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Abstract

Weused an immunoperoxidase procedure to examine the tis-
sue distribution of the platelet a-granule membrane protein,
GMP-140. In addition to its presence in megakaryocytes and
platelets, GMP-140 antigen was found in vascular endothelial
cells of diverse human organs, but it was not detected in other
types of secretory cells. 35S]Cysteine-labeled human umbilical
vein endothelial cells synthesized a GMP-140 molecule con-
taining complex N-linked oligosaccharides similar to those
previously demonstrated in platelets and the megakaryocytic
HEL cell line. Using an immunogold procedure on frozen thin
sections of endothelial cells, we found GMP-140 antigen to be
localized to membranes of electron-dense storage granules. In
double-label experiments there was colocalization of
GMP-140 with vWf, indicating that these granules are Wei-
bel-Palade bodies. When endothelial cells were stimulated
with histamine, GMP-140 rapidly redistributed to the plasma
membrane. Immunoassays of cell lysates indicated that, rela-
tive to total cell protein, less GMP-140 is present in human
umbilical vein endothelial cells than in platelets. The restricted
expression of GMP-140 in secretory granules of platelets and
endothelium suggests that it has a specific function in the vas-
cular system rather than a general role related to inducible
secretion.

Introduction

GMP-140 is a platelet a-granule membrane protein of M,
140,000 that redistributes to the plasma membrane during
platelet activation and degranulation (1-5). The protein is
cysteine-rich and contains several complex N-linked oligosac-
charide chains (6). Protease accessibility studies suggest that
most of the mass of GMP-140 is exposed on the extracyto-
plasmic face of the membrane (6). The function of GMP-140
is not known and its distribution in cells other than platelets
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and megakaryocytes (7) has not been established. If the protein
is located in storage granules of diverse cells, it might have a
conserved function related to inducible secretion. Alterna-
tively, restriction of GMP-140 expression to secretory cells
found in blood would suggest a function specific to the vascu-
lar system.

In this study we used an immunoperoxidase procedure to
examine the distribution of GMP-140 in a variety of human
tissues. In addition to its presence in megakaryocytes and
platelets, GMP-140 antigen was detected in vascular endothe-
lial cells but not in a variety of other cell types examined. We
have documented the synthesis of GMP-140 in endothelial
cells and have localized the protein to the membranes of Wei-
bel-Palade bodies, the intracellular storage granules for vWf.

Methods

Antibodies. The MAbs S12 (1, 3) and W40 (6), both directed against
GMP-140, and monospecific rabbit polyclonal antiserum to GMP-140
(3) were prepared as described previously. Tab, a MAb to platelet
glycoprotein Ilb, has been previously characterized (8). MAbs were
used as purified IgG in 0.20 Msodium phosphate, pH 7.4, and 0.15 M
sodium chloride. Affinity-purified polyclonal rabbit anti-human vWf
antibodies were obtained from Dako Corp. (Santa Barbara, CA).

Immunoperoxidase procedures. Immunoperoxidase detection of
antigens in plastic-embedded sections of human tissues was performed
as described previously (7).

Culture of endothelial cells. Humanumbilical vein endothelial cells
were isolated and grown by a modification of the procedure of Jaffe et
al. (9). The cells were cultured in medium 199 (K. C. Biologicals,
Kansas City, MO) containing 25 mMHepes buffer supplemented with
100 U/ml penicillin, 100 ,tg/ml streptomycin, 2 mMglutamine (K. C.
Biologicals), 20% fetal bovine serum (K. C. Biologicals), 50 gg/ml
heparin, and 60 ,g/ml endothelial cell growth supplement (Collabora-
tive Research Inc., Lexington, MA). Only primary or first-passage
cultures at or near confluence were used. Some primary cultures for
frozen thin sections (see below) were a gift from Dr. Israel Charo and
Dr. William Isenberg (the Gladstone Foundation, University of Cali-
fornia at San Francisco).

Metabolic labeling of endothelial cells. GMP-140 was immunopre-
cipitated from [35S]cysteine-labeled lysates of human endothelial cells
and analyzed by SDS-PAGEas described previously in studies of HEL
cells (6), except that the endothelial cells were grown in 75-cm2 flasks
instead of cluster dishes. As a control, '25I-labeled GMP-140 from
human platelets was analyzed concurrently (6). Incubation of immu-
noprecipitates with endo-,B-N-acetylglucosaminidase H (endo H)' was
performed as described previously (6).

