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A B S T R A CT Platelets adhere to the subendothelial
layer of newly deendothelialized arteries. Attachment
can be reduced with exogenous prostacyclin (PGI2).
Thus, the subendothelium may be unable to produce
sufficient PGI2 to prevent platelet adherence and sub-
sequent platelet-platelet interaction. Consistent with
this explanation are data from an earlier report (1977.
Moncada S., A. G. Herman, E. A. Higgs, and J. R.
Vane. Thromb. Res. 11:323-344) indicating that the
smooth muscle layer of aorta has only 10-15% of the
capacity of endothelial cells to synthesize PGI2. We
have measured the concentrations of PGI2 synthase and
prostaglandin endoperoxide (PGH) synthase in bovine
aorta and obtained results quite different from those
described in this earlier report. Tandem immunora-
diometric assays for PGI2 synthase and PGHsynthase
antigens were used to quantitate these proteins in de-
tergent-solubilized homogenates of endothelial cells and
smooth muscle tissue prepared from 10 different bovine
aorta. The concentrations of PGI2 synthase in endo-
thelial cells and smooth muscle were found to be the
same. However, the concentration of PGHsynthase in
endothelial cells averaged >20 times that of smooth
muscle. Results similar to those determined by im-
munoradiometric assay were also obtained when PGH
synthase and PGI2 synthase catalytic activities were
measured in preparations of endothelial and smooth
muscle cells. Furthermore, when bovine aorta and renal
arteries were subjected to immunocytofluorescence
staining using monoclonal antibodies to PGI2 synthase,
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fluorescence staining of equivalent intensity was de-
tected in both the endothelial cells and the smooth
muscle. Moreover, the intensity of fluorescence was
similar throughout cross-sections of vascular smooth
muscle, indicating that there is no gradient in PGI2
synthase concentrations between the endothelium and
adventitia. Our results indicate that the propensity of
platelets to adhere to the subendothelium of deen-
dothelialized arteries and form aggregates cannot be
attributed simply to an inability of the denuded vas-
culature to produce PGI2 from PGH2, but may be a
consequence of the low PGHsynthase activity of smooth
muscle. Consistent with this concept are the results of
Eldor et al. (1981. J. Clin. Invest. 67:735-741) who
reported that increases in PGHsynthase activity are
associated with formation of a nonthrombogenic neoin-
tima.

INTRODUCTION

Prostaglandin I2 (prostacyclin, PGI2)1 is a potent va-
sodilator and antithrombogenic agent (1-3) formed
from the prostaglandin endoperoxide PGH2 through
the action of prostacyclin synthase (4-6). Early studies
on rabbit aorta indicated that the endothelium was the
major site of vascular PGI2 synthesis and that smooth
muscle had considerably less prostacyclin synthase ac-
tivity than endothelial cells (7). These results formed
the basis for the hypothesis that adherence of platelets
to the vascular subendothelium resulted from a rela-
tive inability of vascular smooth muscle to synthesize

I Abbreviations used in this paper: BAE cells, bovine aor-
tic endothelial cells; DMEM, Dulbecco's-modified Eagle's
medium; IRA, immunoradiometric assay; PGH synthase,
prostaglandin endoperoxide synthase; PGI2 synthase, pros-
taglandin I2 (prostacyclin) synthase.
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PGI2 from PGH2(2, 7). It is now clear, however, that
arterial smooth muscle cells (8-11) cultured from a
variety of sources are capable of synthesizing PGI2
from PGH2at rates comparable to those obtained with
cultured endothelial cells (10, 11).

We recently prepared monoclonal antibodies to
PGI2 synthase (6). In using these reagents to determine
the subcellular location of this enzyme by immuno-
cytochemistry (12), we noted that the intensity of PGI2
synthase-positive immunofluorescence was similar in
both the endothelial cells and the underlying smooth
muscle. This observation, coupled with previous evi-
dence for efficient PGI2 synthesis by cultured smooth
muscle cells (8-11), led us to quantitate PGI2 synthase
in fresh vascular smooth muscle and endothelial cell
extracts using a newly developed immunoradiometric
assay (IRA) for this protein. In contrast to the results
obtained by Moncada et al. (7), our data indicate that
the concentration of PGI2 synthase is the same in dif-
ferent layers of the vasculature; however, the results
of parallel studies quantitating PGHsynthase indicate
that this enzyme is present in considerably higher con-
centrations in endothelial cells than in smooth muscle.

