DETERMINANTS OF PHAGOCYTOSIS3

A STUDY OF THE VARIAELE FACTORS INVOLVED IN THE
INTERACTION BETWEEN RED BLOOD CELLS AND MACRO-
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The experimental study of the phegocytic process presents eon-
siderable difficulty. These difficulties arise principally because
phagocytosis occurs only with living phagocytic cells whose phagoe
cytocl ability is related to the environmental conditions in which
they occurs. Measurements of phagocytic #2bility can be made on
living enimals, but the date obtained from IN VIVO experiments are
not eppliceble to individusl phagocytic cells end cammot therefore
be used to investigate the process of phagocytosis at the cellular
levels. The phagocytic process cen be investigated using IN VITRO
techniques, and can be quantitated in tersm of the reactivity of the
individusl phagocytic cells comprising the culture. In using such
technigues strict control must be exercised over the conditions of
culture,

Phagocytosis is an active process involving three elements, the
phagocytiec cell, the particle to be phagocytosed, and the medium in
which phegocytosis takes place, Lach oi' these clements is subject
to veriation, The variability can be controlled by employipp a
system which fulfills the following criteria:
1+ The phagocyiic cell erployed must be shuwn to be functlionally
active under the conditions of the experiment,
2e The test particle must be of 2 constant composition, and should
be cepeble of controlled modification, according to the needs of the
experiment, without affecting the system which pheagocytosis of the
particle is to be measured.
3¢ The medium in which phagocytosis occurs must be rigidly defined
in terms of its composition and biologicael activity.

Le That the time of contact between the phagocytic cell and the

test/



test perticle must be constant, and preferradly short,
5« That the phagooytic cells employed are of similar age, and are
maintained under the same conditions as the phagocytic cells cmme
prising the control series,
6+« That the experimental model allows the independent study of the
phagocyte, the particle and the medium, and the quantitative assess=-
rent of the effect of esch of these verisbles on the phagocytic acte
In the following experiments, the systen employed monolayer
cultures of mouse macrophages obtained by parifoneal lavage. These
macrophages were maintained in media containing sers, and in media
contaiining no serum proteine The test particles erployed throughout
were erythrocytes from the mouse, and from a veriety of other species,
including mene All cultures were cerefully controlled, strict
ettention being paid to the proof of the funciional capacities of
the macrophage cultures under the experimentsl conditionse In this
gystem the independent contribution of each of the three varisbles

to the phegocytic process could be 2ssesseds

The particlee

The test particle employed in these experiments wes the humen
red cell, Frevious reports indicete that the humsn red cell is
r&xiered susceptible to phagocytosis by incubation in physiological
saline for 18 to 24 hourss (Stuert & Cumming 1967). In the
system employed fresh hunen red cells were not susceptible to
phegocytosise These experimental findings were confiimed, &nd an
investigation made into the "injury"#hich rendered red cells suscep~
tible to phagocytosise Injury did not occur if red cells were
incubated/
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incubeted for similar periods of time in media containing serum,

but they repidly beceme injured in defatted serum, Supplying the
red cells with glucoae, co=enzymes, &and vitamins during the
incubation pericd did not prevent injury occurringe Inhibition of
cellular respiration with metabolic inhibitors, and stimulation of
cellular respiration with methylene biue did not prevent injury
occurring in red cells incubated in seline, It was concluded that
injury wes related to some menbrane deficiency in the red cell caused
by incubation in media lacking the phosphetides necessary for the
meintainence of cell menbrane integritye. Analysis of the supernatant
from suspensiong of injwred red cells showed that the injured cells
had lost both protein end 1lipids from their menbreneg. “uantitative
estimates of the amounts of lipid loss showed thet phagocytosis of
red cells will occur when 10, to 20: of membrane lipid has been

loste These conclusions suggest that, for the red cell, susceptibie
lity to phagocytosis is determined primerily by the state of the red

cell meumbrane,

The medium,

Most experimental stucies of phagocytosis sre performed in the
presence of serums It is generally known that serun affects the
phagocytic processs It wes found that mocrophages in culture could
be maintained in a synthetic medium containing no serum or serum
proteins, thus providing an opportunity to investigate the basic
efforts of serun proteins upon phegocytosise Using mecropheges grown
in serum frec modium, it was shcwn that the phegocytic recction to

human red cells was more pronounced in the abgence of serum then in

its/



its presences The depressive effect of serum, from both the mouse
and man, occurred in fructions containing immmoglobulinGe The
depressive effect of immunoglobulin fractions was both time and

concentration dependents

Tiie Jiacrophfige,

Experiments performed with fresh and injured rcd cells, e nd with
serum containing and serum free medium, were extended to investigate
thé phagocytic reactivity of the moercphage towerds the red cells of
e varicty of specicse /fn analysis of the results obtained show that
the mocrophage is cepeble of three separate clesses of reactivitye
These hsve been defined ss?
1¢ Recognition, or the =bility of the mecrophege to ingest red
cells coeted with haemolyiic entibodye This cless of —cactivity is
independent of the culture medium, and does not diminish in long tcrp
cultures
2s Heterogene diserimination, or the ebility of the macrophege to
ingest the red cells from genetically different sourcese This claas
of activity is effected by the presence of serumy, and is lost in
long term culture,
3¢ Homogene discrimination, the @bility of the mecrophage to dige
criminate between healthy end injured red cells from the same species
of donore This class oi activity is not cffected by serum, but is
' lost in long term culture,

A theoretical survey of the likely natw e of the reactions
between macrophage and the red cell indicates that the process of
phagocytosis, end the allied processes of recognition, homogene
discrimination/
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discrirmination, &nd heterogene discriminetion, are determined
primorily by the reactivity of the macrophage merbranes The
experiméntal results indicate that the mecrophage membrene has the
cepacity to Celeet alterations in both its fluid and cellulsr
environments, and to react to certain types of slteration by the

process of phogocytosise
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1 = THE OBJECT OF THE PRESENT STUDIES.

Phagocytosis has been studied quantitatively for meny years.
Most of this work has been concerned with the role of serum proteins
and anti.‘bt;:dy in promoting the phagocytosis of particles. Rather
less effort has been expended in the study of the phagocytic cell
itself, -Extarml factors affecting the phegocytic process are well
known, yet consideration for how these might aét upon the phagocytic
cell is lackings This is even more surprising in the light of
recent interest in the discriminatory processes of cells as they
affect cellular differentiation, organogensesis, and antibody
synthesise The object of the present studies is to examine the
theoretical aspects of the interaction between the phagocytic cell
and perticle, and to determine experimentally the phagocytic
potential of the macrophsage towards red cells under varying cone
ditions of environment.



2 = HISTRICAL REVITEV.

Phagocytosia is a widely distributed and well lknown biological
phenomenon, It wes first described by Lezzaro Spallanszani as
occurring in "animalcules" generated in infusions of hay, In his
book "OPUSCOLI FISICA AVIMALE KT VEGETABLE" he concludes that the
phagocytic mechanism was concerned with fBeding in these primitive
enimals, Interest in phagocytosis was reewakened by Hzeckel (1857)
with his demcription of the uptake of solid particles by the coelomic
phagocytes of the crayfishe In 1862 Haeckel extended these studies
by injecting carmine into the coelom of the sea hare (Tethys) and
obgerving the meoebocytes with ingestad the dyesturfs, He related
the phagocytic abillities of these cells to their capacity for
amoeboid movement, In 1862, Von Recklinghausen obsexrved the uptake
of einnsbar particles by phagocytes in the lymph sec of the frog,
liax Schultz in the same yesr observed and described phagocytosis of
carmine by the slime fungus Folythalemica. Preyer (1864) used the
dye indigo to study the phagocytes of the frogy and the salamander
(5alamandre Maculata), He commented upon the time needed to com-
plete the phagocytic act and observed pigment, blood cells and crye-
stalline inclusions in the smoeboid cells. Ponfick (1869) demone
strated the localisation of the pigments carmine and vermillion in
the liver, spleen, and lymph nodes of mammels after intravenous
infection. Lenghans (1870) showed that the removal of extra-
vasated blood in the guinea pig and rebbit was associated with
exythrophagocytosis, and the subsequent production of brown
plgment by the phagocytic cells. Bizszozzero (1871; 1872) showed

the/
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the capacity of the macrophage to ingest polymorphonuclear leukow
cytes in exudates, In 1874 Panum suggested that phagocytic cells
were responsible for the ingestion of bacteria which entered the
enimel body, This was demonstreted in the classic paper by
Robert Koch (1876) in which he described the localisation,
phagocytosis and subsequent dissemination of anthrax bacilli by
the phagocytic cells of the froge. Gaule (1881) demonstrated the
phagocytosls of the gut pearasite Degepanidium by the emoeboid cells
of the frog, Grewiz (1877), while studying a fungus growing upon
111y of the velley, injected some fungal spores into suspensions of
phegocytic cells, and observed their upteke, Roser in 1881 wrote
*The immunity of animals in absolute health depends in my opinion to
the relative quantities of salt contained in thelr fluids, and upon
the property of their contractile cells of ingesting the enemy which
enters the animal body®, HMetschnikoff in 1883 began his famous
researches upon the digestive capacity of phagocytic cells, and
postulated the mechanism of ingestion and digestion of bactcria by
phegocytes as the principel method of immnity in memmelss It is
elso evident from later studies that he appreciated the role of the
macrophage in removing effete anc dead cells from the whole organism
(1899)« He described the removel of spermetozoa from the peritonesl
cavity of the guinea pig and described the increase in rate of
removel following previous immunisation, He also studied the
removal of red blood cells, and commented upon the effects of anti-
leukocytic serum upon both polymorphonuclear leukocytes and macro-

phagess He wrote "seses Nous avons mis en lumiére le role

préponderant/
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preponderant que les macrophages jouent dans la resorption des
celluleas Nous avons v;; que ce sont surtout les phegocytes monc-
micleaires qui s'émperent des elements morphologique introdiuts dans
1'organsim et 1'example des spermatozoides nous a prouve que les
mecrophages sont bien capables de saisir mems des cellules vivantes”,
The first ettempt to explain the phagocytic ect were due to
Haeckel (1862) and Preyer (1864) who related the cepacity of certein
cells to phegocytose to the observation that such cells were elways
capeble of amoeboid movement. Partly because of the lack of good
culture techniques, and partly due to the discovery of the role of
opsonic substences, first described by Durham (1897), further
inveatigations into the neture of the phagocytic act were not under=
taken for meny yeers. The first serious attempt to consider the
phagocytic process, from the point of view of the cellular chenges
involved in the act, was due to Rhumbler (1914)s In previocus pepers
Rhumbler (1889; 1910), had considered the role of surface tension
changes in the locomotion of emocebae, concluding thet the production
of pseudopodia wes the result of local lowering of the surface
tension in the membrene, In his paper "Das Protoplesma Als
Physikelisches System" written in 1914, he described four methods of
phegocytosis observed in the processe (Teit 1918; 1920) epplied
Rhunbler's conclusions to the mammellan phagocyte, and critisised
Rhurbler's physical interpretation of the role of swface forces in

phagocytosise.
The classicael studies of W.0. Fenn, in the years 1921 (a, b, & c)

1922,/
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1922, ond 1923 (2, b) remein to this day the most important single
contribution to the physiological investigation of the phagocytic
actes Ponder (1926; 1927), modified Fenn's treatment of the swrface
forces in phagocytosis, end concluded that changes in cytoplasmic
viscoslty were more importent in phogocytosis then changes in swface
tensions He elso consldered the effects of surfece charge, and
concluded that cherge effects did not greatly contribute to the
process of phagocytosise

Since this time two significant edvances in the study of
phagocytosis have been medees The first was the proof of the
essociation of the phagocytic process with increased cellular
respiration by Baldridge and Gerrard in 1933)s The second has been
the study of the dynamics of phagocytosis in vivo, by the technigue
of meesurement known as colloidal perticle clearance, first described
by Halpern, Biogzi, Mene and Benecerref in 1951, There now exist
a large body of knowledge of the biochemicel events associated with
the phagocytic scte These events have been reviewed by Karnowsky
(1962; 1965) himself a mejor contributor in this fields

The clearance technique has alreedy shown the importence of
opsonic substances in in vivo phagocytosis, and has allowed
measurements of the eff'ect of such variebles as particle size, the
eff'ects of antibody, and of phermocological agents upon the phegoeytic
process in vivoe This work is an importent eddition allowing the
experimental testing in the whole enimel of results cbtained in vitro,
(See Halpcrn B.N., Editor, Physio~Pathology of the Reticulo=
Endothelial System, Blackwell, Cxford, 1957).
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3 « DEFINITION OF FPHAGOCYTOSIS

~ Phagocytosis is the engulfment of a particle by a cell accom=
penied by the expenditure of energys It is therefore an active
process and a property only of living cells. The particle comes to
lie with:!.n the phegocytic cell but enclosed upon all sides with the
cell membrane,

The phagocytic reaction is usually said to occur in three
stagess the approach and contact of the particle with the phagocyte,
often resulting in adherence of the particle to the surface, sngulfe
mentof the particle elther by the production of pseudopodia or by
the invagination of the cell cytoplasm adjacent to the point of
contact, and finally the formation of an enclosed vacuole in which
digestion usually occurss The mechanisms of the phagocytic process
are wnknowne Initiation of the event seems to involve changes in
the plasma membrene of the macrophage (Essner 1960; Kexrer 1960) .
There is en increase in respiration by phagocytosing cells (Baldridge
& Gerrerd 1933)e The event itsclf uses A,T.Ps (Greendyke et al
19643 North 1966) which is derived from either aerobic or aneercbic
glycolysise. (Xarnovsky & Sbarra 1960; Kernovsky 1962)s A
proportion of this energy is involved in synthetic mechanisms,
especially the synthesis of glycogen end 1ipid during the phagocytiec
processs (Sbarra & Kernovsky 19603 Kernovsky 19643 Sastry &
Hokin 1966)+ Some of the metsbolic changes can be directly related
to phospholipid turn over in the membrane itself during the process,

(Sestry/
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(sastry & Hokin 1966) .
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4 - CLASSIFICATION AND DISTRIBUTION OF PHAGOCYTIC CELLS.

