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SHAPE CHANGE AND AGGREGATION
OF BLOOD PLATELETS: INTERACTION
BETWEEN THE EFFECTS OF ADENOSINE
DIPHOSPHATE, 5-HYDROXYTRYPTAMINE AND ADRENALINE

F. MICHAL1 & MINA MOTAMED2
Departrnent of Pharmacology, University Medical School,
Hills Road, Cambridge CB2 2QD

I The interaction of effects between 5-hydroxytryptamine (5-HT) and adenosine diphosphate (ADP)
on human or rabbit platelets was investigated in vitro. The initial platelet shape change and their
aggregation were measured in stirred, citrated platelet-rich plasma (PRP) at 37°C by recording the
rate and extent of changes in light scattering and light transmission.
2 Both the velocity and extent of aggregation and the velocity and extent of the rapid morphological
change caused by ADP were enhanced by simultaneous addition of 5-HT. Methysergide but not
imipramine inhibited the 5-HT effects.
3 Platelets were made refractory to the aggregating and shape changing effect of either ADP or
5-HT by repeated aggregation with the particular agent; platelets made refractory to ADP retained
their responsiveness to 5-HT and platelets made refractory to 5-HT responded to ADP. Platelets
pre-incubated for 3-10 min with 5-HT without aggregation showed greatly reduced aggregation
on subsequent addition of ADP. Methysergide inhibited all the effects of 5-HT whilst imipramine
was inactive.
4 When the shape change or aggregation of platelets induced by ADP was submaximal, addition of
5-HT increased it further. Pre-incubation of PRP with 5-HT before the addition of ADP resulted in
failure of the secondary induction of aggregation or shape change by 5-HT. The secondary induction
by 5-HT also did not occur in the presence of methysergide; imipramine had no inhibitory effect.
Similar secondary induction of aggregation was shown by adrenaline injected during aggregation by
ADP; the adrenaline effect was removed by phentolamine but not by propranolol.
5 Our results show that the initial change in shape of platelets and their aggregation can be induced
by ADP or 5-HT in specific manner. The interaction of the effect of these substances on platelets can
result in either increase in platelet sensitivity or, under certain conditions, decrease in platelet
responsiveness. The increase or depression of platelet reactivity appears to be a highly specific effect
and is probably mediated at specific receptors involved with platelet activation.

Introduction

Mammalian blood platelets contain relatively high
amounts of 5-hydroxytryptamine (Rand & Reid,
1951) which they are able to concentrate against con-
centration gradients by a membrane transport system
that is coupled to sodium influx and which may be
energy-dependent (Hardisty & Stacey, 1955; Born &
Gillson, 1959; Sneddon, 1973). It was thought that
platelets do not synthetize 5-hydroxytryptamine
(Paasonen, 1965) but recently 5-hydroxytryptophan
decarboxylase activity has been demonstrated in vitro
in extracts of human and beef platelets (Marmaras &
Mimikos, 1971). Another mechanism is thought to be

I & 2Present address: Department of Experimental Medicine
and Pharmacology, University ofTeheran, Shahreza Avenue,
Teheran, Iran.

responsible for the accumulation of 5-hydroxy-
tryptamine (5-HT) in cytoplasmic organelles;
specifically that 5-HT forms a stable complex with
adenosine triphosphate (Born, Ingram & Stacey,
1958; Da Prada & Pletscher, 1968; Pletscher, Da
Prada & Tranzer, 1969). Most of this stored 5-HT is
released together with adenosine triphosphate (ATP),
by aggregating agents such as thrombin (Grette,
1962), adenosine diphosphate (ADP) and collagen
(Packham, Guccione, Chang & Mustard, 1973). It has
been suggested that such a release reaction
accompanies aggregation, at least in vitro (Mills &
Roberts, 1967; Mustard & Packham, 1970).

