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"This thesis contains four studies of transport
pﬁenomenn,anq'blood plalelets.

The initial stage in thrombus formation ik ‘platelet
adhesion to a foreign sqrf#ce: platelets diffuse to che-
gurface and then bind ﬁo ic. ‘Experimepts were performed to
examine the influénce of haematocrit, platelet concentrétion,
shear rate and drugs upon platelet diffusivity, the platélet
wall binding iate constant énd the saturation level of
platelet adhesion to the surface, The level of platelet
adhesion to collagen coated glass tubes wcre/dctermined by
messuring the axial disfribdtion of 5¥Cr-y-ray emissions q@kP
adherent SIC; lnselied platelets. The results demonstrate
that the model of Grabowski et al (1972) a&equa:ely
describes plncelet adhesion to foreign surfaces, that
platelet adhesion obeys intermediate kinetics, that the
plasma skimming 1ayer can be ignored and that platelet
diffusivity is enhanced by the cohplex mofiop_of red cells,

An explanation for contradictions in the literature regarding

v

the effect of drugs upon adhesaion is suggested.

A design for data collection and analysis was
devised for experiments in which the distribution of tracer

in multicoppartment systems 1s followed. The design requires
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the provision of ;plciple re-pénscs and analysis with a
Bayesian multivariste technique. It deals with the problems

of lumping and ill-conditioning 1nherehﬁ in descriptions of

tracer distributions., The design pfoveé.succeslful in

characterising the cxchdngc of serotonin between the granules

and cytoplasm of rabbit platelets and their surrounding mediunm

in in vif¥q;experimen:s using washed rabbit platelets.

In vitro, serotonin ;s freely e;cﬁangcahle between
platelets and their‘aurfounding medium,] To describe the
pétential behaviour of platelcc serotonin in ino,models were
devised and fitted to the data resulting from dual labﬁl,

510: and laC-serotoqin, survival curves., The dimpleﬁt

model that adequately described the data w;s one in which

" perotonin was assumed to exchange at a finite rate betwveen

'circulhtifg plaiele:s._ The exchange rate constant from

platelet Eo surrounding was similar to that determined in
vitfo.

The behaviour ¢©of adenine nucleotides in vitro and
in vivo have. been investigated experimentally (Reimers et
al, 1975b5. The in vitro exchange of ;denine nucleotides
between a metabolic pool and a_grﬁﬁhle pool is adequately
described by first ord;r kinetics. This information w#a us?d
in a mgdel tha:.yas fitted toc data from adenine nucleotide
survivalland release studies. WNo significant.metabolism

or release of platelet adenine nucleotides was found in vivo.
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SUMMARY D

This thcsiq describes four studies upon various
aspects of platelet behaviour. Part 1l reports upon an 1in-
‘ves:iéationiintg the.ndheaion‘of platelets to surfaces and
in barticul@r the influence of_hngmatocrit and shcaf rate
upon the proceﬁs. Part é is o study of the use and analysis
;f nultiple rcépénsga in mul;icompnrtmcnt cellular systems,
This is illustrated by a dcacrip:ioﬁ of the exchange of
serctonin betwcen platelets and theif surrounding medium.

In Part 3 the use of survival curves to determine the in-
vivo behaviour of platelet serotonin is described, Part 4

is 4 study of the relc c and mctabolism of platelet adenine

-npucleotides.



part 1 PLATELET ADHESION.
V'Platclcts'nrc cell fragments suspcnded within the
blood. As & perversion of their haemostatic tole, platelets.

are involved in the formation of thrombi. The 1nitia1 stage

. of thrombogenesis is platelet adhesion to & forcign surface.

Pla;elet'adhenion is considered as a pgpcenb in wvhich plate~

le:s diffuse to a -urfacé and then bind to it, adhesion con-

tinuing until ‘saturation of "the surface with platelets is
achiaved} The 11terature relevant to- platelet adhesion 1is
revieved. |

An expcrimental procédﬁre was designed.to measure
platglet adﬁ;s;on to glass, collagen-coa:ed.élans or poly~
urethane-coated gl#és. Suapcnlions of 516:-1nbe11éd washed
pig platelets were passed through glags tubes, which were
coated if desired. The velocity and duration of .the flow
could be varied, as could the concentration of plaCelec
and red blood cells wi;hin the suspension. After expo ing
the tubulhr test. surfaces to the platelet suspension an
rinsing, the levels of\platelec adhesion to the surfaces
vere deiermined by counting the 510:-y-ray emissions from
the surfaces. |

The theoretical model of Crabowski et al. (1972)
was adopted to describe platelet ndhesion, This model assu-
mes the convective diffusion of platelets :6 the surface
where they bind at a rate firnt order with respect to the

latelet concentration adjacent to the surface and first

order with respect to the<fraccikh\of the platelet adhesion
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sites that are unoccupied, The ﬁhcory was axtcndcd'ﬁo
account 10r3¥hc'prclence of a red cell depleted 'skimming
layer' adjacent to the lﬁrface. An-éxprgalion wvas derived
for the platelet collision frcquenc} with the surface.,
- Expcriments ware_deviséd to test fﬁc validity of
the ciperimcntal procedure, It was concluded that the adhe~

gion measured was not influence%,by the. tube rinsiné steps

and that platelet adhesion.was irreversible over the duration

of the experiment., A series of experiments and calculations
were conducted to investigate the model of Grabowski et al,
(1972), which hitherto has been accepted without test. No
contradiction Betwe;h dats and mddel was found. ‘ |

Th;_effeétﬁ of sheer rate and haematocrit upon the
plat;let diffusi;icy, the surface binding rate. constant and
the saturation level of platelet adhesion‘to a collagen~
coated surface were_ipveg:igated. Platelet dﬁffusivity is
relgced to shear rate &and haémgkoﬁrip in such a way.that it
- was concludgd that the enhancement of platelet diffusivity
tnduced by red cells arises from the compléx motion of the
red cells. The binding rate c?ustant wau_founa to increase
with increasing haematocrit, The satufacion level of plate~
let adhesion was shown to increase with increases in shear
rate and haematccrit.

In contrast to.collagen, it appears that not all
platelets are capable of adhesion to gless or polyurethane-
coated glass. The fraction of platelets that 1is éapable

of adhesion to these surfaces rises in the presence of
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aggregates, as docs the saturation lavcllof platelet adhe-~
sion. ' | - N
The model of tha ndhnlioﬁ process ugsed was compared
to other models that assume diffusion limited gincticua
Thesﬁ moécln wcr? nignifichntly vorse in the;r ability to
fit data. It was proPQned that pr&vioun conclusions that
the adhesion process obeyed diffusion 11mi£;d‘kinc:£én,
arose because, in‘deviccs relying upon the convective diffu~-
- 8ion of platelets, the binding step 18 generally of less im-
portance than the diffusion atep in determining the rate
limiting stage in plateclet adhesion. This may alao éxplnin
why, in this study, no inhibition of platelet adhesion whs
found in the presence of aspirin, A Couette flow device -
ﬁaa demonstrated to be better able to distinguish inhibition
of the binding Btcp; "The apparatus used in this study is
more useful in determining the diffusivity and the saturation

level of platelet adhesion,
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‘Part 2° MULTICOMPARTMENT ANALYSIS WI1TH HULTIPLE RESPONSES,

Within multicompartmnnc cellular systsms %4n the
steady state, the distribution of trnccr as a function o! L ©
timn is dcscribad by sums of cxponnncinls. A dclign for
data collection and nnnlynil is proposed to deal with the
problems of lumping and ill-conditioning 1nhcrcntu1n auch a
@athematical description. This design requires the provie
sion of multiple fcsponuca and can be nndlyﬁed by a Bayesian
multivnriacc tccﬁniquc. Although only one rclponne may be -~ .

capable of completely charnctcriaing the system, :here is
much to be’gained from additional responses in terms of
ﬁreciuipn in parameter cstimation. A time series 1is uncd“to
nccbunt for autocorrelatad error‘in the responses. The de~
sign 15';ompared to other lcast aqﬁnros approaches and is de-
monstfﬁted in an 1nvcscign£ion of the transport and storage
of serotonin in blood platelets, The kinetic parameters
describing serotonin movement are cstimeted and their joint
confidence regions plotted. By these means the effecta upon
the trnhaport and storage of aerotonin-induccd by the treat-

-

ment of platelets with thrombin, reserpine and imipramine
have been determined. Plgtele: serotonin wasg found to be
diatributed becwncn cytoplasmic and granule poola in the
platelet. Thrombin causes degranulacion of the Jlatclets re-
Bulting 1n fewer’ eerotonin granule binding siteas. Reserpine
inhibitas the tranafer of acrotonin from the cytoplasm to the

granule pool. Imipramine inhibita the transport of serotonin

Ax



acrossﬁthe platelét_plasﬁa membrane. The exchange studies

supported the description of the movemernt of serotonin
between platelets and their surroundings as a 'pump-leak’

" system.
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Part 3 SEROTONIN BEHAVIOUR IYVIVO)

Serotonin has been ahéﬁn to be freely exchangeable
between platelets and their surrounding medium in vitro.
To investigate the behaviour of aerotonih in vivo a platelet

survival experiment was devised whereby rabbit platelets,

radiocactively labelled with 51Cr and lac-serotonin, were

reinjected into rabbits. The levels of 51Cr-- and 1!'C—

_ serotonin wichin-circqléting platelets were mgasured at
times up to 180 hours after reinjection of the platelets,
At all times the fractifion of initial 14C-serotonin within
the platelets was observed to be greater than the fraction

5lCr. The S1Cr platelet survival curve, correct-

ed for the elution of 51Cr, is an indicator of platelet

of initial

Kl

survival. Varfous models were proposed to describe the 140—

serotonin survival curve. The-models that gave the best fic
to the data assumed a-firnite rate of sgro;onin exdhahge bet-
ween platelets through the plasma. However, no significant

improvement of the fit of the models to tﬁeAdatg was obtain-
ed by conéidering‘an exchange of serotonin between platelets
and tissue. The fractional turnover rate from the platelets
inte the surrounding meéium was identical to tﬁat calculated

from in vitro exchange studies. This indicates that sero-

tonin is lost from the platelet by diffusion. - -
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Part 4 ADENINE NUCLEOTIDES IN PLATELETS.

/The adenine nucleotides a#e the pfincipal links
coupling the energy yielding reaction acquencés :nd the
energy requiring ones. 1In platelets, adenine nucleotides
are distributed between a metabolic pool and a metabolicall&
inactive granule pool. There {8 a slow exchange of adenine
nucleotides between these pools. The contents of the granule
are liberated in the platelet release reaction. The plate-
let adenine nucleotides were labelled in vitro by addition
of lac-gdenosinc to a suspénaion cf washed rabbit platelets.
The metabolism of 1AC—adenosiné And the incorporation of
the 14C-label into the édenine nucleotides were modelled.

It was thwn that the exchahge of adenine nucleotides between
the metabolic and granule pools, the exchange between the
various adenine nucleotides in the metabolic pool and the
cgtabolism of the adenine nucléctides obey first order
kinetics. Furthermore it was shown that the metabolic pool
of adenine nucleotides could’ be considered as a single
entity.

The behaviour of adenine nucleotides in vivo was in-
vestigated experimentally. A suspension of washed rabbit

platelets was labelled in vitro with SICr and lz'(ll—adenitu.a

and reinjected into the rabbits. The 51Cr label acts as a

) T 14

platelet survival indicator. The C~-label is incorporated
inte the adenine nucleotides. Survival curves were obtained
for each label and, at each sample point, release studies

vere made to determine the distribution of label between

x1i



che granule and metabolic pools. Models were devised to
describe the’laé-adeqine‘survival ;urve and the fraction of
total plafelet 14C-adenine nucleotides in the %ranule pool,
The lJ‘C-aau;lexln!.ne nucleotide and 51CrAsurviVsl c&rves do no:‘
differ aiguifi;antly. No significant‘im;rovement in. the
fit of the gédels to the release data was obtained by assum-~
ing there to be catabolism or release of the adenine nucleo-
tides, It.was concluded that in vivo release and metaboligm
of the platelet adenine nucleotides is negligible and that

the platelet adenine nucleotide content is not age dependent

and thus 1s unrelated to platelet senescence..
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PREFACE

a

This thesis 1is con;erned_uith thé application of
mathematical nodels to topics inm pedical science. Tqrdevise
and apply such models is not sufficient to 'prove' any
particular hypothesis. The most that can be said of any

modei is that it is in accord with the experimental data.

“However, several benefits result from the use of mathematical

models. The creation of models prompts clear thought about‘
the system being modelled;ﬁhypotheseé are logically developed
to determine their consequences; the fit of models to data
may be compared statistically and probabilities may be
estimated for various hypotheses. The role of models 1is

thus to examine hypotheses by a determination of their
conseqﬁepces and through a comparison of Alternate models
representing different hypotheses. It is this role that is

common to the 4 parts of this thesis,

xxvidii
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Part 1: THE ADHESION OF PLATELETS TO SURFACES.

1.1 1Introduction. !

Blood 18 a suspension of thrée types of cellsror
cell fragments: erythrocytes, or red blood cells; leuko-
cytes or white cells; and platelets. 1In man, erythrocytes
are biconcave discs, 7.2 - 7.9 u in diameter (Wintrobe,
1960). Leukécytes are spherical, nucleated cells, 10 -~ 15 u
in diameter. The disc shaped platelets are cell fragments,

2 - 4 y in diameter. Red cells, with a concentration of
5.169 ml-l, occupy about 45X of the blood volume. The re-
maining 1/2% of the disperse phase in blood is composed of

leukocytes, 10’ m1l 1 and platelets, 2.5 - 5.0 105 m1~%

’
each occupying 1/4Z of the volume of whole blood. . With red
cells possessing such a predominance, both in numbers and
vblume, the fluid properties of blood would be expected to
be those of a suspensi;n of red cells, platelets and white
cells having a negligible effect (Meiselman and Goldsmith,
1973). |

Plasma, the suspending fluid in blood, is an aqueous

solution of proteins and salts with the following compositions

30X H20

72 Proteins (albumin, fibrinogen, globulins and
lipoprotedins)

127 Organics
+ -~ T2+

& 12 Inorganics (Na+, K, €l , ca ", HC03- and PDQ-)

The role of blood is to Tegulate homeostasis by
maintaining constant the 'milieu interieur’. The plasma

1
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constituents maintain osmotic pressure and act as buffers
coatrelling the blood pi.

The best known function of platelets is a haemo-
static one: they adhere to and aggregate at the site of
vessel injury, thus preventing blood loss. "An undesirable
expression of this protectivé funcrion 1s the ability of
platelets to promote thrombosis and to accelerate blood
clotting. A thrombus 1s a mass or deposit formed from con-
stituents of the biood on the surface of a blood vessel.

The mechanism leading to platelet aggregation in
haemostasls and thrombesis are, first, the adherence of
platelets to the damaged wall, followed by the release of
platelet ADP (adenosine diphosphate) which causes platelet
aggregation, and, second, the activation of the blood coagu-
lation system, the platelet acting as a phospholipid surface
on which §everal clotting reactions occur (Zucker, 1974?.
Thrombin, a platelet aggregating enzyme, is formed and this
in turn converts plasma fib?inogen to fibrin, creating a
fibrous network that stabilises a haemostatic plug. The
activation of the blood coagulation system is of special
importance in venous thrombosis, as fibrin deposition appears
to reqﬁire stagnant blood, a characteristic of the venous
side of the circulation. In the arteries, such thrombotic
accumulaticons would be scoured away (Spaet et al. 1973).

Thus, on the arterial side of the circulation, platelet ad-

hesion and aggregation play (hﬁ/aominant role (Baumgartner,

.,

/



1973). It is with platelet adhesion in arterialtand high
flow regiods that this-thesis Qill be concerned,

While haemostasis is initiated by the rupture of a
vessel, arterial thrombosis commences with platelet adhesion
to a damaged endothelium (Johnson, 1970}, or to subendothelial
Structures such as collagen (Hugues, 1960), the basement
membrane (Hugues and Mahieu, 1970) or the microfibrils
around elastin (Baumgartmer et al. 1971). On artificial
surfaces, adhesion follows the deposition of a layer_of
protein (Dutton et al. 1969). Following platelet adhesion,
aggregation occurs together with the release of adenine
nucleotides from the platelet storage granules. A released
adenine nucleotide, adenosine diphosphate, causes further
platelet aggregation.

The embolisation of thrombi, formed on atherosclero-
tic lesions of blood vessels, 4is one of the principal causes —
of death in humans. Thrombus formation also occurs commonly
in devices performing part of the hormal body\functions
(artificial kidney, heart pump etc.). In such devices,
platelet adhesion and aggregation leads to a decrease in
Platelet concentration within the body (Gans and Xrivic,
1Q62) which may add to or cause the bleeding tendency
common after cardiopulmonary bypass (Stibbe et al. 1974) .,

Thus an understanding of the initiating mechanism of
thrombosis, the adhesion of platelets to a surface, could

‘aid the design of blood compatible devices and i1lluminate

L



the nature and location of thrombi. This first part of
the thesis is thus coucerncdhuith the characterisation of
Platelet adhesion to surfaces under conditions typical of

flow through arteries and extracorporeal devices. The

effect of drugs upon adhesion will be investigated.

.
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It 1s evident that, in any consideration of plate-

.

1.2 The Mechanism of Platelet Adhesion.

let adhesion, the transport of platelets to the surfaces

is an important factor. Within the body, atherosclerotic
plaques with their associated mural thrombi occur in zones |
of high shear stress (Texon, 1972). Such sites are thought
to experience enhanced platelet deposition (Mustard et al.
1963). Baumgartner and Haudenschild (1972) observed that
platelet'adhesion to subendothelium increases with the flow
rate of circulating blood and Petschek (1968) concluded
that platelet adhesion to glass was a diffusion limited
process. ’

In this.section (1.2) the mechanism by which plate-
lets diffuse to, and bind with surfaces will be cansidered.
Attempts that have been made to characterise the!adhesion
process will be described. It is important to e;pha;ize
however, tﬁac‘much of the previous work on this topic has
involved the uniform adhesion of platelets to a surface.
Such adhesion hés an unknoﬁ; relationship to thrombogenesis
in view of the observation that gréss thrombi grow from
specific sites on biomaterials rather than uniformly over
the surface (Friedman and Richardson, 1972).

Fl

1.2.1 Plateler Diffusiocn.

The fluid properties of blood are those of a sus-—

pension of red cells. The volume fraction of red cells, rhe

5
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haematocrit, is the property that influences both the
apparent viscosity and the degree of non-Newtonian behaviour
in blood (Rand et al. 1964). The deforﬁability of red cells
is important for the relative ease of blood flow: the
viscosity of human blood, relative to plasma, at a haemato-
crit of 457 1is 3; for rigid discs, occupying the same volume
fracﬁion, a relative viscosiiy greater than 200 would be
expected.

Mammalian blood‘is best desc?ibed rheologically as
a Binghan plas;ic, thpugh an equation of the power law type
1s more satisfactoryrfor fully dispersed suspensions of red
cells (Whitmore, 1968b). Below a haematocrit of 20% (Band
et al. 1964) and above shear rates of 50 sec-l (Whitmore,
1963) the non-Newtounian charagteriatics of blood bécome
negligible. The rates of shear exhibited in the circulation
are shown in Table 1.1. In dialysers and other extra-
corporeal devices the wall shear rates for flowing blood
are 200-400 sec-l (Stewart et al. 1975).

Blood may nef strictly be treated as a continuum:
red and white blood cells are subject to hydrodynamic inter-
actions only. This notwithstanding, the no slip condition
of the continuum approach is realistic in arterial flow;
recurrent attempts to explain blood flow phenomena by intro-
ducing an arbitrary degree of slip are most misleading
(Silberberg, 1971).

Goldsmith (1971) hkas examined the microscopic flow
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behaviour of erythrocyte suSpensions; In dilute suspensions

-

(0.5%Z haematocrit)y; at a shear rate below 20 sec_l, red
ceils_go;ate with a non-uniform angular velocity, this
velocity being at a minimum when the cells are aligned to

. the stream flow. At higher sheaftrates, ery;hrocytes spend
progressively more time in orientations'alignedwto ;he'

filow. Similar behaviour was observed by Klose et al. (1972b)

in blood of 457 haematocrit. The tendency of the red cells

. .

to align in the direction of flow at higher shear rates =
marks a transition from solid disc to fluid drop behaviour.
Red céll behaviour intgrmediate between that of solid

discs and liquid drops is also exhibited in cell migration

effects in suspensions of very low haematocrit (0.03%): at

a low particle slip Reynolds number of 10”2 (that in arterial flow

iz about 10-3), red cells migrate from the wall, an effect
due to red cell deformation, At'higher values of this
Reyno;ds number (10-2), the tubular pinch effect, with
lateral migration from the axis and wall, occurs. This be-
haviour is that of solid disés. A result of the migration
of cells away from the wall due to cell deformability
(Goldsmith, 1974) is the creation of a cell depleted o
'skimming layer' adjécent to the wall. Bugliarello and
Sevilﬁé {(1970) characterised the skimming layer thickness
as a éunction of haematocrit (Table 1.2). The thickness
of the skimming layer was not signifiéantly influenced by

the flow velocity or the tube diameter. As would be expect-

A

e ek e gt i o Tt e s eriae

Ter e L L - L

i S PP



o
&

P
ed, because of crowding, with increasing haematocrit the

skimming layer thickness decreases.

Table 1.2

* Skimming layer thickness*
Haematocrit (%) Skimming Layer Thickness (u)
5 ‘ ' © - 25 1
10 . . 20 Y
20 ' 12
40 | : 8

% ;
Taken from Bugliarello and Sevilla (1970)

Ry

In blood of a haem#tocrit of greater than 20%Z, the
.cells move in a crowded ?iliéu. Cells are squeezed and dis-
torted but ungergo little rotation (Meiselman and Goldsmith,
1973). Whilst ac haematocrits of less than 1%, two body
collisiﬁns between red cells are éommon,.at haematocgitsﬁpf
greater than 157 the concept of erythrocytes having spare
time separated from their neighbours is untenable. In con-—
.centrated suspensions of red cells, Goldsmith (1971) obser-
ved that the tred cells.underwent radial excursions (S.D. =+
3.1 4 in the centre of a 76 ¢ tube at a haematoc?itlbf 397
and a mean fluid velocilty of 0.0015 cm sec—l), though, as
Chen (1974) observed, these cannot be regarded as being

truly random movements.

The motions of platelets_is strongly influenced by
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those of red cells. A value of 10 ° cm® sec ! would be ex-
pectéd for. the Brownian diffusivity of platelets. However
Goldswmith (1971) and Goldsmith and Marlow. (1973) calculated
a diffusivity of 10™° to 107/ cm? see”} for 2 ¥ latex
microspheres, representﬂ%g plateléts, in a Suspénsion 40Z
by volume-erythrocyte ghosts. It 1s thus gvident that

through the imposition of radial fluctuations erythrocytes

enhance platelet diffusivity by several‘orders'of magnitude
over the ;alue éxpected for Brownian métion. The mean
d{stance of the microsphere fluctuations (S.D. * 5.8 p) was
greater than that for red cells.

Chen (1974) has considered three models to describe
the enhancement of_platelet diffusivity in the presence of
erythrocytes. These models are developed from the concept
of platelets being carried in the vorcice; associaﬁed with-
red cells,‘tran;ferring from one vortex to another by
Brownian maotion (Kellgr, 1971). Chen's first model was a
microvortex one. It assumed tﬁat platelets drift froﬁ one
red cell's microvortex to another by Brownian motion and
that red cells possess a sinusoidal motion in the axial
direction, .This model predicted a platelet diffusivity of

-8 2 ~1
C

6.10 cn” se at a shedr rate of 80 secnl and a power

law relationship between platelet diffusivity D and shear
rate Y 6f the form:
Do.'Yll2

Chen's second model, the meandering stream model,



again assunmed a semi-random motlion for red cells. It
assumed that platelets wmove with small:packets of.fluid,
squeezed and pushed by jostling réd cells. These swmdll
packets have a sinusoidal motion in the axlal direction.
Such a qotion is observed under conditions of high shear
rate and haematocrit. Platelfg movement in and between
the small fluid compartments 1is due to Brownian motion.
With this nodel, the same dependence of diffusi&ity ou
shear rate is cbtained:

Dayllz

and a value of platelet diffusivity of 10"7 cmz sec_l is
calculated for a shear rate of 80 sec_l.
The third model assumed random motiPn for red cells
and for the platelets aséociated with them. For this
Day

and a platelet diffusion coefficient of 10_5 cm2 sec:-1 was
.estimated for a 80 sec-l shear rate. This represents an
upper bound to platelet diffusivity as red cell motion is
not in fact complétely randon.

\\Several experimental studies have been performed
to determine the diffusivity of platelets in blood er in
suspensi;ng of red cells: Turitto et al. (1972) determiqed
platelet diffusivity in flowing blood employing a technique
based on the classical dispersion experiment of Taylor

(1933); Grabowski er al. (1972) examined platelet adhesion

to glass resulting from blood flow through a U-shaped tube;
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Turicco and Leonafd {(1972) measured platelet adhcéion to a
spinning disc, whilst Feucrsteiy'ct al. (1975) estimated
the platelet diffousivity from thé neasured time dependence
of platelct adhesion to collagen-coated surfaces in Couerte
flow. All these studies concluded that the platelét diffu-
sion coefficient in blood is several ofders of magnitude
greater than tﬁat calculated for Brownian motion.
There is less agreement on the dependence of

platelet diffusivity on shear rate and haemateocrit,
Turitto et al. (1972) could detect no significant dependence
of diffusivity on haematocrit (haematocrit 30-50%Z) and shear
rate (40-440Q sec—l). With the use of an annular perfusion
chamber however, Turitte and Baumgartner (1974) found that
platelet’diffusivity was related to shear rate by the
expression

DuyO.AZ r 0.09
Grabowski et al. (1972) discovered na effect of haematoerit
(30-50%Z) on platelet diffusivity but calculated a shear
rate dependence of the form

payl/2
.

Feuerstedn et al. (1975), séudyiﬂg a2 vide range of haemato-
crits, f uné the‘diffusivicy to rise from 10“8 cm2 sec at
a haemaELcrit of 15X to a peak of 1.5 10_7 cm2 sec-l at a
haematocrit at 35%. At a hacmatocrit of 45% the platelet’'s

diffusivity fell slightly below that for the 357 haematocrit,

That the platelet diffusivity changes little above a

ol —
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haematocrit of 30% would explain the inability of.Turitto
et al. (1972) and Grabowski et alf {1972) to discover any
dependence of diffusivity on haematocrit.