METHODS
Materials. Diethyldithiocarbamate and Tween 20 were

obtained from Sigma Chemical Co. (St. Louis, MO) Dul-
becco's-modified Eagle's medium (DMEM), antibiotic-an-
timycotic (1OOX), and fetal bovine serum were all purchased
from Gibco Laboratories (Grand Island, NY). Collagenase
(CLS II) was from Worthington Biochemical Corp. (Freehold,
NJ). [5,6,8,9,11,12,14,15-8H]Arachidonic acid (100 Ci/mmol)
and Na'"I (100 m Ci/ml) were products of New England
Nuclear (Boston, MA). Triton X-100 and rabbit anti-human
Factor VIII serum were from Calbiochem-Behring Corp.,
American Hoechst Corp. (San Diego, CA). Flurbiprofen was
generously supplied by Dr. Udo Axen of the Upjohn Co.
(Kalamazoo, MI). Fluorescein isothiocyanate-labeled rabbit
anti-mouse IgG was from Miles Laboratories, Inc., Research
Products Div. (Elkhart, IN).

Isolation of endothelial cells. Endothelial cells were iso-
lated from bovine abdominal aorta using a procedure similar
to the one described by Macarak et al. (13). Aortae were
obtained fresh at slaughter. The adventitia was removed and
the tissue was immersed in DMEM(4°C) for transport to
the laboratory (.30 min). Collateral arteries were tied with
suture and the bottom of the aorta clamped with a hemostat.
The lumen was washed with 3 vol of Krebs buffer (compo-
sition, in mM: 118 NaCl, 25 NaHCO3, 14 glucose, 4.7 KCl,
2.5 CaCl2, 1.8 MgSO4, and 1.8 KH2PO4), pH 7.4 then filled
with 0.1% collagenase (CLS II) in Krebs buffer, pH 7.4. The
aortae were then allowed to hang for 30 min at 370C. The
collagenase solution was removed, the lumen filled two-thirds
full with DMEMand the aorta rotated between fingers and
thumb to dislodge the endothelium. The contents of the lumen
were collected in polyethylene tubes and centrifuged at 1,000
g for 5 min to collect the bovine aorta endothelial (BAE)
cells, which were stored at -80°C until use. For most ex-
periments, BAE cells were isolated under nonsterile condi-
tions. However, to check the purity of our BAE cell prep-
aration, the cells were also isolated under sterile conditions;
DMEMcontaining antimycotic-antibiotic (1X) and 20% fetal

bovine serum was used to dislodge the cells. Aliquots (0.5
ml) of the cell suspension were then applied to sterile glass
coverslips placed in 100 X 20-mm culture dishes (Corning
Glass Works, Corning Medical and Scientific, Corning, NY)
and cells allowed to adhere overnight at 370C under a H20-
saturated 10% CO2 atmosphere. The coverslips were then
washed once with Krebs buffer, pH 7.4, quick-frozen in pen-
tane (-70'C) and dried. The cells were then subjected to
indirect immunocytofluorescence staining for Factor VIII
antigen (14) and examined under a Leitz Orthoplan fluo-
rescence microscope (E. Leitz, Inc., Rockleigh, NJ). In ex-
amining cells from three separate isolates, we found that
>99% of the cells examined in random fields stained for
Factor VIII. This indicates that our BAE cell isolates were
essentially pure endothelial cell populations.

Preparation of solubilized endothelial cell homogenates.
For assays of PGHsynthase, BAE cells (<100 mg wet wt)
isolated from single aorta were thawed and then homoge-
nized using a glass homogenizer in 0.5 ml of 0.1 M Tris-
chloride, pH 8.0 containing 2.5 mMdiethyldithiocarbamate,
5 mMEDTA, and 1% Tween 20. The sample was allowed
to stand at 40C for 30 min. The solubilized BAE cell ho-
mogenate was used to assay (a) PGHsynthase antigen by
IRA or (b) cyclooxygenase activity using the radioisotope
assay described below.

For assays of PGI2 synthase, the isolated BAE cells were
homogenized and solubilized in 0.5 ml of 0.1 MTris-chloride
containing 10' MFlurbiprofen and 0.5% Triton X-100. This
sample was used for both IRA and the enzyme activity assay.