In the platelets of some mammalian species 5-HT
induces a rapid morphological change that is followed
by reversible aggregation. In human platelet-rich
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plasma (PRP) aggregation velocity accelerates with
5-HT concentrations up to approximately 10 gM and
decelerates again with concentrations above this level
(Baumgartner & Born, 1968). In citrated rabbit PRP
5-HT does not itself cause aggregation but potentiates
aggregation induced by ADP (Sinakos & Caen, 1967).
Furthermore, incubation of platelets with 5-HT can,
under certain conditions, diminish the aggregating
effect of ADP as well as aggregation by 5-HT itself
(Baumgartner & Born, 1969). Experiments with 5-HT
antagonists have established that 5-HT initiates
aggregation by reacting with a receptor similar to the
D-receptor of smooth muscle (Michal, 1969). More
recent evidence suggests the existence of two different
receptors, one mediating shape change and
aggregation by 5-HT and the other uptake of the
amine (Born, Juengjaroen & Michal, 1972).

This paper provides additional observations on the
shape change and aggregation of platelets induced by
5-HT, and on its interaction with ADP and adrenaline.
The effects of the 5-HT antagonists methysergide and
imipramine, which block shape change/aggregation by
5-HT and its uptake respectively, are also presented.

Methods

Preparation ofplatelet-rich plasma

Platelet-rich plasma (PRP) was prepared from human
or rabbit citrated blood (trisodium citrate 0.38% final
concentration) by centrifugation at 200 g for 10 or
15 min respectively. Decanted PRP was kept at room
temperature and used as soon as possible after
bleeding.

Platelet shape change and aggregation

Photometric records of platelet aggregation and the
preceding shape change were obtained by the method
of Michal & Born (1971) which allows simultaneous
recordings of light transmission and scattering in the
PRP at 37°C. When shape change only was required,
10 l of 0.4M ethylene glycolbis-(2-aminoethyl) tetra-
acetic acid was added to each ml of PRP before
challenge with agonists. Platelet aggregation and
shape change were quantitated by measuring the
velocity and extent of the photometric records. When
the effect produced by one agent was enhanced or
inhibited in the presence of another agent, the
responses obtained were expressed as percentage of
the normal controls. When measuring the influence
that pre-incubation with 5-HT had on the subsequent
aggregation or shape change, a strict timing schedule
was observed so that the total period during which the
samples were warmed and stirred was identical in all
cases and only the contact time with 5-HT was varied
within this set period. Inhibitors were allowed 3 min

contact before addition of the agonist, unless
otherwise specified.

Drugs used were adenosine 5'-diphosphate (Sigma),
5-hydroxytryptamine creatinine sulphate (May &
Baker), adrenaline acid tartrate (BDH), imipramine
hydrochloride (ICI), phentolamine hydrochloride
(Ciba-Geigy), (+)-propranolol hydrochloride (ICI)
and methysergide bimaleate, gift from Sandoz, Ltd.,
Basle. All drugs were freshly dissolved in 0.9% w/v
NaCl solution (saline) and added to PRP in volumes
not exceeding 20 ,l per 1 ml PRP.

Results

Enhancement of adenosine diphosphate-induced
aggregation by 5-hydroxytryptamine

Both human and rabbit platelets aggregate in response
to ADP in a concentration-dependent manner. Human
platelets are aggregated by 5-HT but the aggregates
are smaller and disaggregate more rapidly than
aggregates produced by equal concentrations of ADP.
When 5-HT and ADP are added simultaneously to
stirred PRP, the resulting aggregation is faster than
that caused by either of the aggregating agents alone.
5-HT alone does not aggregate platelets in rabbit
citrated PRP, but as seen in human PRP, it increases
the aggregating effect of ADP (Sinakos & Caen,
1967). Figure 1 shows the effect of four con-
centrations of 5-HT on the rate and extent of
aggregation of rabbit platelets produced by different
concentrations of ADP. The velocity as well as the
extent of aggregation, i.e. reduction in number of
single platelets (Born & Hume, 1967; Cronberg,
1970), which is measured by increase in light
transmission are enhanced in the presence of 5-HT.
The enhancement of aggregation is greatest with low
concentrations of ADP, i.e. 0.2-1 gM when the rate
and extent of aggregation are increased six to seven
fold by the addition of 5-HT 1-5 gM. At higher ADP
concentrations the enhancement by 5-HT is less. In
rabbit PRP, ADP produces maximal velocity of
aggregation at concentrations of 5-10 gM, and
therefore no potentiating effect of 5-HT can be
measured.

