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ABSTRACT

We have developed a new in vitro model system to examine tumor
cell-platelet-endothelial cell interactions under dynamic conditions. Using
the same model, we can determine endogenous eicosanoid metabolism
and alterations in the prostacyclin-thromboxane A., balance associated
with interactions among tumor cells, platelets, and endothelial cells. The
model consisted of cloned rat aortic endothelial cells grown on gelatin
microcarrier beads under dynamic conditions (i.e., spinner culture). In
teractions of these endothelial cells with platelets (heparinized rat platelet
rich plasma) and/or tumor cells (rat Walker 256 carcinosarcoma) were
assessed in an aggregometer. Gelatin beads alone or microcarrier grown
endothelial cells did not elicit spontaneous aggregation of platelet rich
plasma over a time period of 30 min. Microcarrier grown endothelial
cells inhibited tumor cell induced platelet aggregation in a dose dependent
fashion (i.e., depending on endothelial cell number). The ability of micro-
carrier grown endothelial cells to inhibit tumor cell induced platelet
aggregation depended on endogenous production of prostacyclin. This
conclusion is based on the following results: (a) an increased number of
microcarrier grown endothelial cells caused a prolongation of the aggre
gation lag time; (b) an increased number of microcarrier grown endothelial
cells caused a proportionate increase in 6-keto-prostaglandin I1',,,concen

tration; (c) an increased number of microcarrier grown endothelial cells
was inversely correlated with thromboxane A2 production by platelets;
(</) indomethacin pretreatment of microcamer grown endothelial cells
caused a decrease in prostacyclin production and therefore overcame the
associated inhibition of tumor cell induced platelet aggregation; and (e)
the inhibition of tumor cell induced platelet aggregation in the presence
of endogenous prostacyclin produced by microcarrier grown endothelial
cells was the same as that observed in the presence of exogenous
prostacyclin.

Scanning electron microscopy of aggregometry samples revealed: (a)
little or no platelet or tumor cell adhesion to gelatin beads alone, (b) a
low basal adhesion of tumor cells to microcarrier grown endothelial cells,
and (c) large aggregates of platelets and tumor cells located primarily at
gaps in the monolayer of indomethacin treated microcarrier grown en
dothelial cells. This new in vitro model provides a method for examining
the effects of eicosanoid metabolism by endothelial cells on tumor cell-
platelet-endothelial cell interactions under dynamic conditions.

INTRODUCTION

The formation of hematogenous mÃ©tastasesinvolves a com
plex series of host-tumor cell interactions. In circulation, tumor
cell interactions with platelets and the coagulation system are
thought to facilitate tumor cell arrest and adhesion (for review,
see Ref. l). Ultrastructural studies have demonstrated signifi
cant tumor cell-platelet-endothelial cell interactions in the mi-
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crovasculature following the i.v. injection of tumor cells (2-5).
Honn et al. (6-11) have proposed that these interactions may
be influenced in part by a balance between PGI25 and TXA2,

two eicosanoids having opposing physiological effects on plate
let function. Prostacyclin synthesis by the endothelial cell re
sults in inhibition of platelet aggregation and promotion of
vasodilation (12), whereas TXA2 synthesis by platelets results
in the induction of platelet aggregation and TXA2 release results
in promotion of vasoconstriction (13). However, TXA2 may not
be the only platelet eicosanoid involved in induction of platelet
aggregation. Menter et al. (14) have suggested that tumor cell
induced platelet aggregation is dependent upon both platelet
cyclooxygenase (i.e., TXA2) and platelet lipoxygenase (i.e., 12-
HETE) eicosanoids.

In vivo, tumor cell-platelet-endothelial cell interactions occur
under dynamic conditions including hemodynamic shear forces
(15). Platelets and endothelial cells exposed to high shear forces
differ from those under static conditions (16). For example,
prostacyclin production by endothelial cells grown under con
ditions of shear stress is 12 times greater than prostacyclin
production by a comparable number of endothelial cells grown
in static culture (17). This suggests that the multiple heterotypic
interactions that occur among platelets, tumor cells, endothelial
cells, and the subendothelial matrix (2) can best be understood
if studied in vitro under dynamic conditions. To date, however,
in vitro models used to study platelet/tumor cell or tumor cell/
endothelial cell interactions have been limited to those studying
the dynamic interactions among tumor cells and platelets in an
aggregometer (1, 9, 10) or those studying under static condi
tions tumor cell adhesion to endothelial cell monolayers either
in the presence or absence of platelets (7-10,18). The relevance

in the in vivo situation of data from such assay systems may be
limited.

We have developed an in vitro model system which enables
us to study interactions among platelets, tumor cells, endothe
lial cells (grown on microcarrier beads), and the subendothelial
matrix under dynamic conditions. This system has been useful
in analyzing the eicosanoid biosynthesis associated with these
cell-cell interactions and provides a rapid method for evaluating
compounds which may alter tumor cell-platelet-endothelial cell
interactions.