Immunocytochemical techniques on frozen thin sections. Mono-
layers of human umbilical vein endothelial cells were fixed in 4 or 8%

1. Abbreviations used in this paper: Endo H, endo-fl-N-acetylglucos-
aminidase H; ER, endoplasmic reticulum.
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paraformaldehyde in Nakane's buffer, embedded in 2.1 M sucrose,
and frozen. Sections were prepared as previously described (3). The
primary antibody was polyclonal antiserum to GMP-140 used at a
dilution of 1:100. The immunogold probe, goat anti-rabbit IgG-gold
(GAR-5 [5 nm] or GAR-O0 [10 nm]; Janssen Pharmaceutica, Beerse,
Belgium) was used at a dilution of 1:50. Nonimmune rabbit serum was
used in place of the primary antiserum to act as a control. A double-la-
beling experiment to simultaneously localize GMP-140 and vWf was
performed using protein A, as described by Slot and Geuze (10). Poly-
clonal antiserum to GMP-140 was applied and labeled with 5-nm gold
particles coupled to protein A (protein A-5; Janssen Pharmaceutica).
0.05 mg/ml free protein A was then added. Next, polyclonal antibodies
to vWf ( 1:100 dilution) were applied, followed by 10-nm gold particles
coupled to protein A (protein A-10; Janssen Pharmaceutica). The pro-
tein A-colloidal gold reagents were used for the double-label studies
because they gave more precise localization due to the 1:1 binding ratio
with primary antibody. The antibody-gold complex (GAR-5 or
GAR-IO) was used in other experiments because of its increased sensi-
tivity due to binding of multiple secondary antibodies to the same
primary antibody; this binding property, however, resulted in some
clumping of gold particles leading to less precise antigen localization.

In some experiments confluent monolayers were prewarmed to
370C in HBSScontaining 10 mMHepes, pH 7.4, then incubated with
l0-4 M histamine in the same buffer at 370C for 1 min. The hista-
mine-stimulated cells were then rapidly washed, fixed, and processed
for immunocytochemistry with GAR-5 or GAR-IO.

Preparation of cell extracts for immunoassay. Platelet-rich plasma
(1 1) was centrifuged at 500 g for 20 min and the platelet pellet was
resuspended to the original volume with 0.145 MNaCl, 5 mMPipes, 4
mMKCI, 1 mMMgCl, 0.5 mMNa2HPO4, and 42 nMPGEI, pH 6.8.
After measuring the cell count on a Coulter counter (model ZBI;
Coulter Electronics Inc., Hialeah, FL) the suspension was again cen-
trifuged at 500 g for 20 min. The pellet was then extracted with 50 mM
Tris-HCI, pH 7.5, 1% Triton X-100, 100 MMleupeptin, and 90 AM
PMSF(extract buffer) at a final concentration of 2 X 109 platelets per
milliliter. Endothelial cells from one confluent 75-cm2 flask were
washed three times with HBSS, then collected by scraping the cells into
10 ml of HBSS. After centrifugation of the suspension at 500 g for 20
min the cell pellet was resuspended in 1 ml of extract buffer. Both cell
extracts were centrifuged at 12,000 g for 5 min to remove insoluble
material. The protein concentrations of the supernatants were then
determined with a protein assay (Bio-Rad Laboratories, Richmond,
CA) using BSA as standard.