Phagocytic cells ere widely distributed in nature, lany
protozoa are capable of phagocytosis, and all metagoa possess
phagocytic cellse In the Protogoa, Porifers, and Coelenteratsa,
none of which possess & gastrointestinal trasct, phegocytosis 1s &
feeding mechanisme In the higher invertebrates, the Anmelids,
Insecta, Crustacea, and Cephalopoda, the phagocytic cells are well
differentiated elements to be found in the blood or coelomic fluid.
These phegocytes with well developed capecities to phagocytose cell
debris and bacteria, constitute the primitive "immne" system,
This is in some aspect the equivalent of the memmelian reticulow
endothelial system, (Hurf 1940; Salt 1966; Stuart 1968),

The phagocytic cells of the mammal were originally classified
into two main types, the microphages or polymorphonuclear leukocytes
end the macrophages (Metschnikoff 1905). The mecrophage in the
mammal formsa system of phagocytic cells defined by Aschoff (1924)
as the reticuloendothelial gystems This system includes all the
mononuclear phagocytic cells of the meammale These can be broadly
distinguished as three main clagses of macrophage, endothelial
macrophages, reticuler macrophages, end free mecrophagess The
endothelial macropheges are represented by the Kupffer cells of the
liver, and the phagocytic endothelium of the spleen and lymph nodes.
Reticular macropheges constitute the macrophages of the germinal
centres in spleen and lymph nodes, and the meduallry meerophages of
the thymuse Free macropheges occur in peritoneal, pleursl end
pericardial/



pericerdisl sacs, and throughout commective tissues generally,

The mecrophage of marmelian blood is called the monocyte, (For
reviews see Coppell 1929; Aschoff 1924; Marshall 1956)s Cells
other than thoae of the B.E,S, (Gordon et sl 1960; Rabinovitch

1969; Gropp 1963) and cells from some tumours can be induced to
phagocytose both in vitro and in vivo, That other cell types are
capable of phagocytosis in normel and ebnormel environments, suggests
thet the underlying mechanisms of phagocytosis may be common to ell
msnmalian cells (Gropp 1963). The phagocytic cell in the mammel

has evidently retained this primitive cellular function in a modified
and highly specielised form, whilst other tissue cells have, through
the course of evolution, lost this ability. The occurrence of pin-
ocytosis in nearly a2ll memmelian tissue cells may reflect the residue-
um of an erchaic phagocytic process.

A macrcphage might trerefore be expected to show morphological
features that distinguish 4t from neighbouring cellses By light and
electron microscopy the macrophage hes no uniquely distinguishing
features other than frequent evidence of previous phagocytosise
Macropheges can therefore be accuretely defined only by their
functional characteristics, that is their ability to phagocytose
a variety of particles, and their cspacity for pinocytosis in the
gbsence of specific inducer substancess (Carrel & Ebling 1926;
Nelson 1968; Rustad 1964). lorphological observations suggest
however that the macrophage has & somewhat larger surface area in
relation to its volume than the majority of other tissue cells.

The folded plasma menbrene is frequently disposed as veils, pseudo~
podis/



pedie, and fimbriae over the whole of the cell surface, There may
be & relationship between the convoluted membrane of the macrophage
end its exceptionzl phagocytic abilitiess During the process of
phagoeytosis, the suwrfsace area of the mecrophage must incresse, since
plasma menbrane, originally part of the surface, encloses the particle
ef'ter engulfments The cell hes incressed its volumc whilst
decreasing its surfece eree, and the suwrface tension in the membrane
would rises Since the work of phsgocytosis rust be done against the
tension in the mexbrane, the phagocytic process would soon stop
unless some method of increasing the surface srea was available to
the macrophage, This is reflected in membrene flow. The metabolic
processes accompanying phagocytosis ere in pert concerned with the
synthesis of new merbrene (Xernovsky 1964; Sestry & Hokin 19663

Cren et a1 1963)s These synthetic processes probebly ensble the
macrophage to continue to phagocytose particles even of large
dimensions until not enough free cytoplasm remeins to enclose a
single additional particle. The initisl phagocytic response can
proceed to cormpletion 'bafore. significent amounts of menbrane have
been synthesised because of the large reserve of plasma menbrane
contained in the cytoplesmic veils, pseudopodia, end finbrise, It
has been shown thet supplying exogenous phospholipid, lymolecithin,
to phagocytes that have alreedy ingested meterail to the point of
insctivity, will re-establish phagocytosis by these cellss (Munder
& Fischer, 1965)s These authors regard the ection of lysolecithin
as affecting the interfacial tension between the menmbreane and the

mediume Mecrophages insctive due to the repeated ingestion of

perticles/
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perticles might well reach a state of inactivity because of en
incresse in membrane tensions The incorporation of phospholipid
from the medium into the phegocyte merbrane theoretlcally should
re-estsblish phagocytosis by these cellse

Similar incresses in phegocytic ability have been deseribed
vhen metebolites such 2s pyruvate, succinate, AD.Pes, A,T,P,, ard
ascorbic ocid are edded to the medium, These substances act by
increasing the metabolie potentinl of the phagocytosing cell
(Greendyke et 81 1964), end hence the synthesls of new mexbrene

material,
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5 = TIE NATUNE OF THS REACTIONS DETUWEEN CELLS.

If the assumption is mnde thet phagocytosis is a phenomenon
deperdent ultimately upon the behaviour of the cell membrane, then
those factors determining the process must act directly or indirectly
upon the cell mexbranes Since it is also likely that the phegocytic
reaction 1s merely & varietion of the reaction of eny cell towerds
its environment, an examinetion of those factors involved in such
reections should illuminate the phsgocytic processs

Cells react one with another to form the organised tissues so
essentisl to the development of the multlcellulsr orgenisms Vhen
tissues ere observed with the dectron microscope, the menbranesof
opposing cells are seen to be separated by & gepe This gep appeera
to be of elmost constent width, the average seperation of cell
membrenes being between 100 A and 200 A (Robertson 1961; Elbers
1965)s £ variety of methods have failed to revesl any clear ocut
evidence of & "cement" subsiance between cells, although some workers
claim thet a layer of intercelluler matericl is present (Eesty &
Mercer 1962) (Elbers 1965)s Specislised menbrene structures such
&s the desmosomes end gonulae occludentes occur in regions of close
contact between membrenese The constancy of the gap between cells,
the sbsence of any demonstrable cementing substance, end the presence
of these highly organised membrane structures suggest that the
menbranesof cells in opposition in some way react to one another at
a distances This mutusl interaction results in cell adherence,

Loss of this mutually adhesive capecity can be shown to occur in cells
from/
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from tumourse (Abercrombie 1962; Purdom & Aubrose 1958) .

The fact of adherence requires that some attractive force
exists between cellsy, The presence of a gap vetween cells requires
that this sttractive force be balanced by a repulsive force acting
between cell menbrancse The exact nature of these forces Les been
the object of intense enquiry for many years. A swvey of the cone
clusions reached in these investigations (Curtis 1967) reveals that
1) these forces arise in the plane of the cell swfeces
2) they are dependent upon the underlying structure of the cell
mernbrane and
3) they mey be eltered by chsngec in the equeous environment of
the cell, Forces such es these may be involved in phagocylosise
The adherence of a particle to the macrophage surface could be
determined by those forces which between other cells ceuse adhesions
The esct of phegocylosis, and the metebolic changes which accompany
the act, may heve a parallel in such phenomena as contact inhibition,
and cellular differentiations In such cellular reactions the
menbranes of the opposing cells ere the primery reactants, and such
reactiona leed to chenges in cell blochemistry, erd morphology through
the mediation of the reacting membranes, It is proposed thet the
phagocytic reaction i1s similar in its fundementel nature to these
other types of cellular interactiones A study of the variable factors
involved in the interactions between cells, that is a study of the
surface, the cell membrane, snd the environment 1s a necessary pree
liminary in the discussion of these variszbles as they effect the

phagocytic processs
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6 - VIL VARIABLE FACTUGRS INVIALVLD 1IN CELLULAR INTERACTIVNSe -

as The imncdiste environment ol the cell: lhe celi swiaces

The immediate environment of any cell is its surfaces The cell
surface can be defined es that region where the environment, and the
membrane of the cell meete The characteristics of this region eare
therefore the products of the interaction of these two eleaments.

In other words, the properties of this surface are determined by the
structure of the cell merbrane, and the composition of the external
environment of the cell,

The cell swface has a characteristic chemicel structure, The
swfaces of mammelien cells are coated with a leyer of mucoprotein
together with adsorbed protein, which can be removed from the cell by
incubation with trypsin and neureminidesse, (Heard & Seaman 1960;
Cook et al 1960)s The layera of protein end mucoprotein at the cell
surface were initially envisaged as being present as two layers, @&
layer immedlately adjacent to the 1lipid bilayer in the form of an
extended sheet and e second layer of globular protein lying outwith
this sheets This structure was proposed by Harvey & Danielli (1938)
to account for the very low interfacial tension existing in cell
menbraness Recent work by Maddy & Malcolm (1965) indicates that the
postulated layer of protein in the form of an extended fily, or sheet,
et the cell surface is not revealed when red cell mexbrenes are
studied by infra red spectroscopye These workers found the proteins
at the cell surface to be mainly in their conventional globular con-
figurationss The mucinous component of the memmelian cell surface

is/



13-

is usually N acetylneuraminic acid, often found in combinstion with
proteins, 1lipids end sugars such as fucoses This mucoid leyer con=
tributes the surface lonogenic groups which give rise 10 the surfece
cherges The carboxyl groups of N-ecetyl neuraninic ecid, are
individuelly the most irportant contributors to the cell surfece
charge (Cook et 21 1961)s Hemoval of the mucoprotein or sialic acid
reduces svrFace
from the ccll surface[charge by &t lecst one third es weasured by the
subsequent fzll in the electrophorectic mobility of the treated cellss
(Cook et &1 1961), The relationship between the electrophoretic
mobility of a cell, and its surface charge is & complex onee At
the cell surface an electrical double layer is formed, couposed
of & leyer of ions firmly held tc .ths surface, and a wore ciffuse
mobile layer extcnding some. distance into the aqueous environment
of the cells The fixed ionic layor is derived from the ionogenic
groups of the surfece layers of the cells, The mobile layer is com=
posed of ions ezﬁnged in clectrostatic combination or association
with the lonogenic groups of the swface, These ions ere called
"ecounterions® end sre complimentary in charge to those ilonogenie
groups with which they sssociate, These ions are hydreted, and have
a finite sizes (Tenford 1965)s Their centres of charge will
therefore not be coincident with the groups with which they sssociate,
but will ,always lie some distance swaye One part of the ionic double
layer will therefore be occupied by space in which no ionic centres
can be present, Because of the diatribution of electirical charges
et the surface, there is & differcnce of potential between the ddyer
seperating the fixed end the diffuse ionic loyers, and the bulk
environment/
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environmente This potentisl is colled the electrokinetic potential
or geta potentials In electrophoretic mobility studies, the
application of an LuiJe" to the particle will cause & displacement
of the oppositely charged layers relative tc one another, and thias
displscemgnt will occur through the layer separating the fixed and
mobile charge lgyers, that is the layer in which no lonic centres
can be presente This layer is called the “"swface of shear"s

The zeta potential can be measured dircotly froa measwreaments of
the electrophorelic mobility, and the fixed cell swface charge can
be conputed from mossurements of the zeta potential using the Goye-
Chapuen equation (Lee Cook et al 161,

The fixed charges of the cell swdface do not &ll lie within the
saue molecular plane, thare mey be convolutions of the cell swface
leading to occlusion of &t least a portion of the cell swface charges
In addition the swfTace may be pencirable {0 counterions from the
swrounding mediume These two effects may lead 1o an undersstizete
of the thickness of the ionic double layer, eaid also of the cell
surface charges (Haydon 1961)e The lonic structure of the cell
surface may most properly be regerded as & three dimensimmal metrix
of firxed charges, penetrable to some extent by counterions in the
swrrounding mediume The totel thickness ol this "elecirokinetic
cell swface® is in the order of sowe 20 to 30 Ay The region in
which the swurface charge ls measured that is the plane of shear, lies
about 104 outwith the idealiszed “true" swfaces The remsining 10 to
X 4, represents the ionic double leyer, which is veriable in thicke

ness/
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thickness depending on the ionic composition of the surrounding
mediume _

The chemlical structure of the cell surfece i=s importent in that
it detcrmines directly the cell surface charge, end the Ith_ick:nesa
and composition of the ionic double layer, The electrokinetic
structure of the cell surface is of importence in the condideration
of celluler interactionss The electrokinetic structure cannot be
analysed in the same wey as the chemical structure of the cell
surfeces Its existance can be shown by electrophoretic mobility
studies of cells, under varying environmental conditions (Heard &
Seeman 19603 Seaman & Heaxrd 19603 Cook et al 1961). It is now
appreciated thet the electrokinstic cell surfece is functionslly of
greet importance, in perticuler in determining the adhesiveness of
cells (Purdie & Ambrose 1958), and accounting for the observed
seperations between cells. (Curtiss 1967).

Mammalisn cells appear to bear an anionic surface charge.

