
The Relation of Blood Platelet Survival and Distribution

to 14C.Serotonin Distribution and Excretion

By R. M. HEYSSEL, L. J. SILvEn, �IARIE %VAS50N AND A. B. BRILL

VALID REPRESENTATION of the lifespan and destruction of a specific

cell type is provided by studies of labeled cells if a number of require-

ments are met. These include that the label should not be injurious to the cell,

that there is no elution of the label, that there is no reutilization of label at

time of cell death, that the age distribution of the labeled cell population should

be known, and that there is no labeling of the precursors of the cell. The use

of ‘4C-5-Hydroxytryptamine ( ‘4C-5-HT) as a blood platelet label probably

does not meet all of these specifications.”2 However, ‘4C-5-HT infused bound

to platelets is retained in the body to a far greater extent than when infused

directly or when massive platelet destruction occurs in vivo, suggesting a

unique role of platelets in determining the in vivo distribution and subsequent

fate of 5-HT. In order to further explore this relationship, the in vivo distribu-

tion and the excretion of ‘4C-5-HT introduced as a platelet label was compared

to the survival and distribution of platelets themselves measured independent-

ly by enumeration.

MATERIALS ANI) MLTII0I)S

Carbon- 14 labeled serotonin (1 4C-5-Ilvdroxytr�’ptamine; ‘4C-5-IIT) was ol)tained andl

prepared for use as described previously.’ NIale Sprague-Dawles’ rats weighing approxi-

n,atelv 350 Ciii. were given two microcuries of ‘4C-5-HT intravenously’. Twenty-four hours

following infusion of ‘4C�5�IIT, 20 per cent of the activity was locatedi in bloodi Platelets.

Aortic I)lOOd of ether-anesthetized rats was withdrawn using a 20-gauge needle and) sill-

conized syringes. Seventy to 80 per cent of the rat’s hloodl volume was obtained in this man-

ner, expelled into siliconized conical centrifuge tubes containing 0.1NI sodium citrate or

modified ACD solution3 as anticoagulants and centrifugetl#{176} to obtain platelet rich plasma

(PRP). The PRP was withdrawn using siliconized pipettes and the red cells were discarded.

The PRP was spun in a refrigerated centrifuge� to obtain a platelet button. After decanting

all but 1 to 2 ml. of the supernatant plasma, the platelets were resuspendedl 1w repeated

asp:ration and expulsion of the button using a series of siliconizedl pipettes with fire-

broiii the Divisions of Nuclear Medicine and Biophysics and Hematology of the Depart-

nizent of Medicine, Vanderbilt University School of Medicine, Nashville, Term.

Supported in part by United States Public Health Service Grants 2A 5129 and HE 07759.

Dr. Hey.s’sel is a Research Career Development Awardee, United States Public Health Service,

National Institutes of Health.

First submitted May 27, 1966; accepted for publication Sept. 21, 1966.

ROBERT M. HEYSSEL, M.D.: Associate Professor of Medicine, Vanderbilt University School

of Medicine. LEE J. SILVER, M.D.: Assistant Resident in Medicine, Vanderbilt University

School of Medicine. MARIE WASSON, B.S.: Research Assi.stant, Vanderbilt University School

of Medicine. A. BERTRAND BRILL, M.D.: Associate Professor of Medicine and Radiology,

Vanderbilt University School of Medicine.

#{176}International Equipment Co.. Size 1, Type SB Centrifuge.

+International Equipment Co., Model HR-i Centrifuge.