MATERIALS AND METHODS

Isolation of Endothelial Cells and Their Maintenance in Monolayer
Culture. Aortic endothelial cells were isolated from Sprague-Dawley
rats (HarÃanSprague-Dawley, Indianapolis, IN), cloned, and character
ized as previously described (10, 19). Cultures were maintained in a
humidified 5% CO2 atmosphere in DMEM supplemented with 10%

5The abbreviations used are: PGI2, prostacyclin; TXA2, TXB2, thromboxane
A; or B2; 12-HETE. 12-hydroxyeicosatetranoic acid; DMEM, Dulbecco's modi
fied Eagle's medium; PCS, fetal calf serum; MEM, minimum essential medium:

W256, Walker 256 carcinosarcoma (cells); MEC, microcarrier grown endothelial
cells; TCIPA, tumor cell induced platelet aggregation; 6-keto-PGFiâ€ž; 6-keto-
prostaglandin !â€¢,,;RIA, radioimmunoassay.
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PCS and antibiotics (Gibco, Grand Island, NY). Endothelial cells were
harvested with 0.25% trypsin (Sigma Chemical Co., St. Louis, MO)
and 0.6 mM EDTA in Ca2+- and Mg2+-free MEM. Monolayers of these

endothelial cells demonstrated typical cobblestone morphology, pro
duced PGI2 from endogenous and exogenous arachidonic acid, and
expressed Factor VIII (data not shown).

Microcarrier Culture of Endothelial Cells. Cross-linked gelatin micro-
carrier beads (0.2 g, Ventregel; Ventrex Bioventures Group, Portland,
ME) were rehydrated, washed, and autoclaved using phosphate buffered
saline (pH 7.4). Rehydrated beads were washed twice with DMEM,
added to 700 ml spinner flasks (Techne, Cambridge, United Kingdom)
containing 150 ml of DMEM supplemented with 10% PCS and equil
ibrated for 10 min. The cultures were inoculated with 7.5 x IO6

monodispersed endothelial cells harvested from confluent monolayer
cultures as described above. The cultures were maintained at 37Â°Cin a

humidified 5% CO2 atmosphere. The flasks were stirred at 32 rpm on
a model MCS-104 magnetic stirrer (Techne) for 2 h on intermittent
cycle (2 min on, 2 min off), after which cultures were stirred continu
ously. Endothelial cells grew to confluence on microcarrier beads within
48 h and exhibited morphology typical of endothelial cells grown under
turbulent shear conditions (16). Greater than 90% of the beads were
confluent with endothelial cells at 48 h, as visualized with a Diaphot
inverted phase contrast microscope (Nikon, Tokyo, Japan). MEC were
washed three times with serum free DMEM before use. In some
experiments, aliquots of MEC were pretreated for 15 min at 25Â°Cwith

indomethacin (0.05, 0.5, 5.0, and 50.0 JIM) and washed 3 times with
serum free DMEM in a 50 ml conical bottomed centrifuge tube before
use.

Radiolabeling of MEC. Normalization of the metabolism, aggregom-
etry, and adhesion data required determination of endothelial cell
numbers. Because the microcarrier beads were made of cross-linked
gelatin, normalization of these data per unit protein was not possible.
Therefore, the endothelial cells cultured on microcarrier beads were
radiolabeled, permitting their enumeration following the completion of
the studies. Spinner cultures seeded with 7.5 x IO6 endothelial cells

(see above) were labeled immediately following seeding and incubated
in the presence of 2.8 x 10" Bq (75 pd) [5-125I]-2'-iododeoxyuridine
[6.55 x IO13Bq/mmol (1770 Ci/mmol); Amersham, Arlington Heights,
IL] during the 48-h growth period. The labeled microcarrier grown
endothelial cells were washed with DMEM prior to use, as described
above. Cells were counted as described below.

Culture of Tumor Cells. W256 cells, originally obtained from the
Division of Cancer Treatment Human and Animal Tumor Bank (NIH,
Frederick, MD), were passaged in vivo by s.c. implantation of tumor
die in Sprague-Dawley rats or in vitro following aseptic removal of s.c.
tumors from host animals. The tumors were minced, and tumor pieces
were cultured in MEM containing 10% PCS. The tumor pieces were
removed from culture after 24-48 h and outgrown cells were selected
for growth under reduced serum conditions by passaging (biweekly) in
medium of decreasing serum concentrations (5, 2.5, and 1% serum by
volume). Cells adapted to low serum (1%) were used to minimize the
influence of nonspecifically adsorbed serum factors on the aggregation
assay. W256 cells grew in low serum medium as adherent, highly viable
cultures (>95% viable by trypan blue exclusion tests). W256 cells were
harvested by the mitotic shake-off technique, pelleted by centrifugation
(150 x g; 10 min), and washed twice with serum-free MEM. Tumor
cells were counted on a Model ZBI Coulter Counter (Coulter Electron
ics, Hialeah, PL) and adjusted to a concentration of 5.0 x IO6cells/ml.

