by immunohistochemical staining (not
shown).
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the macrophage marker HAM56, while other regions of this
same slide did stain. In this HAM56negative region, 50% of
the cells did stain with the smooth muscle marker HHF35. The
remainder of cells in this region did not stain with either
HHF35 or HAM56and appeared to represent "mesenchymal-
appearing intimal cells" (27, 30, 3 1 ). The latter cells are not
recognized by available cell-specific antibodies, but may repre-
sent "synthetic state" smooth muscle cells. Note that nearly all
cells in this particular field did express thrombin receptor
mRNA(Fig. 2, Dand H), suggesting that both smooth muscle
and mesenchymal-appearing intimal cells express receptor.

Expression of thrombin receptor mRNAby vascular endo-
thelial and smooth muscle cells was confirmed by Northern
analysis (Fig. 3). These data coupled with the in situ mRNA
localization data cited above suggest that human vascular endo-
thelial cells and plaque smooth muscle cells can indeed express
the thrombin receptor in vivo. Thrombin receptor mRNAex-
pression in peripheral blood monocytes was difficult to detect
by Northern analysis. For this reason, and because contamina-
tion of preparations of monocytes with other cell types would
confound interpretation of any low level of receptor expression
found with more sensitive techniques, thrombin receptor ex-
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Figure 5. Immunohistichemistry for thrombin receptor protein in receptor transfected cells and naive cells (A and B) and in human atheroma
(D); correlation with in situ hybridization (C). Immunostaining is seen as the dark red alkaline phosphatase product. Cells or tissues were
incubated with IgG purified from a rabbit peptide antisera to human thrombin receptor (23) and processed as described in Experimental proce-
dures. (A and B) Rat I cells stably transfected with human thrombin receptor cDNA (A) or naive Rat 1 cells (B) immunostained for human
thrombin receptor (bright-field, x400). (C and D) Humancarotid endarterectomy specimen. Sections near those shown in Fig. 2, E-G, were
hybridized for thrombin receptor mRNA(C) or immunostained for human thrombin receptor (D). Note the lack of immunostaining in control
Rat 1 cells (B) compared to transfected cells (A) and the correlation of areas of immunostaining (arrows, D) with areas of positive hybridization
for thrombin receptor (arrows, C). Scale bars represent 200 ,um Cis a dark-field photomicrograph at X50. D is a bright-field at x50.

Thrombin Receptor Expression in Vivo 1619



pression in these cells was sought by in situ hybridization of
isolated cells. Thrombin receptor expression in isolated periph-
eral blood monocytes appeared to be present at very low levels;
an eight-week exposure was required for the development of
the in situ hybridization shown in Fig. 4 A. By contrast, expres-
sion in isolated macrophages obtained by bronchioalveolar la-
vage was readily seen after four weeks (Fig. 4 B). Immunohisto-
chemical staining with thrombin receptor antibody (see below)
also suggested receptor expression by macrophages. These data
indicate that human macrophages can express thrombin recep-
tor and coupled with our in situ and immunostaining results
(Fig. 2) suggest that macrophages within human atheroma ex-
press thrombin receptor mRNA. How thrombin receptor ex-
pression might be upregulated in tissue macrophages com-
pared to circulating monocytes, and how much of the intense
thrombin receptor expression seen in macrophage-rich areas is
contributed by macrophages themselves vs. by target cells re-
sponding to macrophage cytokines, remains to be defined.

The above studies demonstrated thrombin receptor expres-
sion in vivo at the mRNAlevel. To confirm thrombin receptor
expression at the protein level, we used IgG purified from a
thrombin receptor peptide antiserum for immunohistochemi-
cal studies. The antiserum recognizes the human thrombin re-
ceptor's hirudin-like domain and blocks thrombin-induced
platelet activation (23). Rat 1 cells transfected with human
thrombin receptor cDNAstained positively with the antiserum
but the untransfected parent cell line did not (Fig. 5, A vs. B),
demonstrating the specificity of the antiserum. In human ath-
eroma, positive staining with the receptor antiserum correlated
with positive hybridization for thrombin receptor mRNA(Fig.
5, C vs. D). In more normal vessels, endothelial staining with
the thrombin receptor antiserum was detected (not shown).
These data suggest that the thrombin receptor is expressed at
the protein level in human arteries.

To our knowledge, this is the first study demonstrating
thrombin receptor expression in vivo. Given the known activi-
ties of thrombin on vascular cells in culture, the demonstration
of thrombin receptor expression in the blood vessel wall estab-
lishes thrombin receptor activation as a candidate for mediat-
ing inflammatory and proliferative events in the artery wall in
vivo.

The observation that thrombin receptor mRNAis ex-
pressed by arterial endothelium suggests that these cells are
capable of responding to thrombin in vivo. Someor all of the
host of thrombin responses described for cultured endothelial
cells (see Introduction) may thus be elicited in vivo via the
cloned thrombin receptor and modulate thrombotic, inflam-
matory, and proliferative responses in the vessel wall.

Thrombin receptor expression by macrophages is tantaliz-
ing in that these cells are known to express tissue factor ( 31 ).
The latter observation predicts that macrophages exposed to
circulating coagulation factors would trigger local thrombin
production, a situation that may occur in a plaque with altered
endothelial permeability. Whether locally produced thrombin
plays a role in localizing or activating macrophages remains to
be seen.

The observation that plaque smooth muscle cells express
thrombin receptor mRNAsuggests that these cells may also
respond to thrombin in vivo, and prompts hypotheses regard-
ing possible roles for thrombin in stimulating smooth muscle
cell proliferation in vivo. Such stimulation could occur directly

upon receptor activation or indirectly by induction of auto-
crine or paracrine growth factors (9, 13, 28, 30). Potential
sources of thrombin in the plaque include possible local throm-
bin generation in the absence of frank plaque rupture and
thrombosis (see above), as well as thrombin generated within
thrombi in ruptured atherosclerotic plaques. Such thrombi are
often seen, even in autopsies of patients dying of noncardiac
causes, and the hypothesis that organization of plaque thrombi
within complex atherosclerotic plaques contributes to disease
progression is long extant (reviewed in reference 32). A recent
study using an animal model of restenosis following vessel in-
jury does suggest a possible role for thrombin per se in promot-
ing intimal proliferation (33). The possibility that thrombin
receptor activation in vivo may contribute to the progression of
atherosclerosis or to restenosis following angioplasty by pro-
moting cell proliferation and organization of plaque thrombi
remains to be tested.
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