Preparation of solubilized smooth muscle homogenates.
After removal of the endothelium, the smooth muscle was
cut into 2-cm8 pieces and stored at -80'C. Before assay,
tissue (5 g) was cut into slivers and homogenized in 5 vol of
either (a) 0.1 M Tris-chloride, pH 8.0 containing 2.5 mM
diethyldithiocarbamate and 5 mMEDTA(PGH synthase) or
(b) 0.1 M Tris-chloride, pH 8.0 containing 10' M Flurbi-
profen (PGI2 synthase) using a homogenizer (Polytron,
Brinkmann Instruments, Inc., Westbury, NY). The crude ho-
mogenate was filtered through one layer of cheesecloth. The
fibrous matter that did not pass through the cheesecloth was
resuspended in 5 vol of homogenizing buffer, rehomogenized,
and refiltered as before. The two filtrates were combined and
poured through eight layers of cheesecloth. After filtration,
the cheesecloth was rinsed with 2-3 vol of homogenizing
buffer, and 65 ml of this filtrate was centrifuged at 125,000
g for 60 min. The pellet was homogenized using a ground
glass homogenizer in 6 ml of either (a) 0.1 MTris-chloride,
pH 8.0 containing 2 mMdiethyldithiocarbamate, 5 mM
EDTA, and 2% Tween 20 (for assays of PGHsynthase) or
(b) 0.1 MTris-chloride buffer (pH 8.0) containing 10' Flur-
biprofen and 0.5% Triton X-100 (for assays of PGI2 synthase).

IRA for PGHand PGI2 synthases. IRA for PGHsynthase
antigen in solubilized homogenates of BAE cells and bovine
aortic smooth muscle tissue were performed as described in
detail previously (15, 16). Briefly, aliquots of solubilized tissue
homogenates were added to samples containing IgG2b (cyo-
5)-Staphylococcus aureus complexes to immobilize PGH
synthase. "25I-Labeled IgGi (cyo-3) was then added to the
immobilized enzyme-antibody complex. Following a brief
incubation the sample was centrifuged at 1,000 g for 5 min
and the amount of "2I label present in the resulting precipitate
was measured using a Beckman Biogamma counter (Beckman
Instruments, Inc., Fullerton, CA). Standard curves were gen-
erated using PGHsynthase (cyclooxygenase) purified from
sheep vesicular glands (17). The purified enzyme standard
had a specific activity of 45,000 cyclooxygenase units per
mg of protein at 370C when assayed using a YSI model 53
oxygen monitor (17). The results of the IRA are reported in
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units of cyclooxygenase activity. 1 unit is defined as the
amount of activity that will catalyze formation of 1 nmol of
prostaglandin/min at 370C in an assay mixture, which consists
of 3.0 ml of 0.1 M Tris-chloride, pH 8.0 containing 1 mM
phenol, 100 gM arachidonic acid, and 0.5 MMbovine he-
moglobin.

The IRA for PGI2 synthase were performed as described
previously (18). The general procedure is similar to the IRA
for PGHsynthase. Solubilized microsomes from bovine aorta
were used to generate a standard curve for PGI2 synthase
and the results of the IRA are reported in units of PGI2
synthase activity. 1 unit is that amount of enzyme that will
catalyze the formation of 1 nmol of PGI2/min at 240C in
an assay mixture that consists of 0.1 ml of 0.1 MTris-chlo-
ride, pH 8.0, containing 0.5% Triton X-100 and 50 gM
[3H]PGH2 (6).

Cyclooxygenase assays. Aliquots (10-100 Al) of solubi-
lized BAE cells or bovine aortic smooth muscle tissue were
added to 1 ml of 0.1 MTris-chloride, pH 8.0 containing 10
MtM [3H]arachidonic acid (2 X 107 dpm/,umol), 0.5 AMbovine
hemoglobin, and 1 mMphenol (17, 19). Reactions were al-
lowed to proceed for 1 min at 240C and were stopped by
the addition of 7 ml of CHC13/methanol (1:1, vol/vol) and
then extracted as described previously (19). The reaction
products were separated by thin-layer chromatography on
Silica Gel 60 (Merck Sharp & Dohme International Div.,
Rahway, NJ) in the organic phase of 2,2,4-trimethylpentane/
ethyl acetate/acetic acid/H20 (50:110:20:110; vol/vol/vol/
vol). Controls included samples containing no microsomes
or samples to which the cyclooxygenase inhibitor Flurbi-
profen (10-4 M) was added. The quantity of cyclooxygenase-
derived product was calculated by subtracting the percent-
age of radioactivity chromatographing with arachidonic acid
in experimental samples from that in matched control sam-
ples and multiplying by the starting quantity of arachidonate
(10 nmol). Cyclooxygenase activities are reported as nano-
moles arachidonate consumed per minute per milligram of
protein. Assays were performed under conditions where the
amount of arachidonate converted to more polar products
was linearly related to the amount of solubilized protein
added.