Enhancement ofadenosine diphosphate-induced shape
change by 5-hydroxytryptamine

The rapid morphological change of platelets, which
precedes their aggregation, is induced by 5-HT or by
ADP in both rabbit and human plasma. The rate as
well as the extent of shape change, i.e. the number of
platelets with changed shape, depends on the con-
centration of the aggregating agents and generally
occurs with concentrations well below those needed to
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Figure 1 Potentiation by 5-hydroxytryptamine (5-
HT) of platelet aggregation induced in rabbit platelet-
rich plasma by adenosine diphosphate (ADP). Plots of
(a) velocity of aggregation and (b) extent of
aggregation. 5-HT was injected simultaneously with
ADP in volumes of 10l per 1 ml plasma. (0) ADP
alone; (S) ADP with 5-HT 0.5 gM; (0) ADP with 5-HT
1 gM; (A) ADP with 5-HT 5 gM and (A) ADP with 5-
HT 20 gM. Stirred platelet-rich plasma was
maintained at 370C and aggregation was measured
by recording changes in light transmission.

induce aggregation (Figure 2). The results were
obtained in rabbit PRP by measuring 900 light
scattering by platelets (Michal & Born, 1971). When
5-HT and ADP are injected together into PRP, the
velocity and the extent of the morphological change is
always greater than that produced by either agent
alone. Concentrations of 5-HT which by themselves
produce no detectable response, when added together
with ADP bring about a rapid shape change of
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Figure 2 Potentiation of adenosine diphosphate
(ADP)-induced shape change of rabbit platelets by 5-
hydroxytryptamine (5-HT). Plots of (a) velocity of
shape change and (b) extent of shape change. 5-HT
was injected simultaneously with ADP. (0) ADP
alone; (U) 5-HT alone; (-) ADP with 5-HT 0.5 gM; (0)
ADP with 5-HT 1 giM; (A) ADP with 5-HT 5 gM; (A)
ADP with 5-HT 20 gM. Shape change was measured
by recording changes in light scattering through
stirred platelet-rich plasma at 37°C.

platelets. In rabbit PRP, the effect produced by low
concentrations ofADP is markedly increased by very
low concentrations of 5-HT (0.1-0.5 gM). Results of
typical experiments are shown in Figure 3. As in the
case of aggregation, 5-HT causes a greater
enhancement of the effect of low concentrations of
ADP (0.1-0.5 gM) than of concentrations of ADP
which by themselves induce near maximal shape
change (1-2 jiM).
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Figure 3 Potentiation by low concentrations of 5-hydroxytryptamine (5-HT) of platelet shape change caused
by low concentrations of adenosine diphosphate (ADP) in rabbit platelet-rich plasma. Effect on (a) velocity of
platelet shape change and (b) extent of shape change. (O) ADP alone; (-) 5-HT alone; (@) ADP with 5-HT
0.1 gM; (0) ADP with 5-HT 0.2 gM; (A) ADP with 5-HT 0.5 gM. 5-HT was injected simultaneously with ADP.

Effect of inhibitors on aggregation and shape change

Incubation of PRP for 3 min at 370C with
methysergide (0.25,M) before the addition of the
aggregating agents (ADP and 5-HT) abolishes the
enhancing effect of 5-HT on ADP (Figure 4). Methy-
sergide at this concentration has no inhibitory effect
on aggregation produced by ADP. Imipramine

(0.5,M) reduces the effect of 5-HT on ADP
aggregation only slightly. A mixture of imipramine
(0.5 gM) and methysergide (0.25 ,uM) has the same
inhibitory effect as methysergide alone.

Similarly the increase by 5-HT of the velocity of
shape change produced by ADP in human platelets is
abolished by methysergide (0.25 gM); imipramine
(0.5 ,uM) reduces the effect only slightly (Figure 5).

Table 1 The effect of pre-incubation of platelets with 5-hydroxytryptamine (5-HT) on their response to
adenosine diphosphate (ADP) and potentiation by 5-HT of aggregation by ADP

Pre-incubation (min)
with 5-HT (5 gM)

ADP alone (0.5 gM) or
ADP (0.5 gM) + 5-HT(10 gM)

Rabbit PRP

Aggregation
(%ADP control)*

Velocity Extent

No pre-incubation
3

10

No pre-incubation
3

10

* Aggregation by ADP alone at time zero is expressed as 100%.

