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. : ABSTRACT e
Ay - . ! ’ - --. - ) \"'} : : -
- Thls research was carried ‘out to examlne the effects

‘of polyv1nylpyrrolldone and dextran, two neutral poly-

C e

mers, as rbuleaux—xnduc1ng agents, to 1nvestlgate the N

\

36531b1e Qﬁec1es spec1f1c1ty in rouleaux formation, ﬁo
study the’ modes. di,formatlon of rouleaux douBlets and
o langenurouleauxJ_and flnally to examlne the;effects of .-

cellular surface’ charge, 1ncreased macromolecular concen—

P

, trat1ons, and otﬁer changes in the medlum surroundlng the
WL

cells on red-cell adhesxon. “The method of study lnvolved

observatlodﬁ of the red cells, in dllute suspensrons,

2

' ermlng rouleaux on a plastlc coversllp and recordlng

these observatrons~u81ng photomlcrographx and cine-
o i . .

,micrography‘for subséquent analysisw

~.
62}

The dextran fractlons used 1n this study (Dx-70,
x-llo and Dx-500) were found unable to 1nduce aggrega- "
,E;gn of human cells at concentratlons beyond 709/1 The

Dx . fractions however induced aggregatioﬂ of red cells of

- other spec1es at aia concentratlons above: a crltical con-

centratlon level Polyvinylpyrrolldone (;VP -40, PVP 360),

-

on.the other hand, was found to induce aggregati%? of all Yi
-_spec1es"cells, including human, at, all.concentrations

V 4
above its critical rouleaux-lnducxng concentrat;on level .
e
These results suggest that rouleaux formatlon depends not

cnly on the physlcochemical properties of’the ;ouleaux-

\y 1nduc1ng molecules.but also on the natire of the adsorb-
: & -

{ : : .

. \ ’ l . CAv . :



bing surfaces.

. In the-PVP -induced- aggregatlon of 1nterspec1es popu~

L.
..

latlons of red cells 1t was found that red cells of any

ope.spe01es_adhered in rouleauxrformatlcn with red cellg

1

‘ of any other species.‘ Hoyever, a statistical enalysis of
the cells in mixed:rouleaux showed that red.cells pre— s
'ferred_to eéhere to cells of‘the same kind (species)

) rather than to red cells of another spec1es. The crefer-'

| ence could not be explalned by dlfferences 1n bhe cell

sizes, but the apparent dlﬁf~nces in the surface struc-

- ’

ture of the ce11§ mlght play ‘a responsible role.

’ el [N

_ g\g . "Red cells 1y1ng on a coverslip ;n a solutlon.cf

rouleaux-indicing agent, were observed to form doublets

by either the sliding, cresting or flipping mode, as

-

previously reported. The sliding mode was predominant in
. \ \ °
- PVP solutions up tO'Sg/l°cpncehtration,,whilé”the other
' mcdes prevailed at higher concentrations. In Dx-70 and

- Dx-llolsolﬁtions, the nonisliQing modes were predominant
at a macromolecular céncentratiqn‘of approxjmately 40g/l1° .
S while sliding was the principal mode at higher and lowef\g;//}?

conceﬁtrations. A model\was:proﬁcsed which attributed

’

the net adhe81ve force between the cells as the main

determinant 1n the transztion from sliding to non-sladlng

The tank tread model “of other 1nvestlgg ors for explaln— -

5 -

ing the process of alignment of the cells in. rouleaux

.

formation was,dlscounted.in this study. The mode of

formation of long rouleaux ifcur or mcre.cells) was _ N e

' -




independent of the macromoleculag‘concentration,’but

dependent on the orientaiion of the cell or rouleau’
‘when contact was first made. The formationlof long

3

rouleauk clearly lllustrated that the process ‘involves

a surface energy w1th the general tendency to reduce thls

surface energy to a minimum.

. The adhe31veness of the cells was found to 1ncrease
linearly with the PVP concentration over the concentra-

tion range studied. The increased interaction of\the

Cells with increased PVP concentration was also 1llus-
trated: A reductlon in the surface charge of the cells
Was’found to increase their adhe31veness. The study of
‘red cells suspended in a no-Ca++ medium was not conclu-
sive but suggestive:thah'a reduction in the divalent ion:
concentration results in a‘decrease in the adhesiveness
of the cells. 'Changes in the,pH Qfléhe medium had no
apparent effect on ché adhesiveness of the cells; but the
cells were found to be compressed, prlor to 'sliding, for"
a relatavely long duration (~75 seconds) at hlgh-pﬂ 's,
Young cells were found to be more aggregable than ol&

cells and this result was ln;erpreted to be partly due.to
o - . '{"

thevéreatef deformability ‘of the young cells.

“




ACKNOWLEDGEMENTS

Dr. P. B. Canham 123roduced me to the fleld of
.medlcal researéh\and acted as my superv1sor, and 'I would
11ke to thank Rim very,51ncere1y for his guidance and
interest throughont'this study. II would also like to
express my gratitude and appreciation to Drs. A. C.- Burton,
M. R. Roach, C. é. S.'Taiio; and L. L. deVeber for their
advice and suggestions throughout the course of thisAre-
search. Dr. Roach supervised my work between September,

1975 and August, 1976 while Dr. Canham was on sabbatical
at Oxford University, and to her I owe speciaf/thanks.'
9 I'wonldjalso'like to thank 'Dr. Canham s fOrmEr gradu-
ate student, Mr. Jeff Diion, for helplng me get started on

<
this work before he went ‘into Dentlstry. Jeff explalned

i
the operat1on of the camera equipment and also gave me
some‘usekul hints on slide preparatlon.-"

. Deiter Bruckschwaiger &orked with me as a summer

research assistant in 1975 and 1976 and did thé experi-

mental work on which chapte®. 4 is based. Dieter also

" helped with the German translations in the literature, and

'I.thank him sincerely for his invaluable‘assistancef
’ Mrg. Grace McIntyre patzently dec1phered my script
and did.an excellent ]Ob in typlﬁg the final draft. .To
her I. exPress my profounq gratltu . I would also like tf/

thank all the other graduate students, support staff and’

faculty who have helped one.way or the other.

-

o o wid \

\

c
/

/

/




s -
-

. r

nk my dear wife, Madalena,

.

0

Finally, I -would like to tha

for providihg love and happiness and cheering me up during

v

times of frustration, and my son John Carlos for providing

the extra.comfort at home. : SRS ' .

b 4

.
e




, : -
P 4
-»
’ . This work was supported by the Ontario Heart Founda-
’ * tion and the author wishes to express his indebtednéss to
this organisation. - . , .
v ’ - ° 4 o ad
e i ‘ * L
y . ~ ’
kS
‘ . -
. € )
N . s - .
v ~ % . - ’ M
) - |
s A !
+ - " . /,.‘ ’ “ N
) - . dx - . ’
- IS P . . ‘.’ “ @




[

. LIST OF TABLES .......
, :

. LIST OF FIGURES. ....

. TABLE OF

s ‘\

.CERTIFICATE OF EXAMfNATION

ABSTRACT +.uvunnnnnn
ACKNOWLEDGEMENTS ...

TABLE OF CONTENTS ,..

CHAPTER 1 -~ INTRODUCTION ..

"1.1.

' The red blood cell

 1.2. Rouleaux formation

!

e

L}

»

A.

B.

F.

Definition and

Factors affecting rouleaux formation

“i. Influence of macromolecules on

.

CONTENTS

@ e s 8 a0 0 0

e cTe s b e

»

meahing ........;..;.}.... 4

rouleaux formation ......,.....

-

"of the cells

S @ 8 o2 0 6 06 00 0 06000 0

~ii. . Influence of-surface charge

iii. Influence of red cell deférm-

ability c-.-.-'o-.'._-'o-so

In vivo observations caeaes

"Pathological signifiéance .
' ® .

In vitro observations .....

..

Historical review  .....

ii. Approaches of study ...

Cu;rént knoﬁledge.(summary)

X

* 1.3. Aim of the research ........,.....

s rpo 0

* s s v o oo

a3 e 0 00

... 8

- & & & @ 23

u-.:‘-'. 30
31

s ¥




~

CHAPTER 2 - GENERAL METHODS AND MATERIALS ......... ..

2.1. Blood samples and sﬁspending medium .........

2.2. Preparation of Neuraminidase-treated cells ..

2.3. Properties of polyvinvylpyrrolidone and

deXtraAn . .iieieeeeensoenosoncaoacececennennens '
A. Polyvihy{pyrrolidone .......... PP N
B, DexXtran t...c.eecieceeceocnces e e e eea . e
2.4. Microscopy and phqtography_....,.i..: ...... -

CHAPTER 3 - GEOMETRY bF THE CELLS *IN ROULEAUX

3.1. Measurehent and calculation ...... —
3.2. Results and di;cﬁssion ...» ......... ‘oo
CHAPTER 4 - THE CONTRASTING OF PVP AND--Dx as

. ROULEAUX< INDUCING AGENTS ........ -
4.1. Introduction ..... v U .i
4.2, MethoQ ...iveirnenenneneernnnnnnnnnans
4.3. Results and ﬁiécuSSion‘...............
4.4. Discﬁésion ..%;3.....:........ ...... .o

e

CHAPTER 5 - PVP-INDUCED, ROULEAUX FORMATION IN

INTERSPEC!ES POPULATIONS OF RED CEiLS e

5.1. Iﬁtroduction C et recenteete e, veeeeeann
5.2, MELROA +evnreennenn e e,
5.3. " Results ;nd discussion R R
5.4. Discuséion ......... ceeeee s .---fu.-..i-

CHAPTER 6 - THE MECHANICS OR MODES OF ROULEAUX

' FORMATION OF HUMAN RED CELLS ............

b3

xi

,

35

35

38

41

45
45

49

56
56
57
58,

76

87
87
88
89

101

102



w4 TR T T TERE R TR T T T T DR TN e, TR bkl babada s - b e i E3 K3 4 i s =y v haiad o .

N ’
6.1. Introduction....;2......;.L......... ........ 102
6.2. Method ei..ecnn.... e, . 105
7 6.3. Results and'diséﬁssion e, e 105:
_ A. Doublet formation ....... ‘..}..ﬂ.....r... 105
B. Models of tﬁe_side—views of S
doublet formation ........... -':;a"'f':' ‘112 ' j
. C; Formation of lenger rouleauX ........... 123 ' 1
_5.4) Discussion ...f;ﬂ:...;‘..‘ ..... TSRO 142 I
CHAPTER 7' - THREE PARAMETERS ]EN THE. STUDY OF R <
' RED CET A_H‘ESI(Q)N: AVERAGE RATE OF ’G o B
- SLiDimESION "LENGTH RATIO, ' | g
. AND COMPRESSION TIME .......ccecoeceesens 148 . ;
7.1, INETOAUCEION «ennneiesannnsennnesns e 148
K ' 7.2. The three parameters .....ceeeveeenecocesees 149 '
P 4 A. Average rate of s1iding ... we...... L 149
. " B. Adhesion length ratio .aceececrreaeaces.. 154
‘ ' C. Compression time .......cces00eb%ceuees “e. 157 ’
7.3. DiscusSSiOn .....iieeiiciiricestestnsssenassess 162
CHAPTER 8 - EFFECTS OE ‘SWEM FACTORS‘ ON RED-
. o | - CELL ADHESION: PVP CONéENTRATION, ‘
. =7 REDUCED SURFACE CHARGE, NO-CALCIUM i
- MEDIUM, pH OF THE MEDIUM, AND CELL i
% ] : - |
AGE ...... N 1Y :
L BL1. MERO@ 4ureennneiegiane e anneeanaee. 167 2
. 8.2. Results and diSCUSSION ........oevvecennse.. 168
ad i' A. DPVP CONCENntration. ............ocoeee.... 168
| o xii L




B. Reduced surface charge ......ceceedeeee. 1P

C.P/No-cgrtium medium ..... ...:............. 177

. D. pH of the medium ......e...... eeeeee... 183

' E. Cell age ..icevenass e e decescans 194
8.3.- Discussion .,.....;..1.....;1...... ......... 196

CHAPTER 9 - GENERAL DISCUSSION AND CONCLUSIONS ... 199°
9.1. sStudies of .the mechanics of rouleaux

formation ...,...................;........ 201
9.2.. Measurements in doublet formation ........ 204
9.3. Observed differences in the rouleaux-

inducing tendencies of PVP and DX ........ 207

9.4. sSpeécies-specificity in rouleaux forma-

L o o e cee e 212

R

. CHAPTER 10 - PROPOSALS FOR FUTURE WORK . ... .v.... 213

* * % k % %

APPENDIX A. DERIVATION OF THE FORMULA‘FOR
| CELLULAR VOLUME OF THE RED CELL °
IN ROULEAU ....... Ceetecetanrmeeaeaea. 215
APPENDIX B. DERIVATION OF Tﬂﬁ FORMULA FOR ' '

SURFACE AREA OF THE® RED CELL

IN ROULEAU ....... R - B
REFERENCES « v et v voeeeessassosasoasiocssosesanneanes 221

7

VITA “ s o s 08 0 o...--cooo.a-coo.Ooncaloo.oootvcoooouclu 247

xiii




Table

IT

IIT

Iv

VII

LIST OF TABLES

Description

nTypesgéf rouleaux-inducing agents used .

and their average molecular weight ....... ..

Geometric parameters'of red cells

IN YOULEAUX oo oveseonneseccesaamsosssensases

Preference. parameters for "'various

species combinations in mixed rouleaux .....

Effects of PVP concentration, reduced
surface charge, and no-Ca++ medium on
the percentage of sliding events in

doublet formation .............L..;.... .....

Measurements of average rate of sliding,
adhesion length ratio, and compression
!

time’..‘:.....I...‘O‘.I..I...'. IIIIIII e & & o &

Measurements on human red cells forming

doublets at various pH's ....c..0.... e ee e

Measurements on yourig and old cells ........

Xiv

53

100

181

‘182

187

194

wi




Figure

8A

" LIST OF FIGURES

Description - Page

\

Human red cells in roul@auX ...ceeeeecsceceeas 6

Flow sheet showing the pathological
’ - T
significance ‘of rouleaux formation ........ .. 16

The various mefhods used in the study

‘of red-cell interactions Ceereesesseesesances 25

‘

Schematic of Preparation used to observe

the cells .....) f et escsese et ce.. 44

-,uo.0.-,lccou....o."l..o./..lo 48

pérabolic rims

Histograms of the diaﬁ;ter of the cells -

as, single, separate cells and ‘as cells in

rouleaux ..... e ee s ee et s et e s s 51

Explanation of the "microscopic aggregation
. L™ -

index" method for measuring quantitatively

. ' o
the degree of rouleaux formation ............ 60

Effect of increased concentrations of Dx-70

and Dx-110 on the aggregation of human red.

lcells l‘....l.‘l...‘.ICll'....l..\...0..0.......‘ 63'\

]



.- =

%

ey

8B

9A

9B

10

11Aa

11B

12

13-

14

Effect of increased concentrations of Dx-500

on the‘aggregation;of human red- cells ........ 63

Effect of increased concentrations of PVP-

£

360 on the aggregation of human red ¢ells .... 65 -

Effect of increased concentrations of PVP-40

on, the aggregation of human red cells ........ 65

Photomicrographs of human red cells in

various solutions of PVP-Ringer and Dx- .

Ringer .....ievveeoiscnensdeecenannennsseensss 68

Effect of increased cowﬁentrationg of Dx-7-

and Dx-110 on the agéregafion of cat cells ... 71

y

Effect of increased concentrations of-Dx-70

arnd Dx-110 on the aggregation of rabbit

T .

cells .4.....,J .............. veosenn B Y 2 |

»

Effect of increased concentrations of PVP-

360 on the aggregation of cat cells c..eueen.. 75 .

Photomicrographs of human cells and cat - ]
cells in- various concentrations of Dx- - |

Y T o
Ringer vﬂduéii..t;........._. ..... e aaeeaes /75

. N i

‘Effect of increased concentrations of PVP- /
360 on the aggregation of N-treatedyﬁuman

cells 0....cAA----o-ac.ootl{ctooo.'oa.u-:ntn.ll.

xvi

R T LY.




. ’ ‘ . . .
15 ' Cells in rouleau: explanat%ﬁn of the
‘ &

bridging mOde.l ooao..o-.-‘ ------ .Q."I..."o.c--lo 81 '
» 16 Photomicrographs of mixed cells in roul- T a
CAUX tvvsrovonstonvessonsnnsrononosasoonsanann, 92
17 Histograms 6£tthe ranges of values of

diameter, thickness, volume and surface
N : 1y

area for mouse and human red cells in

rOUleaux .c..‘t‘.......l..t'.ll.‘l.‘ll.."lll.." 94

18 A measure of preference for red cells of
one species to form.rouleaux with red cells"
of the same species rather than with red

cells of another species .......coceeeuveenn.. 96

19 Measure of preference for a simulated random
placing of two specieszof cells in model

rouleaux formation .......eecoeseescececscecoase 29

20A Kinetics of three sliding events in Dx-

induced doublet formation ......ecoeeeveee.e.. 108

20B  Kinetics of a typical sliding event in

'PVP-induced doublet formation ......... ....... 108 o |
t: ‘ 0 . .

21A Shearing of the red ceil membrane in

tank-tread Motion ........e.cveeveeieaneanaa... 114 - -

L

as
LA
p;




, 21B

22

23

24

25

26

30

. Proposed models of the side-views in v

The author's.model of the ,gide-views of " '

’Photomicrograﬁhs'showing the attachment of

'I:Ollleau ‘..Ill.l...-.".0ll..O.Q...:ou.ouOoc'l..’. 130_

Mqéément-of the end cell of one rouleau -

over the end cell of a stationary.roul- -

eau: the unlikelihood of tank-treading ....... 114° . -

) . -~

St . i .
doublet formation ..........ihieieieeleeee.s 117

‘3
» '

=

the principal modes of doublet formation ..... 119

The éliding/?bde of doublet formation ...%..... 122
The cresting mode in tripleg forﬁation sedoo.. 125

?hotomicrogfaphs showing a single, bdgg—on

~ -7

cell sliding over an end cell'of~éib}$n¢hed ' .

FOULEAU «cvvvernanreneoananeasscnnnnnennanasas 127

-
3

a single, flat Celldtb an end cell of-h_.~

-

‘Photomicrographs of a doublet sliding over

the end cell of a.stationary rouleau ......... 132 -

The sliding of triplets with the-resulting

. < : . .
formation of a single rouleau ........@Fgpeesoo 134‘-\ »

e B "
Photomicrographs illustrating the clapping
or "peﬁkﬂrfeQClosure“ action” of‘rouleaux . -

fomtion'ln-no...co-o.c‘l_:.---.ll.-.--u'uol.‘o.o 137

- .

7 ¢ -
¢ ‘

! - ’

v ‘ ' - . >




¢ :
. B

o .,

31. Photomicrographs showing.a four-cell. -
‘rouleau_appeariqé to make contaét with ‘ o J.V .
. ‘ the sidegpf a longer rouleau before - :
‘ " moving AQer to the rim of ﬁhe end @ell

T .ahﬂ»sfiding into a perfect single rotleau

: , alignment """"f”“'"“""ﬂ;"""""" 139 .

, o _ ' \\‘
- 32 Formation of a branghed rouleau ......vee0.... 14k
. . ‘ . . -
33 . The -sliding of twoifouléaux in. a PVP- - .

Ringer solution of relatively high con-

CEHtration .ouo:o-on.n.oa'u-,oooo‘.-o‘o':orno-noouoo‘ 145

N * - . . . } 3
‘f ) , ) ' ..!, . ‘. ] . -
34 ‘A plot of "‘the intercentral dagtance of the
cells as a function of time in the s}iding
: . mode of PVP-indu€ed doublet- formation, ° -
o L showing the shree distinct phdses of |
fssion, plateau and sliding ......p........ 151
35 To illustrate the determination of the
average velocity of sliding ........i...ei0... 153
36 Determination of adhesion length ratio and. .
C6mpréSéion time'.a.----... ccccc .o‘po.-'.-:..o- 1‘56
b , . . , f
37 The relation between maximum adhesion . :
length (L) and thé mean initial cell
:dian\eter’ (D1+D2)/;2 .l..b.tooouioa’ct-ou-'on-'o. 159 . 4 ”
S : xix .




38 . The ielétionupetween the adhesion length

+ - -

ratio and mean initial cell diameter ......... 161

- 39 Kinetics of a typical cresting event ....... .. 165
. ‘ N /‘q .
e 40 Effect of increased PéP-360 concentration - -~
. ’ ! . . —~—
on the adhesion length ratio of.normal ‘
. human red cells ......ccieeeneveccerenranaacss 171
e 41 Compression time and strain rate of the
cells as a function of PVP ceoncentration .. 174
) 42 Variation in the average intercellular

sliding velocity with the pH of the

- mdiumA..O".....l.I..‘..-..:\....I........I..\'.l 185

T '\\\\ 43 . Variation of compression time with the

' pH of the medium ..' ...... seocseasan cesessssssss 189

44. Derivation of the formula for cellular
.volume, .V, and surféce,area, A, of the

red blood ‘c€ll in rouleau .....cevee'neecnees. 217

5

XX *




The author of this thesis has granted The University of Western Ontario a non-exclusive
license to reproduce and distribute copies of this thesis to users of Western Libraries.
Copyright remains with the author.

Electronic theses and dissertations available in The University of Western Ontario’s
institutional repository (Scholarship@Western) are solely for the purpose of private study
and research. They may not be copied or reproduced, except as permitted by copyright
laws, without written authority of the copyright owner. Any commercial use or
publication is strictly prohibited.

The original copyright license attesting to these terms and signed by the author of this
thesis may be found in the original print version of the thesis, held by Western Libraries.

The thesis approval page signed by the examining committee may also be found in the
original print version of the thesis held in Western Libraries.

Please contact Western Libraries for further information:
E-mail: libadmin@uwo.ca

Telephone: (519) 661-2111 Ext. 84796

Web site: http://www.lib.uwo.ca/




A e —— b o S e

St e 1o e it L E———— e

1.1.

~3
1]

-

CHAPTER 1 ‘. o "

INTRODUCTION - -
The Red Blood Cell - ' S

-’ d

The red blood cell was first described in 1673 by

the Dutch mibroééopist, Leeuwénhoek;who reported.them as

"small round globules" but the."ruddy giobu}est_yegevff"-

probably first observed by Swammerdam 15 yéars earlier.

(see Wintrobe, 1967, p. 63). The fact that-red cells .are

<

realiy flat discs rather'phan globules yas—hdﬁéver recog-’

nised one hundred years later by William Hewson who

suggested that they "must be of"great Jase”" in the,bbdy

ecenomy .

The discovery of these "great uses" came in the

1}

nineteenth century. Most notable were the contributions

N

of vonLeibig (1852) &ﬁo discovéred that thé red cells
,contain a compound of iron which can combine wiih Oz.gnd
CO, in a reversible reaction, Hoppe-Seyler, (1867) who
demonstrated -t_he oxi’dation-red'uction potential of haemo-
globin,,ana Neumann (1868) who discovered the hemopoietic
funcgion of the bone mhrrow.4 There were other contribu-

tions from Vierordt (1851), Welcher (1863), Malaésez

»

.,
3

-

>

-

e o




DL S 4 ¢

(1874). and Hayem (1877) (see Bishop and Surgenor, 1964,
p. 3). By the turn of £he,twentieth century, it was’
élread} common knowledge among researchers in blood that . : .

the red cells make up 45 to 50% of the gptal blood volume,

P

2 and COé.

" Red cells are prédﬁced by. the erythropoietic tissues

and their main function is the tranéﬁort of O

S WA, oy ooy T

in the.body, mainlf locaﬁgd in tbe.marrbw of long bones.

Adult rea ceils‘ after ﬁaving lost their nuclei and sub-

ntclear particles (mitochondria, RNA granulgs, etc.) re-
) tain many enzymes, protéins, carbohydrates,. lipids, qnions
- and éa;ibns,'and finally become simple cells’structgrélly,

The red cell contains hsemoglobin in high'goncent}ation
(Ponder and Barfe;o, 1955) and it‘is the haeﬁpglobinkwhich

has a strong affinity for .the 02 it carries from the lungs

to other cells. On thg/way back to.the lungs it carries

B O

co,, a waste'prodﬁct of the body cells. The loading and
unloading-ef the gases i a passive respdffse of the haemo-
globin to the gas concentrations in the4ehvir;nment of the
red cells. This function is carried Mt by the red cell
for a period of about 120 days, at which tiﬁe it.is re- . )
‘Moved- from the circulation.by the reticuloendothelial
system of the body.

The normal human red cell has the shape of a bicon- <
cave disc whose diameter is‘8.lum10:5 (s.D.), rim thick-
ness 2.4um+0.1 (S.D.), and "dimple" thickness 1.0um+0.1
(S.D.) (Ponder, 1948, p. 14; Canham and Burton, 1968;

-

Evans- and Fung, 1972; Jay, 1975). What role the biconcave

—
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shape:of the cell plays in the‘diffusion of gases is un-
clear. What is clear though is that the "nonsphericity"”
(panham and Burton(‘1968) ig essential to the tolerance'of
the erythrocytes to deformation in the circulation. The
‘membrahe of the red cell ree}éts stretching and any small
increase 'in area results in hemolysis (Canham and
Parkineon, 1970; Evans and LaCelle, 1975). The biconcave
dlsc01dal shape is one Wthh would permit shape changes W
w1thout any stretchlng of the cell membrane, a feature
which would be of obvious adgantage to a céll which is
constantly squeezing through passages of diameters less
‘than its own -in the microcircplationl The membrane of the
red cell' is very flexible (Br&nemfrk and Lindstrom, 1963)
and it is this additionel property that enabies it to
rapidly che;ge its shape and endure the tortures of the
microcirculation. o o .