PGI2 synthase activity assays. PGI2 synthase activity was
determined by measuring the conversion of [3H]PGH2 to
[3H]PGI2 as detailed previously (6). The initial concentration
of [3H]PGH2 in all assays was 50 MM.

Protein assays. Protein in detergent-solubilized homog-
enates was measured by a modification (20) of the procedure
of Lowry et al. (21). 2 ml of 10% trichloroacetic acid (TCA)
were added to aliquots of the cell or tissue homogenates (5-
50 Ml) and the samples heated in a water bath at 70°C for
20 min. The samples were cooled to 24°C, then centrifuged
at 3,000 g for 5 min to precipitate the protein. The standard
Lowry assays were then performed. Aliquots of bovine serum
albumin standard were also subjected to TCA precipitation.

Immunocytofluorescence. Indirect immunocytofluores-
cence staining of bovine aorta and bovine kidney was per-
formed using a procedure similar to that detailed earlier
(12, 22). Briefly, blocks of fresh tissue were quick-frozen in
pentane (-70°C) and sectioned on a cryotome at -25°C.
The tissue sections were transferred to coverslips, dried for
30 min, and then overlayed with a first antibody preparation;
these included culture media from the growth of mouse hy-
bridoma lines cyo-1, cyo-3, or cyo-5 (all anti-PGH synthase
[15]), isn-1 or isn-3 (both anti-PGI2 synthase [6]) or day-i
(nonimmune control). After a 30-min incubation with first
antibody, the sections were washed with phosphate-buffered
saline, pH 7.2, and overlayed with a 1:20 dilution of fluo-
rescein isothiocyanate-labeled rabbit anti-mouse IgG and

incubated an additional 30 min. Samples were then washed,
mounted on glass slides in glycerol and examined using a
Leitz Orthoplan fluorescence microscope. Fluorescence mi-
croscopy was performed using an Orthomat camera and
Kodak TX-135 film (Eastman Kodak Co., Rochester, NY).
The photomicrographs shown in Fig. 1 were taken with iden-
tical exposure times (1 min) and the prints were developed
under identical conditions so that semiquantitative compar-
isons of relative staining intensities can be made.

RESULTS
The levels of PGH synthase and PGI2 synthase in
freshly isolated endothelial cells and smooth muscle
tissue from bovine aorta were first determined using
IRA for these proteins (16, 18). The results of studies
performed using tissue samples from 11 different an-
imals are presented in Table I. With each aorta the
level of PGHsynthase was considerably greater (-20
times) in endothelial cells than in smooth muscle. In
contrast, the concentrations of PGI2 synthase were not
significantly different between endothelial cells and
smooth muscle. Two other pertinent observations are
that there is more PGI2 synthase activity than PGH
synthase activity in smooth muscle but higher PGH
synthase activity than PGI2 synthase activity in en-
dothelial cells. The values in Table I are expressed in
terms of catalytic units per milligram of tissue protein.
The specific activity of purified PGHsynthase (-45,000
units/mg protein [17]) is higher than that of PGI2 syn-
thase (- 1,000 units/mg protein [6]). Thus, 1 unit of
PGI2 synthase activity represents a larger number of
enzyme protein molecules than a unit of PGHsyn-
thase.

The results of IRA for PGHsynthase (or for PGI2
synthase) in different cell types can only be compared
if the proteins in these cells are immunochemically
equivalent (i.e., if the amount of catalytic activity per
unit mass of immunoprecipitable protein is the same
for both tissues). Because only a limited quantity of
fresh endothelial cells could be obtained from a single
aorta, it was not practical to generate standard im-
munochemical equivalence curves (e.g., 23) for these
cells. As an alternative, we measured PGI2 synthase
activity (Table II) and PGHsynthase (i.e., cyclooxy-
genase) activities (Table III) in detergent-solubilized
homogenates of smooth muscle and endothelium. The
values obtained for PGI2 synthase (Table II) from six
bovine aorta fall within the range expected on the basis
of the IRA for this enzyme; the results confirm that
the concentrations of PGI2 synthase are the same in
smooth muscle and endothelial cells. The specific cy-
clooxygenase activity (Table III) was found to be 20-
30 times higher in endothelial cells than in smooth
muscle, a result consistent with that obtained by IRA.