EE
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0)
CZ-C
U
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0

0

ADP+ 5-HT
ADP
ADP+ 5-HT
ADP
ADP+ 5-HT
Human PRP

ADP+ 5-HT
ADP
ADP+ 5-HT
ADP
ADP+ 5-HT

145
120
121
74
86

191
74
58
30
32

152
122
123
81
92

272
59
50
34
32

vi
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Figure 4 Effect of 0.5 gM imipramine (Imip) and
0.25 gAM methysergide (MeS) on the potentiation by
5-hydroxytryptamine (5-HT, 0.5,M) of (a) velocity
and (b) extent of aggregation induced in human
platelet-rich plasma by adenosine diphosphate (ADP).
Concentrations of ADP: A=0.5 ,UM; B=1 gAM;
C=2 gM. 5-HT and ADP were injected
simultaneously. Control responses to ADP alone
(solid columns) were given a value of 100%. The
inhibitiors were incubated in the platelet suspension
for 3 min before addition of the ADP/5-HT mixture.

Inhibition by S-hydroxytryptamine itself

Enhancement of ADP-induced platelet aggregation by
5-HT is greatest when the two agents are injected into
PRP simultaneously. When 5-HT is injected before
ADP, the enhancing effect is smaller. By increasing
the time of pre-incubation with 5-HT, not only the
enhancing effect of 5-HT disappears but the effect of
ADP is progressively reduced. Table 1 shows the
effect of pre-incubating rabbit or human platelets with
5 gM 5-HT for 3 or 10 min before adding either ADP
alone or a mixture of ADP and 5-HT. In rabbit PRP
the velocity and extent of ADP aggregation after
3 min pre-incubation with 5-HT are still greater than
aggregation caused by ADP alone; however, after
10 min, the velocity and extent are reduced. In human
PRP pre-incubated with 5-HT for 3 min, aggregation
by ADP or ADP plus 5-HT is inhibited, and after

A

1
Imip
MeS 1@11 11 1@1 1@1 z 1z
ADP I-0 no
5 -HT 1 .1_

B

Figure 5 Effect of 0.5 gM imipramine (Imip) and
0.25 gM methysergide (MeS) on the potentiation by
5-hydroxytryptamine (5-HT, 0.5 gM) of the velocity of
shape change induced in human platelet-rich plasma
by adenosine diphosphate (ADP) (A=0.5 g±M,
B=1 gM and C=2lgM ADP). 5-HT and ADP were
injected simultaneously. Control responses to ADP
alone were given a value of 100% (solid columns).
The inhibitors were incubated in the platelet-rich
plasma for 3 min before the addition of the ADP/5-HT
mixture.

10 min pre-incubation, velocity and extent are further
reduced to approximately 30% of the control.

Platelet refractoriness to adenosine diphosphate and
S-hydroxytryptamine

Platelets are made refractory to ADP by repeated
aggregation with ADP (Table 2). After the fourth
injection of ADP (9 min), the extent of aggregation in
human PRP is only 13-15% of the aggregation
obtained with the first addition ofADP; injection of 5-
HT into this PRP at time 12 min produces extensive
aggregation which is twice as great as the 5-HT
control. Methysergide (0.5 gM) inhibited the action of
5-HT only.

Platelets become rapidly refractory to repeated
injections of 5-HT; a second injection of 5-HT given
3 min after the first fails to aggregate platelets
(Table 2). However, sensitivity of these platelets to
ADP remains unchanged, including the gradual
development of refractoriness to repeated additions of
this agent.

