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Abstract The expression of tissue factor (TF) antigen 
by circulating monocytes, cultured macrophages, and 
macrophages associated with atherosclerotic lesions was 
ultrastructurally analysed using immunogold labeling. A 
subpopulation of macrophages associated with the int- 
imal surface overlying lesions had a significant TF ex- 
pression. Macrophages and macrophage foam cells that 
projected from the intima into the arterial lumen also ex- 
pressed a high level of TF (14-fold increase over con- 
trol). In contrast, circulating monocytes and macrophag- 
es in culture did not express TF above background con- 
trol levels. This TF expression by macrophages in vivo 
but not by macrophages cultured from either normal or 
hypercholesterolemic animals suggests that monocyte 
activation and macrophage transition, as measured by TF 
expression, is lesion-dependent and not stimulated solely 
by intimal attachment, surface migration, or hype- 
rcholesterolemia. These results further suggest that mac- 
rophages and foam cells associated with early lesions of 
atherosclerosis can initiate fibrin formation, which could 
contribute to lesion complications and transition to a fib- 
romuscular stage. 
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Introduction 

Tissue factor (TF), or thromboplastin, is recognized as 
the primary physiological initiator of coagulation [2]. 
Tissue factor is an integral membrane polypeptide that 
binds factor VII, forming a TF-VIIa complex which acti- 
vates factors IX and X. The end result of these initial 
proteolytic events is the polymerization of fibrinogen to 
fibrin. As an initiator of coagulation, TF distribution is 
localized to aid the body in the prevention of blood loss. 
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Recent immunohistochemical studies suggest a "hemo- 
static barrier" of TF, as the protein is constitutively 
found within the adventitial layer of the vasculature, 
within the epithelium of the skin and within certain or- 
gan capsules [4, 7]. Normally, however, TF is not consti- 
tutively expressed by cells that are in direct contact with 
the blood. Monocytes and/or monocyte-derived macro- 
phages do have the ability to express TF though, and this 
ability is expressed after stimulation by phorbol ester, 
endotoxin, or cytokines [5, 15, 22, 24]. Additionally, TF 
expression by monocyte-derived macrophages and vas- 
cular endothelium has been associated with pathological 
conditions such as cancer, infection, and inflammation 
[6, 17, 25]. This current report is directed at TF localiza- 
tion on cells associated with the intimal surface of athe- 
rosclerotic lesions. Specifically, we examined monocytes 
adherent to the endothelium, macrophages residing on 
the endothelium and those projecting into the intima, as 
well as macrophage foam cells that projected from the 
intima into the arterial lumen (Fig. 1). Our data docu- 
ment the expression of TF by all of the cell types de- 
scribed above with the exception of unstimulated mono- 
cytes adherent to the endothelium. Tissue factor expres- 
sion by these cells is an important finding, as it indicates 
a possible mechanism by which thrombotic events may 
be initiated by cells associated with early foam cell le- 
sions. 

Materials and methods 

Ten random bred White Carneau pigeons were obtained from a 
closed colony at the Bowman Gray School of Medicine. Seven of 
the animals were fed an atherogenic diet consisting of cholesterol- 
free pigeon pellets supplemented with 0.3% cholesterol and 10% 
lard. The remaining three control animals were fed an unsupple- 
mented diet. The diet regimen lasted 8-10 months, a period of 
time previously shown to exacerbate lesion formation in the tho- 
racic aorta [12, 13]. 

Monocytes were isolated from the blood of normocho- 
lesterolemic animals or hypercholesterolemic animals by centrifu- 
gation over Isolymph (Gallare-Schlesdinger, Carle Place, N.Y.) for 
45 min at 400 g [3]. The cells then were collected from the plas- 
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Fig. 1 Illustration of the 
various cell types observed 
during the study. From left to 
right, these cells are: 
undifferentiated monocytes on 
the endothelial surface (MO), 
monocyte-derived macrophages 
on the endothelium (MO), 
macrophages on the endo- 
thelium with subendothelial 
contact (iMO), intimal foam 
cells (iFC), foam cells 
projecting into the lumen 
(lFC), and foam cells 
projecting from areas of 
endothelial damage (FC) 

Ar te r i a l  Lumen 

ma/Isolymph interface. Some of the cells were fixed immediately 
for 10 rain in dilute, 1% glutaraldehyde buffered in 0.1 M sodium 
cacodylate (pH 7.3). The remaining cells were plated on 35 mm 
culture dishes following previously published procedures [ 10, 11], 
and were allowed to spread and differentiate. Following culture for 
5-7 days, the cells were washed in phosphate-buffered saline 
(PBS) and fixed as described above. 