-

Electrophoretic measuremeQEs of intact red cells in?
dlcate that they are negatlvely charged at physiological
pH and ionic strength. The negatlve*surface charge is
primarily due to the carboxyl group of 'sialic acid in the
" cell membrane.(éook, Heard and éeaman, 1961; Eylar, Madoff,
Brody and Oncley, 1962). N

Of particular 1nterest in’ thls research. is the re- -
ported adhesjveness of the red ‘cells (Fihraeus, 1921; ‘
George, Weed and Reed, 1971). They adhere to each other .
reversibly in plasma to form grohps of cells stacked side

to side. Even in the microcirculation the formation and
a
‘ Ly




mark (1971). A white *cell (which is larger than the red.
. ' § .

»

(1947, 1950) understood rquléaux‘to mean only the éimple'

-~ - L

‘

breaking up of these groups of-cells is ocgurring con-

tinually as demonstrated by the motion studies of Brane-

cell) entering a small channel momentérily blocké the
flow and creates an environment of véry low shear rate
for a few seconds. The stacking of the red cells, side-

by-side, will take pléce under these conditions.
Y

1.2. . Rouleaux Formation

A. Definition and Meaning

A rouleau may be defined as a column-like structure
of cells\formed when red cells reversibly adhere to each
other broadside against broadside (fig. 1). Recent
electyonmicrographic studies of Rowlands and Skabo (1972)
haée shown.that the cells in réuleau are parallel-sided
and the concavity seemn in the single, separatg cells is
no ﬁonger evident when the éells_are in rouleaux forma-
tion. Alsa, thq cells in rouleaux are thinner but have a
greater diameter'than‘Fhe siqélé, separate cells (Thorsén
and Hint, 1950). - . U

The definifiqn‘of‘gouleaux may be extended t6 include
not only the coin-like arraﬁéément; but also irregular
aggregéfes wgich are formed by identical factors as £hose

. .

operating in theé formation of simple rouleaux (Pahraeus,

" ” .
1921, 1929 and 1958). Knisely, Block, Eliotr and Warner

rouleaux, in which the red cells are stacked as coiné on
. . ®

b+ .




FIGURE 1

-

Human red cells in rouleaux.

a. Linear rouleaux (the scale, represents 10um)

b. A branched rouleau (the scale represents 10um)

c. A rouleau clump (scale same as in'b.)
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one. another. This intgrpretation:ied them to report

their observations of aggregation .in patients, having a

-
variety of patthOQiE condition$, as red cells in vivo °. o
"aggluti;aped into masses }not }ouleau§), qhaqging the
bloéd from its normal rélatively fluidvstate to a circu-
. lating sludge” (Knisely et al., 1947). The red cells in : b
a these "sludges" were reported to be arranged at all angigs )

¢

to each other within +the masses, and the masses were apparently
LN

more rigid and tougher than the ordinary, flexible serpen- -2

<

tine rouleaux. However, the in vitro study of Thorsén
and Hint (1950) and the in vivo work of Odell, Aragon and -
¢ - »
L Pottinger (1947), Hirschboeck and Woo (1950) and Ditzel

(1959) showed that there is only a difference of degree,
< &3 .
not of kind, between the simple rouleaux formation and .

em

the "sludge" or irrég ar aggregation. The degree of

aggregation in vivo wps found to be directly related to

the abnormality of the concentration of the plasma prog

-~ <

.teins, while the in vitro study of Thérsén and Hint

.
showed that at high colloid concentrations (wouleaux-

@

. inducing colloids), red cells which came into contact

)

with one another no longer shifted about so that their
flat surfaé%s came face?to;face but remained stuck to °

_each other at whatever place.they touched. So-the in g
vivo’sludge is rouleaux formation according to the more
— v

. 5
inclusive definition of Fahraeus. 1In this thesis, the

terms "rouleaux formation" and "red cell aggregation" are
b L,

interpreted to be equivalent: - .

v
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Rouleaux formation-can be easily studied in vitro

because it occurs among red cells suspended in plasma and

! ® .

also amoﬁg red cells suspended in solutions of various
long chaingasymmetric molecules 1ikq high molecular weight
Dextran gnd polyvinylpyrrolidone. |

Rouleaux formation should be distinguished from

agglutination. It is a reversible phenomenon, i.e.

_mechanical'agitation would: reduce the rouleaux to single

‘cells and as soon as it is removed the cells would get .

back into rouleaux formation. Agglutination, on the other

hahd, is an antigen-antibody reaction and it is irrevers-
!

ible.

o

»

o, B. Factors Affecting Rouleaux Formation

Rouleaux do not.,form in Ringér solution alone. Their
formation necessitates the présence of’long;chain;'asym— 3
metric molecules for bridging the cells together. 1In
addition, therexare two other important considerations,
namely, the surface charge of the cellé and the deforma-
bility‘of the cells. The importance of ,the:s?évparameters ’ o

will be discussed later.

#
<]

Rouléaux‘formation ocaurs whe;ﬁ§yé adjacent cells are
brought into close range by gravifational sedimentation,
th&gmal motion, Brdwnian motion, o£ mechanical agiﬁétion.
The mechanics of the encounter of two spheres in a shear
flow‘kas been treated by Goldsmith and Mason (1967) and

worked out in detail by Batchelor and Green (1972).. The
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spheres on streamlines less than one diameter apart will -
pass within a fraction of 1% of th; diameter of each other.
Application+of such ihformatioh to human rea cells sug-,

4 gésts that the adjacent cells may approach each other withx
’a separation of the .order of lOpm. Tﬁerefore, a slight °

degree of shearing, -by increasing the probability of cell

encounter, may favour red-cell aggregation. ‘A larger

increase in shear rate, however, causes cell disaggrega-

T e Dy T T

tion by increasing the deforming stress acting on the
cells. 1In the normal blood, red-cell disaggregation is
essentially complete when the apparent shear rate 'is in-

creased above 50 sec™?! (Schmid-Schénbein, Gaehtgens and

Hirsch, 1968; Brooks, Goodwin and Seaman, 1970).

i. Influence of Macromoletules on Rouleaux
Formation

Red cells suspended in plasma form rouleaux in zero

A

flow or low shear conditions (thraéus, 1929). Such
. aggregation depends on'tﬁe p;esence of fibrinhogen and some
of the sefum globulin fractions. A comparison o{ tﬁe,
relative effectiveness of .the Yarioué plagma proteins in
inducing rouleaux formation shows that‘ﬁhe efchtivness is
stfbngly dependent on the molecular sizé (Chien, Usamia
Dellenback and Gregersen, 1970). Similar results have
been obtained with neutka} polymers such as dextran (Dx) -
and polyvinylpyrrolidone (PVP) (Thorsén and Hint, 1950). -
The adsorption,of plasma proteins (negatively charged

;Q"

*




*
.

at physiological pH) and neutral pol§mg;s tq the red.cell ». 7
surface is prdbably by van dex_ﬂaaLS/fﬁf%8'¢r hydrogen o
bonding. The adsorption force due to these‘bonaing‘
mechanisms is much weaker than those due to elecfrostatic
attraction or covalent bonding. Since the red ceil sur-

face is negatively charged, positively charged macro-

»

) molecule§ can bridge red cells Sy electrostatic atéréctive
force. Examples of such positi;ely charged macromqleéules
are polylysine:(Nevo, devVries and Katchalsky, ;955;
Katehalsky, Danon, Nevo and deVries, 1959), pélyglutamic
acid (Kulkarni and Blout, 1962) 'and polybrene (Lalezari,

1968) .

! L

ii. Influence of°Surface Charge of the Cell

The red cell surface is negatively charged, mainly as
a result of the gresenCe of N-acetylneuraminic acid'
(sialic acid) (Seaman and Uhlenbruck, 1963). The - -negative
surface charge pfovides an electrostatic repulsive .force
which tends to cause disaggregation.. This disaggregating
influence is most significant when the bridging macro-
molecule is neutral or negative in charge and short in . ‘ -
molecular lenggp, and when the cationic strength in the
suspending medium is reduced (Jan and Chien, 1973a, b) .
A,redﬁction of surface dﬁarge} for example by Neuramindase
treatment, increases _red-cell aggregation by neutral poly-

’ @

mers. A reduction of the surface charge, however, causes

¥
4

a decrease in the aggregation induced by poéitively
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charged macromolecules (Jan and Chien, 1973a).

~

- iii. I(;luqnce of Red Cell Deformability

Ultrastructural studies on rouleaux have shown a

deformation of adjacent cells to form parallel surfaces

- “

which make possible.the existence of multiple macro-

%
Y -

molecular bridges. Therefore, red ceii‘aéformability
plays an important role in rouleaux formation (Chien and
Jan, 1973). A reduction in deformability. is associated

with a decreased tendency of red-cell aggregation- in

-

several physiologicgl and pathological conditions. -

Examples are found in the normal red cells df goat (Chien,

-

‘Usami, Dellenbaék and Bryant, 1971), . human red cells
hardened in aldehydes (Chien, 1973) or treated with

surface-active agents '(Ehrly, 1968), and the irreversibly

" deformed cells from patients with sickle cell.anemia.

C. Eﬂ Vivo Observations

There is ample’evidenceithat rouleaux formation is
.not a'pheppmgnon occurriqg exclusively in artificial
circumgtances, but that it occurs readily in the circula-
tion in man and in animals, particularly qhen there 4is

stagnation of blood flow. ’

5

. "~ According to Ditzel (1959), Coctius in 1852 was the:

first to observe that under certain conditions the circu-

lating red cells iﬂ)man will form clumps (irregular

aggregates) in the smaller vessels. This intravﬁscular

’
-

a
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¢ clumping "has since been observed repeatedly at the micro-

scopic level 1n dhfferent tissues of man and anlmals.

The methods used for 1n vivo studies. 1nclude direct -

v1suallzat10n w1th the mlcroscope, teley1510n mlcroscopy,
adsorptlon mlcrospectrosc0py. dynam;eﬁﬁ/essuregrams and
hlgh speed ‘cinemicrography (Bloch 62). Observations
‘are usually made of the bulbar conjunctlval ‘vessgls whlch

are supe:f1c1al and parallel to the surface, thereby

- ~

making possible observatiqn of the flow of blood from the

. . 13
arterioles through thexcapillaries and into the venous

»

channels without interruption or loss of detail (Knlsely
« %

» L ,

et al., 1947) The archltectural compos1t1qn of the
aggregates differs depending upon thelr location in the

: microcirculation. In the'terminaI‘arte;ioles where the

shearing forces are great and the eali?re‘small, the

.
v s =

cells either circulate individually or in simple rouleaux.
In contrast, in the venules where the shearing forees are
.minimal and the calibre greater the red cells would Stlck
together, not only as rouleaux, but also as clusters of

! rouleaux or irregular masse (Dltzel, 1959).

-4
-

Erythrocyte aggregation (or rouleaux formation) is

obsefved in practically all diseased conditions‘(KniSely ‘
et al., 1947; Weis-Fogh 1957)‘but the degree'of aggrega-

tlon varles cons1dera51y from one dlsease to: another and

» . . »

from 1nd1v1dual “to individual, ‘and is ratherdclosely

- . . - .

correlated with the general condition of thé disease pro-

-

cess (Odell et al., 1947; Ditzel and Moinat, 1957). ‘Using '

»
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paper electrophoresis Ditzel‘(1959) showed that the degree

of aggregation is related directly to an increase in the

-

‘high molecularmweight,serum;proteins, the globulin frac-

’
tions, and a decrease in thg\iTalle; molecular weight

protéins, the albumin. Changes in the amount of lipo-

proteins appear to have little influence on the formation

‘of aggregates.

Intravascular aggregation is. not restricte@ to dis-
ease conditions; it also occurs in normal health. Ditzel
(1956) observed rouleaux formation ih the venules of
supposedly healthy people, with the incidence increasing
with age. Weis-Fogh (1957) reported'that among sixtyr
persons whé had norm;l erythrocyte sedimentatioh rateé
(ESR) and haemoglobin values, 20% showed intravascular
erftﬂrdcype;aggregation, but only 3% to a pronodAced
degree. ’Thésé observafions suggeét that even the normal
concentration levels of plasma proteins are capable of
i@dﬁéin; rouleaux formgtion._

Observations have also been made in animals where

~

rouleaux formatiorn is induced artificially. Intravascular

aggregaﬁion hﬁs been obsérved after intravenous injectioq
of type III,pneumoéqpcus'pblysaccharide into albino mice
(Youﬁber and Nﬁggagéf,‘1944),-after'intravendus injec-
tions of pigﬁ'mdlecuiarlweight dextran and humah“ﬁ}brinq-
geﬁ intd rats, hamsters aﬁd rabbits (Thersénlana.ﬂink,
1950; Cullen’and'SwanK, 1954; Gel%n,{1956); and after.

digestion of a highly fatty meal, leading to lipemia, in

f -

>
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hamsters (Swank and Cullen., 1953; Cullen.aﬁa Swank, 1954).

These 6b§ér§ations all re-enforce éhe fact that intra-
vascular erythrocyte aggregation is caused By an increase“
P ' . -of highly asymmetric molecules of large sizes in the .
NN d ‘circulating blood.

»

- .. D.' Pathological Significance

Abnormal changes in the circulation as a result of

'rouleaux formatlon or red cell aggregatlon are indicated

-

- by a decrease in_the flow rate of the red cells, espeCLal-‘
N &

ly in the postcapillary. venules and sinusoids (Knisely et

- _al., 1947). This is attributed to an increase in the vis-

~

cosity of blood. The aggregates may also obstruct or

N i . ~

- occlude the capillaries, sinusoids and. venules as reported,
N by MatSuméto,vHafaaway, McClain and Margetis (1968), and
Vanecko, Szanto, and Shoemaker (1969) who observed micro-
;copically the plugging of the microcirculation. Stasis
‘of cells relative to plasma bcchrg, with consequent de-

- creased venous return of cells (Gelin, 1956): This is
known as plasma'skimming where the true capillaries may
contain a préctically red cell—freé élasma (Gelin, 1956,
1959): The 31gn1f1cance of rouieaux formation or red-cell

? >

] : aggregation w1th respect to the circulation is perhaps .

)

best explained in figure 2. .

The following pathophysiological conditions, result-

ing from elevéted fed-cell aggregation (rouleaux formation)

have been enumerated: increased load on the heart and in- ’

‘
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FIGURE 2
Flow sheet showing the:significance of rouleaux formation
‘ .

in tHe circulation. (This figure is modified from Chien,

1974). Symbols: (1) means'increésé; (¥) méans decrease.

AP
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(4)RED CELL AGGREGATION

\}

* (4) BLOOD VISCOSITY
(especially in postcapillary segments )

postcapillary
resistance (4 )

( 4) resistance to flow
( 4) hematocrit . '

(¥)blood flow™ . T transcapillary -
‘ fluid loss -

_load on heart (4)

( ¥) plasma volume
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creased'peripheral resistanbe (Bergentz- 1961 Swank and

Escobar, 195?); decreased tissue-oxygenation (Lofstrom

and Zederfeldt, 19575 and'decreased CO, elimination with

2
acidosis (Bergentz, 1961); retarded WOund’healing (Zeder-
feldt, 1957); tendency to developfvenous thrombi
(Bergentz, 1961; Borgstroﬁn Gelin and Zederfeldt, 1959);
and finally,:anoxic'damage in parenchymal tissu sT(Eajers
and Gelin, 1959).

In the postoapillary venules and'in the venous limbs

of the,capillary, hypox1c damage to vessel walls is more

'ea511y.ev1denced. This hypox1c damage is due to restric-
ted blood flow after vaseconstrictlon or lntravascular

aggregation, or by the combined effects of both " The walls

of postcabillary venules are very thin, in some tissues
consisting .merely of endothelium with but very few sur-
rounding supportive cells. Anatomically, these vessels .

. 1 o
have the least ablllty of any to. retain blood plasma pro-

teins. It has been described that the decreased rates of

2 to endothelium for any great period of time

resuit in an alteration of the endothelium such that. it
is no longer able to retain all of the blood plasma pro—
teins (Starr, 1926 Bor, Stewart, Cho, Kirkardesler and

Eren, 1962). Protein- containing fluids pass out throug?,

the vessel walls thus 1n1t1at1ng edema. .So, the 1mpa1red

-

‘02 supply caused by red cell aggregation leads to the'

* production and maintenance of 1nterst1t1al ‘edema.

The influence of intravascular red cell aggregation

N

17
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S ' on thrombus formation wés‘experimentally demonstrated by

.Borgstrom et al. (1959) in a lengthy series of studies
- 7

involving hundreds of rabbits; thrombus was-'induced by
" the combination of-venous stasis (induced by ligation of
L femorallqeins) and red cell.aggregation'(induced by high

Tam v

molecular weight colloids). 'The conclusions from these

* -

studies clearly deﬁonstrated that intravascular aggrega-'
- ... tion induceé thrombosis, and is not a conseqguence of it.
Rouleéux formation also iniﬁiates damage to thé heart.
qﬂﬁs is known f?om the work on dogs (Swank and Escobar,
1957) and rabbiﬁs (stalker, 1965)'where aggregation was
.o .induced by high molecular weigh£ dextréhs. -In'hearts'
affected hy coronary aﬁheroscierosis-(iqduced by a daily
- diet of cholesterol) strong aggregation prodﬁces lastiﬁg
ischemic myqpa;dial damage (Bicﬁér aﬁa~Beemer, 1967a, b;\
Bicher, 1968). - .

.

e e Bergentz and Danon (1965) and Stalker (1967) described

Es

the histological clanges induced by intravascular aggre-

.~ gation of lohg duration and®reported microscopic damages

. - in all parenchymal tissues. Hypoxic tissue destruction,
L M

s 5 . especially in liver and ‘heart, is the most prominent

$ et s - :
lesion.” Animals ‘in a state of shock .are more susceptible,
- o . '!’.' ‘ '
but the damage occurs even in normal animals. Lesions in

! ~

D the kidney which are clearly recognizable in histologic

sections are also initiated by intravascular aggregation

a

(Fajers and Gelin, 1959). .
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E. In Vitro Observations

i. Historical Review

William Hewson (1773) was credited with the first

-~

p
microscope he observed rouleaux formation in fresh blqoa
smears: "I have seen them (red blood cells) witﬁ their
sides parallel, 1ike a numbef'of coins, laid one against
another.”

"In the niﬁeteenth,céntdry a considerable amount of

work was reportedly done to understand the phenomenon.

From the work of(Lister (1857) it was learned that roul-

~

L) . . . . ' .
eaux formation is enhanced in diseased blood. Norris

(1869), in én éfforf to explain the mechanism o; rou ‘ux
formﬁtioﬁ, stated that the phenomenon was c;u§gd by 3:%-
face tension forcéé. He reasoned that the interfacial
tension betwegn.the red»cellémaﬁd plasma tends to force

the cells together in sach a way that the amQuntvof'ceil

surface exposed to plasma is minimized. This is intereést-

'ing in that thefre .is not a’great deal more known about

this possibility even now. -

N N %

By 1912 when Wiltshire published his studies on roul-
eaux formation,it was already known that rouleaux forma-
tion could be induced in isotonic solutions of gum acacia,

gelatin and‘other macrgmoléculgs in place of plasma.

Wiltshire isolated two factors or forces. influencing roul-

.

eaux‘form@ti&h. ‘One was the attractive force between the

@

cells, due to surface tension; thé-second was a frictional

19
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force tendlng to prevent rouleaux formation. Wiltshiré

descrlbed the frictional force as ar¥51ng from a "viscous

n
EN

or sticky envelope surroundlng the corpuscle" and‘ifggést—
ed that the relative magditddes of-the two forces would
determine Yﬁethef rouleaux would form. IWiltsﬁire.(}912)
also studied the effect of "pH apd'témperature on rouleaux
formation. He reported thatlpH had no effect on the &egree
of roulequx‘formatidn but increasing temperathres inéreased
the rouleaux-inducing capacit§ of serum. :
Following the cLassic:paper on the suspension
stability of blood by Fihraeus (1921 studies on the
phenomenon of rouleaux formation intensified. thraeus
showed thatothe red cells in the blood of many patlents
sedimented more rapidly than those in normal blood. This
test has since becomg establrshe@ as a valuable clinical
aid, especially in idéntifying batienfs with inflammatory
disease and asséssin; improvement or deterioration. An
incdreased sedimentation rate (ESR) is asébciated‘with.the
aggregation of red cells into abnormally large rouléaux
(Féhraeus, 1921, 1929). HWhilq variationfiin éize'and
shape of the qélls mighr ;nfluence their‘caﬁacrgy to form
rouleaux, the essential éause of the excessive aégregation

in disease lies in the . plasma, since the red cells of a

normal person form larger aggregates, and sedimgnﬁ more

S :
‘rapidly, when transferred into the plasma of a diseased

LN

Al

.person (thraeus, 1921, 1929; Hardwicke and Squire, 1952).

It has be@n'established that the responsible factors iﬁ e

o
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o

the plasma are fibrinogen and the globulins (F&hraeus, .

BN

1929; Hardwicke and Squire, 1952).

The ESR me%pqa'has been uged extensively for deter-

mining quantitqéively the aggregation tendency of human

#

: A 0 . .
erythrocytes in various clinical conditions (Frimberger,

"1939; Wunderly and Wuhrmann, 1944; Hirschboeck, 1947}

' .
- Mlczoch, Wunderly and Wuhrmann, 1949). Thorsén and Hint

(1950) and Richter (1965) also used this method for de- °

termining the aggregation tendency of normal human ery-

chrocyfes sdséeﬁded in solutions of dextran fractions with

varying molecular weight, and for guantitatively measur-
ing the relative aggregation t%ndency of erythrocytes from
man and from a number of laboratory and démestic énimals
(Richter, 1966). | ’

‘The results of ‘the work of Thorsém and Hint (1950)
showed the imporéancg‘of the colloid constituents of the
pla;ma in determihing the stability‘of the red cells in -
suspension. Their fin@ingﬁ led to the development ang |
introduction of dextran 40 (molecular weight 40,000;
Rheomacrodex) a dextran ‘fraction of low molecular weight
which is clalmed to have an 1mportant effect in improving .
blood flaw in the microcirculation (Gelin, 1956; Gelin and
Ingelman, 1961). The épecific property attributed to
dextran 40 is the prevention and.counteraction of red cell
‘aggregation (Engeset, Stalker and Matheson, 1966). The
work of Thorsén and Hint (1950) was also the first to show
that for any rouleaux-inducing polymer a'cértain é;ncen-

v
5
\
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. .

tration of the polymer is necessary for inducing th

formatiqn of Touleaux. Above this critical concentration,
the e;tent of rouleaux formation increases with increasing ‘\
concéntration of the polymer. '

SinceAthé introduction of the ESR method (thraeus,
1921) for guantitatively measuring aggregation other
methods have also been developed.’ These will be discussed
in the next section.

Investigators in the last 15 years or so have been
very interested in énderstanding and explaining the
mechanism of rouleaux formation. One hypothesis proposed -
for explaining the mechanism is based on the col;gid
stability.theory of Derjagquin, Landau, Verwey and Overbeek
(Weiss, 1967). On the basis’of this theory the cells ad;
here to one another at the'spegific intercellular distance
at which the attractive van der Waals force_is balanced by
the electrostatic'repulsive force between thef cells. This
theory accounts for the relatively large intercellular
spacing between the cells in rouleaux formation of approx-

o .
imately 200 A (Rowlands and Skibo, 1972). However, Chien‘,.

~and Jan (1973) studied by electron microscopy the inter-

cellular relationship in rouleéux formed by dextrans with
different molecular sizes and found that the distance bé;t
tween the cells in rouleaux increased withfthe sizé of the
dextran molecyle. Their results led tﬁem to postulate a

model of red cell aggregation by monolayer bridging of the

» macromolecules. Contrary to the colloid stability theory
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in which the force of aggregatioﬂ is proposed to result
from attraction between the cell suffaces, this new model
attributes the aggregation force.to an attraction between
the macromolecules and the cell surface.

"The‘effects of various %actors 6n rouleaux formation
have bee; stuéied in the past few years. These include
the red cell shape and deformability (Goldstone, Schmid-\
Schonbeih and wells, 1970), surface charge (Jan and Chien,
1973a), shearing forces of the medium (Goldsmith, 1967;
Goldstone et al., 1970) and the-ionic strength of the
medium (Jan and Chien, 1973b). The results of all these
studies undoubtedly confribute to the understanding of
fouleaux formation. However the true natﬁre of the
mechanism of the phenomenon still remains'unclear, and its

study is a challenging area of research. . ‘ B

ii. Approaches of Study

The various techniques employed for studying red-cell
interactions are summarized in figure 3.

The ESR (thraeus,'192l) became the first real method
for qugntitatively measuring the aggregation of red cells.
The physical basis of this method lies in the fact that
the ﬁerminal velocity of a spherical particle falling
through a‘con;inuous medium under the effect of gravity is

gévérhed by Stoke's laﬁ

vV = %,g p1-p2 2
)
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where V denotes. the terminal vglééity of thé falling par-= o
ticle, g the acceleration due ko gravity,.oﬁ and Py the
- density of the particle énd the medium fespectively, n the
‘ <coefficient .c;f viscosity of the mediizm, sand r’ the .radius
X

v o ‘ of the particle. ' ' .o

»
a

-

. This equation strictly applies only to Sphericél
particles, and to pafticles falling without edge'effécts
or the effects of dther particles causing upward movement
of the suspending medium, but it also gives us an idea of~
how thg size of other roughly globular particles will
affect the velocity of their fall through.a cdntinﬁoué
medium. In blood. the sedimentation rate is governed by
the same factors as in the above expression but in a -
siightly modified wa& because red cells are not spherical.
thfaeus,(1929) found that .in human blood variations in
the aenéiﬁy of the red cellé and tHejplasma, as well as
thglviscosity of the plasma, do not influence the ESR-

significantly. The important factor is'thé’radius (r). of

the falling particles. The radiys .in itself does not vary
greatly among, red cells of a partiéﬁlar blood, but if thé

rea cells are aggregated into rouleaux, then the resultant

r of an aggregate will be increased many times and this
aggregate will settle much moré quickly in the plasma

than single cells or smaligr rouleaux. The EéR'thefefore 'f
reflects the extent of rouleaux fqrmation.'

k'

That an increase in ESR is related to an increase in

the size of the red cell aggregates has been widely

®
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accebted (P;nder, 1947; Thersén and Hint, 1950)-but this
tenet has recently been qﬁestioned by Rampling and—Sirs
(1972) who‘suggested that cell flexibility is the key
factor in the packﬁhg speed of the cells, with increased
plasma proteln_concentratlon increasing the flexibility
of the membrane. The ESR is still however used today a%r
a measure of the degtee of red cell»aggregation (Dintenfass,
1975). ESR is measured in mm/hr and for normal subjeq}s
this wvalue rénges from 1 to 9 ﬁm}hr for men and 1 to 15
mm/hr for women, according to Wintrobe (Wintrobe, 1967) .-
Inwmany disease<states the ESR is greatly increased and
cam. rise above 100 mm/hr (Wintrobe, 1967, pp. 360-362).