341

BLoon, VOL. 29. No. 3 (MARcH), 1967

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/29/3/341/573195/341.pdf by guest on 19 M

ay 2023

https://crossmark.crossref.org/dialog/?doi=10.1182/blood.V29.3.341.341&domain=pdf&date_stamp=1967-03-01


342 HEYSSEL, SILVER, WASSON AND BRILL

snsoothed ends ranging froni 0.5 mm. up to 2.0 nim. in diameter. The platelet count of PRP

was determined using phase contrast microscopy4 prior to centrifugation, the volume of

PRP was measured, and the total number of platelets in the final concentrate was calculated

from these figures. The labeled platelets were then infused into male Sprague-Dawley rats
weighing approximately 150 Cm. via a tail vein or through an isolated saphenous vein using

plastic syringes.
At various time intervals following infusion of labeled platelets. the abdominal cavity was

opened and blood was withdrawn. The abdominal and thoracic organs were rapidly removed,

weighed, and multiple samples were taken for assay of radioactivity. The gut was divided

into three approximately equal parts and samples were taken from each portion. The tissue

samples averaged 25 to 50 mg. and were analyzed for radioactivity following combustion

in a modified Schoniger#{176} oxygen flask.5 Twenty-five ml. of a 1:5 mixture of hyamine lOX

anti methanolf were employed throughout the studies as a scrubbing solution to trap the

‘�CO9 generated during combustion. Two nil. aliquots of the hyamine-methanol niix were

transferred to counting vials containing a solvent-scintillator solution (toluene, PPO, POPOP)
for determination of ‘�C activity in the sample using a liquid scintillation counter.t Re-

covery of ‘�C activity from tissues was approximately 100 per cent as estimated by adding

known amounts of 14C activity to comparable samples of tissue taken from control animals.

In each experiment an aliquot of the injected labeled platelet concentrate was combusted

to determine the total amount of activity injected. Total organ radioactivity was estimated

on the basis of the ratios of the weights of samples burned to the total organ weight, and

this measurement was expressed as per cent of injected dose. Analysis of multiple samples

from the same organ did not show significant variation in distribution of ‘4C activity within

the organs. In some experiments urine and stool were collected for analysis of ‘�C activity.

Animals were sacrificed in triplicate or quadruplicate for all studies of tissue distribution of
‘�C serotonin.

The idlentity of 14C activity was 5-lIT in tissues was determined using paper chromatog-

rapliv.7 Tissues were honiogenized in distilled H20 using a semimicro jar. centrifuged, and

an appropriate amount of nonradioactive 5-HT was added to the supernate. Radioactivity

was deterniined with a four-pi gas flow paper strip counter.�

The disappearance of ‘�C from blood platelets in intact animals was determined using

whole blood samples obtained from the tail vein. It can be demonstrated that within 1 hour

following injection, virtually 100 per cent of 1)lood ‘4C-5-HT is located in platelets. Tails

were clipped and blood was allowed to drip on a glass slide which contained dried heparin.

One-tenth ml. of blood was immediately pipetted onto duplicate planchets containing an

equal volume of distilled water with Tween 80 (Polysorbate 80).! Planchet radioactivity
was determined using a gas flow proportional counter.1f Samples for platelet enumeration

were taken directly froni tail vein blood. Total blood � activity and recovery of platelets

after infusion was determined by the ratios of ‘�C activity or number of platelets infused to

the aniount calculated in the total blood volume.1 The blood volume of 12 randomly selected

150 Cm. recipient rats was deterniined with �‘Cr labeled erythrocytes anti approximated 7

per cent of body weight. This value is slightly higher than reported by others using different

technics.8’9 In some animals, organ distribution of the #{176}1Cractivity was determined on sam-

ples removed1 after anesthesia and bleeding through the abdominal aorta as described

previously.

Splenectoniized rats were allowed to recover for 3 weeks prior to use as platelet recipients

*There is sonie hazard involved in the use of this apparatus. For details see Heyssel, R. NI..

and Harshman, S.: Letter to the editor. Chem. Engr. News 44 (No. 10), 1966.

+Rohni and Haas.

INuclear-Chicago, Model 008260.
§ Atoniic Accessories, Inc.

IILaboratory Center, Wilmington, Delaware.
#{182}Nuclear-Chicago Corporation.
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Fig. 1.-Carbon-14 serotonin kinetics in man. The rate of loss of UC activity from

blood and from tissue sites (“missing activity”).

in the designated experiments. In 15 animals the mean platelet count 3 weeks postsplenec-

toniy’ was 1,320.000 as opposed to 980.000 presplenectonw, an increase of 35 per cent.