The frequency of platelet collisions with the w;11
is determined largely by the motion of red cells., Platelet
diffusion from the bulk of the blood te a region adjacent
to the wal% is enhanced b& a shear induced red cell movement.
Chen (1974) suggested that the platelet encounter rate with
the wall would be proportiomal to the rate at which red cells
jostle into the region adjacent to the wall. Then

1/3
RBC

Collision frequency alN
where NRBC is thé red cell concentration at the edge of tﬁe
skimming layer. Kellerl(l971) found the raée of red cell
collision with the wall te be proportiomal to thé shear rate
and to the haematocrit to the power (2/3). However fhere
1s no evidence in studies of platelet adhesion that the con-
tinuum approach to platelet diffusion wust be abandoned in
proximity to the wall or that special attention must be paid
to the microscopic motion of red cells and platelets in that
region,

A feature of the majority of these studies is that
‘they have avoided pulsatile or non-steady state flow,
Whilst this is unlikely to affect the diffusion of platelets
in a cylindrical geometry with developed flow (Caroc et al.

1971), steady state calculations may not be able to predict

flow separation in time and space, and thus platelet motion,
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when flow is unsteady as in the arteries (Friedman et al.
1973). An indication of the effects of separation nay be
gained however from steady state studies: Goldsmith (1974)
observed that red cells and platelcts within an annular
vortex migrated to join the nmainstrean.

To summarize this discussion on platelet motion,
previous studies have shown the diffusivity to be signifi-
cantly enhanced by red ceil motion., The diffusivity rises
with haewmatocrit to a plateau value'feached above a haemato-
crit of 30%. The dependence of diffusivity on shear rate

is uncertain.

1.2.2 The Binding of Platelets to Surfaces.

The adhesion of platelets to surfaces is an ill-
defined procéss. It is likely that the situation is of such
complexity that attempts to defime a surface's propensity
for platelet adhesion in terms of a single parameter may be
futile. Platelet adhesion will however depend upon the
charge distribution and the detailed structure of the sur-
faces of both cell and wall. As platelets, 1ike all mammalian
'cells, carry a net negative charge, electrostatic repulsion
and the electrodynamic attraction due to ﬁan der Waal's
forceé will influence adhesion (Weiss, 1%71). These forces
may in turn be modified by the extensive ordering of water
adjacent to interfaces that would alter dielectric constants

(brost-Hansen, 1971).

T
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Platelet adhesion to artificial surfaces is pre~-
ceded by the adsorption of plasma proteins (Madras et al.
1371; Vroman, 1972). Platelets thus have only minimal con-
tact with the foreign Surfaée; instead they contact and
adhere to the layer of deposited Plasma proteins (Dutton
et al. 1969), The surface may exert its influence through
this pr&tein layer. However, there is as ¥et no consensus
as to the surface_properties ghat promote adhesion. Lyman
and Kim (1971) stated that low energy surfaces resisteé inter-
action with blood components. Baier et al, (1971) postulated
that the thromboresistance of low energy surfaces, compared
to high energy surfaces, was due to the maintenance of the
adsorbed.protein's native configuration upon such a surface,
In contrast, Lyman et al. (1968) noted an increcase in -
platelet adhesion upon protein denaturation. Zucker (1972)
suggested that the 10-15 second tine delay in platelet ad-
hesion to a glass surface, after exposure to blood, was the
time required for fibrinogen conversion; a monomolecular
layer of fibrinogen being fo;med in 2 seconds after exposure
of the surface of blood (Vroman, 1972). Butruille et al.
(1975) proposed that this delay however was the time
Bécessary to remove pre-wetting solution from the surface.
Related to the surface energy is the critical surface tension.
Lyman et al. (1970) determined that platelet adhesion could

be correlated to critical surface temsion in a series of
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neutral hydfephobic polymers. Heterogeneity of biomaterials
will however coﬁplicate these results (Neuman et al. 1975).

Altérnative faccors have been suggested as being impor-
tant in determining the thrombogenicity of surfaces: Bernett
and Zisman (1971) found the positive dipole moment in polymers
to play a critical role, whilst on metals, the potential
across the blood material interface has been proposed as the
deciding factor (Gileadi et al. 1972). bontradicting all
these results is the work of Friedman et al. (1970) who stated
that the adhesion of platelets dogs not depend upon the nature
of the surface. This conclusion must be qualified however by
the observation that the adhesion process followed diffusion
limited kinetics.

An additional factor in platelet adhesion is the rough=-
ness of the surface. Ward et al. (1973) found that platelets
adhere preferentially to undissolved glass pockets formed in
surfacerimperfections. Adhesion to surface flaws also occurs
at high shear rates (Madras et al. 1971).

There is little agreement upon the mechanism by which
platelets adhere to foreign surfaces. On adhering to injured
subendothelium (Sheppard and Fremch, 1971) or protein-coated
-glass surfaces (Jenkins et al. 1973), platelets alter shape,
developing long projections, pseudopods (Fig. 1.1). Adher-
ence may be inhibited by interference with the platelet con-
tractile processes that are .responsible for shape change’and

pseudopod formation. Thus adherence of fibrinogen-coated
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surfaces is diminished by chelation of divalent ions and by

agents, such'aawpr&staglandin £ (PQEI}, that increase
blatelet cyclic AMP (adenosine monophosphate) levels
(Jerkins et al. 1973). PGEl and adenosine similarly in-
hibited platelet adhesion to collagen-coated glass (Cazenave
et al. 1974c).

Various requirements must be me£ for platelet ad;
hesion to certain surfaces. Fibrinogen and calcium are

necessary for the adhesion of washed or unwashed platelets to élass
(George, 14972; Zucker and Vroman, 1969%9); platelet adhesion in-
creasing linearly with increasing concent;ations of purified
fibrinogen (Mason et al. 1971). 1In contrast, Packham et al.
(1969) found that the coating of glass with albumin dimini-
shed adhesion. For platelet adhesion to collagen fibres,
Lyman et al. (1971) stated thact fibrinogen was necessary, -
though Cazenave et al. (1973a) found high levels of platelet
adhesion in the absence of fibrinogen. Cazenave et al.
(1973a) also‘found that the removal of divalent ions (calciun
and magnesium) diminished platelet adhesion to collagen, a
result paralleled by the finding of Baumgartner and Hauden-
schild (1972) that platelet adhesion to subendothelium was‘
enhanced by the presence of divalent cations.

The molecular mechanism'by which platelets adhere to
foreign surfaces is unclear. Jamieson et al. {1971) pro-
posed that platelet adhesion was mediated by an enzyme
acceptor complex. Lee and Kim (1974) suggested a mechanism

involving the formation of enzyme-substrate complex bridges
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between platelet glucosyl transferasc and surface adsorbed
glycoproteins (y-globulin and fibrinogen). Cazenave et al.
(1974b) howaver could find no experimental evidence that
collagen glucosyl transferase plays a part in adhesion te
collagen. This hypothesis is still a matter of controversy.
It is unlikely that platelet membrane sialic acid is in-
volved in platelet adhesion to collagen or connective tissue,
as pretreatment of the platelets with neﬁraminidase, an
enzyme that removes the terminal sialic acid residues from
glycoproteins or glycolipids, does not alter rabbit platelet
adhesion to collagen or to subendothelium (Greeuberg‘et al.
1975), nor the ability of human platelets to adhere to r;t
connective tissue (Spaet and Zucker, 1964).

Butruille et al. (1975) determined patterns of
platelet adhesion to foreign surfaces that call for adherent
platelets to release an adhesion potentiating substance that
affects other platelets approaching the surface. George
(1972) found that platelet adhesion dnla glass surface in-
creased with the level of ADP. In contrast, Cazenave et al.
(1973a) found that the adherence of platelets to collagen
was not caused or increased by ADP.

ASA (acetylsalicylic acid - aspirin} is commonly
used and may have a potential antithrombotic effect (llarker
and Slichter, 1974). Its cffect upon platelet adhesion has
not beenm clearly determined. Whilst Cazenave et al. (1974a,

1975) observed that ASA markedly decreased platelet adherence
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to co;lagen and subendotheliﬁm under conditions inuwhich
aggregation and thrombus foréation are'prevented, Sheppard
(1972) and Baumgartner and Muggli (1974) concluded that
platelet adhesion to subendothelium was not altered by ASA.
Similarlyrceorge {(1972) found that ASA did not influence
platelet adhesion to glass.

Finally iﬂ this review of the platelet binding
process the effects of témperature and flow need to be
considered. Cazenave et al. (1973a) found the adhesion of
rabbit platelets to be temperature dependent with negligible
adhesion at‘5°C, more at 22 ° C énd most at 37 ° C, an expect-
ed result if adhesion involves metabolic processes.
Feuerstein et‘al. (1975) however found that the levels of
pig platelet adhesion to collagen at‘22'C &id not signifi-
cantly differ from those at 37°C: A similar conclusion was
made by Jenklns et al. (1973) who examined the adhesion of
plg platelets upon a fibrinogen-coated‘surface. Regarding
the effects of flow, previous wérk is contradictory.
Butruille et al. (1975) suggested that many platelets inter-
act w;tb_the surface without adhering, losing temporarily
theif ability to adhere, and Goldsmith (1974) concluded
that platelets become refractory to aggregation as a result
of flow. However, Klose et al. (15723) proposed that._

platelets were activated by shear alone,
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In sumnary, it is evident that the processes by
which platelets adhere t¢ surfaces are complex and, as yer,

ill-defined,.

1.2.3 Platelet Adhesion - the Rate Determining Step.

In the previous sections, the faétors that influence
the diffusion of.platelets and their binding to foreign
surfaces have_been discussed separately. This section will
be concernedf;ith'plgtelet adhesion as a combined process
of diffusiog and Sinding;

Much of the literature on platelet adhesion has
arisen from application of the glass bead test of Hellem
(1960). This does not cruly.represent platelet adhesion
but rather platelet retention through the adhesion of
platelets and trapping of aggregates. With this test ic
was observed that platelet retention increased with increas-—
ing haematocrit, being negligible with platelet-rich plasma
(Helleq, 1960). As ghost cells enhance adhesion as much as
do erythrocytes, the enhancement must arise from an increas-
ed platelet diffusivity rather from the introduction of ADP
or other spacies into the systen (Zucker et al. 1972). This
was confirmed by Turitto and Baumgartner (1975). The en-
hancemcntlof platelet adhesion in the presence of red cells
indicates that, at low hacmatocrits (less than 10Z), plate-
legladhesion obeys intermediate or diffusion limited kipet-

ics. Such was observed by Robertson and Chang
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(1975) who considered the glass bead column to be analqgou;
to an ion-exchange column. At higher haematocrits (30%)
they concluded that platelet adhesion was limited by the
binding rate. Co \

Several quanfitative studies have been performed
that involved platelet adhesion alomne and not aggregation.
Petschek (1968), exami;ing the deposition of platelets from
virgin blood stfiking a glass surface with stagnation élow,
concluded that adhesion was diffusion limited. Grabowski
et al. (1972), employing a U-shaped tube, concurred in this,
2s did Turitto and Leonard (1972) observing platelet de-
position'on a rotating disc. Turitto and Baumgartner (1974)
found the axial variation in platglet adhesion to be less
than that expected for diffusion'limited control in an
annular diffusion device. On the basis of the earlier con-
clusion that platelet adhesidn was diffusion ;ontrolled, they
precluded intermediate kinetics, in which both diffusion and
binding processes are important in the determination of
the rate of the adhesion: as an explanation for their results;
ascribing the cause te the pargial depletion'of the boundary
layer. before bleod reached the subendothelial test surface
or to the detachment and:reattachment downstream of platelets.

- This preclusion of intermediate kinétics is of

dubious validity in view of the results of Robertson and

Chang (1974), using a glass bead column, and those of

Feuerstein et al. (1975). The latter found that intermediate
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kinetics gate a significantly better fit to tﬁe data than
did diffusion limited kineéics. However, as will be
observed in section {1.4), Theofy; these contradictory re-
sults may be resolved as'cgrfain geoﬁetries and flow rates
create conditions in which kineti;s that are essentially

diffusion limited musﬁ arise.
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1.3 Experimental Design and Procedure.

The design of the experimental apparatus and proce=

dure must be such as to facilitate discrimination between

‘pessible models of the processes involved and te allow the

elimination of experimental artefacts,

‘1.3.1 Design.

) GCrabowskl et al. (1932) demonétrated that if the ad-
heslon process is descriyed by digfusiqn'limited kinet;cs,
there is a considerable axial variation in platelet adLesion
along the length of a cylind;}hda tube 1f adhesion levels
de not approach thoseof-surface saturation. With fully
developed flow, where x is the axial distancec of a peint from
the leading edge, the level of glatelef adhesian of a

Point 'is proportional to x-l/3. For adhesfon kinetics in
which the bindihg rate of plateiets to the surface is rate
limiting, there.will be no axial variétidn for platelet adhe-
sion (Fig. 1.2). Thus the examination of: platelet adhesion
levels in long narrow cylindrical tubes, following their ex-

posure to a flowing platelet suspension, should allow much

information about the kinetics of the adhesion process to be

f

gathered: A drawback of such a tube géometry is that kinetics

approachipg those of diffusion limitation would be‘followed
at lowver values of the bindingrrate constant than ia.the
case with oﬁher geomet;ie§ (sect{on 1.4),

In these expefiments washed platelet
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suspensions were used rather than anticoagulated whole blood
or platelet-rich plasma. As & result the“effects of anti~
coaguiants are avoided. Using sﬁapension;: experiments may
be performed in a controlled mannexr with predeterhined
haematocrits and platelet concentrations. This is impossible
if the test surface is exposed to blood drawn directly from
;n animal.

To allow the levels of platelet adhesion on tubes
to be compared, experiments should be performed under identi-
c¢al conditions. FEight tubes were thus set in parallel
between two manifolds with keys at top and bottom to seal
the tubes. The apparatus is shown in Figs. 1.3 and 1l.4.

The tubes are 0.22 cm internal diameter and 25 cm in length;
they are of glass and may be internally coated if desired.
To avoid the sedimentation of red cells and platelets upon
the test surfaces, the apparatus was mounted vertically.

An infusion-withdrawal pump (Harvard Instrument's 957)
provides a steady flow of suspension through the device. The
volume flow rate through the apparatus may be varied between
0 and 1 ml 880-1
to vall shear rates of between 0 and 920 sec > depending on
the number of.tubes open. An air tr#p is included in the
circuit to prevent the passage of air past the cylindrical
test surfaces; air bubbléh enhance platelet transport, in-

crease platelet reactivity and provide a surface on which

platelet aggregates form (Warren et al. 1973). All these

. This range of volume flow rate corresponds

L e wmmy s dbRe o i el
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Figure 1.4

Apparatus showing tubes'and/manifold
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ill-defined effects are undesirable within the test system.

The volume of the circuit, includiug 30 ml syringes, is -

80 ml; the tubes and manifolds account for half of the

volune,

Visual counting of tﬁe levels of platelet adhesion
would be both tedious, because of the tube's length, and
difficult, because of its curvature, Instead'it was decided
to give the platelets a radioactive label. Two labels were
considered: the y-ray emitting 510: (ag sodium chromate) |
and the B-ray emitting lﬁc—serotonin. It i3 unlikely that
platelet function is influenced by incubation with 51Cr
(Bjornson, 1974) or léc-aerotonin. The uge of 51Cr was
decided upon for two reaséns. First, because ﬁf quenching,
platelets labelled with 14C must be washed from the surface”
before counting; however a reproducible washing procedure
could not be devised. 1In contrast, with 51Cr, there is no
need to detach the platelets from the glass or polymer
surfaces before counting the radiation emanating from the
surface. Second, 510: is known to label the platelet popu- -
lation uniformly (Busch and Olson, 1973). Thus following

the exposure of the surface to a flowing 31

Cr labelled

Platelet suspension, the level of Platelet adhesion will be
&>

obtained as a radioactive count, The test surfaces for

platelet adhesion were glass, polyurethane-coated glass and

and collagen-coated glass. Collagen is found in the subendo-

thelium of blood vessels. Collagen-coated glass provides an

L]

o




active surface for platelet adhesion.

1.3.2 Preparations.

Platelet Suspensions.

30

The preparation of platelet suspensions is that

described by Cazenave et al. (1973a). Pig blood, from the

carotid artery, was collected in polyethylene bottles. ACDS,

the acid-citrate-dextrose solution of Aster and Jandl (1964),

(1 part for 6 parts of blood) was used as an anticoagulant,

From this blood, suspensions of washed Pig platelets were

preparedh¥y the method of Mustard et al. (1972) except that

all washing and suspension fluids were adjusted to 340 mOsn

with 30X NaCl. The working platelet

suspension contained

approximately 109 platelets/cm3 suspended in Tyrode solution

(pH 7.35) containing 0.35% bovine albumin. Apyrase (1 lm}_

1y

was added to the suspending medium. The activity of this

apyrase is defined elsewhere (Mustard et al. 1972). The

platelets were labelled with 51Cr after

the first of three

washes as described Ly Cazenave et al, (1973b); 350 upci of

51

Suspensions of washed red cells
ACDS anticoagulated blood by giving Ehc
in Tyrode solutien containing ACDS.

Suspensions of a gliven platelet

were preparcd by mixing the suspensions

Cr (as sodium chromate, activity 1 mCi ml_l)'being added.

were preparced from

cells three washes

count and haematocrit

of red cells and

N

B e
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platelets in the correct proportions. Further dilution is

made through addition of a|Tyrode solution containing albumin

1

(0.35%) £nd apyrase (1 A\El ). The suspensions were stored

at 37°cC.

cid soluble collagdn was pared as described by

Cazenave al. (1973a). The coating|procedure was to fill
the iubes u{th acid soluble collagen at room temperature
(22*C). After 5 minutes the tubes wére draiﬁed and rinsed 4
times with a modified Tyrode solution (pH 7.35) containing
no calcium or magnesium. Before insertion in the apparatus,
the tubes were allowed to stand and drain for 10 m;ﬁucea.

In this time, collagen fibres are reconstituted on the sur-

face (Cazenave et al. 1973a).

Surfaces,

The basic surface employed was glass tubing. Before
use this was soaked in alcoholic KOH (1N) for 24 hours, wash-
ed with distilled water, soaked in ﬁCI {3K) for 1 hour, again
vashed in distilled water and allowed to dry.

Hydrophobic polyurethane was solution coated onto

the glass as described by Brash et al, (1972).

1.3.3 Experimental‘Procedure.

Before the experiment, radicactive counting vials
were prepared. 1 ml of modified Tyrode aclution was added
to those vials that were to receive 1 ml samples of platelet

suapension or of its supernatant., To those that were to

;
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receive 2.5 cm lengths of tubing, 2 ml of the Tyrode solution
were added. This addition of Tyrode solution ensures that
each sample has approximately the same efficiency of count-
ing, the depth of liquid in each vial containing sanp;es
beiﬁg 2.5 cn, a depth identical te the length of glass tubing
placed in some of the vials. The background levels of

51Cr Y-radiation were counted in a Beckmann Biogaaoma counter,
the counts accumulated from each vial in two minutes being

recorded.

For each experiment 150 #) of platelet suspension
was prepared,

Of greht importance in the expérimental procedure
is the avoldance of an air interface with thg platelet
suspension within the tubular test surfaces. .Thus. following
the insertion of 8 glass tubes, internally coated if desired,
into the app ratus between theitwo manifolds, the system wag
Primed complefely except in the tubing between the points

A and B

—1.3) with a modified Tyrode solution that
sotonlec to pig platelets-and red cells. The syringes
were filled with the platelet suspension, connected to the
circuic and manually emptied so as to displace the T&rode
solution between B and C. The syringes were then set into
the pump, thg glass tubes sealed, tube E is placed in a flask
of suspensio; and the clsmp on tube F removed. At a low

flow rate, the Tyrode solution was Ehen displaced from the

bottom manifold through F, 30 ml of the platelet suspension
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being dratn from the fl#sk through E to replace Ehe volune
displaced. The flow rate at which the suspension was to
circulate was then set _and the tubes opened and closed in
any desired sequence. For experioments in which the glass
tubes were not open concurrently; the tubes were opened

in random order. 1In experiments in which tubes were ex-
Posed to the same shear rate for differe;t;timq‘periods,
the tubes were opened so as to allow their closqré at the
same time. The first 50 ml of the Tyrade priming solution
and platelet suspension was dischafged from the eircuit
through D, this volune being replaced with suspension from
the flask. The circuit is then closed. Mixing of the
platelet suspension with the priming solution diluted the
suspension by 5-10X. The experiment was conducted under
conditions of roon temperature (22°C).

On compietion of the experiment the flow was
stopped and the suspension drained from the upper manifold
and glass t;bes. The tubes were then removed in random
order, rinsed by the passage of 20 ml of the modified
T;rode solution through the tube from the constant head
device, rinsed again by fwmersion in Tyrodé solution and
allowed to drain. The 25 cm iong tubes were then cut into
10 cqual lengths, each of which was counted separately for
2 ninutes in the Y-counter. Four 1 ml samples of the_

suspension and of the supernatant were also taken for

radicactive counting before and after the experiment so as
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to dgter;iﬁe the 51Cr ac;ivity and the extent of lysis.
After ensuring that there was no significant change in the
levels of background radiaﬁion of the vials, the background
cbunts were subtracted from the post experiment radiocactive

5
counts so as to determine the counts due to 1Cr attached in

the course of the experiment.

Tﬁe haematocrit was measured. Haemolysis within
red cell suspensions could be determined by measuring the
level of haemoglobin within a suspension and its super-
natant using the cyanmethaemoglobin method (Dacie and Llewis,
1970). ' 5

The level of platelet adhesion was detgrmined from
the measured level of 510r radioactivity upon the surfaces
and estimates of the specific activity of the platelets.
The platelet concentration within the final suspensioh 1s
calculated from that measured visually in the platelet
suspension before its dilution with the suspension of red
cells. The 51Cr radicactivity emanating from samples of
the final suspension was counted and thus the radioactivity '
agsocjated with a single platalec may be estimated. The
'leyel of platelet adhesion upon a surface may then be
determined by comparison of the radiocactivity of the surface

with the apecific activity of the platelets. Errors in the

estimation of the platelet concentration will persist thxough

-
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the calculations, the calceculated level of platelet adhesion
tao the surface possessing the same percentage error as that

made in the visual estimation the platelet concentration.

<
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1.4 Theurz.

1.4.1 Introduction.

The adhesion‘Pf platelets to a surface_follows
their diffusion throﬁgh thi_ggspension. Grabowski et al.
(1972) developed ;\convective diffusion model to described
this adhesion proc;SS. It is their model that will be

utilized in this study.

1.4.2 Assumptibns.

The model was based on a.series of assunptions,
The validity of these will determine the applicability of

the model. The assunptions are as follows (Grabowski,

1972):

1. Blood is an incompressible homogeneous fluid.

It is assumed that blood may be treated as a
continuum, the particulate nature of red blood cells and
platelets being ignored. This requires that the platelet
mcnﬁ free path be small compared to the platelet concentra-
tion boundary layer thickness. It further implies that the

effects of red cell sedimentation and finite channel size

on the apparent viscosity of blood may be ipgnored. The cell

depleted 'skimning layer' adjacent to the vessel wall is
disregarded. However, as will be demonstrated in section
1.4.5, the theory may be extended to account for the

skimming layer.

36
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2. blood is a pseudo-plastic fluid obeying the power law.

A Suspensions of washed cells (Meiselman and Mervil,
- -1 . L
19Y67) 4@ whole blood above a shear rate of 50 sec Fom

(Whitmore, 1963) exhibit Newtonian behaviour.
3. The flow is steady and laminar.

-t o

4. A circular cylindrica'l:(tube shaped) geometry will be
studied. '
5. The flow at the entrance to the tube is fully developed.

6. Platelet traé@port may be described in terms of convec~

4

-~ .

tive diffusion, with the cffé%;iye diffusivity bearing a

power law relationship to the fluid shear rate.
This allows for a fluid shear induced red cell

augmentation of platelet diffusion.

. 7. Platelet motion is independent of platelet concentration.

This 1s realistic given the overwhelming predomin-
ance of red cells in blood (Meiselman a&d Goldsmith, 1973).
8. The inlet bulk platelet concentration i&\fniform.
9, Transient terms in the convective diffusion equation
/ can be ncg}ected.
| This Grabowski (1972) jus:iftea.
10. Neither production nor destruction of platelets'tikes
place in bulk fiow.
11. All platclets are equally adhesive.
12. At the tube surface the net platelet arrival rate may
be cquated to.a rate of platelet adhesion wh;éh is

first order with respect to both the platelet concen-
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tration adjacent to tﬁe surfacc'hnd the fraction of
surface not yet covered by pluteldts. 4
This assumpfidn assumes random platﬁlct adhefion.

Uh{lst this is superficiqlly true, Butruille et al. (1975)

discovered patterns of platelet adhesion on segnented

:: polyurethane that suggested that adherent platelets rclease

an adheslon potentiating substance that affects othe®

'platelets approaching thg surface. The.pnttorns suggested

that adherent platelets d1id not exert sigﬁificant hydro=-

dynanic effects. |

13, The effects of diffgaion are confined to a narrow
&oundary layer region.adjncant tolthe wall; the axial
Peclet number is large.

l4. Both flgu and convectdve diffusion are axially

saymmetric.

1.4.3 Derivation of Equaéions,'

Hith the above assumptions, for Fickian diffuaion,

the convective diffusion reasults from the lo¢al application

of the_luu of the consarvation of apecies. The @quntion is:
De
T V.{(DVc) o (1.1)

whore ¢ 1a the local platelat coﬁ%nntrntion and D is the
‘placelec diffusion cocfficient, 1In cylindrical coordinates,
where r is the radial coordinate and x the axial, equation

(1.1) may be rewritteon as: y

A e g =+ = gy rd i
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3%+ off - LS + Lol (1.2)
vhere u is the axial velocity. A power law velocity pro=
file vas asaumed: o - N
uoe 31 = (e/a) PTDMy n 4 1y (ne) -
vhere U is the mean velocity of flow. A non~Newtonian
fa;tor 8 ia defined as :
B = ﬁ3n.+ 1)/4n
The diffusion coefficient, which enjoys a pouef law dependence

on shear rate, is expressed l; b
- du, 2. m/2
D “%;dr) )

or D = u(ﬁﬁa/a)m(l‘/l)nln
For Newtonian flow, n = 1 and 8 = 1.

Asgsumption 12 is aquivalent to the boundary condition

wkcsa (1.3)

de
it T

r=a r=a

. wh&ra k 1s the adhesion rqta.conltant and s ia the f}action

of surface adhesion sites as yet unoccupied. If pp is the
liﬁiting platalet surface denai;y‘
t 8¢

ERRE %pjo“’ﬁ l e (1.4)

Assunmption 8§ may be expressed as

Clxeg "% » t20,0<0r <a (1.35)
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- Grabowski (1972) then proceeded to tranaform the above
equations (1.2)-(1.5), into non-dimensional formn; elimin-
ating insignificant terms.