Preparation of Heparinized Rat Platelet Rich Plasma. Rat blood was
drawn from the inferior vena cava of sodium pentobarbital (50 mg/kg)
anesthetized rats into 0.9% saline containing 50 units/ml porcine
heparin sulfate (Sigma) and 4.8% dextrose (saline:blood ratio = 1:9, v/
v). Heparinized whole blood was centrifuged at 300 x g for 15 min and
the platelet rich plasma aspirated with a plastic transfer pipet. Platelet
concentrations were adjusted to a concentration of 1.0 x 10' platelets/

ml with platelet poor plasma, prepared by centrifugation of the remain
ing whole blood (1000 x g; 10 min).

Aggregometry Protocols with MEC. Aggregation studies were per
formed in a model DP247E dual channel aggregometer (Sienco, Mor

rison, CO) at 37Â°C.Platelet rich plasma (250 ^1) was preincubated in

the aggregometer for 5 min with microcarrier beads or MEC. Tumor
cells were added to the cuvets, and the aggregation response was
examined for 30 min. Microcarrier beads alone or MEC were tested
for their effects on TCIPA.

The number of MEC present in each aggregometry cuvet was used
to normalize the metabolism, aggregometry, and adhesion data. The
methodology for determining the number of MEC per cuvet follows.
The number of MEC calculated by this methodology agreed (within
95% confidence limits) with the number of MEC determined by count
ing (Coulter Counter or hemocytometer). A 500-^1 aliquot of MEC was
removed using a positive displacement capillary pipettor to determine
the specific activity of [5-'25I]-2'-iododeoxyuridine labeling of the en

dothelial cells. The MEC were isolated from the gelatin microcarriers
by enzymatic digestion using 2 ml of collagenase, type III (100 units/
ml in MEM; Sigma) at 37Â°C.The digestion process was monitored by

light microscopic inspection. Endothelial cells were pelleted at 150 x
g for 10 min; >95% of the radiolabel was found to be associated with
the endothelial cells. The amount of label nonspecifically associated
with the beads ((') was calculated. In addition, the endothelial cell

pellet was gently resuspended in 2 ml of MEM and three 100-/jl aliquots
were removed for determination of radioactivity. Three 100-^1 aliquots
were also removed to determine the cell number by Coulter Counter.
The specific activity (SA) of endothelial cell labeling was calculated and
ranged from 0.02-0.4 cpm/cell.

The total radioactivity per aggregometry cuvet (R) was determined
by counting the entire contents of the aggregometry cuvet following the
experiment. By assuming that the majority of the volume occupied by
MEC represented the beads themselves and by knowing the total
volume of MEC (beads) used in each aggregometry experiment ( V) and
the total amount of radioactivity in the cuvet (R), the number of
endothelial cells ( V) present in a given experimental condition could
be calculated using the formula

N=[R-(Cx V)]SA

As indicated above, the number of MEC calculated by this equation
was 95 Â±5% (SE) of the number counted by conventional methods.

Radioimmunoassay. Radioimmunoassay was used to measure the
major in vitro metabolites of MEC (i.e., prostacyclin measured as 6-
keto-PGFla), and platelets (i.e., thomboxane A2 measured as TXB2).
Aggregometer samples for the determination of eicosanoid metabolism
were terminated by transferring the cuvet contents into 2 ml of cold
ethanol (4Â°C).Ethanol precipitated samples were extracted by vigorous

agitation with 4 volumes of ethyl acetate, centrifuged (1600 x g; 10
min) at 4"C, and the supernatant decanted. Supernatants were evapo
rated to dryness at 37Â°Cunder a continuous flow of nitrogen gas. The

lipid residue was concentrated by dissolving in 100 n\ of ethyl acetate,
vortexed vigorously, and evaporated to dryness under nitrogen. The
lipid residue was redissolved in UHM ethyl acetate and KM of ethanol
prior to storage at -20*C. At the time of assay, 190 Â¿ilof 0.05 M
phosphate buffered saline containing 0.1% Pentex bovine ->-globulin

Fraction II (Miles Laboratories, Inc.) was added to each sample tube,
and samples were sonicated for 30 min prior to assay. Aliquots (100
Â¿Â¿I)were used for determination of 6-keto-PGFiâ€žand TXB2 content by

radioimmunoassay.
Antisera to 6-keto-PGF,â€žand TXB2 were obtained from Seragen,

Inc. (Boston, MA). The cross-reactivity at 50% B/Bâ€žof both anti-TXB2
antibody for 6-keto-PGF,0 and anti-6-keto-PGFu antibody for TXB2
were less than 0.1%. Tracer, [3H]-6-keto-PGF,0 and [3H]TXB2, was
obtained from New England Nuclear (Boston, MA). RIA standards, 6-
keto-PGFiâ€ž,and TXB2 were a gift from Dr. J. Pike (Upjohn Co.,
Kalamazoo, MI). Radioimmunoassay were conducted in phosphate
buffered saline containing 0.1 % Pentex bovine 7-globulin Fraction II.
Assay tubes were incubated for 16 h at 4Â°C,after which the bound and

