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PROSTACYCLIN (PGl,) INHIBITS
THE FORMATION OF PLATELET THROMBI IN
ARTERIOLES AND VENULES OF THE HAMSTER CHEEK POUCH
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& J.R. VANE
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1 Isolated rings of hamster aorta produced an unstable substance which inhibited platelet aggrega-
tion in vitro and had the same characteristics as prostacyclin.

2 Prostacyclin inhibited adenosine diphosphate (ADP)-induced aggregation of hamster platelets
in vitro.

3 The effects of prostacyclin on ADP-induced platelet thrombi in the microcirculation of the ham-
ster cheek pouch were studied with a television microscope.

4 Prostacyclin caused a dose-dependent increase in the time of iontophoretic application of ADP
which was required to induce platelet thrombi formation and embolization in venules (30 to 40
pm diameter).

5 Prostacyclin caused a dose-dependent reduction in the total time during which ADP-induced
thrombi were observed following local electrical damage to arterioles (40 to 80 um diameter).

6 Thrombus formation in venules and arterioles was abolished by 500 ng/ml prostacyclin in the
Krebs solution superfusing the hamster cheek pouch.

7 Prostacyclin was approximately twenty times more potent than prostaglandin E, in preventing

thrombus formation in the microcirculation.

Introduction

Prostaglandin (PG) E; (Kloeze, 1967) and PGD,
(Smith, Silver, Ingerman & Kocsis, 1974) are powerful
inhibitors of platelet aggregation in vitro, while PGE,
has been reported to enhance aggregation in low con-
centrations and inhibit aggregation at higher ones.
Prostaglandins from the A, B and F series are rela-
tively inactive (for review, see Howie, 1976).

PGG, and PGH,, the cyclic endoperoxide inter-
mediates in prostaglandin biosynthesis are converted
to thromboxane A, (TXA,) (Hamberg, Svensson &
Samuelsson, 1975) by an enzyme in platelet micro-
somes (Needleman, Moncada, Bunting, Vane, Ham-
berg & Samuelsson, 1976) or to prostacyclin (PGI,)
by an enzyme located in blood vessel walls (Moncada,
Gryglewski, Bunting & Vane, 1976a). TXA, and PGI,
are unstable substances with opposite effects on
platelet aggregation in vitro; TXA, induces aggrega-
tion and PGI, is the most potent known inhibitor
of aggregation. Moncada, Gryglewski, Bunting &
Vane (1976b) have suggested that a balance between
formation of anti- and pro-aggregatory substances
could contribute to the maintenance of the integrity
of vascular endothelium and disruption of this

balance may contribute to the formation of intravas-
cular thrombi.

Prostacyclin  inhibits adenosine  diphosphate
(ADP)-induced aggregation of human, rabbit, sheep,
horse and rat platelets (Moncada, Vane & Whittle,
1978). Furthermore, prostacyclin is produced by vas-
cular tissue from a number of different species includ-
ing man (Moncada et al, 1976a; 1976b; Moncada,
Higgs & Vane, 1977).

Emmons, Hampton, Harrison, Honour & Mitchell
(1967), first demonstrated that PGE, inhibits platelet
thrombus formation in vivo in injured rabbit-brain
arteries. Westwick (1977) has now shown that both
PGE; and PGGg; inhibit thrombus formation in ham-
ster cheek pouch arterioles. In this paper we have
investigated the production of prostacyclin-like
material by hamster blood vessels, the sensitivity of
hamster platelets to protacyclin and the effects of pro-
stacyclin on the formation of platelet thrombi in
venules and arterioles of the hamster cheek pouch.
Some of these results have been communicated to the
British Pharmacological Society (Higgs, Moncada &
Vane, 1977).
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Methods

Platelet aggregation in vitro

Male golden hamsters (100 to 150 g) were anaesthe-
tized with sodium pentobarbitone (75 mg/kg i.p.) and
5 to 7 ml blood was withdrawn through a cannula
in a carotid artery or the abdominal aorta. Human
blood was taken from the anticubital vein of healthy
volunteers who had not taken aspirin in the previous
2 weeks. Fresh hamster or human blood was citrated
(0.1 volume of 3.15%, (w/v) trisodium citrate) and cen-
trifuged at 200 g for 15 min to obtain platelet-rich
plasma (PRP). Platelet aggregation was induced by
the addition of 0.5 to 10 ul of 1073 M ADP to 0.3
ml hamster PRP or 0.5 ml human PRP in a Born-
type aggregometer (Payton dual channel). Aggrega-
tion was measured as a change in light transmitted
through the platelet suspension (Born, 1962).