With the Paclat numhér, Pe, defined as ua/D‘. D. being
defined as a(4Bu/a)™, the platelet diffusivity adjacent to

the wall, Grabowski (1972) dafined

T = pe”H 30 /(D )
4 -
c = clco
% = x/a T (1.6)
7 = (& r/a)ped!3 '
T o= t/T
and Ky = knPe-llle.
he rewrote (1.2) as
- - 2e ‘
~1/3 dc =3c _ 3%¢c
Pe ' (acolpp)§: + Aﬁy;§ —;EI (1.7).
and (1.3) as
- -
. t _
2% -x.3l a-l&l D (1.8)
) e ol §) -
ay | ¥ y=0 0 7 |3=0

L

1f Pe-lla (ncolpp)<<1, then the transient term in (l.7) may
ba neglectod. That this reduction of the problem to the
quasi-stoady atat; is valid was demonstrated by Grabowaski
(1972). Thus ﬁho convective diffusion model rasults in uF
pair of integro-partial differential eqﬁntionl_in terns of

A, a non-Newtonian factor, and Kd' a ue?uure of the relative
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v .
importance of platelet binding and raQial diffus;on in
deternining the rate limiting step fgr the procuss.

For who}e blood, Grabowski (1972) estimated the
non-Newtonian factor f to be 1.06. For suspensions of
washed celis deviations from Newtonian behnﬁioué'(n - 1)
arc smaller (Whitwore, 1968b). Thus thé non-Newtonlan
behaviour of blood only slightly enhances the importance

of convection in (1.7).

i.&.& Solution.

For finite values of the parametor X, and for

d
finite degrees of platelet coverage qhu aol&tion nust bae
numerical in form bocause of the non-linear boundary
condition (1.8), Seﬁcral asympiocic solutions are poasible:
for infinite values of Kd' the situation is one of

diffusion limited kinetica, with the platelet survival rate

at tho tube surface

- /3
dc - 2028
y=0

For nmall dogroea of surfaca coverage and intormediate
kinedtics, tho platolaet arrival rate is (Grabowaki, 1972)

1/3

de 28 2,28 .
~ FEDL+ 3‘7 AN

-——

dy

wira

d)l

y=0

The numerical solution Grabowaki ﬁbtuinod as

followa: aquation (1.7), without the tranaient ternm, may
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be integrated with respect to y between the limits of 0,

the gurface, and d, the edge of therboundary layer., Certain
b;undary conditions will be used: 1t will be assumed that,
at the edge of the boundary layer (y = d), the platelet con-

centration gradient is zero, i.e.

ar
Dt

=0 (1,10)
y=3

r
<

and that the platelet concentration is at the inlet valye.

/
i.e. T w1 (§1.11)
Integrating, the right hand side of (l1.7) becomes
d
iiéd' ié - QE
: TR T
0 ' d y=0
, - - 2% from (1.10) (1.12)
N 35 | .
y=0
and the left hand side of (1.7)
LI 4 o s
4By——.dy = =48] —((1 = c)y)dy (1.13).
0 X Oax
Now
3 o 3
Al a-o5as =803 1 - e
ax X Sed ax ,
0 - y 0

But the boundary condition (1.1l) statas that

c -1

y=d
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3 {4
Thus 3\ () _ 3)F.45 =] 2=CQ2 - 2)5)45
ax ox
0 0

Substituting this into (1.13), we have, with (1.12)

d
: el wall a - D7y (1.14)
ey |_ o 9x
y=0 0

The-plataleE concan:ratibn profile, within the con-
centration boundary layexy, is assumed to be cubic in form.
In addition it is assumed that near the tube iurface. tha-
diffusive flux is uniform, convection effects being amall
compared to diffusion effects, and that at the core edge of
the boundary layer the platelet concentration i{s at the
value of the inlet concentration, there being nodiffusive
flux acrosa this edge of the boundary layar.

On these assumptions, defining Kl as

. t
oy =0
0
equstion (1.8) may be written as %é LR S
. : y=0 y=0 (1.16)

and the concentration within the boundary layer may be

expressad as )
a1 -Xkia-5ah + GrdYnra s 2K,3/3)

(1.17)
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and two simultaneocus nomn-linear partial differential

cquations may be obtained to describe the convective,

s

a2

diffusion of platelets:

t
Ky = K@@ -} (¥,7Q0 + 2&1313).d2) (1.18)
~ Jo
and
¢ 4 3 3 ‘ |
S5 gi(xla /(1 + 2x13/3)) iR STAC I lea/a> (1.19)

with the boundary condition
) a = 0 -
X=0 >
The unknowns in these equations are the boundary laygr
thicknesa d and K; both are functions of axial position

and time,

" The platelet flux to the surface 1a then

L

=K/ 4 2x13/3) (1.20)
F=0.

[+ 3]

d
)

«<1!

and its time integral, thq dimenaionless platelet murface

denaity, ia N

t
P o= K/ + 2K,3/3)dE
o .
"Tho oxpected platelet surface donaity is thus

plt) = pPB(E)‘ where t = ¢/T (1.21)

A pradictor-corroactor method may be used to inte-

grate equations (1.18) and (1.19) numerically, given a. value
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S
of K,. With values of d and K

d 1 cilculatpd, the dimension-
less plltelet_aurface denaity may be determined as a
function of t and hence the platelet surface density may
be found, given pp. Thus in éiCting equation (1l.21) to
experimental data, three parameters need be egtimated:

T, Py and K,. From these D_ and Kq , may be calculated
(1.6). In this study the expanding Simplex‘method of
Neldegﬁand Meﬁd (1964) waa employed to obtain those values
of ﬁhe paraﬁetef; that gave the best non-linear leasat

squares fit of the model to the data.

The solution of equationa (1.18) and (1.19)

(Fig. 1.5) demonatrates that at valuea of Kd greater than

4, diffusion limited kinetics are closely approached. This
is equivalent to stating that for a value of k such that

k > AD.Pellala

adhesion will be essantially diffusion linmited until the
saturation level of adhesion is approached. Thus our
ability to detaermine values of K that asignificantly ﬂiffer
from #.(i.a, from diffusion controlled adheaion) is.limited
by the tube's dimensions and by the flow rate as well as by:

the platelet diffusivity and bindinéﬁrato.

l1.4.5 The Skimming Layer.

¥
The theory developed by Grabowski Pt al. {(1972)
assumed that the blood wam homogeneous. Experimontally a

call daplofdd 'uﬁimmins layar' is obsarved adjacent to the
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wall (Bugliarello and Sevilla, 1970). It 1is thus imporﬁunt

to detcermine 1if this layer affects the novenent of plate-

lets to the surface. An Approach similar to that of

Grabowski et al., (1972) may be followed.

It is8 assuned thﬁt:

v

1. Flow is fully developed within a cylindrical geometry.
The velocity ﬁrofile obeys a pow;r law. .

2. Betwaoen £he core containing red blood cells and the
wall lies the skimming layer.

3. Within the akimming layer the platelet concentration
gradiont is linear, the platelet flux uniforn.

4. The platelet concentration gradient in the core beyond

the skimming layer is described by a cubic equation.

It is furthermore assumed ‘that in the core adjacent to

the skimming layer diffusive effacts are large in com-

pariaon to the convective effects.

5. Tﬁaro is no concuntracion gradient at the edge of thae
platelet concentration boundary layer, and that, by
dofinition, the concentration there is equal to thae
bulk platelet concantra:ion;‘

Following the nomenclature uaad carlier, if

y = 36 at the edge of the akimming layaer

F ia the dimonsionleas platelet flux to the wall



and C ™

then, assuw

c =

with the bo

¢ at the wall
w

ing a cubic concentration boundary layer,

ag + a (5P + a, G/AN? + a0, Gya°

al i,; 2 30 )

undary conditions

c - - = l=a,+ a, + a, + 2, (Assumption 5)
Y1™d,
a%2 -
—_— = 0 » 2a,/d (Assumption §)
3-2 2971
Yy . )
1|~ "0
Yl |
7 T
" 3e T - - -
o - 0 al/dl + 2:).2/d‘1 + 3n3/d1.
Yl = .3
yi=d;,
dc -
— a F = allal (Assumption 3)
dy - ) . .
s,
Y1

Solving thao
a, =

a -

4§ -

and c

ae aquations

1—2nl/3
ral .
-31/3'

1 - pal(zfa -'51/31 + (51131)3/3

48

(1.22)
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In particular, &t ;i.- 0,
| €= 1-7r32/03 EI
But c = F3°+ Ew at ;1 -0 (Aasumptionﬂ3?
thus Laa +23,/3) =1 - F
Also % = K, e, - from (x.io)
thuas % ) xlfcl + Ky (d + 28,/3)) | - (1.23)

-

vhare Kl 15 defined as in (1.15),
W

As before' tha convective diffusion of platelets may ba
deacribed by aquation (1.7). Integrating this with respect

to yl from\tho edge of the skimming layar to the edge of tha
I“. ) [~
concentration boundary layer we have

d

1 -
- - - a
43: (1=c)y, dy, = w==| _
¥x 6 . Y| ¥y=0

.Subltituting (1(22) and (1 23) into this and solving.

T—B (K\\\}{l +.Ky (3 + 24 /3)) = K /(1 + K, (H + 23 /3))

(1.24)
N , ‘
1 "k, QQ - K, /(1 + x1(a° + 231/3)).di> (1.25)

0

and K

Tﬂa dimensionlems flux to the surface is F, definad in
(1.23). Equations (1.24) and (1.23) may be solved thréﬁgh

numexrical integration and thea platelat flux estimated,
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Values of u, a, Dﬂ, k, pp and the skimming layer thick-

ness ae must be known or estimated £or this. The cstimaces

of Ds‘ pp and k chosen are those that give the beat non—

linear least 8quares fit of the modal toc the data.

A comparison of the equatione describing plntulct
flux to the surface with, aquation (1.2;), and without,
cquation (1.20), thae inclusion of the skimming -layer shows
that the skimminé layer is of impartnncu only whnnti:a
thicknoaa i groater than or of the same size as that of

the platelet conceontration boundary laver.

1.4.61Th0 Collision Frequency of Platelets with the Wall.
éﬁ&n‘(lQ?&) davised anp exprossion for tho rate at
whiph platolots encountar the wall, It was basod on the
froquency at which rod colls jostled into the skimming
layer ndjncunt tb the wall. An alternative deacription of
thoscollision of platolets with the wall may be obtained
through a continuunm approach by analogy to the kinetic
thoory of gaaocs. :

In a ausponsion of rad blood calla and platelots,
the principal cauge of platolet motion ia thair inturnction”
with red coella, Platelet motion-iu assumed to boe random
with a meoan froe path indaepondent of platelet concontrgtipn.

The skimming layor is neglectod, Conaidor an oclomeont of

burface of arca §§ on the. tube wall, Platelats, with g

- noan volocity v and a maenn froo path A, are in colliaion
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with this element. It is asaumad that A and : do not vary
near the wall and thqt.l is small ig compariaon to a, the
tube radius, w1thin.tha time interval A/V, only piitelets
inside a hemisphere of radius A ahou:'GS have opﬁ%rtqnitf
to atrika 68, ; o1 |

Let c(y) be the platelet concuntrn£ion~at a distance
y from the wall., Thon, in the time interval A/V, the

nunber of piatelet collisions with the element &S ia N
Afn/2 .
N wm 2ﬂr.coaBJdr.r.dB.GS.linel(4ﬂr2).c(raine) (1.26)
o Lt
00

'wh¢re 2n§.cosQ!¢f;i,q3’;s the voiume‘ﬁlomuﬁt‘at a distanca
ﬁutw;an f.nnd r+d;-£¥oﬁ ¢S subtonding.an nnglc.bntwnon 0
and 6 + d8 to the normn; from §,
GS.sinBI(dﬁrz) is the solid angle aubcoﬁdad_by 3S at a
point in the volume eclemant
and c(r.sinf) (1.e. o(y) at y = yaind) is the plnto;o: con=
centration within the volume aelemant.

Assuning thatrthc\ﬁlatolnt concantration within
the concontraiion boundary layer can be dascribad by the
Eubic‘oquntion (1.17) | ,

c{rainf) = co(l - %aF(l - %rlinB.PQIISI(aE)

- + 1/2(rain0.ret/ 2/ (ad)) %) (1.27)
vhare F is the dimon.ion}ci;!plltolqc flux to the surfaca,

Equation (1,27) may be written as

3

c{rein®) = A 4 Brsin o+ Cr ninso.
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A

/ . &Jsé

~yr
‘where A = c0(1-2aFIJ)

B i’coFqulala

ran@ ¢ = -Pa.Fcol(Baaaz)

Suba:ltu:iﬁg (1.28) in:o“tl.26) nhduiblving
N = §S(AA/2 + Al /16 + GA /20)/2

1f the colliaion truquency per unit aurface areca ia f thqn

™ g w NV/(8SA)

Now tha di!tulion co?tficicni'!or pla:ule:y of mean froe
path A mean velocity v is, by analogy to ;d;al ganes (Jeans,
1940), | |
D = AV/3 o ,
ThQa ) ND}/(GS.Az) . or aubltituxina_tor A, B ina ¢
£« (3ey/ (AN (1 = 2T6/3 + Fret/ 32/ (3a) - Para/(30a%T%))
' o « (1.29)
and this equation :ppli!l to platelat collision tév:hc vall
irraupicb&vc of the rate limiting atep in pla:ﬁle: ldh.lipn;
‘ In the eituation of dittﬁnion controlled platelat
adhqaion-;hurnot platclné flux to thea surface should equal
the collision !roqueney.\ The nat ﬁlatole; flux .
| “ o M/T .

oll;rbodln . "(}yép)

w p

) ’ s, . _'
(1.29) and ¢1.30) may be equated nnJ}aoIved for A. "
s .

d
1.4, Dit!union Limitod &ino:iel.
' N
- Grabowaki ot al. (1972) o!tdn obacrvnd a tiwme
“ A

1 Y . L - BRSSP s o e Y aaea e G

[
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dependence for platelet adhesion that indicataed inter-

madiate kin,tiéa. Turitto (1973) attempted-to axplain

thase cxpnrin.n:al results on the basis of diffusion limited

kinetics. He assumed that bnly a fraction of platelat

collisions with the inl rcah;tod in idholton..thio'tractioﬁ

b;tng proportional to the fraction of ldhnliqn-sitol as yat

uﬁoccupiod. Asauming a coni:ant flux of platelets to the

iall, hi\thin devised an expression for the level of plate-
/;Eit adhesion to a tubular surface as a‘!ﬁnc:ion of time of

°

xﬁolurc. platelet flux and the saturation leval of adhasion,
\ The {1ux'to':ha vall at an axial distanc from the entrance
\ét the tube is -that caleulated for di!!u:::h\;xﬁizld |

xkinut;qat rN\\\; | o '
F = 2¢28u/(xa))t 300 23 :% (1.6y and (1.9)

. L]
+ ' .

0f these platelets a fraction q(pp = p) adhare on striking

the surface. Thus the rate at which platelats adhare to

the surfaco 1is!

3 . rq(p, - o) ‘
or  pen (e mau/mn”’eo(n Wy Qo

ﬂouaver the alaunption of a constant plltnlnt flux,
with only a !:ae:ion o! qollilishp resulting in udhalion.
{s tantamount to an ulluuptipn that all plateleats that make
incf!ccttvn‘nolliiiona‘vtth the wall are rcndirld iancapabdle
of lﬂhulion. Without excluding the po.nihtlity that such

platelete could adhorl.thc platelat uonccntra:ion p;\ltlt

w
-
1



: \\\’\could nat be maintained eonutnn:, Whilat this has bean

propoued hy Butruille et al. (1975), thoro ie no conclusive

PN

support for 4t

AR 1f this amsunmption cannot be made, ther ;hnrc is an
accunulation o!uronctivq platelets in the vicinity of the
aurface, a statae hquivalon: to the intermediate kinaetics
that Turitto pracluded. It is thus apparent that the
validity of Turitto's moﬂei it based on an unproven assumpt=

“a
ion; 1f that assunption does not hold, intermoediate kinatics

nust rasult.




1.3 QRaesults and Diacuasion.

The nxpaiinental rasults will be di:atlad and
discussed iR three sections. The firat section will
demonstrate that the resulte are valid and not artefacts of
the coating, washing or exparimental p:pcedqrcl.' The aecond
section pertains to the applicability of the modal of
Grabowaki et al. (1972). ;Iinally. in the thifd section,

results based upon the model will be recordaed and discussad.

1.5.1 The Validity of the Results.
Experiments vere performed to confirm tﬂ; validicy
of later rasulte. The following were investigataed:

The effect of the oxder in which the tubular test aurfaces

are rinsed.

';n all experiments, eight tubular test surfacss

-

uafl a.ﬁwin.plrnllcl‘hatuocn the lwo nanifolds. On complat=
ion q! the experiment, aftaer drnz;in: thu‘nuuplnlion, tha
tubes ware rlﬁoqu'tron the npplrlﬁul and finlcd. An experi-
ment was parformed o determine if the ogdoi in‘whtch thc‘
tubes weare rinuud\jttcntcd:hn nsasuread levels of platalet
adheston: A suspension of red cells (37X haematoarit) and
platalatas (&.z 10a platelets nl'l) was passed through aight
collagan=coated tuba; in parallel for 10 minutes at a shear

;. Tha tubes warae :honifnmovcd and rinsed

rate of 113 sec”
singly, 30 seconds being roquired for cach tube. The
average level of adhesion on the tubea was 22.8 % 3.1 ghote~

33
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lets/1000 2, )

It was conclhdoq that the order in which tha tubes vera
rinsad did not significantly af!ﬁcc ru:ﬁlcna the slope of a
tl]t.lli;n of the level Oﬂrplltlllt adheaion upon: a tube upon tha
order of rin;ing doea not significantly di!tct from aero, t teat,
P> 0.25 &n aach of uuo'cxpcrincnth
The effect of the direction of rinsing.

In the priviou.'cxpcrin.d:; four tubea were rinsed in
the same direction as that of the platelet flow and four in thae
reverse direction. It vas ;oneludod. through a conpar*ﬁon of
the mean levels of adhesion resulting from rinsing ia clnh‘
direction, that the direction of rinsing did not influence the
leval of pintoln: adhasion measmured (t test, p> 0,23 in each

. of two nkpcrincnu). : ' ‘ ?b

Platelet raleass or lysis, -

'A: the commencement of an expariment, lsss than 2% of .

the 31

31

Cr in the platelet suspansion Ull'prillnt as extraaeallular
Cr. This percentage did not chlng.\ii‘nt!i?lntly (p> 0.03
in 8 oxpurincn:a) in the couraa of |ﬁ:|xp|£1ucnt. Pla:nlle
lyeis or raelease in the uourll of adhasion ts thus nllltgihlc.
the specific activity of the platalats tenaining unnhanlcd.
Hasmolysis,

nucnolylil in the course of ehl sxperiments was measuraed
as bcinl lesa than 0. 1%t leas than 0 1X of the hlcuoglobin

within the lulpunlion was !ound in thl aupcrnu:ant.

D .
Ihe adhegion of extracelliylar ’19;. ' : \

Tha adhesjon of extracellular ““Cr was investigated,

‘%
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A suspensfon of red calla (37X haomatocrit) and 51&:-
labelled platelots (4.8 10° platelots/ml™Y) waa paveed
through collagan=coated glali tubea for 10 minutes at a
shaar rn:a‘ot 113 lcc'l.. The tubes were then washaed,
drained and divided intoc sectiona for counting. The expari-
ment was ropeated with the suspension of red cells (37x

-

hannatocri£3 and the suparnatant of a luipnhlion of 51Cr-

4

labelled platelats. The results are ahown below (Tablae 1.3).

Table 1.3

The adhesion of cxtrlccllﬁlar 510:

SICr counte accumulated in- 2 nminutes
Red calls + Rad cells +
Plataleta Suparnatant
In platelets (1 ml '
suspenaion) 91334 0
In supernatant (1 ml
supernatant) 2173 847
On teast surface " 30788 + 2723 140 £.117

LY

The ratio of extracellular to platelat bound °lcr

adherent to the test surface is 0.004:11, Correating for the

1avnla of 31

Cr in tha supernatants of the tweo lulpanltonl.
about 2% %¢ :hc nndioaetivity on the taat surface appears to
originate from extracellular 116:. Thuro ts thus no apparqnt‘

preforential adhesion of the extracellular 510:. /

i
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31Cr 1ovoll

-~

and electron itero.f;ghl. _

' Brophy (ii?t) dnuoﬂltrafgd that the levels of
platelet |dh¢nton-dctc:ltncd from measures of S¢r on a
surface did net iignt!idlntly diffar from those nottn;:od‘
by the visuval innpog:}on of electron micrographs of the

same aur!lec. Thti vas confirmed hare (Table 1l.4).

7 - Y
Tb.ll‘
-~ - s1
Levels of platalat adhesion as determined by Cr

radioactivity and EM.
"Lavel of adhesion (plltclttll1000uz)*

Surface ey o
Glass . 11.12 10,0 Pig. 1.6
Collagen -~ 17,8 16,0 Pig. 1.7

'IO'I;nutol exposure to platelet aulpoﬁltnn at & ahear rate
of 118 unc';. S ! o

.. Zhe_removal of gollagen from the teef surfage.
To determine if axposure to a flowing Tyrode solu=
tion br crythrocytu suspension removes collagen or in jny
vay modifias a collagen=coatad glaass surface th‘ following
experimants vera performed. First, a !ddittcd‘Tyrod. solution
ves circulated through collagdh=coatead glass tubes for

times up to 38 utnuﬁcu at a shear rate of 113 sec”}. A

e £ M e ! et Wb b e e e
. R

7O e AL OB T T A, 1 T A - U
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EN of plateletes dghuion: to glaus (2000 x wagnification),
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S . | ‘ Fiau"a 1|7

LM of plateletw adherent to collugoi\ (1000 x x'mu-.n.tfic:\:iou).

-
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8 plattictclnl-l) and red calls

: iulpunlion of platelats (3.2 10
{20% hlcugtocrit) was then pliaod thtohgh the tubes for 10
uinutes at a shear rate of 113 lnc'l. The resulting levels
of platelat adhesaion are shown in Table 1.5. The mean level
of platalet covarage wvaa 58,38 @ 3.56-p}at01§;311000u2.
There was no significant change in the lgvnl of platelat
adheaton vith respect to the tizme of circulation of the Tyrode
lolutioﬁ through the tubes (a regression of the lavael of
platelet adheaion with time of circulation is not significant,
P > 0.3, F test). | '

The oxpdiiﬁcnt vantrcpﬁatcd with an erythrocyte
nulﬁzﬁitonr—tathcr.:iln a Tyrqd, solution, nirgulatinx

t rcukh thq tubes for varying time intervals prior to thir

exposure to platalets. The results are pressntad in Table 1.6.

‘f Thare is no significant change in the lavel o£

platcle: adhesion vith respect to the time of axposure of the
collagen to the asuspansion of red cells prior to.its axpolurn
to the platelats by Tegression (F test, p > 0,‘ at each shear.
'ritn). |

A similar cxpc:iicnf vas performed (Tabla 1.7).

'Thiu data indicates that thers was.no li;nitialn:

Al

change in platalat adhesion to the pollllcn surface (t test,

P > 0.3)¢ It may thus be concluded that exposurs to eglll;ug-
coated glases surfaces to a lodi£§|d Tyrode golution or to
suspensions of washed crythrooy:;n dggc ﬁot significantly
nodify the asurface. A

é‘rf? 3

latalets ndhnrnnt‘?ﬁ the surface.

he rTamoval of

Tvo experimants vere parformed to determine if adher=

]
!
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ant plltdln:q'nduld be removed from collagen=coated surfaces
- under donditions typical of :ho-cxpgr:mnntl to be deacribed
later. .A platalat suspension containing crythrouytna un|
passad thtou;h collauen-uoated slnln tubes for 10 minutes an
& shaar rate of 46 sec 1. The platalnt |u|pnnlion was then
drlincd from the apparltul and roplaced by a lulpenlion of
vashad arythroey:cl. Thil was circulatud for vnry:ns timcu‘
at a shear rata of 153 sec 1. Thﬂ\tolultl of thtn exparimant
are shown 1n.Table;1.§.

- There was no significant femovdl of plateolats with tine
(rgatellionu.nrd'noﬁ lighifiahn:. F teat, p » Oxa in cndh e#peii-
. ment). It is thus unlikaly that pln:eletl adherent to uollngen

may be rnuoved undar :ha !low conditions of thesa experimentu.
A change 1 1latelot ‘adhasiveness wit Q.

Te 1nvelttga:c this pollibllity. aight uollagnn-
coated glaas tuhal vere insertad in tha apparatus, :A suapen=
. alon of 510: lubullnd pla:tleto and red nells wvas paassed
through tyo_oflthe tuh‘i at a shoar'rate of 184 sec™l, After
10 gtnqtct.-:ﬁo other tubes were opln;d lnd thi firat two
closed. This pfodcql was continued until ail'eigh: tub|| 
had been exposed to tha.plltcle: suspension, 40 minuteos having .
niipaed.’ Thn rolultl are presented in Table 1 9. '

In no uanc vas there a lignttinant change in placc-

‘ltn adhesion in the &ima period over vhieh adhesion oceurrad (by

ralrQ||1on F test, p > 0.2, exportmcn:c 1 and 2 and p » O, 4: cxperi- ;

meant ). Thue 1: in unl:kcly that :hc adhesivity of cireull-

e

g
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.\\; ﬁing'blgccle;q*dccredlap within a period of 40 minutes.

Hence it 1is 1mp:§bab{e that the relative fraction of

teaqci#e'plqtélets.in the platelet population cﬁangeu. Brophy

(1974) demonl&rchdfthai-ntorngc,of'pihtelet.luspensions for
uﬁqtp 3 hours at 37°C did ﬁoc.diminish the adhesive proper-
ties of platéleti. In these experiments the platelets were

.nlhﬁys qaeh within 3 hours of their final resuspension,

1.5.2 The Validity of the Model.

ﬁhilst the model of Grabowski et al. (1572) has

_ﬁe;n enployed to determine the parameters that characterize
the~kinetics of ﬁ;atglet adhesion to a foreign surface, no
rigorous examination has been made of the model or of the |
assumptions upon which it is based., 1In thi; section, the
resilts of e#péfimcnts and calculations. designed fb-%est the
validity of the model proposed by Crabsﬁski ;t alt (1972)

will be described. ' . ' '

The continuum ap;roach.