Rabbit platelets are also made refractory to ADP
by repeated injections of this agent (Table 2). After
three injections of ADP (1 gM) made at 3 min
intervals, the platelets are no longer aggregated by
ADP. However, when 5-HT is injected into the same
PRP, aggregation is produced (29% of control) despite
the inability of 5-HT to aggregate rabbit platelets that
have not been exposed to ADP; subsequent additions
of 5-HT produce no aggregation. The aggregating
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Table 2 Platelet refractoriness to multiple injections of adenosine diphosphate (ADP,
hydroxytryptamine (5-HT, 10 gM) in human or rabbit platelet-rich plasma (PRP)

1 AM) or 5-

Extent of aggregation (%oADP control)*
Substance Time of injection (min)
injected 0 3 6 9 12 24

Human PRP
ADP
5-HT
ADP
5-HT
ADP
5-HT
ADP
5-HT

ADP
5-HT
ADP
5-HT

ADP
5-HT
ADP
5-HT

100
67
100

47
0

68

19
0

29

13
0
15

100 58 24 15

68 0
Rabbit PRP

100 7 0

100 10 0

5
0

200

6

3

4
0

95 47 19 6

29 0

0 0

100 9 0

28 0

96 26 0
0 0

0

0

0

* Aggregation by ADP alone at time zero is expressed as 100%. Inhibitors were pre-incubated in PRP for 3
minutes.

effect of 5-HT produced in platelets exposed to ADP
is inhibited by methysergide (0.51M) but not by
imipramine (0.5 gM). In rabbit platelets which do not
aggregate after two injections of 5-HT given at 3 min
intervals, addition of ADP results in normal
aggregation and subsequent development of the
refractory effect (Table 2).

Shape change, like aggregation, diminishes after
repeated injections ofADP and it is produced only by
the first injection of 5-HT. Platelets made refractory to
5-HT change shape with ADP, and platelets made

0

(U),o

ffi20

0) 40
con2
Ce
C4.)

CD

partially refractory to the shape changing action of
ADP respond to addition of 5-HT.

Secondary induction of aggregation or shape change

When rabbit or human platelets are aggregated with
ADP, the change in light transmission can be further
increased by a second addition ofADP providing that
the initial concentration of ADP causes a sub-
maximal aggregating response and that the second
addition is made at the peak of the initial aggregation

a b c d

IF

I

lmin

Figure 6 Change in light transmission in rabbit platelet-rich plasma caused by platelet aggregation induced
by adenosine disphosphate (ADP, A): (a) 1 jiM; (b) 1 giM; (c) 2 gM; (d) 10 gm; followed by 1 gM ADP (A) in (b)
and (d).

Inhibitor

Methysergide
(0.5 gM)

Methysergide
(0.5 gM)

Imipramine
(0.5 gM)
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Figure 7 Secondary induction of aggregation by
10 gM 5-hydroxytryptamine (A) of platelets in rabbit
platelet-rich plasma aggregated initially by adenosine
diphosphate (A): (a) 0.5 gM, (b) 1 gM and (c) 2 gM.

(Figure 6). The final extent of aggregation produced in
this way is similar to aggregation caused by the
combined amount of ADP added in one single
injection. 5-HT injected as the second addition after
ADP produces a similar increase in the aggregating
effect (Figure 7). This additional effect is shown not
only in human but also in rabbit PRP where 5-HT by
itself does not aggregate platelets. Similarly,
adrenaline which does not aggregate rabbit platelets
nevertheless causes additional aggregation when
added after ADP (Figure 8a).
The specificity of the additional aggregation was

tested by incubating the PRP samples with
antagonists of 5-HT and adrenaline for 3 min before
aggregation. Pre-incubation with phentolamine (5 gM)
removes the additional aggregation superimposed on
ADP by adrenaline 10 gM (Figure 8f); propranolol

(5 gM), imipramine (0.5 JIM) and methysergide
(0.25 gM) are inactive (Figure 8c, d and g). Incubation
with methysergide abolishes the additional aggregating
effect caused by 5-HT after the induction of
aggregation by ADP (Figure 9d); imipramine,
phentolamine and propranolol are inactive (Figure 9c,
f and g).

Platelets aggregated by ADP do not show
additional aggregation with 5-HT if they are pre-
incubated for 3 min with 5-HT itself although the
velocity and extent of initial aggregation by ADP are
greater than without 5-HT pre-incubation (Figure 9e).
This lack of additional aggregation in PRP samples
pre-incubated with 5-HT resembles the self-inhibition
by 5-HT of its potentiating effect on ADP already
described (see Table 1). The self-inhibition is specific;
pre-incubation with 5-HT does not inhibit the
additional aggregation produced by either adrenaline
or ADP (Figure 8e, Figure lOe).