free antigens were separated using dextran coated charcoal. Low (0.5
ng/ml), medium (1.0 ng/ml), and high (5.0 ng/ml) concentrations of
unlabeled antigen were included as standards in each assay to measure
interassay reproducibility (<15% coefficient of variation between as-
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says). Controls were run for nonspecific binding of the tracer to the
assay tubes and maximum binding of the tracer by the antibody. Low
(0.5 ng/ml) and high (5.0 ng/ml) unlabeled antigen spikes using the
same experimental medium in which the experiment was conducted
were included to ensure that the medium had no effect on antigen/
antibody binding. Assay quality control tables were routinely main
tained including mean and SE values for binding coefficients; assays
having control values exceeding the 95% confidence limits were not
utilized. Since indomethacin was added in some experiments, nonspe
cific cross-reactivity of the antibody for indomethacin was tested with
negative results; in addition, in the concentration range used in the
experiment, indomethacin did not interfere with antigen/antibody bind
ing. When selected experimental samples were serially diluted and
assayed, the slope of the parallelism curve was the same as that of the
assay standard curve, indicating that there was no difference in antibody
affinity between the sample antigen and the authentic antigen. Standard
and experimental samples were analyzed using a weighted RIA program
on a Hewlett Packard Model 41CV computer. Standard curve 50%
effective dose concentrations were 0.81 ng/ml for 6-keto-PGFiâ€žand
0.41 ng/ml for TXB2.

Verification of Rat Endothelia) Cell and Platelet Cyclooxygenase
Metabolites. Verification that the metabolites measured by RIA were
the major Cyclooxygenase metabolites of either rat aortic endothelial
cells or rat platelets was obtained from metabolism studies performed
using labeled arachidonic acid as the Cyclooxygenase substrate. |"< |
Arachidonic acid [specific activity = 2.2 x IO'2 Bq/mmol (60 mCi/

mmol); Amersham] was reconstituted in ethanol:0.04 N NaOH (1:9 v/
v), and 10 ;/l was added to 1 ml MEM containing the endothelial cell
or platelet preparations (final concentration, 0.25 /i\i arachidonic acid).
Samples were incubated for 15 min at 37'C, and terminated, extracted,

and concentrated as outlined in the radioimmunoassay protocol (see
above). Samples were spotted on silica gel 60 I 254 plates (American
Scientific Products, Romulus, MI) in ethyl acetate and developed using
CHCl3:methanol:acetic acid:H2O (90:8:1:0.8 by volume). Tritiated 6-
keto-PGF|â€ž and [3H]thromboxane B2 (New England Nuclear) were

spotted as standards. Plates were analyzed on a Dunnschicht Scanner
II thin layer chromatography scanner (Berthold, Wildbrod, West Ger
many). The major extracted Cyclooxygenase metabolite of the endothe
lial cells comigrated with authentic 6-keto-PGFiâ€ž,whereas the major
Cyclooxygenase metabolite of the platelets comigrated with authentic
thromboxane H... Preincubation of both cell types with indomethacin
significantly reduced the production of their respective Cyclooxygenase
metabolites (data not shown). The eicosanoid profile of W256 tumor
cells was also examined as described above to determine if these cells
contributed significantly to the measured 6-keto-PGF|a or TXB2. The

major eicosanoid synthesized by W256 cells was the lipoxygenase
product 12-HETE. No Cyclooxygenase derived eicosanoids were syn

thesized by W256 cells (data not shown).
Electron Microscopy. Tumor cell-platelet-endothelial cell interac

tions were examined ultrastructurally. Aggregometry samples (250 nl)
were terminated in an excess of fixative (9 ml) to prevent protein gel
formation. Samples were fixed overnight in 1.25% glutaraldehyde and
1.0% paraformaldehyde in 0.1 M sodium cacodylate (pH 7.6). Postfix
ation was accomplished using 1.0% osmium tetroxide in 0.1 M sodium
cacodylate buffer for l h followed by graded ethanol dehydration.
Samples for scanning electron microscopy were critical point dried in
a Bowmar SPC-1500 critical point dryer by exchange of Freon 113 for

Freon 13 and examined on a Philips 505 scanning electron microscope.
Transmission electron microscopy specimens were embedded in plastic
(Spurr's low viscosity resin; Polysciences, Warrington, PA), thin sec

tioned, and stained with uranyl acetate and lead citrate. Thin sections
were examined at 80 kV on a Philips 301 transmission electron micro
scope.

Statistics. Results from triplicate, independent samples were tested
by analysis of variance. Groups containing significant differences were
further analyzed by Scheffe's Multiple Contrast Test. Groups with P <

0.05 were considered statistically significant. All experiments were
repeated a minimum of three times with comparable results.