Ror the continuum approach to hold, the platelet
mean free path must be much smaller than tﬁe concentration
boundary layer thickness., The obaervations of Goldsmith
(1971) suggest that, in a suspension containing erythrocytes,
tﬁe platelet mean free path near the wall is about 2 .
Fitting the model of Grabowski et al. (1972) to experimental

data, the concentration boundafy layer thickness may be

calculated as a‘fuuction of axial position and time,

calamti aiea
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The concentration boundary la&cr thickne;n may

be exprcﬁsed as |
HaPe-1/3

d be;ng a func:ion.of Kd and t. As the Peclet. number chang~
es little over the range of shear rates and haematocrits
employéd in :hebe‘experimenCo, the concentrgtion boundar;
layer thicﬁnpas at a given value of Kd will be unaffected
_ by changes in shear rate and haematocrit., The résuits for
p%atelet adh;sion to collagen, whcre‘Kd took a value
of 4.83, are plotted (Fih. 1.8). This is a situation where \_
intermediate kinetics approaching ghoae of diffusion control
are obeyed. It will be observed that the boundary layer
thickness is, beyond the first O.i cn from the entrance,
_greater than the platelet mean free path,. ‘ks the binding
step becomes more important in 1imitiﬁ§ the rate of plate-
let adhesion, the concentration boundary_lax%r will become
thinner and the continuum approach of platelet diffusion
will be of i;ss validity., However, 1in these circums:agces?
the mechanisms by which platelets diffuse through a concen-
tration boundary layer will be of less importance in des-
cribing the adhesion process. Thus there is no contradiction
revealed in the use of the continuum npproach.

-

Platelet collision frequency.

The collision frequency of platelets with the wall
vas calculated, by the method described in Section 1.4.6,
’

for the.set of data used &bovc to illustrate the validity
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) Concentration Boundary Layer Thickness ( u)
120

100 |

After 10 ninﬁtes_
(61% of adhesion
sites occupied)

80
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Figure 1.8 Vv

Axial variation cf concentration boundary layer thickness

After i sec .
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o} thﬁ‘coﬁtinuum,approach. A platelet mean free path of
zrurwﬁl'aﬁquﬁgd. The axial profiles for the collision

frequencjinnd platelet flux are shown in Pig. 1.9. They

} indicate that initially every collisigon results in adhesion
as wvould be expected in a diffusion limited ﬁroceﬂl. As

the surface becomes covered with adherent platelets, the

[ Y

proportion of collisions that Are effective falls whilst

the collision frequency increases. This is comsistent with

a model in which platelet motion is determined by the motion
-of red cells, the adhesion process ofgying 1ntermediat§

kinetics,.

The skimming layer., . ) o ‘ l-

i\ The influence_of a cell~depleted skimming lnger
in proximity to therwall ie demonstrated by cgigulation of

the diffusivity, the. reaction rate constant and the satura-

i o Py SSapdgh

tion laﬁel of adhesion using models that account for, or
ignore, the skimming layer. -The data; for which the para~
meter estimates were m;de, regulted from experiments per-
formed to examine the influence of héematocfit and shear

rate upon platelet adhesion to collagen~-coated glass. The

calculations (Table 1.10) indicate that, if the skimming

layer is neglected, the estimates of platelet diffusivity,
.‘ s .‘ -
platelet surface sé;urution level and binding rate constant
differ little-from those estimates made whén tﬁe skimming layer was

considered., The inclusion of the skimming layer does not improve

the fit of the model to the data (F test, p > 0.5, Dell et al, 1973), i
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Collision frequency or net flux oflpll elets
Platelets (1000u2)~lgec~ :

-~ Collision, Frequency

— e Plux

v

After 10 minutes

— After 1 second - ' SR
N = .

—
(‘

After 10 minutes | -
1 . I

5 10
Axial Position (cm)

Figure 1.9

Axial variation .of the platelet flux and collision frequency

(Kd 4.83, Haematocrit 2615, shear rate 23 secpl,
Co 2.53 10° platelets m1™1)
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: influence the platelet flux (Beqtion 1.4.5). The skimming:

e — .

- : - ' 74

This 1s expected as the nkimﬁing layey' 18 narrower than the =

. -

concentration boundary layer and thus does not greatly

layer thus has a negligible éffcct upon the diffusion of

.platelets.

j—

A steady and laminar flow. . g

The Reynolds number for the flow of suspension in
the tute is defined as
W
(mean flow velocity)x(density of the suspension) -

x(tube diameterjﬁgsugpension viscosity)
For turbulént flow to occur within the flow, the Reynolds
nunber should be greater than 1000. In the experimenta
conducced with this a}paratus the highest Reynolds number
to oc;ur-waa 100. Langjnar flow is thua{gxpected and was
obsgrvednes the suspension of red éclls and platelets di{-
placed the solution frgm the tubes at the start of an experi-‘

¥
ment., * -

The infusion withdrawal pump was unable to give a steady

flow with the plastic syringes. Analysis of the flow through
v . -

the apparatus using an electromagnetic blood flow meter
(¥Nycotron 372) however showed the fluctuations £rom steady

flow to be both rapid and small (s.D about 107 of the flow

at 56 Bec‘l,.Fig. 1.12).

Fully developed flow.

The length of tube required for flow entering from

-

B S—
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a reservoir td_becoma fully developed with a constant
velocity profile has been empiricqily calculated as / .

0.07a,Re

|

vhere a-is the tube's radius and Re the Reynolds number of .
the flow (Bird et al, 1960). In the apparatus used, the

development length would thus vary'frbm 10"'2 cm at a shear

1

rate of 23 sec =~ to about 1 cm at a shear rate of 920 sec” L,

~

 The development length is thus at most 5% of the leagth of

‘the tube employed as a teﬁt sﬁfface; qffectively it wili,be
%ess: Sphrrow et al. (1964) dem&ns:rated that near the tube.
Qall, flow developes edr;ier.tha; near the tube axis. The
flow through the tubes may therefore be con;idered to be
fully developed along th? entife Igngﬁh of the tube.

The effect of platelet céoncentration.

Experiments ﬁerformed with suspenaiﬂns of the same
haematocrit but containing different platelet concentrations

should test the validity .of the asshmpticnn that platelet

‘motion is independent of platelet concentration and that the

adhesion proéesa is first order with respect to the plate-
let concentration near the wall and to the fraction of the
surface adhesion sites yet unfilled.

" The results of two such experimente are shown in

‘Table 1l.11. It is evident that the platelet concentration

within the suspension does not significantly alter the
estimated values for the platelet diffusivity, the binding

rate constant or the saturation level of platelet adhesion.
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There Is no contradiction between these results and the

anui;

The cnlcul;ciunp and cxpufimcntn recordoed in.thiu
scction suggest that, under the conditions of the cxpcri%nntu,
the model proposed by Grnbowski.qt al, (1972) 48 valid,

The convcctivﬁ diffusion model, coupled to an adhesion
proceos that 1s first order with respect to platclet

concentration and to the fraction of the adhesion sites that

are unfilled, will thus be applied in this study.

1.5.3 Results Bnqed Upon the Model,

Effcct of erythrocytes on giatclet adhesion.

It was observed that the adhesion of platelets was
’cnhanced by the presence of erythrocytes within the platelet

suspension (Table 1,12). |

Tqritto and Baumgartner (1975) found the enhance-
ment of adhesion to be due solely.to the Iincreased diffusion
of platelets to the surface. Feuerstein et al. (1975)
however, suggested that an increased haematocrit incrcased
the rate constant for the binding of'plﬁtclcta to A collagen~-
coated surface in addition to enhancing the platelet
diffusivity. Néither set of authors coul& determine 1f the
saturation level of adhésion could be correlated with shear

rate or haematocfit._ fior did they or others cxamine the

) 1
joint cffects of a wide range of shear rates and haematocrits

e -
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upon platélet adhesion. A series of experiments was thus
performed.tb determine the effect of haematocrit and shear
—.tate on platelet adhesion to collagen-coated glass.

The variation of the diffusivity, the binding rate constant

and the saturation level of adhesion -of platelets with

haematocrit and shear rate. . ,

In random order,.collagen-coated tubes were ex-
posed to flowihg.platélgt suspensions of various haematoc\ ta
but id?ncihal plitelet concentrations at one of four shear
rates for a period of 5 or 10 minutes. ?he Tesults are
shown in Taﬁle 1.13.95% &onfidence limits for the diffusiv-
ity of the platelets near tﬁe-wall, D_, and for the saﬁurat-‘i
ijon level of platelet adhésion, pp, were calculated assum-
ing li&ear behaviour for the model in the region of best
fit. As in general, the value assigned Fo the binding rate
constant is an ap#roximate one indicating a high rate con-
stant for platelet binding, the kinetics of theée adhesion
process approaching those‘of diffusion ligited adhesion,

confidence l#hits for the binding rate constants are not
' ’
El

i&en. 4
& .
Iﬁe values for the diffusivity and the binding

rate constants are in close accord with those

given elsewhere (Grabowski et ak. 1972; Robertson and Chang,
: .

1974, F%uergtein et al. 1975). The saturation level of

platelet adhesion, under conditions of high haematocrit

and shear rate, is about 250,plate1ets/1000u2, a value

s
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close to that expected for a complete monolayer of platelets
on the surface.

Variation of platelet diffusivity.

The diffusiv;cy may be correlated with both ihdepen-
dent variables. A power law relationship of the form
pandy? - '

-wag fitted Lo the results for each experiment. There is a

theoretical basis for such a relationship (Chen, 1974). The

correlations obtained are listed in Table 1.14.

Table 1.14 '

Correlations of the diffusivity with the haematocrit
i -
'(H) and shear rate.(Y).

Experiment ' . Correlation

aHl°378 ? 0.124yo.356

I+

1 D 0.061
8

I+

,i
on2+118 £ 0.235 0.314 £ 0.010

2 . D
8

I+

}J + :
GH2'023f_ 0.140Y0.607 0.068

!
;

3 ' D
s

Taking the mean values of the power law co-

gfficients, the correlation

0H1.839T0.426 (1.32)

DS
approxinataly describes the variation of the diffusion co-
efficient with haematocrip and shear rate. The shea¥ rate
dependence of platelet diffusivity obtained 1is close to that

found by Turitto and Baumgartmer (1974). That the power

A e A M oy Rha oA e S
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_law coefficient for the depgndence of the diffusivity
upon haematocrit is greater than 1 suggests that the
diffusion of platelets is induced by the interaction of
red cells. It is unlikely thqt‘the simple method of Keller
(1971), 1in which plateiets diffuse in and out of the volume‘
about rotati&g red cells, holds. For that model, a relation
of the form P .

DaHy

would be expected. The values of the coefficients obtained
support the microvortex or meandering stream'médels of
Chen (1974). |

The variation in the saturation. level of‘édhesion.

The saturation level of platelet adhesion on a
coilagen-coated glass surface 1s seen to increase with both
haematocrit and shear rate (Table 1.13), The sétufation
"level, pp,.may beAcorrelated with the haematocrit, H, and
the shear rate, Y.- A power law relationship of the form

ppuHCYd
was fitted to the results for each set of experiments. The

following correlations were obtained (Table 1.15).

Table 1.15

Correiations of the saturation level of platelet adhe-
Blon with haematocrit (H) and shear rate (Yy).

Experiment ) : Correlatons

1.172 ¢ 0.11570.598 * 0.064
1.072 = 0.398Y0.666 * 0.118
0.861 # 0°295Y0'997 * 0.151

al
pP
p_aH

aH
pP

T, L_.k-u’ “

e e b e
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Using the mean values of the coefficients, the correlation

1.035_0.747 (1.33)
S

L

ppaH. ;
describes the variation of tie diffusion coefficients with
haematocrit and shear rate.

To demonstrate that the above result is not an
artefact of the model describing the adhesion process oOr
of the parameter estimation procedure, two-further experi-
ments were conducted. In the first, two suspensions were
prepared w;th identical platelet concentrations but with
"Qidely differing haematocrits and circulated through
"

collagen-coated glass tubes for times up to 40 minutes. The

results are shown in Table 1.16 and Fig. 1.10.

Table 1.16

Effect of haematocrit upon the saturation level of adhesion

Het Time of exposure Héap level of platelet
X (minutes) adhesion® 2
(platelets/1000u")

13 10 ' 12.5

20 24.4
30 _ 30.3
42 10 56.9
20 85.3
30 ' 107.3

* -
Shear rate 115 sec 1, platelet concentration 2,31 108

o~

platelets ml_l.
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100 |

50
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"Platelet Surface Density (platelets/lOOOuz) @ ‘
4 | | 8 -1

Platelet concentration 2.31 .10 ml b

Shear rate 115 sec-l 3

Each profile is the mean of-two,replicatez}
(2 tubes exposed simultaneously)

o 5

-f

r
-
S ex

4
1
o et hn Rt e e e

minuteés

minutes 42% Het

-

minutes

minutes {1

minutéa 13% Hct‘

minutesﬁ

10 20
Axial position (cm)

Pigure 1.10
Effect of haematocrit upon platelet adhesion
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It is apparent that the gsaturation level of platelet

adhesion is dependent on tﬁéphaématocrié.

e’
In the second eﬁperiment, two identical platelet
suspensions of the same haematonit, were circulated
through collagen-coated glass tubes for times ﬁp.to 40
minutes at different shear rates, The results are shown
in Table 1.17 and Fig. 1l.11.
Table 1,17
Effect of shear rate upon the saturation level of plate-—
let adhesion
Shear rate Time of exposure . Mean level*of
(sec™1) {(minutes) - L adhesion 2
(platelets/lﬂOOu )
460 10  214.9
20 '.j; 284.8
153 . 10 94.6
20 : 131.5
40 A : 167.5

* A ' _
Platelet concentration, 7.7 108 platelets ml 1; haematocrit

15.7.

These results confirm that the saturation level of
adhesion increases with increas#ng haematocrit and shear
rate. As it was earlier concluded that the saturation level
of platelet adhesion was independent of platelet concentration

within the suspension, it is unlikely that the increase in the

- ———
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Platelet Surface Density‘(platelets/lOOOpz)
00T . . o '
|
- 8 -1 F
- Platelet concentration 7.7 10 ml 14

Haematocrit 15,7 #

'

300 |

20 minutes -1
(460 sec )

il g A o e

200 |

10 minutes -1

(460 sec )
40 minutes -1
" (153 sec )

e St e o T it

i
:
5
4

20 minutes

100 L (153 sec-l)

10 minutes _i T
(153 sec )

0 10 20
Axial Position (cm)

Figure 1.1l1

Effect of shear rate upon platelet adhesion

(showing estimates of standard deviation in_data at
each measurement (2 measurements at each point)).
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saturation level with increased haematocrit and shear rate

arises from an increased platelet collision frequency with

the wall or from the release of an adhesion potentiating

substance by adhgrentuplatelets.- It may be speculated

—

that there 1s a spectrum of adhesiveness within the adhesion

gites, some requiring a more violent platelet collision
than do others for the platelets to adhere.

Variation of the platelet binding rate constant with shear

rate and hsematocrit.

In the estiﬁation of the pafameters, the highest
pumerical value that could be taken b§ Ky was about 4. This
value indicates that the overall kinetics of\che adhesion
process agproachfaiffusion Iimited_kinetics (Fig. 1.5)e 1If

Kd takes a value of about 4, then Kd and hence k are

not known precisely, but rathex have a calculated value

that is lower than the actual one, When Kd is about 4, as

K = Kda.Pell3le | from (1.6) .

and as K, takes a fixed value, than substituting (1.32) for

D
8

kaﬂl'zYo'ﬁ
Such a correlation between the binding rate constant,
haematocrit and shear rate was found for experiment 3 in

Table 1.13 where, at all haematocrits and shear rates, Kd was

about 4. PFor experiments 1 and 2 different correlations

were obtained (Table 1.18).
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In experiments 1 and 2, a correlation of the
form
" xaut-28 - (1.34)
holds. This result 1s in actq;d with the observatiog of
Feuerstein et al. (1975) that thé binding’rate constant
increases with increasing haematocrit. S;ch an effect
may be related to the skimming layer thickness which de-
creases monotonically with increasing haematocrit but, like
the binding rate constant, isRunaffected by the shear rate
(BugliareXllo and Sevilla, 1976). It may be postulated
that, at higher haematdcrits, tﬁe force with which red cells
and platelets strike the surface is high. It will be re-
called that the red cells do not appear to nodify the

collagen surface so as to affect platelet adhesion (Section

1.5.2).

Table 1.18

Effect of haematocrit (H) and shear rate (y)

upon the platelet binding rate constant k

Experiment . Correlation
1 QF ku“0.94 * 0.37
9 kau1°63 * 0.63
3 kaH1'03 pu 0.20Y0358 * 0,11
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Effects of changes in haematocrit at high haematocrits.

Platelet diffusion coefficients, binding rate
constants ‘and saturation levels of adhesion to collagen

have been shown to be dependent upon haematocrit over a

" wide range of haematocrit above 61. Feuerstein et al (1975) 4in-

dicated that, above a haematocrit of 30Z, platelet adhesion

ris not affected by changes in haematocrit. This was con-

firmed in.an experiment in which coilagen-coated fubes were

exposed to platelet suspensions of two different haematécrita.

Over a wide range of shear rates (23-460 sec-l) there was

no significant change in platelet adhesion (p > 0.4, paired t-test)
{Table 1.19).

The effect of apyrase upon adhesion.

Apyrase is an_enzyme that degrades ADP, an adenine
nucleotide that promotes aggregation, The suspensions of

washed pig platelets prepared for this study of platelet

l).

adhesion contain a low concentration of apyrase (1 X ml
To éetermine if th? adhesion process observed is dependent
.upon ADP, experiments were performed to determine the level
of plételet adhesion to collagen-coated glass tubes at
various apyrase concentrations within the suspension.

The rgsults (Table 1.20) demcnstrate that platelet
adhesion is unaffected by the level of apyrase (paired t-test,
p > 0.55) and hence by the level of ADP. It may thus be

concluded that the adhesion process observed is not dependent

on ADP,
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f

Platelet adhesion to glass, collagen-coated glass and

pelyurethane-coated glass in the presence or absence of

aggregates.

| It was found that after intern#l;y coating the first
5 cm frég the entrance of a glass tube with gollagen, air
bubbles remained‘attached!to‘the glass-collagen boﬁndary
when the_thbes were filled with ﬁhe nodified Tyrode-solﬁtion.
Upon passage of a.platelet su;pepsion through the tﬁbes,

gggregates formed upon these bubbles.

Experiments were performed to examine the adhesion

of platelets to glass, collagen and polyure;hane;coated

-

glags.tqbes in the presence or absence of the aggregate /
formedu;n glass tubes partially coated Qi:h collagen. At
a shear rate of 115 sec-l, tubes were ‘exposed to a platelet
suspension for 5 to 10 minutes in the presence or ébsence of
tﬁESe partially coated tubes. The results ;re tabulated in
Table 1.21; Following‘staining, the tubes were examined
mlcroscopically to determine 1if aggregate; were adhergnt
to the surface. No aggregates were found in any tube except
those“whose leading edges were céllagen—coated.

Several observa;ions may be made agbut these results.

Firstly, the saturation level of platelet adhesion to glass

and polyurethane 1s lower than that to collagen. Secondly,

in the presence of aggregates, the saturation level of adhesion
rises significantly in the case of the glass and polyurethane-

coated glass (paired t-test p < 0.05), Thirdly, little may be
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said abouf the bin&ing rate k, as the values estimated

for Kd, froy which k is calculated, merely indiqa:e.:hat

the kinetics approach those of diffusion limited adhesion.
Fourthly, it is evident that the platelet diffusivity cal-
culated from the adhesicon to a collagen-coated surface is
higher than that calculated from the adhesion to glass or
polyurethane-coated glass. As it is unlikely that the,
diffusion of platelets through a suspension will be influenc-
ed by the nature of the bounding surface, these resdlts

nust thﬁs be due to 2 miscalculation of'the concentration
gradient of those platelets that are capaSIe of adhering

to the surface. Such would occur if a fraction of the plate-
let popuiation could not adhere to the surface, the effective
bulk concentration of plate}ets being reduced in so far as
adhesion is concerned. It will be recalled that DB is
calculated from the estimated values of T‘and‘p :

u1/2 1.5

b -

s J/a from (1.6)

(p/ (c(T))

. -1.5
or Dsu (active platelet concentration)

If fewer platelets are capable of adhesion to glass or poly-
urethane than to collagen-coated glass, then the presence of
aggregates 1increases the size of this.reactive fraction.

It seems probable that most platelets are capable of‘adhesion
to coliagen: Cazenave et al. (1973a) found no significant
change in the level of platelet‘adhesion to collagen-coated

surfaces w&en a platelet suspension was repeatedly exposed to

.

et .
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collagen surfaces, the final platelet concentration of the
suspension being diminished by 30%Z. It is thus unlikely
that the correlations between diffusivity and shear rate
‘and haematocrit given earlier arise from varying degrees of

platelet reactivity caused by shear and the presence of

erythrocytes.

The effect of apyrase 19 the presence of aggregates.

| It was earlier demonstrated that the adhesion of
platelets to éhllagen was not mediated by ADP. 1In an
attempt to see if ADP plays a role in platelet adhesion in
the presence of aggregates an experiment was performed to
determine the effect of varying levels of apyrase. The
results (Table 1.22) show tﬂere to be no significant effect
(paired t test, p > 0.25): the enhancement of platelet
adhesionlin'the presence  of aggregates 1s unlikely to be

an ADP effect.
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The Effect of ED&A upon Platelet Adhesion
i
The effect of EDTA upon platelet adhesion to collagen
was Investigated. EDTA is an agent that chelates the free
: 2+ 24
divalent cations, Ca and Mg~ , in solution. An EDTA

concentration of 3.10“3 H 1s necessary tp chelate all the

free Ca2+ and Hg2+ within the platelet suspension. A 10-3 M
EDTA concentration did not significantly'inhibit platelet
adhesion to collagen ovef ; wi?e range of shear rates
(23-460 sec-l) (Table 1.23). A 10"2 M EDTA concentration
however significantly inhibited platelet adhesion (t test,
p.< 0.05) through the diminution of the saturation level

of platelet adhesion and of the platelet-surface binding
rate counstant (Table 1;24). In the absence of EDTA, the
adhesion process obeyed kineticsAapproaching those of
diffusion control. 1In the presence of EDTA the adhesion
process obeyed intermediate kinetics far removed from those
of a d;ffusion controlled process, Thus in the presence of

EDTA (‘1'0—2 M), the binding rate constant could be accurately

est;;ated; in the absence of EDTA this was not so. For
platelet adhesion in the presence of EDTA, the platelet
surface binding rate constant, k, was unaffécted by shear rate
tested by the regression.of k upon shear rate (t test, p < 0.1).
Thése results suggest that platelet adhesion to

collagen may occur in the absence of Ca2+ and Hg2+. Perhaps

. 3
two mechanisms exist f6F platelet adhesion to collagen, one

e R e W a kM s r
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dependent upon divalent cations, the other independent.

Effect of ASA upon Platelet Adhesion

Acetylsalicylic acid (ASA, aspirin) is a widely used
anti~-inflammatory drug that has been found to inhibitlrelease.
Ite effect upon platelet adhesion 1s uncertain: Baumgartner
ana Muggli (1974) found that ASA did not affect the adhesion
of platelets te subendothelium. Cazenave et al., (1975) :
found  the adhésion of platelets to be diminished in the
presence of ASA. The effect of ASA upon platelet adhesion
to collagen in the present system was thus investigated.

A 10_6 M ASA concentration was found not to significantly

diminish adhesion levels over a wide range of shear rates

(Table 1.25) (paired t test, p < 0.55.

Pulsatile and non—pulsatile flow

The previously described experiments/wefe performed
with a steady nop;pulsatile flow of suspension through the
tubes. In the arteries the flow is pulsatile. To determine
1f the level of adhesion with pulsatile flow significantly
differs from that with non-pulsatile flow, an experiment
was performed in which identical platelet suspensions were
passea through collagen coated glass tubes at the same mean
flow rate for 10 ninutes (Figs. 1.12;1.13). As exbectéd
(Caro et al, 1971) no significant change in platelet

adhesion occurred (t test, p > 0.3) (Table 1.26).
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'

[t is concluded that the results obtained in steady
- Xy

non-pulsatile flow experiments may be applied to situwations

in which the flow is pulsatile. -

Convective diffusion and Couette flow

) St
Platelet adhesion is a process in which platelets

diffuse to and then bind with a surface. If:drugs inhibic
platelet adhesion, they must do so by inhibition of the
binding of platelets to the.surface; platelet diffusion is
induced by red cell motion and is unlikely to be affected
byfdrués. Thus 1if inhibition of platelet adhesion is to be
observed experimentally, the adhesion process,m?st obey
reaction limited or intermediate kinetics in 6ﬁe presence of
the inhibitor. If diffusion linited k;netiqs‘are followed
nothing may be said about the binding reaction or of its,
inhibition.

In this study, EDTA (10_2 M) was found to inhibit
platelet adhesion. However, no signifiéant inhibition of
platelet adhesion was obtained in the presence of AéA (10"4 M).
Similarly Baumgartner and Muggli (1974), also using a device
that relied upon the éonvective diffusion of platelets,
foﬁnd that ASA did not significantly inhibit platelet ;dhesion
to subendothelium. These results are in contrast Eo those
af Cazenave et al. (1975, 1974a) who, using n Couctte £lowu.

device, concluded that ASA inhibits platelet adhesion. .The

question thus arises -as to whether the different conclusions



.

¢rawn atoeuwt the effect of SYaA result from the otscrvation
uf dii{usinn limized Ldinetics in convective difrfusion experi-
ments and  of intérmediate Linetics in Couette flow
exprerimaonts.  The flows in the two s}s:cms differ in thar,
with convecgive diffusion, plﬁtelets are brought by con-
vection into the platelet depleted concentration boundary
layer, whilst in Couette flou, where the test surface
rotates in thé centre of a cyﬁindrical volume of the
platelet suspension, no platelets are convected inte ,the
concentration boundary layer.

o With convective Jiffusion in a ecylindrical
feaometry, 1t is possible to cstimaté values of the bindingp
rate coustant above which intermediate kinetics mayv not be

clearly diétinguished from diffusion limited kinetics.

