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SUMMARY

1. By density gradient centrifugation of homogenized blood platelets of
guinea-pigs, subcellular organelles have been isolated which exhibit much
higher concentrations (/tmole//tg protein) of ATP than the whole platelets.

2. The organelles also store endogenous 5-HT whose concentration is,
however, considerably inferior to that of ATP.

3. Investigated by electron microscopy most of the isolated organelles
look empty and only very few show dense osmiophilic cores indicating the
presence of 5-HT. Accordingly the occurrence of dense osmiophilic organ-
elles in the whole platelets is also very rare.

4. Exogenous 5-HT taken up by the platelets markedly accumulates
in the subcellular fraction containing the organelles storing ATP. Con-
comitantly, the platelets show a rise in the number ofosmiophilic organelles
and the frequency of osmiophilic cores in the isolated organelles is
increased.

5. From these and previous in vitro experiments it is concluded that the
so called 5-HT storage organelles of blood platelets primarily store ATP
and only subsequently accumulate 5-HT.

INTRODUCTION

Blood platelets of rabbits contain relatively large amounts of 5-hydroxy-
tryptamine (5-HT) and nucleotides, especially adenosine-5'-triphosphate
(ATP) (Born, Ingram & Stacey, 1958; Da Prada & Pletscher, 1968; Da
Prada & Pletscher, 1970; Goetz, Da Prada & Pletscher, 1971; Paasonen,
1965). These constituents are stored in specific subcellular organelles
probably in the main as 5-HT-ATP-aggregates of high molecular weight
(Berneis, Da Prada & Pletscher, 1969). The organelles have been isolated
in pure form by density gradient centrifugation. They can clearly be dis-
tinguished by electron microscopy from the other ultrastructural elements
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(e.g. a-granules, mitochondria) mainly because of the high osmiophily of
their content, which was shown to be due to the presence of 5-HT (Da
Prada, Pletscher, Tranzer & Knuchel, 1967; Tranzer, Da Prada & Pletscher
1966). In contrast, blood platelets of guinea-pigs (like those of man) con-
tain only small amounts of 5-HT (Paasonen, 1965; Tranzer et al. 1966)
(over 50 times less than platelets of rabbits) and correspondingly the
dense osmiophilic organelles storing 5-HT are very scarce (Tranzer et al.
1966). The ATP content of platelets of guinea-pigs (like that in man) is
however similar to that of rabbits (Goetz et al. 1970; Mills & Thomas,
1969). Therefore, the question arises whether in the platelets of guinea-
pigs (and possibly of man) the ATP may be stored in the absence of high
amounts of 5-HT.

In this paper an attempt has been made to isolate the organelles storing
5-HT in guinea-pig platelets by density gradient centrifugation and to
submit them to biochemical as well as to fine structural examinations.

METHODS
Experiments on animal

Guinea-pigs of 500-700 g, of either sex, fasted for 16 hr were bled under light ether
anaesthesia through a polyethylene cannula in the carotid artery. Disodium-
ethylenediaminetetraacetate (EDTA) (1/10 vol., 5 %) was used as an anticoagulant.
Some of the animals received four single i.r. doses each of 230 mg 5-HT-creatinine
sulphate/kg (corresponding to 100 mg 5-HT-base/kg) at intervals of 8 hr. The blood
was taken 8 hr after the last injection.

Experiments with blood platelets

Blood platelets were isolated as previously described (Bartholini, Pletscher & Gey,
1961) and used for the following experiments.

(1) Platelets (corresponding to 2 ml. of original platelet rich plasma) of 5-HT-
treated animals and of controls were washed twice each time with 2 ml. modified
Tyrode (no CaCI2 and MgC12 added) (Da Prada, Bartholini & Pletscher, 1965) and
analysed for 5-HT, ATP and proteins and also subjected to electron microscopy.