This has been gshown to be Aue to the ionlsation of the carboxyl
groups of N acetyl neuraminiec acid at physiological pHy The cone
stoncy of this anionic surface charge could account for the observed
seperations between cellss Derjeguin & Lendau (1941) and Vervey &
Overbeek (1948), suggested that the stsbility of colloidal solutions
was a function of the surface potentiel of the perticles in solution
end derived equstions relating the observed surface potential to the
repulsive forces acting between particles, The date of Derjoguin,
Lendau, Vervey & Overbeek applied to mammelian cells, indicates that
the repulsive forces due to the surface cherge might acoount for the
interactions of cells at distanced equivalent to twice the thickness
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of the ionic double layers The magnitude of this repulsive force
will depend upon the environmentel paremeters of terperature, and the
bulk dielectric constant of the medium, Interactions of cells over
distances of the order of 50 to 60 A could theoretically occurs
(Curtiss 1962), The obzerved fact that red cells con be agglutinated
by suapend.i'ng them 4in solutions contasining divnlent cations, of heavy
metel lons which lower cell swrface cherge, and increase the thickness
of the ionic double lsyer, enphesiszes the importance of the cell
-Uut‘face charge in providing the repulsgive forces which normslly keep
cells aparte (Bengham et ol 1958; Weck et al 1962),

It is more difficult to sccount for the attrective forces -
between cell and cell upon an exsmination of the surface potentizl
alones An attractive force between porticles with swface potentials
unlike in sign, or between particles with unequal surface potenticls of
the some sign, micht existe (Bilermen 1955)¢ Such attractive forces
are likely to be weak, and ineffective over distsnces greater than
egbout 15 Ay (Pethica 1961)¢ TFor this reason some workers hove cone
gidered the adhesion of cells to result from the formation of "salt
linkages" between a divalent ion, and the iogenic groups of two
opposing merbranese (Pethica 1961; Easty & Mercer 1962)s The
epecificity of cell asdhesion, &s described the embryologist, cannot
be explained on the basis of selt limkages between opposing menmbrancse
(Curtiss 1967)¢ The adhecive forces acting between cells mmst
therefore be explained with reference to some other quality of the:
interscting cell swrfacess

An interaction of cells at a distance can only occur if those
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forces scting at a distance are grester than the random thermel energy
of the molecules st the point of action., The random thermsl energy
of the environment is ususlly expressed as B = kT, where E is the
random thermal energy, k is Boltzmenns constant snd T 1s the absolute
temperatures This expression, and those poverning the rates of
reaction in biological systema, sre derived from the classical
statistical evesluation of the entropy of the system under considerate
jony (Dugdale 1966)¢ These statistical methods sre velid for large
volunes of molecules, or even for microstates containing smell
nurbers of identical molecules, The calculation of the surfeace
potential of cells from their electrophoretic mobility, involves
seversl concepts which mey not be valid in microscopic terms, .
Yeasurement of the rate of sheer et the surface depends upon the
assumption that the bulk viscosity of the medium throuch which the
cells moves is equivelent to the viscosity in the plene of shear.
Agein, the bulk ionic strength of the environment is essumed tc be
constant up to the plane of shear, that &s to within the thickness of
the ionic doutle leyers The measurement of the electrophoretic .
robility of cclls cannot be related to the surface potentisl of those
cells without crror; that is the measurement of cell surface charge
is an approximetion, The theoreticel eveluation of the cell surface
charge, from the consideration of the double layer theory, and the
ﬁ.&ealiaed concept of the surface charge &s a sheet of point charges,
or a uniform sheet of cherge, is also an approximation. ﬁgai.n- this
treatment of surface potential essures that the distribution of
charges upon the cell surface, end in theimmediate environment, can
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be described by statisticel approximationss As an exarple, if the
field due to the surface charye on the cell meubrane 1s calculated
on & stetistical bagsls, using the Gouy~Chzpumen eguation, it becomes
uniforme The isopotenticl points in thet field will ell occur in
plancs parallel with the surfaces The composition of the ionic
double layer must @lso be uniforme It is evident thet the ccll
swface, by reason of its chemdcel composition, is noi ¢ uniform
sheet of charges, but represcnts rather & cherge mosaice The
swTace potentisrl of & mosuic of fixed chorges can be celeulated by,
methods known for some times, on & non-stotisticel besise (Bitter
1956; Friederberg 1967)« These netlods ivolved thz thcoretical
quantitation of the field of each individual charge, and the summation
of tie ficlds of neny such chargese, The formulae describing the
nature and characterdstics of electric ficlds are not approxinate,
end they remein exact for interactions over any distance, (Ditter
19565 Duffin 1968)s The need for more exact descriptions of the
clectroxinetic ccll surface stems from the insdequacy of double
layer theory in explaining the adhesion of cells, and in particular

the specificlty of cell adhesion, and other cellulor intersctionse

The electrostatic fleld structure of the cell swface,
An electric field consists, generally apeqldng, of lines of force:
originating on positive charges, end termineting on negative charges,
An electrical field can therefore be sald to exist whenever there is
a cherge inequalitye For an ionised molecule, & fleld exiasts between
that molecule (or between the centre of cherge of that molecule) and
its counterion,

For/
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For & sinple point charge, for exarple the electron charge upon
en ion, the field is radiel in distribution, and deceys es the
inverse of the square of the distence from the cherce, Fven
unionised molecules snd individual atoms ere not electricelly neutral,
Agymetrical molecules, such as water end sulphur dioxide, possess
a dipole structure because of the esymetry of the interstomic bondse
This leads to the behaviour of the molecule os an electrical dipole,
since the charge distribution of the molecule is not esymetricel,
An electrie fleld can be shown to exist es 2 consequence of the
dipole moment of any asymetrical molecule of this types This field
is expressed et right angles to the vector descridbing the dipole
orientations This field is sometimes referred to as “Long Range
Ven der Vaals Forces®s This terminolopy has not been used to avoid
confusion with the Van der Yaals forces orizinating from the internal
oscillating dipoles of individusl atomss (See review by Pethica
1961), Since it 1= & closed £ield, 1t decays inversley with the
cube of the distence from the dipoles. The lipids present in
biologicel membranes, for example cholesterol and lecithin, have
quite large dipole moments due to molecular assymetry, In addition
the phospholipid molecules have poler head groups which under the
influence of environmental pH, can ionise, end thus contribute one
full electron charge to their fieldy The individual atom can elso
behave &8s a @lpole, since the electrons in that atom cannot, by the
uncertainty principle, be regerded as uniformly distriduted around
the micleusy The positively cherped nucleus, and the negetively

charped electron cen be regsrded es an osclllating system, that is
ag/
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es an oscillating dipole. This dipole also produces a field, which
can be shown to decey as the inverse of the seventh power of the
distance from the dipoles These fields have been referred to as
"Ven der Waals" forces, in this thesis,

The field produced within biological merbranes cen be regerded
as having three major components, the field produced by lonised
molecules, the field produced by polar molecules with permenent
internal dipole moments, and the ficld produced by the intermal
oscillating dipoles of the non=polar atoms,

The ficld due to the ionised molecules upon the surface of the
cell membrene can be considered as of importance in providing the
distractive forces which tend to keep cells aperts This occurs
because of the similar anionic charge upon mammelisn cell surfaces,
The field arising from the internsl oscillating dipoles of non=-polexr
atoms, is responsible for the intermolecular interactions usually
referred to as Van der Waels forcess These forces arise by the
polarisation of the dipoles in neighbouring atoms, providing that
these satoms ere of similer molecular weight, and thus have similar
frequencies of oscillation. These forces tend to bind like molecules
together, and to act only &t short renges The action of Van der
Vaals forces in contributing to cell sdhesion has been considered by
Curtiss (1960; 1962) and Jehle, Perke & Salyers (1964)e The latter
authors consider that the Van der %aals forces are of great importe
ance in determining the specific assoclation of one molecule with
enothers These forces for example act between the hydrocerbon side
cheins of phospholipid molecules. This will determine the packing
of/
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of 1ipid molecules in the cell membrane, Studlies of artificislly
prepared monolayers of lipid, show the 1lipid molecules to exist in
two "phages" depending upon the pressure epplied to the monolayers
Under conditions of high surface pressure, thc molecules become
stacked almost perpendicular to the interface, In this phase, the
monolsyer exhibits some of the characteristics of a crystal, and is
stated to be in the anisotopic or “crystelline™ phases A4s the
surface pressure is relaxed, the molecules become less tightly
packed, end less perpendiculer to the interfaces In this state they
are considered to be in the isotropic or "liquid® phases (Dervichien
194,9; Reiss Husson 1967; Chepman 1966)s The lipid molecules
within cell membranes have recently been shown to exist on the
borderline of the trensition between the liguid end crystalline
phasess (Luzsati et el 1962; Byrne & Chapmen 196L4)s The esymet=
rical polar heed groups of the phosphollpid molecules composing the
cell merbrene have a permanent dipole structures The binding of

the hydrocarbon teils of these molecules within the membrane ensures
close packing of these phospholipids, and determines the orientation
of the polar head groups of the molecules at the membrang/medium
interface, For a layer of phospholipid molecules orientated
perpendiculer to the interface, the field produced by these molecules
will lie in the plane of the membrane, end will be gero at any point
normel to ite (Bitter 1956)e The field produced by the dipole
moment of the poler head group of & phospholipid molecule will decay
&8 the inverse of the cube of the distance from that molecules The
effects of this fiecld have therefore been neglected and considered to
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be of less importance than the fleld arising from the fixed surface
charge on the cell mewbrenes Some features of the behaviour of
ertificlial menbranes, and of living cells cannot be explained upon
the basis of surface ¢harge alone.

It hes been shown that chenges in surface pressure applied to
a 1lipid film will cause altcrations in the surface potentiel of that
£ilm, and that the penetration and solvation of substences such as
proteins in the film can be affected by 2lterstions in the surfece
pressures (Doty & Schulmenn 1949), Similar effects can be shown
by monolayers of non-poler lipids, such es cholesterol, and by polar
lipids at their isoelectric pointe These effects ere therefore not
simply due to the surface charge carried by the monoleyer. Studies
of the behaviour of a wide variety of living cells, including
emoebae and red cells, in artificially generated electric fields,
suggestthet the observed effects camot be explained on the basis of
the cell surface chorges (Furedi & Valentine 1962; Furedi & Odeh
1964) (Teixzeira Pinto et 21 1960)s Cherged inert perticles show &
different pattern of behaviour from that observed with living cells.

The lipid molecules of the cell membrane behave s molecular
dipoles, generating a fiecld et the membrene surface, If the lipid
molecules are orientated at right angles to the interfece, there will
be no field at points normel to the membrenes The presence of macro-
molecules in the vicinity of the membrane will distort the orientation
of the dipoles, which will align themselves along the local field
lincs arising from these accumilations of cherged macromoleculese
Even if the membrane is corposed of a tightly packed bileyer of 1lipid,
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the presence of macromolecules at the surface will ensure that a
field will exist at points normal to the menbréne. If the lipid
molecules are treated as ideslised poing dipoles (an assumption
vhich is valid for a dipole length which is smell compared with
intercellular distances), and the fields for the indifidual dipoles
ere summed to points ebove and below the mevbreane, & field strength
seversl orders greater than "kT" can be shown to exist at distances
greater than 1,000 A from the menbrene swface, If the field due
to the surface cherges is computed in & simllar menner, it ean be
shovn to have simliler velues et this distance from the cell swface,
Caloulations of the fleld strength in the immediate vicinity of the
menbrane, (up to 7 4 from the surface) show probsble values as high
as 107 newtons/ coulomb of charges These values ere high enough to
maintain water filled "pores™ through the membrane, and e&re more than
sufficient to eccount for the selective adsorption end passage of ions
through the meubrane, loreover et distances consistent with the
thickness of the ionic double layer, the field strength due to the
dipoles exceeds the field due to the surface chergess (See Frieden=
berg et al 1966, &, b, ¢,; Friedenberg 1967)

Fronm these considerations it can be shown that the rigorous
thermodynamic conditions obtaining in the vicinity of the cell swface
will result 4in an ordering of the molecular species, both solvents,
and solutes, at the cell bordere This will epply not only to ions,
but to any molecule having & dipole structure, for example protein
molecules, and water, The action of the field et the mexbrane
surface upon water molecules in the immediate vicinity of the meubrane

will/

kT* « The rendom thermel energy of the environment.



will be to polarise the dipoles of the water molecules which will
ti.en move towards the mamnbrane surfece and stack against ite The
stacked water molecules are present in an ordered erray, sometimes
termed "clathrate" or ice-likes The occurrence of such forms of
weter in blological gystems has alreedy been postulated for the
behaviour of exchangeable and bound water in protein moleculess
(Jecobson 1955)¢ One inportent feature of ordered structures of
water is the high viscoslty the presence of even small amounts of
ordered weter confers upon water in the bulk phese (Duryagin &
Churayev 1968)s The recent interest in water "polymers® has shown
that anomalous weter structures can be formed in glass or quarts
cpplllary tubeas This water hes a viscosity fifteen times greater
than that of normal bulk water, & higher density than weter, and a
lower freezing point (Villis et el 1969; Deryegin & Churayev 1968).
It is already known that the waeter inside the memmalian cell nucleus
exists in a form distinct from bulk watere

If water 1s present in an "anomelous®™ form in regions close to
the cell membrane, it could pley e significant role in determining
cellulsx interactionse As en example, snomplous water existing in
the cell cytoplesm would tend to confer & high viscosity to the cytoe
plesn resulting in & "gel® gtructures Since the presence of anomale
ous water is likely to depend upon the proximity of a cell membrene,
and the field arising from it, a change in the merbrane or its field
could result in e loss of the snomslous water structure, and its
reversion to water in the bulk phases This would tend to decrease
cytoplagsmic viscosity, and result in a gel to sol transformations
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In sumery the presence of en electric field at the cell swface
can account fors