Segments of atherosclerotic lesions from the thoracic aorta 
were collected from animals fed a cholesterol-supplemented diet. 
The techniques used for anesthesia and perfusion have been previ- 
ously published [14]. Briefly, the animals were anesthetized with 
an injection of sodium pentobarbital (0.4 ml). Five milliliters of 
blood for lipid analysis was collected into 3.8% sodium citrate by 
cardiac puncture and the plasma was analysed for total cholesterol 
concentration using the autoanalyser II method. Following blood 
collection, the vasculature was perfused under pressure (140 mm 
mercury) with PBS, pH 7.4, for 5 min to clear the remaining 
blood. A segment of the thoracic aorta extending from the left 
ventricle to the abdominal aorta was removed. This segment con- 
tained the test site, a well characterized region of lesion formation 
on the aorta immediately anterior to the bifurcation of the celiac 
artery [12, 13]. The arterial segment was immediately rinsed in 
fresh PBS, followed by a 5 min fixation in 1% buffered glutaralde- 
hyde. The artery was then opened, and selected areas of the lesion 
were dissected out while immersed in fixative. These areas were 
fixed for an additional 5 rain. 

For TF immunogold labeling and electron microscopy, mono- 
cyte suspensions, macrophages in culture, and lesion segments 
were rinsed extensively (three times 5 rain) in Gey's balanced salts 
following fixation. Free aldehydes were blocked with Gey's salts 
containing 0.01% glycine (three times 5 min), and this was fol- 
lowed by an additional rinse using Gey's without glycine (5 min). 
The material then was incubated with either the primary antibody 
(rabbit anti-human tissue factor, kindly provided by DR. L.V.M. 
Rao) or non-immune rabbit serum at a concentration of 20 ~tg/ml 
for 20 min [7, 19]. Following this treatment, the material was 
washed in Gey's (three times 5 min) and incubated with the sec- 
ondary antibody mixture for 20 min. This mixture was a combina- 
tion of two antibodies, a specific goat-anti-rabbit IgG (GAR) and a 
non-specific goat-anti-mouse IgG (GAM). The specific and non- 
specific antibodies were attached to gold colloids of different size 
in order to distinguish one from another (GAR-30 nm gold was 
used with GAM 15 nm gold, or GAR-15 was used with GAM-5). 

After immunogold labeling, the material was extensively 
washed in Gey's salts and refixed in 2.5% cacodylate-buffered 
glutaraldehyde. Tissue for transmission electron microscopy then 
was post-fixed for 1 h in 1% buffered osmium tetroxide. Samples 
for scanning electron microscopy were not post-fixed. After fur- 
ther buffer washes, the samples were dehydrated in graded etha- 
nols. Samples for transmission electron microscopy were infiltrat- 
ed with propylene oxide and eventually Spurr's resin [26]. Semi- 
thick (0.45 Bm) sections were cut from the samples and examined 
in a Philips CM-30 intermediate voltage electron microscope oper- 

ating at 300 keV. Samples for scanning electron microscopy were 
dried from carbon dioxide by the critical point method and sputter- 
coated with gold-palladium prior to observation in a Philips 501 
scanning electron microscope. 

For morphometrics, TF expression in monocytes, cultured 
macrophages, and lesion-associated cells was quantified from ran- 
dom micrographs. The exposed surface of each cell was measured 
using a standard map wheel and the measurement was converted 
to distance (pm). For cells in suspension, this measurement would 
be the circumference of the cell section. For cultured cells, the api- 
cal surface not associated with the substrate was measured. For 
cells associated with the artery, only the surface of the cell ex- 
posed to the lumen was measured (Fig. 1). The number of gold 
colloids on each cell was determined, and this value was converted 
to number of gold particles/gm cell surface length. The overall 
tabulation of data encompassed 3729 specific (30 nm) gold parti- 
cles and 3307 Bm of surface from 108 different cells. For cells ad- 
herent to arteries 1338 specific (30 nm) gold and 49 non-specific 
(15 nm) particles were counted. The immunolabeling procedures 
involved samples from two to four animals for experimental con- 
dition. A total of 19 immunolabeling experiments were done. 
Group comparisons were performed using a single comparison 
Anova [30]. 

Controls designed to test the specificity of the immunolabeling 
included the use of non-immune serum, and the use of non-related 
antibodies in every immunolabeling procedure. Additionally, a va- 
riety of colloidal gold sizes was used to ensure that the probe size 
did not affect binding. 