Quantitation ofGMP-140 by ELISA. A sandwich ELISA technique
developed by Dr. Sandor Shattil (University of Pennsylvania, Philadel-
phia, PA) was used. 100 Ml of W40(10 Mg/ml in 66 mMNaHCO3, pH
9.0) was added to individual wells of microtiter plates Immulon-II;
(Dynatech Laboratories, Inc., Alexandria, VA) overnight at 4°C. After
three washes with PBS, pH 7.4, containing 0.1% Tween (all subsequent
washes were also performed with this buffer) the plates were blocked by
addition to each well of 200 MI PBS, 1% BSA, and 0.02% sodium azide
for 2 h at room temperature and then washed three more times. Serial
dilutions in 0.1 MNaCl, 0.02 MTris-HCI, 1% Triton X-100, pH 7.5,
of cell extract or purified GMP-140 (6) were placed in triplicate wells
(100 Ml/well) and incubated for 2 h at room temperature. After an
additional three washes, 100 Ml of biotin-conjugated S12 (12) at 10
Mg/ml in PBS and 0.1% Tween was added to each well and incubated
for 2 h at room temperature. After three more washes horseradish
peroxidase-congugated streptavidin (Amersham International, Amer-
sham, UK) diluted 1:1,000 in PBSand 0. 1%Tween was placed in each
well (100 Ml/well) and incubated for 30 min at room temperature. After
an additional three washes 100 Ml of 2,2'azino-di-[3-ethylbenzthiazo-
line sulfonate] peroxidase substrate (Kirkegaard & Perry Laboratories,
Inc., Gaithersburg, MD) was added to each well. After incubation at
room temperature for 15 min the absorbance at 405 nmwas measured
with a Vmax kinetic microplate reader interfaced to Softmax software
(Molecular Devices Corp., Palo Alto, CA). GMP-140 antigen levels in
nanograms/milliliter were obtained from a standard curve (log

GMP-140 vs. absorbance at 405 nm), constructed using serial dilutions
of purified human GMP-140. The assay was sensitive to 25 ng/ml.

Results

Tissue distribution of GMP-140. A variety of human tissues,
summarized in Table I, were examined for the presence of
GMP-140 antigen with a sensitive avidin-biotin immunoper-
oxidase procedure. GMP-140 was detected in bone marrow
megakaryocytes (Fig. 1 a and reference 7), platelets (Fig. 1, a
and e), and endothelial cells lining blood vessels of multiple
organs (Fig. 1, b-e and Table I). Endothelial cell GMP-140 was
detected by the MAb S 12 and by polyclonal antibodies to
GMP-140. Nonimmune rabbit serum and MAbsof irrelevant
specificity did not label endothelial cells. These negative con-
trols did demonstrate occasional weak staining of other cell
types, probably because of endogenous biotin. Only staining
above this background was considered positive. The GMP-140
antigen visualized in endothelium was not due to adherence of
platelets, since Tab, MAbthat recognizes the platelet-specific
glycoprotein IIb (8, 13), stained platelets in the lumen of blood
vessels but did not label endothelial cells (Fig. 1 f ). In contrast,
antibodies to glycoprotein IIIa, which is present in both plate-
lets and endothelial cells, stained both cell types (7).

Endothelial cell GMP-140 antigen was detected in greatest
abundance in small veins and venules, although patchy distri-
bution was occasionally noted in small arteries, arterioles, and
very rarely in capillaries. The endothelial distribution of
GMP-140 demonstrated some differences from that pre-
viously reported for thrombomodulin, an endothelial cell
membrane cofactor for protein C activation (14). Unlike
thrombomodulin, GMP-140 antigen was detected in some
blood vessels of brain and in high endothelial cells of lymph
nodes (Fig. 1 d) but was not found in lymphatics or in syncy-
tiotrophoblast lining cells of placenta.

Table L Immunoperoxidase Localization of GMP-140

Organs displaying endothelial GMP-140 Other findings

Adrenal
Brain
Breast
Colon
Ductus deferens
Duodenum
Kidney Glomeruli (-)
Liver Central veins (+)
Lung
Lymph node High endothelial venules (+)
Myocardium Endocardium (+)
Pancreas
Parathyroid
Pituitary
Placenta Syncytiotrophoblast (-)
Salivary gland
Skin
Soft tissues
Spleen
Stomach
Testis
Uterus
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Figure 2. Biosynthesis
of GMP-140 in endo-
thelial cells. Human
umbilical vein endothe-
lial cells were pulsed for
3 h in medium contain-
ing [35S]cysteine, then
chased in nonradioac-
tive medium for the in-
dicated times. Triton
X-l00 lysates were im-
munoprecipitated with
polyclonal antibodies to
GMP-140 or with the
MAbSI2 or W40. Im-
munoprecipitates were
analyzed by SDS-PAGE
in a 7%polyacrylamide
gel followed by fluorog-
raphy. For comparison,
'251-labeled platelet
GMP-140 was immuno-
precipitated and ana-
lyzed by electrophoresis
in lane E. The labeled
bands of Mr 200,000
seen in lanes Cand D
probably represent
myosin nonspecifically
precipitated from cell
extracts and were not
seen in other experi-
ments.