8¢ The interactions of cells at distances greater than
1,000 As |

be The ordering of poler molecules &t the cell swface, and
the selective adsorption of proteins and ions by the cell perbrane,

ce¢ The redistribution of ions between the extracellular and
intracellular phasess

ds The orgenisation of the internsl moleculer anatomy of the
cell, its cytoplasm, end its orgenelles,

ee The specificity of the interactions between cellsy

The redistribution of the polar molecular specles in the
vicinity of the cell surfece is probaebly one of the edaptive
mechanisms of cells, encbling them to survive end function under
conditions differing from those obteining in the healthy intact
animeley The £bility of cells to adjust to the in vitro environment,
for example, reflects the cepacity of the heelthy membrane to adjust
the local enviromment towards the optimum in those environmentel
conditionss Failure to so adjust whether from biochemical distur
bances, structural deficiencies in the cell membrane, or extreme
conditions in the environment, will result in cell malfunction erd
eventual death,

bs The bulk environment,

It hes been shown that the locel environment of & cell is
produced by the intersction of two parameters, the composition of
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the bulk enviromment, end the structure of the cell membranes It
has also been sugrested that small changes in the bulk environment,
can be edjuated to by the cell mexbrane, and ere unlikely to produce
gross changes in the behaviour of cellss

The loas of this ability to adapt to changes in the bulk envir-
onment could occur through loss of menbrane integrity, or through
changes in the bulk environment too great for the local compensatory
ebility of the cell merbrene. The loss of membrene integrity can
be produced by the action of lipld solvents, heavy metal lons,
organic molecules such as formaldehyde and so one All these pube
stances prove toxlc to cells whatever their environments An example
of & gross change in the bulk environment, too great for the come
pensatory ability of the cell mesbrene, is shown by the effects of
saline sclutions of decreasing toxicity upon red cellss Such a
medium i1s deficient in both lons and macromolecules, end yct some
decree of adeption to these solutions is shown by the membrane,
resulting in the well known osmotic fragility curve,

The bulk environment of the cell in vivo is reguleted within
very narrow limits by the concerted actions of 21l cellss The
spechlised organs of regulation are the lung and kidney, but all
cells contribute directly to this regulation by the cellular processes
of pinocytosis end ion trensports Thus the composition of the
extroacellular fluid is meintained in the face of a changing external
environment,

The macyrophage is one of the mejor contributors to the processes
of homeostasise It removes sclectively thc deed and demaged cells,
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which by their presence prejudice the survivel of others, end will
also remove substeances such as fibrin from arees of inflammation,
Its role in the removal of becteria and the detoxification of toxile
materials is well known, It has recently been ghown that the
macrophages of the liver will selectively ingest damaged organelles
in intact but injured parenchymel cellss (Stusrt et al 1969)s

The composition of the externel enviromment is important for
two principsl ressons, firstly it contributes these ions and mecroe
molecules from which the cell orders and madntsins the local
environment, and, secondly, since the volume of the local environment
of the cell is zmell compered with elthcer the intracellular or extra-
celluler volume, it provides en important "buffering® mechanigm,
reducing the degree of which cells have to adapt, thus extending their

range of functions

ce The structure of the mesbrene in reletion to the
~Lnvironment.,

There is a tendency for 1lipid substances, in particuler the

phospholipids which ere univeral constituents of cell menbrenes, to
esgociate in micellar structures in the presence of waters These
micelles are composed initially of smell globules of 1lipid surrounded
by waters The polar hydrophillic head groups of the phospholipid
molecules dissolve in the aqueous environment, while the hydrophobid
"tails" assoclate in the central region of the globule, Addition
of further phospholipid to the system cfuses an enlargement of the
area of contact between the aqueous end hydrophobic phase, The
globule is therefore no longer the most stable form of lipid, end
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the molecules reassociate to form a variety of tube~like structures,
and eventuelly sheetse (Lucy & Glauert 1964)e If these ctructures
ere fixed and sectioned in the usual wey for electron ricroscopy &
unit menbrene corresponding in its dimensions to the plasma mewbrene
of cells is seens (Henn et el 1967; EDangham 1967; Fernadez-iioren
1964 )¢ Studies of these™myelin forms" of phospholipB suggest that
they are energetically the most stable forms of phospholipid in the
equeous enviromments (Heydon & Teylor 1963; Velss 1963)e To be
stable this errangement of phospholipid should exhibit a minimel
interfacial tersion along the plane of the leaflets Vthen the
interfacial tension of the phospholipid bilayer reaches zero, the
ecdition of further molecules of phospholipid will slmply cause en
enlargement of the arcas of contact between the squecus and hydro-
phobic phase, that is an enlergement of the phospholipi sheet will
occure The interfacial tension is a complex function of such
merbrenese Unlike the swface tension in a sirple liquid/air or
1lipidfwater gysten, two sepsmrate sheets of molecules here interact
through a hydrophobic phase to produce & single unite The tension
of this unit is therefore the algebreic sum of the two opposing
surfece tensions, and merely reflects slight differences in the
equeous environment between the two sides of the bileyers The
surface tensions of cells, hove been ghown to be of a very low order,
in the region of 0,02 = 2 dyney/ cme (See Eexvey 1954)e These
ectual tensions ere much lower than tliose predicted for monolayers of
1ipid from the behaviour of lipid films at an o0il water intexfaces
This lead to the proposel by Harvey & Denielli (1938) that a layer
of/
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of adsorbed protein was needed to account for the low interfacial
tensions observed for cells. The date of Haydon and Taylor (1963)
have shovm that in e bimolecular membrane the tension developed
elong the plane of the leaflet facing the exterior of the cell will
be almost exectly balanced by the tension developed by the second
leaflet towards the cell intericre The net tension, which 1s the
elgebraic sum of the two individuel leaflet tensions, therefore,
reflects merely the slight differences in composition between the
externel end internsl environments. addy & Melcolm (1965) have
moreover confirmed the sbsence of the extended protein sheet, as
proposed by Hervey & Danielli, at the surface of red cells,

All cell membrenes so far examined contein proteins.s The role
of proteins in the structure of cell membranes is uncertein, It
has been suggested that one possible type of mermbrane protein is come
posed of two hydrophilic peptide regions wildely separated by a
central hydrophobic region in the centre of the molecule, (W%allach
et al 1966)s The protein molecule is thus envisaged as penetrating
the membrane, its polar groups remeining on or near the swfacese.
The proteins of the red cell membrene have been extensively studied
by Maddy (1966 2, b, ¢,; 1964), The weight of protein present in
the red cell membrane is one to two times the combined welght of the
1lipids in the membranes It is therefore quantitatively the most
important portion of the cell membrane. A proportion of this
protein is engyme protein. The proteins of the red cell membrane
can be extracted by butenol, surgesting that they may be hydrophobic
in part, and that they probably contein lipid, Froteins from the
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environment are also adsorbed to the surface of cells, and some ere
so firmly bound they must be considered as a part of the membrane
propers (Gremblich & Muller 1963)s The study of frozen, frectured
cell membrenes has revealed a structure consistent with the dilayer
structure originally proposed by Harvey & Danielli (1938), There
sre some globular subunita revealed by this technique which could
be protein in nature, The mmbers of these sub=-units varies with
the cell and orgenelle from which they are obteineds (Brenton 1966).
The present concept of the cell membrane is that of an extended
bilayer of phospholipid, protein, end cholesterols Since the
phospholipid layers of the cell membrane contain the smellest
mubers of molecules theoretically necessery to form a coherent
layer, the term "peucimolecular* bilayer is often useds The polar
groups of the phospholipid molecules ere directed towards the
internsl and external aqueous environments, The hydrophobic fatty
eacid side chains of the phospholipids are in the centrsl region of
the membrane, which also holds the cholesterol in solution, Protein
molecules are present as adsorbed swface layers on both sides of
the menbrene, These proteins eare globular, very little protein is
present as an extended sheet, Some structurel protein occurs
within the bilsyer, either as penetrasting strands, or as enclosed
globuler sub-units within the hydrophobic layers of the membrene.
The 1ipid components of the membrane are packed in close arrey,
exhibiting the characteristics of monomolecular films of 1lipid under
high surface pressure. The interfacial tension of such & mexbrane
is low, (For reviews see Maddy 19663 Parsons 1967; Robertson 1960
Stoeckgnius/
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Stoeckenius & Engelmen 1969),

In considering how two such maﬂ:ranea might interact at a
distance, it 1s necessary to exemine some of the properties of the
merbrane consistent with this structure, It has already been showm
that this structure should exhibit e low interfacisl tension, This
interfaciel tension is to some extent dependent upon the constitution
of the surrounding medium, and the cell membrane in consequence is
likely to be sensitive to the presence of surfece active agentse
Thus the presence of aliphatic acids, elcohols, enionic or cationic
detergents in the vicinity of the membrene should produce chenges in
membrene structure, and the nature of thcse changes can be predicted
from the structure, The ection of saponin, e& substance which will
react with cholesterol to form sn insoluble complex, hes been descri-
bed by Dourmeshkin, Dougherty & Harris (1962)s Other surface active
agents ceuse complete disruption of cell membranes, These substances
act by penetrating the lipid bilayer, and solvating in the hydrophobie
region of the merbrenes, Since they sre also pelar substances, water
molecules will be introduced into this region, ceusing the membrane
to disrupt into micelles with an hydrated interiors The predicted
behaviour of the membrene in the presence of materisla capeble of
penetrating the bileyer hes been shown for G- tocopherol acetate by
Lucy & Dingle (1964)s It may therefore be concluded that the
memralian merbrene approximates well to the paucimolecular phospho=
1ipid bilayer as far as surface energy considerations epplye

The surface structure of the membrene will posses the capacity
to bind icnic groups present in the enviromment. This capacity
determines/



~38=

determines the thickness and conmposition of the ionic double layer

at the mexbrane surface, The presence of bound "clathrate” water
structures a8t the surface will obviously alter the ionic concentration
at the surface, and the degrees of hydrstion of ions in the vicinity
of the membrene, (Freidman 1966; Jehle 1964).

ds Mechanisms of cellulor intcractions,

when two cell membrenes epproech one enother, chenges will occur
in the medium separating the cells, and in the membrenes of the cells
themselves, The cell mecbrane hes been described as a molecular
bilayer composed of closely packed poler phospholipid molecules,
end bearing upon its surfece & layer of mucoprotein contributing an
anionic swface charges Studles with physicel systems have shown
that when two charged plates are brought together in & medium con=-
teining electrolytes, the displecement of water and electrolytea
between the plates give rise to "streaming™ potentials which tend to
resist the close approach of the two platess These atreaming
potentials occur becsuse of the displacement of the ionic double
layers in relation to the fixed charge upon the surface, The
resisting force opposing this displacement is called en electroviscous
forces, %hen the distances between the approaching plates ere very
smaell, en edditional viscous force due to the displacemént of water
molecules will &lso occurs Both these forces will tend to slow the
epproach of the two swfacess Experiments using quartz eand mica
sheets have shown that a considersble time is required for the estab~
lishment of equilibrium seporation, when the distances separating the
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plates is of the order of 100 As (Elton 1948)e These results
indicate that for a2 cell gystem, the epproach of two membranes
within 200 A of one another would requires

gs A strong attractive force between the membraness

be A long time for the equilibrium separation to be reacheds
Obviously the system involving two cell membrenes is more complex
than that involving sheets ofdrganic materislse In particuler,
the character of the viscous and electroviscous forces between two
epproaching cell membranes will be of importance in determing both
the rate of epproach and the finel distence sf separations Unfortun-
ately, the characterisation of the viscous and electroviscous forces
acting between cell mermbranes is &t present not technically feasible,
end there has been very little consideration of thelr effects in
intercelluler interactionss (Curtiss 1967).

The attractive forces acting between cell membranes can be
considered as originating from two sources, firstly the field produced
by the Ven der Faals-London oscillating atomic dipoles and secondly
the much stronger field produced by the internel dipoles of the polar
molecules, such ea phospholipid, composing the membraness The sction
of these fields i1s not necessarily elways attractive, That due to
independently rotating (free dipoles) is attrective, but the ettracte
ive nature of fixed molecular dipoles depends upon the mutual
orientation of these dipoles in the opposed membranes. For the
purpose of this discussion these forces ere presumed to be ettractive,
The exlstance of long renge Van der Veals forces of attraction hes

Titijevskaia, Abricossova, and Makkina,
been shown end their effects measured by Derjaguin/(1954) for a

physical/



physical system erploying two glass plates. The forces between the
plates were measured at smell distences of separation, in a vacuum,
using an elsborate microbalance, Their effect is most marked for
slight .seperations, in the order of a few engstrom units (up to 100
A) end fells off repidly et distances greater then thise The con=
tridbution of Van der Waals forces to the attraction between membranes
is probedbly insignificant, although their contribution to the internal
stebility and arrengement of the molecules within the membrane is of
peramount inportances

The major sttractive force scting between cell membrenes is
elmoast certainly that due to the fiecld corigineting in those molecules
having a permanent dipole structure due to bond essymetrys These
forces have been extensively investigated from the theoretical aspect
by Friedenberg, Blatt end Galluchi (1966 e, b, ¢) end by Friedenberg
(1967)s From their investigations it eppears that the fields
produced et the merbrane surface will begin to interect when the
merbrenes are sepereted by distances of up to 2,000 A¢ The ection
of these ficlds will be to attract one merbrene to the others (See
above,) At large separations the forces of attraction will be
relatively weak, but incresse in strength as the membranes approach
one another, At close separations of the order of 100 to 200 A, the
ionic double layers st the cell surfaces will begin to interact, and
the viscous end electroviscous forces will slow the further approach
of the membrsne until an equilibrium position is reached where the
attractive forces ere balenced by the repulsive electrostatic forces

due to the cell surface cherges
The/
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The forces already considered, that is the viscous and electroe
viscous forces, the electrostatic forces arising from the surface
charge, end the field effécts, determine the epproach of perticles,