Assay of prostacyclin activity

The sodium salt of prostacyclin (Johnson, Lincoln,
Thompson, Nidy, Mizsak & Axen, 1977; Whittaker,
1977) was dissolved immediately before use in 50 mm
Tris buffer (pH 7.5) and different doses (100 pg to
2 ng in 0.1 to 2 pl volumes) were added to hamster
or human PRP 1 min before the addition of the low-
est dose of ADP which caused both phases of aggre-
gation in untreated PRP. Aggregation was measured
as the change in transmitted light 2.5 min after the
addition of ADP. Inhibition was calculated as per-
centage reduction of the control response. The IC;,
for inhibition of aggregation of hamster platelets by
prostacyclin was calculated from a dose-response
curve. '

Prostacyclin production

Lengths of hamster aorta (1.5 to 2.0 cm) were cleaned
of connective tissue, weighed and washed in cold 50
mM Tris buffer (pH 7.5). The tissue (10 to 25 mg) was
chopped into rings and incubated in 200 pl buffer
for 3 min at 22°C. Aliquots (10 to 100 pl) of the super-
natant of this incubation mixture were added to
human PRP to test for anti-aggregating activity. The
activity of supernatants was tested immediately, 30
min after standing at 22°C or after boiling for 15
seconds. The generation of anti-aggregating activity
by hamster aorta was measured after incubation with
PGH, (1 pg/ml for 3 min at 22°C) in untreated rings
or rings pretreated with 15-hydroperoxy arachidonic
acid (15-HPAA; 10 pg/ml for 10 min at 22°C). Anti-
aggregating activity was assayed against standard
prostacyclin and expressed as ng/mg wet weight of
tissue. In four experiments, hamsters were given
aspirin orally (500 mg/kg) 1-2 h before the aortae
were removed.

The hamster cheek pouch preparation

The microcirculation of the hamster cheek pouch was
studied by the method of Duling, Berne & Born
(1968). Male golden hamsters (approx. 100 g) were
anaesthetized with sodium pentobarbitone (75 mg/kg,
i.p.) and their everted cheek pouches were immersed
in a well (9 ml) in a perspex microscope stage. The
preparation was superfused at 5 ml/min with Krebs
solution (composition g/l glass-distilled water: NaCl
7.01, NaHCO, 1.68, KC1 0.3503, MgCl 0.2437, CaCl,,
6H,0 0.2271 and D-glucose 1.80) at 36°C which was
bubbled with 5% CO, in O,. Blood vessels in the
microcirculation of the cheek pouch were examined
microscopically with long-working distance objectives
(10 X, 20 X or 32 X) attached to a fixed stage micro-
scope (Leitz, Laborlux). The preparation was viewed
on a 10 inch television monitor (Hitachi, VM126AK)
by attaching a light-weight closed-circuit television
camera (Hitachi, HV62K) to the photo-tube of the
microscope.

Thrombus formation in venules

Platelet thrombi were induced in venules (30 to 40
pm diameter) by the iontophoretic application of
ADP to the blood vessel walls (Begent & Born, 1970).
Glass electrodes (Jencons, ‘Vac-Seal’) were drawn out
to form micropipettes (tip diameter = 2.5 to 5 pm)
with a pipette puller (Scientific Research Instruments
Ltd.). Micropipettes containing a solution of 1072 M
ADP were manipulated by means of a Leitz micro-
manipulator so that their tips were adjacent to the
venules. ADP was applied to the blood vessel wall
by passing a current (200-300 nA) between the micro-
pipette and a reference electrode immersed in the
superfusing Krebs solution. Current was supplied by
a variable power supply (0 to 60 V) via a 100 MQ
current limiting resistor. The voltage drop across a
100 kQ resistor, in series with the power supply was
measured by a digital volt meter. The time of ADP
application which was required to induce the for-
mation and embolization of platelet thrombi as
described by Begent, Born & Sharp (1972) was
measured before, during and after infusions (0.05
ml/min) of different concentrations of PGI,, PGE,
or 6-ox0-PGF,,, dissolved in 50 mm Tris buffer (pH
7.5), into the Krebs solution superfusing the micro-
circulation.

Thrombus formation in arterioles

Thrombus formation in arterioles (40 to 80 pm dia-
meter) was induced by electrical damage to the blood
vessel wall followed by an injection of 10 pl 1073
M ADP into the superfusing Krebs solution (Wes-
twick, 1977). Current (10 to 15 pA) was applied te:



arteriole walls for 30 s via a micropipette filled with
1 M KCl, using the circuit described above, but with
the 100 MQ current limiting resistor switched out.
The blood vessel was observed for 5 min after stimu-
lation and the total time that platelet thrombi were
present (‘total thrombus time’) was recorded. The
same vessel was stimulated 3 to 5 times before, during
and after the infusion (0.05 ml/min) of different con-
centrations of PGI,, PGE, or 6-0xo-PGF,, into the
superfusing Krebs solution. The means of the total
thrombus times in the presence of PGI,, PGE, or
6-0x0-PGF |, were expressed as a percentage of the
means of the control times.