Such occurs wvhen (- ¢

K.” 4

d

or i ka(ua@_l/3/Ds'"é from (1.6)

In the ecxperiments analysed, the cubé foot of the Peclet
nunber, (ua/DS), was found to be in the range 100-200,
Thus in tubes 0.11 cm in radius, the.upper bound upon the
value of k that mav be clearly distinpuished is related co
the dirfFaniviey, I, wo:

b

E o= S000D
S

Similarly in Couctte flow, values of % may be
Y » .

st napy

h ==

L
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estinated ;bove which intermediate kinetics are indisting-
uishable from diffusion limited kinetics. For Couerte -
flow, the level oé platelet adhesion upon a test surface may

be appréximated by the expression (Feuerstein et al. 1975):

p = co(—D/k + Z(Dt/n)ll2

) -
The first‘;erm in this equation is omitted ifrdiffﬁsion
limited kinetiecs apply. Now the inclusion of statistically
insignificant tefms in a2 nmodel leads to imprecision in the
estimation of parameters (Julius, 1972). Thus if the }test
surfacé is exppséd to a platelet suspension for 100 seconds,
assuming that this first term, (D/k) may be distinguished if

it has 5% of the magnitude of the second tern, Z(Dt/:)llz,

then the upper bound upon k for which values of k may be

g

precisely estimated, is ‘
K =.(Dﬁ)1/2
‘The bounding values above which k is not clearly
discernable are presénted in Fig. 1.14. It is evident that

at low values of platelet diffusivity (].0-8 cmzsec—l or

below), corresponding to low haematocrits (10X or less), a.
Couette flow device is able to distinguish higher values of
the\giﬂding rate constant k than is the convective diffusion~
device employed-in the studies described iﬂ this thesis. At “

" s el s PR P 2
blghar values of the platelet diffusion coefficient (10 cn

sac—l) that would be found in suspensions of higher haematocrit

(30-50%), the convective diffusion and Couette flow devices differ

little in their ability to distinguish the higher values of the

O
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k (cm.sec )
10~

Couet}e Flow

10”7

Flow in Tubes

10°°

1072 . 10”8 10”7

D (cm?sec-l)

Figure 1.14

Bounding values of k above which adhesion is essentially diffusion
: contrelled (Tubes 0.11 cm radius)
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binding rate constant.
As the value of k for plateiet adhesion to.collagen
coated glass varies from A.10’4 cn.sec-l at a haematocrit

of 30X to 10_4 cm.sec-l

at 53 haematocrit and presumably
slightly lower values for suspensions free of red cells,
it 18 evident that the inhiBitﬁry effects of any drugs are
best determined in a Couetée flow device by measurement of

the level of adhesion from platelet suspensions of low

haematocrit. 1In a*tubular flow, convective diffusion device

platélet adhesion is more likely to be diffusion controlled
and thus not inhibited by drugs. This may explain why
Cazenave et al. (1975) fouéd that ASA inhibited platelet
adhesion whereas Baumgartner and Muggli (1974) and I did not.
Should there be Taylor vortices within the Couette
flow device, the platelet flux to the surface will be in-
creased and thus the effective platelet diffusivity enhanced.
Then the adhesion process will be further removed from
diffusion limited kinetics, it being unlikely that the binding
rate constant #s affected by Taylor vortices. Imn these
circumstances any inhibitioﬁ of the binding reaction is

[

more likely to be detected.
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Diffusion limited kinetics or intermediate kinetics

with convective diffusion.

N
Pl

In the last section, it was demonstrated that there
-are limitations upon our Fbility to éistinguish the inter-
mediate kinetics that describe the process of platelet
adhesioﬂ. This ﬁay explain the conclusion dr;un by
Friedman and Leomard (1971), Turitto (1975) and Butruille
et al. (1975) that platelet adhesion to a foreign surface
is a diffusion limited process. Often however, the data is
such that, if it were to be described by the model of
Grabowski et al. (1972) it would be best fitted by inter-
mediate kinetics. .To reconcile this data with diffusion
limited kineﬁics, Turitto (1975) propose&'a hypothesis
baged on the assumption of diffusion limited kinetics, and
the assumption that all platelets that fail to adhere on
first colliding with the surface lose their abilicy to
adhere (section 1.4.7).

The diffusion limited models of Turitto (1975) and
Grabowski et al. (1972) (section 1.4.4 h;re) vere compared using
an F test (Dell et al( 1973) to the intermediate kinetics model
of Grabowski et al. used in this study. The models were fitted
to two sets of experimental data from this study, one set with

kinetics approhching diffdsian limited adhesion (Kd = 4.2); the

——

other with intdrmediate kinetics (Kd = 0.6). The results of

] .
the comparison (Table 1.27; Figs. 1.15 and 1.16) show the

O i
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20

Platelet surface density (platelets/lOOOuZ)

Shear rate: 23 sec-l

Platelet concentration: 2.32 platelets ml

Haematocrits: 34X

Data

—O0—— Diffusion and intermediate
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kinetics models of Grabowski et al.

—_—
Model of Turitto (1973)

Axial position {(cm)

Figure 1.15

(1972)

Comparison of diffusion limited and intermediate kinetics

(Exp. 1, deh.Z)
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-
Platelat Surface Density (Platelcers/10001:7)

1 i

0 10 20

Axial Position (cn)
Figure 1.16

A ‘conmparison of diffusion limited and intermediate kinetics
(Exp. 2, Kg=0.6) ( ~— data; o diffusion limited kinetics
(Grabowski et al., 1972); o diffusion limited kinetics

(Turitto, 1975); x intermediate kinetics (Grabouski et al.,
1972)).
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model of Turitto
to the data than
Grabowskl et al.
In particular it
mediate kinetics
.apply, the.model

& continued high
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(1975) to give significantly worse fits

dqgs the intermediate kinetics 'model of

(1972) ?F test, p < 0.01, experiments 1 and 2),.
is evident tbat in the case where inter-
approaching diffusion limited kinetics

of Turittoéis unable to account for . -

rate of adhesion when partial coverage of

the surface has occurred. If intermediate kinetics mQy be

assumed, a high rate of adhesion is expected to persist until

coverage of the surface with platelets is almost complete,

an Ilncreased collision frequency (Fig. 1.9) compensating

for a decreased probability that collision results in adhesion.

As would be expected, where Kd took the value 4.2,

there is no significant difference (F test, p > 0.1) in the fits

-

given by models:assuming intermediate kinetics and diffusion

limited kinetics.

however, intermediate- kinetics give a significantly better fit to

At the lower value of Kd-(Kd = 0.6)

the data than do diffusion limited kinetics (F test, p < 0,01).

It is thus evident that the process of platelet adhesion

in tube flow is best described by intermediate kinetics.

Hodels that assume diffusion limited kinetics are inferidr

in their ability to fit the eﬁperimental data. There 1is

no support for the model of Turitto (1975) or for its

implicit assumption that the platelets that do not adhere on

first contacting the wall are rendered incapable of adhesion.

/
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1.6 Conc sions.

1t ha%} cen established that, following the labelling

- . . 51 . .
of platelets with tI enitting €r, the y-radiation

cmanating from a surface prowides a good measure of the leve

of platelet adhesion to the surface. It has been demonstpfhted
on the test surface employed here the platelet adhesi
measured is not influenced by rinsing or by other steps in
the preparation of tubes for counting.

Thé ability of platelets to adhere has not been found
to alter significantly over the duration of an experiment,
Platelet adhesion to collagen was shown to be irreversible
over the duration of the experiment even upon exposure of

|
the surface to flowing suspensions of washed red cells.

The convective diffusion nodel proposed bx Grabowski
et al. (1972) was adopted to descfibe the adhesion process,
This model takes platelet adhesion as being a process in
wvhich platelets diffuse to a reactive surface where they
undergo a binding reaction.

In time the surface becomes
saturated with platelets. It is assumed that the motion
of platelets may be considercd‘to occur in a continuum. Thg,
use of such a model in the current experiments was justified.
The presence of a skimming layer did not appreciably alter-
the calculated valucs of platelet diffusivity, bindiag
rate constant or saturation level of platelet adhesion,

These three parameters were not significantly affected by

115
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the platelet concentration wi}hin the suspension ﬁontaining
er&throcytes. i
Subsequently the diffusion of platelets was
characterized. The diffusivity was correlated with the
haematocrit and shear rate. It was found to be highly
dependent upon the haematﬁcrit and dependent upon the sheér
rate, Such results support the concenpt of'piatelets motion
being induced by the couwplex interaction of red cells.
Similarly, the saturation level of adhesion was
correlated with haematocrit and shear rate, increases in
both these parameters increasing the saturation level of
platelet adhesion. This correlation would suggest that the
~saturation level of platelet adhesion to a forelgn surface
increases in régions of high shear. High shear would also

cause an increased level of platelet retentiéon in extra-

corporeal devices,

It proved to bé more difficult to charaéterize the
binding of piatelets to surfaces. In general the adhesion
process obeyed intermediate kinetics approaching diffusion
limited adhesion. However, it was found in some instances
that the binding rate constant could be correlated to the
haematocrit, the binding rate being enhanced by high haemato-
crits. However, as the value of the binding rate constant
is urninfluenced by the wall shear rate it is unlikely that

the increase of the binding rate constant with increased
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Lhecnanocvrit results fron an increcauned red cell collision
frequency witlh the wall or fron increased jostlineg of the
fluid lavers adjacent to the surface. Perhaps the binding
‘rate constant is influencéd by the skimming laver whose
thickness is determired Ly the haematocrit alone. The
statement that platelet adhesion follouws diffusion limited
kinetics (Butruille et al. 1975; Turitto, 1975} was found
to be unjustified.

Above a haenmatocrit of 307; changes in haematocrit
do not influence platelet adhesion.

Tt appeérs probable” that whilst most plateiets can
adhere to a collagen surface, fewer platelets are capable
of adhesion to glass or to polyurethane coated glaés'unlessl

platelet agpregates are present.

It was demonstrated that EDTA (10_2 M) diminished
platelet adhesion te¢ collagen through a diminution of the

platelet éo surface binding rate constant and a reduction of the
saturation level of platelet adhesion. With this apparatus
however, there was no significant inhibition of plateler
adhesion to collagen in the presence of ASA (lU—h M), a non-
steroidal anti-~inflammatory drug. To examine the birnding of
platelets to surfaces, it would scem that a Couette flow

device is better thanmn theée devices emplovinpg convective

diffusion that have been used hitherto. "ith convective

| sl napy
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diffusion, adhesion occurs under conditions so close to
those of diffusion limited adhesion that it is hard to

distinguish any alteration in the platelet binding rate with

the introduction of drugs.

Thus it would seem that the device cmﬁloyed in this
study is limited t; the examination of the diffusion of
piatelets to a surfgce and teo -the saturation level of
adhesion upon the surface. The binding of the platelets to
the surface is best investigated by other means.

In conclusion then, it may be stated the adhesion of plate-
lets to foreign suxfaces is greatly influenced by the haemato-
crit and flow conditions under which adhesion occurs. Any

examination of the adhesion process must take account of

such fluid mechanical factors.
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Part 2 THE USE AUD AWALYSIS OF MULTIPLE RHSPONSES IN MULTY=~

COMPARTHENT CELLULAR SYSTEME:  THE TRALSPORT AND

!

STORAGE OF SERdTOHIH IN PLATELETS

2.1 Introduction

For the understanding of biological phenomena, 'know-

’

ledge of the distributi&n of compounds within and exchénge

between different compartments is frequently required,

(\//)Cenerally, radioactive tracer experiments provide the data

set fram which the parameters describing compartmental size

v

and exchange rates nay be estimated. This data set nay be

compatible with different models of tle system. The object

of data collection and analYéis must therefore be to discrim-

inate'betweeﬁ possible nmodels. :A statistical discrimination
technique éommonly relies upon information obtained fromjé
least squares fit of model to data. This thesis will dﬁmon—
strate the advantages of obtalning multiple responses for
analysis. It will describe the application of the Dayesian
multivar;ate technique of Box and'Drdper'(1965) to the
characterization of eompartmeﬁtal systens anﬁ will compare

it to other least squares techniques.

2.2 Theory

-

Radioactive tracer cxperiments have Eﬂpvided much
insight inte the dynamic behaviour of biclogical systems.

119
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Cenocrally a systen is treated as a series of disﬁiuct hono-
nuneoeas conpaveneots., Within a particular conpartwrent,

the tracer nmolecules have the same probability of change
irrespective of their time of entry into that compartnent.

A stochastic description-of the novenent of tracer wolecules
nay give a morg:realistic rcpresentétion of the systen th;n
does the assumption of idealised compartments (Bergner, 1961 ;
bergner and Lushbough, 1967). Howvever, the use of compart-
nents is justified in small closed sysﬁcms in which conpart-

ments are physiologpically evident; 1t is with these that I

vill deal.

A ilodel for Tracer Distribution
Consider a system of distinct, homogceneous compart-

ments. It is assumed that the transport of tracer may be

described us a first order proccss: either the system is in

the steady state or the.trdusport process for the naturally

B |

fractrional amount of tracer or natural isotope in the jth

-

occurring isotope has first order kinetics. Let a,, be the

conpartnent flowing to the ith per unit time (Fig. 2.1).-
(-nii) is the total turnover from the ith compartwment per
unit tine. Then the mass balance for the tracer in the ith

of n compartnents, n is:

il




121

wa3s4s Tejuomirrcdwos v

1°Z 3aindyga

Judwjiodwos yyi of ! 8404 soaousny jouoyansy —fip

judwjiodwos :.: Uj 492044 jo uojoos4 — I




Defining é‘- [aij]

. in vectorial notation we have

dm
— = Au
dt -

™ ) .
This may be solved by Laplace transforms (Berman and

Schoenfeld, 1956) or matrix diagonalisation (Amundson, 1966).

The solution, assuming distinct elgenvalues for A, 1s:

!

m = glets"]

and 1

>
n
1o

AG

where A is the diagonal matrix of the n eigenvalues A

i
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(2.1)

of

the matrix A and G is & matrix function of fractional turn-

¥
over rates and the initial distribution of tracer between

the compartments. The equations describing the amount of

tracer in each compartment differ only in their pre-

exponential constants Gij'

The solution for a closed system of compartments is

unconditionally stable, the matrix A being singular.

thermore, if detailed balanced kinetics apply (i.e. a

13

Fur-

> 0

implies aji > 0;. if m(=) is the equilibrium vector, ajimi(n) -

aijmj(ﬂ)), the eigenvalues have no imaginary parts and thus

no oscillation may occur in the solution (Horn, 1971)

closed system, one of the eigenvalues of A is

zero, the associated elgenvector being the

In a
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€quilibrium vector a(«). For such a sistem, the dilution
nethod of ¢stimating compartment size is exact. Here the
dssunption is tha;’the final distribuction of tracer isotope
is identical to that of the natural isotope (Berman and
Schoenfeld, 1956) ., |

In a catenary System, where transfer is to the
adjoining compartment in the chain, tﬁe sanpling of one
Compartment is capable of providiang sufficient information
to fully characterise the System, provided the initial
tracer distribution is known (Berman and Schoenfeld, 1956)r,

In the analysis, a model of the form

compartment and from this the kinetic paramcterg are esti-
mated,

2.3 Statistics '

It is importnnt to precisely characterise the System
when assessing the significance of any change caused by a
change in expcrimental conditions, The tracer distribution

in a system of n compartuents should be represented by

equations couprised of a sum of n exponential terms. However,

because of the luaping togpether of exXponential terms, the
trucAcompartmentacion may not be revcaled in an adequate

description of the experiment#l data. This lumping effect

should not bLe confused with the lumping that may theoretically

TN T T ey e
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occur (Mann and Gurpide, 196Y; Hearon, 1969) with certain

lincar conbinations of compartmental labelling where less

than the full set of cigenvalues are excitod (Sheppard, 1971).

A further complication associated with the lunping with
vhich we are concerned is that where there nay be overpara-
heterization in the description of the data, the parametric
covariance matrix of a sun of exponentials tends to be ill-
conditioned (Julius, 1972). -

? Additional responses will provide information that
will allou a more precise characterization of the model,
In compartmental analysis, one-measured response 1s the
anount of one tracer in one compartment as a.func:ion of
time. Further responses are obtained by measurement of
the same tracer in different compartmengs'or of different
tracers in the same Coapartment. TFor the simultancous
analysis of multiple responses, several generalized non-
linear least squares techniques have been proposed: by
Turner et‘al. (1963); Beauchamp and Cornell (1966, 1969) and
Box and Draper (1965). These wultivariate techniques re~
Eogni:e and account for the correlations between responses,
They ussume that the vectors of errors in tke responses,
obtained at a given tine, are independent raundom vectors,
saupled from a\multivariate normal distribution.
These techniques determine the maxlnun Tikelihood

-

estimates of the unknown purameters. The method of Turner

e e . —a <
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et al. (1963) assumes ;hat the covariance matrix of errars
vithin the vectors of observations obtained at a given

time is known. In general this is not so. .The procedures
of Beauchamp and Cornell (1966, 1969) allow for the esti-

mation of the covariance matrix but are difficult to apply.

The Bayesian approaﬁh of Box and Draper (1965) prgvides

a simple criterion by which to detergine the set of para-
metexrs O with highest posterior probability., The approach
b:;ins by assuming a localiy uniform prior dis;ribution for
the 8's, The Bayesian estimate of parameters is that which

minimizes the determinant of the matrix S where § the

ij*
element of that matrix resulting from the ith and jth

responses is L

Syy " 2 gy = 8y) (my - a,0)

u=l
if L is the number of observations, oy the uth observation
of the ith response and aiu the corresponding value of the

model's response. Formally the criterion may be stated as

Max. P(9/m) = Max. lgl“‘-“ (2.2)
This criterion provides estimates of the parameters which
waximize the posterior density Function {Box & Draper, 1965).
. In a model for which the above criterion hélda, it
is essential that there should be no evidence of lack of fjit
(non-random ‘deviations between model and data) in each

response individually. The lgck of fic of oneg response can

affect the weight given to another in the overall criterion

4
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" (Box and Draper, 1965).

The determination of thg_number of st;tistically
significant compartments is an approximate procedure:
the model is non-linear in the parameters and particular
exponential terms in the model.may not be assigned to the
presence of a particular compartment. The decision as to
whether the addition oE & compartment leads to a significant
improvement in modelling the data can be made by comparing
the criteria of best fit with and without the additjional
compaftment. As there 1s no appropriate multiresponse test
of signifiance: for non-linear nodels, tﬁe responses are
compared individually. The ratio of the sums of squared

deviations from the data of the models with ¢ and (c+l)

compartments acts as an approximate test statistic with an F-

distribution (Dell et al., 1973). Hence at a particular
~confidence level the (c+l)th compartment is significant for
the ith response 1if

(s,,.)e x
i1 > 1 +

F
Gigden Lex-y  (Xeloxyaloe)

vhere Y is the number of parameters required to describe a
¢ compartment system (Y+X) the number required for a (c¢+1)
compartment system and (Sii)c is the ith diagopnl element of
S for a model with ¢ compartments. The .significance of a

compartment may be shown in the models for any or all of tha

\
)

responses, )
/
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In the modelling of experimental data, Shérney et al.
(1963) postulated the following p;ecepts: '
1. Approximating equations should lLe sinple, containing only
. a priori terms which are detectable and statistically
significant.
2. The approximating equations should lend themseldes to
interpretation as solutions for the behaviour of nmatthe-
maticﬁl models which reﬁresent an "idealisation" of the
processces con;idered; They should not contradiét physio~
lggical reality. |

3. Such models should elucidate processes beyond the nere

nunerical representations of the experimentally available

data.

5

5
Given a model, the confidence regions for the esti-=

mated values of parameters are inmportant if differences
between the parameters are to be determined. For unbiased
parameter estimates, 1inear'dqpendencies in the data or
expected valucs of the responses should not occur (Box et al.
1973). Individual confidence reglons may be obtained by a
sensitivity analysis (Kekki et al. 1973) provided by the
cipenvalues and vectors of the Hessian matrix of the detor-
minant objective function at the maximum likelihood estimate.
This assumes a model linear in the parameters which implies
cllipsoiﬂul confidence régions. Alternatively, it 1s most
informative to plof the joint confideuce regions of two

parameters, the others being held at their maxinmum likelilood
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-y
A

values. A& contour of the coufidence region is coustructed

according ro Box;and Cox (1964)

] ] ,
log P(E)M,L._ log P(8) = 1/2 xY
or S 2 gy
= . oy
sl

if y is the number of parameters in the model and M.L. refers
~to the maximum likelihood estimate. Joint confidence re-
gions based on the modelling of a siungle response may be

constructed according to Draper and Smith (1966). The con-

fidence contour is then such that, for the ith regponse,

)

ii Y

- =1+ —— F

R L-y "{y,L-v,1l=a)
iiM.L.

The nultiresponse techniques described above assunme
the vector of observations at a given timé to be independent
of thoée taken at a different time. Matis and Hartley
(1971), in their stochastic g%mpartmental analysis, demon-
strated autocorrelation in the responses resulting in biased
paraneter estimates when an ordinary least squares data
fiteing technique is.npplied. An empirical method to
account for the autocorrelated errorxr structurc is to use a
time scries (Box and Jenkins, 1970), Correct accounting for

the error content of a response allows one to analyse terus

in the response model which are sigpificant only over a

short initial period and which may be buried in an incorrecetly
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specified error.

2.4 Design of Experiments so as to Provide Hfultiple

Responses

.With a single tracer, an obvious group_of responses
exists if several compartments may be sampled. Uhere only
one compartment may be sampled, a first rQSponse is provided
by the initial addition of a tracer to the sampling compart-
ment, Addiﬁional responses may be giveﬁ by other tracers
possessi;g different initial distributions among the
‘compartments. lAs the initial distributions of these tracersr
are unknown except in a two compartment system, the responses
they provide are incapable of chgracterizing the systen.
Hovever, the responses are described by equations with the
same exponential constants and, in a closed system, by the
same equilibrium value as the first response.

The dpplication'of these techniques will be demon-
strated in the in vitro investigation of serotonin (5-nT,
5-hydroxytryptamine) exchange between blood platelets and
thelr surrounding medium. Serotonin is a biogenic amine
derived from the amino acid tryptophan. It is liberated
in the platelet release recaction together with the othaer
granule bound components of the platelet, inducing aggre-
gatlon (Mitchell and Sharp, 1964) and cavusing vascular
constriction near the site of aggregation éGarattini and
Valzelli, 1965). It is metabolized to form S5HT'ol (5-

Ny
hydroxytryptaphol) and S5HIAA (5~hydroxyindolacetic acid).

P
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Insfde the platelet it is largply stored as a'gumplex with
ATP within granules (Born, 1956).

A model'of the closgd Ssystem may consist of two og
three catenary compartments: surrounding medium and
storage granule or surrounding mediun, cytoplasm and storage
granule (Fig. 2.2). Experiments were performed under
steady state conditions at 37°C, the platelets (lO9 mlhl)
being in equiiibrium with a high seroctonin co;centration
(123uM). Sampling is feasible only from the suspending

sedium as, in intact platelets, internal compartments are

not accessible. To provide an additional response, a

second tracer, with a different initial distribution between

the comparthents, was Introduced. The first response, to
characterize the system was ob:ained by adding 1AC-SHT to
the surrounding medium at zero time. Prior labelling of the
platelets with 3H—5HT provided the second response. The
distribytion of these tracers over time was followed by
sampling the surrxounding medium at intervals (Fig. 2.3).

The detailed experimental procedure is described by Reimers

et-al. (1975a).

2.5 Verification of the Assuﬁptions

Before giving a detaii;d,description of the resultsg
obtained in studies of the exchange of serotonin bctﬁeen
raboit platelets and their surrounding medium, 1t';s

necessary toPverify the assumptions made about the exchange
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process.  Twoe assumptions will be investipated: that the
_ : .
serotonin tracer obeys first order kinetics and that the
system is closed, the label followved being indeed that R

of the serotonin tracer.

Steady State Serotonin Exchauge

T

T

The ;heoretiéal development of the equations descr@ﬁing
the distribution of tracer between conpartments requires that
Ve .

the movement of tracer has first order kineﬁits; either the
movenent of serotonin is a first grder process or the systLh

is in the éteady state. Now the uptake of serotonin is not

o sinmple firsg@order process at low ;oncentrntions of

serotoniu'in the surrouudinthedium, but occcurs via active
transport obeying Michaelis-Menten kinetics (Born and

Gillson; 1959). At higher serotonin concentrations a first

order passive diffusion process is superimposed upon the

active transfer (Pletscher, 1%68). It is thus essential

if the analysis is to hold th;t the experiments be conducted

in the steady state with respect to serotonin distribution.

This was ensured by incubation of the washed rabbit platelets

with a high 3H—serotonin concentration (123 uM) for GO

minutes before resuspeunsion with the lac-serdtouin,'it having been
determlned cthat no further net UanEe of scrot;nin occurred
after'ZO min.

A Closed System and Serotonin Purity

In the analysis of the exchange experiments it was

assumed that the radicactive serotonin is not converted to

O
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oliber conpounds to an appchLablc extent in the couvse of
the experinent, FPletscher (1968) ;howod‘thnt eundogenous
serotonin is wetabolized iu e ﬂrcuuncc of platelets
ngulutinagcd Ly thoﬁhin, 5-0T'ol Leing fden®ified as the
najor metabolite. lowever, with the high serotonin con=-

, ,
centratious used in these studies, there was no statistically

sipnificaut breakdown of serotonin into its metabolites

(Reimers et al., 1975a).

With paper chromatopraphy it was shown that the

AI‘ . -
l'C-SuT used has radliochemical impurities, principally l&C-

SHIAA, comprisiug up to 6% of total radioﬂctivity. Experi-
140

mentally the uptake of -5HIAA by pldtolots-wns examined,

It wvas found that the non-;poéific uptaﬁa of radioact%vity
could not exceed 0.6% of the added radioactivity. It ia
thus confirned that the label being followed is indasd
1AC—5HT. Errorﬂ of 5% in the determination of the purity

of the IAC-SHT dﬁ'not'uppraciably alter the values calculated

for sorotonin exchange rates (Table 2.1).

~

2.0 Data Evaluation

The data sot from each roaponse ia doscribed as a

suln of exponantiale:

assumiog two compavrtmenta thoe aquatiouns that deacribe the

data arao

14, =-ct .
my(CUC) mon o+ B a ¢ (2.3).

3 -ct
;) wn o+ B0

._‘
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and assuming three compartnents

lI‘(:) “- B . + B Lo 2 {(2.4)

1 12¢ "1 + B

ml(

PN

ml(an] - N + B e-clt_+ B..e C2

11 22
These equatlions may be rewritten in terms of the fractional
turnover rates from one conpartment to another. The fractional

turnover rates arce those shown in Fig., 2,2.

[ o8]
(98]
e e e vt

Assuming two compartments

ml(t).- (al2 + (ml(O)(n12 + a21)-n12)0-(n21+n12)t

For the lac-truccr, ml(O) = 1 A
For tha 3H—tracur ml(O) may bu measurod oxperimantally

0 < ml(O) < ;

With two compartments, tho fractional turnover rates, a

21
and A3y may be catimated from either responso.
Assuming threc compartmants )
.
By2%23 812 (apg=a) (ayy-blayim) (0) |
R e T YY) a A (agema, ) T R2(0) -
f 12723 U211
. _ ‘
“23(“23“h)“3(°’)n-nc _ (mggmb) (apymadagymy () |
b
Mgaliyy = ugy) 412(ag5 = 8py)
(a,.~b) (a,,=a)a,,n, (0) ln. {(a,.-a)
2§ (o227 %21 < my(0) + 23723 YSLIN
Apalagy = an)) tyg (Agq=aqy)

~ (2-0)




137

vhere if

tou,, + oa +

x = (ay, 21 32 23)

-

YR T = Adayiag, +apia,, “12“23”&/2
then a = (x~y)/2, b = (x+y) /2
For the *“c-tracer the initial distribution of tracer 1g
known} mlil) = 1 m2(0) - m3(0) = 0; and thus the fractional
turnover rates may be estimated from the 14C—responad.