RESULTS

Microcarrier Beads. The lack of an adequate in vitro model
system for the study of tumor cell-platelet-endothelial cell in
teractions stimulated our development of this model. Unlike
the present microcarrier model, previous model systems did not
permit metabolic and morphological studies to be conducted
under identical, dynamic experimental conditions.

In order to develop this model, we established several criteria
for the selection of microcarrier beads: (a) for obvious reasons,
microcarrier beads which, by themselves, induced spontaneous
aggregation or adhesion of platelets would be unacceptable; (/>)
the microcarrier beads must permit the development of a mon-
olayer of endothelial cells on their surface; (c) due to the high
shear forces present in the aggregometer, the bead needed to be
deformed under stress in order to minimize damage to the
endothelial cell monolayer; (d) the endothelial cells should be
easily removed from the beads for quantitation of cell numbers;
(r) minimal nonspecific adhesion of tumor cells to uncoated
regions of the beads was a requirement for adhesion studies;
and (/) the beads should permit simple preparation for ultra-
structural examination.

A number of commercially available microcarrier beads were
tested against these criteria. DEAE-cellulose or glass beads
provided an excellent surface for endothelial cell growth, but
the beads themselves induced spontaneous platelet aggregation.
In addition, glass beads demonstrated unacceptable optical
properties in the aggregometer probably resulting from exces
sive light scattering and were difficult to section for ultrastruc
tural studies. Polystyrene beads also provided an excellent
surface for endothelial cell growth and did not induce sponta
neous platelet aggregation; however, they were not deformable,
resulting in detachment of endothelial cells under the shear
forces in the aggregometer. Microcarrier beads made of cross-
linked gelatin met all of the necessary criteria.

Aggregometry Studies. Gelatin microcarrier beads did not by
themselves cause spontaneous platelet aggregation or alter
platelet aggregation induced by tumor cells (Fig. IA), whereas
gelatin beads coated with endothelial cells inhibited tumor cell
induced platelet aggregation in a dose dependent fashion (Fig.
\A). In the presence of a constant number of W256 cells (1.2
x 10s cells/cuvet), 0.7 x 10" MEC did not affect the ability of

tumor cells to induce platelet aggregation. An intermediate
number of MEC (2.5 x IO4 cells/cuvet) produced a 2-fold

increase in the lag time prior to the onset of aggregation (Fig.
\A\ Table 1), and slightly decreased the amplitude and the slope
of the aggregation curve (Fig. IA; Table 1). PGI2 production by
0.7-2.5 x IO4 MEC (1.8-4.1 6-keto-PGFla ng/ml) may have

been insufficient to inhibit TCIPA (see Fig. \A\ since in the
case of 3.4 x 10" MEC where PGI2 production was higher (4.5

Â±0.2 ng/ml), we observed a complete inhibition of TCIPA
(Fig. IA). Linear regression analysis confirmed a significant
correlation between increases in MEC numbers and increases
in aggregation lag time (Fig. \B). Prostacyclin production by
MEC was also directly proportional to MEC numbers (Fig.
1C), whereas TXA2 production (Fig. ÃŒD)and 12-HETE pro
duction (data not shown) by platelets seemed to be inversely
related to MEC numbers. In the presence of a constant number
of MEC, increasing concentrations of W256 cells overwhelmed
the inhibitory effects of MEC resulting in platelet aggregation
and decreased lag times (data not shown).

The Cyclooxygenase inhibitor, indomethacin (20), was ex-
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Fig. 1. Effect of number of microcarrier grown endothelial cells on TCIPA.
Statistical analyses were by Scheffe's Test. In A, Microcarrier beads (Vg, Ventri-

gel) alone had no effect on TCIPA compared to control, whereas increasing
numbers of endothelial cells decreased the slope and amplitude of aggregation
and increased the lag time (see also Table 2). Endothelial cells at a concentration
of 3.4 x IO4 cells/aggregometry cuvet (25CM volume) completely inhibited

TCIPA. TC, W256 tumor cells. In B. endothelial cells increased the lag time of
TCIPA in a dose dependent manner. Linear regression analysis indicated a direct
correlation which was confirmed by statistical analysis (P < 0.001). In C. endo
thelial cell production of PGI2 (measured as 6-keto-PGF,a) was proportional to
endothelial cell number. The correlation was confirmed by statistical analysis (/'

< 0.0001). In D, production of TXA2 (measured as TXB2) by platelets was
inversely related to endothelial cell number. I \H results were plotted as the
inverse to demonstrate linearity. Statistical analysis confirmed the correlation (/'

< 0.001).

amined for its effects on tumor cell-platelet-MEC interactions.
In order to ensure complete inhibition of TCIPA, a 4-fold
excess of M EC was used in these experiments. Prostacyclin
production by this number of MEC (1.6 x IO5 cells/ml) was

10.2 Â±0.9 ng/ml. Indomethacin at doses >0.5 ^M completely
inhibited MEC generation of PGI2 and subsequent effects on
TCIPA (Fig. 2). At these doses of indomethacin, PGI2 produc
tion was between 2.0 and 2.6 ng/ml, a level which failed to
inhibit TCIPA (Fig. 2). MEC pretreated with a lower dose of
indomethacin (0.05 MM)produced 6-keto-PGF,â€žconcentrations
of 6.65 Â±0.63 ng/ml and resulted in 98.2 Â±0.1% inhibition of
TCIPA (data not shown).