E.C. PLTS
Endo H

_+

A B C
Mr x 10 -3

200

92.5-

43 -.

Ij ig Figure 3. Sensitivity of the en-
dothelial cell GMP-140 pre-
cursor to digestion with endo
H. Endothelial cells were
pulsed for 3 h with [35S]-
cysteine, then chased for 3 h in
nonradioactive medium. Cell
lysates were immunoprecipi-
tated with polyclonal antibod-
ies to GMP-140, and the im-
munoprecipitates were treated
with endo H (lane B) or with
control buffer (lane A) before
SDS-PAGEand fluorography.
For comparison, '25M-labeled
platelet GMP-140 was ana-

ANTI lyzed by electrophoresis in
GMP-140 lane C.

GMP-140 antigen was detected only in megakaryocytes,
platelets, and vascular endothelial cells. The protein was not
found in other cells in peripheral blood (not shown) or bone
marrow (Fig. 1 a). Moreover, we did not detect antigen in a
variety of other cells that contain storage granules whose con-
tents are released after stimulation of the cell (Table I). These
included adrenal gland, pituitary, pancreas, brain, breast, and
salivary gland.

Biosynthesis of GMP-140 in endothelial cells. To deter-
mine whether endothelial cells synthesize GMP-140, we im-
munoprecipitated lysates of [35S]cysteine-labeled human um-
bilical vein endothelial cells with antibodies to GMP-140 and
examined the immunoprecipitates by SDS-PAGEand fluorog-
raphy. Fig. 2 demonstrates that in lysates of cells pulsed for 3 h,
polyclonal antibodies to GMP-140 (lane A) immunoprecipi-
tated a precursor molecule that migrated faster than platelet
GMP-140 (lane E). The MAbS12 and W40also precipitated
this molecule (not shown). Whenthe labeled cells were chased
for 16 h before lysis in medium containing unlabeled cysteine,
the antibodies precipitated an endothelial cell protein that co-

migrated with platelet GMP-140 (lanes B-D). Wehave pre-
viously shown that HEL cells, which share features of mega-
karyocytes (15), synthesize a 125-kD precursor of GMP-140
which is converted to a 140-kD form that comigrates with
platelet GMP-140 (6). The precursor contains N-linked oligo-
saccharides of the high mannose type which are sensitive to
cleavage with the enzyme endo H (16), while the mature mole-
cule in both HEL cells and platelets contains complex N-
linked chains that are not cleaved by endo H. The mobilities of
the two forms of GMP-140 precipitated from endothelial cells
suggested a similar form of posttranslational processing. To
test this possibility, we examined the ability of endo H to
remove oligosaccharide chains from GMP-140 in endothelial
cells. Cells were pulsed for 3 h with [35S]cysteine, then chased
for 3 h in nonradioactive medium. Under these conditions
both the precursor and mature forms of GMP-140 were im-
munoprecipitated. Immunoprecipitates were incubated with
endo H or with control buffer, then examined by SDS-PAGE
and fluorography. As shown in Fig. 3, endo H decreased the
Mr of the precursor but did not change the Mr of the mature

Figure 1. Photomicrographs of plastic embedded human tissues incubated with the MAbS12 to GMP-140 (a-e) or the MAbTab to glycopro-
tein Ilb (f) and labeled with an avidin-biotin-peroxidase-3,3' diaminobenzidine procedure. Brown reaction product is present at sites of antigen
localization. (a) A normal human bone marrow shows strong staining in megakaryocytes (arrows) and platelets (arrowheads). Other hematopoi-
etic cells are completely negative. (b) A human umbilical vein shows a strong brown reaction confined to the endothelial cells (arrow). (c) Small
vessels within the gastric mucosa are strongly labeled (arrows). (d) High endothelial cells in the lymph node show strong staining for GMP-140
(arrows). (e) Small vessels in the thyroid gland demonstrate considerable variability in staining. A venule (V) shows strong staining while an ad-
jacent lymphatic (L) and a second venule (v) show no staining. Note that two platelets are identifiable in the lumen of a negative venule (arrow-
head). (f ) The same thyroid tissue incubated with antibody to glycoprotein IIb shows staining of platelets within vessels (arrowheads), but no
staining of the endothelium. All figures counterstained with hematoxylin. X400.
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molecule. These findings suggest that endothelial cells, like
HEL cells and presumably megakaryocytes, synthesize a pre-
cursor of GMP-140 that contains high mannose N-linked oli-
gosaccharides. The high mannose chains are then converted to
the complex type in the Golgi apparatus.