Measurement of mean blood velocity

Mean blood velocity in venules and arterioles was
measured by the method of Begent & Born (1970).
The movement of embolized thrombi, downstream
from their site of formation, was recorded with a
video-tape recorder (National, NV-3030E). By playing
back the video-tape in slow motion, the mean blood
velocity along a measured length of blood vessel was
calculated.

Results

Prostacyclin prevented the aggregation of hamster
platelets in vitro (IC5o = 1.5 + 0.8 ng/ml; mean + s.e.
mean, n = 3). Chopped rings of hamster aorta incu-
bated for 3 min produced a substance which pre-
vented the ADP-induced aggregation of human
platelets. The anti-aggregating activity was equivalent
to 0.08 + 0.02 ng (n = 7) prostacyclin/mg wet weight
of tissue and was not present after boiling the super-
natant or standing it at room temperature for 30 min-
utes. PGH, enhanced the production of anti-aggre-
gating material, an effect which was inhibited by
15-HPAA. Aortae removed from hamsters 1 to 2 h
after oral aspirin (500 mg/kg) produced only 0.0075 +
0.001 ng (n = 4) prostacyclin-like activity/mg wet
weight of tissue.

Thrombus formation in venules

After preparation of the hamster cheek pouch, a 30
to 45 min equilibrium period was allowed before
venules with a diameter of 30 to 40 um were selected
for observation. Currents of up to 500 nA applied
to pipettes filled with 0.9% w/v NaCl solution (saline)
did not cause formation of platelet thrombi; nor did
pipettes filled with 1072 M ADP, in the absence of
current. When currents of 200 to 300 nA were applied
to ADP-filled pipettes, thrombi appeared on the ves-
sel wall close to the tip and at sites downstream from
the tip. During continuous application of ADP,
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Figure 1 The time in seconds of iontophoretic ap-
plication of adenosine diphosphate (ADP) to
venules (30 to 40 pm) necessary to induce the for-
mation and embolization of platelet thrombi in the
presence of increasing concentrations of prostacyclin
(PGI;) infused into the Krebs solution superfusing
the hamster cheek pouch microcirculation. Each
column represents the mean of 4-8 experiments and
the bars are +1 se. mean. NS, P > 0.01;
*P < 0.01.

thrombi adhered to vessel walls before they embolized
and were swept away in the blood stream.

Measurements of mean blood velocity were made,
and only venules in which the velocity was 1.0 to
2.0 mm/s were studied. When the velocity fell below
1.0 mm/s, the preparation was discarded.

The mean time of ADP application required to in-
duce the formation and embolization of platelet
thrombi in venules was 20.8 + 3.2 s (n = 8). Repeated
stimulation of the same venule gave a consistent re-
sponse for up to 3 hours. Prostacyclin (1 to 200 ng/ml
in superfusing Krebs solution) caused dose-dependent
increases in this time and at concentrations of 0.5
to 1.0 pug/ml, continuous application of ADP for up
to 5 min failed to induce thrombus formation (Figure
1). The maximum effects of prostacyclin infusions
were seen after 10 minutes. At concentrations between
200 and 500 ng prostacyclin/ml, abolition of
thrombus formation was seen in some, but not all,
experiments. With all concentrations of PGI, the re-
sponse to ADP returned to control values after the
infusion had stopped. After low doses, the normal re-
sponse returned almost immediately and after higher
doses (0.5 to 1 pg/ml) the recovery period was up
to 30 minutes.

6-ox0-PGF,,, the stable product of prostacyclin
degradation (Johnson, Morton, Kinner, Gorman,
McGuire, Sun, Whittaker, Bunting, Salmon, Mon-
cada & Vane, 1976) did not affect thrombus forma-
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tion in venules at concentrations up to 10 pg/ml.
PGE, (1 pg/ml) increased the time of ADP appli-
cation required to induce thrombus formation and
embolization to 61.2 + 10.0 s (n = 5) and PGE, at
10 pg/ml abolished thrombus formation.