Results 

Total p l a s m a  choles tero l  

W h i t e  Carneau  p igeons  rece iv ing  the 0.3% choles terol -  
supp lemen ted  diet  had s igni f icant ly  e levated  p l a sma  cho-  
les terol  levels  (699+81 mg/dl )  when  c o m p a r e d  to ani- 
mals  rece iv ing  the control ,  non - supp lemen ted  diet  
(130+8 mg/dl) .  Upon  dissect ion,  all  an imals  rece iv ing  
the a therogenic  diet  had  deve loped  fat ty streaks and at- 
herosc le ro t ic  p laque  at the ce l iac  b i furca t ion  of  the tho-  
racic  aorta,  in agreement  wi th  ear l ie r  f indings  in our  lab-  
ora tory  [12, 13]. 

T F  express ion  by  monocy te -de r ived  mac rophages  
and ma c ropha ge  foam cells  in situ. 

Tissue fac tor  p rocoagu lan t  act ivi ty  is not  expressed  in 
vi tro by  ei ther  f resh ly - i so la ted  monocy te s  or monocy te -  
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Fig. 2 Histogram comparison of tissue factor (TF) expression 
(number of immunogold beads/gm cell surface) by: monocytes 
from normal (NMO) and hypercholesterolemic (HMO) animals, 
macrophages cultured from normal (NMO) and hypercholestero- 
lemic (HMO) animals, macrophages adherent to atherosclerotic le- 
sions (aM01 and aM02), and by macrophages and foam cells pro- 
jecting into the arterial lumen from the subendothelial intima 
(iMO). Note that the adherent macrophages are divided into two 
distinct populations, those expressing TF (aM02) and those not 
expressing TF (aM01). NIS indicates non-immune serum control 
labeling of monocytes from normocholesterolemic animals. Stan- 
dard error of the mean is indicated for each category. Total number 
of cells used in the analysis = 110 

derived macrophages maintained in culture. However, 
upon stimulation of either monocytes or macrophages 
with endotoxin or following lipid-loading of macrophag- 
es with oxidized low density lipoproteins significant pro- 
coagulant activity is associated with the cells [9]. The 
lack of procoagulant activity in non-stimulated cells is 
consistent with the low level of immunochemically-iden- 
tifiable TF antigen in the plasma membrane. As illustrat- 
ed in Figure 2, monocytes isolated from normochol- 
esterolemic and hypercholesterolemic animals had ap- 
proximately 1 immunogold particle for each 2 gm of 
plasma membrane. With maintenance in culture and con- 
comitant macrophage transformation, the level of TF an- 
tigen in the plasma membranes increased approximately 
two-fold (1.2 particles/gm and 0.7 particles/gm respec- 
tively for normocholesterolemic and hypercholestero- 
lemic macrophages); however, this degree of immuno- 
gold staining was not statistically different from the 
freshly isolated control cells. Interestingly, both mono- 
cytes isolated from hypercholesterolemic animals and 
macrophages cultured in hypercholesterolemic serum 
bound fewer immunogold particles than their norm- 
ocholesterolemic counterparts. In marked contrast to 
these baseline levels of antigen expression, TF antigen 
was substantially increased on macrophages and macro- 
phage-derived foam cells at the luminal surface of athe- 
rosclerotic lesions. As summarized in Figure 2 and illus- 
trated in Figures 3-5, the number of gold particles ob- 
served on lesion-adherent macrophages (7.3 gold parti- 
cles/gm cell surface) was seven-ten-fold greater than 
macrophages cultured in vitro. Most importantly, this de- 
gree of antigen expression was 24-fold greater than 

monocyte/macrophages newly adherent to the lesion sur- 
faces. On these latter cells, the density of label was ap- 
proximately 0.3 particles/gin of surface. The difference 
between the newly adherent cells and the fully activated 
macrophages or macrophage foam cells was statistically 
significant (P<0.005) and with respect to TF resulted in a 
bimodal distribution of cells on the vascular surface. The 
amount of immunogold on monocyte/macrophages new- 
ly adherent to lesions was similar to that found for the 
various in vitro studies and for all cells from experiments 
in which the anti-TF globulin was replaced by non-im- 
mune serum as a first-stage control antibody (Fig. 2). 