(2) Platelets of normal and 5-HT treated animals were homogenized by ultra-
sonication and submitted to centrifugation in a continuous Urografin ® gradient in
order to isolate the organelles storing 5-HT as previously indicated for rabbit
platelets (Da Prada & Pletscher, 1968). This procedure resulted in a bottom layer
(fraction 6) attached as a fine film to the tube wall (Da Prada et al. 1967). It was
analysed for its 5-HT, ATP and protein content or subjected to electron microscopy.
The supernatant was divided into five equal parts of about 0-9 ml. each (fractions
1-5) in which the 5-HT and the protein content were measured. These fractions had
progressively higher densities with respect to Urografin ®.

(3) Platelets of normal animals were incubated for I hr at 370 C with 5-7 x 10-4
mole 5-HT-[14C3]creatinine sulphate monohydrate/ml. (Radiochemical Centre
Amersham; specific activity 56 ,uc/#mole) in modified Tyrode, 1 ml. of the medium
containing the same amoumt of platelets as 1 ml. of the original plasma. Thereafter,
the platelets were washed twice with Tyrode, and subjected to homogenization and
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density gradient centrifugation. In the fractions 1-6 the radioactivity, the total
5-HT and the protein content were determined.
Electron microscopy

The bottom layer (fraction 6) as well as the isolated whole platelets were fixed in a
solution of glutaraldehyde 3% in phosphate buffer, 0-1 M, pH 7-4 at 40 C for 2-4 hr.
This procedure was followed by fixation in a solution of 0804 2% in the same phos-
phate buffer at 40 C for 1 hr, dehydration in alcohol and propylene oxide and
embedding into EPON. The ultrathin sections (500 A) were contrasted with uranyl
acetate and lead citrate and examined with a Philips EM 300 (Tranzer et al. 1966).

Analytical procedures
5 HT was determined by a spectrophotofluorimetric method (Bogdanski, Pletscher,

Brodie & Udenfriend, 1956), ATP with the luciferin-luciferase procedure (Holmsen
H., Holmsen J. & Bernhardsen, 1966) and proteins by a colorimetric method
(Lowry, Rosebrough, Farr & Randall, 1951). The radioactivity, which, as pre-
viously shown (Da Prada & Pletscher, 1969a), derived in the main from 5-HT, was
measured in a liquid scintillation spectrometer (Da Prada & Pletscher, 1969a, b).

RESULTS
Isolated intact platelets

Isolated platelets of normal guinea-pigs had a very low concentration
of 5-HT, i.e. 1-0 + 0-1 x 10- /tmole/jtg protein, whereas their ATP content
was considerably higher (2-4+ 0-3 x 10-5 tmole/#g protein). The molar
ratio between ATP and 5-HT thus amounted to about 24: 1. After treat-
ment of the animals with 5-HT i.p. the 5-HT content increased about
fifteenfold (to 16-1 + 3-5 x 10-), whereas the ATP levels (2-5 + 0-3 x 10-5)
did not markedly change.
On electron microscopic examination the isolated platelets ofguinea-pigs

showed the usual fine structural elements, i.e.o-granules,mitochondria,
glycogen particles and empty vacuoles of various sizes. In addition, very
rare vacuole-like organelles occurred, which were surrounded by a single
membrane, contained a dense osmiophilic core and had a diameter of about
1500 A (Pi. 1 a). They resembled the 5-HT organelles described previously
in platelets of other species, such as man, rabbits (Tranzer et al. 1966) and
cats (Baumgartner, Thoenen & Tranzer, 1969). The average number of
these organelles was less than one per platelet section in guinea-pigs. The
dense cores varied in size but filled the vacuoles only partially. The
isolated platelets of guinea-pigs treated with 5-HT exhibited a similar
fine structural appearance with the difference that vacuoles containing
dense cores were more frequent and that the latter were larger in size
(PI. lb).
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Isolated storage organelles
The various fractions obtained by density gradient centrifugation of the