Similarity in Effect of Exogenous and Endogenous Prostacy
clin. Exogenous PGI2 inhibits TCIPA (21) and reduces platelet

enhanced tumor cell adhesion in vitro to endothelial cells de
rived from rat cerebral microvasculature (11). Therefore exper
iments were conducted to determine whether endogenously
synthesized PGI2 would affect TCIPA in the same manner as a
comparable concentration of exogenous PGI2 added as a bolus
dose. The effects observed with exogenous PGI2 (dose depend
ent decreased in the slope and amplitude of aggregation) were
readily evident in the MEC containing samples (Table 1). The
addition of 1 ng/ml of exogenous PGI2 resulted in a 2-fold
increase in lag time compared to diluent controls (Fig. 3; Table
1). By comparison, 1.8 ng/ml of PGI2 produced endogenously
by 0.7 x IO4MEC produced a similar increase in lag time (Figs.
\A and 3; Table 1). A 5-fold increase in exogenous PGI2 resulted
in 4-fold increase in lag time. Similar levels of endogenously
produced PGI2 (4.1 Â±0.2 ng/ml) caused a 2.5-fold increase in
lag time (Table 1). A further increase in PGI2 levels, either
exogenously added or endogenously synthesized, completely
inhibited TCIPA. These experiments verified that PGI2 synthe
sized by MEC affected TCIPA in a manner similar to exoge
nously added PGI2.

Electron Microscopy Studies. Samples from the aggregometry
experiments described above were also examined ultrastruc-
turally to evaluate the nature and extent of tumor cell-platelet-
MEC interactions. Initially we verified that the gelatin beads
used in this model did not themselves induce spontaneous
aggregation of platelets although we did observe some basal
platelet adhesion to the beads in the absence of platelet activa
tion (Fig. 4). Tumor cells themselves did not exhibit nonspecific
adhesion to the gelatin beads (data not shown). Under dynamic
conditions W256 tumor cells exhibited a low degree of basal
adhesion to the microcarrier grown rat aortic endothelial cells
(data not shown). Under conditions (indomethacin pretreat-
ment or low MEC number) in which W256 tumor cells were
able to induce platelet aggregation and form tumor cell-platelet
aggregates, the aggregates attached to the MEC primarily at
cell-cell junctions or at breaks in the monolayer of MEC (Figs.
5a and 6a). In contrast under conditions in which W256 tumor
cells were unable to induce platelet aggregation the association
of W256 cells or rat platelets with MEC was minimal (Fig. 5b).
Under conditions in which TCIPA occurred, activated platelets
were located between tumor cells and MEC surfaces (Fig. 66).
In these samples the existence of platelet chains linking tumor
cells to gaps in the endothelial cell monolayer were common
(Fig. 7).

DISCUSSION

Studies using a number of rodent tumors have demonstrated
a correlation between thrombogenicity and metastatic potential

Table 1 Aggregation characteristics

ConditionGelatin

bead control (no. of cells) (n =9)No.
of MEC (n =9)0.7

xIO41.3
x10*2.5
x10*3.4
xIO46.9
xIO41.6X

10*Dose

of PGI2 (n =3)Glycine
buffer1
ng/ml5

ng/ml10
ng/mlLag

time Slope (% of control
(min) lighttransmission/min)1.

7Â±0.2*2.5

Â±0.04.3
Â±0.26.8
Â±0.3>30>30>302.5

Â±0.44.8
Â±0.711.2

Â±0.9>3015.2

Â±0.813.6

Â±0.511.3
Â±0.210.6

Â±0.20.2
Â±0.00.2
Â±0.00.1

Â±0.012.6

Â±0.410.8
Â±0.57.0
Â±1.00.2
Â±0.0Amplitude

(% of control
light transmission)75.5

Â±0.474.7

Â±0.177.0
Â±1.275.3
Â±0.52.8
Â±0.32.8
Â±0.32.2
Â±0.273.6

Â±1.368.9
Â±0.562.8
Â±0.82.0
Â±0.16-keto

PGF,â€ž
(ng/ml)1.8

Â±0.32.9
Â±0.14.1
Â±0.24.5

Â±0.27.5
Â±0.310.2

Â±0.9â€¢

Mean Â±SE.
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Fig. 2. Effect of the cyclooxygenase inhibitor, indomethacin, on TCIPA and
microcarrier grown PtÂ¡I-biosynthesis by endothelial cells. Top, endothelial cells
treated with indomethacin (aO.5 ;<\i) failed to inhibit TCIPA, whereas an equal
number (1.6 x Id' cells) of diluent treated endothelial cells completely inhibited
TCIPA. Treatment of endothelial cells with indomethacin (-0.05 (.\n resulted in
increased lag times but failed to completely block the inhibition of TCIPA byendothelial cells (not shown). 7'( '. W2S6 tumor cells. Bottom, treatment of
endothelial cells with indomethacin resulted in an inhibition of I'(Â¡I.,(measured
as 6-keto-PGF,â€ž)production. The basal 6-keto-PGF,â€ždetected in the presence of
high concentrations of indomethacin probably reflects the measurement of en
dogenous levels present in platelet rich plasma.