Pre-incubation of PRP with adrenaline for 3 min
before the addition of ADP increases the extent of
platelet aggregation by ADP; such pre-incubation
inhibits the effect of adrenaline added after ADP
(Figure 8b) but not that of 5-HT (Figure 9b).
The shape change of platelets produced by ADP is

increased when 5-HT and ADP are injected together
or by injecting 5-HT at the peak of the ADP shape
change in the presence of ethylene glycol bis-(2-amino-
ethyl) tetra-acetic acid (4 mM) to prevent aggregation.
Methysergide, but not imipramine, removes the effect
of 5-HT leaving the ADP shape change undiminished.
Pre-incubation of platelets with 5-HT for 3 min
prevents the effect of the second addition of 5-HT but
the shape change produced by ADP is not inhibited.
In this respect, aggregation and shape change
resemble each other.
Adrenaline failed to induce an additional effect

when injected at the peak of ADP-induced shape
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Figure 8 Effect of inhibitors on the secondary induction of aggregation of platelets in rabbit platelet-rich
plasma caused by 10 gM adrenaline (A) added after 1 gM adenosine diphosphate (A). Platelets were pre-
incubated for 3 min (-) with: (a) saline control; (b) adrenaline 10 gM; (c) imipramine 0.5 gM; (d) methysergide
0.25 gim; (e) 5-hydroxytryptamine 10 gM; (f) phentolamine 5 gim; and (g) propranolol 5 jLM.
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Figure 9 Effect of inhibitors on the secondary induction of aggregation by 5-hydroxytryptamine (5-HT) 5 gM
(A) of rabbit platelets aggregated by adenosine diphosphate 1 gM (A). Plasma was pre-incubated (A) for 3 min
with: (a) saline control; (b) adrenaline 1 ,UM; (c) imipramine 0.5 ,UM; (d) methysergide 0.25 gm; (e) 5-HT 5 ,UM;
(f) phentolamine 5 giM and (g) propranolol 5 gM.

change although adrenaline injected together with
ADP did increase the shape change slightly. This lack
of response to adrenaline is probably due to its
inability to produce a rapid shape change; the shape
change produced by adrenaline had a much slower
time course than that produced by ADP or 5-HT.

Discussion

In some species including man, cat, dog and sheep, 5-
HT causes platelets to aggregate more rapidly and
completely than in other species, such as the guinea-
pig and rat (Mills, 1970). The mechanism by which 5-
HT causes aggregation is not yet clearly understood

except that it is probably mediated via receptors
similar to the D-receptors for 5-HT on smooth muscle
(Michal, 1969). At one time the receptors responsible
for aggregation seemed identical to those mediating
5-HT transport (Baumgartner & Born, 1969). More
recent evidence indicates that the uptake and
aggregating receptors are different (Born et al., 1972).
The initial and immediate response of platelets to

5-HT is a rapid change in their shape, even when
aggregation is not produced. This shape change can be
caused by analogues of 5-HT which are not taken up
by the platelets (Born et al., 1972). Antagonists of
5-HT which inhibit the morphological change also
inhibit aggregation by 5-HT, so that these effects are
presumably mediated through the same receptor.
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Figure 10 Effect of inhibitors on aggregation of rabbit platelets by adenosine diphosphate (ADP) 1 giM (A)
followed by a second addition of ADP 1 tLM (A). Platelet-rich plasma was pre-incubated for 3 min (-) with: (a)
saline control; (b) adrenaline 1 gM; (c) imipramine 0.5 gM; (d) methysergide 0.25 gM; (e) 5-HT 10 grm; (f)
phentolamine 5 gM and (g) propranolol 5 giM.
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Potentiation of one naturally occurring aggregating
agent by another can be clearly demonstrated in vitro.
Such interaction could also occur under in vivo
conditions. We have demonstrated that the
aggregating effect of ADP can be greatly potentiated
in vitro by small concentrations of 5-HT. This may be
of physiological importance because ADP is thought
to be one of the substances causing platelet adhesion
and aggregation in vivo. Concentrations of 5-HT and
ADP which have no effect by themselves, are able to
aggregate platelets when present in combination. In
still smaller concentrations, these agents injected
together can induce platelet shape change alone. The
significance of the platelet shape change is not entirely
clear, although platelets which do not change shape
are defective in haemostatic function (Caen & Michel,
1972).
5-HT stored in platelets is liberated in vitro from the