- and the polnt et which equilibrium separation is reachede They do
not initially account for the reaction on the pert of one cell which
follows the close approach of anothers Examples of such reactions
are the phenomena of contact inhibition, the menbrane changes
following fertilisation of the ovum, and the propegation of 2 nerve
impulge across the synaptic gape There sre two important and related
ways in which these effects can be considered without eltering the
basic sasswptions relating the field effects to the approach and
adherence of whole cells,

The 1ipid within the cell menbrane is in a “liquid crystalliine®
state, on the point of transition between the 1llquid state and the
crystalline states (Byrne & Chepman 1964)e The persmeters of
interfacial tension, surface potential and surface field strength,
are all dependent upon the phase statc of the 1ipid molecules within
the membranes Changes in the phase stete of the mesbrane could
therefore elter any of these parameterss As already discussed,
the field strength, swrface potential, and interfacial tension ere
all inportant in determining how one cell membrane reacts to another,
Smell chenges in phase stete, causing for exsnple changes in the
orientation of the polar groups of the phospholipid molecules, would
modify the fleld produced by these molecules at the cell surface,
and could greatly alter the rate of epproach, or the position of
equilibrium between two cell surfacess The end result of an
elteration/



slteration in the field at the swface of the cell could be
proportionally greater than the initial distwrbance initlating the
chenges A system of this type, where smell changes in one part

can cause large changes in the whole has been celled a "co-operative
System® (Hill 1957)« Changeux, Thiery, Tung & Kittel (1967)
proposed that phase changes in a menbrene might be brought about by
& change in the concentration of a substance &t the cell surfaces
Theae concentration: changes ﬁght be reflected in, for example,

the adsorption or desorption of substences et the cell surface, or by
the conbination of & substence with the membrene itselfs For this
hypothetical substance they introduced the term "ligend" to denote
any proton, ion, or specific chemical substance which by adsorption
desorption, or chemicel conbination with the menbrane could cause a
phase Itramition in that membranes The types of commonly occurring
biologicel substances which could be called ligands, are the gynaptic
tranamitters acetyl-choline and nor-adrensline, proteins, such aa
ingulin, end specific ions such as sodium and poteassiume These
molecules by conbining with & meilrene in one phese state could cause
either temporary or permanent phase trensition in that merbrane, and
by so doing could alter its propertiess FPossidle alterations could
be elterations in surfece potential, inductlon of edsorption or
desorption of other substances in the vicinity of the menbrane,
alterations in meibrene permiability, and elterations in the field
structure of the membrene, Contact between merbrane and ligend
could result in either temporary or permenent alterations in menbrane
structure and reactivitys The menbrane could 2ls0 be regarded as a
transducer,/



transducer, or amplifier of a certain sensitivity to one particuler
substance or 1ligand., (Gingell 1968),

The second way in which the approach of & cell might produce
changes in the merbrene of an opposing cell, is by the induction of
ficld changes between the two cells, If the field at the cell surfe
ace has a particular conformation and strength due to the orientation
of the menbrene dipoles, end the pattern of fixed swface charge,
the espproach of another particle or swrfece with a high field strength
would result in changes both in the pettern of surfece cherge, &nd
in dipole orientations The mobile ions, and the molecular dipoles
would polarise under the influence of the combined fields, and the
direction of their dipole moment would orientete at right angles to
the field liness The field patterns between two such particles .
would vary in & conplex manner &g the merbranes epproached one
another, and the direction of orientation of the dipoles in eesch
membrane would follow the changes in field patterne If the conbined
field strengths were great enough, the direction of the molecular
éipoles could be sufficiently displsced to cause & phase chénge in
the membrenes 4Alterations in field strength can elso be caused by
ligand binding, so in this sense the effects produced by ligend
binding, or by alterstions in fleld strength would be equivalent.
(Hi11 19573 1967; Changeux et al 1967).

It can therefore be seen that the spproach of a particle or e
cell to another cell chenges the reasctivity of the menbranssinvolved
at e distance, The cell menbrane is & "co-operative system™, and
therefore such chenges ere amplified by the membrane, and translated
into/
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into changes in metebolic activity (as in nerve synapses), chenges
in mobility (as in contect inhibition) or chenges in surface tension
(2s in the fertilised egg)e It can now be shown that the changes
occurring in the mecrophage in the process of phagocytosis can be
explained with reference to mesbrene changes induced by particles or

cells at & digtance,
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7 = Tl CILRACT.RISTICS OF LEE FILCOCYTIC PROCESS.

a, Selectivitye

The literature on the subject of phagocytosis reflects the
interest that this subjJect commands in bioclogye. Major reviews of
the subject have been made by Mudd, MNcCutcheon, and Lucke (1934)
Suter (1956), end Berry and Spies (1949)« The metebolie changes
occawrring during phegocytosis have been reviewedby Karnovsky (1962).
Two main aspects of the phenomenon have received close attention,
The first has been concernmed with the effects of alteration in the
bulk environment upon the phagocytic proceass The studies in this
field have led to the investigations of such verisbles ag pH, the
actions of ionic substences, and temperature upon the phegocytic
process, The second part has been concermed mainly with the
"selectivity" of the process, snd studles in this field have con=-
tributed much to the knowledge of opsonins, end the role of specific
antibodies in phegocytosise FPhagocytosis has been defined as the
engulfment of a perticle by a cell accompanied by the expenditure
of energye. The mechanism of engulfment is the unique feature of the
phagocytic processs It hes been shown that only & few specialised
types of cell can react to & particle or another cell by this
mechaniam of engulfment, The other featuresof phagocytosis, its
“selectivity®, is not unique &3 2 cellular phenomenon, All the
common processes Of cells ere selective in natures The tem
*selectivity®™ is syntactically ineccurate, but hallowed by long and
repeated employmente The selectivity of phagocytosls is not an
active/
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ective process in the sense that tam implles, Enzymes select their
subsirates by methods involving physiochemlcal intcractionse The
selectivity of the macrophage membrane for a perticle is determined
by m&tly similar physioochanical processes, and is therefore not
"purposeful” as an active selective process micht be, The first
- reclly sccurate descriptions of the phagocytic process were made by
Rhurbler (1914)s He described four mechanisms by which amoebae
were seen t0 ingest food perticless These mechenisms can be listed
agy |
1, Sinking of the perticle into the cell efter contact with the
merbranes
2+ A flowing of the cecll cytoplasm sround the perticle,
3+ Phagocytosis by the production of pseudopodis, and the enclosing
of a food cup containing the particles
4y Invegination of the cell cytoplasm at the point of contacts
Mommellian macropheges ingest perticles primarily by the first
end second methanismss The ingestion of entibody coated particles
occurs principelly by the £irst mechanisms lexmont, Pitl;:n, Negrini,
and laietta (1958) have described a further mechenism of phagocytosis
of entibody coated perticles in which the phagocytic act is preceded
by the attachment of meny perticles to the surface of the macrophage,
forming a rosette (en couronne)y The subsequent uptake of these
perticles is always mutliple. |
Bacteria have also been shown to be phagocytosed Ly the fourth
method of cytoplasmic invagination et the point of contact (Hirst
1965) s Fenn (1922) described a further type of phagocytosis in which
the/
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the particle is incompletely phegocytoseds This he called Portial
phagocytosise It appears 1o be a corparatively rare events

The phegocytic mechenisms can be alt:red by the presence of
swbstances called "Opsonins®™ in the mediums An opsonin can be
def'ined as & substance of no particular chemical configuration or
clags which has the property of facilitating phagocytosises This
definition is too broed to be useful, end for the purposes of thias
thesiés an opsonin will be defined #s any substance occurring naturelly,
or as & result of specific immmisation, in body fluids, which
facillitates phagocytosis by combining with the surfece of the particle,

The phrgocytic process is truly “selective®s (Femnn 1922)
showed that phagocytic cells would preferentislly ingest nengenese
dioxide particles when presented with a mixture of mengenese dioxide
end quartze They would also ingest carbon perticles in preference
to quertz (Fenn 1320) 4

Phogocytes in vitro will ingest aged and injured red cells in
preference to fresh and healthy red cellse (Stuert & Cummsings
1968)» Foreign red cells are phagocytosed in preference to homolo=
gous red cells (Ealpern et &l 1957)e¢ lMany workers hove stressed
the importence of opsonins in determining the selectivity of the
phagocytic processs It has recently been showm thet erythrocytes
cen selectively adhere to macrophages in the absence of serum proteins
end hence of opsonins (Rebinovitch 1967 &; Habeshew personel cbservas
tions)e The same author showed that aldchyde treated red cells
coated with antibody, which has opsonic activity, were phagocytosed
in the sbsence of serum (Nabinovitch 1967 be)e This implies that

opsonins/



opsonins facilitate the act of phagocytosis itself, ond pley no part
in the "selectivity® of the process, The discriminatory ebility of
the mecrophege must stil) epply even if opsonins are required for
phagocytosls, the discerimination then belng between a particle coated
with an opsonin, and one that is nots A study of erythrophagocytosis
in the ebsence of specific antisera showed the discriminatory, or
"aselective” 2bility of mouse mocrophages towards the red cells of
other speciess The rore distant the genetic relationship between
the erythrocyte donor, and the macrophege donor, the greater was the
percentege of erythrocytes ingesteds (Perkins & Leonord 1963),

It can thus be established that phagocytosis is a truly selective
process, which in its sensitivity is equivelent to the other selective
processes of cellse The sensitivity of this process can be measured
in the sense that smnll pgeretic differences expressed in terms of
cellsurface structure can lead to phegocytosis (Perkins & Leonard
1963), minute amounts of antibody cen be detected upon the surfaces
of cells (Mollison & Hughes Jones 1967), end degrees of merbrane
injury undetectable by other simple means, will readily leed to
phagocytosise (Stuart & Curminga1967) «

be The effects of the enviromment on phecocytosise

The environment effects phegocytosis, and has been extensively
inpestigateds (See Berry et al, ludd et al), Among the environe
mental agents studied have been the hydrogen ion concentration, the
effects of cationic substances, and simple organic compoundse

The pi optimum for phagocytosis appears to lie between 6.5 and

8e%
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85+ Some phagocytosis occurs outwith this range (Tucker et al
1963; Ouchl et el 1965)s Particulerly interesting were the cbservae
tions of Evans (1922) who showed & decrease in phagocytosis with
decreasing pHe Mineral acids were much less effective in decrensing
phagocytosis, than organic acids at the same p. This waa thought

to be due to the greater partition coefficlents of the organie acidg
in the 1lipid membraones Fenn (13923) showed masdimel phagocytosis of
quartz perticles at a pH of 7,0, and carbon pzrticles et a pH of

760 to Te3e

ThepHl optimum for phegocytosis by leukocytes in suspension, as
campared with a monolayer on glass, was on the acid gide of neutrality
at pH of 647¢ Fenn explained the effects of pH on phegocytosis by
obsexving the depressant effect of pH changes, particularly on the
acid side, upon the mobility of the leukocytes employeds (See also
De Haan, 1921«22),

Temperature chenges have elso been shown to effect the rate of
ingestion and the total quantity of perticles ingested by mecrophages,
The rate of phagocytosis was optimel between terperatures of 20° and
27°C, for the ingestion of quertz perticles by rat macrophages,
(Fenn 1922), Harmon et al (1946), showed that phagocytosis of stephe
lococcus awreus by gulnea pig polymorphs was optimal at a tamperature
of 43°C, Gecreasing thereafters

Extensive studies of the role of ions and simple organic wme
pounds in phagocytosis were made by Radsma (1918; 1519«1920)s He
showed that sodium lodide inhibited phagocytosis, but this effect
wag reversible by sodium bromide, He 8lso studied the ed'fec‘.';a of
th_e cationic metals upon phagocytosis, showing that thelr efficacy
i/
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in promoting phegocytosis could be represented by a serles

.= K=Fb »Cs «Li, INognesium chiloride was found to stimilate
phagocytosis in some concentrations, inhibiting it in the higher
concentretion renges (Egcers 1909)e  The effects of most of the
enionic capounds studied by Tadame 1s now thought to be due to their
ebility to inhibit the engymic processes accompenying phegocytosise
Todide certainly inhibits phegocytosis by its interference with cell
metebolisme {(Kernovsky 1962),

Similarly the effects of m eny of the organic substences studied
can now be explained with reference to their effects upon the cell
meribrenes  Henburfer (1912) studied & series of corpounds having the
cormon property of hich fat solubilitye He found chloroform end
idoform both increased phagocytosis, and had the property of restoring
phagocytic ebility to cells long exposed to sodium chloride solutions.
The concentration in which these two substences effected phagocytosis
was between 1 in 20,000, to 1 in 5 millione

Chlorel hydrate, ethyl alcohol, Nebutyric acid, and Nepropionic
ecid all increagsed phegocytosis in low concentrations, and inhibited
it in high concentrations, The results of Herburger have been
questioned 4n regard to the properties of chlorel hydrate, and ethy}
alcohole (Arkin 1913; Di'arco 1922)s 1lMany other substances have
been studied, including the sulphonamides, tonnins, heavy metel salts,
pleric ecid, formaldehyde and fatty acldse Most of these have been
shown to be without significent effect. (See Berry & Sples 1949)«
Iong chain fatty acids {(C6 to C10) were found to incresse phagoe
cytosise (Fethke 1939)s From these studies it eppeers thet
phegocytosias ¢an be stimilated by trece amounts of 1lipid solvents
{ Chloroforny/
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(chloroform and idoform), monobasic aliphatic acids and certain ions.
Phagocytosis can be inhibited by organic acids, mineral acids,
C2 to C6 aliphatic ecids, and dibaesic fatty acids. Lipid substances
can be shown to stimlate phagocytosise Munder & Fischer (1965)
have shown that the eddition of phospholipid to mecropheges in an
inactive state will stimulate phagocytosis. Cooper & Vest (1962)
and Cooper (1964) have described the stimuletory effects of trigly-
cerides upon the phagocytic process. Some 1lipid esters, notebly
cholestercl oleate, and ethyl palmitate will depress phagocytosis in
vivo (Stuert 1962; Stusrt, Biozzi, Stiffel, Halpern & Mouton 1960).
The phegocytic reaction is relatively insensitive to changes in pH,
and ionic econcentration, Sodium ion, and some divelent cations
secn to be essential to the process. (See De Haan 1921-22),
(Metzger & Caacrett 1367) . The cherascteristics of the simple come
pounds inhidbiting or stimlating phagocytosis suggest they act through
& comnon mechénisme This mechanism may be the alteration of the
structure or dynamics of the cell mesbranes The insensitivity of
the process to changes in pH and ionic concentration, mey reflect
the stebility of the local environment at the macrophage surface,

¢« The role of opsonic substances and mAcromolecules.