Thrombocytopenic animals were prepared by 250 kv. whole hotly irradiation. A total of

800 r was administered in five consecutive diaily doses, resulting in an average platelet count

of 50,000 per mm.3 eight days after completion of irradiation. Control animals of the same

age anti weight, radiated at the same time, were routinely observed during experiments,

using thronibocytopenic animals to be certain that recovery’ of marrow function tiiti not

ensue during the lifespan studies.

RESULTS

As a frame of reference for the studies in rats, Figure 1 depicts the detailed

kinetics of 14C-5-HT in a human subject following infusion of autologous in

vitro labeled platelets. Circulating platelet 14C activity decreased exponentially

to half the initial value by 5.3 days. After 28 days less than 3 per cent of infused

activity remained in the body. During the first 10 days only 5 per cent of the

activity was excreted in the feces. The major route of excretion was via the

kidneys with 10 per cent of 14C activity in the urine at the end of the first day.

If the total amount of activity recovered is calculated for each day by sum-

ming the per cent present in urine, blood, and stool, and this value is sub-

tracted from 100 per cent, a value representing activity residual in the body

and not present in the total blood volume (“missing activity”) is determined.

The “missing activity” represents a second pool of ‘4C-5-HT which is appar-

ently extravascular. The disappearance of the “missing activity” (Fig. 1) paral-

lels almost exactly the rate of decline of blood activity, suggesting that the two

pools are in equilibrium with each other.

In contrast, direct injection of ‘4C-5-HT, not bound to platelets, results in
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Fig. 2.-The per cent distribution of ‘4C-5.HT in rats following the infusion of
labeled platelets.

rapid urinary excretion, 60 per cent to 75 per cent of injected radioactivity

appearing in the urine within 24 hours, most of it within the first 4 hours (two

subjects). After 24 hours, however, the curve of radioactive decay resembles

that observed when ‘4C-5-HT is injected bound to platelets.

Distribution of 1�C-5-HT in Blood and Tissues of Rats Following Infusion of

“C-5-HT Labeled Platelets

Figure 2 depicts the distribution of 14C-5-HT in blood and various organs

of rats at intervals of time following infusion of labeled platelets. The ‘4C

activity in tissues is present as ‘4C-5-HT since greater than 90 per cent of the

radioactivity moved in a manner identical (Rf. 47 )to added carrier 5-HT by

paper chromatography. The recovery of “C-5-HT in blood at 1 hour and 1

day is similar to that seen in human experiments. Twenty-five to 30 per cent

of the injected “C activity appeared in spleen, liver and lungs, with the great-

est proportion (18 per cent) being in spleen. Under identical experimental

circumstances only 3 per cent of injected 51Cr labeled red blood cells were

found in the spleen at any time following infusion. Virtually no ‘�C activity

was recovered from brain, and notably the gut never contained more than 3

per cent of the injected dose. The distribution of “C-5-HT injected free in

saline is not qualitatively different hut by contrast the total amount recovered

is only 20 per cent of the total injected dose.

Figure 3 demonstrates that the disappearance curves of ‘4C-5-HT activity

from blood and from liver, spleen, and lung taken together are essentially
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Fig. 3.-Disappearance of ‘4C-5-HT from blood platelets and from tissues (spleen,
liver, and lungs) in rats.

parallel after 2 days. Prior to that time there appears to be a buildup in activity

in the combined organs, suggesting that an equilibrium between platelet and

tissue 14C-5-HT or between labeled and nonlabeled platelets is reached in

these organs over this period of time.