Another method used for measuring rouleaux formation

.is one called "syllectometry". This method was first

introduced by Brinkman, Zijlstra and Jansonius (1963) who

L4

made use of the fact that rouleahx formation diminishes

the reflectlon of llght by erythrocytes because the convex

f

rim of‘an erythrocyte reflects much less llght per unit of

~surface .area than the concave surfaces, which become un--

available for reflection in building up rouleaux. The de-! -
crease in light reflection thus depends on the degree.of
rouleaux formation, In this method the light reflection

of blood was recorded during rapid stirring and also during

© 60 seconds immediately after stirring is stopped. The

curve (syllectogram) obta1ned, -which resembles an expon—
ential decay, 1s a quantitative expression of the process

of rouleaux formatlon. The half-t;me, which is the tlme




in which half of the reflection decrease is reached, is
cbﬁsidered to be a measure of the ;ate of rouleaux ferma-
tion. The percentage of reflection decrease is a measure
of the extent of rouleaux formation.(VanHaeriﬁgen and
Glasius, 1970).

In the 1960's, viscometry at very low rates of shear
was widely used for quantitatively measuring aggregation
(Wells, Gawronski, Cox and Perera, 1964; Chien, Usami,
Taylor, Lundberg and Gregersen, 1966; Merrill, 1969).

The relative viscosity of the red cell suspensions at very

.'low rates of shear (*0.; sec'}) is used as an index of

the degree of aggregation (Chien, Usami, Dellenback,
Gregersen, Manninga and G&est, 1967).

in 1973, Chien and Jan in;roduced another method for
measuring the degree of red cell agq;egatlon. They de-
scribed it as MAI - microscopic aggregetlon index. It in-
" volves taking photomicrographs of the cells in roul;;ux
after a certain length of time, and,counfiﬁg the number
of cells -and units (each unit is either a single isolated
cell or rouleau) in each ﬁhgtomicrograph. . This method will
be discussed in more detail in chapfer 4., The MAI is a
measure of the average length of each rouleau -after a cer-
tain lengeh of time. ,

The methods described above may be re%érred to as
statistical approaches to the study of rouleaﬁx formation.

- While they may abcurately evaluate the degree of rouleaux

formatiom, they are unable to reveal precise information'
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about the process occurrlng at the cellular level. That

[ IRT et S

is, they (except perhaps: the MAI method) do not permit

direct obsgrvation of the cells as they are participating

‘ in the ;dhesion process. Realising this fact, recent in-

.'Qestigétors (Rowlands and Skibo, 1972; Fung and Canham,

1974; Dixon, 1975) studied the interactions of the cells
in the process of roﬁleaux for@ation.‘ Rowlands and Skibo
(1972), using a micropipette technique, studied the manner
‘in ‘'which the cells, suspended in native plasma, join to-
gether in rouleaux formation. They reported the process
to be “sliding*gr tilting:of one cell with respect to
another". Fuﬁg and Caﬁham (1974) came to thé same con-
clusion ip.their study’of-the modes and kinetics of doub-
let-formation for cells‘suspended’in solutions of varying b
concentrations of poiyvinylpyrrolidone (PVP-360), a ‘
rouleaux-1nduc1ng agent, -and alse for cells suspended in
native plasma. Fung and Canham also reported that the
incidence of tilting or "cresting" (ag they described it)
increased for cells suspended in plasma from subjects with
eleyated ESR, and also in PVP‘solutions of concentrations
between 4 agd 79/1. - This waslékplained by a possible in-
crease in the friction between the cells, arising froﬁ the

~increased macromolecular adsorption on the cell surface.

. u This hypothesis was supported by the work of Dixon (1975, Chap. 3)

who found that increasing the relative viscosity of the
rouieaux-inducing medium increased the incidence of crest-

ing.

*"gliding” and "cresting" are explained in Section 6.3A.




B Some of thé conclus;ons made fxom the in vitro studles ake’
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* hg, Currant Knowledg;,(Summary)

{_Aafev1ew of the llterature tells us of a number of
s o

A
cdnclu51ons drawn from the studles of rouleaux formatlon

- .

summarlzed as follows HUAE _— . ) .

- - 3

1. The plasma proteihs, flbrlnogen and glgbulins,
=
are resPon51ble for the formatlon of rouleaux (Fahraeus,

L1921, L929; Hardw1cke and Squlre, 1952). _The low molecular

’ weight albﬁmin and lecithin (Féhraeus, 1929; Stats and

Wasserman, 1943): are inhibitory to the process.
2. Rouleaux formation can be induced artificiallyiby.\
various long chain asymmetric molecules, 'e.q. gum»acacié,

gelatln, dextran,® and polyvinylpyrrolidone (Wiltshlre,

IR}

1921; Thorsén and Hing, 1950). - Rouleaux,do not form_ln

Ringer alone.

3. For each colloid, a c;itical mol. wt. and a
critical eonceniration are necessary.for inducing rogleaux
formation (Thorsén and Hint, 1950). )

4. In dextran solutions at.high conéentratiohs, -
human red cells do not aggregate (Chien and Jan, 1973).

5. Eiectron micrographs have sgown the cells to be
parallel-sided in rouleaux (Rowlands and Skibo, 1972; Chien
and Jan, 1973); the separation between the cells increases
with the molecular weight of the dextran fraction (Chien
;nd Jan, 1973). ’ ‘

6. The req cells of d;fferent species aggregate to

different degrees under similar conditions (Richter, 1966;

] . £
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Berman and Fuhro,‘l973), . . ¢

7. Factors Iike cell shape, ceil'deformapility ;8

L4

(Goldstone et alt, 1970), surface charge (Jan and éhien; .

.

1973a),. temperayure, hematocrit (Kernick; Ja}, Rowlands

s and Skibo, 1973) and wiscosity of the. medium (bixon‘ 1975;
- . 9o ' \ ¢

N ‘ [ 4 ’ -, .
Chap. 3) affect the mechanics of fermation of rouleaux.

LI

1.3. Aims of }thé Research .

3 . . ot

* The study of ratileaux formépion may serve to prbvide

. . - ] - L '
basic informationvfgr many facets:of the microcirculatien
and help to elucidate the fundamentg} physico-chemical

.

" : DL ‘ :
.basis of cellular adhesion. This fact is known by’ every

inyestigatof iqvolved'in.red—céll aggregation research:-

\ N4

Still, there are many aspects of the pﬂenomenon tHat.re:t -

o N

main unresolved. T - 2 JR \

. o , T i

‘, Different species' red cells have been known to have

: D ) Al Y . V R ' 3 \'.

different aggregating:tendéncies under similar conditions
. S . . . . \ -

~

.

(Richtg;, 1966; ﬁerman and Fuhrq,.i973), ﬁifferences in
the agézegating tepdeﬂéies cannot be explaiﬁed by.differ- V,
ences .in the surface charge density because cat cells and
mouse éells have almost idEnticéi surface charge.déhgify‘
but cat ce}ls‘are more éggregable. fhere is some un-

recognized p}Qperty of the cell surface that'is responsi-

ble for the diffqrencé in aggregability (Berman and Fuhfd, v

1973). No one has been able to point out what this sur-
face property is, but the general eVidenée suggests that
there is a difference in molecular adsorption. The

\ 5

~.1.3
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inevitable queétion therefore arises as to the specificity
of rouleaux formationé Is it a specieé specific type of
phenpﬁenon? In--ether words, would human cells adhere oniy

to human cells’ or ‘'would they also adhere to cells of other

2

species? , ’
Of interest élso is the fack that human qelis do not
aggregate in déxtran solutions of high concgntrati%ns
(Chien and Jan, 1973). Is. this fac£ attributable to some
property'of ghe humap red cell itself or is it'the roul-
(.eaux—indueing molecules, dextrans or is i£ both? , This
quéstion is anéwered by studying the aggreéation of human
and othg; species! cells in Qarious concentrafiéns of
dextran and polyvinylpyrrolidone soiutions. This ;tudy
also answers the question of the existence or non—ééistence’
of a sihgle mechanism of rouleaux formation in tegxms of

®

macromolecular’aﬁsprption.
| As meAtioned previously, not puch has beén gone to
explain‘the behaviour of the membranes of the adhering
ce}ls atthe,ﬁfi;ospopic level. Fung and Canham (1974)
have illdstrated microscopically the sliding and non-
sliding meph;nisms of cells fofmingkdoublets‘in normai
plasma and.plasma.from subjects with high ESR, and also -
in solutions of polyv;nylpyrrolidone (PVP—360). The non-
sliding ﬁechanism of doublet fqQrmation, reportediy, domin—
ates in high ESR plasma and also in ﬁigher concenératipns

» , -
of PVP-360. It is Of interest therefore to study the

formation of longer rouleaux and see whether the mechanism

i
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+ Humne 1 (1969) and Chien and Jan (1973§§Eowever did not

* brane flexibility on doublet formation. The-ferces

increased probability of cell contabt. 'The-biophysical
-

“interadtion of actin and myosin filaments in the muscle

‘is dependent on the macromolecuiaf concentration. The

’
rolling 'of one cell on anothe:,in a "tank-tread" motion

© o

involving no &lip between the membranes has also been pro~
L A

posed as a p0551ble process for cells allgnlng in rouleaux

(Humme1l, 1969 Chlen and Jan, 1973). These studles by

involve actual observation of the-cells participating in’
the adhesion process. Fhe possibility’ of the existence of’
“tank-tread" could thenefdte be investigateduin our study.

Also, the qﬁestion of whether the mode of rouleaux forma-

’ | \
tion.differs with the nature of the ‘inducing agent is con-
- : .

sideréd.

[y

Finally, a model of forces is considered at the micro-
A 4

scopic. level to show the effect of surface charge and mem-

affecting cell adhesion in our non;flowing systemware

-

restricted to the macromolecular bridginy force, the ..

electrostatic repulsive force between the cells, and the -
. L . -
resisting forces of membrane deformation. Under condit-~ .

ions of a fIOW1ng medium, one hags to con51der the addlt-
ional, factors of the mechanical shearing force and the

¢ g

factots,affecting the force balance described here mdy

r

also be applicable to other,bioloQical systems, e.g., the
v ’

. N . ' * N
sacromere, the fusion and release of vesicles in secretory ‘.
-

cells and nerve endings, or ewen drug—receptof’lnteractlons

RN




(Chien, 1973).

The aims of this research could therefore be sum-.

marized as follows: : ‘ .

1. Induced rouleaux formation in interspecies popula-,

Y

tions of red cells. . . -

2., ‘The contrasting of polyvinylpyrrolidone. (PVP-360)

and various dextran fractions as rouleaux-inducing agents.

-

I3

3. The 1.chanics?or modes of human red cell rouleaux

formation induced by PVP-360 and various déktran-fractions.

2

. R .
level in the sliding mode of doublet formationﬂ >

-

4. A consideration of the forces ‘at. the cellular

s <

. .
» . L+ ., : .



" CHAPTER 2

GENERAL METHODS AND MATERIALS

« e

2.1. .Blood Samples and Suspending Medium

Fre;h samples of blood were obtained from héalthy
humans, éats, rats, mice, dogs, rabbits and guinea pigs'
;nd immediately introduced into heparinized glass vacuum
confainers._ Some of the rats and mice were anaesthetized
with Neﬁbutaﬁ\» All blood was refrigerated and used
within two hours; In some cases where just a.droé of
human bloéd'was needed, bléod was obtained by finger
prick and used immediately. ‘

For ekperiméntal,observation'normal’red cells or
Neuraminidase-treated red cells were suspended in an
environment similar to that of_plasma. Such an environ-
ment was provided in the form of isotonic Ringer solution
buffered by:tris hydroxy-aminomethane and hydfochldric
écid.

The buffered isotonic Ringef solution was prepared
as f;llows. First, three stock solutions were made:

, 0.20 g/1

A - 8.32 g/1 NaCl, 0.42 g/1 KCl, 0.24 g/1 cacl,

NaHCO, and 1.0 g/1 dextrose; B - 5.66 g/1 HC1;

- as
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C - 37.6 g/1 tris hydroxlymethyl aminomethane (THAM).
Solu;ions A, B, and C'we e-méde up with twice-distilled
water and had a calculated tonicity of 31045 mOsm. A
Fiske’oémometer was used to make Aindr adjustments in thg
concentrations of the solﬁtions to ensure isotonicity.
The buffer was preparéd by mixing 120 ml of solution B
with 80 ml of solution C. The mixture was adjusted to ]
pH 7.40+40.02 by smail addiéional amounts of solution B.or
C, using a Beckman pH meter. The 200 ml buffer was then
added to 800 ml of solution A. The resulting solutién
was one‘litre of . isotonic (31045 mOsm), guffered (pH
7.4040.02) glucose—Rihgér solution. This sol&tion was

filtered through a 0.22 um millipore filter (Millipore

"Filter Corp., Bedford, Mass., U.S.A.) before use. When

not in use it was refrigerated at 4°C for use dlater.

For inducing rouleaux formation either of two agents
was used. These two agents are polyvin&lpyrrolidone
{PVP) (sigmé Chemical Co., ét. Logis{ Missouri, U.S.A)
and dextran (Phérmacié Fine Chemicals, Uppsala, Sweden).
These rouléaux-inducing agents, obtained in powder form,
weré dissolved in isotonic Ringer solution to any de-
sired concentrat}on. These rouleaux-inducing solutions
would later be referred to as either PVP-Ringer or .
Dx-Ringer. The variohs PVP and Dx fractions together
with their corrésponding molecular weights used in this

9

study are summarized in Table 1.

@
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Table 1. Types of Rouleaux-Inducing Agents Used and

their Average Molecular Weight.

_/ :

Polymer Type " Average Molecular Weight

PVP-360 360,000

*Fvp-40 40,000% R
DX-500 500,000*

DX-110 110,000%

DX-70 70,000*

-

“*pata supplied by Sigma Chemical Co., Missouri, U.S.A.

*Data supplied by Pharmacia Labs., Uppsala, Sweden.




2.2. Preparation of Neuraminidase-Treated Cells

Only human cells were treated with Neuraminidase in

. this study. Vibrio cholerae Neuraminidase (500U/ml) was

obtained from BDH Chemicals Ltd.,sOrangeburg, NeW'York,
U.S.A. The cells were treated with Neuraminidase accord-
ing to the method of Eylar et al.- (1962). About 5 ml of
blood was obtained by venipuncture and immediately intro-
duced into a heparinized glass vacuum container. The

blood was centrifuged and the red cells were washed

three times with isotonié& buffered Ringer solution. The

washed cells were then incubated at 37°C for one hour

with Neuraminidase .at a concentration of 30U/ml of packed

cells. After incubation the cells were again washed twice

before they were ready for use as N-treated cells. A -

Neuraminidase concentration of 30U/ml of packed red cells

ensured that most of the sialic acid content was removed

from the cells (Eylar et al., 1962; Gattegno, Bladier and

Cornillot, 1975).

»

2.3. Properties of Polyvinylpyrrolidone (PVP) and

‘Dextran (DX)

*A. Polyvinylpyrrolidone

PVP is non-toxic, relatively inert and water solu-

ble. It can be made with' sufficiently high molecular

"weight so that it will be retained in the citculation

after transfusion. These properties led to the develop-

ment of PVP as a plasma expander during the Second World

38
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‘'Forziati, 1962). PVP is able to bind with a large vari-

et MR s Lo e gl o b e i

‘War when there was a need for blood substitutes. Seyeral

investigators however, using PVP as a plasma expander,

noticed that it accelerated the erythrocyte sedimentation

rate. This observation led to the discovery that PVP in-
duced rouleaux formation (Guillot and Fiehrer, 1948), and
investigators since then began using PVP to induce
rouleaux for in vitro study.

PVP is a long chain polymer. A1£hough\it§ structure
indicates tlrat it should be neutral in aqueous solution,
its solutions have been -found to be slightly acidic (pH4-5).
This écidity has been attributed to a dialysable impurity

in commercially. available PVP (Mancewicz, Hoerman and

ety of other molecules. For unknown reasons, it binds

preferentially to neutral or anionic molecule$ (Morawetz,
1965) . .

According to Hengsfenberg -and Schuch kl951) PVP
exists in a random coil conformation in agqueous solu-
tions. Ferguson and Nuki (1971) pointed out, however,
that the coil is not'completely random. .Steric hindrance
between. the pyfrolidone.rings tends to give the molecule
some linear rigidity. ;ﬁé\@giecu%gr‘shape is therefore
aSyhmétric. Miller and Hamm (1953) have eétimate@ that
a molecule of PVP with a molécular weight of 40,000 has
an axial ratio of approximately 22 (i.e. ﬁhe‘avefage
molecﬁlar shape is ellipsoidal with the ratio of the

major axis to the minor axis equal to 22)., Solutions of
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molecules in such conformation behave generally as
New;onian fluids. Ferguson and Nuki (1971 have shown
that up to a 10% solution of PVP with molecular weight

360,000 has' Newtonian and non-elastic flow propérties.

-~ B. Dextran
From the work’of Gronwall and.Ingelman (1945), and

Thorsén and Hint (1950) it is known that Dx, like other
macro ecules, can change the suspension stability of
blood. Thorsén ana Hint (1950) showed that the increase
in the ESR of human red cells was proportional to the
" concentration aﬁd to the m&lecular weight of the colloid.
Below a certain molecular weight, there was no increase’
in the ESR even at very high concéntrations. This
"critiqal" molecular weight wés found to be about 60,000
for Dy. The work of Thorsén and Hint also led to the
develophent and introduction of Dx-40 (mean molecular
weight 40,000; Rheomadrodéx) a dextran fraction of 1qy )
molecular weight, claimed to have an important effect in
improving blood flow in the microcirculation (Gelin and |
Ingelman, 1961). o . |
' Low molecular weight Dx is still used today as a
plasma expander. Dx is a chemicallj indifférent;
electrically‘uncha:ged polysaccharide composed of glucose
moleciles mainly linked by 1.6-D-glucosidic bonds.
Native Dx is derived from the fg:mehtatioﬁ of sucrose by

Leuconostoc Mesenteroides NRRL B-512. Parial hydrolysis

~
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and fractionation of the higp mol. wt. Dx yields products
having mol. wts. in the range suitable for clinical use.

Information oﬁythé trué structure of Dx . is lacking.
Wales, Marsha;l and Weissberg {1953) considered strpctures
copsisting of a linear chain with branches of uni form
length, uniformly distributed along the chain. According
to Senti et al. (lQSi;/powever,~some branches might be

longer than' others; sodme branches might even be longer

, brd
, L ) ) s
than the interval separating them along the main chain, 7

and these long branches might also be branched. The
structure of the molecule or the degree of branching,
nevertheless, is of no importance to its aggregating

ability (Thorsén and Richter, 1959)

2.4. “Microscopy and Photography

The general procedure was to suspend a small sample
of blood in a solution of PVP or Dx in Ringer éolution.

The cell suspension was prepared by introducing a small

- drop of blood into a 1 ml plastic syringe. The PVP-

Ringer or Dx-Ringer solution was then drawn into the
\s- -
syringe and the suspension was mixed by introducing a

small bubble into the syringe and slowly inverting the

>

syringe several times. The volume concentration of the

.cells was adﬁusted to approximately 0.2%.

‘Speciél well slides were made for holding a drop of

red-cell suspension. ‘The slides were made by attaching

small plastic rings onto glass microscope slides with




\

epoxy cement. To brepare a slide for viewing, a drop of
red éell suspensiog was placed on a plastic covérslip;
This was theﬁ inverted onto a well slide filled wi;h
paraffin oil. The whole preparation was then re-inverted
for viewing as)shown in figure 4.

Observation was made with a Nikonvmodél'M inverted
micfoscope, using a 100X bright ffeld 0il immersion
objective or a 40X objective with either 10 or 15X eye-
piece. .

In part of the photomicrography a'35qm camera was

‘ qse&f High magnification prints were made frbm the 35mm
film and the magnification of the image was determihed by.
a'calibrated stage micrometer (Leitz Wetzler, 1.,00mm
divided into 100 parts).

For cinemicrography, 16mm movie film was used with a
Bolex camera (model HlGM).' The Bplex cameré was coupled
Ato the microscope with a Nikon EFM photomicrographic unit’
and was driven by an B‘J. Matthias Eimevlapse camera |

drive and control unit at 2.33+0.01 frames/second.
Measurements were made directly from the film projections
on a grouﬁd glass screen using a motion analysing pro-
jector (L-W Photo Inc.f. The image size was apéroximaté-
ly 15cm by 20cm. The final magnification was 7,500X.
The cine-film was also used for makiﬁq high magnification

.

prints.

-




FIGURE ¢4 .
" Schematic of preparation used to observe the cells.

The cells are observed from below through the inverted
microscope. They are seen lying broadside down on the

coVerslip.w Two cells are shown here greatly exaggeréted

in size.

./”\> |
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CHAPTER 3 . -
GEOMETRY OF THE CELLS IN ROULEAUX

3.1.. Measurement and Calculation

Red cells of all the s%ecies mentioned in cnapter 2.
were photographed lying on the plastic coverslip of the
sample chamber. Photomicrographs of‘the cells in  Ringer
and in PVP-Ringer (where the cells are aggregated into
rouleaux) were prepared, from which measurements of the ,
dimensions of che individual cells were made using a rule \

with 1/60 inch graduations. These méasurements were con-

verted to the proper units

stage micrometer which was

(um) by using the calibrated

photographed and printed at

the same-'magnification.

,

J

For the monodispersed

cells

(cells in Ringer)

l

measurements were made of the, ﬂrameter only. The-monc%

1,

dlspersed cells have max1mum thlckness at ;he rim and .

mlnlmum thlckness at the centre but, because they no

- .

longer retain thelr biconcave shape in rouleaux, measure-

ments of theirx, ﬁhlcknesses were thought unnecessary. The '
B

.cells lylng flat on the coversllp did not all appear

c1rcular, so the dlameter of each cell was taken as the

-

*

. I3
« .
. - ‘- . -
* ‘e . A .
. . » ~ . . .
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average of the maximum and minimum diametral measurements. -
In rouleaux the cells appear to have lost their bicon- e -

—\‘ . *
cav1ty as ev1dq6t %Tom the electron mlcrographs of :
D

Rowlands and Sklhp &lﬁ?Z) and Chlen and Jan (1973). 1In

A

F " . this W&Ek the cells in rouleaux are assumed to be flat-

S

sided surfaces of revolutlon w1th parabolic rims (flgure

] . 5b).” Canham and Burton (1968) assumed a circular rim,

; b while Houchin, Munn aﬁd Parnell,(lgﬁa) assumed’ that the

cells are elliptical‘ih cross-section. The assumption of

i‘ . a parabolic rim rather than, a cirgﬁlar rim is justified,
because an examination of the cells in réuleaux:on

electron micrpgraphs "shows the rim to be ‘more parabolic
a : . : -
rather than representative of an arc of a circle. ’

The assumption that the cells in rouleaux are flat-

- S

M q

‘ sided made the mathematlcs for the calculatlons of cellu-
lar volume and surface area relatgyely 81mple. The cor-

-responding equations for cellular volume and’surface area’

-

’ were derived to be:

Cellular Volume, : ’ -

V = th[0.25¢° < 0.17hd # 0.05n2% . (1)

Surface Area, .

A = O,Qﬂ[d? + 0.96hd - 9;22H2} (2)
where h (um) is the thickness and d (um) is the diameter
of each cell‘in rduleaux, For'the derivation of the -

"above equationsAsee-appendic{es A and B.




1 . "
Cel%s }n.rouleau. ‘
. o .. ' . ’

, f L

a. ‘Photomicrograph of a linear rouleéu. It .is diffi- »

cult td'decide from a photomiqrograph what- shape or

(\1) ot e - ’ : %

. shapes the rims of the -cells in rouleau assume. HoW-

feve;, eiect{dnmicro@faphs of ﬁowlbnds and ‘Skibo (1972)

and Chien and Jan ‘(1973) have shown them to,be\hore

¢ -’

) “\ . .
like a parabola than an arc of a circle.

°
oy N .

b. A scHematic preseptatiod-of the cells as flat-sided

Structures with paraboliE rimgs. This is the con-

1

figurétion:assﬁmed in this study when calculating

£ ‘ .
BTV o S R | i

cellular volume and surface. area.

“ T
. \ -

, . - .-
( e .t
o ‘

.. (The staie in fig. 5a represents 1l0um).