5 ng/nl PGt2

TME(MÂ»WTES)

Fig. 3. TCIPA inhibited by !'<,[. in a dose dependent manner. Increasing
concentrations of exogenous !'<.!. resulted in increased lag times and slightly

decreased amplitudes of TCIPA (see also Table 2). The highest dose of PGI2 (10
ng/ml) resulted in complete inhibition of TCIPA. These results resemble those
observed with increasing numbers of endothelial cells (Fig. \A).

(for review, see Refs. 1 and 10). The arrest of metastatic tumor
cells in the microvasculature involves thrombus formation and
extensive tumor cell-platelet membrane interactions (2, 5). We

have proposed that the presence of thrombogenic tumor cells
can alter the normal intravascular balance between various
eicosanoids (e.g., PGI2 and TXA2) in favor of platelet aggrega
tion, thrombosis, tumor cell arrest, and metastasis (9, 10).
Indirect support for this hypothesis is based on the fact that
exogenous PGI2, PGI2-enhancing agents (i.e., nafazatrom) (22),
and TXA2-synthase inhibitors reduce experimental and spon
taneous metastasis (6-8, 21-27).

Fig. 4. Interaction of platelets with microcarrier beads. Microcarrier beads
alone did not induce aggregation of platelets (p), nor did the limited number of
adherent platelets show overt signs of activation, a, x 210; b, x 1900.

Fig. 5. Interactions among platelets, tumor cells, and endothelial cells grown
on microcarrier beads. In a. in the presence of TCIPA, large tumor cell-platelet
aggregates (PA) were attached to the endothelial cells, primarily at sites of cell-
cell junctions and gaps Ire i in the endothelial cell monolayer. Tumor cells ( /< )
also attached to gaps and endothelial cell junctions, x 1000. In b, under conditions
in which increased numbers of endothelial cells completely inhibited TCIPA,
limited basal adhesion of both platelets and tumor cells to endothelial cells
occurred, x 560.

Direct evidence for this hypothesis is based on the observation
that PGI2 biosynthesis is reduced in vessels removed from
cancer patients. Menta et al. (28) first reported that arteries
removed from patients with osteogenic sarcoma produced sig
nificantly less basal and arachidonic acid stimulated l'(Â¡I, in

vitro when compared to vessels removed from patients with
benign tumors. Similar observations have been made for vessels
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Fig. 6. Effect of indomelhacin pretreatment of microcarrier grown endothelial
cells on TCIPA. In a, indomethacin (>O.S Â«MIpretreatment of endothelial cells
overcame the ability of the endothelial cells to inhibit TCIPA. Tumor cells (TC)
and tumor cell-platelet aggregates (PA) adhered to both endothelial cell surfaces
l \// ( I and to gaps in the endothelial cell monolayer. x 1800. In b, degranulated
platelets (p) were observed between the tumor cells (TC) and gelatin microcarrier
bead (GB) grown endothelial cells (MEC), x 9400.

Fig. 7. Tumor cell (TC) induced formation of platelet chains which preferen
tially adhered to gaps in the endothelial cell monolayer or cellular junctions (cj).
These chains demonstrated remarkable rigidity following fixation and processing
for SE, particularly considering platelet chain size compared to the tumor cells
they supported, x 1800.

removed from patients with renal cell carcinoma (29). In the
latter study, the reduction of PGI2 production was selective in
that vessel wall biosynthesis of other cyclooxygenase products
was unaltered. Finally, Mehta et al. (30) have reported that the
biological tv, of exogenous PGI2 is reduced to plasma of cancer
patients when compared to normal plasma. The above changes

in PGI2 biosynthesis and stability would clearly lead to altera
tion of PGl2-TXA2 balance as first proposed by Honn et al. (6-

8).
The present model was developed to examine the role of

endogenous PGI2-TXA2 balance on tumor cell-platelet-endo-

thelial cell interactions in a dynamic system. Previous methods
for examining tumor cell-platelet interactions have centered

primarily on the use of aggregometry in the absence endothelial
cells (for review, see Ref. 1). In contrast, tumor cell-endothelial

cell interactions have focused on tumor cells added to endothe
lial cell monolayers in the absence of platelets and/or shear
forces (8-11, 18, 31). The interpretation of data from such
models may have limitations considering that the models lack
either a PGI2-TXA2 balance or a PGI2-TXA2 balance generated

under dynamic conditions. In developing the present model we
attempted to mimic the conditions in which tumor cells, plate
lets, and endothelial cells interact in vivo by combining all three
cell types in vitro under dynamic conditions.