The term "bactero=opsonin® was coined by Almoth Wright to
describe those factors in serum that facilitated the uptake of micro-
orgenisms. The term wes elso used by Hektoen (1906) to describe the
imune antibodies which facilitated the upteke of red cellss An
opsonin is defined, for the purpose of this thesis, as any substance,

occurxing/
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occwrring naturally, or as & result of specific immnisation, in the
body fluids, which will combine with a particle, and by so combining
will promote phagocytosis of that particles This definition excludes
reactants such as the cytophilic entibodies, recently described by
Jonas, Guerner, Nelson end Coorbs {1965), and Berken & Benacerraf
(1966), which will promote phagocytosis of a particle, but achleve
this by confining with the macrophege swface prior to reaction with
the perticles There are three principal ways in which opsonins are
held to promote phagocytosis: firstly by chemotaxis or direction of
the mecrophege towards the perticle, secondly by promoting the
edherence of the particle to the mecrophege, and thirdly by acting
upon the membrane to fevour a phagocytic reaction by eltering intexr-
faclial tension or lowering the surface cherge of the particle,

Chemotexis by macrophages hos been described by Jacoby (1937),
Bessis et al (1965) Pulverteft (1961) Harrds (1953) and Keller &
Sorkin (1968)« Jocoby showed fowl monocytes to be attrected towards
dead monocytes in cultures Pulvertaf't showed chemotaxig of macro=
pheges towards thyroid cells damaged by cytotoxic antibody and
complement. Keller & Sorkin (1968) heve reviewed the wevidence for
chemptaxis of leukocytes. Although it has been established that
chemotaxis, or something like it, occurs withreference to the mecro-
phege, it remeins unproven that this reaction is mediated by any
substance classifisble &s an opsonin. The reaction between a particle
end en opsonin mey release from serum a chemotatic principle, or
"cytotaxin® specific formthe mecropheges (Wilkinson et al 1969(.

Adherence between an opsonised perticle and a mecrophage can be
studied/



studied in preparatiors in which the phagocytie part of the event

is inhidbited by the presence of metebolic inhibitors. Thus if the
opsonin coats the particle thereby rendering it "sticky", particles
can be demonstrated to adhere to the macrophage surface in the
absence of eny subsequent phagocytic reactions Adherence of
particles to the surface of mecrophsges can be shown to occur with
the so-called "natural entibodies® (Brumfitt 1965), specific none
cytophilic antibody (Uhr 1965), specific antibody end bound complement
{Nelson 19655 Hess et &l 1968) and cytophilic antibodies (Berken &
Benecerref 1966)s This latter group hes been excluded from the
definition of opsonins, since these entibodies bind first to the
surface of the macrophage and subsequently promote adherente of the
antigen to the macrophage surface, Adherence can cccur between
certain perticles and macropheges in the absence of serum proteln,
Sheep red cells adhere to mouse mecropheges in the sbsence of serum
(Nelson 1963), and aldehyce treated red cells will adhere to mouse
macropheges without the intervention of opsonins, but will not be
phagocytosed, (Rebinovitch 1967 &)«

The upteke of colloidal perticles in-vitro and inevivo has been
shown to depénd upon serum factors which ere not antibodies.
Depletion of these serum factors by repeated injection of one type
of perticle, results in eventual failure of phagocytosise This state
is called reticuloendothelial "blockade™, Usuelly blockede is
specifioc for one type of particle, but occasionslly competetive
blockade between two t;pes of psrticle competing for one opsonin can
ocour (Helpern 1967)s Inorganic particles emtering the blood streem
of/
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of an aniral become immedietely coated with serum protein,

Enisely (1948) showed that carbon suspensions injected into the
blood streem of the frog became immediately coated with fidbrin, and
were thereby opsoniseds A simllar coeting of fibrin upon phagoe
cytosed bacteria hes been describeds The fibrin coeting these
perticles is of itself repidly phegocytosed in mammels, while fibrine
ogen is nots (Lee et 21 1962)¢ No opsonin wes needed for the
ingestion of polystyrene spheres (Sberra et al 1959) or for dematured
huren serum elburdn (Sbarra 1966)s Bentonite particles eppeared to
be opsonised with gameglobulin (Slopeck et &l 1960) end this
opsonisation is more effective in the presence of complement,
(FPotter and Stommermen 1961)e Carbon and starch particles require
the presence of serum for efficlent phagocytosis, and upteke here is
presumebly opsonin dependents (Kelson 1956)s The Kupffer cells
of the liver ere more dependent upon opsonins for the efficlient
clearence of perticles than the macrophages of the spleen (Biozzi
et 21 1955)¢ Di Luzio (personal commmication) has identified the
opsonin for particles of barium sulphate as en aip}m-globulia, in a
gystem employing liver slices as a source of phagocytess

The in vitro sbility of the mecrophege to recognise red cells
coated with S, Typhl Vi, and O antigens is dependent upon opsonins
chazacterised as garmaglobulins, Early post-immmisation serum,
containing macroglobulin, promoted the adherence of bacteria to
mecropheges, while sera cbtained in the later steges promoted phagoe
cytosis, in serum free media, (Levenson & Braude 1967). The
opsonin for a variety of bacteris hes been gshown to be either mecro=
globulin/
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globulin (Rowley et al 196L) or immne gemma globulin (IgG) (Lee

et al 1968)s It hes been shown that free antibody will compete with
bound entibody for receptor sites at the macrophage surfaces (Huber
et a1 1969).

The role of opsonins in the upteke of effete homologous and
heterologous red cells has been investigated by Perkins & Leonard
(1963), Vaughen (19633 196L; 1965 &, b)s Lee and Cooper (1966)

(Lee 1968) end Bennet 1963)s Perkins showed that opsonins were
unlikely to account for the behaviour of mouse macrophages towards a
variety of foreign red cells by ebsorbing the serum carefully with
the test perticle before performing the experimentse Vaughan (1963;
1965 6) demonstreted thet phagocytosis of foreign red cells by rebbit
polymorphonuclear leukocytes and mecrophéages was dependent upon both
heat steble end heat labile serum factorss The heat labile factor
was CI cormponent of complement while the heat steble factor was a
geama globuline Absorption of the serz with the test particle did
not interfere with the subsequent wptake of other types of red cells
Vaughen and Boyden elso showed that the uptake of homologous effete
red cells by mecrophages was dependent upon & cytophilid factor in
serum, which was 2lso present upon the macrophage swrfaces (Boyden
& Vaughan 1964) s Experiments by Stuart & Cummings (1969), confirmed
the ability of the mouse mecrophege to distingulsh between the
injured and healthy humen red cell in & heterologous systeme The
cpsonie factors were not characterised for this systems

The role of the opsonins in phagocytosis mey be summerised es
follows:

1s Opsonins are required for the phagocytosis of bacteria by poly=-
morphomiclear/
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morphomiclear leukocytese
2y Opsoning for bacteria mey be naturally occurring serum proteins,
for exarple fibrin, natwrally occurring antibody, or immme. entibody
of both classess lMacroglobulin antibody is a more efficient opsonin
than IgGe
3¢ Inert particles mey require no opsonin for uptake or require a
coating of serum protein which mey be fibrin, elpha globulin, or
gauma globuling
4s Opsonins are probebly not required for the uptakeof foreign or
effete red cells by macrophagess The requirements of opsonins for
other cell types has not been detexmineds (See Veughan 1965 a, b)e
Much of the evidence concerning the role of opsonins in phegoe
cytosis is confused and contradictorye Several sources of confusion
can be identified in the literetures These arise froms
1+ The type of phagocytic cell studieds It is clear that the
polymorphonuclear leukocyte has an ebsolute requirement for opsonins,
for the phagocytosis of any particles
2¢ Results vary with the methods used to assess phagocytosise
3s The requirement for opsonins veries with the in vitro methods
for reacting the particles with the phagocytic cells, For example
macrophages in suspension require opsonins for efficient phagocytosis.
If ellowed to settle and adhere to glass, for 18 to 24 hours, they are
capeble of phagocytosis of S.Tiphl in the sbsence of serum (Suter et
&l 1964)s This phagocytic cepacity mey persist for leng periods,
(Chang 196L) in the ebsence of serum (Feuve 19614),
Les The interpretation of the term "opsonin® is wide, and few workers
have actually defined it. Cytophilic antibody is hot here included

i/
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in the definition of an opsonin, since it reacts primerily with the
racrophage surface,

Despite the effort devoted to the stuly of opsonins there is
remarkebly little speculstion as to how they might acts (Nungester
1952) suggested that opsonins might reduce the swface charge of the
perticle with which they corbined, thus facilitating epproach of that
particle to the macrophage surfeces He was umable howevor to obtaim
a consistent relationshlp between reduction of suwrface charge, and
susceptibility to phagocytosis. Ponder (1927-1928) discussed the
relationship between surface potential end phagocytosis, concluding
that the swrface charge was unirportent in promoting or faciliteting
phagocytosis of any but the smellest particless He surgested that
modification of the surface tension and c¢ytoplasmic viscoslty were
effects more likely to facilitate phagocytosise There is no direct
evidence that opsonins lower the surface or interfacial tension
between the particle and the meerophage, but surface active agents
have been shovn to stimilate phagocytosis in the eppropriete con-
centrationss (Berry & Spies 1949)s It has recently been shown
that antiered cell antibodies will lower the swrface charge of red
blood cells, es studied by eell ele€trophoresiss (Sachtleben 1965) .
Both sgglutinins end heemolysins (immne antibodies) were found to
produce similar decremses in electrophoretic ebility, while it has
been shown thet only irmune entibodies will stimmlate erythrophagoe
cytosis 4n vitro, (Stuart, Davidson & Cummings 1967)a

de The modes of action of these veriebles upon the
ic Ce8S e
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It has been shown how cell mesbranes could react with each other
at a distance, and that the merbrane orders the local extracellular
environments Doth these properties are consequences of the structue-
ral and metebolic integrity of the membranes In any phegocytie
reaction the merbrzne of the mocrophage may be considered the primary
or principel reactents It 1s essentisl to the study of phagocytosis
to consider how membrene structure can mediste between changes in the
external environment occesioned by the epprosch of & particle, and the
biocherdcal changes which eccompany phegocytosise

Changeux, Thlery, Tung & ¥Yittel have proposed thet phasme changes
in a cowoperative system result in modified menbrane activityes They
resoxrd these changes as being produced by a specific substance or
1igand which can interact with the merbyranes (Hil1 1967) proposes
that the phase change in the membrene is secondary to & change in the
field structurey although the resulting phese change from this will
have equivalent effects to those produced by ligand bindinge Ligand
substances are conceived as molecules which by interacting with the
merbrane produce chenges in the orientetion of the 1ipid molecules
composing that merbrenes Thelr interaction will principelly affect
those charascteristics of the menbrane most dependent upon the
structural arrengement of molecules within the membrane, The ficld
sirength, surface potentizl, and interfacisl tension ere the most
likely parametcers to de affecteds Many possidble ligends heve been
biologically identifieds #i1llmer (1966) hss showm how steroids of
various configuretions could interact with the 1lipid bilayers of cell
menbranes to produce dif'férent petterns of pecking of the lipid molew
culess Synthetic polypeptides such es elemethicin, end naturelly

occurring/



occwrring polypeptides of uncertain structure, will interact with
artificlal and natural membranes to produce changes in electrical
resistance, permisbility end conductivitye (Mueller & Rudin 1968;
Seufert 1965)« Insulin will react with the cell merdrane to increese
" 1ts permeadbility to glucosee

A mrber of substances, termed inducers will stimulate pinow
cytosis in a variety of tissue cellss Some have a specific inducing
reaction for some cell typess (Rustad 1964)s Phagocytosis is
likewise stimilated by the presence of certein proteinse Tullls &
Surgenor (1956) have isolated a preperation from serum which will
stimulate the phagocytic activity of polymorphonmuclesr leukocytes in
the ebsence of other serum proteinse This phagocytosis promoting
substance is a mixture of 2lpha end beta globuling. Macroglobulin
antibody will stimlate phegocytosis of the antigen to which it 13
formed, in this respect it is more reactive than immme IgGe Both
the phagogytoais promoting substances and antibedy could be called
*ligends® in the seme sense ma that implied by Changeux, Thiery,
Tung & Kittely, Cytophilic antibodies will also promote phagocytosis
of antigens to which they are formeds This indeed 1s the only
physiologicel role they ceem to haves Cytophilic antibedy is &
ligand substance, It will corbine with specific lipoprotein recep=
tor sites within the cell menbrane, and by so combining will alter
menbrane properties, cousing firstly adherence of the particle to the
mesbrane, and secondly initiating the phagocytic raction, (Davey &
ssherson 1967)