Comparison of the Disappearance of Platelets and 1 �C-5-IIT from the

Circulation

Labeled platelets were infused in numbers calculated to raise the platelet

count by at least 50 per cent in 14 normal rats. The mean platelet count in

the rats averaged 980,000 per mm.3 prior to infusion of labeled platelets and

1,430,000 platelets per mm.3 after infusion. At 1 hour, the per cent ‘4C re-

covered was greater than the number of platelets recovered (Fig. 4). As will

he seen subsequently, the increased recovery of 14C-5-HT as opposed to plate-

lets is a usual finding. At 1 day and thereafter, the per cent “C-5-HT plate-

lets remaining were similar. It is uncertain from this experiment that

the ‘4C-5-HT is located only in the population of infused platelets. Eight

thrombocytopenic animals were given platelet infusion. A rise in platelet count

from a mean of 50,000 per mm.3 to between 600,000 and 1,000,000 platelets

per mm.3 was achieved. The recovery of platelets and ‘4C serotonin was similar

to that seen in the intact animals (Fig. 4). The disappearance of label and

platelets in thrombocytopenic animals is similar. In animals with normal plate-

let counts the correlation is not as good.
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Fig. 4.-Comparative disappearance of platelets and i4C�5�HT from the blood in

normal and thrombocytopenic rats. The disappearance of 14C serotonin and platelets
are plotted on rectilinear coordinates in Figure 4. The asterisks indicate platelet
counts which are not significantly different from the base line platelet count in the
animals.

Organ 1�C-5-HT as an Index of Platelet Sequestration

The previous data suggest that organ “C activity might be related to pools

of platelets. If so, removal of an organ such as the spleen might result in an

increase in the proportion of radioactivity recoverable in blood as well as

platelets.

In splenectomized, nonthrombocytopenic animals the recovery of “C-5-HT

in the blood increased from 61 per cent to 84 per cent while recovery of

platelets rose from 46 per cent to 68 per cent at 1 hour (Fig. 5). There was

no increase in ‘4C activity of lungs or liver when compared to nonsplenecto-

mized animals. Similar results were obtained in splenectomized, thrombo-

cytopenic animals.

Since the enhancement of recovery of 14C and platelets by splenectomy could

possibly be due to lack of sequestration and destruction of damaged platelets

in the spleen, a shortened lifespan associated with increased recovery might

occur. Such is not the case (Fig. 6). There was no early component of loss

of platelets from the circulation and the survival curve was apparently linear

for the first four days (cf. normal platelets in Figure 4).
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Fig. 5.-The recovery of ‘4C-5-HT and platelets in intact and splenectomized rats
1 hour following infusion. The differences between the mean recovers’ in intact and
splenectomized animals is significant (p < 0.01 ) . A minimum of six animals was

used for each group.

The Variability of Platelet Survit,al in the Rat

When the disappearance of infused platelets in intact animals is compared

with the radiated thrombocytopenic animals (Fig. 4), the former appeared to

show a more nearly linear disappearance of platelets than the latter. Figure 7

shows the survival curves of infused platelets in 16 thrombopenic animals.

Three separate experiments are depicted in which variable numbers of plate-

lets were injected to raise the platelet count to nearly normal (600-900,000/

mm.3) and to supranormal levels (1,200,000_2,000,000/mm.:I). In all but one

of the six rats with initial platelet counts less than 900,000/mm.3, the survival

curves are more curvilinear and shorter (3 days) than for the ten rats with

initial platelet counts above 1.2 million/mm.3. As the platelet count declines

below normal levels (900,000-1,000,000) in the latter, the curves tend to be-
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Fig. 6.-The disappearance of platelets in splenectomized, thrombocytopenic rats.
Asterisks denote platelet counts not significantly different from base line counts. The
values are expressed as a per cent of the 1 hour postinfusion count.

come nonlinear. These data are summarized in Figure 8. The effect of short-

ening of survival to 3 days is probably not an artifact produced by variable

degrees of injury of infused platelets, since as shown in Figure 9 the absolute

recovery of platelets in the circulation is related directly to the number

infused.

DiscussIoN

Several observations indicate that platelets labeled with “C-5-HT do not

accurately reflect platelet survival,2’12’13 especially situations in which syn-

thetic rates of 5-HT are high, as in the carcinoid syndrome. However, the

pattern of 14C-5-HT distribution in the rat following intravenous infusion,

either free in saline or bound to platelets, does not coincide with the known

distribution of 5-HT. While appreciable amounts of endogenous 5-HT are

present in spleen, liver, and lung, the largest single pool is in the gut.101’

In contrast, 40-50 per cent of “C-5-HT remains in blood platelets and 30-40

per cent is in various organs, mainly the spleen, with lesser amounts in liver

and lung. Little is found in the gut. Further, the disappearance of 14C-5-HT

from these organs parallels the diasppearance of ‘4C-5-HT from circulating

blood platelets.