The existence of a gradient in PGI2 synthase con-
centrations in arterial smooth muscle between the in-
ternal elastic lamina and the adventitia was suggested
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TABLE I
PGHSynthase and PGI2 Synthase Concentrations in Smooth Muscle and Endothelial Cells

from Bovine Aorta As Determined by IRA"

PGHsynthase (cyclooxygenase) PGI synthase

Bovine Smooth Endothelium/smooth Smooth Endothelium/smooth
aorta Endothelium muscle muscle ratio Endothelium muscle muscle ratio

units/mg cell protein units/mg cell protein

1 21 2.4 8.8 7.6 7.5 1.0
2 20 2.0 10 9.3 9.2 1.0
3 26 1.4 19 2.6 5.2 0.50
4 20 0.92 22 1.8 5.7 0.32
5 23 0.84 27 2.1 6.4 0.33
6 15 0.75 20 1.7 3.2 0.53
7 21 1.4 15 1.3 5.3 0.25
8 45 1.2 38 3.4 5.0 0.68
9 32 1.1 29 3.2 4.7 0.68

10 60 1.7 35 2.8 3.8 0.74
11 ND ND - 7.9 8.4 0.94

28±14 1.4±0.53 20 4.4±2.8 6.4±2.0 0.69

IRA for PGHsynthase and PGI2 synthase were performed as described in the text. 1 unit of PGHsynthase represents
the amount of enzyme that will catalyze the formation of 1 nmol of PGH2 (from arachidonic acid) per min at 370C
under the standard assay conditions. 1 unit of PGI2 synthase represents the amount of enzyme that will catalyze the
formation of 1 nmol of PGI2 (from PGH2)/min at 240C under the standard assay conditions.
Values are means±SD. Values for PGHsynthase in smooth muscle and endothelium are significantly different from
one another (P < 0.001) as determined by Student's t test. Values for PGI2 synthase in smooth muscle and endothelium
are not different. ND, not determined.

by the early studies of Moncada et al. (7) on rabbit
aorta. To examine this question, we stained cross-sec-
tions of arteries (both abdominal aorta and renal ar-
teries) for PGH synthase and PGI2 synthase immu-
noreactivities using an indirect immunocytofluores-
cence procedure (12, 22). As shown in Fig. 1 A for the
case of bovine renal arteries, the intensity of fluores-
cent staining for PGI2 synthase was the same through-
out the smooth muscle layer; moreover, as expected.
from our quantitative IRA, the intensities of PGI2-pos-
itive fluorescence were similar in smooth muscle and
endothelium. In contrast, PGHsynthase immunoflu-
orescence was considerably more intense in the en-
dothelium than in the smooth muscle (Fig. 1 B). Results
similar to those noted in renal arteries were observed
in examining sections of abdominal aorta by immu-
nocytofluorescence. It should also be noted that the
patterns of fluorescent staining shown for PGI2 syn-
thase and PGHsynthase in bovine vasculature were
observed in the arterial vasculatures of rabbit, guinea
pig, rat, and sheep. These latter observations suggest
that the quantitative data obtained for bovine aorta
(Tables I-III) are representative of the distribution of
PGI2 synthase and PGHsynthase in all mammalian
species.

TABLE II
PCI2 Synthase Concentrations in Smooth Muscle and
Endothelial Cells from Bovine Aorta as Determined

by Assays of Catalytic Activitya

PGI1 synthase

Endothelium/smooth
Bovine aorta Endothelium Smooth muscle muscle ratio

units/mg cell protein

12 2.1 2.8 0.75
13 3.4 2.7 1.3
14 1.5 1.8 0.83
15 2.9 2.1 1.4
16 2.6 2.6 1.0
17 4.4 3.4 1.3

2.8±1.0 2.6±0.56 1.1

a Solubilized homogenates of smooth muscle and endothelial cells
were prepared and assayed for PGI2 synthase activity using [rH]PGH2
(50 AM) as substrate as detailed in Methods. 1 unit represents the
amount of enzyme that will catalyze the formation of 1 nmol of PGI2/
min at 240C under the standard assay conditions.
Data represent means±SD. Values for smooth muscle and endothelium
are not significantly different from one another as determined by
Student's t test.
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TABLE III
PGHSynthase (Cyclooxygenase) Concentrations in

Smooth Muscle and Endothelial Cells from
Bovine Aorta as Determined by Assays

of Catalytic Activity

PGHsynthase (cyclooxygenase)

Endothelium/smooth
Bovine aorta Endothelium Smooth muscle muscle ratio

units/mg cell protein

18 33 1.1 30
19 30 1.1 27
20 42 1.9 22

35±6.2 1.4±0.66 25

* Solubilized homogenates of smooth muscle and endothelial cells
were prepared and assayed for cyclooxygenase activity using
[rH]arachidonic acid (10 uM) as substrate as detailed in Methods. 1
unit represents the amount of enzyme that will catalyze the formation
of 1 nmol of prostaglandin product/min at 240C under the standard
assay conditions.
Data represent means±SD. Values for smooth muscle and endothelium
are significantly different from one another (P < 0.01) as determined
by Student's t test.