For tha 3H-tracer; mz(O) and m3(0) are unknown. Thus no
cstimates of the fractional turnover rates may bormade from
the 3Hrrusponso.

The equations (2.3) and (2.4) are fitted to the data,
Additional torms aroe added to tho equations to account for
autocorrelation in the rogponses. A first order autore-
grassive time sories model adoqul;oly,nccountup for tha
autocorrelation in the reaponsos {Box nﬁd Jcnkiﬁs. 1970).
Thao expanding Simplex method of Noldor and lMead (1964)

Was used to secarch for the catimates of parameters |

Bij and C1 with highest posterior probability; the criterian
of maxinmum likelihooq wae that of Box and Draper (1965)
(vquation 2.2), . Eutimation of the kinetic paramaters g

ij
and Ci in the model for tha l“C—

i3

reaponsae, wau porformed for the two coupartmant model ag in

from the parametors b

Atklnu {(1969a) and for the three compartmant nodel as in
Roboertnon et al, (1957). The Aassumption of a mocond plata-

let conpartmont did not alwvayas load to gipnificant improvemonte

LI B T
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iv the lack of fit with untreazted control plnteléég:kﬂuble
2.2).

Experiments were designed to confirm the presence
of a cytoplasmic coypartmeut by reducing the si;e of the
platelet's granule compartment through the-use of reserpine
(Pletacher and Truner, 1967). The experimental procodure is
described later. This désign was succeasful in that two
pin:clut compartments were n;cnssnry to describe data from
all expariments upon';oaarpinu treated platelets (Table 2.2).
The prosence of a fourth compartmeunt was not statistically
gignifiennt (p <.5, for & experiments in which the presence
offu third compartment significantly imﬁrovod the £it of the
mo&cl to the data).

Multircsponse analysis provides much smaller confidenca
regions for tho parameter cstimates than can analysisa of a
singlo rosponse. In Figu. ?.& and 2,5, the joint 95X con=-
fidenco regionn‘of as) and a;o are plotted for reserpinae
trecated and control plateleta, comparing multivariate analyais
with the unweighted-loast squares methoda upon aingle (Fig.
2.4) or multiple (Fig. 2.5) rcaponsea. A significant con-
~traction is obseorvad when multivariate tochniques are used.
Furthornore a Joint confidance region for an unweighted
simultaneous least sum of aquares analyais oul¥y slightly
overlaps that caiuulutod from nnultivariatu nnulguln (i,
2.5). DNecausec of tha abmance of wnighting and the implied

abacuce of crouss=-corroalation between the reupousoa, analyain

o il

e
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with an unwvedghted sinultancous least sum of squares may
be asaumed to be invalid.

2,7 Secrotonln exchange and Storage in Platelets

Three compartrents are necdssnry to five a atatiskicnlly
adequate description of scrotonin exchange 1n platelets
(Table 2.2). Earlier the intcrmodiﬁtu compartment, butwéan
the susponding medium and granules, was referred Eo as the
cytoplasmic compartment. That this 1isa the correct description
nust now be confirmed. |

It may be demounstrated that the intcrmediate compart-
ment lics within .the platelot and is not asmociated with a
soerotonin conécntration boundary layer in the fluid outside
the platelet (Appendix 2.1).

Evidence for the oxiatance of a.cytgplasmic compart-
mant may bo obtninoﬁ through relocaso studies. In releaseo,
cytoplasmic conatituents are not liberated from the
platelets (Holmsen ot al. 1969b).v Markwardt and Barthel
(1964) found that 85-95% of the platolot saorotonin was
in the intermediate compaﬁtmént (Tuﬁlu 2.6)., In rescrpine
troated platelots, tho pro}urtion Qf ﬁotal platelet serotonin
witlhin tho intormodlutg compartment riges to 25=40%, Upon
waximal atlmulation with thrombin about 70% of platolat
unarotonin ia roulecasvoed (Relwmors et al, 1975b), Thus it is
liﬁcly that tho intermediate compartmont reproascnta the pool
“holding nnﬁ—ro}onnublo sorotonin, mnrpuulogically correaponding

-~

to tho cyﬁopluum.
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Further support for the coﬁparpncntation &ofined by
exchange studics comes from electron ﬁicroscopy. Thg
trecatment of platelets three times with a low concentratilon
of throwmbin caused the loss of 79Z of the platelet amine
storage granules (Reimers et al. 1Y75b), " Exchange cxperi-
ments in which control and thrombin treated platelets are
compared show a loss of 70X of the amine content uéon thromb-
in stimulation. .

It is thua likely that the system described by the
exchange experiments corresponds to phyaiological-roality.
This is iwmportant in view of the suspicion in which compart-
mental analysis ?:’hald (Bergner and Lushbough, i967),
particularly as both compartmental ayateda nn@ random walk
processes, with u‘concinuum of internal states or a largo
numbgr of discrote states, may doscribe the same data well
<Shcpp§rd. 1971). ]

That the fractional turmnover ré&na calculated are
reasonable is supported by the work of Reimers et al. (1975d)

laC—SHT (lp_ﬁﬂ) in platolets

who measured the accumulation of
(107 par ml,) for times batweon 0.25 to 5 minutos. The
fractionidl turnover rate so calculated for the movemont of
aurot;;in from thc‘ﬁudium into tha platelet waa 0.06 min_l, )
& value close to the valuo 0£.n21 calculatod in'E“d‘nxchnngu

axporimenta (Table 2.3).

-

llaving verified that the model of thae plataelet

ayutem L reasonable, tho modification of ascrctonin oxchange

= b sl

e ety A ———
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and storage in platelets Ly treatment with throtubin reuwer-
ptue and Iniprantne was Ilnvestipated.

The effect of the Thrombin Treatment of Rabbit Platelets

Rabbit plngplet”uunpousion was treated three times
with thrombin (0.05 u/nl) and dunggruénted with PGEl (1 uM).-
A scerotounin éxchango study was then conducted with the
thrombin treatod platelet suspension and with a control
suspension as dés;ribcd by Reimers et al., (1975a). Tha
results of thia'uxpurimunt are shown in Tables 2.3 nnd 2.4,
Joint confidonce reglons for the palrs of fractional turn;
over rateu a,, and azl,‘nt the platelet~plasma membrane

o .
that soparatos the suspanding woedium from the cytoplaam,

i

and 494 and a32,ac the ygranule membrane that separatea the -

granule from -tho cytoplasm are shown in Fige. 2.6 .and 2,7.
Aualysis of the data shovs that.thrombin troﬁtmuut
docs not alter tho tranaport rate of werofonin across the
platelet-plasma mombrane and dooa not uignificuntiy ultqr
tho fractional turnover rﬁtn of suratonin from tho grnnuléa
Into the eytoplaum, llowover, there d1a a aignificant
dfminutlou in the uuroton?ﬁ contunt of the granulo atorape
pool (p < .01). This is astoclutod with a docrecased tranufar
rate of worotonin tnto tho platelat storaga granulea, Thy
wont probable explanation for thiu fu that aftor thromhin-
inducud dogranulation there are fovoer granulos or nruuﬁln

bluding sitos avallable for svrotonin.

|sht 2opy |
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for :hronbtn-trcat?d (T) and contrédl (C) platelats:

W

(€1 corresponds to T1 etea.)
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The Effeet of Reserpine and Imipramine on the Transport ind

Storage of Serotonin in Rabbit Platelets

Studies wnrc.eonductud ih:ﬁ the affect of riltrpino
(2 uM) or imipramine (20 uM) upon thc trannpor: and storage
of serotonin in vabbit plltclctl. Tha exparimental procedure
is deacribod in Reimers et al, (1975¢). The results are
shown in Tables 2.5 - 2, 8; joint confidence Tegione for tha
paira of fractional turnover ratesg 85y 4nd %12+ describing
transport across the plitolot meabrane, and a,y and 8420
across the granule nnubrano. are plottaed (Figs. 2. 8 - 2.10).

In the pPresance of reserpine, transfaer of serotonin
from the cytoplasmic compartment to the granule compartment
ie greatly inhibited. However, the fractional turnovaer
rate. from the granule to the cytoplasmic compartment was né:
significantly dimfnished (Table 2.3). Hence there is a
diminished serotonin content in the granule pool, Also
the fractional turnovar rate for serotonin transfer from the

cytoplasm to the suape ding medium is lisnitienntly diminie

shed {n the ptqnune|g§¥ﬁgllcrptnc. B o |
The analysis of data from experimenta in whicgh \\(

platelets were aequilibrated and resuspended in the presence

- 0f 20 uM imipramine showed a diminution of iorotonin.trlnlfnr

from the suapending medium to Eht oytoplasmic compartment

and from the cytoplasmic compartment to the auspending

nediunm,
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Pl vbuervation that éhu fractional turnover of’
forotounin f;um thu amine utoruue”n;nuﬁluu to thoe cyt&plnnm
ts wnchanged din the prosence of runu;ninn nupports tha
concept that the reaerpine acta at the nruﬁulg nembrana .
in platelots, where 1t {u wainly localised (Da Prada th
Platuuher} 1969i-ruthqr than interfering with thea {ntra=
granular couplex formation, & ranctIon'obuorvud in vitré
(Rerneis ot al. 1970). kurthormorq. the fact that the
:fndhionnl turnovar rate of aoréﬁunin from pranule to cytow-.
'piﬁgé.ia unchangad in cchtgtib;a with the aunsumption of a
“diffurive mechuniam for the transpart of werotonin from the
aniue storage urnudlaa lnto the eytoplaam. . ' _ _~l

Imipramine hae bean ndusldutuddto diﬁiuluh garostonin
uptake at éhe platelet plaama membrana by compatitive
;uhihitiou (Platuchor, 1968). Thié was confirmed in thiw
6 tudy whare imiprnminu was.tound to dnhibit serotonin trany=
Cfor gqfuua thauplhama,mumbraué but.not acroms the grauﬁle. |

- mambranea,

2.8 Conelurion

‘hifta from tracder experimente performed upon ndmparc-
ﬁuntal'uﬁutamu can be desaribed by equationa gouponad of
Qumu of uxpunén:&pl toruws Rithev QOulinonf rgnruuuiqh ar
sraphteal analyute aroe gummouiy waad to uvetimate Lhe pavrdanetecs
within thene equatiouns,

DOl et ale (1973) chave liuted the advantages of a
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non-lineet.tegreeeion enelylie over grephicel cechnique i .
Chief enonsec\\heel is the ebility o meke ete:emente ebout ‘ -e~3;}
the statistical significance of peremetere end to provide
.confidence limits £or the petamecerl deecribing tracer
novement. It may be noted thet eplinc functions heve been i\
shown to be excallent empirical funccione for the. enelyeie f
of reserpine curves (Wold, 1974). However; cheir use do!e‘
not allow the deterninatiop'of the propentiee of single
compartments. o | |

| Wifh the additional information provided by multiple
responses a4 more precise detcrmination can be made of the

number of significant compartmenti\githin the syetem.

<
Hultiple responscs may be enalyz&& by\the generalized least

square :echniquee of multivnriate nnalyeie. A greater:
'prccision in parametcr cecimation rceults from the re-
cognition of error corrclation between the responses. Im
general the covnriance'matrix cfferrors within the vectors

of observations will be unknown. This preciudes the

application of the technique of Turner et al, (1963). The

procedures of ﬁeauchanp and Cocnell (1966, 1969), whilst
allowing for the estimation of the covariance matrix, are,

as the authors admitted, difficult to compctc. The approach.
of Box and Draper (19&5) allows for the’ estimation of the
covariance matrix and provides an ensily computed criterion

by which to obtain the maximum likelihood estimates of the

parameters. S
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ynvu pnfnnctcr entina:e"uith bﬂﬂllér cnnfidvncc rcrionu thnn

'b.

‘thouc obtuincd ui:h tha.morc common tcchniquon in which sinrle

‘_rcnponacs or unwcightcd.multiple reaponncs wcrc analyzcd
In this utudy a :imc scrien waa cmploycd to accoun: for
nutocorrclnted error wlthin the. rcnponacs.f An cxpanding
Simplex meothod wasp un?d to ucurch pnrnmutcr sgacu :p

dctcrmiﬁé the best estimates.

.

N

The tcchniquc by whiﬁh muLtiplc régponses Are pro-

—

ciured to invcatigatc thc trannpor: amd stornge éf scroto in
in blood plntLle:u hau proved capable of illuminnting the

transfer and more prcciscly charnctariuing the effcct of ot
A &

treatment of platelctﬂ by drugs and enzymes,

Thrombin stimulation of platclct; arc shown to
-~

renult in a decreased trangfer rate of serotonin into the &
granule storage pbol and a diminution of the oef;tonin

content of'the granule stornge pool.} Reserbine is found to
inhibit transfer of serotonin from the cytoplasmic compart-

ment to the Lranule compartment., 1In the prcqunce of

imipramine a diminucion of Bﬂrotonin transfer from'the ,/

v

-

nuspcnding medium to the cytoplasmic compartment and from
the cytoplasmic combnrtmcnt te the suspending nedium,

The use of this multiple response tuchniquc-mny.bc extended to an

l-;é}kf Aapy ‘Q
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‘bnouchcﬂ'a! rcnurpinc, li obwerved (Wﬂiﬂﬂ et al., 1974),

. ;ff :q Although this technique of nxperimcntnl dcaign
nnd annlysin lian- been illuncrn:ud by a study in ccll
rphyaiology; it has application whhruvar tracers .are.employed,
Thréugh 8 more precise characterization of the system,
the effect of pertubations (drugs etc,) ugon the éystem is

-maqre ecasily ascertained,:

T
P

e



rirt 3 TUHE USErUF.SURVIVAL CURVES 10 DETERMINE THE IN VIVO

| DYIAVIOUR OP SEROTONIN TN PLATELETS - . . .

3.1 Introduction

s

-

Serotonin, as has Béch dcncrihéd_cnrlicr in pd::_z,
is a biogenic anine, dc;ivcd from-the amino ﬁcid trypt&ph#n.-
In rabbitn, serotonin is primardily located in fhn gootro=-
intestinal trdc:'(§52),‘plqulctﬂ-(JS.Z%) And 8 l4:;d112)~
.(Ernpumar, 1954), The argentaffin colls of cﬁ gaotro- '
intcntinnl.fractgmunufn;turc serotonin, The 1level of
n;n?pfntclcc bound néro:onin,within{éhe circulation is-
negligible. In vitro studies ahaw.scrotonin to be éomplctcly
and freely exchangeable bctwccn.tﬁc platelets and their
surrounding medium (Born and Gilloon, lgﬁd). In pﬁrc 2 of
this theosis the turnover rates that describe this pro;nss ﬁcré
determined, In vivo, serotonin exchange bctqcen clirculating .
: platalg;n, nnd‘bet§ccn circﬁiatlng platciétu and tissue
outskil the circulation mny-occuf; ;f the serotonin within
u%;atcieta vwere to be labelled, nugh uh‘cxdbnngd of serﬁtopin
“tﬁpuld be reflccteﬁlin the accumulation of inbEl in platelets
not present in tﬁc circulation at the time of labelling.
Another possible source forsuch an accumulation would be the:
.1nbclled serotonin of platelets removed from thn\circuintion.
The purpeue of thls stﬁdy i thus to determine the extent
to whichi serotonin exchange bécwecn platelets occurs in
g}vo. To this end, platelet tracer survival studids wvere

conducted, " -

l61
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Plntulotu hnvo a- finitc Iifcnpnn. the plntolct

N »

popmlacion is conutuncly turuing over, A plntclct tracer

.uurvivnl curve may be obtnincd by rclnjcc:ing plutulctn,

labcllod with a trncer; Into the circulntion and following, -

ovar timn, the decny in the lavel of ctnccr rcmnining bound
/

to the plntoletu within the circulntion. Wi?ﬁ :hu radiocactivéd

tracer, 51Cr, plnceln:n may be uniformally labcllcd indepen~

- dently of cheir nga (Tsukuda et. al, 1971). Fu:tharmoro,
this label elutes only slowly and at a knoﬁn futg'froﬁiche
p;atc}cta.(Anter, 1971). The re}hjéétion of_pla:elcta into
the circulation, following theig 1uﬂelling with 510:, is

thus n‘tcchniqua that enublud the age ﬂistribqtion_of'thc
'plnéelet population to be determined. Various models have
been proposed to describe platelet surviviii In general
these medels preu?ppoae a platelet age diatribution'that is
invnr}nnt with time, They differ in their assumptions about
the removal of platclets from the circulation: Adelson et al,
(1957) proposed thnt pi;tclet death was random; Aster and
Jandl (1964) assumed that plntclcta survived to the same age;
whilst Murphy (1971) sugﬂcstcd :ha7 placelet loss was best
dnpﬁ?tbed by a multiple hit model. Uithout cntering into the
‘éontroversy surrounding the description of the survival
process, 1t is possible to use a °lcr survival curve as an
indicator of p;atclct uu}vivul. Then, follow-

ing ‘the dual labelling of the platelets

)



- . : : P
with 1Cr nnd of the plutulut ucrotnnin wi:h l'c—uurotonin,

51Cr and L-ncrotunin plutclct survlvul curven . uhould

LI
proyidc tnforﬂntion with which the behaviour of acrotonih
in vivo may bc dcturminad :ho 510r label iw attached to the

membrunco and cchplasm ofn:he platelat; 14C-sérotohin lies

chicfly in the platelet granules,

w3
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';3.2 Mndnln ‘to Describe Scroconin Bahaviour

-
L.

3.2.1 Auuump:ions R .

.

i Qavcrnl .common usuumpcions are uhnrud by models that

will bc considornd here. Thaey. ares

1, The plntele: age diatribucion is invariant wibh respect

it

- to time; - the birth and death rates remsin equaI ‘and

constant, . y - St

. : - . .o
2, " There 18 no loss of platelet sero:onin content over

time. The effects of>release will not be explicitly included

in the models. In relcase the contentu of the platelet

granulnu are cxtrudcd 1f only small quantities of serotonin

:are raleased, they will be reaccumulated by thu plutclecu.

Larger quanticics ‘may diffuse awvay., Platelets that have
undergone releuse will enjoy a faster turnover of thcirl
remaining gerotonin c;ntcnt (Part 2) over che lifcspan
that remnins unaltered by release (Reimers et al. 1973y,

Release will thus be manifested as an enhanced serotonin

turnover from thc platelets into the aurrounding medium,

3. Any serotonin that 1is transferred into the surrounding

medium is immedintely reaccunulated by the platelets or

tissue, This assumption 13 justificd as the level of non-

platelet bLound acrotonin withigithc blood is negligible.

4. The labclling of platelets with_lac-scrotonin is uniform,,

. S

- "-? :'r
belng independent of ‘their age and condition. Should the -
labelling not be unifotrm but oceur preferentially in the

younger platelets, then 1t would be expected that the s;dr

7]

. ‘-—.—‘-u-—-—--‘- - .(...-;
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‘1chl would dccny fnuter thnn _ C-ﬂnro:oninw
3. A platclut may be cnnuidcrad an comprisiny of a uinglu
homogencouu ncrntonin compnrtment. Though it lhan boen

dumonutrntcd that pla:clctn that have not undurgonc

‘rclcnse contain both cytoplnamic and yrnnula conpnrtmcnta,

thc npproximntion 1n close as thc fractionnl turnovcrn of
serotonin from bhc cytoplnsmic compnr;mcnt to the . granidle

compnrtmenc are high (Allen et al. 1975).

6. After removal of the plntclcts from the circulntion nny'
scrotonin that 1is raaccumulated by circulnting platelcts 18
taken up imnmediately.

7. The serotonin accumulated_in very young plntélcts throughi
basungc through the gautro-int@utiqal tfﬁct contains no

serotonin tracer {(Tranzer ct ul..1972).
. . . L
Before presenting hypothetical models with whieh to

.deperibe the behaviour of platelet acrotoﬁin in vivo,

!

several terms need be defined:

A{t) 18 the ‘fraoction of platelets in the circhln:ion

-

at tine t after labelling that were present at the time of

labelling. A(t) 18 determined from the 5I('.’I: survival

) B o R
curve after correcting for the elution of J1Cr from the

platelets: 1f v is the fractional elution rate of 510r

from the platelets, then A(t‘.)evc is equai to the fraction

of Infitial JlCr present within the platelets at a time ¢t

after _ lahelling.
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S I(t) is the platelet age distribution function. Its ' -
integral 4is cquni to A(t).1i.c. ‘ ) -
fl(x)dx w A(L)
. :l " .-

C(t) 48 the fraction of initial 140 present in the - '
platelets at a time t after labelling. '
% is the fractional turnover rate of serotonin from

circulating platelets into the plasma,
. (\

L]
3

kl is the fraction of acroﬁonin from dead platclets
that cxchané&;into circulating plafclnna.- (Dcad platelcts
are those that h?vc been removed from the,circulq;ion)ﬁ?

kz ia thé frnctioqnl turnover rate of aerotonis from

circulating blatclata out of the éirculatipn.

3.2.2 Hypothescs ' " o

The following hfpathcscs were considered; the equations

" T -~

associated with each nr&ﬂdcﬁivcd in Appendi; 3.1.

I: There 1is no cxchungclgf serotonin, The ! o of
serotonin froﬁ the'circulatibp-is due to the removal..
of platelets from the circuln:ion. Then C(t) - A(t5

II1: There 1s very rapilid exchange of serotonin between -
cifculnting plﬁfciets; no exchéngc betwéep circulating

and dead platelets or other serotonin in tissue. 7Then

the level of 14C serotonin is ﬁniform in all platelets

c(t) = e'I(f’)"
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1(0) being the rate of production and removal of

platelets from the circulation.

111 ﬁﬂo exchange of serotonin betwaen circulating plate- '

1vs

V:

lets; exchangé between circulating platelets, dead
platelets and tissue serotonin,

' ) kot,, ' t
Then C(t) = ¢ 2 (A(c)(1+glg

I¢t-y)C(y)e*2Ydy)
[ o]

[

Exghange at a finite rate between éirculdting plate~

leti alone, t

Then c(t) = e'kf(A(:)(1+k§c(i)ek“.dx) +
' e

. - t .
( I(t-y)k ( C(x)ekx.dx)dy)
o y |
ExChangé at a finite rate between qircul#ting
platelets, between dead platelets and circulating
platelets and between circulating plateclets and tissue
serotonin, |

—(k+k2)t

t
Then C(t) = e (A(t)(l+k‘ cixye (KFRIX 4y,

o

' t
| t
. S I(t-y)(kf c(xye¥*kd* 4y 4
o : y

K D(y)e FHE2)Y) 4y

|
5
|
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3.3° !xgctimcn:al Proccdura . C S

3. 3 1 Dcsign £or Samgling and Rﬁdiohctivc Cgunting :

A design for-the llnpling of pln:alccs and the count~

ing oﬂ :hcir radioaccivc,hmillionl vas dnvilcd to minimize

-

the arror ‘in d-carnining the lavclu'ot 51Cr and }40 wi:hin'
the blood'ind hence the functions A(t) and C(t),SICr emits
both y and g radiation; 140 emits f radiation. Whilst y

enissions may be counted from samples .of whdle/blood, to count

B enissions, red cells must be removed from p%ptclct suspen-
sions becaufe of their quenching_ntfcct.! The experimental
" results from the lu;Vivnl l:udiis using 510: and 14C-|ero-

“tonin wvere obtained in the following manner:

l. As a count of the 510:'7 emissions from a sample of

‘Qholg bfbod. | T
-~ Corrected for the elution of SICr from the platolets,,

the fraction of inicial 510:, in the blood at a time t after

labelling, is A(t).
{

2. As counts upon separate channels of the 8 emilsions from 140 and'

) 510r from a sample of platelet~rich plasma. Corrected for SlCr
clution and expressed as a fraction of the initial ratio,

‘.. .che ratio of;fh;se counts 18 C(t)/A(t).

Obtaining the responses in this manner reduces problems

asgociated wiih the handling of platelets. Two alter-

PN
s

native procedures are to determine either C(t) alone

(1.e, theilac count alone) from platelet-rich plasmé, and

A(t) from the whole blood sample or to determine both




_‘xiﬁ ;fl -; . 

C(ﬁ) and- A(t) (i.o. 14C nnd-sICr) traq hlatcltt-rich plﬁlmn;

no count ot °1

Cr radiafiop emanating from qf.smpll'ol‘qhoid
blood being made. These 'procedures require the number of
platelets in the platelet-rich p;aima to ba counted at all

mnpling points so that the counts measuraed may be transformed

into counts pdr circulating platelet. Thc%proccdurd usaed

did not necessitate this.

7159 oo
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3.3.2 Procndurc

»
Buupcnsionu o! wnlhod rnbbit platnlc:u were prepnrnd

in Tyroda ‘solution con:ninina albumin (0.35%) as described
* 81, 0

by Ardlie ot al, (1970).5 Na,“"cr™, (10 uCi/lO platelets) ,

was added to the firet washing fluid," Platelocl wePe in=,
;ubnted for 30 minutes at room tnmporatuta,.rehusﬁ.ndoq'1n.
Tyrode albumin ldlﬁzioﬁ and incﬁbntad wich 14C1l6roton1n
for 60 minutes at 37°C. After incubation. the labelled
plntclctu-warg resuspended in Tytoda albumin nolution.

10

About 10 platelets in 2-3 ml of Tyrode albumin soclution

ware reinjacted into ocach of 3 rabbits, Thia number of

platelets corresponds ;@ aﬁproximatnfy‘lo-ISZ of the total
”»

number of p}atulcta in the reciplent rabbit, At intorvals
up -to lBO_hSh?h aftor the injection of tha labelled plata~

'iccl, 6 ml of blood was withdrawn from an ear vein into

1 ml of the acid=citrate dcxctoue medium of Aster and

Jnnd\(l%h). The 510: cmiulyonn from 1 ml sample of whola
blood were counted, From the remainder of the sample,

platelet-ri&ch plasma was prepared and the ééray emissions

£ro¢.510r and *%C from 1t were recorded. ’

B>

The platelet preparation and labelling procedure

described hare is analogous to that dascribed for the ‘dual

labelling of plafcléts with §ICr and laC-ndanosinc by

Reimers et al. (1975b). The  %C-serotonin labelling

procedure was that of Raimers et al, (1975a).