storage sites by collagen or thrombin and also by high
concentrations of ADP. This release, which is an
energy consuming process, is a characteristic platelet
reaction and could be important in platelet behaviour
in vivo. It has been demonstrated, for example, that
5-HT released from platelets during aggregation can
accelerate and consolidate a platelet plug and
formation of thrombus (Michal & Penglis, 1969).
The enhancing effect of 5-HT on shape change and

aggregation induced by ADP seems to be caused by
the action of 5-HT at plasma membrane receptor.
Methysergide, but not imipramine, inhibits the
potentiating action of 5-HT just as it blocks the direct
action of the amine itself. These results indicate that
5-HT produces these effects via receptors different
from those responsible for 5-HT uptake.

Platelets made refractory to ADP can still
aggregate and change shape when exposed to 5-HT.
In a similar manner platelets refractory to 5-HT
aggregate and change shape in the presence of ADP.
The effect of 5-HT is prevented by methysergide but
not by imipramine. The additional aggregating and
shape changing effect cannot be explained by simple
synergism between the effects of the residual amounts
of one agonist and the addition of another because
under these conditions platelets are not sensitive to
additions of high concentrations of the same agonist.

These observations suggest that the effects of ADP
and 5-HT are mediated by different mechanisms and
that the refractory state induced through paralysis of
one of these mechanisms need not prevent the effect of
a different agonist. These results also support the
suggestion by Evans & Gordon (1974) that
refractoriness, at least as far as aggregation is
concerned, does not represent a non-specific
depression of platelet reactivity.
5-HT increased the extent of aggregation which had

already been initiated by ADP provided that the initial
effect of ADP was submaximal. Here too, methy-
sergide specifically prevented the action of 5-HT and
not that of ADP or adrenaline. Similarly, adrenaline
potentiated the aggregation caused by ADP and this
potentiating effect was antagonized by phentolamine;
propranolol, methysergide and imipramine did not
inhibit it. The additional aggregating effect caused by
either adrenaline or 5-HT is therefore a specific and
characteristic action of each of these substances.

These regults show that platelet aggregation may be
produced through stimulation of different receptors
(by ADP, 5-HT or adrenaline) and that the effects can
combine to give the overall response observed.

Under certain conditions, prior contact of platelets
with 5-HT can render them resistant to the effect of
further additions of 5-HT or other aggregating agents
(Baumgartner & Born, 1969). Our results confirm
these earlier observations. This inhibitory effect of
5-HT follows a time course similar to that of the active
uptake process although uptake inhibitors, such as
imipramine, do not interfere with the interaction of
ADP and 5-HT effects on platelet aggregation and
shape change. The situation is a complex one and it is
not yet clear why the observed effect of 5-HT on
platelets can be sometimes that of an agonist and at
other times that of an antagonist or a 'stabilizing
agent'. Nevertheless, this increase or depression of
platelet reactivity appears to be a highly specific effect
and is probably mediated at specific receptors
involved with platelet activation.

F.M. is a Senior Research Fellow of the British Heart
Foundation and M.M. is in receipt of a fellowship from the
Wellcome Trust.

References

BAUMGARTNER, H.R. & BORN, G.V.R. (1968). Effect of 5-
HT on platelet aggregation. Nature, Lond., 218,
137-141.

BAUMGARTNER, H.R. & BORN, G.V.R. (1969). The relation
betwoen the 5-HT content and aggregation of rabbit
platelets. J. Physiol., Lond., 201, 397-408.

BORN, G.V.R. & GILLSON, R.E. (1959). Studies on the
uptake of 5-HT by blood platelets. J. Physfol., Lond.,
146,472-491.