Subcellular localization of GMP-140 in endothelial cells. In
unstimulated platelets, GMP-140 is localized in the mem-
branes of a-granules (3, 4). To determine whether endothelial
cell GMP-140 is also located in secretory storage granules, we
used an immunogold procedure on frozen thin sections of
unstimulated human umbilical vein endothelial cells. Im-
munogold label was found in intracellular electron-dense
granules, mainly along the membranes, but was not found on
the plasma membrane (Figs. 4, a and b, and 5). Smaller
amounts of label were also found in fragmented endoplasmic
reticulum (ER) and on Golgi cisternae membranes. Some of
the granules containing immunogold marker for GMP-140
had images suggestive of the tubular, periodic matrix charac-
teristic of Weibel-Palade bodies, the organelles where vWf is
concentrated and converted into high molecular weight mul-

timers (17-21). However, the frozen thin section procedure
did not provide optimal preservation to allow classification of
the granules as Weibel-Palade bodies by morphologic criteria.
Wetherefore performed double-label experiments with anti-
bodies to both GMP-140 and vWf, as described in Methods.
The smaller gold label for GMP-140 was again detected
mainly along the membranes of granules, while the larger gold
label for vWf was more widely distributed over the matrix of
the granules (Fig. 4 c). As with GMP-140, the major concen-
tration of vWf was in granules with lesser amounts detected in
fragmented ERand Golgi cisternae. The colocalization of both
GMP-140 and vWf to the same granules establishes that
GMP-140 is also located in Weibel-Palade bodies.

vWf stored in Weibel-Palade bodies is rapidly secreted
from endothelial cells stimulated with agonists such as throm-
bin (22), phorbol myristate acetate (20), histamine (23), and
complement proteins C5b-9 (24). This suggests that after en-
dothelial cell activation GMP-140 might redistribute from the
membranes of Weibel-Palade bodies to the plasma membrane
in a manner analogous to its redistribution to the cell surface

pm-.
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Figure 4. (a and b) Electron micrographs of unstimulated cultured human umbilical vein endothelial cells incubated with polyclonal antibodies
to GMP-140 on a frozen thin section and labeled with GAR-5. The majority of the intracellular gold particles are found near the membranes of
elongated granules (arrows). Other scant labeling can be found on Golgi membranes (Gc) and fragmented ER (er) but none is found on the
plasma membrane (pm). (a) X72,000; (b) X69,000. (c) Frozen thin section of endothelial cells double labeled with antibodies to GMP-140 fol-
lowed by protein A-5 (small gold particles marked by arrows) and then with antibodies to vWf followed by protein A-10 (large gold particles).
The presence of vWf indicates that these elongated granules are Weibel-Palade bodies. x 125,000.
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Figure S. Electron micrograph of an unstimulated human umbilical vein endothelial cell incubated with polyclonal antibodies to GMP-140 on
a frozen thin section, and labeled with GAR-l10. Note that endocytic vesicles (v) and the plasma membrane have only low levels of immuno-
gold labeling while the intracellular Weibel-Palade body (WP) is densely labeled. X81,000.

after platelet activation (1-5). To examine this possibility, we
stimulated endothelium for 1 min with histamine, then imme-
diately fixed the cells and determined the location of
GMP-140 by the immunogold procedure. As shown in Fig. 6,
the surface of stimulated endothelial cells contained increased
numbers of microvilli, and immunogold label for GMP-140
was seen on the plasma membrane and frequently on the mi-
crovilli themselves. Under these experimental conditions,
most of the redistribution of GMP-140 was toward the apical
surface.