The distribution of the anti-TF immunogold was gen- 
erally uniform on luminally-adherent activated macro- 
phages. Although these cells often had tortuous surfaces 
resulting from elaboration of membrane ruffles and mi- 
crovilli, preferential localization of the antibody was not 
apparent (Fig. 3). Occasionally, the abluminal surfaces of 
the adherent cells had slightly less label than was found 
with the luminal aspect. This difference, however, may 
have reflected immunogold access rather than antigen 
distribution, for the labeling of intimal foam cells which 
projected into the lumen was restricted to the exposed 
surface of these cells (Fig. 4). As with adherent/activated 
macrophages, the distribution of label on the luminally- 
exposed foam cell surfaces was uniform. Notably, the 
immunogold labeling of endothelial cells either underly- 
ing the adherent macrophages (Fig. 3) or flanking int- 
imal foam cells that protruded into the lumen (Fig. 4) 
was minimal. In all animals, the degree of endothelial 
cell label with the 30 nm specific anti-TF globulin was 
essentially equal to the density (less than 1 particle/gin 
of cell surface) of the non-specific, 15 nm, internal con- 
trol. Typically, on the TF positive cells, the non-specific 
control was randomly scattered in relatively small 
amounts among the specific immunogold particles (Fig. 
5). The ratios of specific to non-specific gold were not 
quantitated for all experimental samples, but a random 
sampling of 20 arterial micrographs involving 1360 
immunogold particles resulted in an average ratio specif- 
ic:non-specific of 35:1. The range of ratios was 
8:1-109:1. Furthermore, many arterial areas and in vitro 
cells totally lacked the non-specific label. 

Sampling error is always a major concern with trans- 
mission electron microscopy since preparative tech- 
niques dictate relatively small sample size. To circum- 
vent this concern and provide a large sample basis, se- 
lected arterial segments were processed for immunogold 
microscopy in conjunction with scanning electron mi- 
croscopy. The observations from these experiments sup- 
ported the results obtained with sectioned material. As il- 
lustrated in Figure 6, TF expression by surface-adherent 
macrophages and intimal foam cells that projected into 
the lumen was uniform and dense over the entire surface 
of the involved cells. Consistent with the transmission 
electron microscopy observations, immunogold binding 
to the endothelium was minimal (Fig. 6). 
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Fig. 3 Adherent monocyte- 
macrophage (arrow) on the en- 
dothelial (E) surface of an athe- 
rosclerotic lesion. A Low mag- 
nification of a labeled macro- 
phage. X 6,900. B Higher mag- 
nification. The cell is heavily 
labeled with anti-TF antibodies 
[goat anti-rabbit IgG (GAR)-30 
nm gold] whereas the non-spe- 
cific control antibody (goat 
anti mouse 15 nm gold) is not 
present. X 16,300 

Fig. 4 Macrophage foam cell 
(FC) protruding through the 
endothelium (E) into the vascu- 
lar lumen expresses TF illus- 
trating localization of the gold 
to the luminally exposed area 
(arrow). A Low magnification. 
X 6,500. B Higher magnifica- 
tion of the same cell with anti- 
TF 30 nm gold. X 14,450 

Fig. 5 Small segment of a 
foam cell protruding from a le- 
sion in an area of endothelial 
damage is covered with TE 
This high magnification micro- 
graph illustrates the predomi- 
nance of the specific 30 nm 
immunogold. A few nonspecif- 
ic 15 nm gold particles (ar- 
~vws) are scattered among the 
larger particles. X 37,000 

Discussion 

This study demonstrates TF expression by macrophages 
residing on the endothelium overlying foam cell lesions, 
and by macrophage foam cells exposed to the vascular 
lumen. Our findings are important because they suggest 
a mechanism for the initiation of thrombotic complica- 
tions which may play an important role in lesion transi- 
tion from the fatty streak stage to the more complex 
plaques that are characterized by the presence of fibrin- 
ogen and fibrin [1]. Previous studies involving TF local- 
ization in endarterectomy samples from human carotid 

lesions have localized TF to macrophage foam cells and 
to the extracellular matrix within the lesion necrotic core 
[28, 29]. In the study by Wilcox et al. [29], TF was 
found throughout the macrophages and not just on the 
plasma membrane of the cells, a distribution possibly re- 
sulting from either synthesis of  TF or from macrophages 
ingesting one another following cell death. Our current 
study extends these observations by showing that: 1) TF 
is present on the p lasmalemma of foam cells exposed to 
the arterial lumen as well as macrophages residing on the 
endothelial surface, and 2) TF is present at early stages 
of  fatty streak formation. 