particulate matter of guinea-pig platelets showed a distribution of endo-
genous 5-HT similar to the fractions obtained from rabbit platelets
(Da Prada et al. 1967) by the same experimental technique. Thus,
the amine was mainly concentrated in the bottom layer (fraction 6)
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Text-fig. 1. Content of 5-hydroxytryptamine (5-HT) as well as of radio-
activity of various fractions of the particulate matter obtained from plate-
lets of guinea-pigs, subjected to density gradient centrifugation. The
endogenous 5-HT and the radioactivity were related to the protein content
and expressed in per cent of the values found in the isolated organelles
(fraction 6 = 100 %). Representative experiments. Absolute values of
isolated organelles: endogenous 5-HT: 8-5 x 10-4/zmole//,g protein;
[14C]5-HT: 1-2 x 10- 4smole/utg protein. 0 platelets not incubated in vitro:
endogenous 5-HT. x platelets incubated in vitro with [14C]5-HT: total
5-HT. M platelets incubated in vitro with [14C]5-HT: radioactivity.

which consisted of a fine film attached to the tube wall and represented
the isolated storage organelles (see below). The amine content of each
of the fractions 1-5 amounted at the most to about 4% of that of the
bottom layer. After incubation of the platelets with [14C]5-HT the
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radioactive amine showed the same subcellular distribution as the endo-
genous 5-HT.
The absolute concentration of ATP in the bottom layer obtained from

platelets of guinea-pigs was very high (108.0 + 14-9 x 104 ,tmole/,ug
protein) and comparable to that previously found in isolated organelles of
rabbit platelets (Da Prada & Pletscher, 1968). On the other hand, the 5-HT
content was about 35 times lower than that of rabbit organelles. Therefore,
the organelles of guinea-pig platelets contained about 0-06 mole 5-HT per
mole ATP, whereas in the rabbit 1 mole ATP corresponded to approxi-
mately 2-7 mole 5-HT.
The degree of accumulation of endogenous ATP in isolated organelles of

guinea-pigs (compared to whole platelets) did not markedly differ from
that of 5-HT. Thus, the content ofthe organelles in ATP (108.0 + 14 9 x 104
,umole/,ug protein) was approximately 500 times superior to that of the
whole platelets (0-2 + 0.0 x 104) and the concentration of 5-HT was about
600 times higher in the organelles (6.3 + 1-9 x 104) than in the platelets
(1.0 + 0.1 x 106).
On electron microscopic examination the bottom layer obtained from

untreated guinea-pig platelets consisted of a homogeneous population of
vesicle-like structures. These organelles were spherical, about 1500 A in
diameter and surrounded by a single membrane. The great majority of the
organelles appeared to be empty. Only few were partially filled with a
highly osmiophilic content (P1. 2a) and resembled the 5-HT storage
organelles of isolated rabbit platelets described earlier (Da Prada et al.
1967; Pletscher, Da Prada & Tranzer, 1969).

Exogenou8 5-HT
Repeated i.P. injection of 100 mg 5-HT/kg in guinea-pigs raised the con-

centration of the amine in the isolated organelles as well as their 5-HT/
ATP quotient about tenfold (Table 1). The ATP level was only slightly
decreased in comparison with untreated controls.
On electron microscopy the bottom layer obtained from platelets of

5-HT treated animals had an appearance similar to that from controls
with the difference that the majority of the organelles now contained
strongly osmiophilic dense cores of about 400-1000 A (PI. 2b).