DISCUSSION

Platelets do not adhere to the endothelium lining
healthy arteries but do adhere to the subendothelium
following vascular injury (24-26). Although the bind-
ing of platelets to normal endothelial cells is not in-
fluenced by prostacyclin (24), PGI2 may be important
physiologically as an inhibitor of platelet-platelet in-
teractions and, perhaps, as a modulator of the inter-
actions of platelets with the subendotheliumr. Exoge-
nous PGI2 can partially inhibit the binding of platelets
to newly exposed areas of the subendothelium (1, 3,
27, 28). There is, however, conflicting data concerning
whether inhibition, of vascular PGI2 production by
nonsteroidal antiinflammatory agents enhances plate-
let adherence to newly deendothelialized areas of ar-
terial walls (29-32). Nevertheless, after a damaged
artery begins to repair itself, there is an increase in the
capacity bf the deendothelialized vessel to form PGI2
from arachidonic acid that correlates with the for-
mation of a nonthrombogenic neointimal surface (26).
Thus, at least in the case of arteries undergoing repair,
PGI2 may influence the propagation of platelet aggre-
gates and perhaps to a lesser extent the initial adhesion
of platelets to subintimal structures.

The propensity of platelets to adhere to the suben-
dothelium of newly damaged vessels has been attrib-
uted to the relative inability of this cell layer to syn-
thesize PGI2 (2, 33). Bunting et al. (1) and Moncada
et al. (7) reported that microsomes prepared from
whole aorta exhibit low PGHsynthase (cyclooxygen-
ase) activity and that the media of arteries has only

10-15% of the capacity of the endothelium to synthe-
size PGI2 from the prostaglandin endoperoxide PGH2.
Our results, which have used measurements of both
enzyme protein and enzyme activity, indicate that
smooth muscle cells, in fact, have the same specific
PGI2 synthase activity as endothelial cells. Thus, ad-
herence of platelets to the subendothelium cannot be
ascribed simply to an inability of smooth muscle to
form PGI2 from PGH2that may be released from plate-
lets (33). It also seems unlikely that there are differ-
ences in the processing of PGH2 (e.g., uptake) by
smooth muscle and endothelial cells since cultures of
smooth muscle and endothelial cells synthesize PC12
from PGH2at comparable rates (8-11).

Although there appears to be a uniform concentra-
tion of PGI2 synthase in the vasculature, the levels of
PGHsynthase in smooth muscle are only -5% of those
in endothelial cells. The major quantitative difference
between PGHsynthase concentrations in endothelial
and smooth muscle cells is consistent with the obser-
vation that newly deendothelialized aorta has <10%
of the capacity of normal aorta to form PGI2 from
arachidonic acid (26).

The functional significance of the difference in PGH
synthase concentrations between smooth muscle and
endothelium is not obvious. Wepropose the following
speculative scenario. In general, the amount of pros-
taglandin end-product released in response to a cellular
stimulus is determined by the efficiency with which
arachidonate liberated from precursor lipids is con-
verted to PGH2 (23, 34). Therefore, for two different
cells containing the same level of PGI2 synthase, the
concentration of PGHsynthase is likely to be an in-
dicator of the relative ability of each cell to synthesize
and release PGI2. Both the endothelium of healthy ar-
teries and the neointima of damaged arteries (26) have
relatively high levels of PGH synthase activity. We
speculate that as a consequence the lining of arteries
usually maintains a high capacity to release PGI2 into
the vascular lumen, where PGI2 presumably can influ-
ence platelet function. Conversely, smooth muscle,
which has relatively low PGHsynthase activity, prob-
ably makes less PGI2 in response to cellular stimuli and
the PGI2 synthesized may function principally, if not
exclusively, within the smooth muscle layer to regulate
vascular tone. Consistent with this narrow role proposed
for PGI2 originating in vascular smooth muscle are the
findings (a) that all smooth muscle, both vatscular and
nonvascular, forms PGI2 and (b) that the ratios of PGI2
synthase to PGHsynthase appear to be similarly high
in all smooth muscle (12).
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FIGURE 1 Distribution of PGI2 synthase and PGI2 synthase antigens in arterial vasculature.
Cryotome sections of bovine renal arteries were subjected to indirect immunocytofluorescence
staining for (A) PGI2 synthase or (B) PGHsynthase using monoclonal antibodies to each protein.
Details are presented in the text. L, lumen; EC, endothelial cell; SM, smooth muscle; A, ad-
ventitia; EL, internal elastic lamina. Magnification, X 200.