Additional evidence that the distribution of “C-5-HT is determined by the

distribution of platelets is provided by comparing the recovery of infused Ia-

beled platelets and of 14C-5-HT in intact and splenectomized animals. The
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Fig. 7.-The slope of platelet survival curves in thrombocytopenic rats transfused
to differing level of circulating platelets. The mean platelet count in experiment one,

(x-x) = .641 x 10�; in experiment two, (0-0) = 1.42 X 10”; in experiment

three (#{149}-#{149}) = 1.96 x 10�.

increased recovery of platelets in splenectomized animals when compared

to controls is reflected by increased recovery of 14C-5-HT in blood without an

increase in �“C activity of other organs. Therefore, shortly after infusion of ‘4C-

5-HT labeled platelets, “C-5-IIT present in the spleen is most likely located

in viable platelets. Whether the ‘4C-5-HT present in liver and lungs is similarly

present in platelets is not known, but the analogy seems reasonable. These

observations are consistent with studies by Synder, Wurtman, and Axelrod’4

which indicate that 14C-5-HT presetlt in the spleen of Sprague-Dawley rats is

located primarily in blood platelets.

Since the platelet survival curves, based on eniinieration, provide no evidence

of immediate sequestration and subsequent release of platelets into the cir-

culation, the distribution of ‘4C-5-HT and of viable platelets 1 hour after

infusion may parallel the normal distribution of platelets. If so, significant

numbers of platelets would be present in spleen and perhaps liver and lungs

at all times. The total size of the splenic poo1 of platelets can l)e estimated to

approximate 40 per cent of the pool of circulating platelets based on the ratios

of “C activity of spleen (18 per cent) to blood (47 per cent) 1 hour following

infusion of labeled platelets. The increased recovery (69 per cent) of platelets

in blood in all splenectomized animals as opposed to the recovery (49 per
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Fig. 8.-The mean per cent recovery of platelets on succeeding days in the three
experiments depicted in Figure 7. The platelet count one hour after infusion taken

as 100 per cent. In addition to the change in shape of the curves, the infused plate-

lets have disappeared b�’ 3 days in the animals receiving the smallest number of

platelets while final disappearance in the other groups is prolonged to 4 or 5 days.

I I
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(X 1010)

Fig. 9.-The relation of the platelet count in the recipient animals to the number
of platelets infused. Four separate experiments totaling 32 infusions of platelets.
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cent) in all intact animals indicate that 20 per cent of newly infused platelets

take residence in the spleen. If 20 per cent of platelets are in spleen

and 49 per cent are recovered in the blood of intact animals post-

infusion, then the proportion of splenic platelets to blood platelets again is

close to 40 per cent, a value which compares well with the “'C estimates of the

size of the splenic pool. There is added significance to the data if the average

increase in platelet count 3 weeks postsplenectomy ( 35 per cent ) in these ani-

mals is compared to the estimates of splenic pool size. Postsplenectomy

thrombocytosis may he due to reduction in the space of distribution of platelets

without alteration in the rate of platelet production. Postsplenectomy thrombo-

cytosis is not due to increased platelet lifespan. The lifespan of platelets de-

termined by enumeration as done here or by Di-isopropyl fluorophosphonate

32p labeling’5 is not prolonged postsplenectomy. Removal of a splenic in-

hibitor to production”’ is a possible explanation of postsplenectomy thrombo-

cytosis, but would not explain the increased recovery of infused platelets.

There are other observations which are consistent with the existence of a pool

of platelets in the spleen in man and animals,’7’18 although the existence of

such a pool in rats has been questioned by other workers.’9

The correlation l)etween the distribution and disappearance of “'C-5-HT and

platelets is good but not al)solute. The recovery of “'C-S-HT in blood is

usually higher than the concomitant recovery of platelets. Comparison of

“'C and platelet recovery and disappearance suggests that significant elution

of “'C-5-HT occurs during the first day postinfusion. Since there is a small

residual of “'C-5-HT circulating after platelets have disappeared, it is possible

that reutilization of label occurs also.