DISCUSSION
Storage sites ofATP and 5-HT
The subcellular organelles isolated from platelets of guinea-pigs by

density gradient centrifugation are probably specific storage sites for
ATP. In fact, the nucleotide shows a considerable concentration (108 x 104
ctmole/,ug protein) in the bottom layer (fraction 6) corresponding to the
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organelles, which is about 500 times higher than that in intact platelets.
In contrast, the content of 5-HT in the organelles is markedly inferior
(63 x 10-4,mole//zg protein) to that of ATP. Nevertheless, the amine
shows a much higher concentration in the organelles than in the whole
platelets (600 times) and the subcellular distribution experiments demon-
strate a rather selective 5-HT accumulation in the bottom layer con-
taining the organelles. The storage organelles of guinea-pig platelets thus

TABLE 1. Content of 5-HT and ATP in isolated storage organelles
of blood platelets of guinea-pigs and rabbits

Guinea-pig
Rabbit* , A__
controls Controls (C) 5-HT i. P. (T)t TIC

5-HT 210+17x104 6-3±19x 10-4 62-1+39x104 12-5+3-3
ATP 85 9 x 104 108-0 ± 14-9 x 104 81-0+ 15-0 x 104 077+ 0-13
5-HT/ATP 2-7 + 0-2 0-06 + 0-01 0-83 +0-14 -

Values of 5-hydroxytryptamine (5-HT) and adenosine-5'-triphosphate (ATP)
are expressed in ,#mole//zg protein and represent means +5.E. of three to four
experiments.

* Values of rabbit organelles were taken from a previous publication (Da Prada
& Pletscher, 1968).

t Pre-treatment with four doses of 5-HT i.P. (see Methods).

resemble those of rabbits (Born et al. 1958; Da Prada & Pletscher, 1968;
Da Prada et al. 1967) with the exception that the organelles of guinea-pigs
exhibit a much lower 5-HT concentration. It can therefore be concluded
that the subcellular organelles of guinea-pig platelets mainly store ATP,
but that the small amount of endogenous 5-HT present in these platelets
is also accumulated in the organelles.

Electron microscopy of organelles
The scarce dense osmiophilic cores observed in the isolated organelles

on electron microscopy are probably due to the presence of 5-HT. In
previous experiments only 5-HT but neither ATP nor histamine has been
demonstrated to reduce 0s04 under the present experimental condition
(Tranzer et al. 1966). Catecholamines, which also react with 0S04, are
probably not present in the organelles in sufficient amounts to induce
osmiophilia, since the concentration of these amines in platelets of guinea-
pigs is more than 50 times lower than that of 5-HT (M. Da Prada et al.,
unpublished results). Furthermore, exposure of guinea-pig platelets to
exogenous 5-HT (by repeated i.p. injection of the amine) increases the
frequency of dense osmiophilic cores in parallel to the 5-HT content of the
organelles.
The absence of osmiophilic cores in the majority of the normal isolated
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organelles may be due to various reasons. On the one hand, as mentioned
before, ATP does not reduce OS04 with the present experimental tech-
nique. On the other hand the osmiophilic content (which represents 5-HT)
might have been lost during the isolation and fixation procedure. Further-
more, if the organelles, whose diameter is about 1500 A, are incompletely
filled with the osmiophilic material, the ultrathin sections which have a
thickness of about 500 A might derive from the 'empty' part of the
organelles. These artifacts alone, however, can hardly explain the scarcity
of the osmiophilic material, since the organelles of rabbit platelets, which
have been isolated and prepared for electron microscopy by the same
technique as those of guinea-pigs, are almost uniformly filled with
osmiophilic cores (Da Prada et al. 1967; Pletscher et al. 1969). In addition,
isolated organelles of guinea-pigs treated with 5-HT show a relatively high
frequency of osmiophilic cores which would not be the case if the osmio-
philic material was lost during the isolation and fixation procedure. These
findings indicate that the scarcity of osmiophilic cores in the isolated
organelles of normal guinea-pigs is at least partly related to their low 5-HT
content. The electronmicroscopic findings are thus in agreement with the
biochemical results.

Preliminary experiments indicate that isolated storage organelles of
human platelets resemble those ofguinea-pigs with regard to ultrastructure
as well as 5-HT and ATP content.