Phage changes in 1lipid systems can be detected optically when
the 1ipid system shows birefringency in the crystal state, or

birefringency/
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birefringency when flowing under increased pressures (Chapmen 1966)
These changcs heve been degeribed in naturelly occuring phospholipids
es a result of heating (Chopmen 1966)s Since any phase chonges
occewrring in the cell mesbrane ere likely to decrease the orderliness
of 1ipid stacking In the bilsyer, they should be visible as & change
in the birefringency of the menbrane studied under polarised lights
Since chenges in refractive index, and optical density are also likely
to occur, menbrsne phase chenges should be visible as optical phase
changes by interference or phase contrast microscopys {See Tanford
1965)s Phese contrast observations of living cells show the
occurrence of phase chenges in the membreones of cells in motion, and
during the processes of phagocytosis, and celluler interactions

These chenges sre most pronounced at the tip of & moving psecudopod,
end at the points of contact between cellss They can also occur in
two opposing membranes separsted by & gap clesrly visible by light
microscopy, and thus grester than 0,2 microns, end probebly neerer

1 micron, in widihs (Dewer personal commfinication),

For a ligand to coumbine with its receptor site upon or within a
cell menbrone, it is recessary for the membrane to “select"and order
the approach of that molecule fvom a distance, in the face of cone
petition from other molecules of similar size and molecular weights
This "selection" could occwr Ly chance if an ebundance of ligend
molecules were in the vicinity of the mecbranes Studles on cytow
philic antibody have shown that the edherence of these molecules to
the macrophage surface can oceur from very low serum concentrations,
Occasionelly, cytophllie antibody cannot be detected in the serum by
such reactions as the Pessive Cutaneous Anaphylaxis, and yet can be

shown/
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shown to be present by an in vitro reaction with mecrophagess
Macrophages can also detect minute amounts of immine entibody
(Mollison & Fughes Jones 1967) and react to cells costed with them
(Lo=Buglio et el 1967), It is probeble that the epproech and binding
of a ligand to the macrophage surfeace is €etermined by the strength
end conformation of the £1&ld at the surfaces #iw nature of the
field could sccount not only for the binding of ti":e 1igend, but also
for the appropriste phase chenge for that ligand, and the Induction
of the eppropriate cellularresponses

The preasence of 2 field at the surfaces of living cells can de
inferred from the emomelous behaviour of living cells in electroe
magnetic fields, when corpered with inert perticles, Vhen inert
perticles, such es pgreins of potato sterch, ere placed in en electric
field, they will show two types of behaviour; =alignment in the
direction of the field, and condensation to form first cheins of
particles, end then floccular precipitates, This behaviour can be
predicted from the theoreticel exapination of the flocculation of
colloidse (See Koelmans & Overbeek 1954), Living orgensims or
living cells on the other hend show entirely different types of
behaviour, which colloidel stebility theory does not predicte
Living cells will elign parellel or at right engles to en applied
field depdndéng upon the frequency at which the ficld is generated,
Inert particles alweys £lipn perellel with the directi?n of the field,
end never at right angles to it, Motile organisms sre constrained
to travel alweys at right engles to the field, or perallel to its
direction, whatever their method of locomotions Tith vieble cells
cheins of particles ore formed less frequently than with inert

part:!.cles ’/
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particles, end often only under conditions of very low ioniec strengthe
Living cells show also two types of behavicur not observed with incrt
particles, firstly repid spinning or rotation of the cell which can
be prevented by the addition of electrolyte to the medium, and
secondly red cells will deform to accomodats their shepe to the field
diréction, regaining thelr normal eppearance after deformation.
Rotation is not involved, (See Furedi & Valentine 1962; Furedi &
0dah 19643 Teixeria Pinto et el 1960),

These effects described ebove were all produced by & strong
elternating electromegnetic field acting over a distance of 2«5 mm,
£n analogous situation could exist in regions close to the cell
weibrane, elthough the £ield it generafes is likely to be much less
stronge Protein molecules, ion end water molecules can be imegined
es behaving like inart perticles in en epplied fields In such a
case, the appreoch and selecction of particles by the macrophoge
mabrane would be a function of the field produced by the membranes
The conformetion and strength of the field at the surface is
dependent upon both the swface charge, and the orientation of dipoles
within the mexdbrenes Eolh these peremeters are likewlse dependent
won the arrangement of packing of lipid and protein molecules within
the maibranes (Parsegian 1967)s The selection of particles by the
macrophage might then be said to depend upon the molecular organisat-
ion of the merbrene, Certain specific substances, “1ig %y O
the close epprcach of another ficld producing surface may alter the
molecular anatoryy of the mersibrane, This change may be reflected in
e change in the birefringency or of the optical phase state of the
menbranes The measurable results of these changes are the metabolic
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accompaniments of the phagocytic act. The binding of a ligand to
the macrophage membrane, or the approach of another membrene with
differing field characteristics can activate enzyme systems which
will:

a, Hydrolyse A.T.’s (North 1968).

be Stimdate the synthesis of the acidic phospholipids phosphatidyl
inositol, phosphatidic acid, and phosphatidyl ethanolamine, and their
incorporation into the memdbrene., (Kernovsky 1964; Sastry & Hokin
1966) o

e, Stimulate serobic and anserobic glycolysis, depending upon the
supply of oxygen.

d¢ Increese the rates of cellular synthesis of both glycogen and
protein, (Karnovsky 1964) .

The observed reections of a pherocytic cell towards & perticle
suggest thet chenges in intexfacial energy between particle and
macrophage occurs By analogy with physical gystems, it appears as
though there were ¢ decrease in the surface tension of the mecrophege
menbrane during phagocytosiss (Rhumbler 1914). Ponder (1927-1928)
interpreted this effect as resulting from a change not primerily in
surface tension, but in cytoplesmic viscosity. Pontin (1923-25),
in his classicel studies upon locomotion in marine amoebae, also
concluded in contrast to Rhumbler (1898; 1910) that changes in cyto=
plasmic viscosity were more important than changes in suriace tension
in pseudopod productione The surface tension in the macrophage
membrane is almost certainly of & very low order., This is appsrent
on studying the numerous fine cytoplasmic processes produced by these
cells, It is thecretically impossible to maintain such processes

unless/



unless the surface tension at the cytoplasmic/fluid interface tends
toperds zero, In addition, from theoretical considerations it has
been predicted that mammallian membranes by reeson of their structure
should exhibit very low interfacial tension., Therefore the appearent
change in surface tension suggested by observation of the phagocytic
process cannot be truly held to occur,

The process of phagocytosls can be explained without reference
to any change in the tension at the interface between the particle
end the macrophage mermbrsnes, A change in the viscosity of the
cell cytoplasm, from the gel steate to the sol statc would result in
the production of & pseudopod by the phagocytic celle The field at
the membrane surface would determine the shape and direction of' move=~
ment of such a pseudopodiume A particle attached to the merbrane in
the vicinity of the local disturbence of cytoplasmic viscosity may be
drewn into the cell, or engulfed by & pseudopod moving outwards,

The surface tension in the membrane need not alter, providing either
menbrane flow, or synthesis of new menmbrene can occure The change
in cytoplasmic viscosity could occur in one of two ways:

g8e Tfirstly es & result of a local increase in membrane permeability
following chaenges in the merbrane,

be &8s & result of a change in the nature of water in the vicinity
of the cell merbrene,

A decrease in cytoplasmic viscosity could be produced locally
by increased the permesbility of the cell membrane to water, and ions,
These will then be ostotically imbibed by the cytoplasm, and a change
from the gel state to a sol state will occur. Increases in membrane

permesbility to water and ions occur in several well known
physiological/
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physiological situationss The best known in the temporery increase
in the permeability of the axon menbrane to sodium during the passage
of a nerve impulse, The metabolic changes occurring in the phago-
cytic cell during phegocytosls, especlally those concerned with the
phosphatidic acid cycle, are similer to those changes described for
the secretion of sodium by the goose salt gland, (Hokin 1964) and

for the transport of sodium by the merbrane of the erythrocyte.
(Hokin & Hokin 1961; Post et al 19603 Hokin & Hokin 1963; Hokin
et 21 1963), It could be concluded that the occurrence of the
phosphatidic ecid c¢ycle in the phegocytic cell during the process

of phagocytosis, combined with the activation of membrane bound
A.TePs'ase, reflects an increase in the permeebility of the macro-
phage membrene to sodium ion and to water, The other metasbolie
changes described are the natural consequence of using up mexbrane
material to form & vacuole (Phospholipid synthesis) and the increased
rate of sodium ion excretion which follows an influx of this ion into
the cell (eatabolism of A.T.P., increase in respiration). The
resynthesis of protein and glycogen will follow the incresse in
catabolism occasioned by the reactions described sbove.

A change in the nature of water at the cell membrane surface
could be caused directly by an alteration in the nature of the field
at the surface, If stacked "clathrate" water layers were present
above and beneath & reactive membrsne, an alteration in the field
produced by the membrane could cause either an alteration in the
distribution of the water molecules, or the loss of the cohesion
between individual molecules which would then behave as bulk water,
The net results of these two effects would te a decrease in the high

viscosity/
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viscosity of the layers immediately ebove and below the membrane, and
an increase in the ratio of free water molecules to ordered water
molecules in the cytoplasms This would have the effect of firstly
lowering the apparcnt "surface tension™ in the macrophage mewbrene,
and secondly of causing a gel to sol transformation in the cytoplasms
The presence of ordered molecular forms of weter in the vicinity
of the cell membrane has other important effects. 4 major one is
the reterdation of the effects of field change occurring during the
approach and reaction of two membranes, Any change in the field
structure at the surface is likely to occwr with great repidity,
yet the reactions of the phagocytic cell with & particle occur
sufficiently slowly to be ebserved directly (Gropp 1963)es If a layer
of water molecules at a surface is meintained by the presence of a
field generated by that surface, & loss of the field will produce
a change in the state of weter in this layer. Loss of the field
cen occur, for all practicel purposes, instantaneouslys The rate
of réversion of the organised structures of water into their bulk
form will occur at & rate determined primerily by the environmental
free energyes It will therefore take a significant time for the
effects of a field change to alter the inmediate environment of the
cell menbyaae, and for a change in the cytoplasmic viscosity to

occurs

In summery, it can be shown theoreticelly from a consideration
of the physical state and the structure of the cell membrane, that
the phagocytic act and its biochemical consequences can be explained
with reference to a single variable, the molecular architecture of the

cell membrenes All the observed features of phagocytosis sre the

natural/
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natural and logical consequences of a primary change in the state or
structure of the cell membrenes It is suggested that all the changes
in cellular reactivity in this process can ultimately be related to
an incresse in membrane permeability, and to a change in the state

of water in the immediste environment of the cell membrane,
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8 - EXPERIMENTAL DESIGN.

From the theoretical considerations of the phagocytic process,
it is clear that the study of this event in prective involves the
study of three main verisbless These cret
1+ The nature of the particle and its surface.
2¢« The composition of the bulk environmente.
3¢ The nature of the phagocytic cell and its state,

In the case of an approaching red cell, the pattern of charge
upon its surfece and the field ersing thercfrom will determine the
rate, and closeness of its approach to the mecrophage, the binding
of opsonins to its surface and the degree of which it will change
the macrophage membranes The total effects of theae varisbles will
determine whether thet red cell wlll or will not be phagocytosed,

The bulk environment of the cell is important metabolically,
chemically, end electricallys The appropriate metebolites for the
mecrophage to survive must be present or phagocytosis will not
occur. Opsonic substances may be required by the mecrophage, and
the ionic composition of the medium must be osmotically adequates
The composition of the bulk enviromment will also determine the local
field strength therefore the renge at which cellular interactions cean
occure

The macrophage varies both with its source and its state (in
vivo or in vitro). Since it is e dynamic end verieble cell both in
size end shepe it cennot be as easily or as asccurately cheracterised
as the red cells Thus the practical study of the mecrophage must be

limited to the determination of its phagocytic sbilities in the

presence/
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presence and sbsence of opsonic substances, and the study of its
response to & variety of red cells from unrelated species.

The red blood cell is probably the ideal test particles Red
cells are easily obtained, and are constant in size, shape and
cormpoaition from eny single healthy donor. An additional advantage
of this particle lies in the degree of understanding of its bio=~
chemistry, reactivity, structure and behaviour, under a wide veriety
of experimental conditions. Nearly 211 studies of phagocytosis to
date have used serum~containing media, The presence of serum in &
mixture interferes with the study of thosc factors which serum itself
provides for the phagocytic reection, (for example opsonins and
complement), It should also be understood that mammelian sera are
not interchangeable in experiments involving phagocytosis. The
composition of serum veries widely from one species to another,

One reqguirement for the study of phagocytosis is a chemically defined
medium which will support the metabolic activity of the macropheges
in the absence of any mecromolecular species which could influence
the reaction, The state and type of phagocytic cell used is of

great importance, In the study of erythrophagocytosis, macrophages
should be employed as the phagocytic cells. Polymorphonuclesr
leukocytes will rarely ingest red cells even under the most favourable
conditions, Macrophages ere by far the most active mammalian
phagocytic cells (Nelson 1369). They can be easily grown from
peritoneum or from lung and from a wide veriety of animal species
including men (Stusrt 1967). The reactivity of macrophages from even
a single source is dependent upon the site from which they are obtazin-
ed, The pulmonary phagocytes sre biochcmically more active then

those of the perétoneum, containing greater amounts of catabolic
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enzymes such as acid phosphatase (Dannenberg et al 1963)e The
reactivity of the mecrophage is dependent upon the conditions under
which it is maintained in vitros MNacrophages grown an monolayer
upon gless are phagocytically much more reactive then those in
suspension,s It has been argued that macrophages in suspension are
more gkin to the physiolocical ideal than mecrophages grown on glasa,.
This cen be shown not to be the case, since the bulk of the
phagocytically active macrophages in vivo are the fixed macrophages
of the liver and spleens I'ree macrophages in vivo, e.ge those
in the circulation, or those in large effuclons, show poor phagecytic
ability unlesas they esre present in tlssue or tissue spaces wherc some
kind of ground substance, such as fibrin deposited during an inflam=
matory process, will provide a foundation for active mobility end for
spreadinge It is therefore considered more physiologicel to study
the activities of mscrophages grown as monolsyer upon glasse This
has the additbnal edvantage that macropheges so cultured can be
maintained for days or even weeks, while those kept in suspension

rapidly die.
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THii PARTICLE: THE RED CELL.

a, Form and Structure of the red cell.