170
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v .o 3.4 L lesults and Discussion

) 14 N 51 D

: The C-serotomin and “".Cr platelet survival curves

are plotfeh In Fig. 3.1, The cﬁuatioﬁs‘dcvclopcd frou the
[ '

,%Mmodbls 1-V arq fitped.to the data; the paranéters that gave
the best noﬁ—linear 1cas; squares fit of the nodels to the
data being estimated. The parameteré estimath or dcfincd
f;r each nodpi ére tabulated in Table 3.1. It 1is evident
that the models that assume a non-zero but finite rate of
exbhanﬁe of sgro;oniﬁ between platelets give a significantly

Ay

\. sbetter fit to the data than do the other models. lHowever,

the inclusion of serotonin exchange between circulating

.~

“ platelets and serotonin pools outside the circuiation does
"not lead to a significant improveﬁent in the fit oflthe nodel
te the data (p < 0.5, F test). Such exchange with non-
lﬁbelléd body deposigs of serotonin waé postulaté& by Zucker
et ql. (1964) to explain the rapid disappearance‘of'lacv '
scrogoniﬁ from piatelets in patients with ;arcinoid syndrome,
a disappearance more raplid than that apparent in normal

subjects. Without further evideucg; the simpler model IV

that sinply assumes a finite rate of exchange of serotonin

[

between platelets, will be assumed to represent rabbit
plateler serotonin behaviodr in vivo.

thilse thi« analysis 13 conditional upon the uuaprowven
assumption that the uptake and content of scrotonin ig
fdentical in all platelets, irrespective of  their age, it

*
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hdq jupport in a comparison of the fractiomnal turnover

- rates calculated for the in vivo and in vitro exﬁefiments.

The mean
plateiet
in these
lated in
Hence it

‘upon the

f;actiona; turnover‘rate of serotonin from the

to tﬁe surrounding medium calculated for model IV

in viﬁoiexpériments ig 0.0115 mins-l. Tﬂa: calcu~

iﬁ vitro exchfnge is 0;0;1 Pins-l (Allen et al. 1975).
may be assumed that the results of in vivo studies

effect of drugs upon platelets may also apply to

platelets in vivo; the in vivo behaviour of serotonin in plate-

lets being adequately described by a process of slow sero-

tonin exchange between circulating platelets. .Furthermore,

the use of 14C-aerotonin as a platelet survival label is

v
suspect unless agents that prevent serotonin exchange are

present.

B B e TP

e Bt babes s — een s e .o




4. THE EXCHANGE AND METABOLISM OF TUE PLATELET ADENINE
NUCLEOTIDES, - ' | A

4,1 Introduction,

Adenosine triphospﬁate (ATP) and the other adeniné
nucleotides, adenpsine diphosphate (ADP) and adenosine
monophosphate (AMP), are the major links in platelets
c¢oupling the energy yielding sequences and energy requiring
ones, fhe hydrolysis of ATP to ADP is the primary source
of the high energy phosphate group. Further hydrolysis to
AMP may also occur, These reactions are réversible: ‘the
AMP and ADP may be rephosphorylateé.:E |

Within platelets, theuadeﬁine nLcleotides are':
distributed between a_gétabolically ‘active pooi, whicﬁ
consists of the platelet cytoplasm, mitﬁchondria and

membranes (llolmsen et al, 196%9a) and a storage granule pool

(Holmsen et al. 1969b). These pools hold 46%Z and 54% of

-the platelet adenine nucleotide content respectively (Reimers

et al, 1975b). There is a slow exchange of adenine nucleo-
tides between them.

It has been observed that' the ‘denser fracfion of
human platelets contains a higher Adeﬁine‘nucléotide level
than does the lighter fraction-(Kargatkin, 1969), Older
rabbit and human platelets tend to be less dense than
younger ones (Amorosi et al, 1971; Ch;rmatz and Karpatkinm,

1974), It may‘thus be inferred that the adenine nucleotide

175
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content of platelets decrcases Qith-nné. Paulus (1875)
however. has diuhutnd the tasis for this infercnce by

cngludinn that platelet size hctcrqgcncity'is due to

variations Iin territory grovth and demarcation in the megakaryo-

‘cytes which fragment tolgd}m platelets, and not by aging in
the eirculgtion. There is thus no consensus as to Ehc
extent of the loss of adenine nuclecotides from.plafelets
in vive and hence as.t; the importance of-any such loss 1in
platclet senescence.
If the adenine nucleotide content of platelets
were to decrease with age, there are two possible means
by which the adenine nucleotides may be lost. ‘The first
is through the release of the granule storape pool, an .
event that will acconpany platelet invoyvement in haemostasis.
Associated with release 1s the irreversible catabolism of
5-25% of the adenine nucleotides in the metabolic ﬁool to
hypoxanthine (liolmsen et al. 1969L) . - ?he second possible
source of loss is the contfnuous conversion of adenine nucleo—~
tides within the metabolic pool to hypoxanthine.
In thils study of adenine nucleotide behaviour in
platelets an attempt will be made to determine the causes
and extent of adenine nucleotide loss from platelets. In-

doing so the techniques employed may allow the determination

of the cxtent of platelet release within the circulation.

4
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4.2 The Tn Vive Labelling of Plateleots by . 'C-adenosine.

e

L To_fncilitaae the study of adeniue nucleotides in

1

4,2.1 Introduction.

hd -

platelets, a ll'C labellwas aitached to the platelet adenine
nuclaotides. lac-adenosine, placed in the suspending nediun
of a suapension of washed rabbit platelets, is partially
incorporated within the_platele: adenine nucleotides and
partially converted to hypoxanthine. An in vitro study

was conducted s0 as to define the path by which adenosine

15 incorporated into platelets and to examine the transfer . .

of adenine nucleotides, between ATP, ADP and AMP, and the

catabolism of AMP.

4.2.2 Reaction Schemes to Describe 14C-adcnosiue Labelling.

Holnsen (1971) described the metabolism of 1"'C—

adenosine in plavelet rich plasma in a scheme Jhown in Fig.

4.1, 70% of the 146 adenosinc is converted within the

plasma to inosine and thence to hypoxanthine| in enzyne

catalyzed reactions. The renmaining 307 of e lac-adenosine

entlers the platelet and is pLOSphorylated to form lAC-AHP,
14 v "‘\
’C-AUENanﬁ lAC-ATP within the platelet's metaboldc pool.

-

M small fraction of the 14C-AHP within the metabolic pool
is catabolizod to hypoxanthine via IMP and inosine. The
enzyme that regulates the conversion of the adenine nucleco-~

tides to hypoxanthine 1is believed to Le AHP-Jeaminase, an
\ ‘
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Plasma Platelet
Adenosine ——> AMP &= ADP == ATP - )
Inosine. IMP
Hypoxanthine Inosine
\\\*‘*Hypoxanthine
., Adenosine metaboligm in platelet-rich
plasma ‘ /

(after Holmsen;.197l).
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.enzymu that is dct'vated-by ATDP (Mulﬁﬁcn‘ct'al5 1974),
The uﬁtake.of 14C-1dcnosinc by red ccll nhosts has been
chnraéturizéd by the Michaelis~Menten kinc;ics (Berne ;nd
Rubio, 1974) that describe enéyme catalyzed reactions,

' In light of reant‘experimental'work, ﬁolmscnfs
model must be cxtendgd and modified to describe the metabolism
of adenosine in a suspension of washgd rabbit platﬁiets.
Heimers et al. (1975b) ﬁemonstratedja slow but complete

tE ] ’

exchange of the adenine nucleotides, principally ATP,
between the metabolic and granule pools of the platelgts.
?urthe:more Reiners ;t al, (l975c) showed there to be no
significant metabolism of 140-inosine in the supernaghnt of
a2 platelet suspension., Within.washed plétclet suspensions
however, inosine metab;lism occurred, albeit with bl&telet
inoéine levels that did not significantly differ fronm ze;o. .
Adenosine metabolism occurred within the supernatant of the
washed platelet suspension. Although reutilisatioé of
hypoxanthine to form adenine nucleotides has been observed
(Rivard et al. l9f5) it is of negligible importance in the
14

C-adenosine labelling of platelets. Thus a modified scheme

for the metabolidém of IAC-adenosine is presented in Fig. 4.2,

4.2.3 TIxperimental Procedure..

A suspension of washed rabbiﬁ'plntelets in Tyrode

solution containing.albumin was prepared by the method of
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' 1 - s
Adencsine[— I Adenosine[——aMpj=>apr| =,

| P //
Thosimel———A"{Trosiaelc” - [ATRLaTE
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. . /

[Eypoxanthinekr——l—{ﬂypoxanthineI . /
l %
' /
 Suspending medium | Metabolic pool , Granule Pool

/

Adenosine metabolism in washed platelet suspensaion
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Ardlic et al. (1970). The platelet conceitration was lU9
plutelcts.ml-l} The platclaés vere labelled by incubatlon

l : ' ' ' o ' : -
with 1'C-;ldv::no.';j.ne (8 wi, 10 uCi/lO9 platelets) at 37°C., . -

5 minutes after the addition of the label, and at 15

ninute intervals thercafter, soamples of the suspension were

e

taken until 5 hours had elapsed. In addition, sahpiqﬁ of
the supernatant and of‘thé.granule poeols were prepared at

|
each sampling time. The latter are obtained by use of

a thrombin induced release feactioq; this causeg the extru-
sion of the grandlc c;ntcnts from thé platelef. Ugiﬁg
chromatography,the suspending medium (supernatant), platéi
lets and granule paols vere analyzed for adeno?ine, AMP,
ADP,.ATP, IMP, inosine and hypoxanthine. The detailed

experimental technique is that described in Reimers et al.

(1975b).

4.,2.4 A Model to Describe 14C—adenosine Labelling of ‘the

Adenine iluclecotides

/

The model used is shown in Fig. 4.3. It 1is a
reduced form of that shown in Fig. 4.2 and describes the

uptake of laC-adcnosinc inte platcléts, the distribution

of the label into the adenine nucleotides and their.

catabolism, It Iis assumed that the label is distributed

into distincet, nomogencous compartments. In worwal platcelets

- the level-of adenosine is negligible (Holusen, 1971). 1In

g
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ﬁhc‘cxpuriUAHt, adenosineg cﬁuivﬁlunt to 114 of .the platcelet
udcning”qucingtidc content was ndded'to the ﬁlatclet sugpens—
slon (Uumoicﬁ adcnnsine/ldg plateictﬂ); .Such an anuunt : \
was féund to leave the levels of AMP (0,49 ?molca/lﬂq
plgtulcts), ADP (7 nmol'es/lO9 platclets) and ATP (55 nmolen/
109 plnéelets) esaentiélly‘unchangcd. The exihange of

A d

:9hciéotide between ATP, ADP and AMP and the catabolism of

AMP may thus be assumed to bLe quasi—sﬁeady state processes,
the associated tfngef exchange haviug first order kinetics.
Thébuptake of adenosine into the élatelcts'gnd iﬁs,phos_
pﬁprylation to form AMP and its metaboligm in the sﬁSpcnding
medium are enzymatic reactions which will bé described

.hcre by Michaelis-Menton kinetics. Tor these ve;ocity of
reaction = (Maximum reaction velocity) (conécntration‘of
substr;te)/(Hichaelis-ﬂenton constant + substrate concen-

-

tration).
p

The compartments and reaction cbnstants are
numbered as in TIig. 4.3:

my is th? tracer content of the ith compa;tmeat;

kij i% the fiFst order constant desgribing transpéft of
tracer from the jth to the ith compartment;

Ki i5 the Michaelis-Menten constant, being‘the sub-

strate concentration that gives half the maximal reaction

velocity Vi that the enzyme catalyzed reaction may 5chieve.

e

© A Pk
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'L’qf' S the distributlon ur‘Lrnéur'mpy he dugcribuq by the

CAolloulng aeries of diffurcutial cquatlons, Thene equationy
Fesult from the masus balance: . . -

. Rate of accumulation of tracer < tate of influx -

in a compartment ;. Rate of outflix of
' trace?Y from the o

compartment

-dml : ‘
T " leml/(Kl + ml) n'VSmll(KS + ml)
dm2 ‘
T Vlml/(l{l + ml) - V2m2/(K2 + mz)
dm3 : : _ Y .
T V2m2/(K2 + mz) *'kjhma - (k73 + k43)m3 (4.1)
clrn4 T '
To = ~lkgq F o Rgadmy *oKgang ok gmy
_dm5 : b e .
TR -(k45_+ k65)m5 + kSAmh + k56m6
N
de
it - -k56m6 + k65n§

with the initial éonditions'upon the distribution of tracer;
_.ml(O) = .l.. .

(4.2)
m, (0) = 0. , o= 2,3,...,6

The Jd{fferential equations wmay be inteprated simol-
tancously using a 4th order Runpe-Kutta technlque., Those

values of the paraneters Ly Vi and kij that minimize the

P S - TN

-t

[
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raygslan criterionr of box and Drapar (14&5), ané thus have

.

the kiphest posterior probubility are adowvted., The expanding
. =/ ' . :
Cosimplex method of lelder and Hﬁnd‘(lUG&) vas used Co search

for those parareters that gave the best fit of rmodel to

data.

. .
.
- “

0 4.2.5 Results of the In Vitro Study.

-

<.
-

The mnodel proposed in section (4.2.4) was fitted to Lyl
the daLa. The experimental data and the nodel's predictions
) :

are’ shown in Figs. 4.4-4.9. Where nore than 2 or 3% of the
- .

total,;QC is present in"a particular form, the fit of the .

model to the data is -good. At lower concentrations of

¢ 14 14

C (as in 14C-AHP and C-adenosine in the netabolic pool},

tite errors in chromatography a{L such that the nodel does
not £it wgll. The best estimates of the parameters are

tabulated below (Table 4.1). As thq'aécuﬁulation of 140_

N : . : 14
tracer within the granule was small, the return of 7 'C

froa the granule could not be detected. Thus the first

order rate consctant, k56’ that defines the transfer of

- "ATP from the granule storage pool to the metabolic pool .

L] .
vas gstimaled wsing the equilibf{gnﬁrclationship

— o .

? e
At cquilibrium 545 of th& ATP is in the granule pool, the

renaining 405 of platelet ATP being within the metabolic
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% ’Qlﬁclas l?céﬁbP in platelet metabollic pbpl
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Figure 4.7

Levael of laC—ADP in netabolic pool
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14 as lAC-AT? within platelets
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Figure 4.9

Level of l&C—A'I.‘}? in platelet granulé pool
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pool (Reimers et al. 1975b; Nolmsen et al. 1969b); Kes
is estimated from the experimental data,

Attempts were also made to model the entire metabolic

-

process by wvhich adenosine and the-ﬁdenine nucieotides‘
are converted to hypoxanthiﬁe.‘ Simple iMichaelis-Menten
kinetics however proved‘incapablé of describing the dﬁga,
presumably becausé of the activation and inkibition of the
enzymatic reaction;-(neich and Sel-kov, 1974).

A simpler quel was glso considered, in which the
three netabolic compartments, of AP, ADP and ATP are lunped
into a-single metabolic pool compartment of adenine nucleo-
tides. Suc¢h a nodel is shown in Fig. 4.10.. netaﬁolism of
the adenine nucleotides is shown as a first order process as
is the exchange between granule and metabolic compartments.
This model was fitted to the data;the;model's predictions
and the experimental data are shown in Fiﬁs. 4:.11-4.12,

The parameter estimates with ﬁighest posterior probabilicty
are tabulated below (Table 4.2). ]

It will be 'noted from the figures that the fit to the
da;a with this model is‘adequate; ﬁhere is no significant
iwprovement in the estimated variance of tﬁe model's fit
to the data wvith the adoption of a mpdel with separate AMP,
4bP and ATP compartments within the metabolic pool_(p < 0.95).

This is expected as the exchange of nucleotide between the

ctompartnents of the metabolic pool is rapid (fraction turnover



197

*QT°'% 9an4TJd ur umoys 92S0Y3 9ar Sasjouvaed anug

. s ) e

) ;_UF®  9Z000°0 F 920000 feo
. o [-RTu -~ ¥ TE000°0 . ‘e
. o ﬂ::ws 920000 ¥ 2000°0 Te
s, * ,_uTu__(s39723eTd _0T)saTomu RET0 F 9¢°T Ea
[-(s33723e1d oT)satoun RLZF T'€¢ y
o ;-(832T23eTd 0T)soTouu tyo ¥ 7€ 0 Cy
Hl@ﬂsﬁlnmuUAUuuﬁmmOﬂvmuHoE: - cH'0 ¥ 1670 N>
) ﬁ:ﬁmumﬁuunﬁamoﬂvmuawas €€ QL% Hmuom Ty
, . ‘ uHucﬂaﬁxﬁmuaﬂuuuﬁammﬁvmmﬂosc “T§°T ¥ 0€°T Ta
S L e e,
I : - _
: . ucﬂwoavvmnoqﬁ Jo usyroqeiou 2yl 103 S3uUT3ISUOD DT3AUTY

- . 2% 21qe] -



s . . ' '
198

.-l . "‘_-/‘7' ll‘.
rates preater than 0,44 wmin 7) in comparison to the transfar

of nucleoride from the metabolic to the granule ATP%compart-

ments (0.00056 min—l) and the metabolism of ANP (0,0093

=1

min 7).

It is thus apparent that the model of Holmsen

w

. R : . . '
(1971), as extended by Reimers et al. (1975b), adequately

describes the metabolism of*adenosine and its incqrpor;tion
~ L

into the adenine nucleotides of platelets. Ip;pafticular

it has bgen shown that .the metabolisnm of the platelet's

adenine nucleoéides and theilr transport into the granule

storage pool may be described as first order p}ocesses and

that the adenine nucleotides within the ﬁetabolic pool

may be considered As 2 single entity rather tgzn as the

individual ‘nucleotides AMP, ADP and ATP.

L



4.3 . Adonine Jluclecotide Behaviour in Vivo.

4.3.1 _Introduction, -~

.

N N . . . 4
, The in vitro labelling of rabbit platelets with ! Cc-

adenosine results in the partial incorporation of the

lac-labcl into the adenine nucleotides of the platelet's

netabolic pool. A 5lou exchange of adenine nucleotides

between the netabolic and granule pools is observed. Thus

14, _

~

if wvashed rabbit platelets, labelledin vitro with

adenosine, are reinjected into rabbits, the label should

slowly transfer into the granule pool. -
in vivo, ther; are two likely sources of-adenine
“nucleotide loss froo the platelets: catabalisa or release.
In release the granule pool of adenine nucleotides is
liberated. In normal rabbits the frequency of release is

iikely to be snall: Reimers et al. (1975b) found there to

be mo significant change in the levels of 1AC—adenine nucleco-

tides within, the metabolic and granule pools in a period

16-60 hours after the labelling and reinjection of the

@platelets.

To investipate the loss of adenine nucleotides in

’
vivo, survival and relecase studies wvere periormed. The

.

b

survival ' studies vere made with platelets labelled with
51 . 14 . 14 . . . ;

Cr and C-adenine, C-adenine is incorporated into
tne adenine nucleotides of the platelet (kolmsen, 1971).

. . . 14 . . ]
[t is usecd instoad of C-adenosine as it gives a higher

1959



200

specific activity of 14C?adenine nucleotides, As 1in the

serotonin studies, the 51Cr was used as a survival indicator.

The release studies were conducted so as to periodically

14

determine the C-adenine nucleotide levels wiehin the

granule and netabolic pools of the platelet population

in the sﬁrvival stdﬁy..'The combination of survival and

.release studies should allow the source and extent of

‘nucleotide loss from platelets to be determined.

A} .

4.3.2 Experimental Procedure.

The pfeparati9n of a suspension of washed rabbit
platelets and its 1a5elling in vitro Jith laC—adeniné nucleé-
tides and 51Cr was performed in a manner analogous to that
described for the 1AC—serotonin studies (sections 3.2 and
4.2). A suspension of the labelled washed platelets (1010
platelets in 3 ml) was injected into each of rabbiFs.

At 24 hour intervals conmencing three hours after injection,
6 ml blood sanples were drawn from the ears of the rabbits.
The 51Cr y radiation emanating from a -sample of the whole
blood was counted.. From the remainder of the whole blood
dneun, a suspension of platelet rich plasma was prepared

ang the 51Cr and 14C B radiation from tliis suspension was
measured. One rabbit was sacrificed and a washed platelet

suspension prepared by the method of Ardlie et al, (19705.

Release was induced by thrombin in samples of this suspension

e Vo Pt s il 1 e Bl b AT i *

_ﬁ
|
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$0 as to. obtain sanples of the nrasiule pool content of the

platelets (leiners eot' al., 1Y%75L). ‘Thc—distributiqn of the
C-label amonpst the adenine nucleotides of the netabolic

pool and granule pools was determined by chromatography.

’

4.3.3/fﬂodels of idenine Hucleotide Behaviour in Vivo:

Assumptions.

In attenpting to nodel adenine nucleotide behaviour

in vivo several hypotheses will be considered. The first

assumes that nucleotide loss is due to both metabolism

a

T

a

1

release the second that the loss is caused by netabolisn

and

lone and the third that it is occasioned by release alone.

hese nodels are based upon several assumptions. It is

ssumaed that:

The platelet age distribution is invariant with respect
to tine, the platelet birth and death rates being
constant and equal. This assumption nmay be.verified

by detcrmiﬁing the blood platelet concentration at

various times.

.. 4 A .
The uptake-of 1 C-adenine and the incorporation of the
p ) p

C~label within the adenine nucleotides is rapid and
is independent of platcélet age or release prior o
latellin~. |

4 .
1 C-adenine .

It would se'en unlikely that the untaite af

would depend upon whether release had

occurred. As an erergy dependent process, however, the

| Aokt Aoma §—. -

Creld wate AN B

e a sy
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uptakc'process-might'depend upon the adeuine nucleotide

content of the netabelic pool or, uore generally, upon

the age of the plateler if age were associated with a

slowing of the oetabolic processes. 'Experimental studies

are'réquired'co verify'this assunption. Indirect

proof would lie 1n the coincidence of the SlCr and the
C— adenlne nucleotlde survival curves. lCr labelling,

as perforned here, shows no preference for any segmen:

of the Platelet population (Tsukuda et al. 1971).

C-adenine is rapidly incorporated into the adenine
nucleotidés of the platelet's metabolic pool (Holnsen,
1971).

Should release occur, then the ffaction of the platelet
population ;hat undergoes release in a fixed time
iﬁterv31 remains constant. It is fu;ther assumed that
release occurs independently of platelet age. If a fraction
'a' of those circulating platelets with granules intact
releases in unit time, the probability that platelets,

of age t, have not undergone release is thus e_at.
Platelet survival is independent of release: release,
induced by the repeated thronbin stinulation of plate-
lets, has no significant effect upon survival (Reiners

et al, 1975)

In release, the loss of granule contents is couaplete,

The granuleg ma} not be reutilized (Reimers et al. 1975¢).

B Ly TUPTEN S
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5. Thétméﬁagdiic and granule pools are distinct and homo-
genecous. Iq sccﬁion (4.2) it vas EOuﬁd that the
adenine nuclegtidesjwithin the metabolic pool (AMP,-

ADP and ATP) could be treated together rather than '
being considered individually.

6. The exchange of adenine nuclcotide label between the
plate;ct's metabplic and granule pools and the catabolisn
of the adenine nucleotides are first order processes,

In vitro studies have verified this over a short (5 hours)
. time pqrioﬂ. Justification for this assumption will be.
provided later,

The model for the platelet is represented in Fig. 4.13.

In this nmodel, 1let 23, a, be the first oéder exchange
and catabolic rate constants. a, refers to novement of
tracer from the metabolie pool to the granule pool,. a, to
tracer transfer from the granule rool to the metabolic pool

: \
and a4 to the catabolism of adenine nucleotides.

ml(t) is the fraction of the platelets initial tracer
that is present in the metabolic pool at time t, mz(t) the
fraction in the granulé pool and m(t) the fraction within
the wvhoule platelet.‘ i
i.e. m(tj = ml(t) + mz(t)

The initial conditions are:

my(0) = 1, m,(0) =0, =n(0) = 1.



Figure 4.13

Hecabolié al Granule .
Pool —> Pool
my (€) e mz(t)
a"’
43
with the

~release reaction

‘Mctabolic
Pool
ml(t)

T

Model for adenine nucleotide distribution

in the platelet
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4.3.4 lLucleotide l.oss duc to lietabolism and Helocase.

Survival curves.

A% in Part 3, let a(t) be the fractiou of those
platelets, preseunt in the circulation GW the tine of

I

labeliing, that are still present at a2 time t after

labelling. A(t) may he equatalto the fractional level of

initial E Cr prescnt in a saﬂple of“blood if the 51Cr

— ki

level is corrected for a fractional elution rate of 1% per

day (aster, 1971). 1f 1(t) is the age distribution function

of platelets within tite circulation (i.e. I(t)dt is
the fraction of circulating platelets of age hetween t

and t + dt), then

&

S I(x)dx ’

t . . (4.3)
1

x\(t)

Aa(0)

Let C(t) be the fraction of the imnitial 1AC—adenine nucleo-—
tides ‘within the circulating platelets at time t. Then C{t)

is made up of contributions from platelets present in the

‘circulation at the time of labelling: from those platelets

that had released prlor to labelling; from those that had
released between lébellrng and sampling and from those that

hhad wot released their granule contents at the tiwme of

]
sampling. l
Corsider a platelet that ﬂad released prior to labelling. i
AC tinme £t it coutains a fraction e_HBC of its initial i
lalel, the rewainder haviug been metabolized. The fraction T

-

205
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.of such platelets in the circulation at time zero is

S I(x) (1-e “*)dx
o
a being the rate at which intact platelets undergo release.

Thus at time t they contribute to C(t)

e~23t 5 I(x+t) (I-e 2%ydx C(4.4)
]

Thosey platelets that were present in the circulation at
time ze and had not released at time t make uyp a fraction

g I(x+t)e-a(x+t)dx
0 .

of the platelets in the circulation at timé t. Following

Atkins (1969b5, the level of ;AC—tracer within such a plate-
let at a time t after entry of the tracer into the metabolic
. pool may be shown to be - ~ /

mn(t) = m(O)((Al—al—az)e_llt + (al+a2-x2)e‘*2‘)/(xl-xz)' (4.5)

T

where ll

A

2 Ll
5 = ((al+a2+a3) + ((al+az+a3) 56a2a3) Y/2

As the result given by Atkins (1969b) is erroneous, the
eigenvalues, —Al and —12, being incorrectly defined, a
correct deviation is given in Appendix 4.1.