Prevailing storage ofATP
The chemical and ultrastructural analysis of the isolated storage

organelles of guinea-pigs indicate that ATP can be stored without major
amounts of 5-HT being present. Thus, the ATP content of these organelles
is about equally high as that of rabbit organelles, but the 5-HT/ATP
quotient amounts only to 0-06 compared with 2-7 in rabbits. The storage
of ATP in the organelles may be explained by the property of the nucleo-
tide to form high molecular weight aggregates by vertical stacking in the
presence of bivalent cations as previously shown in vitro (Berneis, Da
Prada & Pletscher, 1970a; Pletscher, Berneis & Da Prada, 1970). In fact,
preliminary results indicate that the content of bivalent cations (Mg + Ca)
is over 50 times higher in the organelles than in the intact platelets.

Exogenous 5-HT
Like the endogenous 5-HT the exogenous 5-HT accumulates mainly in

the organelles storing ATP. This is indicated by the studies on the sub-
cellular distribution of [14C]5-HT (Text-fig. 1) and by the mentioned
findings that higher doses of exogenous 5-HT increase the number of
osmiophilic cores as well as of the 5-HT content of the isolated organelles.
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Furthermore, in the intact platelets of 5-HT-treated animals the dense
osmiophilic organelles become more numerous than in controls. They
probably originate from preexisting ATP- storing organelles, which look
empty on electron microscopy and which can hardly be distinguished
from other empty-looking platelet vesicles unless they have accumulated
considerable amounts of exogenous 5-HT. Accumulation of this amine in
ATP-storing organelles may be explained by previous in vitro findings with
artificial solutions (Berneis et al. 1970b; Berneis, Pletscher & Da Prada,
1970). The amine seems to be reversibly incorporated into the ATP-metal
aggregates to produce 5-HT-ATP-metal aggregates. Their apparent average
molecular weight depends on the concentration and the temperature
and reaches its maximum if the molar ratio between 5-HT and ATP
amounts to 2:1 and more.

Concluding remarl8
These findings indicate that the presence of nucleotides, e.g. ATP in the

organelles is essential for the storage of biogenic monoamines. Organelles
storing 5-HT, but devoid of nucleotides have not been found up to now,
nor do monoamines form aggregates in the presence of bivalent cations.The
process of amine storage might therefore be explained in the following way:
The storage organelles probably accumulate primarily nucleotide-metal
aggregates, which due to their large size cannot leave the organelles, since
they are unable to penetrate the surrounding membrane. This accumulation
may occur already in an early phase of the platelet development, e.g. in the
megakaryocytes. The 5-HT probably enters the platelets from the plasma
in a later stage by an active transport at the level of the cytoplasmic
membrane (Pletscher, 1968). Thereby platelets of rabbits seem to take up
more 5-HTduring their life span than those ofguinea-pigs. Part ofthe amine,
penetrated into the platelets, enters the organelles, where it is incorporated
into the nucleotide-metal aggregates. As a result of this incorporation the
concentration gradient of the free amine between the external medium
(cytoplasm) and the interior of the organelles would be maintained,
enabling more of the amine to enter the organelles and to be incorporated
into nucleotide-metal aggregates. This might lead to an accumulation of
5-HT in the form of amine-nucleotide-metal aggregates. Since 5-HT seems
to be reversibly bound to the nucleotides (Berneis et al. 1970b; Berneis,
Pletscher & Da Prada, 1969) a state of equilibrium between aggregated
and non-aggregated molecules may exist within the organelles, whereby
the majority of the amine is probably present in the aggregated form and
only very little in monomolecular solution. This might be the physico-
chemical explanation for the finding that the 5-HT stored in platelets is
freely exchangeable with exogenous 5-HT (Born & Gillson, 1959).
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EXPLANATION OF PLATES

PLATE 1

Isolated blood platelets of guinea-pigs ( x 28,000): a from normal animals and b from
animals pre-treated with 5-HT i.P. Arrows indicate 5-HT organelles.

PLATE 2

Bottom layer (fraction 6) obtained by density gradient centrifugation ( x 28,000):
a from platelets of control animals and b after treatment with 5-HT i.P.
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