The development of this model has enabled us to directly
examine tumor cell induced shifts in the PGI2-TXA2 balance.

The present study clearly demonstrates that endothelial cells,
by virtue of their ability to synthesize PGI2, are capable of
regulating platelet aggregation when challenged by thrombo-

genic tumor cells. The endothelial cell number, TCIPA lag
time, and PGI2 production all exhibited a linear correlation.
Conversely, platelet TXA2 synthesis demonstrated an inverse
relationship to endothelial cell number. Endothelial cells in
sufficient numbers produced levels of PGI2 which completely
inhibited TCIPA and prevented the generation of TXA2. In
contrast, aggregation occurred in the presence of limited num
bers of endothelial cells and resulted in a significant increase in
TXA2. If the endothelial cell number remained constant while
the number of tumor cells increased, the PGI2-TXA2 balance

shifted in favor of TCIPA and tumor cell attachment to endo
thelial cells.6 This evidence strongly suggests that tumor cells

are capable of overwhelming the ability of endothelial cells to
prevent aggregation. In vivo, showers of tumor cells are contin
ually shed into the bloodstream (32,33). One might hypothesize
that repeated exposure of both endothelial cells and platelets
to tumor cells may eventually shift platelets into a aggregatory
state despite continued synthesis of endothelial cell PGI2. In
this situation, agents which stimulate or preserve the ability of
endothelial cells to produce PGI2 may be effective against
intravascular TCIPA and tumor cell arrest and adhesion to the
microvasculature.

The present model allows pharmacological manipulation of
eicosanoid biosynthesis by tumor cells, platelets, or endothelial
cells under conditions where the effects of that manipulation
on cell-cell interactions can be examined biochemically and

morphologically. For example, indomethacin is a competitive
inhibitor of the cyclooxygenase component of prostaglandin
synthase (20). Pretreatment of M EC with >0.5 mM indometh
acin abolished PGI2 biosynthesis and the ability of MEC to
inhibit TCIPA. These results strongly implicate PGI2 as at least
one factor regulating TCIPA and tumor cell adhesion to endo-

thelium. In fact, in the absence of platelets in our model system,
basal tumor cell adhesion to indomethacin treated MEC was
significantly higher than tumor cell adhesion to untreated

6 D. G. Menter, J. D. Taylor, B. F. Sloane, and K. V. Honn. A comparison of

tumor cell adhesion to endothelial cells under dynamic and static conditions,
submitted for publication.
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MEC.6 Thromboxane synthase inhibitors at doses which com

pletely inhibit platelet TXA2 biosynthesis do not inhibit TCIPA
in vitro (9, 10, 34). The reason for this discrepancy is now clear.
Thromboxane synthase inhibitors prevent the formation of
TXA2 but not the formation of the intermediary metabolite
endoperoxide PGH2. The latter compound can interact with
the platelet TXA2 receptor and trigger aggregation (35). In
contrast to thromboxane synthase inhibitors, TXA2/PGH2 re
ceptor antagonists do significantly reduce TCIPA (36). How
ever, thromboxane synthase inhibitors alone can inhibit platelet
aggregation by sensitizing platelets to the inhibitory effects of
suboptimal doses of PGI2 (35). In the present model system,
thromboxane synthase inhibitors in the presence of low concen
trations of MEC (i.e., suboptimal levels of PGI2) exhibited
inhibition of TCIPA and tumor cell adhesion to the endothe-
lium.7 These results clearly demonstrate the utility of this

dynamic model for the study of the effects of pharmacological
manipulation on cell-cell interactions.

Cellular attachment (i.e., platelets and tumor cells) to MEC
surfaces was consistent with that reported for other model
systems (1, 9, 10, 18, 31). The apical surface of intact endothe
lial cell monolayers are nonthrombogenic (37), and tumor cell
adhesion to intact endothelium is less than tumor cell adhesion
to subendothelial surfaces ( 18,31 ). Exposure of the subendothe-

lial matrix provides a stimulus for platelet adhesion and throm
bus formation (38-42). In the present study, platelet columns,
individual platelets, and tumor cells all preferentially adhered
to junctions between endothelial cells or gaps in the endothelial
cell monolayer. It was apparent that exposure of the subendoth
elial matrix as a result of damage to MEC or tumor cell induced
retraction of MEC may promote tumor cell and platelet adhe
sion.

Tumor cell induced platelet aggregation and adhesion to
endothelial cells or endothelial cell junctions were affected at
least in part by the PGI2-TXA2 balance. The present in vitro

model system has enabled us to directly examine shifts in the
PGI2-TXA2 balance and determine the effects of those shifts
on tumor cell-platelet-endothelial cell interactions under dy

namic conditions. A model such as this may be useful in
screening agents which can exert an effect on the platelet, the
tumor cell, or the endothelial cell and thereby affect their
interactions.
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