[} H . El
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The cell aimensiong (h ‘and d) were measured one-third

the way in from the outside of the image of the cell mem-

brane. To make the calculations less tedious, the above’

\

equations were programmed into a PDP-10 time-sharing

computer which was then fed with the measured values of h

d d.
and

Results and Discussion

The equilibrium shape of a normal red cell in isotonic
Ringer solution is consistently a biconcave disc, .The
formation of ;ouléaux results in some distortion of the red
cell's shape with probably a complete'removai of its bi-
9oncavity. Due ;o compression the cells are flattened and
their ﬁiameter is slightly increased. Figure 6 shows histéf
grams illustrating the increase in the diameter measured in |
this study for human red cellé in rbule;ux. The diameter
of the cells increasds by. approximately 5%. For the cells
treated with Neuraminidase (these cellg,will be refgrred
-to as N-tréated cells) the diameter has the same value as
that of the untreated célls (figures 6b and 6c). This
finding suggests tha? an increase in the net attractive

»

force between the cells, resulting from a decrease in the
) S
surface charge density after N-treatment (Cook et al.,

1961; Eylar et al,, 1962), has no effect on the diameter

of the cellé'in rouleaux. In fact,.the diametral dimen- ‘,"
Fo——

sion of the cells in rouleaux Nas been found in this study

fo be unaffected by the.type and concentration of the-




FIGURE 6

Histograms of the diameter of the cells. The interval

on the ordinate répresents 15 cells.
Human cells in Ringer solution. The mean diameter
= 7.96um+0.32 (5.D.), n = 100
Normal human cells in rouleaux. The mean diameter
= 8.32um+0.42 (S.D.), n = 115

.

N-treated human cells in rouleaux. The mean

diameter = 8.30um+0.46 (S.D.), n = 187

These histograms show the diameter of the cells increas-
es in rouleaux formation. Also, neuraminidase-treatment

has no effect on the diameter of the cells in rouleaux.
' ' {

2
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macromclecules used.

The value obtained here for the mean diameter of the
cells in rouleaux (8 32um+0.42) agrees extremely well with
the widely accepted value ;? 8. 28um+0 10 obtalned by
Houchin et al. in 1958. The average thickness (see
Table II) of the human cell in rouleaux.is however about
14%.1arger thau the value given by Houchin and associates.
The complete results of Houchin et al. are: )

Diameter = 8.2éumi0.01

Thicknéss - 1. 71um+0.06

Surface. Area = 134umzi2.8

Cellular Volume = 82um312.7

.fﬁ'their study, Houchin et al. made measurements on cells:
"in straight rouikeaux of 7 or more:cells not taﬁched by
., other rculeaux“.“ For:mean cellular thickness the average

-

v . length of ‘each rouleau was divided by the number of cells

[\

‘contained in it. The obvious flaw in their method is
‘that the separati béfween the cells is also included.

If they had allgived for the separation-between the cells

their Value fo <the mean thlckness would have been less.

»

"~145’i~ than 1. 71um+0 06 whlch is even smaller than the value

the 1arger value obtalped in this study is that the un-
s
natural cellular environment mlght have caused some
- ." swelllng to occur, Houchln et-al. made their measyrements

’ \ N A .

on cells suspended in native’ plasma ' . .

. .e, -
' 9

Table II lists the mean values of the geometrzc

obtajned in thls study.k One possibile explanatlon for .

- 52
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parameters measured and calculated for the various species

in this study. With the exception for human cells, pub-
lished infdrmééion on the dimensions of red cells in roul-
eaux formation was not found. Besides, the published geo-
‘metric values of singie, biconcav;téells of various species
vary coAsiderably (Schalm, 1965; Altman and\Dittﬁer, 1972).
It will therefore not be possible to diécusg the values in
Table II comparatively; The values given in the Table for
"the diameter of the various species' cells in rouleaux
represent an increase between 5 and 105 of the diameter of

the undeformed 11s measured in this study. Note the\i?-

crease in the dim nsiopé of the cells of the anaesthetized

) - ]

animals (mouse anf@l rat). The increase is consistent with-
the finding of Sgeman, Kwant, Sauks, and Argent (1969) in
which anaesthetiq and anaesthetic-like agents were found
to expand the me rane area: by a few per cent.

Even théugh ed cells chaﬁge éheir shape when they
go intqirouleahx brhaﬁion, there is no reason foxr them
to incrgase in véigme or surface area. The surface area
and vo:]Lé of the celis might then bé-régarded as con-
stant. Iﬁ fact, the values given in Table II for the
surface area and volume of ﬁuman'gel;s inﬂrouleéux.agfee
very well with the éubliqhed data of Evans and Fung
(1972) :

*+16 (sD)

3

Surface Area = 135um
T . Cellular "Volume = 94um~+14 (SD)

Evans and Fung used improved resolution microscopy for




s determining the dimensions of single, isdlatéd red cells.
The wvalue of 82um3 obtained by Houchin et al. (1958)

for the cellular volume is about 12é less than the qeéﬁ

value obtained in this study. Their value of the surface

area however agrees with our value of 132um2. The cellu-

lar volume, rather tﬁan surfacg érea, is more sensitive

to changes in the;thicknésg of the cells (see egn. 1)

and this helps to exp%ain the disparity. Of added inter-

est is the fact that Houchin et al. assumed the cross-

. section of the cells in rouléaux to be elliptical, but,
from tpeir published pictures and the pictures obtained
in this study, stacked’pancake-shaped discs rather than

spheroids 'seem to make a more reasonable model.

In summary, the geometrit ;Lrameters of various
species' red cells in rouleaux were measured. From these
measurements, thé.surface area a:d.volume of the cells
we%eJcalculated on.the.assumptioﬁ ﬁhaththe cells in
rouleaux were gara;lel-sided structureé/iith parabolic
rims. For each species, ghe mean diameie% of the cells

*in rouleaux was found to be significantly larger than that
6f the undeformed;, biconcave cells, The surface area  and
cellular volume, however, remained constant. |

C

These results were used in the study of mixed-

species rouleaux formation (see chapter 5) for identify-

ing the cells in mixed rouleaux.

§8




Tw

CHAPTER 4 4
THE CONTRASTING-OF PVP AND Dx AS
= ROULEAUX-INDUCING AGENTS

®

4.1. Introduction ‘ .

P -

- If red cells are suspended in their own plasma they
yiii form rouleaux. .[The plasma proteins, fibrinogen and
£he'various/globu1in ffaétions, are ;esponsible for the
formatien of these column-like'strﬁctu;es (F;hraéus, 1921,

1929;.Hardwicke and Squire, 1952; Dintenfass, 1974).

A N—

Roﬁléadx formation is also induced by synthetic polymers
(Guillot and Fiehreir, 1948; Thorsén and Hint, 1950;
' [} -~ .

Hummel, 1963; Chien and Jan,, 1973; Brooks and Seaman,

ot

1973). The formation is greatly dependent on the degree

4

of. asymmetry of the colloid molecules and likewise on

their average molecular wéigﬁt and molecular weight
distribution. The clinical implication of this fact is

that the sédimgntat;onﬁpate is not only determined by the

concentration of the fibrinogen and globulin fractions

. but'also by the molecular properties and distribution of

.the fractiong in question.

lAﬁong tﬁevson—phisiblogical macromolecules used for

¢ 58

&

- !
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promoting reversible red cell adhesion are the high
molecular weight Dx's and PVP.. The behaviour of these
two typeé of polymer, both électrically neutral ét ’
physiological pH, was investig;:éd and is reported in
this chapter.. The mechanism by which proteins and other
macromolecules induce rouleaux formation has not been
clearly understood. While this fact is acknowledgeé,
this study does not attempt to propose a mechanism of the
phenomenon'but merely relates the observed differences in
the rouleaux-inducing properties of Dx and.PVP. The re-

sults of this study hopefully will add some light eon the

existing, proposed models of the phenomenon.

4.2.. -Method .

Red cells from Bormal, healthy blood and red ceils.

that have beend treated with Neuraminidase were used in ~

these experiments. They were suspended in isotonic

-Ringer solution at pH 7.4. The Ringer solutions con-

+

-

tained various concentrations of Dx fractions or PVP
fractions. The‘volume concentration of thé cells in.the
suspensiohs:was adjusted by colour to appréximatqu 0.2%.
One drop of the suspension was placed in a non-flowing
well-chamber and observed as ‘explained in section 2.4.
The aggregdtion of the cells was measured gquanti-
tatively by direqt‘microécopic-obsgrvation according to
the method of Chien and Jan (1973). After the cells had

settled onto the coverglip, about ten minutes were -

. .



o . )
allowed to elapse before photomicrography, at 400X magni-
. .

fication, was taken from at least seven different fields.

In some cases, for exémple at high Dx comcentrations, a

time of approximately thirty minutes was allowed . to elapse.

The number of cell units in each' field was counted accord-

ing to the definition that one "unit" was either a single,- ,

separate cell or one aggregate.” The average number of ' ‘\‘/,

cells in‘each,unit was calculated as the ratio .
. ‘(f

. l
No. of cells in Ringer solution )
No. of units'in Dx or PVP solution :

A}

MAI =

~
a

where MAI is the microskopic aggregation index., An MAIL ~ ,
value eqhal to unity implies the absence of aggregation.®

The concept of microscopic aggregation index is better

- g

explained in figqure 7. . . . . .

\

The use of MAI for quantitatively measuring the

aggregation of the cells is a good one.beCauSe the pattern ~

of the AuAI v§: macromolecular concentration“ graphs .
agrees . extremely well w1th the patterns obtained when

u51ng sedlmentatlon rate or 1ow—shear v1sc05Lty for
quantitativ;iy measuring aggregation‘(Chlen and Jan, ‘ -
1973). -

-

4.3. Results and Discussidn ) ' - y

All the graphs in this study reprpesent the émgothést

)

curves drawn by "eye". The points plotted.represent the

-

mean-.and S. E M. for measurements between eight and twelve i J
¥
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. ‘-' -Explanation of the "mic¢roscopic aggregatidh‘index" TR

method (Chien and Jan; 1973) for measuring quantita- ’

. N u 1}
tively the degree of rouleaux formation. The MAI is
defined as: MAI = No. of cells in Ringer. solution
, . No. of units in the rouleaux-
inducing medium C

- . where each unit is either a single, separatg cell or .

one aggregate. An MAI value of unity means 'that po S

-

aggregates are pfesent. This method is;sensitive to

‘ the contentration of thegred cells and can only be used
. for dilute suspénsibns.(hemachrit < 1ls). T '

f -

o ~
-
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MAI = Total- Number of Cells
‘ - Totol Number of Unﬂs
. | . ' 4 28 “ |
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values, i.e. n ranges between-8 and 12.

- t - - ¥

k]

. . \ .
Figures 8A and 8B show the results of this study far

_ Dx ¥rections indpcing'aggregation'Qi"humpn red blood cells.

- In the case of Dx-70 énd Dx-LIOlaaggregation "peaked" be-

tween concentrations of 30 g/l and;45 g/l. For Dx-500, .
aggregation ;peaked" between concentrations'of 8 g/1 and
15 g/1. Dx concentratlons greatei than 70 g/1 (not shown
a in dlagrams) were also used ‘in thls study For all three‘
Dx fractlons, aggregatlon of human celLs was not observed
at concent;atrons greater then 70 g/1. These results are ]

+ consistent with those obtained by Chien; Luse, J%n;

Usami~ Miller, and Fremount (1970) and Ch}en and Jan
. * \

(1973). - ' P

— Of interest to this study is the fact that Dx s are

- unable to induce aggregatlon at concentratlons greater
. 0
than 70 g/l1. . Since the results were comparable with ’

.. various Dx's, the next questlon was whet?ér other neutral

-

s

polymers behaved in’ the same way. PVP, another‘neutral

H

polymer,nwae uqed in thle lnvestlgation; JFigureSVQA'and

98 illustrate the-iesults obtained: for the PVP gtﬁdy on

R

[4

" normal human :ed blgdd{cells. Th increased to a -

. , V! - '}.‘"L . .

certain value,“déereeséd slightly, remained constant and . - .-
. rd ' . - : .

then began to fise. in gontrast to the dextran-studies,

3

‘ aggregat;on was aIways obaerved in these experlments above
} the critical PVP concentratlona ( 1. 0 g/1 for PVP 360 and
«”.~5 g{l for PVP-40) at which aggregation first occurred.

' PVP concentratzons as high as 150- g/t. 1no€ ahown in I

3
“
el ui‘. PR

;
S - . . . . .
* e e * .
R : : . “ /
. - X . . .
3 . - B .



FIGURE 8

Effdct of increased concentrations of Dx-70 ?nd Dxél
;10 on th§ aggrega;ion 6f human red ce%ls. 'Aggreéa-
tion "pedked" at a concentration of~35g/1 for Dx-
'110; ;ﬁd‘at a concentration of~40g/l forle-70.
Both fractions failed;fo induce aggregation at
‘céﬁbéntrations beyond 70g/1.
Effect‘of increased conoentratiénsfof Dx-500 on the
aggrégat%pn of human céllgl ,Aggregatién,fpeaked" at
a concentration of approximately ldg/l. Dx-500

]

faiied‘to induce aggregation of human cells at con-

\

centnatibns'beyond 70g/1.

4
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FIGURE 9
. * ” M
Effect of increased coqcentrationsaof PVP~360 on the
aggregaéion of human red cells. Aggregation "peaked"
at a PVP concentration of 4g/1, dropped significantiy
at a concentration ©f 5g/1 and then levelled off until
at a concentration of ap%roximately 30g/1°c1ﬁmping

rl

_began;

-~
A Y

Effect of‘increased concentrations of PVP-40 on the
aggregation of human red cells. Agé:egation reached’
a maximum at a concentration of approximateiy 20g/1’
and levelled off until'clhmpiné began at a concentra-
tion 6£ apﬁroximatély 80g/1. Clumping is denoted by

the dotted line. . o







diagrams) 'were used in this study and there were no signs
of the absenoe of aggregation. Instead, clumps (irregular
structures of cells as compared with the normal column-

like rouleaux formagion) wete observed, For PVP-360,

severe clumping began to occur at a concentration as low

| R - . -
i -

as 30 g/1l. Clumping also occurred in the low molecular y

weight PVP-40 solutions, but at a much higher concentra-

[} »”

tion (~80 g/1).

|

The MAI valué&.for the clumps or irregular aggregates

[

e

were difficult to obtain because of the difficulty in

N counting the number of cells in each clump. The dotted

/

\ lines in figures 9A and 95 represent severe clumping
where'the true valnes of:MAI were difficult to compute.
The two points plotted in the “cluﬁping" area of figure 9B

represent the MAT valnes computed.for the regular rouleaux

'(not clumps) obéerved'aﬁ‘fhé‘respeotive concentrations.

Php?omicrographs of human red cells\in\Yhnéoue solu- .

* - . tions of Dx-Ringer and PVP-Ringer are shown in figure 10.

The ‘absence of aggregatlon of human cells can be seen 1p

Dx ‘solutions at coucentratlons of 80 g/1 and 120 g/l.

Although a time of approxxmately 30 minutes was.allpwed

for the cells to form rouleaux at these nigh_concentra-
tions aggregation never occurred.' This was in contrast

] ‘to the results obtained for the lower Dx concentrations
where the usual time of only,;o minutes was allowed. 'Ih‘

.

the case of PVP-360, aggregation alwayefoccurred if the . 7~

‘concentration was ahove ¥.0 g/1. ~In fact, some mild
P . . ‘ .v/‘ ‘. »i.-_,w/":"’




FIGURE 10 .

Photomicrographs of human cells in various solutions of

PVP-Ringer and Dx-Ringer.
. L I

Figures 10A - 10E: Human cells in 10g/1, 30g/1, 60g/1,

80g/1 and:lZOg/l respectively of Dx-110.°

.. o~ o SN

-

Eigures 10a - 1035. ﬁuman cells ih'lgil, 3g/1, 6g/1,

10g/1 and 50g/1 respectively of PVP-360.

.

(‘he scale repregents 1l0um).
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clumping was pbserved at a concentration as low as 6 g/1
. (figure 10C). |

The fact that fVP at high concentrations was able to
induce aggregation of human red cells while Dx could not,
suggests some diffe;gnce in the nature bf adsorption of
the t&g types of macromolecules. PVP and Dx.haVe differ-

ent structures in that PVP is a linear polymer while Dx

is branched (Wales et al., 1953; Senti et al., 1955). To

‘determiné if Dx aﬁd PVP would interéct’iﬂ the same way
with red cells of other species, these experimqnts were
then repeated for red cells other than human.

‘Figures 1IA and 11B show the results ébtained fo?
the effects of Dx-70 and Dx-110 on the aggregation of cat

cells and rabbit cells respecﬁiveiy; The MAI rose in.

eaéh case with increased Dx cdhcentfation and then
levelled offf' Dx concentratiGns greater than 100 g/1
were used and aggregation always occurred with both cat
cells and rabbit cells. Severe clumping was observed at

high polymer concentrations. Figure 12 shows the effect

of increased PVP-360 concentration on the aggregation. of
‘cat gells. As in the case of human cells, aggregation
reached a peak, decreased slightly and then levelled off

. before clumping began. It seems that the interaction of -

[ a

the PVP molecules with cat cells is quite similar to that

with humans.

Photomicrographs of human cells and cat cells in

various concentrations of Dxéninger.are shown in figure 13.

-
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1)
.

100g/1. - - . :

-

" high concentrations.. .

SR FIGURE 11 .

'A? EEffgct of increased cohcentrd%ions of Dx-70 and
D§ﬁllﬁ,on thelagggeéation of cat cells. Aggrega;
tion fﬁcggaéed,to a maximum and then levelled off.

Ciumpiﬁélbeganﬁat a concentration of“approximately
‘ St A : o _ ;

c ’,B: Effect of increased concentrations of Dx-70 and .
Dx-110 on.the aggregatioh of rabbit cells. As
for cat céils,-agg}egaticn,increas;d to a'méximum‘

and then levelled off, with <lumping occurring at’
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. © o " FIGURE 13
LS A

N

“Photomlcrégraphsfpf'humaﬁféélls and cat cells in various

.

' concentrations of Dx~Ringer, =~ ¢’

. o S e v N ‘ , S,
Figures 13A --13E: Human Cellsrin 10g9/1, 30g9/1, 50g9/1, .
70g/1 and 809/1 respectively of Dx~-70. "

(The scale repré?ents 10um)

. . 3
- & - .

.. o PRI N

T

L. e
. * B
RS . ] < 'e

. ) . . 1,
cat célls in bdg/l‘,SOg/l,g70g/l,

Figures 13a - 13e:

100g/1 and 1209/1 respectlvely in Dx-70.

TThe scale represents 10um) | ' -
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Note the severe clumping of cat cells'(figqrETlae)-at

The aggregatlon "peaks" in flgures 9A and 12 were

'hlgh Px concentrations. ) . <*\\\.

conSLStently obtalned at a PVP-360 concentration of i ‘&

approxlmately 4 g/l. .To petermlne 1f this- was’ due to the

3

'effect of* the PVP molecules on the electrostatlc potentlal

of the adherinyg cells (Castaneda, Bernstein d Varco,
1965), the PVP-360 experiments were repeated on N-treated
human cells. After'N-treatgent most-oﬁfthe surface nega-
tive charge on the cells is lost (Eylar et al.; 1962;
Durocher, Payne and Conrad,.l§75),'and henee the effect

of the'eleetrostatic poteatial on aggregation woold be
less pronounced. Figure 14 showe the reeult of the‘effect
of PVP—éGb on the aggregation of N—treated human cells.
The ag@regatlon "peak" is no longer evident. 1In addition,

the N—treated cells began clump\ng at a lower concentra-

tion (~16 g/1) as compareduwlth normal cells (~30 g/1).

These findings emphasize the role of the surface électric

charges on the aggregatioqwof red cells.

-

4.4. Discussion

It must be made clear that in this study intereet is
not focuseed on a comparison of the degrees of aggregation
induced by thé various'types of macromolecules. The main
interest'in this study was to investigate whether or oot ¢
aggregation would be induced at high polymer cohcentraj

*

tions. It is for this reason that not too much impgrtance

\\»[\\
S~

) -
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' was.blaced on the concentration of the red cells in the
suspending meaia. In~evety case, the cell concentration
was judged by theTolour of the suspending.medium which,
from experience, denoted a'cgll concentration aof approx;
imately 0.2%. The scatter'ih'the MAI values shown.in ‘most.
of the figures might then be due to the inconsistency in
the red cell concentratlon.» .

B

No attempt will be made here to explain the: contrast—

ing propertles of Dx and PVP. in lnducing rouleaux forma—t
tlon. The, partlcular structural organlzatlon "of macro-.
'molecular chains is responslble for 1mportant phy51cal

and blologlcal propertles; As pointed out by Bruck (1974,
p. 34),.however,_tﬁe eonformatione of'adsorped'moiecu;es
‘remain essentiall§ unknown:;.r; view of these difficulties,
it is perhaps more advisable to eXaﬁine the theories pro-:
posed for explaining the absence of aggreéation of human

/ %

- cells at high Dx concentrations.

-

-

Chien-gg al. (1970)-used thé bridging model of ﬁaMer

and Healy (1963). to e#plain the abseéce of aggregation of
- human oells at high Dx-conceﬁtrat;ons, In the bridging
‘model, the terminal, segments of the bridging macromolecule
adsorb. onto the surfaces of two adja&ent cells and the ‘
central segment occupies the intercellular space.(see
#igure 15). The existence of intercellular spaces with
relatively uniform distance'led Chien'gg al. (1970) to -
conclude that the monomolecﬁlar layer of.macromeleculee.

formed parallel bridges betweéen the cells. Chien and




'FIGURE 15 '
Cells in roﬁleau; explanation of the bridgihg model
(adapted ffom Chien et al., 1970).
- a. Adsorption of macromolecules onto red-cell surface.

b. Rouleau formation by macromolecular bridéing.
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~associates (1970) also used.this model to explain why

Dx-20 (aveiage molecular length of 25 nm) and serum

albu@in (average molecular length of 15 nm) do not induce

<

aggregation. The .average molecular lengths of these

-

‘'molecules are relatively short (Iﬁgelman and Halling,

'1949), and the segment available for bridging after sub-
traction of the adsorbed segments from the total molecular
length is'probagly too shcrt to overcome the fofce of
electrostatic f'e;?ulSion. The@nolayer bridging model also
suggests that- at hlgh macromolecular concentratlons,
gaggregatlon should not occur because the 31des on the red
'cell surface area which are available for brldglng of the
adsorbed macromolecules become saturated. _

- In l973 Jan and Chien (11735), studying the effects:
of:uafious Dknfractions on the aggregation of N-treated
human‘cells, found that aggregation did cccur at high
polymer . .concentrations. No matter how high the'polymer‘
concentrations were, the Dx)fractions were found to be

very effective in.inducing aggregation of human cells.

This finding made the saturation model (Lanf and Healy,

196 3) questlonable for explalnlng the lack of”fggregatlon.'

Thus the electrostatlc repu151ve forCe between. the cells

appears a more reasonable model.

Y Brooks -and Seaman (1973Y and Brooks (1973b), study-

ing the effects of Dx on red cell” 1nteractlons, ﬁound

’. 4




Y

2

that the relative zeta potential* of the cells increased
with rising Dx concentrations and also with increasing Dx
molecular size. Brooks (1973b) hfpotﬁesized that the
adsorption of neutral polyﬁers caused a decrease in the

effective counterion concentration near the red cell sur-

face, and that this led to an increase in the surface

‘potential, that is, an increase in the electrostatic re-

pulsive force between the cells (Verwey and Overbeek,

1948). The lack of aggregation of human cells at' high Dx

‘concentrations was therefore explained by Breoks (1973c)

as being due to the significantly inereased force of

electrostatic repulsiton, resulting from a reduction in -

the effective ionic_strength near the cell surface.

While the model of Brooks (1973b) seems plausible,

it is difficult to imagine why the cells of other species

-

still aggregate at high Dx concentrations.” In other
words, it is diffiéult te understand why the effective -
ionic strength near the hUman red cell surface is 51gn1f1--
cantly reduced, after polymer adsorptlon, wh11e it is not
in the case of the red cells ef other spe01es. BrooksL
(1973b) referred to the reductlon in the effectlve tonic

strength near the cell surface as the volume exclusion

effect": He attributed the increase in the surface -

-

*The relative zeta Potential has been defined {Brooks,
.1973b) as the ratio 7 = EBUB where n is v;scoslty (cp),
U is electrophoretic moblllty (um.s” /ch ), and the
subscripts B and o represent respectlvely the presencd
and abse‘Fe of the macromolecules.,
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cells of other species.

potential (zeta potential*) of the cells ept%rely to this
;volumf gxcluéion effecﬁé and did not consider in his
modél the possibility that the interaction of the maéro-,
molecules with the‘cell surface was specific.‘ | -
Brooks (1973b, 1973c), on’the basis of his modgl, ‘
postulate@?ﬁ?&%ﬁfﬁe relative zeta potential of the cells
should alwaygginprease in th;‘presence of any neutral
polymer. In other words, his model impiies that the lack

of aggregation of red cells should be observed at high

concentrations of any neutral polymer. However, it has

' been shown in this study that PVP, a neutral polymer, does

induce ggg:egation of . human and other species' red cells
very effectively at high concentrations. The results of
this study suggest that the interaction of -the macro-
molecules with the cell surface, and whatevgf effect it
has on the surface charge density, is a more impoftant.

consideration than the "volume exclusion effect". The:

fact that Dx, at high.concentrations, does not induce

.

‘ aggregation of human red cells while it does for cat cells

and rabbit cells suggests®™that the interaction of Dx with

the human éell surface is diffe}ent from at with red

P

-

*Zeta potentiai, z, is defined (Brooks, 1973b) as
= éég%rﬂ—ﬂ, where ¢ is in mV, n is the viscosity
(cP) -of the medium, u the electrophoretic mobility
(um s~1/v cm~1), and D the dielectric constant of
the medium. . .