Vascular PGHand PGI2 Synthases 1887



REFERENCES
1. Bunting, S., R. Gryglewski, S. Moncada, and J. R. Vane.

1976. Arterial walls generate from prostaglandin en-
doperoxides a substance (prostaglandin X) which relaxes
strips of mesenteric and coeliac arteries and inhibits
platelet aggregation. Prostaglandins. 12:897-913.

2. Moncada, S, and J. R. Vane. 1979. The role of prosta-
cyclin in vascular tissue. Fed. Proc. 38:66-71.

3. Gorman, R. R., F. A. Fitzpatrick, and 0. V. Miller. 1978.
Reciprocal regulation of human platelet cAMPlevels by
thromboxane A2 and prostacyclin. Adv. Cyclic Nucleo-
tide Res. 9:597-609.

4. Salmon, J. A., D. R. Smith, R. J. Flower, S. Moncada,
and J. R. Vane. 1978. Further studies on the enzymatic
conversion of prostaglandin endoperoxide into prosta-
cyclin by porcine aorta microsomes. Biochim. Biophys.
Acta. 523:250-262.

5. Wlodawer, P., and S. Hammarstrom. 1979. Some prop-
erties of prostacyclin synthase from pig aorta. FEBS
(Fed. Eur. Biochem. Soc.) Lett. 97:32-36.

6. DeWitt, D. L., and W. L. Smith. 1983. Purification of
prostacyclin synthase from bovine aorta by immunoaf-
finity chromatography: evidence that the enzyme is a
hemoprotein. J. Biol. Chem. 258:3285-3293.

7. Moncada, S., A. G. Herman, E. A. Higgs, and J. R. Vane.
1977. Differential formation of prostacyclin (PGX or
PGI2) by layers of the arterial wall: an explanation for
the anti-thrombotic properties of vascular endothelium.
Thromb. Res. 11:323-344.

8. Baenzinger, N. L., P. R. Becherer, and P. W. Majerus.
1979. Characterization of' prostacyclin synthesis in cul-
tured human arterial smooth muscle cells, venous en-
dothelial cells, and skin fibroblasts. Cell. 15:967-974.

9. Ingerman-Wojenski, C., M. J. Silver, J. B. Smith, and E.
Macarak. 1981. Bovine endothelial cells in culture pro-
duce thromboxane as well as prostacyclin. J. Clin. In-
vest. 67:1292-1296.

10. Larrue, J., M. Rigand, D. Daret, J. Demond, J. Durand,
and H. Bricaud. 1980.'Prostacyclin production by cul-
tured smooth muscle cells from atherosclerotic rabbit
aorta. Nature (Lond.). 285:480-482.

11. Ager, A., J. L. Gordon, S. Moncada, J. D. Pearson, J. A.
Salmon, and M. A. Trevethick. 1982. Effects of isolation
and culture on prostaglandin synthesis by porcine aortic
endothelial and smooth muscle cells. J. Cell Physiol.
110:9-16.

12. Smith, W. L., D. L. DeWitt, and M. L. Allen. 1983.
Bimodal distribution of the prostaglandin 12 synthase
antigen in smooth muscle cells. J. Biol. Chem. 258:5922-
5926.

13. Macarak, E. J., B. V. Howard, and N. A. Kefalides. 1977.
Properties of calf endothelial cells in culture. Lab. In-
vest. 36:62-67.

14. Jaffe, E. A., L. W. Hover, and R. L. Nachman. 1973.
Synthesis of antihemophilic factor antigen by cultured
human endothelial cells. J. Clin. Invest. 52:2757-2764.

15. DeWitt, D. L., T. E. Rollins, J. S. Day, J. A. Gauger, and
W. L. Smith. 1981. Orientation of the active site and
antigenic determinants of prostaglandin endoperoxide
synthase in the endoplasmic reticulum. J. Biol. Chem.
256:10375-10382.