PGI, (1 pg/ml), PGE, (10 pg/ml) or 6-0xo-PGF,
(10 pg/ml) did not cause a change in the mean dia-
meter of the venules observed. There was also no sig-
nificant change in mean blood flow at the highest
concentrations of PGI,, PGE; or 6-oxo-PGF,, at
which embolization of thrombi could still be used as
a measure of blood flow.

Thrombus formation in arterioles

About half the pre-capillary arterioles seen in the
hamster cheek pouch had inherent tone and the
others were assumed to be maximally dilated, for they

were tested with PGE,; (100 ng) and PGI, (10 ng)

and did not respond by vasodilatation (Higgs, Mon-
cada & Vane, 1978). Thrombus formation was always
studied in maximally dilated vessels (40 to 80 pm dia-
meter). Application of 10 to 15 pA for 30 s to arteriole
walls did not induce thrombus formation, although
localized constriction of the vessel was often seen.
When 10 pl 1073 M ADP was injected into the Krebs
solution proximal to the vessels being observed, im-
mediately after the application of current, platelet
thrombi formed at the stimulated site. Thrombi
embolized and continued to form at the damaged site
for up to 5 min after stimulation. Mean blood velocity
in the vessels studied was 2.0 to 7.0 mm/s and total
thrombus time varied from 90 s in arterioles with
high blood velocity to 290 s in vessels with slower
velocity. Because of this variation in control response,
the effects of PGI,, PGE, or 6-0x0-PGF,, on total
thrombus time were expressed as a percentage of the
control response in the same blood vessel.

Prostacyclin (25 to 200 ng/ml) caused a dose-depen-
dent reduction in the total thrombus time (Figure 2)
. and 500 ng/ml abolished arteriolar thrombus forma-
tion. Total thrombus time returned to control values
30 min after the prostacyclin infusions had stopped.
Thrombus time was reduced to 49 + 10% (n = 5) of
control values by PGE; at 1 pg/ml and abolished
at 10 pg/ml. 6-0x0-PGF,, (1 to 10 pg/ml) did not
affect thrombus formation. All concentrations of
PGI,, PGE, and 6-0x0-PGF,, tested produced maxi-
mal dilatation in pre-capillary vessels with inherent
tone, but there were no significant changes in mean
blood velocity in the maximally dilated vessels used
for studying thrombus formation.

Discussion

These results demonstrate that prostacyclin inhibits
ADP-induced aggregation of hamster platelets. The
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Figure 2 Inhibition of adenosine diphosphate
(ADP)-induced thrombus formation in electrically
damaged arterioles (40 to 80 pm) by increasing
concentrations of prostacyclin (PGl,) infused into
the Krebs solution superfusing the hamster cheek
pouch microcirculation. Inhibition is measured as a
reduction in total thrombus time (see text) compared
with control values. Each point is the mean of 4-7
experiments and the bars represent +1 s.e. mean.
The straight line was fitted to the log dose-response
curve by regression analysis. There is a highly sig-
nificant linear regression (P > 0.001) and there is
no significant deviation from linearity. NS,
P > 0.01; *P < 0.0025, **P < 0.0005. :

inhibitory activity of prostacyclin on hamster platelets
is similar to that reported for rat, rabbit and human
(Moncada et al., 1978).

The anti-aggregating material generated by rings
of hamster aorta has similar characteristics to authen-
tic prostacyclin. It is unstable, disappearing after 30
min at room temperature, and heat labile, being des-
troyed by boiling for 15 seconds. Also, production

‘of anti-aggregating material is enhanced by incuba-

tion of the tissue with PGH, and inhibited by incuba-
tion with 15-HPAA, which inhibits prostacyclin gen-
eration (Moncada et al, 1976b). Furthermore, pro-
duction of prostacyclin-like material by aortae from
hamsters treated with aspirin is reduced by over 90%,.
The basal production of activity by hamster tissue
is comparable to production by human arterial tissue
(Moncada et al., 1977).

The observations of thrombus formation in the
hamster microcirculation show that prostacyclin is a
powerful inhibitor of platelet aggregation in vivo,
being approximately twenty times more potent than
PGE, . Reduction in thrombus formation is indepen-
dent of changes in mean blood velocity, a factor



which is known to influence the growth rate of
thrombi in this preparation (Begent & Born, 1970).

Westwick (1977) has shown that PGE,; and PGG,
are equipotent in inhibiting thrombus formation in
arterioles in the hamster cheek pouch, whereas PGE,
or PGD, are inactive. PGG, induces platelet aggre-
gation in vitro (Hamberg, Svensson, Wakabayashi &
Samuelsson, 1974) and the only metabolite of PGG,
which is anti-aggregatory in hamster arterioles is pro-
stacyclin. The anti-thrombotic activity of PGG, must,
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