.
. . -

jfﬁ is possible that the interactioﬁtof the cell sur-
face proteins with the polymer produces a re-arrangement
of the ipterfacial region as proposed'by Ross and Ebert
(1959)-» Such a re—arréngement might expose previously
undetected chagged groups., in the case of the inter-
action of human cells with Dx, tnus increasing the’ sur-
'face charge density and consequeng}y tSe zeta potential.
The interécéién of the Dx molecules with ;ed cells of
other species po?sibly results in a partial screen{né of
the cgarged groups, with a decreased effeét on the zeta
potiytial. This hypofhesis however needs further investi-

‘

gatien. As far as the author is aware, there is no way,

_-at the present time, in which the interaction of the

3
[

macromolecules with -the cell surface cah be fully under~
stood. The reason for this is that the surfa;e sk;ucture
of red cells.still remains unknown. a‘

-In éonciusion, the results of tﬁis study suggést that
“the process of rouleaux formation involves a specific |
interaction between the macromolecu}es anq red ‘cell sur-

face. The results suggest that the interaction of Dx*with

~ the human red cell surface is different from that of PVP.

The results also suggest that the interaction of Dx with "~

the human red cell surface is djfferent from that of Dx
with red cells of other species. Thus the satugation'
model of LaMer and Healy (1963) and the "volume exclusion"

model of Brooks (1973b) seem unsatisfactory in explaining

why Dx's, at high concentritipns,.fail to induce aggrega-

- -
1
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,tion of human red cells. - A model incorporating the .

-
specific interaction of the macromolecules with the( cell

surface seems more reasonable. - .




CHAPTER 5

PVP-INDUCED ROULEAUX FORMATION IN

INTERSPECIES POPULATIONS OF RED CELLS*

5.1. Introduction

-

A big difference in the degree of aggregation be- _

»

‘tween various species was first. observed by Hirschfeld

. (1907) who; from experimental evidence, concluded that

‘the degree of aggregat;on.waé a funcﬁipn b?ﬁh of the
aggrégability'af the red cells and of the AQQEegatinq
potency of tﬁe_plagma.’ EliassonuahdiSameliégaBroberq
(1965) and Richter (1966) investigated the‘speéieg'
aiffefencg in~a‘li£tlg more detail, u;ing various Dx
‘fractions, and’ came to the same conc}ﬁsidn. Befman and

. Fuhro (1953) concluded frdm their study that interspecieéa"

.~ s

differefices in red cell aggregation are the result of
some property of the red cell itself rather than the
piésmatic environment. Berman and Fuhro' did their study

on human cells and hamster cells, which were suspended

. a .
either in their own plasma or in plasma from the other

ha]

*The principal part of this chapter has been published inf
Can., J. Physiol. Pharmacol. 54: -437-442, 1976.

L]
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species;fin each case, human cells aggfeéated at the same
rate and to the same extent but significantlyfmoré than
the hamster cells. .

In view of the above findings and of the apparent

differences in the surface structures of the various ° .

species' red cells, regarding the arrangement of the sur-
face compobnents (Seaman and Uhlenbruch, 1963), it was -

thought of interest in this study to investigate whether !

rouleaux formation was a species-specific type.of phenome-

non. In other words, woqld'human celis form rouleaux

among themselves oniy-or would they also‘adhere to red T e

cells of other species? If mixed rouleaux were formed, :
ST » . N\
then a statistical analysis would be: done to see whether : N

.
.
-3 . .

a  preference was demonstrated for Iike Eells to adhere to ’

each other.

'5.2. Method . * ' ' : '
FreSh.samples pf}blood‘were obtained frém humans,

cats, rats, mice, dogs,'%aﬁbits and guinea pigs and .

immediately intx:-odg."into h.eparinized glass vacuiim

containers. The red éells of all species were washed

twice with isotonic'Tr{s-buffered Ringer solution - (pH

@
2

7.4, 310 mOsm).

Samples of blood were obtained from twe species for
each experiment. The number of cells per millilitre for
each species was calculated using measured values of

hematocrit and the previously® calcufated cell volumes




‘(see Table II). The two samples were then mixed in such

a proportion that there were approximately equal numbers

of cells of each type in the mixture.  Blood from this

mixture was introduced into PVP-Ringer solution (PVP-
360, 4g9/1) to pfepare-suspensions of red cells of a-volr'
ume concentration of approximately 0.2%.. "

Observation was mide as explained in section 2.4.

- v

Artime of approximately 30.minutes was allowed for the
cells to form rouleaux. High magnification prints were

made from the 35-mm Rilm and the magnification of the

From these priﬁ;s of the cells in rouleaux, each cell.in

a rouleau Waslﬁabelled]for speciesjtype on the basis of
{

h Y

its geometric éarameters (Table II).
i ,“

/
s

5.3. Results and Discussion

50

’ X k3
. 'In this study "a PVP-360 concentration of 4g/1 was

.used to induce rouleaux formation. Pfeliminary studies
‘showed thét the cells‘of each species formgd neat, long
_and regular rouleaux at this concentration, and indicated
no apgarent differences in the aggregating tendencies of,
the different kinds (species) of red cells. Sliding wés
observed to be the,princiéal mode of doublet formation .
for all the differént types of cells.
Table II gives the.mean and standard deviation of

the red cell geometric parameters measured and calculated

for the various species studied. The cells of the




<

. " anaesthetized animals did not appear to have different

properties from the normal cells in the process of roul- -

eaux formation.

The procedures of the single-species experiments

. ' . .
were repeated for the mixed~species experiments, and

x each cell in a mixed rouleau was identified for species
type on the basis of its geometric parameters. Figufe 16
shows photomicrographs of -examples of mixed rouleaux.
Cellular volume'wés the key parameter used for distin-.
guishing a épecies type from the other (Figure.L7c). The

few cells of the mixed aggregates.that fell in the volume

overlap region were identified for species type by the

»

additional geometric data:on surface area and diameter
(Figures 174 and 17a). As seen in Figure 17b, thickness =«

is an unsuitable parameter for species type identifica-

tion.

/

Figure lé shows the ﬁethod‘uSed for presenting phe

preference of cells to form rouleaux with cells of the

same specieé. The X-axis denotes the number of adjac

| . pairs of cells in each rouleau of mixed ceils, thedt is, a
rouleau of 10 célls ﬁas 9 adjacent pairs (X»9). The Y-
axis denotes the ratio of the number of like adjacent
pairs to the number of adjacent pairs. ‘The Y-axis is the
meaéure of preference:’a value of unity indicates the

1 L]

highest preference with cells touching only cells of their

own species; a value of zero indicates that a rouleau was

made up of mixed cells with no cell touchingra cell from

. 1
- * o °
-




FIGURE 16

Photomicrographs of mixed cells in réuleaux.’
L .
a. Dog and cat cells in mixed rouléaux.'
(The scale represents 5um).
b. Human and mouse cells in mixed rouleaux.

(The scale represents 5um).
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FIGURE 17’

L

Histograms of the ranges of values of diameter, thick-

ness, volume and surface area for mouse and human red

cells in rouleaux.

¥
P

Volume was used as the key parameter for identifying

the cells in mixed rouleaux.
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the same species,

It was evident from these experiments that cells of ,

one spec;es did form rouleaux with cells of another -

spec1es. It was therefore necessary to compare the
sequencing of cells in the rouleau studied with a purely
random'’sequence, in order to determine if preference was

demonstrated for cells to adhere to their own kind. The

-

- random nuhber tables were used with even numerals repre-

VLA

fentlng one spec1es and the odd numerals .another. The

model rouleaux lengths were set to match the actual num-
ber of cells in the expéfiméntelly observed rouleeux.

Fiqure 19 shows the result for a simulated random placingl
of two.species of ce115'in model*rouleaux formaticn.

The mean preference value obtalned for the case of

-

_human cells mixed w1th mouse cells (figure'18) is 0.69.

For the corresponding model rouléaux (random numbers) the

mean preference value is 0.37 (figure 19). Using the

Student's t—test; these two values were statistically

compared and were found to be significantly different
(p<0.01); that is, human cells demonstrated a preference

to form rouleaux with human cells, and similarly for

L3

mouse cells. Table III gives the results of the ten

combinations studied. Nlne of the ten comblnatlons

!

demonstrated a preference, dlfferent from the preference

calculated- for the randomly occurring sequence (p<0.01).

°

The rat-mouse comblnatlon was the only one that showed

’ 7’

no preference (p>0.01), possibly because botH animals are

a
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of the same family.

5.4.  Discussion | . .

~

Y

"The results of these experimeﬂts have three-fold

significance. First, there is ' a statistical preference ~

for the cells of one species to form rouleaux with cells
of the same kind (species), although cells.of two species

do mix in rouleaux formation. Secondly, the préference
shown is not simply a reflection of like sizes_peing more
inclined to adhere to one another,; since the rat-mouse
mixed cell poéalation was the only one which demonstrated
no preference although there is an obvious difference in
sizg between these two types of cells (Table II). Some
o} the ogher combinations te;ted were more similar
dimensionally than this mixtu;e. Thirdly, thé results
indicate that rouleaux fogmatiop may not completely be

the result of intercellular attraction of specific mem-

brahe sites which would probaﬁly be species-specific‘in'

-

location and pattern. - i




CHAPTER 6 -

THE MECHANICé’OR MODES OF ROULEAUX

'?ORMATIQN OF HUMAN RED CELLS

6.1. Introduction

The techniques generally employed for studying red
cell aggregation involve light transmission and reflec-
tion (Brinkman et éi., 1963; VanHaeringen ané‘G;asius,
1970), rate of érytﬁrocyte sedimentation (thraeus, 1921)
~and measuremeﬁt of relative, apparent viscosity (Chien .
et Ei.} 1967). These methods are statistical approaches

to the problem of undérst;nding the phenomenon of rouledux
formation. While they may accurately evaluate the degree
of rouleaux formation, tasy cannot reveai direct informa-
tion about the process or processes ocqurring at the cellu-
’lar level.' Thatvis, they do npf\permit direct observation
of the cells as they are participating in the adhesion
_process. Consequently, any model of the modes or mechanics

- of- rouleaux fo tion, emerging from studies involving the
above methods, Ii

11 be hypothetical.
The first report on a direct study of the inter-

-

actions of the red cells in the process of rouleaux forma-

1
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tion was made by Rowland§ and Skibo (1972) who studied

the modes of rouleaux formation for red cells suspended
in their native plasma. Fung and Canham (i974) also made
an independent study of:the‘modes and kinetics of doublet
formation for red cells suspended in their éwn plasma and
also in various solutions of PVP-360. Fung and Canham
(1974),’in-addition to confirming the findings of Rowland;
and Skibo (1972), fgund‘a‘good correlation between the
results- -obtained for red cells suspended in p;asma (plasma
obtained from blodéd with differing ESR) and the results
ogtained for red cells suspended in solutions of increas-
ing doncentrations bg PVP-360. '

The study reported in this chapter is'an extension
of the work commenced by Fung (Fung, 1971; Funé and
Canham, 1974). The motives for cafrying out this study
are as followsfxn |

1) Fung and Canham' found that the modé of doublet

formatio; was depen@ent on the macromolecular concenprd;
tion; at éVP-360 concentrations greater than 6g/1,
‘doﬁblets were formed only by the non-sliding modes. This
was explained as being due to the increased friétion be-
tween the cells resulting from the increase iﬂ the -
viscosity of the mediumi This explanation received

o

support from the work of Dixon (1975, Chap. 3). If this
%xplanation were correct, does it gpllow that the forma-,
tion of longef rouleaux in high macromolecular concentra-

tions is confinel to the non—slidiﬁg modes?

103
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2) Should the net attractive force or a&hesive

force between the cells be considered as an important

@

parameter, in determining the transition from sliding to

cresting in doublet formation? -
3) Complete overlap of the cells on completion of

the sliding mode of doublet férmation is seldom observed.
Can this be the result of an optical problem?

4) "Tank-treading", where fhé cell membrane rélateé
around the cell contents,ohés been proposed by séme
invesgigators'(Chien and Jan, 1973) as the mechanism by
whicﬂ‘the cells align-themselves in rouleaux foryatioh.
This study willgprovide thé:opportunity7%or~examining the
.possibilities of the "tank-tread" model.

5) It is known that there are apparent differencesw

in the physicochemical pgoberties of PVP and Dx in induc~ =

ing rouleaux formation of human cells (see chapter 4).

Can we observe anything noteworthy in examiningcthe

interactions between the cells when suspended in solutions

of these rouléaux-inducing agents? Besides, a comparison
J .

of, the results of this study with those obtained by ‘
Rowlands and Skibo (1972) will help establish the credi-

5ility of psing ﬁhese sgbstaﬁqgs (PVP and Dx)yaé suitable
'substitutes of the plasma proteins in model studies of

' .
rouleaux formation. ' o

6) Why do the cells align themselves as a roll of
coins? Can we observe this phenomenon as.a general

tehdency among,thé cells? -

4
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6.2. Method

The modes of fbgleaux formation were observed for
red cells suspended £n two different media namely,
Ringgr solﬁtion contéiniﬁg PVP-360 and Ringer solution
containing dextran (Dx~70, bxfllO). The concentration of
the PVP-Ringer sblution ranged from 1.0g/1 to 10g71 while
the range ‘for the Dx~Ringer solutiohﬁwas 1.0g9/1 to 100g/1.
Samplé preparations and observations wére made as
explained in section 2.4. The observations were recorded
< on cine-film (quak TRI-X, lem{arun at 2133tp.01 frames

per second. The cinefilm was also used as negatives from

which high magnification glossy prints were made.

a

6.3. Results and Discussion

Red cells, suspended in any of the golutioﬁs, would
settle to the bottom of the samplé chamﬁer onto the
coverslip- and th;n exhibit é random motion (believed to
be due to Brownian motion). This "jiggling” motion
b£6ught about th? chance contact betwgg?fthe cellsswhich.-
-was the first step leading to doublet'formétion. Longer

o

rouleaux were then formed in similar %ashion. All the

x

various proc¢esses observed in doublet formation and

‘formation of@ionger rouleaux were filmed and analysed.

A. Doublet Formation

Doublets are formed by any of three modes - sliding,

‘cresting and flipping. These three modes were discussed




in detail by Fung (1971) andDixon (1975, Chap.1). In sliding,
two cells make contact at their rims which become flat-

tened in the region of contact and then one cell slides

& . . :
over the other. 1In the cresting mode, the cells pivot at

the area of contact which rises above the cdverslip as

the cells go intq broadside against broadside apposiéion.
Flipping. occurs when one éell pivoés like a hinged lid
about the area of contact betweeﬁ the cells, fises through
the vertical position and finishéé broadside down on thé
stationary cell.

The sliding mode of doublet formation is predominant
in PVP concentrations\ranging from lzgg/l to 5g/1 while
the othe; modes p;evail at higher cgqcentrations. In the
Dx solutions, the three modes of doublet formation were
again observed but the sliding mode started'diffefently.
There was very little compreésion»or flattening of the
membranes before sliding bggan; sliding was slower than in
pPVP solu;ioﬁs'and waé often obsexved to“stop when the
éells were half way to complete overlap. 1In adaition,
two adjacent cells, seemingly touching each other, would
jiggle around for a relatively long time before they would
make adhesive contact. Figure 20a shows the kinetics' of
three sliding events in Dx-indncéd doublet formation.’
Compare this figure with figuré 20b. which showé the
kinetics of sliding for PVP—iqducea doublet formation.
§1iding is much more uniform in PVP-induced donblét

formation. Another interesting finding is that while




FIGURE 20

Kineticés of three sliding events in Dx~-induced
doublet formation. The full lines represent two
‘giiding events in a Dx-70 concentration of SOé/l.g
The dotted line represents;a sliding event in a
Dx~-70 cogéentration of .40g/1. As seen }n.phese

figures, the kinetics of sliding are irregular for

Dx-induced doublet formation.

<

Kinétics of a typical sliding event in PVP-induced

[ P
doublet formation. Three distinct phases exist:

compression, plateau and finally the sliding phase.

.

]
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- crgsting and fliﬁéing were ﬁ}edominant (92%, n=25) in - T
. Dx—Rihgér at a Dx concentration of approximatel;idbg/l,
A .
sliding prevailed at the' other Dx concentrations.
The trapsiéion from ;fiding to_noﬁ—slid{ng was .
: exé}aﬁnéd by Fung (1971) and Fung and Cénﬁém '(1974) }s.
. being»dpé to thé'ipcreased fFictionallforce arising in
_:the a;éa,of contact between the cells. The increased
¢ * frictional force was attributed to rising concentrations
- P .0f PVP-360 solutions which increased the viscosity of the
" medium b%tween the cells. The model of Fung and Canhgm
(1974) wasvsupported by évidence presented by Dixon 21975).
Dixon,'hs%ng giycero;‘to increase the reiative viscosity
' of tﬁe éuspending medium, studied £he effect of viscosity
of the mediur on the modes of doublet formation. He
found that the percentage of non-sliding évents ;ncreased

from 12% to 34% when the relative viscositg of a PVP- -

-~

iy
A

Ringer solution (4g/l1l) was increased by approximately 90%.
The results of Dixon (1975),.hoyever, are difficult to
. draw_conclusions from, because very little is known about. -
the effecf of glycero; on Eﬁe red cell geometry. Glycerél
molecules are able to penetrate the cell hembrane (Jacobs,
ﬁarpért and Coééqn, 1937) and this might affect the .
deformability of the cell. éesides, there -is the p§ési:
Sility<of the ﬁinding of glycerol to thg_PVP,moiécules.
(Kassem and Mattha, 1970), a result which m_j,gh’i: affect .’ g
the rouleaux—induéing;propert{es of the PVP moleéuleé. .

E -

" While the effecté of vigco;ity on the -modes of
l
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doublet formation are acknowledged, it is felt in this -
study that the nét attractive force between the’celis is
a more influential determinant. The reason for suggest—
ing this is tha£ in part of this study PVP-360 sol&tions,
devoid of calcium ions, wére.used ahd doublet formation
by the slidiné mode waé predominant even at a PVP concen-
tration as high as 7g9/1 (see chapter 8, Tabie IV). 1In a
normal solution (i.e. wiéh ca’t ions) sliaing does not
occur at this PVP cdncentrat;on. In fact, slihing made up
apprbximately 60% of the modes of doublet formation in a
PVP-Ringer solution (no'Ca++ ions) of concentration 10g/1.
There is no documented evidence that the lack of calcium
ions reduces the viécosity of the medium. Fram the work,
of Brooks (1973¢) and Jan and Chien (1973b), it is in-
.ferted that tﬁe divalént'cations: fof,example calcium, in

the medium act to scréen the negative charges on the .cell

membranes, thus reducing the electrostatic repulsive fofce<

3

between “the cells. The lack of caleium ions, therefore,

&

causes an increase in the electrostatic repulsive force

.

between the ce}ls (reducing the het adhesive force), and .

it is believed for this reason that the sliding mode of

"doublet formation still pexsists at high PVP conéentra-

tions. .

‘Furthet'evidence in support of the contention here

q

that the net attractive force is a more imbértant factor.

3

'in determining’the transition from slidiﬁg to non-sliding,
: s .

’ .

comes from the results of the Dx experiments. As seen in

.
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chapter 4, red cell aggregation peaked at a Dx concentra-
tion of ‘approximately 40g/l1 (Dx-70, Dx-110). And, in

thié study; the percentage of the non—sli@ing events

" peaked at the s%pe Dx concentration. This finding’sﬁggests
a correlation between the net attractive force and the
mode of doublet fdfﬁation. This concept will be furthgf
discussed in the next‘sub—section.

A popular consideration among investigators interested
in the rheology of the red cell i; the conceﬁt,of "tank-
tréading?:' Tank;trqading is a term introduced for:the 3
hypothetical moti;n of the moving cell on the stationary
cell when the membrane of moving cell rolls rather than
slides on the non;moying membrane. _Suéh~a motion would
involve no sliding or slippage between the points of con-
tact on tﬁe two’ mefbranes. This mechanigm is however not
supported by us.- A§ Fung and Canham (1974) pointed out,
it is not poséible for fﬁo reasons. Firstly, thg'"tank—
tread" model makes it very difficult to explain the trans—
ition to cresting as observed‘in doublet formation in-

duced by increased PVP concentrations. Secondly, the

membrane of the moving cell would undergo considerable

»

shear cgused‘by the continual régrrang?ments,e§<the
elements‘of the viscoelastic membrané, %n that the central
part of the tank-tread.would roll wiéh a lower angular

. ~velocity than_the,two sides of the tank-tread. The
different parts of the tank:tread, moving at different

&

rotating speeds, would be sheared relative to each other.
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This is explained in-figdfe 21A. There.is a third reason
why tank-treading is not possible. It is common observa-'
tion that two multice;lular rouleaux join together with
the end cell of one rouleau sliding over the end cell of
the second rouleau. Tank-treading therefore would not be.
possiple since the cell, next to the end cell of the

moving rouleau, would prevent the end ' cell from tank-

treading. This is illustrated in figure 21B.

B. Models of the Side-Views of Doublet Formation

P

For cells fofming rouleaux:on a coverslip complete
overlap in the slidigg-mode‘WDfdogblet ﬁormation is seldom
observed (figure 25d, long arrow). This observation was
first made by Fung (1971) who used a similar technique to.
mine fo? studying the modes and kinetics of doublet forma-
tion. With this technique, the red cells were always
seen to lie in such a'manner on the coverslip that few.
were seen edge-on but mobt flat. ‘In doublet formation,
the cells orient themselves flat with respect to the
coverslip before they make aﬁhesive contact and slide or

crest; edge-on cells forming doublets or gttempting to
form doublets were observed only once in- this study. 1In
this one instanée, the cells were flattened in the region
where the rimé were in contact, but reﬁained stuck\with

neither- sliding nor cresting taking place. :

In view of the observed fact that cells forming

doublets could not be seen from the side, models of the
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FIGURE 21

Shearing of the red cell membrane in tank-tread
motion. As seen in this figure (cel1l shown flat and
also from the side, schematically) the point ¢ will
rotate with a greater angular velocity than p?int b
which in tufn will rotate with a greater angular
velocity than the central point a. Tank-treading
thefefore means that the membrane of the moving cell
would have to undergo considerable shear.caused by
the. continual rearrangement of the elements of the
viscoelastic membrane.

Movement of the end cell of one rouleau over the end
cell of a stationary rouleau. Cell c of the moving
rouleau would prevent cell b from tank-treading over

cell a of the stationary rouleau.
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side-views have been proposed (Fung, 1971; Fung and
> ,

Cénham, 1974; Dixon, 1975). These models however did not

explain why‘incomplete ovérlap of the cells is frequently
5bserved. "Figures 22A, 22B and 22C respéétivély represeht
tﬁe~%fﬁ§?vier of sliding,'cfestiﬁg\and flipping as pro-
pésed Qy'Fung and(éanham (1974) and-Dixon (1975). In the
sliding mode ch broadside plane of the célls remain;
parallel ;6 thé coverslipi while in the cfésting mode the
cells buckle a; tﬁe point of contact and rise off the
coverslip until they are erect, proadside against broad-
side. .Flipping which makés up.less than 10% of the non-
sliding modes occurs‘when one_of the cells is apparently
stuck to the substrate (cove}slip).' The transition from

-

sliding to cresting was explaing@ as being due to the in-
creased viscosity of the medium res&iting ffom the in-
creased macromoleculat¥ concentration (Fung, 197%} Dixon,
1975). The ;ncreasedvviscosity ;ep6q;edly increases the
friction in the area of‘conxéct between the cellé thus
preventing élippage between&them.

My model of the side-views of the principal modes of
doublet formation (figures 23A-and 23B) is slightly modi-
fiéé:fgém that of Fung ahd Canham (i974) and Dixon (1%75)}
The red cells. after making contact will buckle during
compreSsion,'bui the e#tenéito wﬁach they buckle will
depend on the net attractive force between the cells. In

sliding the cells buckle during compression and rise to a

certain point (figure 232, ta5 sec.), remain stationary




FIGURE 22

,

Models of the side—viewq'in doublet formation. The
.mcocdels of sliaing and cresting were proposed by Fung-
The model of

(1971) and supported by Dixon (1979%).
< :

flipping was pfspgfedgby Dixon (1975) and is suppoft—

ed by the author.
(Modified from Dixon, 1975, Chaps. 1 and 2)
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for a whilé (plateau phase lastingua variable period of

) fime), after which one cell slides over the other until

complete overlap is reached. As shown in figure 23A
(t=15 secs.) complete overlap would not be observed when
viewing from above or below. The rotational motion of
the cells during sliding differs from doublet. to doublet.
In a few caseé,’just‘af;er sliding has stopped, the
doubiet's angle of inclination (andle of the broadside
plane of the doublet) to the flat, horizontal coverslip
is so small that almést complete Qverlap can be observed
from either above or below. Evidence to show that the
cells do not remain with their broadside plane parallel
to the coverslip during sliding is given in figure 24,
The visual decrease in ghe diaﬁeter of the cells in thé

direction of sliding, with no apparent change in the

diameter perpendicular to the direction of sliding, implies

' that the cells do not remain flat during sliding.

In the cresting ;ode of doublet formation the impli-
cation of our model (figure 23B) is‘that the net attrac-
tive force betwéen thg cells is large enough for the cells
to buckle beyond a certain critical point. After the
cells have risen above the critical point, the bottom ends
of the cells "éiose" in ég shown in figure 23B (t=6 -
secs.). 1It-is believed that the net attractive force be-
tween the cells increases as the PVP adsorption increases
(Hummel, 1963, 1969; Hummel and Szczepanski, 1963) and it

is, for this reason that the .cresting mode of doublet

120



FIGURE 24

The sliding mode of-~doublet formation. This is an
example for cells suspended in a PVP-Ringer solution

of concenttation 4g/1l.