16. DeWitt, D. L., J. S. Day, J. A. Gauger, and W. L. Smith.
1982. Monoclonal antibodies against PGHsynthase: an
immunoradiometric assay for quantitating the enzyme.
Methods Enzymol. 86:229-240.

17. Hemler, M., W. E. M. Lands, and W. L. Smith. 1976.
Purification of the cyclooxygenase that forms prosta-

glandins. Demonstration of two forms of iron in the ho-
loenzyme. J. Biol. Chem. 251:5575-5579.

18. DeWitt, D. L., and W. L. Smith. 1982. Monoclonal an-
tibodies against PGI2 synthase: an immunoradiometric
assay for quantitating the enzyme. Methods Enzymol.86:240-246.

19. Smith, W. L., and W. E. M. Lands. 1972. Oxygenationof polyunsaturated fatty acids during prostaglandin bio-
synthesis by sheep vesicular gland. Biochemistry.
11:3276-3282.

20. Markwell, M. A. K., S. M. Haas, L. L. Bieber, and
N. E. Tolbert. 1978. A modification of the Lowry pro-cedure to simplify protein determination in membrane
and lipoprotein samples. Anal. Biochem. 87:206-210.

21. Lowry, 'O. H., N. H. Rosebrough, A. L. Farr, and
R. J. Randall. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193:265-275.

22. Smith, W. L., and T. E. Rollins. 1982. Characteristics
of rabbit anti-PGH synthase antibodies and use in im-
munocytochemistry. Methods Enzymol. 86:213-222.

23. Huslig, R. L., R. L. Fogwell, and W. L. Smith. 1979.
The prostaglandin-forming cyclooxygenase of ovine
uterus: relationship to luteal function. Biol. Reprod.21:589-600.

24. Curwen, K. D., M. A. Gimbrone, Jr., and R. I. Handin.
1980. In vitro studies of thromboresistance. The role of
prostacyclin (PGI2) in platelet adhesion to cultured nor-
mal and virally transformed human vascular endothelial
cells. Lab. Invest. 42:366-374.

25. Baumgartner, H. R. 1974. The subendothelial surface
and thrombosis: pathogenesis and clinical trials. Thromb.
Diath. Haemorrh. 59(Suppl.):91-106.

26. Eldor, A., D. J. Falcone, D. P. Hajjar, C. R. Minick, and
B. B. Weksler. 1981. Recovery of prostacyclin produc-
tion by deendothelialized rabbit aorta: Critical role of
the neointimal smooth muscle cells. J. Clin. Invest.
67:735-741.

27. Higgs, E. A., S. Moncada, and J. R. Vane. 1978. Effect
of prostacyclin (PGI2) on platelet adhesion to rabbit ar-
terial subendothelium. Prostaglandins. 16:17-22.

28. Weiss, H. J., and V. T. Turitto. 1979. Prostacyclin (PGI2)inhibits platelet adhesion and thrombus formation on
subendothelium. Blood. 53:244-250.

29. Cazenave, J.-P., E. Dejana, R. Kinlough-Rathbone,
M. A. Packham, and J. F. Mustard. 1979. Platelet in-
teractions with the endothelium and the subendothel-
ium: the-role of thrombin and prostacyclin. Haemos-
tasis. 8:183-192.

30. Dejana, E., J.-P. Cazenave, H. M. Groves, R. L. Kin-
lough-Rathbone, M. Richardson, M. A. Packham, and
J. F. Mustard. 1980. The effect of aspirin inhibition of
PGI2 production on platelet adherence to normal and
damaged aorta. Thromb. Res. 17:453-464.

31. Kelton, J. G., J. Hirsh, C. J. Carter, and M. R. Buchanan.
1978. Thrombogenic effect of high-dose aspirin in rabbits.
J. Clin. Invest. 62:892-895.

32. Bourgain, R., R. Andries, and F. Six. 1982. Role of the
prostaglandin biochemical pathway in platelet-vessel
wall interaction and local thrombosis. Haemostasis.
11:133-138.

33. Marcus, A. J., B. B. Weksler, E. A. Jaffe, and M. J. Broek-
man. 1980. Synthesis of prostacyclin from platelet-de-
rived endoperoxides by cultured human endothelial
cells. J. Clin. Invest. 66:979-986.

34. Murota, S., W.-C. Chang, Y. Koshihara, and I. Morita.
1983. Adv. Prostaglandin, Thromboxane, Leukotriene
Res. 11:99-104.

1888 D. L. DeWitt, J. S. Day, W. K. Sonnenburg, and W. L. Smith