BORN, G.V.R. & HUME, M. (1967). Effect of the numbers
and sizes of platelet aggregates on the optical density of
plasma. Nature, Lond., 215, 1027-1029.

BORN, G.V.R., INGRAM, G.R.C. & STACEY, R.S. (1958).
The relationship between 5-HT and ATP in blood
platelets. Br. J. Pharmac. Chemother., 13, 62-64.

BORN, G.V.R., JUENGJAROEN, K. & MICHAL, F. (1972).
Relative activities on and uptake by human blood
platelets of 5-hydroxytryptamine and several analogues.
Br. J. Pharmac., 44. 117-139.

15



218 F. MICHAL & MINA MOTAMED

CAEN, J.P. & MICHEL, H. (1972). Platelet shape change and
aggregation. Nature, Lond., 240, 148-149.

CRONBERG, S. (1970). Evaluation of platelet aggregation.
Coagulation, 3, 139-15 1.

DA PRADA, M. & PLETSCHER, A. (1968). Isolated 5-HT
organelles of rabbit blood platelets. Physiological
properties and drug-induced changes. Br. J. Pharmac.,
34, 591-597.

EVANS, R.J. & GORDON, J.L. (1974). Refractoriness in
blood platelets: effect of prior exposure to aggregating
agents on subsequent aggregation responses. Br. J.
Pharmac., S1, 123P.

GRETTE, K. (1962). Studies on the mechanism of thrombin-
catalysed haemostatic reaction in blood platelets. Acta
physiol. scand., 56, suppl. 195.

HARDISTY, R.M. & STACEY, R.S. (1955). 5-Hydroxy-
tryptamine in normal human platelets. J. Physiol., Lond.,
130, 711-720.

MARMARAS, V.J. & MIMIKOS, N. (1971). Enzymic
formation of serotonin in mammalian blood platelets and
red cells. Experientia, 27, 196-197.

MICHAL, F. (1969). D-Receptor for serotonin on blood
platelets. Nature, Lond., 221, 1253-1254.

MICHAL, F. & BORN, G.V.R. (1971). Effect of the rapid
shape change of platelets on the transmission and
scattering of light through plasma. Nature, New Biol.,
231, 220-222.

MICHAL, F. & PENGLIS, F. (1969). Inhibition of serotonin-
induced platelet aggregation in relation to thrombus
production. J. Pharmac. exp. Ther., 166, 266-284.

MILLS, D.C.B. (1970). Platelet aggregation and platelet

nucleotide concentration in different species. Symp. Zool.
Soc. Lond., 27, 99-107.

MILLS, D.C.B. & ROBERTS, J.C.K. (1967). Membrane active
drugs and the aggregation of human blood platelets.
Nature, Lond., 213, 35-38.

MUSTARD, J.F. & PACKHAM, M.A. (1970). Factors
influencing platelet function, adhesion, release and
aggregation. Pharmac. Rev., 22, 97-187.

PAASONEN, M.K. (1965). Release of 5-hydroxytryptamine
from blood platelets. J. Pharm. Pharmac., 17, 681-697.

PACKHAM, M.A., GUCCIONE, M.A., CHANG, P. &
MUSTARD, J.F. (1973). Platelet aggregation and release:
effects of low concentrations of thrombin and collagen.
Amer. J. Physiol., 225, 38-47.

PLETSCHER, A., DA PRADA, M. & TRANZER, J.P. (1969).
Transfer and storage of biogenic monoaniines in
subcellular organelles of blood platelets. Progr. Brain
Res., 31, 47-52.

RAND, M. & REID, G. (1951). Source of serotonin in serum.
Nature, Lond., 168, 385.

SINAKOS, Z. & CAEN, J.P. (1967). Platelet aggregation in
mammalians (Human, Rat, Rabbit, Guinea-Pig, Horse,
Dog). A comparative study. Thromb. Diath. haemorrh.,
17, 99-111.

SNEDDON, J.M. (1973). Blood platelets as a model for
monoamine-containing neurones. In Progress in
Neurobiology, vol. 1 part 2. pp. 151-198. ed. Kerkut,
G.A. & Phillis, J.W. Oxford & New York: Pergamon
Press.

(Received October 14, 1975.)