(The scale represents 10um). ‘ . .







formation prevails beyond a PVP concentration of Sg/l:

3

C. Formation of Longer Rouleaux

““4 The.modes of triplet formation both in PVP-Ringer

- “

solution and in Dx;Ringer solut%pn wefe obseéyed to be
thevéame as for doublet formation in the corresponding
solution.. As in doublet formation, the modes are dependent
on macromoleculak concentration. Figure 25 (central
cells, short arrqw) is an example of the sequence of the
cresting mode of triplet formation - the whole process
was ébmpleted in approximately %5 secs. / 1
The modes of formation’of longer rouleaux (4 or more
cells) were observed éo be the same for both types of
rouleaux-inducing polymers. The modes were independent
of the macromolecuiar congentration, but were found to be
dependént on the orientatioﬂ of thé cell or rouleau whéh
contact was first made. The modes of formation of long
rouleaux are sliding and clapping or ﬂbenknife-c}osure“
as Rowlands and Skibo (1972) described it. The fact that
‘sliding was observed to occur even at hiéh macromolecular
concentrations is evidence against the explanatibn of
Fung and Canham (1974) and Dixon (1975) to account for
the transition from sliding té cresting.in doublet'forma—
tion. ’ | |
figure 26 is an example of a singlé cell attaching

itself to the end cell of a branched rouleau in a PVP~

1

Ringer solution. The single edge-on cell is deformed

.; )
e . .




. FIGURE 25.

- >

The‘cresfing mode in triplet formation (central cells,

short arrow).

The long arrow shows: an example of incoﬁplete overlap"in

doublet formation.

| S

This is an example for cells in a 40g/1 Dx-110 solution.

(The scale represents 10um) .~
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(figqure 26b) after making contact and then slidés over

the end cell ofithe stati;nary rouleau. The whoie-éio—_,

cess was completed in about 10 seconds aftér éhe'initéal - ', -
contact. Tp average sliding velocity was computed to be ’

0.76 um/s which is -comparable wiéh-thét obtained by Fung

(1971) who measured the average'velocities in aoubiet

formation. Figure 27 shows ‘a single cell flat on the

. .

coversl%p appearing to make céntaét with the end cell and
pehultimatg cell of a 7-cell rou&eau &figufe 27a), the
rouleau rotating counterc}ockwise through an aﬁgle of
nearly 30° (figure 27e) before the-sihgle ggll exhiblts
the clapping or "penknife—cloéuye" action (é 3 i). ‘The '
flat céll .did not orient itself edge-on as if'destined to -
slide over the end cell of the rouleau. Thé mode deﬁénde@,
both on the related qrieptétiop of the cell.an# rouleau
when contact was made, and on the poSition of the initial
contact. )

Figure 28 shows a doublet sliding over: the -end cell
of a rouleau. The process is the same as that shown in "’
figure 26 for a single cell where contact was first made
Qith the rim of the end cell before sliding occurr;d.
The average sliding vglocity is abéut 1.0 um/sec which
is qomparéble with the average velociéy in doublet forma--
’tion. The clapping or flipping of doublets onto the end ’
- cells of rouleaux was élso frequently observed‘in this

study. Sliding of triplets with the ‘'resulting formation

of a single rouleau is showh in figure 29. - This is an




FIGURE 27
The aﬂlachment of a single, flat cell to an end cell
of a linear rouleau. The rouleau rotates counter-
clockwise through an angle of about 30° before the
51ngle cell fllps over the end cell.

P

An example for cells in 4g/1 PVP solution.

(The scale represents 10um) .

-
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FIGURE 29

The sliding of triplets with the resulting formation of

a single rouleau, in a Dx-110 solution of concentration

40g/1.

(The scale represents 10um).







example of the formation of longer rouleaux in Dx—~Ringer
solution; the time sequence is comparable with that in
PVP-Ringer solutions. The "pénknife-closure" action of

o

rouleaux formation is illustrated in figure 30. The two

‘rouleaux first make contact as shown in figure 304 and
? ' then close in to form a single rouleau (figure 30f).
Note how the adhering surfaces align themselves parallel
to each other'(figufe 30c), a configuration whichiwould
facilitate bridginé of the aq?orbea macromolecules.
Figure 31 shows a 4-cell rouleau appeéring to make
contact with the side of a longer roulgau_before moving

over to the rim of the end cell (figure 31lc) and sliding

-t

into a perfect single rouleau alignment (figure 31f)."
Stable attachment of a single'cell.(sﬁown in this fi'gure)
or rouleau to the side of another rouleau is a rare occur-
rence ét low macromolecular concentrations; it occﬁrs
-frequently at PVP'concentr?tions above 10g/1.- The)pro—
cess of rouleaux formation seems to involve a surface
energy with the general tendency to minimize this energy
by reducing the amount of‘red cell meﬁbrane in contact
with the colloid-Ringer solution. 1In this study, some of
the observed iﬁstances of the formation of branched roul-
eaux were aléo filmed. ' Figure 32 represents such an

example, where each frame is separated from the preceding

frame by app:oximately.4 seconds. Here, a single rouleau
sediments onto three separate rouleaux in close proximity

and joins them into a branched rouleau. Note how the

Y
,
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FIGURE 30

Illustration of the c¢lapping or "penknife-closure"
action of rouleaux formation, in a PVP solution of

concentration 6g/1. s

Note how the adhering surfaces align thehselves para-
llel to each other (figure 30c¢), a configuration which

would facilitate bridging of the adsorbed macromoclecules.

(The scale represents 5um). - '

'
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FIGURE 31°

X . -

o N

E Photomicrographs showing a four-cell fyﬁieau appearing
to make contact with the side of a longer rouleau before

1 , moving over to the rim of the end cell and sliding into

a perfect single rouleau élignment (6g/1 PVP-Ringer).

%

Stable attachment of a single cell (shown in this fig- *
ure) to the side of a rouleau is a rare occurrence at

.low macromolecular concentrations.

(The scale represents 5um).
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FIGURE 32

Formation of a branched rouleau, where a single sedi-
menting rouleau joins three separate rouleaux resting
on the‘coverslip.

Note how the.third rouleau (shown by the arrow) rotates
throuéh an angle of nearly 90° to align itself neatly

with the rgst of the branched structure.

(The scale represents 5um).
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rouleawu, denbted by the arrow, rotates through anxangle

of nearly 90° to align itself neatly'with the rest of the

branched structure. This is furthér evidence to show that
the whole process of rouleaux formation'involves a mini-
mization of the red cell surface area exposed to the

plasma-like environment.

6.4. Discussion

The modes of rouleaux formation in Dx-70,.Dx-110 and
PVP-360 solutions have been filmed and analysed. The
striking difference between Dx and PVP as rouleaux-

inducing polymers is that rouleaux ‘formation of human red

°

cells is not induced in Dx solutions at concentrations
beyond 70g/1 while it occurs in any PVP-360 solution

above 1.0g/1 concentration (chapter 4). Cresting doublet

Il

formation is predominant in the Dx solutions at a concen-

tration of approximately 40g/l while sliding is the main

mode at lower or higher Dx concentrations. In the PVP-

360 solution, the transition from sliding to cresting

~
[}

, ocgurs- at a concentrak#tn of about 5g/1, but the cresting

e

modé~persists at higher concénﬁrgtions. The difference °
encountered in the sfié;hé'modes of doublet formation for
réd;cells‘suspended in Dx and’PVP solutions is perhaps due
to some difference in the structﬁral property of-the two.
types of polymer; a_felafively rigié Dx molecule might

account for the slow rate of sliding. .Another reason

might be due to possible differences in the adsorption of
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the’twoztypes of ﬁolymer to the cell surface. So-far,‘the

nature of the adsorption of polymers stild eludes investi-

gation (Bruck, %974, p. 34). - . oo

Consistent With the findings of Thorsén_and Hint
A~

(1950) it was found that aggregatibﬁ’pr rouleaux forma-
tion'oﬁly occurred-above crjtical c?qqentratiéns of the
cb}loid solutions. éoncentratiéns of-5.0g/1 aﬁd 1.0g9/1
were critical for ipducing‘rouleaux férmation for the Dx
and PVF solutions respectively. At concéntratioﬁs slight-
'ly abovevthe critical léyg}s, cells coming in contact with
one'gnother move jnto short, loosely codénstructed rouleaug.

At higher colloid Eoﬁceﬁtrations the cells stemed to be

. a . . .
more firmly attached- to each other in rouleaux with

apparent increase in their diameter and decrease in their

tbickness. The formation of film\in colldig solutibhs‘at
. !~ ) * O * "

phase boundaries between the red\cell surface, and colloid

medium has been reported (Thorsén and Hiht” ;959; Hummel;

-

. 1963; Brooks and Seaman, 1973; Scherer, Morarescu and

Ruhenstroth-Bauer, 1976). This cqatfng—of the red -cell
surface was also evident in our qgffrvations of red cells

suspended in hi§h~éoncentrétions of PVP. Figure 33 shows

- L3

two rouleaux sliding to.form a single rouleau in a PVP
solution of concentration l10g/1. As seen in this photo-
micrograph, the outlines of the cells in rouleaux are:

hardly\visiHLe; it is believed that this is due to the

thickness of the éurfapemfilm which overlaps in, the peri-
bhéral region between the cells. This photomicrograph

é .
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might also . serve as ééod evidence for disproving the con-

tention of‘Fung< a{hd\Canham (1954) and Dixon (1975, Chap. 3) that

friction, resulting from the increased viscosity‘of the

medium, prevents the cells from sliding over each other.
. The modes of rouleaux fofmation observed in £his

study are the same as those observed for red cells sus-

- pended in their own plasma (Rowlands and Skibo, 1972;

Fung, 1971; Fung and-Capham, 1974). " Fung studied the
modes of doublet formafion in normal plasma and in plasﬁa
from patients with elevated ESR. Slidihg was feported to
be the pr1nc1pal mode of doublet formatlon in normal
plasma, while cresting made up the mein mode for the "high
ESR" plasma. In the study of Rowlands and Skibo, single,
cells were ejected from micropipettes onto rouleaux and
their modes of attachment to the rouleaux were observed.
In addition, the attachment of multicellular rouleaux to
other multicellular rouleeuk was observed in their study
where the& reported sliding and “peﬁknife-closure;
(clapping) as being tﬁe modes of”forﬁation.

In summary, the modes of rouleaux formation were
studied for human cells suspended in varyiné concentra-

tions of PVP-360 and various Dx solutions. The modes of

doublet formatipn’and triplet formation were found to be

3

' dependent on the macromolecular concentration; the modes

of formation of longer reulgaux were independent of the
concentration but dependent on the orientation of the cell

or rouleaux. In Dx solutions, sliding in doublet format-

’14




tion or triplet formation was not as sméoth or uniform as-
that for PVP solutions or plasma (Fung and Canham, 1974).
This fact coupled with the finding that high Dxlconcentra—L
- tions do not induce rouleaux formation of human red cells
(éhapter 4) perhaps suggests that PVP is a much better
substitute of the plasma proteins in model studies of

\
rouleaux fo}mation. The "tank-tread" model of rouleaux
formatioﬁ has been discounted, and a new model has been
‘proposed for explaining the transition from sliding to
cresting in doublet formation. This new model also ex-
plains why complete; overlap Qf ‘the cells is seldom
observed. Fihally, the column-like arrqngement of the
cells in rouleaux formation suggests that the process of

rouleaux formation is directed towards reduction to a

minimum of the surface area exposed to the medium as if

there is a surface energy associated with the cells in

contact.

L]




: . CHAPTER 7

THREE PARAMETERS IN THE STUDY OF RED-CELL ADHESION:
AVERAGE RATE OF SLIDING, ADHESION LENGTH RATIO, AND

COMPRESSION TIME ’ f .

7.1. Introduction

-

o The parameter, average rate of sliding, was intro-

duced for the‘first time by Fung (1971) in his study of
the modes and kinetics of red-cell doublet formetien. .

Dixon (1975) ai$o used this parameter in his study of the . .,
effects of pH and viscosity of the medium on red-tell ad-

hesion. The other parameters are: however, 1ntroduced for,

the first time in this study.

The two new perameters can only be applied in doublet .

formatlon, and in some cases trlplet forma$1on. The rea-

)

son why they are not appllcable in the formation of longer

rouleaux will be obvious after reading the discussions in
sections 7.2 and 7.3. |

The study of the formation of doublets, the slnplest
of rouleaux, ‘perhaps prov1des the best possible method for: °

understanding the mechanism of rouleaux formation. Its’

study affords theﬁoppértﬁnity for one to examine closely

< 148
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the actual cell-to-cell interactions and make measurements
which relate the effects of changes in the surrounding
medium and changes of the intrinsic cellular properties on

the cell-to-cell interactions.

7.2. The Three Parameters

‘A. Average Rate of Sliding ' . '

The mechanics of sliding are briefly discussed in \“
section 6.3 and more extensively discussed by Fung (1971) \
and Fung and Canham (1974). As seen in figure 34, a plet
of the intercentral distance of the cells ({in the sliding
mode .of doublet formation) as a function of time yields a
sigmoid curve. Three distinct phases exist. ° First, there.;‘
is a compression bhase in which the membranes are flattened
against each other in the area of contact; secondly, there
is a plateau phase lasting a var%able period of time in
which no apparent movement between the cells occers; and

§1astly, there is the sliding phase where one cell slides

over the other.

Fung (197%) used the average rate of sliding as a

&

! . - .
measure of the attradtive force between the adhering cells.

The average rate of:slldlng was calcuLated by dividing the
total distance travelled from the start of slldlng to’ the
finish, by the tlme taken durlng slldlng, i.e. - o
(S -5, )/(t -t;) in flgure 35, The dlfflculty in determln-

ing tf and t was accommodated-by uslng the deflned value

of 0. OSum/sec (the approxlmate!error in the determlnatlon

.
“
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of the slope) in place of zero slope. Fung's definition

of .the average rate of sliding was also used in this study.

: : /
\J - \
B. Adhesion Length Ratio .
This measurement came about as a result of the pres- R
. '3
¢
ence of a plateau phase in the sliding mode of doublet J/

.
formation. . The pléteau phase lasts a variable'éeriod qﬁ’
time and is believed to répresent a metastable equiliﬁfium
between the adhesive force of the cells, and the resisting
forces due to membrane deformation. - This equilibrium is
perhaps disturbed by Brownian motion in the system before
the cells gopinto their sliding motion; when the equ;l-
ibrium is broken the cellé "pop" out of the compression
iike the release of combresséd sérings, .

As segnain figure 36, the contact area, A, in the
plateéu'péase is propcrtional to LLl where L is the con-

Al

tact lgngth for the cells seen flat, and.L.l is the contact

length if the cells were viewed from the side. Assuming
that the plateéu‘phase represehts_a metastable equilibriqm
between the adhesive force (Fa) of the cells and the re-
sistiné membraneg forces (Fd), the contact area, A, is then
a measure or index of the adhesive force between the cells;
it is also an ind?x of the membrane deformabil@ty. B

For equally deformable cells (Fd contant), changes in
the contact area, méasureé in the plateau phase, indicate

changes in the adhgsive force between the cells, that is,

AW P FN, (F increase; ¥ decrease).-

AR



~ FIGURE 36

Determination of adhesion length ratio and compression

time.

Adhesion length ratio is ééfined as 2L .

DJ"O'D2 .

Compression time is defined as the time between initial

contact (a) and the beginning of sliding (b).

PRy
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\

Similarly,\if the adhesive force‘(Fa) is ’kept constant, °
chanoes in the contact area will indioate changes in mem-
brane deformability, that ie, | _
‘ A 3N cell deformability. | .

In this study the cells could only be‘viewed flat in
‘the proceés of doublet formation and this made the para- R
meter, ﬁl, physically impoésibierzb\ﬁegfore. It was not
unreasonab}e, nonethelese, to assu‘me'Ll cohstant because
from the studies of Jay (1975) the thickness of individual
cells in a population is one of the least vérying measure-
meots. Tﬁe parameter, L, w;s therefore used to indicate v
changes in the contact area, A. .

The;diaheter of the cells in a population varies be-
tween 7um and 9um.and this meant that the oaremifer, L,

Ld

would be a function of the size .of the cells (figure 37).°

The dependence of»L“on the size of rhe cells therefore
necessitated the use qf ﬁhe-dimensionless rario, .
2L/(D +D ), which is termed the adhes;on length ratio.
(D1+D )£2 is the mean diameter of the adherlng cells, . ’
measured pefore contact’was made . The adhesion length’ g
ratio is indepehdenr of the size of the cefls (figure 38))

This new parameter was then used as an 1ndex-of the—;d-

"hesiye force between the cells, and also an index of the -
’cellular deformability:T o « | .

[ - . - .

o

c. Compression Time v

L4 -

This parameter is defined. as the tlme between 1n1t1a1

»
- » . ¢ N .,
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contact of the adhe:ing‘cells‘and the onset of sliding.
(Note* that it includes the time of the plateau phase, as

‘e

. well as the compqessioh phase).

7.3 Discussion ‘

| The, advantage of the non—flow1ng chambersused in this

study 1& that the factors affectlng red cell adhesion are
«, restricted to the macrqmolecular bridging’ force, the

eleetrostatic repulsive force between the cells, and the
4 : ..
r351st1ng force of membrane deformatlon. In a flowing

medium one has to consider the additlonal factors of the

mechanieal sheatihg ferce and the increased probability of

cell contact. | . .
Chien~11973),-in considefing the force balance at the

| surfaces of aygregating cells, postulated that the net

force of aggregation, in the absence of bulk fluid mqtion, :

is given by the ditference between the bridging force of

the macromelecules-(ade;fption ferce) and the eiectrostatic

repu131ve force between the cells. This poStulate.is .

appllcable in thls study when con81der1ng the platedu ph#éke

and the measurement of the adhesion length ratio. The .

] . e,
adhesive force, Fa; between. the cells' in this studﬁ«iS'

synonymous with the force of aégregatich to, which Chien

4

(1973) hlﬁ referred. For the adherlng cells in doublet

. formation, the adhesive force (F ) is given by
\

Fé = F —Fe




.

L]

.where Fb is the bridginé force of the macromolecules and
Fe is the elect;ostatic repulsive force between the cells.\ | ‘
As the cells make contact and compress, the adhesive force
would be counteracted by the resisting force (a combina-
Ctlon of the elastic and viscous forces) of membrane defor-
mation’ untll the membranes are. compressed or flattened
enoggh (beg1np1ng of.plateau phase) when the adhesive
force is completely codnterbalaﬁced. Falean'be varied by
varying Fb or Fe or both simultaneously. 'The results of

-

changes in Fa' quantitatively measured by the adhesion
i\lquth ratio, are reported in the next chapter.'
MeaSurements of the adhesion length ratio were not
possible in this study for doublets formed by the non-
sliding modes. The reason for this is that; in thefnon- é@
slidiné mode, the end of the plateau phase was not dis-
tinguishable ftom the onset of the final:-phase of the
'doublet formation. Figure 39 -shows the. kinetics of a
typiéal c}esting event. 'Recall from figure 34 that,‘I;\\
the sliding mode of doublet formatlon, the slldlng phase
is easily dlsce;hxble from the plateau phase. )
The adhesive torce-or the driving force respeonsible
for the sliding of one cell ‘over thelother‘is‘&ifferent
end more‘complicated to compute than ‘the adhesive force

. considered in the compresslon and plateau phases of doublet

‘ formation. The dlfflculty arises from the existence 9f

two addltlonal*forces whi . oppose motron These two -

»~
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fluid medium on the moving cell, and b) the frictional

force arising in the area of contact between the cells.

v

The force in a) can be treated approximately by assuming

‘a thin disc for the moving cell (Lamb, 1945; p. 605). The

force in b) cannot be treated di}ectiy because this, re-
quires-; kﬁowledge of the nature of adsorption, énd the
conformation of the adsorbed moiecules whiéhswe do not
possess. Tﬁe thixotropic viscosity of the medium between
the slidiﬁg celis is dependent on the specialiéed nature

of the adsorbed molecules.

It is not the purpose of this work, howéver, to deal

~.with these forces (during sliding) in any detail. The

average rate of sliding is an index of .the adhesive force
of the cells in the sliding phase of doublet;fbrmation;-

and this parameter was used in ihis sfudy for comp&rison

purposes.

The parameter, compression time, seemed to be a vari-

‘able with a considerable range. It was recorded in order

to test the hypothesis that the onset of sliding was in-
duced randomly, or alternatively, by change§}in thé.cells,
or médium_betweeh the cells. ‘ '

The results of measurments of these three parameteré

are reported and discussed in, the next chapter. . f

A




v " CHAPTER 8 ‘ ' -
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? PR

EFFECTS OF . SEVERAL FACTORS ON RED CELL ADHESION: i
- - - ’ *

" PVP CONCENTRATION, REDUCED SUBFACE QHARGE, NO-

CALCIUM MEDIUM; pH OF THE MEDIUM AND CELL AGE

.o y
L] A e

8:1- . mthOd .
v The preparation of cell euspensiqns and'bbservations

. in this study are the éame as‘described in- chapter 2.

Only normal, healthy human cells were studled. Observa—‘l»

» V4 ,
cinefilm which was analysed usrng an L-W Photo Analyaer, '

tions of cells form;ng doublets were recorded on 16-mm L

\

and measurements of the three parameters, average fate of.

P

slldxng, adhesion -length ratio and qompressxon tlme, were

made as discussed in chapter 77 E

In preparatxon of the no-calc1um medium the osmolarlty .

‘of the medium was malntalned by adding an equivalent -
’ ' amount of choline chlor1de to compensate for the. absemee
e ‘of calcium chloride. There was no scientific reason for
using choline chloride; it was realized afterwards that
1ncreasing the amount ofxﬂbdlum chloride in the, Ringer 8
solution wogld have done the aame job. Neverthelesa, there
is no evidence that cheline affects the membrane in any
161 " L ‘ .




~within 0.1 pH unit.

~

—

way. . . o
* In the pH study;‘the pH of the Ringer solution was

va;ieg by altering fhe relative proportions of HCll

solution and THAM soiution in the buffer. The pH's of

the resulting solutions were found to remain constaﬁt

i

The.effects of cell age on red cell adhesion were

studied from 16-mm films of Dixon {1975). Dixon (1975, Chap.5)

" had studied the effect of cell age on the average rate of .

gs%iding in, and the modes of, doublet formation. Young
cellé’were separéted from old ceils according to'depsity
by centrifugation (Westermann, Pierce and Jensen, 1963).
‘Red cell density increases linearly with cell age (Danonl
and Marikovsky,'l964);. The top 10% of the packed cell
colﬁmn was taken as the young eell sample; the bottom 10%

was taken as the old cell sample. As a check én the

separation procedure, Dixon (1975) did reficulocyte

- counts on’ both the young and old cell samples and found

b
that satisfactory separation of the cells had-taken place.

Oniy 8% of the young cell sample were found to be reticus

locytes and, as exp ed, no réticulocytes were observed

-
Ml

in the o0ld cell s&mple._

F

8.2. Reéults and Discﬁssion

.

A. PVP Concentration

' Fung (1971) found that there was a general increase

in the rate of sliding in doublet formation as a function’
T /
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of PVP concentration. The mean rate of sliding increased

from Ofésﬂm/seci0.03r(S.E.M.) for a PVP concentr?tion of
2g/1 to 0.48um/sec+0.02 (S.E.M.)-for a PVP COncentnation.
of 4g/1. The mean cresting v?}océty increased from
0.43um/sec+0.01 (S.E.M.) to 1.30um/sec+0.13 (S.E.M.) for
a corresponding PVP concentration increase of 4g/1 to
*7g/1. The increase in the sliding velocity with PVP
concentration was not linear but that of the cresting
velocity was. This fin@ing emphasized the importance of
the "friction" between the membranes 'in the sliding phase
of doublet formation.

In this study the average rate of sliding was calcu-
lated for a PVP-360 concentration of 4g/1 and found to be
O.4lum/sec10;03 (S.E.M.). This value agrees well with the
.value obtainéd‘by Fung (1971) for the corresponding PVP
concentration. | |

Measurem;ﬁts of adhesion length ratio and compression
time of the cells suspended in the varying PVP-360 solu-
tions were made in this étudy as discussed .in chapter 7.
Figure 40 shows the effect of increased PVP concentration
on the adhesion length ratio. Beyond a PVP concentration
of 5g/1 measurements of adhésion~leng£h ratio were notd
done because more than 70% of the double£s were formed by
the non-sliding modes (éei Table IV). Theanhesion length
ratio M;s,founé to be_proportibnal tbhthe PVP concentra- |

tion. Since there is no significant change in "the surface ‘ o

potential of the cells over this PVP concentration range

.
-




2

- FIGURE 40

Q

Effect of increased PVP-360 concentration on the ad-

hesion length ratio of normal human-.-cells. (The re-
‘gression line is: adhesion-length ratio = 0.05 x
(PVP concentratiqn, g/l) + 0.38, r = 0.99).

A
" (The error bars are S.E.M.).
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(Castaneda et al., 1965) then, fxom equatlon l of chapte(\\\

\;,\7( the adh331ve force (F ) between the cells is propor-

I

: tlonal to the br1d1ng force of the PVP molecules. That

.'is;-Fa is a airECt function of the number of adsorbed PVP

moleéules“ Hummel‘and Szczepangkl (1963), uSLng radlo—

actively 1abe11ed PVP, found that the amount of| PVP

~

molecules adsorbed to the‘ged cell membrane«ls irectly

¥

" proportional to the PVP concentration, at lgg over the

PVP concentration‘range used in this study. The linear
relationship in figure 40.is‘thefe£ore epggestive that the
adhesion length ratio is a reliable measure of the ad-
hesive force (f;) or. net attractive'force,between the
cells. o ', : ' . _ /
There is no direct evidence that the flexibiLit& of-
the cefié changes with the adserption.of the PVP molecules.
Rampling.and'sirs (1972) reeently suggested that the
flexibility ef-human red cells increa;;s with incfeasea
adsorption of the plasma_proteins; However, their method

of measuring flexibility is indirect, and possibly not i '

-

"reliable; they measured~f1exib§%&gy as a function of the

rate'of}pagking of the red cells at.low centrifugal

forces (~200g). The rate of packing of. the red ee&}s is

-_not only dependeht\sn tneir flexibility but also depends

on the interaction of\the cells in the presence. of

‘rouleaux-inducing agents. As shown in figure 41 the

gtraln rate of the cells (def1ned as the ratio: Adhe31on

length ratio/Compression time) increases linearly with the

]

<«
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i Compression time and strain rate of the cells as a
function of PVP concentration. )

‘Note the wide scatter in the compression time at low

PVP concentrations.