The shape of the disappearance curve of the platelets themselves is variable

and dependent on the total numl)er of platelets present. In animals with nor-

mal or supranormal numbers of platelets, survival curves determined by enu-

meration are nearly linear functions for the first 3 days and all platelets have

disappeared between the fourth and fifth days. In amegakaryocytic, thrombo-

cytopenic, animals transfused to less than normal platelet levels, platelet sur-

vival is more curvilinear and platelets have virtually disappeared by 3 days.

The data concerning survival of platelets derived by enumeration of platelets

are compatible with the idea that platelet death in a randomly aged platelet

population is primarily a function of age-related processes, although utilization

of platelets,20’2’ irrespective of age, may also occur. Normally the influence of

random utilization on platelet loss from the circulation is small since the

curves approach linearity. In thrombocytopenic animals, however, the fraction

of platelets entering into such processes is proportionately greater and the

generation of survival curves of increasing curvilinearity and moderate short-

ening results. The data suggest that moderate shortening of platelet survival

in thrombocytopenic recipients as well as changes in the shape of platelet

survival curves may well indicate physiologic loss of platelets from the circula-

tion and are not necessarily related to pathologic destruction of platelets. The

findings are similar to those obtained in rabbits by Ebbe, Baldini, and Dono-
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van.22 In thrombocytopenic man, study of the survival of platelets by the technic

of enumeration has usually resulted in a curvilinear survival pattern.23.2”

SUMMARY

1. The distribution of 14C-5-HT following infusion is different from that of

endogenous serotonin. One hour after infusion it is, in major part, a function

of the distribution of blood platelets.

2. The spleen in rats is the site of a pool of platelets. Based on both ‘4C

and platelet recovery data in normal and splenectomized animals, this pool

approximates 40 per cent of the total circulating platelets.

3. Postsplenectomy thrombocytosis may relate to removal of a platelet reser-

voir with shift of the platelets normally contained therein to the peripheral

circulation.

4. The shape of platelet survival curves in rats is neither strictly linear nor

curvilinear but normally is determined primarily by age-related processes in

the platelet. Platelet survival curves tend to become curvilinear in thrombo-

cytopenic animals, indicating that there is probably an additional small, fixed

random loss of platelets from the circulation.

5. The disappearance of ‘4C-5-HT from blood platelets approximates hut is

not completely representative of the disappearance of the platelets themselves.

It is probable that elution from platelets and possibly reutilization of platelet

label occurs.

SUMMARIO IN INTERLIN-CUA

1. Le distribution de “'C-5-hydroxytryptamina post-infusional differe ab illo

die serotonina endogene. Un hora post Ic infusion illo es, in grande parte, un

function del distribution del plachettas sanguinee.

2. Le splen de rattos es Ic sito de un pool de plachettas. A base de datos de

reobtention de ‘4C e de plachettas in animales normal e splenectomisate, ii

pare justificate concluder que iste pool contine approximativemente 40 pro

cento del circulante plachettas total.

3. Thrombocytosis post splenectomia es possihilemente relationate al elimi-

nation de un reservoir de plachettas con Ic transferimento, ad in Ic circulation

peripheric, del plachettas normalmente continite in illo.

4. Le conformation del curvas del superviventia plachettal in rattos es ni

strictemente lineari ni curvilineari sed es normalmente determinate super toto

per processos intraplachettal que es relationate con le etate. Le curvas de

superviventia plachettal tende a devinir curvilineari in animales thrombocyto-

penia, lo que indica que il occurre prohabilemente un micre per dita additional

fixemente alcatorisate de plachettas ab Ic circulation.

5. Le disparition de “'C-5-hydroxytryptamina ab Ic plachettas sanguinee es

approximativemente sed non completemente un representation del disparition

del plachettas mesme. Es prohahile que elution ab plachettas e possibilemente

reutilisation del marca del plachettas occurre.
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