Quantitation of GMP-140. The relative amounts of
GMP-140 present in lysates of human platelets and umbilical
vein endothelial cells were examined by an ELISA procedure.
Platelets contained 1.66±0.40 ng of GMP-140/,ug of cell pro-
tein (mean±SD, n = 4), whereas endothelial cells contained
0.126±0.046 ng of GMP-140/ug of cell protein (mean±SD, n
= 4). This corresponded to 0.166% of the total platelet protein
and 0.0126% of the total endothelial cell protein. Therefore,
relative to total cell protein, platelets contained 13-fold more
GMP-140 than endothelial cells.

Discussion

Our findings indicate that GMP-140 is present in vascular
endothelial cells as well as platelets and their precursor cells,
megakaryocytes. The only other well-characterized protein
whose expression is limited to platelets and endothelial cells is
vWf (25-27). Several additional proteins, for example glyco-
protein Illa (28), protein S (29, 30), and thrombospondin (31),
are found in both cell types but are also synthesized in other
tissues. GMP-140 was not detected in a variety of other cells
examined, including those with secretory storage granules. Al-
though the avidin-biotin immunoperoxidase antigen detection
procedure is sensitive, we cannot exclude the presence of small
quantities of GMP-140 in such cells not detected by our
methods. However, the apparent restriction to platelets and
endothelial cells suggests that GMP-140 has a function specific
to the vascular system rather than a general role common to
many kinds of secretory cells. Immunoassays of cell lysates
indicated that, relative to total cell protein, there is less
GMP-140 in human umbilical vein endothelial cells than in
platelets. The relatively smaller amount of endothelial
GMP-140, however, does not necessarily indicate that its

function is less important than its counterpart in platelets.
Furthermore, we do not know if the amount of GMP-140
measured in umbilical vein endothelial cells by ELISA is com-
parable to that in small veins and venules, where antigen was
most frequently found by immunohistochemistry.

Like the platelet protein (3, 4), endothelial cell GMP-140 is
localized in the membranes of secretory storage granules. In
endothelium, these granules are the Weibel-Palade bodies,
well-characterized organelles where high molecular weight
multimers of vWf are stored until their release by a variety of
endothelial cell agonists (17-24). The inducible secretion of
vWf is thought to occur during fusion of membranes of Wei-
bel-Palade bodies with the plasma membrane (32). This pro-
cess is supported by the immunogold labeling experiments
which demonstrated rapid redistribution of GMP-140 to the
plasma membrane of histamine-stimulated cells. Elsewhere,
we have quantitated the inducible endothelial redistribution of
GMP-140 and examined its kinetics in detail (24, 33). These
studies, in conjunction with the current report, suggest that
antibodies to GMP-140 will prove useful as markers for early
activation events in endothelial cells, similar to their pre-
viously documented utility for assessing platelet activation in
vivo and in vitro (12, 34-36).

Since GMP-140 rapidly shifts from the membranes of se-
cretory granules to the surface of stimulated platelets and en-
dothelial cells, it may function as an important receptor at sites
of inflammation or vascular injury, where these cells are likely
to be activated. Wehave recently determined the primary
structure of GMP-140 by cDNAcloning and protein sequenc-
ing (37). The protein contains a number of discrete domains,
including a lectinlike region, an epidermal growth factor do-
main, and nine tandem consensus repeats related to those
found in complement-binding proteins. These domains sug-
gest that GMP-140 might have functions related to cell adhe-
sion and inflammation. This possibility is supported by the
remarkable structural similarity of GMP-140 to ELAM-1, a
cytokine-inducible endothelial cell receptor that mediates the
adhesion of neutrophils to endothelium at sites of inflamma-
tion (38). ELAM-l contains a lectin domain, an epidermal
growth factor domain, and six complement-binding repeats
(39). It is of interest that the migration of leukocytes across
endothelium in response to inflammatory stimuli occurs pri-
marily in small veins and venules (40). These are precisely the
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Figure 6. Higher magnification of two stimulated endothelial cells fixed 1 min after addition of histamine and then labeled with immunogold
under conditions identical to those in Fig. 5. Note the marked disturbance of the cell surface with numerous microvilli and the expression of
immunogold label for GMP-140 on the plasma membrane. There is a junctional complex (j) between the two endothelial cells and the im-
munolabel is mainly on the apical surface rather than the lateral surface. An intracellular Weibel-Palade body (WP) can also be seen. X88,000.

regions in endothelium where ELAM- 1 (41) and GMP-140 References
(this studiv are concentrated.
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