. (The error bars are S.E.M.). -
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PVP concentration at rglamively high concentrations. The

fact that there is an increase in the strain rate does not

¥ .

necessarily suggest that the flexibility of the cells in-

‘creases, but that there is an increase in the interaction .
’ £

between the cells resulting from the increased inter-
cellular bridging of thé adsorbed PVP molecules.

. Figure 41 shows how thé'compressidn time varies with .-
the PVP concentration. Note the w;de scatter in the vaiues

- N . . .
of compression time at low PVP concentrations. This ' “ e

»”

scatter is perhaps mainly.coﬂ%ributory to the uncertainty

- in the strain rate at low PVP' concentrations. As a
- : . . -

possible explanation of the scatter in the compression
yLall : » :

13

v L]

time, one has to consider the potential qnergy,séored in -
the compreséed cells auring the plateau phase.h The’ mem- f
. " branes of the cells are elastic (Evans and Lacélle, l§75;‘
. , Evans, Waugh and Melnik ‘1976) and are‘therefore capable
. ~ of ssoring energy. If the potential energy is hlgh (as in
the case where the adheslon length ratio is ¥gh), any
sllght dlsturbance in the system (for example, thé }andom'
Brownian motlon) could upset the equ111br1um of forces 1n' .
‘the pLateau'pnase and cause sllglng to occur. On tne ‘
other hand, if the'pntential energy is low (low PVP con-t
centrafion) the équiliﬁrium in the plateau phase would be

relatively more difficult to disturb, and this should

account for the observed varlability in the compregsion
< . - ‘

time. : ‘ 4

-
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" force between the cells is expected to.be greater for the

- force (Fa) between the cells which is reflected by the

. B. Reduyced Surface Charge

The surface charge of the cells was reduced by
incubating ‘them at;}7°c with Neuraminidase as explained

in section 2:3.- These N-treated cells were studied with-

in one hour afte{jpreparation.j .

A o =

Table IV,shoWs'how the percentage of sliding events

in doublet formation decreases with increased PVP concen-

—~

tration over ‘the concentration range studied. A compari-

~y

son -of this result with that obtained for nermal cells

-

shows that there are relatively fewer sliding events in
-the doublet fermetion of N-treated cells at high PVP

. . ’ . R a N -
concentrations (5.0 and 6.09/%). Since the net attractive

N-treated cells, then this ;esﬁlt-is in support of the
hypothesis in chaﬁteT'G (section.6.3A) that the net
attractive force between the cells is a very'important

parameter in determining phé transition from sliding to
, ;

4
- -

non-sliding ‘in doublet formation. |

The averageé sliding velocity for the"N-treeted cells
y )
'is significantly greater -(p< 0.01) than that for the
normal cells at the same PVP concentration (see Table V).

This is perhaps due to the greater attractive or adhesive
' . [ - '

. - - .
crease in the adhesion length ratio, also shown in Tab
For the same PVP Qoncent:ation,,the adhesion length r A A
obtained for the N-trea%ed cells wif found to be s1gn1f1-

cantly greater (p< 0 01) than that for normal cells. This

¢

- .
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increasei in the adhesion length ratio*is interpreted to -

PR
¥ M R

.be due to an rqcrease in the adhesive force (Fa) between
' tﬁelceli§;and‘not to a coasible‘increaee in the deform-
ability of the.cells after Neuraminidase treatment; the ,
. "micropipette work of‘LaCelle (1969) and the filterabiiity
studles of Durocher, Payne and Conrad (1975) have shown

that Neuramlnldase treatment has no s1gn1f1cant effect

& v

.on -the deformablllty of thetcells.“

' The results reported above for the N—treated cells

13

are also not due to any changes in the dimensions of the

cells. The diaQEter of N-treated cells in Ringer is’
7.92um+0.35 (S.D.) and the dimensiona of the N-treated ~';
cells in rouleaux ared |

Thickness = 1.93umt0.15 (S.D.)

Diameter = 8.30um#0.46 (S.D.)
Cellular Volume = 89um319.4 (s.D.) .

Surface -Area = 131um’+10.5 (S.D.)

which agree very well with the values for normal cells N

~
7
[

given in Table II.

\4v “I . ’ . w
‘ C. No-Calcium Medium' '

“The~reasoﬂ for usiné a.no-calcium medium in this
study is because of the‘fole the divalent ions in the BN
" ‘ solution play in the interaction of the red cells as _“ -~
* . reported by Brooka (1973¢) and Jan and'Chien (1973b) .

'According to these 1nvestigato , a reductlon in the

- concentratlon of the dlvalent ions in the medium reduces




(1Y

” . ) LR .

e =~ -the screening ‘effect on the surface chérge'of the® cells
- v g :

tthus resulting in an increase in the electroPhoretlc

: mobbllty of the cells, that 1s; the electrostatlc repul—

_Slon between the'cells increases. Jan and Chlen (l973b) .

reported that the rate of rouleaux formatlon decreases

" for red cells suspended in solutions of ‘reduced concentra-

tions of divalent.ions (for'eXample Cgff, Ba++, Mg++).

Assuming that there is in fact an increase in the
electrostatit repulsive fprce betwedn the cells, *that is,

. e S
a decrease-in the adhesive force, then this will serve as

H -
S

*added evidence for the hipothesis in section 6.3A that the
net attractive fcice between the cells is the main deter-
mlnant in explalnlng tt/%gtan31tlon from slldxng to non-

. sliding. '»In a no-calcium mediym the percentage of slldlng‘

*

events;ln dcublet formation is more than 60% at a PVP .

X

ccncéntrgtiontas'high as,lOg/lz(Table IV), while in a

H\S - normal Rinéer solution it_£§¢9nly\25% at' a- PVP concentra-
- . . . ’ . t e 4 "
o tion of 6g/1. ) -
F 3 . . ' . . .
‘ There is no significant difference between the

: averege rates of sliding for red cells in no~-calcium

- ’,a medium and red cells in ncrﬁal.PVP-Ringer (see Table V). -
Assuming that the adhesiveness of the cells is iﬂdeed re~
. duced for the cells in the no—calcium medium, then one ‘

. . o would; expect the aVer'veloc:.ty of slidmg to be 81g- o .

-
-

nifzcantly reduced.. It is- not known, however, how the -

increased sphericity index of the.cqlls iﬁ,ho-ca;cfum,'
‘ Rinber'affects the sliding veﬁgfitx. ’

o




¢

.- . A decrease in the adhesion ‘length ratio Cgiso shown

in Table V) does indicate a possible decrease’ in the ad-

e ‘ he51ve force petween the cells. However, it will be ,: -
:i‘ , ' 7Mdrfflcult'td draw conc1u31ons from these results of the ’
‘ ] _ adhes1on 1eegth ratlo because very llttle-ls‘known about ":'1'
' the effect of calcium cr lack ot\calciup on the deforﬁ: %‘ .?" '

ability of -the cells, From thé‘mlcrcpipette studies of
LaCelle and Weed (1971) it was learned that the Ca++/Mc++
ratio in the’ red cell memprane has an-important influence
on its elastic behaviour. An increase in the Ca+t/ng++,
ratie caueesﬁan idcrease in membrane riéldityuas indicated ' . i
by an increased resistance fortthe passage,df'the red cell
througm micropipettes.and.an eleVated vlscosity’of the
cell susyen31on (Weed, LaCelle and Merrill, 1969)  This
effgct was demonstrated for reg cells from bloéd stored
at 37°C for over 31x'hours or at 4°C for over three weeks. >,
durlng which .there was a depletlon of the red cell. ATP
L (aden051ne trlphosphate)’by more than 30%. Apparentlyp-'

ATP acts as a chelating- agent to reduce the-calc1um con~‘i .

centratlon in the membrane (LaCelle and Weed 19 l) ' The -

) 1ncubax10n with aden081ne or by’ the intracellular intro—

b

¥ duction of the chelator EDTﬁ\Kethylenedlamlnetetraacet1c

- - .

ac1d) or magneslum'(Weed et al., 1969). These resglts, P
I o

and the 1nterpretatlon of Weed et al. (1969) ana LaCelle -
and Weed (1971)° couldi hdweq?r, be crltlcired in view oft- . Tt
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the recent flndlng by Jay and Canham (1977) that the

deformablllty of the cell or its resistance to passage

through micropipettes is dependent on the size and

J

geomedry of the cell. A thorough investigation of the
distribution in sizeland sé:;e,of the cells was not done
by Weed &nd his co-workers.

weed and Chailley (1972), in a study of the produc-

tion of shape chahge in the red cells, found that pre-

incubation of red cells in a no-calcium medium rendered

them less 'sus

e to echino-cytogenic agents. They

interpreted

-]

from th A loss of intramembrane'calciuh might

a A rease of the ca’ */mg*t ratio. It is c0n—'

-~

résult
ceivéblegvtherefore, that there mlght be an increase in

the flex1b111ty of the cell membrane, assuming that the

. hypothe51s of Laé£11e and Weed (1971) is valid. For a

sfixed adhe31ve force (that 1s, E constant), the adhesion

length ratlo is then expected to be larger for .the cells
.in thé no-ca1c1um medlum The fact that there is 1nstead

a decrease in “the adhessgn length ratio (see Table V)
°

suggests that the adhesive  force (F,} between the cells

[

‘is not constant for the same PVR concentration, but that .

»

the pesslble 1ncrease in the electrostatlc repulslve

»

. force (Brooks, 1973c, Jan and~Ch1en, 1973h) causes a de-.

‘crease in F . _This 1nterpretat10n however might not be
: " T a o ) -

valid because thé cells in the no-calcium Ringer were
found to have a greater sphe;ici;ydisdex, implying that

. N
-
. ot
‘ ) g
} .
.

Ris regult as being due to a loss of calcium -

180
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ar deformability is decreased. The cells in

" the no—caicium'medium were found to have & mean*diameter'
/
of 7. 63um+0 37 (s.D.) whlch is sxgnlflcantly less (p<

0 05) than 7 96um$'535 (s.D. ), the mean diameter of the
ecells in norma; Ringer. The ‘dimensions of the cells in
rouleaux (fpr_to-calcium mediumY are:
© " Thickness = 2. 26um+0.22 (S.D.)
' Diameter =7.80um+0. 50 (s.D. % e

. Cellular Volume = 88.0ym>+16.0 (S.D.) =

Surface Area = 120um°+14.5 (S.D.)
y P
With the exception for cellular volume, all the other ™

ensions are sighifieantly'different from the corres-

ponding es obtained fox the cells in -normal Rihéer

(see Table I1). The decrease in eurface area'indicetes ,
2/3/A,

-

. Canhamn and Burton, 1968) of the cells in the no—calcium

that the sphericity 1ndex (défined as the ratio 4.84vV

medium increases.

©

D.” pH of the Medium ‘ -

A pH range of 6.5 tQ 9. 0\was chosen for study be-

' cause the majorlty of red cells remain discocytes (bi-
concave) over this range. Below pH 6.5, over 50%‘of the
red cells become stomatocytes (cup-shaped) ebove pH
9.0, over‘SO% of the red cells bepome’echlnocyteé

Cr (trenated) (Weed and Challley, 1972) ) .

Flgure 42 shows how fhe average zntercellular vel-

. ocity var1es‘w1th the pH 'of the medlum for red cells = -

) -

o awa
. . !
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susﬁqnded in. PVP-Ringer of concentration 4g/1. This fig—
ure was obtained from Dixon (1975). The average'sliding

velocity showed a maximum between a pH of 7.4 and 8.0

‘which was abogt 25% higher than thé average velocity® at

2

the extreme high and low pH's.. . : ‘.

Table VI summarizes the;resulté'shoWing the effect
. N

. of pH on the mode of doublet formation andithe adhesion
léength .ratio, while figure 43 represents a graphical

presentation of the effect.of pH on the compression time.

&

It should be/ noted that the experiments carried out at

the various/ pH's were.all done for red cells suspended in

RVP-Ringer at a PVP concentration -of 4g/1.
The percentage of sliding events decfeasgd slightly

at high and low pH's. This indicates that the range of
{ .
pH studied had little effect on the mode of doublet forma-
~tion. ' .

The adhesion length ratio*was found to remain con-
stant at 0.56 over the pH range studied. The compression
time remained constant between pH 6.5 and pH 8.0, in-

"’ creased 'slightly at pH 8.2 and then markedly ai'pH's '

above 8.3.
The results of this pH study are difficﬁlt é@ intéf—
 pret in view of the fact .that the little documented evi-
dence available on the effect of pH on cellular deform-

’

/A/ability is not bonclquve, and the effect of pH on the - b

conformation of the PVP molecules in the mediu;n",s still

unknown. As> a result, any interpretation and diecussion
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gTable VI. Measurements on Human Red Cells Forming Doublets
. AL . ‘
at Various pH's. _ !

L1

1

pH of Number Percentage " Adhesion Length thi09
Medium of . of Sliding ‘ (+ S.E.M.) -
Observa- = Events - : '
i tions
P 1 4
| .
| 6.5 .. 21 76% . 0.5640.01
6.8 . 16 81% 0.56+0.01
7.4 21 96% - 0.56+0.01
) 8.0 10 - 902 0.56+0.01
8.2 29 798 0.56+0.01
8.3 16 75% - 0.56+0.01
8.4 24 75% 0.55+0.01
o 8.5 17 77% ' 0.56+0.01

8.9 12 75% . 0.56+0.01
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" ‘ X "FIGURE 43 : -
Variation of compression time with {:he. pH of the meditm.

(The error bax'\s\ai'e S.E.M.). ‘
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\faffinfty for calcium might cause a redistribution of .

- S - 190
& - ‘ . |
oflthe findings in this study will be purely speculative:
Some relevant work of Leblond (1972) suggests an in-
creesed elastic stiffness and increased membrane vis- "\
cosity at pH 8.5. Echinocytes produced at pH 8.5 could
be drawn into a micropipette with a smaller sucking pres-
sure (interpreted in this study to*be due to reduced cell
volume) but the pressure reqqired to produce a lum bulge
of membrane was twice that required for normal cells at
pH 7.4. It is acknowledged that echiﬁocytes are very
different in-shape';itﬂ severaI large surface spiculesg, ,
and that Leblond has not reported on the rate at which
the plpette-lnduced changes occurred. Also of interest
is the findiﬁg of an increased affinity of the membrane -
for calcium at high ;h's (Forstner and Manery, 1971).

Weed ahd:Chéilley (1972) posthlatedrthat'the increased ,

ga1c1um already present w1th1n the membrane,,for example,

to proteins that could polymerize or change their: confor-
matron. Weed and hls associates used this explanatlon'ln -
an attempt to account for the shape changes of the red

cell that occur “at high pH 8. -Their explanation might

also suffice to -account for the increased membrane rigid-

ity @k high pH's “(Leblond, 1972). Weed and Chailley

(1972) however conceged that their model was speculative

and sﬁbject to modifications.

i

LaCelle (1969), using blood stored for three weeks,

-,
reported a neardy three-fold decrease in celltlar deform-
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Garby, Hjelm and HSgman, 1964). - -
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ability -after lowering the pH of the medium from 7.6 to
6.6. Deformablllty was evaluated as the negative pressure
required to produce a standard hemlspherlcar deformetlon
of the cell membfane into the Eip of a pipette of
diameter 2.85um. The validity of the resul;s of ﬁeCelle;
howeve£; could be-questioned on the premise that only 79%
of the three-week-o{d cells were viable (DeVerdier,
- N

As discussed above, the flndlngs and interpretation
of the work of several 1nvest1gators suggest, however
1nconclu51ve they . m;qht be, ﬁhat there is a- decrease in ’
cellular deformablllty at both hzgh and low pH's. As
discussed il chapter 7 the adhesion length ratio-.depends - E&‘
eh the adhesive force between the cells kresulfanf.df, o -
the bridging force of the macromolecﬁles and the opposing
elecfrostapic repulsive force) and the deformability of

. X X ’ /__?' '
the cells. Since the deformability of the cells has been

] reported to decrease at both high and low pH's then, the

‘constancy of the adhesion length ratig suggeste‘that the

adhesive force between the cells is increased at both

i
»

ﬁigh and low pH's. Neither surface char&e density (Heard

(:nd Seaman, 1960) nor the electrophoretlc méLlllty of

-

\“

the -cells (Tenforde, 1970) is altered over the range of

,pH used in these experlments, therefore it could be
assumed here that the electrostatic repu151ve force (F )

713 constag; between pHWf .5 and(b 0. * An increase 1n the

adhesive force ‘then impizep an increase in the bridging

‘r
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)

force of the macfomoleculesr(Fb). Chien (1973), in dis-
cussing the force balance at the surfaces of aggregatinyg
cells at the.7th European Conference on Micrpéirculatién
in Abérdeen{ suggested thatvthe bridging force (Fb) de-

. pends on a) the adsorpti&n force (f) per adsorption bond,

7

b) the number (ni of adsorétion bonds per molecule, and

3

c) the number-(nm).of'bridging macromolecules per cell

" pair. He assumed_ that, because of the difference in the
-.nature pof adsorption, polybases have a stronger (f)-tﬁgig
neutr#{ polymers. The neutral polymers probably have

larger values of (n),&which increase with melecular size.

. The value of (nm) depends on the concentration of the -
macromolecules in the bulk medium (Hummel, 1963, 1969);

in this study the PVP_ConcentratiQn was kept, constant at

4g/l. 1In view of the hypothesis of Chien (1973) it is
» - /_/\“H

conceivable that an increase and a decrease of, pH might

. ! B

. change the conformation,of the‘PVP molecules in such a

way that the bridg}ﬁg force'(Fb) @é increased. - However,

it must be kept in mind that this is just a speculation;

there is still a neéd to understand the effect of pH on

‘the molecular, properties of PVP. ’
e s . . K

cell meémbrane is viscoelastic, resisting

A . r L . . . . . ..

an elastic structure, and resisting deformation

. -t
e . ,.” The red
- . R
" stretch as

1

as a viscous strutture.. The rebistance to deformation .

is.tiﬁe—dépen ent.” The ificreased membrane viscosity at’
, - 7 : : \' R " ' T . Ve - -
high pH's ( lond, 1973)~probab}y accoqsts for the .,

¢

. ﬁ%derate‘increases in compressiQn'ti@e étlpH,Biz and 8.3,' RN
[ 3. " \’ . ‘ ‘ .‘.' ,-." . ". ’.‘.c

P '
]
a
- - ”,
ﬁ . B - . 14
. . o . e ¢
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but it is doubtful whether the membrame viscosity could

» .

? , ! N ' B . .
fully aqcount for the. ten-fold increase in compression
~ ° ) S ) ) »
7

t1me at pH's greater than 8.3 . - - . E : .
* A satlsfactory explanat on for the varlatlon of the

~ , average sliding velocity wath pH will nece551tate a know- .ot
. 7.
J - ledge of the effect of pH on the flelelllty of the PVP
. . .
molecules. As . mentloned earller, such 1nf0rmatlon irs ’ 4

‘lacking. The'va?iation in sliding velocity could not be

explained by’possible changes in theé viscosity of the .

bulk medium. The influence»of altered pH on the viscosity °~

E

of “the bulk.solution of PVP-Ringer was thought to be
KI‘ negligible from tHe ‘work of ,Kassem and Maltha (1970) who
demonstrated oﬁlyﬁah 8% increase in viscosity from pH -

6.0 to pH 9. 0 fer a PVP solution of 70g/l A possibly

b 3
. F_-f

.

s reduced flelelllty of the PVP. molecules could however

-
(AP I . @

ﬂ_;;;_-~:::£g§se‘ﬁrast1cally the v1sc031ty of the medlum between ‘

the adhering or sliding cells. Thlsalncreased ylsc031ty

[ ” - s

Lo would increase the resistance to sliding between thq( ; ' )

Wy

¢ . . L
. .-

cells.uvThe oehaviour of a suspension is expected to be
Lo very d1fferent at or near interfaces co red to "in —%
. ' bulk" suspension. . b ' D *
' ‘ y Although most red cells remain biooncave over the pH -
ranée‘of 6.5Hto’9.0,‘they do;change in volume. Increas-
. . ing;the pH of the medium from 6.5 to 9.0 decreases the
erythrocyte volume approxlmately 25% in a linear fashlpn

- ‘ < g
' (Murphy, 1967). The change in volume would certainly

_"f S : alter.the hydfodynamic‘drag. It is posslble that these

« )
.. 1
] ) )
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.chanqes in geometry could partly -account for the varia-

t10n of the average ‘rate o{ sliding. However, since Ege )
volume changes monotonically with pH, it is unlLkely that

thlS effect alone could account for the max1mum in the

»

' reflation between PH and rate of 'sliding. ‘\\\
: . T
E. Cell Age o -

The results of thevoell agé study are shown in ’ e
TablevVIi. '?heuadhesion lenng}ratio of old cells was
found to be significanfiy tess (p <0.01) than that ‘for
‘young cells. Tﬁere‘was however no significant differ-

ence between the values obtained for the,co%pression

time. . o t)
able VII. Measurements on Young and 0ld Cells. : ~

Type Number . Adhesion Length Compression Time )

- of Ratio (+.S.E.M.) (+ S.E.M.) .
measure~

\\ ments e

Young 12, ’ 0.58+0.01 - +8.442.0 seconds

old 9 - 0.55+0.01 10.2+2.4 seconds ’

-

) Dixon (1975, Chap. 5) calculated the average rates of slid-
ing for tﬁe two'tyées_of cells and fourd ‘ho significant
différence betveen theﬁ: Also, the percenéage of sliding 8

’events was almost the same (~ 80%) for both the YOung -and )
old cells. These experlments were all caf:;ed out‘for~

the’' red cells suspended ‘in PVP-Ringer at a PVP condéntra-

.
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tion of 4g/1.
Thé .decrease in the adlesion length ratio for the -

old cells suggests that eithem&tﬁere was a decrease in

&
the adhe51ve force (F ) between the celis or a decrease

23
L]

. in the deformablllty of the cells.; The work of Marikovsky, -

Danon and Katchalsky (19661 and Marlkovsky and Danon

-

(1969) has shown that the net surfaczfdﬁapqafon old cells
is 1gn1f1cantly less than that op-"young %eils. However,

I

. N N .
t, Regan‘and Seaman (1977) recently\examined
‘the relatiQnship betweenbeell surface sialjc acid and,éell

. - -

surface chaige dénsity of both yéung and old cells, and

found that while” there were éigﬁificéht deoréases in the

-

"N

level of membrane-bbqur51a11c acid in the oldgcells the
surface charge denéity~ emained unaitered that is, there °

. was Ab change in the'electrophoretlc mobl%lﬁy of the two-

A

types of cells. (Sialic acid is ‘the majo;'contributor to
) . S .

red cell surface charge (Cook et al., 1961- EyJar et al.,_‘

1962)). Knox et al (1977) attrlbuted the 1loss Qf mem—

brane-associated sialic acid w1thout change 1n the

. electré}hozetlc mobility of the cells to a.decrease in - ’
surface membrane area which accompanies the loss of por-

1,\ tions of thezmembrane during its long journey through the -

circulation. As a result qfethese recent. findings of”’ \

- - z%Lox et al. (1977) it would not be unreasonahle to assume
. ——— — I * ’ v : .

: o
in this-study that cell age has no effect on the electro-

§ static repulsive ®rce between the cells, that is, Fe re-
. mains constant. There is also noldocuménted evidence to

. .
rs . ®




suggest that cell age has any .effect onh the adsorption

of the PVP molecules. It could-therefore be assumed that

the adhesive:' force (Faf remained constant for both young

ana old cells. /

9

The signiﬁicant—decrease in the adhesion length ratio
in the o0ld cells could therefore be expiaineﬂ by a ﬁos—

sible decrease in the deformability of the cells. The

°

micropipette studies of LaCelle, Kirkpatrick, Udkow and

*" Arkin (1972) and Smith, LaCelle and LaCelle (1977) have

1 - .

-shown that old cells are indeed less deformable than young

. .
N ]
M .

i cells. The decreased defermability is not only due to
the increéséd sphericity (Canham, 1969) but'also to a de;‘
A creased membrane fl;;Zbiiity. Smith et gi. (1977) demon- "’

- ‘ sfratéd the increased membrane stiffne;s by comparing the
resulés‘of old cells with those obtained for glutaralde:
hyde-fixéd cofls. _Glutaraldehyde-fixed cells do not
E{ exhibit\any changes in geometry (Jay and Camham, 1952)

* .but their membranes exhibit red!ceg.fiexibility.

- : e .
8.3. Discussion )

The four principal factors thch bear on doublet
P formaFion are adhesive force (resultant of the bridgingf
force (Fb) of the macromolecules and the electrostatic
xrepulsive force'(Fe) petween the celis), viscoys drag be-
the cells, cell geoﬁétry and membrane deégfmability.
itional factors which have been. inteypreted Yo be

" of ledser significénce in this study are the covejﬁl'p
iylu

. . :
- .

N
i
\
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surface and the viscosity of the sﬁspendihg medium. It

¢ is thought that the early phases of doublet formation
would be sonsitive to the adhesive force, geometry and
deformability but not viscous drag because there is no
apparent intermembranous shear; the slidiﬁg velocity would
be influenced by the viscous drag. The effect of geometry

y has boeh reduced by using the dimensionless parameter of
adhesion length ratio. Also the height of each cell on

A P " the coverslio is relatively constant because thellhick—

) ,nesi of indivual cells @n a population is one of the
‘ leastvariableneasdréments (Jay, 1575).