Then those platelets, present in the circulation at

the time of labelling, that had not released at time t,

contribute to C{t)

—— —— iy —.

e AL

e R Ay o b ol Rba ¢ e e 3 L8




m(t)g ](x+t)c_q(x+t)dx _ (4.0)
4]

Finally consider those platelets that release in .
the time interval y to y+dy, t>y>0. Tiey number, at a time

& ¥

t after labelling
g I(x+t)e-a(x+y)a.dy.dx
G

and they contribute to C(t)

e_aya.dy.e—aj(t-y)ml(y) [ I(x+t)e_axdx
0

where nl(y), the level of tracer within the netabolic pool

at time y in platelets with pgranules intact, is
my (€)= m(0) ((A ~a Ye 1% + (a_-a.)e *2%)/(x,-1.)
1 ' 171 - 2 72 1 72

This expression is derived in Appendix 4.1.
Those platelets that release in .the period between

labelling and sampling, O<y<t, thus contribute

(-] t .
e—a3t ('I(x+t)e_a¥dx, g aml(y)e_ayea3ydy (4.7)
0 0

Sumning these thiree sources of contriburions (Appendix 4.2)

(. ]

cle) = (A(t)ye 2% - ag A(x)c—axd:)f(\l—kz)
t

((.‘l-al-~a,,—a(/\1—32)/().1+a—;-.3))c_’\lt +

-~

-l t
(zl+n,—lq~ﬂ(az~\2)/(\2+a—aj})e 2

- - L

~-{a_.—a

+ae 3 )t((il—az)/(ll+a-a3)+(az—12)/(A2+a—a3)))

+ae(3733)¢ { Alx)e MTak . (4.8)
t
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This eqt lon nay be fitted to the experimertally determined
values of ((r

Release Stoeld

tow an equation for~fiic ratio of granulé bound to

. 14 - T
total plactelet "¢<adenine nue

otides will be derived.
This quantikxy, R(t), may be experimentally determined in
reluaéeistudies.
For platelets that lose nucleotides through metabolism
and- release, the granule content of platelets is contributed
by platelets that had not released at the time of sampling.

Thus the fraction of the initial 14C—adenine_ nucleotides

located in the platelet granules at time t is, after (4.6):

© |

G(t) = m,(t) g I(xte)e @ OFE) 4o
i X
= (Ait)efat - alg A(x)e_axdx)al(e-"’zt - e-klt)/
t .
' (4.9)
and () = Gc(e)/c{e) (k.iO)

4,.3.5 tucleotide Luss due to etabolism Alone.

In this hypothesis the probability that. a platelet
cvnderpoes release will be assumed to be neglicible, i.o. in

the model assuming loss throuch wetabolism and release,
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a vill Dbe zevxo. lience, frown (4.8)

Jot -t

Gr) = A0e) (A ~a —az)e "1+ (ujta,-i,)e "2 Y/ (=2 ,) |
’ (4.11)
or C(t) = A(t)m(t)
Similarly, setting a to zero in (4.9), the fraction of
initial 14C within the granules at time t is
G(t) = mz(t) ‘ I{x+t)dx
0
or G(e) = a(o)ay(e2® - eTM%y G-y (4.12)
and R{t) = mz(t)/m(t) _ (54.13)

4.3.6 liucleotide Loss through Release Alone.

In this hypothesis, metabolism will be assumed to be

negligible, nuclecotide loss occurring through release alone.

i.e. a; = ag. It will be assumed that the catabolisn of

the adenine nuclevtides associated with release may be neg-

lected and hence Al = a

Ap = 0 .

Substitutiug these values into (4.8), we have

+a) + a e—at(l—ae_(ii+32)c/

c({t) = A(t)((az+a)/(al+a2 1

($l+a2+a))/(ai+a2))

+ (.—1:11 (tj‘\(:;)euax(:::} [:Cnt/ (Ul';"i:'!'d)
—las+a, e .
-(l-ae” 2177270/ (ay+a,4a) ) / (a) +a,) (4.14)



and sinilavly, substituting thew into (4.9), ' -

G(e) = '(."\(t)c—.nt - a S :‘.(:;)c_"a}:.dr:)ul.(l-e_(al+“2)t)/(al+:‘.2)
' t

(4.15)

4.3.7 A sinulation of Survival and Releasec.

To illustrate the value of the survival and relecase
studies in elucidating adenine nucleotide behaviour in vivo,
the systems vere sinulated using the following values for the
parameters, estimated from. preliminary experiments (Table 4.3).
The values of A{t) were taken from a survival experiment.

The results of the simulation are shown in Table 4.4.

These simulations show there to be a marked change
. 14 . : . '
in the C-adenine nucleotide survival curves if loss due to
mctakflism is assuned to occur. If release alone is assumed
to be responsible for the loss of nucleotides, there is
little difference betueen A(t) and C(t). liowever, 1if re-
lecase occurs, with or witlhout metabolism, the values of R{t)

oA '
are considerably different than if metabolism alone causes
nucleotide loss. Thus a conbination of relcase and survival
i

studics should prove effective in detcrmining the means by

vhichh adenine rucleotide loss occurs.

PO a Tuorerinencsal ssules and Discussion

51 . 14 . .
ihe Cr and C—adenine survival curves from an
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.
" Sk,

experiment are shown in Fig. 4.14. There is no statistically

- E)

significant difference between the 51Cr survival cufve,

corrected for a 51Cr elution rate of

1% a day, (i.e. A(k)) and the
14 :

C-adenine survival éurve (C(t)) (F test, p ¥ 0.35, Dell et al,1973).
| The feléase studies allow the deterninatiqns of R(t),
the ﬁraction of total platelet 16C-adenine nucleotides pre-
sent in the granule psol at the time of sanpling. The
experinentally determined values of E(t)‘are ﬁhogn (Fig. ﬁ.ls).

-

In modelling the data no improvenengvzﬁ}the fit of model to

’

data was gained by assumfng there to be metabolism or release
of the adenine nucleotides (Table &4.5)7 A model that . )
considered only the exchange of nucleotides between- the
metabolic aud granule pools was adequate.

It may_bg conciuded that there-was negligible metabolism
and release of the adenine nucleotides ié the platelets, the
ievels of adenine nucleotides within the metabolic and gran-~
ule‘quls of the platelet remaining unchanged over ghe
course of Fhe e#periment. If'thisuis so, then the.exchange
of nucleotides between the ‘pools ocdcurs at a steady fate
and thus the exchange of tracer may properly be described
Ly first order kinetics.

. The fraction of the adenine nucleotides of the meta-

bolic pool that transfer into the g;gnﬁle pool in unit

7

tine (al) is 0.0792 he-l: “the fraction of the granule pool
adenine nucleotides that transfer into the metabolie pool

(a,) is U.511 nr-l, This indicates that 61% of the

R

e nea

A T e
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platelet adenine nucleotides are in the granule pool,

s

392 in the metabolic pool.

- l Th;’conclusiohs that the adenine nucleotide content
of platelets is unchanged with age allows three statements
'to-be'made: first, senescence of platelets is unrelated
to a lbss of adenine nucleotides from the platelets; second,
if the denser fratfion of platelets contain$ more adenine

nucleotides than does the lighter fraction; then hetero-

gemeities in platelet density are unrelated to platelet age:

ax

the conclusion of Paulus (1975) 1s supported; third; platelet

release occurs infrequently in the circulation.
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Gomenclature - Part 1

Lactin

a = tube tadius -

o

c = platelet concentration :

c - dimensionless plate}et concentration (c/co)

cy - platelet concentration at the tube ‘inlet

D ~ platelet diffusivity

D - platelet diffusivity adjacent to the wall

d -+ dimensionless-boundary layer thickness (y)

ﬁl - dimensionless discance between the edges of the
concentration boundary layer and the skimming
layer { y ) _ ]

ae - dimensionless skinning layerxthickness (_; )

F « platelet fluxl

£ - platelet collision frequency with an element of the wall

Ky - term indicating the relative importance of the binding A
reaction and diffusion in determining the rate limit-
{ng step in the adhesion process (defined as
ka.Pe—lIBIDS)

Ky - effective value of Ka accounting for partial platelet
coverage of the surface

k " =~ binding rate constant

m - pogﬁf law coefficient

N - platelet collision frengncy with the wall

n - power law coefficient -

Pe - Peclet number - a number that indicateé the relative

ijmportance of diffusion and convection (defined as ga/D;)

et

T
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fraction of platelets that adhere on collision with

rad‘ 1l coordinate
dimensionless radial coordinate (x/a)

( ‘
fraction of surface adhesion sites for platelets that

are unoccupied )
dha;acteristic adhésion time (defined as Pe"1/3.app/(Dsc
time . ‘ i
dimensfgnless time (t/T)

axial velocity .

mean axial velocity

mean velocity of_platelets; random movements

axial goordinéte

dimensionless axial coordinate (x/a)

diméﬁsionless aistance from the surface (defined as
(1 - T)y.pet/3)

dimensionless distance from the skimming layer

boundary (y - Hé)

non-Newtonian factor
shear rate
an element of surface area

an angle

0)



mean free path of platelet fluctuvations
surface density of platelets
dimensionl;ss surface density of platcle:s (p/p )

saturation level of platelet surface density
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lomerniclature - Part 2

aij fractional turnover rate from the ith to the jeh
compartoent ‘

5ii total fractional Furnover rate from the ith compartment

é matrix yith elements aij

g matrix of eéxperimentally determined pre-exponential
constants

c, experimentally dete;éined exponential constant

D -serotonin diffusivicy

G magrix of pre—expénential constants

k rate constant for uptake of serotonin by plateFets

L nunber of samples taken in the course of an
experiment )

n vector of responses

Ly valug of ith response at ith observation

n nunber of compartments in systen

r a radius _

kS

R radius of platelet

Sij e}emen: in matrix §

X the increase Iin the number of parameters assoclated
with the introduction of a compartment '

Y numﬁer of parametgr; required to describe a systen

Greeck /

o3 confidence lefe;

0 .paraneter



It==

eigenvalue of A

diagonal matrix of A's

L 222
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Nonenclature - Part 3

A(L) ~

O
~
[nd
[
|

L -
kl -
k2 -
t -

Eircu?ating platelets out of the circdlationﬁﬁ‘ S

,fracﬁion of platelets in the circulation at a time

t after labelling that were present at the time of
}abelliﬁg

fraction of initial 14C present in the platelets at

a time t after labelling

platelet ége digtfibution funclion

fractional turnover rate of serotonin from the B}ate—
léts.into the ﬁlasma

fraction of serotonin from dead platelets that

exchanges into circulating platelets

"fractional turnover rate of serotonin from

time
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-

A(L)

]

fraction of platelets in the circulation ét a time
t aftef labelling

fraction of platelets with granules intact that re-
lease in unit éime ?

fraﬁtional turnover rate (metabolic.pool to granule
pool) - -
fractional- turnover rate (granule pool toc metabolic

pool)

rate constant for adenine nucleotide catabolism

fraction of initial 14C present in the platelets at a

time t aftexr labelling"

granule bound 1404aden1ne nucleotides
age distribution function of platelets
Michaelis-Menten constant

fractional turnover rate from the jth to the”ith

_
r

compartment _ ‘ ' S .
tracer content of platelet
tracer content of ith compartment

ratio of granule bound to total platelet lac—adenine
nucleotides

time

maximal reaction velocity

eigenvaluce

i
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_Appundiﬂ-l;l-"

! _Tﬁbrﬂoglect‘ot anﬂout Time
) -Py;or ﬁo :ho-expoauro_of the :ubulaf teat iec:iona to
| a tloutns-platﬁlﬁt nulﬁnpaion. the tudbes are filled with a
solution ao isrto avoid the formation of an air intarface
ﬂhh\nl.l.:h the platelet aﬁd_orythrbcfto suapension within the

tubes, In thip Applndix‘thl time for which a platelet fraa
layer ripninl close to the nthncu will be calculaﬁnd; ‘
Experimentally it {s observed that the washout time
is important ‘only at high velocities (10 cm;aéc'l) of the
platclat and erythrocytae suspansion through the tubea. At
these valocities a parabolice §elocity profile i{ observed
as the llecnlion displaces chﬁ primary solution. At lower
velocities (1 cn.leé'l). the I&lp.hlion ia observed to dis-
place the solution ;; plug flow, ‘ -
| Considaer fully developed Newtonian flow along a
cylindrical tuba, -Thc transit time for an elemant of fluid
rniu‘diltunc‘ y fxon the vall is
: - :"‘ _

B | ye<a (A.1.1,1)
4y .

whoeve t, Y3 the uean transit time for flow algng the tubae

of radius a. L ‘ - -

If the initial conditions {(time twQ) upon the platelet
- - N

5
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" concentration c(t,r,x) at an a:igl.gélttion x and a radial
L L : '
position r are

. ,
= 1, t20°

then the velocity average concen ion of auspension

oncrsing from the tube at time t 1ls:

ot t
T el a (!%)2., :;tnlz T (Adlele2)

“Conaidar the tub.n.iaad-.aplrinnﬁtilly. They are of length

25 cm and internal diasmeter 0‘11‘c‘;, For a platelat suspen=-

sion flowing through the tube at 10 em.sec~t P

t‘ a 2.5 sec.,

and the transit time for an elemant of fluid 10 W from the
vall is (from A:il.l.1) 70 seconda. -:f‘thc diffuaion of
platelets wvere nogli;iﬁlc. a period of 70 seconds would be
requirad to 1h:roduec platelets into a .&u. io u from thae
vall ilon; the entire ln;gth of the tﬁbn. At this time the
vcloﬁfty avarage conechttation uoﬂldrb|'0.9997. The same
velocity avearage concentration could however ba achieved
vithin 1.3 t, or 4 lc;onds it a pl(:llut-dittuotvity of
iOf’ei.ai-c‘l vere assumed (Turitto et al. 1972).

It is thus apparcﬁt that in this apparatus, bccip.c of
the Egd cell induced Qiftuqion of platelats, pia;clc:a
rapidly nutcf the mone adjacent to.the wall. Hence the
solution washout time may be disregarded vhnn}éod enll; are

presant iao the suspension,

o ——n




. Appenmdix 2.1

Sarotonin Exéhaﬂ e Batw.on the Plltclct‘ind its Surroundin

ﬁodiun: does the Intermediats Compartmant lie within the

Platelet or within nfnoundlrg'hizur about tha Platelats.
If the distribution of serotonin between the

aulpgndidg nediun ,nd‘plltﬁlitl 1§:a; aquilidbrium, nat
transfer of aetotonin fron the suspanding medium to tha
platclet or vice verasa oceurﬁfns. than tha uptaki of sero=-
tonin by the platelet is described by firast order kinatica.
cbntidcr the pi‘tclct as a ;phcfc of‘rndiul_n. When a
anro:ﬁntﬁ tracear ia initially located within the suspending
nediunm, ifp net movement ia initially describad by the

following esquationat

.
in 3 v 20m
it .} Tir . d
- kn
E{ L-n
wjl
. '/ s

a. .o. 5 : R. t‘O
\vhlro‘n is :yc tracer concentration, D its diffusivity, r a

= radius and k the rate coustant for tracer abgprption into th;'

Jaeger, 1939)¢

g ' . ‘

7Y )
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o mu.('l-lill-g(n:ffc((r-ll)/2(btA)H)-uxp(-((k‘/-u-t-lllt')'(r.-l{)'- |
| N + (/DL PDE) ) Cerfe ((eaR) /(2 (pe) ).
CH(LADRU/RY (DE) )/ (x (RR/DHL)Y)

Wieh large valuos of (K/D4L/R)(DE)Y, at r=R,

[T mgmg = mg ™R/ ((D/RKHL) (063 %)) 7 (14RK /D)
cﬁz.aug—l

For acrotonin D~ 1073

and for platelets R ~ 10~ Yem

and K ~ lbhscm.nuénl

(Thiu-vAiuo of k ia outigatu& from tho exparimental cbaer-
vation that 10% of the sorﬁtonin'in tha auspending moediunm,
concoutrncion 123'uN; entaers iog.plunulntu min'; undar
oquiiibfiuﬁ condi:ionn. Tho surface arva of a plntuid:
_in 107 7en. L) | “ A

‘Aﬁ than (le+llR)(Dt)H > 30, for t 2 Ifuoc.. the approxi-
mation -for large values of Fk/bfl/R)(Dt)H may bo.ampléynd.
‘18 thus

The minimﬁm.popuiblo valua for =n e R

LT moti/(l+RkID))'> 0}999§m0 and thie vﬁlua is’
attained to wi&hin U.OGUOlmd:by twl doc, -
Thuu-dlmiuut&on o!‘:rucor lqvﬁl ubout tha ﬁlncoint
"dua to an dunitial flﬁx into the platelet la nepligibla. As
_4at no tine ls theve u.uiunifiuant buuﬁdary lufor. Lt/fg
1ikulv that tho ln:ormndiutu compuvtmunL liva withln cha

Plateluet,



“Appondix 3.1 .

Laquatlons deicribing Sovotonin Hohnvfnuf.

“The proposod modulu uro describod in suction 3 2,
Tha oquntiuna nnuuciuted wi:h modula I and IT roquiruﬁpo
proof., Thoan uaaoclntod with III and IV moy bo troated ag
lpucinl cosas o! the equation for modol V. The dariyntion
of the aequation for modol V.tollowﬁ.‘_ i

_:iﬁ Nodoi Ve fu aahumﬁd :hnthtﬁcru iz serotonin

uxchnﬁ#o batwoen circulating platnlhta'lbutwncu circulating
platelots and dead platoletas (exchange from. the ln:tar
occurring iumediately following their removal from the .
clrculation) and betwaen circulntinn R}ntelutu and norotonin
outside :ho circulntion. the latter concn§ninu a nqalisihlu
anouut of trncor. - | T - |

A(t). C(:), ICe), k Ll aund k2 ware dafinad in
uuctﬁgn (3.2.1). Lat plntolntn anhuring the circulution'
at time Y, 0<y<t, have' a npucifie nctivity uf sarotonin
~tracar a(y,t) at time t. As plntuleca nntnring the
civculation are unaumod :o'car;y nﬁ'tracnr in their
sarotounin | L _
' . ’ aly,y) = 0.)P<y;t. (Ad301.1)
thone presant in the circuln:tou at thu time of labelliny
have a spoctific utrtvt:y a(o, c) vharo a0,0) w ¥, (A, 1 1.2)
rfhu ‘tetal platolot contunt of uerotunin tracor iwm compound
of tracer frow, platuleta prauent in the elrcqlation'at the

Ty
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tine of lubullihg‘nnd of :rncai'ftoﬁ-plntuluta.qhuti
ontorddlthu—cireulntldn'lutor.'

. ‘ oy _ . L : .
clr) = g I(x+t)n(0,t)dx'$\\ I{t-y)a{y,t)dy
. ‘ 0 . . 0 ¢

t _ ' o
" a(O.t)A(;) + Sol(t-y)u(y.tgdy ' (AV3.1.3)

Let us apply a maus bulnﬁfo to tho tracer iun a~platelat

that ontered the circulation at :time y.

Than'
Rate ofnnccumulatiou uqﬁo of loau‘to‘ Rata of gain £r$ﬁ
of tracar - E otﬁor platoluts T other circulhting '
| - and frém the . platéluta
circulation +* Rnto of gain from

dead platelets

or

1808 - kdaty,e) % KOCE)

. -
-k, (ac0, )4 SOI(x+n).dx'+g0n(y.t)%?l(t-y).dy) *

‘ I

(A 3.1.4)
Defining | S S . g

. t. '
£(e) -[un(y.t)ﬁ?l(t-y)-dy

(A 3:108) muy he rewritten as

daly &) w =Chtk,dnly,t) + KC(E) + Ky (aC0,8)T(E)=£ (L))
(185 : ' ‘

(A-J.l-B) :

L
]

tov dtrturuntiuciuﬁ'(A.3.1.3)
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Ll(‘(t) \('_)dn(o :)

5:§§.

;(c)u(o t) + T(0)alt,¢) +( a(y;t)%;(l(t-y))dy
o ‘
: .

4 I(t ﬁ) (n(y,t) dy A B . - 'r'." ‘=

-Subatitutina (A.3.1.5) into this, roculling (A 3.1.1)

; %%(t) - -(g+k2)4(t)a¢0,t) + kA(c)c(t).+ kl(n(o,t)l(t)-f(t))A(t)'A
-Icu)nco.ef'f ?(:}54 tk+ﬁ;) f::étfy)n(y;t)édy 7
+kcc=);aco>-atc)$7+ nlci;o.=>1(r5~:<£>(#(0)44<c5))

L kaC(E) = (Lekp) (a0, E)TCE)=E(E))

as A(0) = 1 .
Rearranging )
<a<E:;>:<=> = o) = (5 v e~
\\ubutitutin thias 1n:of(A.3.1.5) .
480y, e -gfsz)n(y,:) £ ue(e) = by (FEC) 4 ka€lE)/(1=kp)
or . : |
“u—cacy.c)u‘k*k T8 w (ke(eye (KHRQE klg?(b(t)°(k+k Lyren ky)
For y = 0, 1n:agrntina from U to t, with tha initinl condicionu 7
a(0,0) = 1, €(0) « 1. | o
a(0st) = (omCk¥RE g c(:) + ku (F+“2)° f'ccx)a(k+L 2) %y %)/ (1=k,)
. . ) 0 !
) (Ad3.1.6)

Similarly, for O<y<t, integrating from y to t with The b

luitial coundition  u(y,y) =.0,




1T

1

. : o : - . - s . .. ‘ t -
; h(y.t)'h‘(hlﬁ(y>u‘(k+k2)(pfy)-* klﬁfti 4 koo (L+! )n[ Cfx)uFL+k2)x‘

© i L . . ! b
. ' . . . i .

1

/(1'k1) ’ 5._(‘\{‘:30117)
for 0<y<t

aubncitufing (A 1. 1 6) and (A.2,1.7) lnto (A 3.1, 3) uud
{

uimplifyinp . . '

¢(t) = " - (hk,) b

S

(L) (14K J Clxye (KRR oy
R _ .

t t Al s

+ ( 1¢t=y) (k j clxyolb¥kdx g 0 -

U ) y . . o

+ kic( o (KHRQ)Y oy

. (A3aLe)
This is the/gdquation for modal V,

~In modal IV it vas auoumod chht there was sorotonin

oxchnngo only buqunn circulating. plntaln: Thien ki-kzuo.

. With thoao vuluun subatitutod, (A.ﬂ.l.a) buconey

kx t ‘ £ kx
Ce) w " (A(t)(l+k ( C(x)o ".dx) + k[ 1(t=y) f Clx)a ".dx)
oo ' B 0 : .0 ¥y
(A3, 1.9)
Thig iﬁ the equation for modal 1y,
" 1In mudul TI1 it wan assumed thut thore vas ﬁﬁiuaruconin

uxchnnnu botwean. circulutlnn plncalccu.' Then k « 0,

NLLh thiv value, (AV3, 1.U) tuducuu to . L

. L(t) " “2‘(A(n) + k f I(t-y)c(y)u ﬁy.dy} L5 (A;B.l.ln)

+
-«

”
thite le tha cquation fur rodal UL,

*n

k),




Appondlx 4.1

tiueloot Lda Trucur n{ucrtkutiun inlplutdldtn.

The nudel to hn LOﬂﬂldulﬂd iu uhown i Fdpe, 6;1J.

‘.

/ ’Tho movemant of truuarvhutunun _tha cunpnrtmuntu 1a deuuélbnd
by the folluwinu uuriuu uf diffaruntinl uquntiou&. ml(t)
i; tha luvul of trucur at timo ¢ In the plntulutu' motnholic
pool; mz(t) ‘“lu the lnvnl of tracer in the. granule pool and
m(t) iv the wsum of ‘the abovu = the Lutul iuvel 6f warotontn

within the pln:alet. r(

l.0. m(t) a m (t) + mztt)

hN

For. chﬁ nu:nbolic pool

dm, A5

ik (ts ~ -(n + nj)m (t) + “z“z(‘) o ' (A.ﬂ.l;l)

For.thn u}unulu ﬁoul

dm2 L .
TE () -.-n (:) * thym l(t) .
=w1tln muinl conditionn o N

ml(u) w wm(0)
lm (U) w 0 L | EA 4.1,2)

Tullub Lhu Laplaco Trnuufoxmn uE (A helil) und uuhutLLuhiuh

(A (lnl &)
nml(n) « n{u) “.f‘“l+é})ml(“)~* uzwz(n)' - (Ab 100D
Lo 'umé(u) " magn, f;n1m1(u)

i - * ]

254

R A At i = R R e )



dinlyling " .

~

b

'ml(n)'“\giﬂ)((ﬂq lﬁl(nfﬁ o= (u, ,)i(u+a,)jvgyz-y])}

=n,(u) L mfb)(]/(nPA ) - 1/(urA ))/)

whore

-

.
o~
- . R .

L L 2 b
‘hz-ﬂn,bu L ((ni&nzfgs) -6u2n3)

7 "
- '.,i%‘

mz(t) - nlm(ui(a-§25-u-élf)/(Al-Az)

A2
Nencu
nng )

mi{t) =
Atk Lne®(10690)

vlpenvalubn Ay
fraction of the

m{{}) =« 1,

t

mfgiijii:ﬁz-n])n;k; + (n1+u2-k2)c-
' [

wy (L) = m(u)((Al-nz)“-Ait #~(#2rag)u732t)i(zl-hz)

25y (hp=1 )

(A-Iirl-nli)

tn hin dorivation dncorrectly dofilned tha

ung.kz.

{nitlul platalet bound tracar hy

Tha squations may be txpresnad nps o

wutting
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EEU!LLEJ”;EdE' Lnrn: rrfgu ll:rtultlln

.Hnﬁmlur Llve cuﬂyrlhul!unn‘fb Lhn
Elye plnlulnrn duf!nnd An anurlunu (6.4), (6.6) undffﬁg7)*
W huvpl ,-“ ) o e . '.7 : '

() - gyt j TCxtt) (Lan™ "%y ary
' : A ) :

'gn(ﬁ) rb](x4u)u-”(ﬁ4h).dx
) .

“ . L' - 7 .
da "';Lf IXETARY ’”‘f am, (yJo ".Yﬂf'ﬂy-tly .
0 0 -

ieforn renrranging (A.A.Z.l) the fn]lnwlng torfvation wilt

ba maday . ' g

for (L]

[ Tkt ye™ " g w ot ‘g I(n)c1-[”:;tlx
0 L . L

Hocon L't Ing that

( TOsbt) odn v A(r) o (Avh,2.2)
t ' : . -

thon, Lntograting by partn

ter

g I(H)n""x:dx o I(A(U)_—ﬁ.(x})ru""x] . o L
L Lt

n

" nn® .
+u( v “x(A(U)nA(x)).dx
t

L

- A(r)u-"t f.ﬂg A(x)ﬂ-"x.dx
L

[teepe e

‘t

I TR PRI I ALY « nuf'f ; Ay M 0y
f)

L (Ah,2,9)

e
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bunh!ug f_lnntrilutinnh' -

luvul af Lnncurliﬁ
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