Fig. 6 Scanning electron mi- 
crographs of macrophages as- 
sociated with a foam cell le- 
sion. Low magnification dem- 
onstrates the abundance of 
monocyte-derived macrophages 
adherent to the endothelium 
over a lesion. X 815. Inset: 
higher magnification of a mac- 
rophage protruding from the in- 
tima into the vascular lumen. 
The cell surface is covered with 
anti-TF antibodies (GAR-30 
nm gold, arlvw). The surface 
of the endothelium is clearly 
not labeled with anti-TF. X 
10,800 
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Most significantly, this study shows that TF on the 
surface of foam cells can gain access to the plasma com- 
partment. These cells can thus mediate clot formation 
without the necessity for plaque rupture, a relatively late 
stage event in atherogenesis. Foam cells located partially 
within the intima and partially in the luminal compart- 
ment were reported by us [14] in a study of lipoprotein 
uptake by foam cell lesions. Such cells are reminiscent 
of the egressing foam cells reported by Gerrity [8] in at- 
herosclerotic lesions in pigs. From earlier work in our 
laboratory, it is thought that foam cells in the White 
Carneau pigeon will egress from the intimal lesions into 
the vascular lumen if lesion regression is induced. Addi- 
tionally, we have noted short term lesion regression is 
accompanied by a transient increase in clot formation on 
the lesion (Lewis, unpublished data). Possibly, TF ex- 
pression by egressing foam cells and macrophages is re- 
sponsible for the increased occurrence of clots in those 
earlier experiments. 

If macrophages and macrophage foam cells express 
TF, then why are these cells not covered with fibrin poly- 
mers at all times? The most likely reason that TF expres- 
sion does not always correlate with the presence of fibrin 
polymers is the presence of extrinsic pathway inhibitor 
(EPI, also known as tissue factor pathway inhibitor). 
This well studied plasma protein [2, 16, 20] reacts with 
factor Xa to bind to the TF-VIIa complex, halting the ex- 
trinsic pathway of coagulation. Further, when lipopro- 
reins are isolated from the plasma through gel filtration, 
50% of the plasma EPI is found in the low density lipo- 
proteins (LDL) and very low density (VLDL) fractions 
and 44% is found in the high density lipoproteins frac- 
tion [16]. The circulation and delivery of EPI via lipo- 
proteins would ensure that the atherosclerotic lesion will 
be supplied with pathway inhibitor. Our earlier study of 
lipoprotein uptake in pigeon lesions [14] demonstrated 

that luminally-exposed macrophages and foam cells bind 
and internalize modified LDL. Possibly, after modifica- 
tion in the artery wall LDL is a source of EPI for foam 
cells in the lesion. Another possible source of EP! is the 
endothelium, as EPI has been shown to bind to glycos- 
aminoglycans on the luminal surface of the endothelium 
and may be a major site for EPI storage [20]. We would 
hypothesize then that in addition to the presence of TF 
on the macrophage and foam cell surfaces, a shift in the 
distribution of EPI would be required to initiate clot for- 
mation on the plaque surface. 

The absence of TF on circulating monocytes and cul- 
tured monocyte-derived macrophages in this study indi- 
cated that macrophage activation, as measured by TF ex- 
pression, is not stimulated solely by surface contact or 
hypercholesterolemia. If this were the case, TF expres- 
sion in vitro by normal macrophages or macrophages 
from hypercholesterolemic animals would be expected 
without any further stimulation. Typically, mediators such 
as phorbol esters, endotoxin, immune complexes, or in- 
terferon gamma are required to stimulate monocytes or 
macrophages to express TF in vitro [15, 18, 22, 24], a 
finding that also has been demonstrated in pigeon macro- 
phages [9]. Another stimulus that causes TF expression in 
monocytes and macrophages is modified LDL [23]. The 
results of this latter study suggest a possible mechanism 
for the activation of TF expression by developing foam 
cells in the lesion, because the ingestion of modified LDL 
is though to contribute significantly to foam cell forma- 
tion [27]. Also, the study of Schuff-Werner [23] indicates 
the simultaneous expression of the scavenger receptor 
along with TF on activated macrophages, in agreement 
with this current study that demonstrates TF on cells pre- 
viously shown to internalize modified LDL [14]. 

In conclusion, we have demonstrated that macrophag- 
es and macrophage foam cells associated with early fatty 
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s t reak les ions  express  T E  This  express ion  was not  ob-  
served  in monocy te s  f reshly  i so la ted  f rom normal  or 
hype rcho le s t e ro l emic  animals ,  nor  was it obse rved  in 
cul tured  m o n o c y t e - d e r i v e d  m a c r o p h a g e s  f rom the same 
animals .  These  resul ts  reveal  a poss ib le  m e c h a n i s m  by 
which  mac rophages  and foam cel ls  a s soc ia ted  with ear ly  
les ions  o f  a therosc leros is  can ini t iate  f ibr in format ion,  
which  can pos s ib ly  contr ibute  to les ion  p rogress ion  to 
the f ib romuscu la r  stage. 
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