The present study assesses tﬁe effects‘of surface
oharée, bridging force of macromolecules, and cellular
‘deformability on red cell- adhesion at the véry\celluiér
iével. Increosed concentration of the %ouléau*—inducing(

-~

agent (PVP-in this c&se) increases rouleaux formation b&
. ( resulting in an increa§e.in-the number of adSorbed macro;

. ‘ molecules and thus an\}ncrease in the bridging force, Fb.
A reduction in the surface.charge don%;;y also—increasés

i

- rouleaux formation by resulting in a de rease:in the
olectrogtatic fepulsive*force kFe) betYeén the cellé. —
The cell age study illustrates how the reduced defofm-
,/’// ~ ability of the old cells causes a'reduction in cell.ad-
hesion. The pH.stgdyQis not concluoive but suggestive.
It suggesté a poséible.change in the conformation of the

PVP molecules in solutions ‘of both elevated and réducég

hydrogen ion concentration away_from neutral pH. It alse
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suggests that variations in.the pH of the medium result

in rearrangements of the cell membrane components which
affect the binding of the PVP molecules to the cell mem- -

brane. The marked increase in the presliding time in ~

R

doublet formation at hich pH's could be partly explained

by increaséd membrane viscosity, but the difficulty in =

finding a complete explanatioh'suégests theqneéd for
much investigative work to completely understand the

effect of pH on cell membrane. The results of the study

) 'of red cells in a no-calcium medium do not conclusively

support or disérove the hypothesis of Brooks (1973c) -and
Jan and Chien (1973b) that the lack of .divalent ions in’
fhe medium incre;ses the électrostatic repulsive force
between the cells; however, the general evidence frbm

-

, .
. this study is more in support of their hypothesis. -

10




- CHAPTER 9

&

GENERAL DISCUSSION AND CONCLUSIONS

Rouleaux formatibn results from bridging between ad-
jacent red cells (Brooks, 1973b; Chien and Jan, 1973) by
- the plasma proteins (fibrinogen and serum globulins) or
6£her macromolecules of comparable molecular size
(thraeus, 1921) adsorbed tc the cell surfaces. The use
of radiéactive-iodine labelled plasma proteins has shown .
that the plasma protein fractions can be adsorbed to the
. red cell surface (Traber and Kolman, 1963; Miiller and
Gramlich, 1965). With the use of tritium-labelled dextran
having a mean molecular weight of 77,§00, Brooks (1973b)
has shown that the adsorption of this polysaccharide to
the red cell surface is linearly related to its concentra-
tlon in the suspendlng medium over a wide concentration .
r;nge. The force of aggregatlon due to macromolecular ‘
adsorption and bridgingzis COuhteracted by the forces of
disaggregation due to mechanical shearing and electrostatic
repulsion between the charged surfacés of the adjacent

cells (Chien, 1973). Another gonsideration in the forma-

tion of .rouleaux is the deformability of the cells. 2

199
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Decréaséa-cellular deformabiliﬁy reduces the probability '
of the cells aligning themselves in rouleaux formation.

As an example; the red ceils of geat have a very low mem-
brane flexibility (compared with human, Chien et al.,

1971) and they:hardly form rouleaux. Also, glutaraldehyde-
fixed cells (greatly reduced deformability) do not form
rouleaux (Chien .et al., 1967). Therefore, the degree of
;ed cell aggregation depends upon ﬁhe properties of the

red cells as well as their external envi;onmen£.

Becaﬁse of the incredible amountIOf effort devoted to
the study of the infera;tions between red blood cells the
process by théh erythrocytes adhere(feversibly is becoﬁ-
ing less obscure. However, a full understanding of the
phenomenon of rouleaux formation still remains a challeng-
ing study. This study was initiated witg the hope that it
would heip in this understanding. As with the many other .
studies in this field of research, this work, in addition
to providing several answérs, has added more unanswered
guestions. In any event, the mere fact ﬁhat this studﬁ has
led to more questions,ab&ut the mechanism of rouleaux
formation'suggesté that we are inc;easingly understanding
the phenomenon. 'An increased awareness of what -need be
known become$ more apparent. '

) In this study alnon-flowing systenl;as used for study-
ing Epuleaux fofmation. The reason for this is'thaﬁ the

shearing forces which increaée the”probability of cell

contact. and which can aléo disrupt rouleaux formation

.




v
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a

would not have to.Pe considered. A non-flowing environment «
would allow for better controlled conditions. it.is ack- (J
nowledged however that this.experimental system is not

ditéctly an'alpgo;xs to the in vivo situation.

LY

9.1. Studies of .the Mechanicgs of Rouleaux Formation

2 g

Attempts to formulate or describe the process‘df

‘rouleaux formation can be broadly divided intg two sec-
e ™ * o

tions: (i% the statistical approaches which congider a

- J
whole population of red cells and the resultant inter-
actions among th%m: and (ii) the individual-cell approaches

-

which depénd on microscopic observation of small numbers

]

& . o
of cells while the process is underway.

<+ The sedimentation method, "syllgctométr;" method,
viscosity meéhod, and MAI method described in secéion].ZE‘j
(ii) are all statistical methods. They are unable to re-
veal‘precise infofmation about the process at theocellulaf
level-during;rouléaﬁk forﬁétioh. These methods aré used
only to measure gquantitatively tﬁe deérée of aggregatioh,

"and even so, they have their'limitatigns. As an example,

' the sedimentation phenomenon, while it%ﬂas the advantage
in that determinations can be made at hematocrit levels
similar to that Existing‘inthe’normalkcirculation, ig
complicatéd by the formation and dispersjon Sf the “roul-
eaux, the bending and rotation “of the sediment;ry parti-

cles, and the return flow of the suspending medium

(Thorsén and Hint, 1950;‘Chhrm, McComis and Kurland, 1964; -

\ . s - o Y

+
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. . !
Canham, Jay and Tilsworth, 1971).

iR The individual-cell approaches permit direct observa-
tion of the cells as they are participating in the adhesion -

- process. Fahraeus (1929) who réported'that erythrocytes
' b

4

TEFTTeR T
-]

would sometimes "glide" on iop of one another, was‘perhaps
l E the first to observe the process of rou;ea?x formation.
Since then several investigators have speculated on the
manner iggwhich two‘red cells, éfter initial contact, align
themselves in rouleau. Hummel (1969) expected the cells
to move withinltheir respective polymer coatings into
' alignmenti 'H; postulated that the polymer coatings would
adhere to éach other and remain fixed at their point of
. contact. Thén, by performing a tank-tread métion‘around
the.cells,\ﬁﬁé‘polymer coatings would increase their area
of contact with each other. As this happens, the red cells
would become aligned broadside against groadside. Chien '.
and Jan (1973), using the MAI, viscosity and sedimentation
methods, expected that there would be no slippage at all
between the cglis. The conéact area would enlaEge,
”

accompanied by'deformaﬁions and rotation of the cell mem-

branes until th;y were ih rouleaux formation. ‘ | -
Rowlaengl‘s' and SKibo (1972) observed:the manner in which
two sedimenting rouleaux in plasma join together. First,
. - the cells at the end of each rouleau may slide over. one
another broaﬁside againsf broadside. Second, one rouleau
may rotate about’'an axis £hrough the point of contact

L. ' bringing the end cells into broadside to broadside contact.




203

This latter process they termed "penknife closure”. Be~-
sides,observing'rouleéux formation among sedimentin§~cells,
Rowlands and Skibo (1972). observed the formation'of'roul-
eaux déublets. One cell hung in plasma from=an inber;ed‘ .
coverslip by its edge and a second cell was brought into
contact with it using a micropipette. A rou;eaux doublet
formed invariaﬁiy by the latter cell sliding up égainst
the hanging cell, broadside against bro&dside. ‘

Fung (1971) and Dixon -(1975) also studied the procéss
of doublgt formation. The cells were initially obsef?éd
lying.broadside dowh on a coverslip. Initial contact be- -~ ’
tween the cells was consequently rim to rim. \Becauéé of ) .
this comsistent pattern of approach, doublet formation was ~
found to occur in one of three distinct and reproducible
modes. These three mbdes, sliding, cresting and flipping
- were described in section 6. 3.

The studies of doublet formation commenced by Fung
-(Fung, 1971; Fﬁng and Canham, 1974) anéicontinued by Dixon
(1975fwere extendgd in'this'study to include the formation
- of longer rouleaux. The reasons or the various points of
interest to this study were‘disgussed in geétion-6.1. In
addition to repeatidbfin part the study of»Fung;(1971) and
. Dixon (1975) where the modes of doublet formétign were
examined for red cell§ in PVP—Ringef, this séudy also
looked at.the médes'pf rouleaux formation for red cells
suspended in Dx-Ringer.! B ' -

The general evidence from the results of this study

-




)

,rouleaux formation involves a surface energy with the

is in agreement with that of,Fu}xg (1971) and Dixon (1975, Chap“~77) .
‘that the "tank-tread" models of Hummel (1969) and Chien
and Jan (1973) are unlikely. A model was also proposed in
this work for explaining the lack of complete overlap
obsefved at the end of the sliding moéé in doublet forma-
tlon, arngd the adhééive force bjf’een the cells was pro-

posed to be the main determlnant in explalnl trans<

ition from sliding to non-slldlng. The observét' ns in
the ‘study of the formation of longer rouleaux in both

PVP—Ringer and Dx-Ringer, are in agreément with the find-

-

‘ing of Rowlands and Skibo (1972) that the process of

-

-

general tendency to minimize this energy by reducing the

amount of red cell surface area in contact with the plasma-

like environment. e

©

9.2. Measurements in Doublét Formation

Doublets, the simplest of rouleaux, répresent pgrhqps°
the best system for studying and understanding the mechan-
ism of rouleaux férmation. In this study three pafameters
in doublet formation were measured to assess thg effeét off
cellular surface charge, macromolecular adsorption aﬁd
cellular deformability on red cell adhesion.

Increaséd PV% coﬁcentratioh resulted in increased

s i ) *1 .
cellular interaction asiaas evident<§n the measurements of

" ahesion length ratio. Also, the decrease in the compres-

sion times at high PVP concentrations was not indicétivg
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of. an increased membrane flexibility as Rampling ahd Sirs

61976) suggested but rather the 1ncreased 1nteract10n ‘be- |

Eo

tween the 2eils resultlng from 1;%reased macromolecular

adsorption' (Hummel "and Szczepanskl, 1963)

The réduced surface charge of the cells, after Neur-

a @

aminidase-treatment, demonstreted the role of the electro-
static repulsive'force in redfcell adheslcn. . The reduc-—_
tion in theisurface charge density resulted in an increase
in the adhesive force (F,) between the cells which‘was {f
indicated by the significantly eievated values of adhesion
lengtﬁ_ratib endfgferage rates of slidiug. Neuramicddase—

*
. .

' treatment has no effect on cellular deformability (LaCelle, -
1969; Durocher et al., 1975) and the dimensions of the
cells, S0 the results on adhe51on length ratio and average

o

sliding veloc1ty were 1nterpreted to be entirely due to
the decrease in the repu151ve force (F ) be the cells.-
The results of thefstudy on red cells SE a no-calcium
medium are not conclusive Because'of the lack‘cf knowledge .
of what effect the assence of extracellular calcium has on
the deformabillty of the;%ells. ‘fhe general evidence,
however, seems to support the hypothe31s of Brooks (1973c)
and Jan and Chien (1973b) ‘that the reductlon in the d1-
valent-lon concentratlon results 1n an increase .in the
electrostatlc repulsive force (F ) between the cells.,

"

The flndlngs in the pH study. re8ulted in: more ques—

Py

tions vﬁap answers. It emphasxzed the need for much more“

'1nvestigaﬁlon to find out what effécts the Varlatlon in

-

PR
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_PH of the medium has on the pOSSlble rearrangement of the

-

cqnstltuepxs ot the red-cell memptape.-.ﬂhe results of
'this'Stﬁdy suggeét«that such tossible‘rearfanéemepts ef
the.ihtga-membgane coﬁﬁenente haye-xesplted in.ihpreased
‘binding Sf.the PVP molecules at both high and‘lew pPH's.
“The decreasé in the average rates of sliding also suggests
that the flexibility of the PVP molecules is reduced at
bo}h‘high and low pH's. ' What is conclusive in this study
thougﬁ is that the membrane vise?sitY'is incteased at high
pH's-(Leblond, 1972) . 'Thie iaiE}dicated'by the signifi-

. cant increases-in the compressionstime values.

)

The question of wﬁether young tells are more aggre-
gable than old cells had been investigated. Heyd (1972).

used, a sedimentation method to determine an- aggregablllty

1ndex for both. young cells 'and old cells.’ This index was

. g
-

33% larger for young cells than for old cells. Hewever,

his 1ndex was dependent on the number of collisions between

»

the sedlmentlng cells," and the adhes;veness betweenrthe

.cells after colllslon Dixon (1975) used the average

g

sliding veloc;ty as -‘an index of—the agdregability of the

cells but found no d;fference Hetween the two types of

-

cells. Hls flndlng, nevertheless, dld not mean necessarlly

’that there was no difference in the aggregablllty of the
"cells but suggests that the sllghtly bq; 51gn1f1cant1y
elevatedSphericity 1ndex value (Canham, 1969). has facili-
tated slldhng in the. old.cells. The dimple at the centre
of the cells is less pronounced lnlthe old.cells -and this

’ . - .

. .
-~ L. s .
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probably makes it easier for one cell to slide over the

other. (The dimple no longer exists for cells in rouleaux

- (Rowlands and Skibo, 1972; Chien and Jan, 1973)%).

 The results of this study'indieated‘that young cells
are more aggregeble than old cells. This is'shdwn,by'thei
'significantly'hggher valee obtained for the adhesion
length ratio of-yeung celis. The increased agé&egabiiity
might be' due to the greater deformability of young cells

(LaCelle et al., 1972) and not to an increased adsorption -

of the rouleaux-inducing.molecules.
e . \ ; ‘“'/

9.3. Obseﬁved Differences in the Rouleaux-Inducing

. Tendencies of PVP and Dx

. | ’ . " The red cell surface is negafively charged, mainly
L "' as a result of the presence of N-acetylneuraminic acid

2 ‘ﬂsiaiic acid) (Seaman and Uhlenbruck,”1963). The electro-

g

~ static repulsive force between the cell surfaces can ‘be
, + estimated from the theoretical treatment developed in
colloidal chemistry (Overbeek, 1952) for parallel plates . -

Prd P . -
with like surface charges. The electrostatic repulsive

pressure (II) between two plates with a distante of separa- - )
ntieﬁ\(gi can be.calculated as:
. T = 0.064cRTtanh’ (zex_/4kT) exp (~d/x) S

~
. .
N 4 . . .

-

where < and z are respectively the molal concentration and
4 ' £

'Y » . . .
the valehcy of the ions, ‘R is the gas constant, T is the.

-

- - - .
J‘ » . -
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.,absolute tempefature, e 1s the electronic charge, Xg is ',
the surface potent1a1 k is the Boltzmann constant, and x
is the thickness of the electric double layer. Xg can be
taken as the zeta potent1a1 ({z) determined by electro-
phore51s of red cells (Bangham, Pethica and Seaman, 1958)
and x can be calculated as: ’ -

#= (1000DkT/871e2Ncz?) /2 (2)
where D‘ie thé'oielectric constant of the suspendrng
vmedlum, and N is Avogadro's number. An }ncrease in ionic
strength -in the suspending medium causes a decrease in x
(eqn. (2)) and hence a reduction in I (egqn. (1)). For red
-cells with a‘norﬁel surfece potential of approrimately
-15mV (Seaman, 1971) and suspended in an isotonic mediﬁm
composed only of monovalent ions, and at a temperature of
25°C, egn. (2) gives a wvalue of approximately 0.8nm for x . =~

~

.(Jan and Chien, 1973a). .

. Eqn. (1), however, does not take into account the in-
flnence of the macromoiecule on the etfective ionic strenoth
by volume exclusion»(Brooks, 1973a and 19735). The  macro-
molecules, adsorbed on the red;céll surface are reported
(Brooks, 1973b) to cause a reduction in the‘effective jonic

strength near the cell surface, an expansion of the double

layer, _.and an increase in the surface potential of the

cells. These alteratione are interrelated and can be

-expressed in terms of the parameter Z; the relative zeta




:
7

potenfial (Brookéi 1973a and 1973b)

» » - . [
. Ya - o
Z = tp/ty = Xg/Xg —-(co/cé)' -, -3
. . . N
) .
where the subscripts 0 and B8 refer to the absence and

presence of the macromolecules respectiveiy. If ¢z, and

Co are détermined, S is known -and xo=is caléulated, then

Cq and Xg can be calculated.from egn. (3). Substitution

of Cgr Lgs and xB.for C,. Xgs» and x respectively in eqn.
LY . '

(I) yields a higher I, value, that is,

Mg = Q.064CBRTtaﬁh2(ze¢6/4kT)exp(-d/fo (4)

Since the value for [0.064c RTtanhz(zecB /4kT) ] usually

B
changes by less than 10% from 5x10° (Jan ahd Chien, 1973a)) ° -
even with high Dk concentrations, HB for normal redlgeils
suspended in an isotonic solution of monovalent ions can ~
@é approximéted as:

\J

HB=£.5xlOGexp(-l.29d/Z) (4 .

Fid

wﬂere HB is in dynes/cm2 and d'in nm. »
Egqn. (4) shows that the électrostatic repulsive force
increases exponentially with increases in Z. This is thé
basis of the model of Brooks (1973b, 1973c) and Jan and
Chien (1973a, 1973b) for explaining why high concentrations

of Dx's fail'to‘induce aggregation'of human red cells. -
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The fact. that Dx's resulted i; an increase\Xn the
zeta potential of the cells was observed some time before~
Brooks proposed his model. Ross and Ebeft (1959), in an
attempt to explain the increase in the zeta potential, .
proposed ‘that the inteiqftion of Dx with cell surface pro-
teins causes a rearrangement of the interfacial region.
Such a rearrangement might expose previously undetected
chérged groups at the shear plan€, thus increasing the
surface charge density and consequently the zeta poténtial.
érooks‘11973a), however, discounted this hypothesis on the
grounds that glutaraldehyde-fixed cells also exhibit a
zeta-potential increase in Dx solutions. Glutaraldehyde-
fixed cells are rigid and would not be expec£ed to undergo
interfacial rearrangement. . Brooks however acknowledged
that the greater increage in éeEg potential for the normal
red blood cell suspensioni might be due tp’an interfacial
rearrangement.

A second hypothesis was proposed by Pollack, Hager,
ﬁockel, Toren and Singher (1965) who_interpreted'their
results in terms of a cﬁange of dielectric constant. These
workers found a four-fqld increase in the bulk dielectric
constant of a 509}1 Dx-250 solution. Brooks (1973a) also
discounted this hypothesis in view of-his estimation that
the dielectfic constant near the cell surface would have
£6 be increaseb 1000-fold to prodq;é the meaéﬁred effect,
a number that is inexplicably large. BN

.Brooks (1973b) proposed that his model would be valid
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" - for all neutral polymers, and Jan and Chien ( 973a,~1973b)

presented ev1dence in support of the model of Brooks when

they, found that hlgh concentrations of Dx's fauled to pro-

v duce aggregatlon of human red cells. It was therefore the

main purpose of this study to test the model-of Brooks

£l

/)gﬂlEKPVP, a neutral polymer, to induce rouleaux formationzjf

PVP.was found in this study to induce aggregation not only -

of human cells but alsoc red cells of other spec1es, at all

concentrations above 1. Og/l. That red cell. aggregatlon\\’\

does not occur at hlgh Dx concentratlons was also confirmed

in this study for human cells, but not for red cells of

other species. |
The»results of this study did not question the valid- '

ity of Brook's hypothesis, but merely suggested that it be

confined to the effect of Dx's on human red cells only.
'No one has reported any studies on the effect of Dx's or
PVP on the zeta potential of red cells of other species. o

It is difficult from these studies to offer an explanation
@ Ve vy -

- of the interdction of the macromolecules with the various

.

types of red cell surfaces, 1There is still a need to

know and understand the conformation of the adsorbed

A

macromolecules, and the areas of the red cell surfaces to

* which they are adsorbed. -

-

It is perhaps of 1nterest to mention thd$ Brooks
(1973a, 1973b) did not consider in his model the results G
of Castaneda et al. (1965) who reported that the surface

of the - human red cell becomes more electropositive in‘RVP
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solutions of conpentratfons above 7.5g9/1.

:Finally,.the results éf this work also served as a
warning for any new substance ‘that might be introduced as
a p}asma'éxpandert >The Qarning is that the results ob-
tained from tésﬁé on blood from animal.species might not
be valid for hgman blood..

»

9.4. Species-Specificity in Rouleaux Formation

In this study, red cells from any one species were

found to adhere in rouleaux formation to red cells from

) any other species. A statistical analysis of the inter- -

species' cells in rouleaux, however, showed that the cells

preferred to adhere to cells of their own kind (species).

,The rat-mouse combination was the only one that showed no-

prgference, perhaps because these two species belong to

.

the same family.. Here égain, it was difficult to explain

~ -

the general épecies-specificity in rouleaux formation. .
The  surface structures of the red cells of the different

. N < .
species dre still not known, even though indirect studies .

‘have indicated theln to be different (Seaman and Uhlen-

’

bruck, 1963). ,




CHAPTER 10
PROPOSALS FOR FUTURE WORK

1y In the study of Dx-induced red cell aggreggtion if
Qas found that high concentrations of Dx solutions failed
to indﬁée aggregation Qf human gellé but c&ntinued'to in;
duce aggregation of red cells Qf other species. The in-

crease ih the relative zeta potential of.tMe human cells

o

in solutions of high Dx concentrations is probably lafge
enough to lead to the absence of aggregation. It is not

known hdéwever how the';eta.poténtial of red cells of

-
. « D

other species varies with-the Di'concentratipn. It will

¢

therefore be of interest to carry out electrophoresis

studies-similér'to those of Brooks (1973c) on red cells

-0f other species. The results of such studies will have
< - :

two-fold sigﬁificance: if the zeta potential increases

in the same proportion (as for human cells) tﬁen this
‘will suggest that the high zeta potential.of human cells
is not a sufficieﬁt explanation for éhe‘lack ofr aggrega-
tioh qf hﬁman cells in solutions of high Bx concentra-

tions; on the other hand, if the.zetalpotentiAI does not

‘increase significantly then this will provide evidence

213 ' ' s/

b




against the hyppthesis of Brooks,(1973bf:that the adsofp-
tion of neutral molecules iné:;ases‘the surféce potential
of the cells by reducing the counterion concentration next
to the cell surface. .
2) The question of species specificity in rouleaux

formation can be extended -to human éells of different

blood groups. The red cells of the mixed rouleaux could '§
be identifjied by using fluorescegé labelling.

. 3) The pH study of this thesis work showed that an
altered pH of the medium might result in éﬁ increased
binding 6f the PVP molecules to the red cell meﬁbranes.
This possibility could be investigated bf using radzé-
actively~labelléé EVP 'and measuring the amouﬁt'of PVP
molecules’ adsofbgd to the cell membranes as a function of
PH. . .

Young and old'red cellg could also bé»studiea siﬁi-
lariyk The greater agéregabi;ity of-young ‘cells has been
partly attributed in this study to their greater deform-
ability. However, it is still not known.whether‘young
de%lg‘adsorb,more rouleaux-inducing molecules per unit

-

area than o0ld cells. The étud§xinvolving the use of

Y

radioactively-labelled PVP will provide the solution to

this ‘problem.




APPENDIX A

L
P .

DERIVATION OF FORMULA FOR CELLULAR VOLUME, V, OF RED BLOOD
e CELL IN ROULEAU
Consider figure 44 which shows the cell to be flat-
sided and with”parabolic.rimsu

Eqn. ofxparabola:c wa
z° = b-ay (1)

R _
where a and b" are constants.

2

When 2z = 0, then y = d/2

J.b =.ad/2 _ (2)

L = h/2 .

It is assumgd that t =
, S

..when 2 = h/2 then y = 4/2 - h/2
ice. a = h/2 ' o (3)
and b = hd/4 ‘ ' (4)

I . h/2,

Cellular volume, V, = 2nS y~dz (5)

o




FIGURE 44

Derivation of the formula for cellular volume, V, and

surface area, A, of the red blood cell in rouleau.
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L, ‘
From eqn. (1), y2 = (b-z ) -
a .

+b g : (6)~

,.in egn. (9),

h/2
vV = 2r J (22-2b22+b2)dz
a2° r
4 2 N ’
je.v=Th [11_-92_+b2] 7)
22 80 6 - .

Substituting for a and b from [3) and (4) and simplifying,

L Vo= ﬁh[0.25d2—0.l7hd+0.05h2]




‘'APPENDIX B

]

DERIVATION OF FORMULA FOR SURFACE AREA, A, OF RED BLOOD

CELL 'IN ROULEAU

k]

Consider figure 44 again.

Surface area, A, = 41 [ Yy = dz ' (8)
o .
whére d52 = dy2+dz2
5 1/2 o
. ds _ [/d . C ;
l1L.e. a‘;-—-(;ﬁ"‘l) (9)

From egn. (1)

2zdz = jady
2 2
dy _ 4z .
1.e‘ (dz) = = (10)
a
S
in egn. 9 <
2 1/2 . ‘
ds _ (4= )
o= + 1 "
. a v : -
egn. (8) becomes
h/2 2 1l/2




= 81D ;722 + 4%/4)1/2 gz, -
a O - T k] T
« - h/2. - Y
ﬁ - - 9—% J .22(22 + a‘?/‘l)l}/2 dz .
a [} f

ie. A= —1 (a2+16b){—g-(h2+a2)l/2+ln[h+(h2+a2 l/2]/:1\.}
a - .

" -

- , |
- T (22403 2n 2240 %) (11)
) 8a ~ . ' .. .
/ °

Substituting for a and b from (3) and (4) and simplifying,

"A =.0.57[d%+0.96hd-0.22h°]
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