The human red cell is a biconceve disc with a mean diameter in
plasme of 8.4 microns, and & mean thickness of 2,4 microns. It is
enclosed by a membrane 163 square microns in erea, The volume of the
interior of the cell is 87 cubic microns, (Albritton 1952),

Most memmalian red cells have & similar biconcave shepe., The
red c¢ells of other mammels mey not be circuler in cross section,

Those of the camel are ellipsoids The peculiar shepe of the red
cell is considered to be & property of its merbrane. Rice (1914)
showed that the blconceve shape, which he also observed in micellar
suspensions of lecithin, has less surface energy then any surface
obtained from it by smell deformations consistent with constant
volume, This conclusion has received support from the demonstration
of the very low surface energies to be found in biological membranes.
Arey (1917) in a disucssion of red cell shape, concluded that changes
from the normel biconcave disc form to cup shapes or spheres, were
always assoclated with an increase in cellular volume, “The main-
tainance of the biconcave shape is dependent upon the metabolism of
the erythrocyte (See Cartier & Leroux 1952)« Sphering of red cells
reedily occurs in the presence of metabolic poisonss Red cells from
patients with well characterised enazymes deficiencies, such &s glucose
6 phosphate dehydrogenase deficiency, will readily sphere in the
presence of otherwise innocuous substancese These cobservations serve
to confirm the relationship between an intact metabolism and cell

shapes.

I/



In view of Rice's conclusions it seems probable that the
reletionship between red cell shape and metebolism, is determined by
the cell volumes The bulk of the metabolic activity of the red
cell occurs within the membrane, end is concerned chiefly with the
maintainance of the csmotic balance between the red cell interior
and the surrounding medium., This is achieved through the secretion
of sodium ion into the extracelluler fluid, the so-called "Na/K pump".
This ectivity is dependent upon the meubrene enzymes adenosine tri-
phosphatase, and acetyl cholinesterase, (Judah et al 1962; Schate~
menn 1962; Ahmed & Judah 19643 Heing & Hoffmen 1965). The enzyme
adenosine triphosphatase can be inactivated in the erythrocytes by
the cardiac glycosides digoxin and strophanthine, (Dunhan & Glynn
1961)e After such inactivation rather slow swelling of the erythro-
cyte can be observed in bsotonic media.

Another viewpoint is thet the red cell shape depends upon some
structural arrangement of internal fibres, or contractile protein
(Onishi 1962), ‘Two aspects of the behaviour of erythrocytes meke
these conclusions unlikely. Firstly lysed red cell will regain
their biconcave shape when returned to isotonic media after lysis,
and secondly, red cells are highly deformeble yet not elastic,

They will pess through pores 2,4 microns in dismeter, (Gregersen
1967) without loss of their biconcave shapes The shape is also
retained after deformetion in an electric field (Furedi & (dah 1964)
end after assorted forms of mechanical deformetion, (ifudd & Mudd
1931; Ponder 1936)es If structural orgenisation within the membrane
was primerily responsible for the maintainance of shape, the red cell

would be more likely to exhibit "tlastic™ rather than "Plastice"™
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behaviour 4in response to an applied force. (Gregersen 1967;

Nicolau et 21 1964). Abnormsl red cells, or red cells that have
been damaged chemically (&s by fixation), loose their plasticity and
behave as rigid perticles. (Jandl 1958; Gregersen 1967; Nicolau
et 21 1964)s The plasticity of the red cell menbrane also accounts
for the low internal viscosity of the red cell, which is of importance
in lowering the bulk viscosity of the red cell, and in lowering the
bulk viscosity of the blood. (Ditenfess 1964; 1968)e The important
characteristics of the morphology of the red cell are its shape, the
constancy of its internel volume, & low trensmembrane pressure diff-
erentisl and hence a low internal viscosity, and a low interfacial
tension in the membrenes These charactcristics describe a cell which
is highly deformeble, passing through pores 24 microns in width, yet
of 1little elasticity, being reedily ruptured by stretching between
needles or by osmotic lysis. These characteristics account for the
low viscosity of the blood, and the resistance of the red cell to the
traumatic conditions incurred in reapid circulation.

The menbrane of the red cell is importent in maintaining the
deformebility and low viscosity of the healthy cells The membrene of
the red cell is & bimolecular unit membrene composed of 1lipid end
protein, exnctly similear in electron microscopic appesrance to the
plasma membranes of other cells., Chemical analysis shows it to
contain rather more lipid, especially neutrel 1ipid and cholesterol,
then other cell membreness The chemical structure of the red cell
membrene im respect of its lipid content hes been extensively studied
(Brickson et al 1937; Dsawson et al 1960; De Gier et al 1961; Lodge
et 21 1963; Vays & Hanshen 196L4; De Gier et al 1964)s The red cell

ghost/
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ghost contains L5 by welght of 1lipid, 50« by weight of protein,
and smell amounts of cerbohydrate, and sialic acide (lioge et al
1963)

The principal phospholipid constituents of the red cell menbrane,
which amount to one half of the totel lipid content, are phosphatidic
acid (1j«), Phosphatidyl ethanolamine (27.), phosphatidyl serine (15.),
phosphatidyl inositol monophosphete (3.), sphingomyelin (27.) and
lecithin (27.)s Free cholesterol amounts to approximstely 2% of:
the total red cell 1lipid, free fatty acids and their glycerol esters
(Neutral 1lipids) to 19%:s Small smounts of cholesterol esters do
occur (1.5.)¢ (Ways end Hanahen 1964; Dodge et al 1963; De Gier
et al 1964).

The phospholipids in the red cell membrane probably occur in
complex forme with sugers, proteins and carbohydratese. There wrc
probebly no "free" phospholipids in the red cell membrane, Chemicgl
analysis does not reveal in what gtates phospholipids exist in the
intact mewbrane, although the isolation of cerebrosides (& complex
of sphingosine with fatty acids and & suger residue), ganglisoides
(a2 complex of sphingosine, fatty acid, sugar, end N acetyl neuraminic
ecid) end globosides (ganglioside lacking sialic acid) suggest that
most, if not all the lipid in the red cell membreane, exists in a
complex forms (See Dawson 1966).

The proportions of the individusl phsopholipids in the membranes
of red cells from sources other than human, differs considerablye.

The red cells of ruminants contein very little lecithin, but much
more sphingomyelin than the red cells of other species. (iawson

et al 1960)« The fatty acid content of humsn and animal erythrocytes
is/
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is varieble, and can be eltered by chenging the dietary inteke of
fatty acide (De Gier et sl 1961). This evidence is suggestive of
an exchange between the plasma fatty acids and those of the erythro-
cyte membrane., (Oliviera & Vaughan 1964). (Lovelock et al 1960).
The red cell does not synthesise phospholipid de novo, although it
does possess the capacity to de-scylate, end re-ecylate phospholipid
moeities, thet is to remove the fatty acid side chains from phospho=-
1lipids, and re-esterify these fatty acids to other phospholipids,
rliospnolipid from the lipoproteins of plasme is rapidly exchanged
with phospholipid in or on the red cell membrane. (Sekegmi et al
1965 a, b, lovelock et al 19603 Polonovskir end Paysant 1963) .

It hes been assumed thatthis exchange is between plasma lipoproteins
and a loosely attached layer of phospholipid or lipoprotein meterial
on the cell surface, reather than material intimately concerned with
the function of the cells (Dewson 1966), This view mey not be
correct, particulerly as it has been shown that cholesterol, which
hes & very short helf life, and is deeply locsted within the menbrane,
is rapidly trensferred between serum and the red cell mesbrane (Murphy
1962 &, b)s On the other hend, the red cells of ruminants contein
very little lecithin, whilethis appears as the major phospholipid in
tie plasma of these animals. Lecithin, like the other phospholipids
of the cell membrane, forms steble laminetes in solution in the
presence of salte Once phospholipid becomes organised in such &
form, no exchange of phospholipid between the solution and the leaf=-
let occurs., (Dawson 1964; 1966)s The 1lipid composition of the

red cell membrane can be shown to be of central importance of the

integrity of the red cells The 1lipid from the red cells of patients
with/



with paroxysmal nocturnal heemoglobfinuria has been shown to be more
susceptible to peroxidation than the 1lipid from the red cells of
healthy individuelse. (lleriwether & llengel 1967)s The lipids from
the membranes of cells deficient in the enzyme glucose 6 phosphate
dehydrogenese, are similar to the lipids derived from normel red
cells. (Szeinberg et al 1965)« Changes in the lipid content of
the red cell membrzne occur &fter storage, and during the ageing
process in red cells, (Rimon et al 1965).

Lhe structural proteins of humen and bovine red cells have been
investigated by Moskowitz & Calvin (1952), Maddy (1964 &, b,; 1966).
¥eddy end Malcolm (1965), Poulik & lauf (1969, 1965) end liitchel end
Hanehen (1966), The antigenic differences in the structural
proteins of adult and infant humen red cells had been investigated
by Vulpis (1962)s The gentle extrection of ox red cclls with butanol
after removel of salt, (Maddy, 1965 &, b) or hwasn R.B.C. with
hypertonic saline solutions, (}Mitchell & Hanahan (1966), produces,
high yields of a mixture of proteins. FPaper chromatography reveals
three, or possibly four componentse The major protein obteained by
ieddy (1964)b, has a molecular weight of 160,000, lost of the
protein isolated from the ox red cell ghost contains sialic acid,
(Meddy 1964 b)e All the sizlic ecid of the red cell merbrane cen
be removed by treeting intaet red cells with the enzyme neuraminidase,
which does not penetratc the cell membrane, (Eylar et al 1962).
This suggests thet there is & continuous layer of protein on, or
within the lipid bilayer of the erythrocyte merbrane, This con-
clusion supports, in part, the theoretical consideration by vallach

& Zahler (1966) that merbrane proteins eare hydrophobic in the central
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portion of themolecule, end penetrate the lipid bilayer, with their
polar portions exposed upon the cell awface, (See also Leonard &
Singer 1966)s In this case the sialic acid at the membrane surface
would be attached to protein rather than 1lipid, & suggestion that is
supported by the ease with which trypsin will remove sialic acid
from cells (Seaman et 2l 1963).

The earlier studies on the red cell proteins (Jorpes 1932;
Moskowitz & Celvin 1952) were performed upon the residue left after
extruciing the 1ipid from red cell ghosts, After extracting the
ghost with elcohol and ether, the resulting residue was called
"stromatin® (Jorpes 1932)s Red cell ghosts washed ata pH of 9, and
then extracted with dry ether, leave & residue called "Elenin”,

This protein preparation contains rhesus antigen. Removal of the
1ipid from elenin with elcohol leaves a further residue "stromin®
(Moscowitz & Calvin 1952)« These proteins are insoluble in agueocus
media and are almost certainly denatured. The native red cell prot-
ein eppears to be a lipoprotein, only partielly soluble in the presence
of salt, and containing slalic acide The molecular form, and exzct
location of this protein in the cell membrane is nod¥ known,

It has however been shown that the ghost protein obtained by
Maddy (1964) is in theX helical, or globular form, in diied red
cells, and does not occur in the extended sheet-like & configuration
(addy & ¥alcolm 1965)e This slsoc applies to the protein, adsorbed
or native, upon the surfaces of red cells. }itchell & Hanahan, by
selt frectionetion of the erythrocyte ghost, obtained two proteins.
One was a low density lipoprotein containing nearly 811 the menbrane

phospholipid, and showing acetyl cholinesterase ectivity. This

enzyme/



enzyme was shown not to be removed from the red cell by simple
washing, and was therefore considered to represent & true menbrene
protein, and not onc sdsorbed or bound to the swface, (Mitchell &
Hanshan 1966) «

be The surface and swface rorpholory of the red cell.

The quantitative anelysia of phospholipid extracted from red
cellas shows that enough lipid 1s present to form a bilayer. The
amounts of cholesterol present are just insufficient to form a mono=-
layer around the cell (Corter & Crendel 1925; Ponder 1949). From
wsuch analysis &t was concluded that the membrane of the red cell was
composed of a lipid bilayer coested on both polar surfeces with protein,
Electrophoretic studies reveal thet the red blood cell behaves as a
macropolyanion, that is es & large polymer bearing an anionic surfece
charges (Cesman & Heard 1960 be, Cook et &l 1961), This anionic
surface charge is due to the carboxyl groups of sialic acid present-
ing at the cell surface., Removal of sislic acid by trypsinisation,
or with ncuranminidase will reduce the electrophoretic mobility of
the cell considerablyes (Cook et 21 1961)s The eiectrophoretic mo-
bility of red cells can &lso be reduced by lowering the ionie strength
of the suspending medium (Seeman & Heerd 1960 a,) and by the incore
poration of additional divalent caetions (such &s copper) in the medium,
(Bangham et a1 1958)e The effect of both these procedures is to
increagse the thickness of the ionic double layer, and to reduce the
surface charge, Divalent cations will produce these effects by
Wdiluting™ the monovalent iona in the double leyer, and by combining

with the cherge determining groups at the membrane surfece, Uranyl
ions/
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ions produce similar charge depressien, but may echieve this effect
by combining with and removing f'rom the surface lipoid material
complexing with wanyl and other heavy metal ions; for example
mercury (ieed et &1 1962), Since these ions show an affinity for
phospholipid, their site of action may well be within the membrane
rather then upon its surfaece. The role of metallic cetions in the
sgglutination of red cell has been studied by Jandl & Simmons (1957).
leny multivalent cations, including those of chromium, iron,
Luorylilw:, thorium, end aluminium, will agglutinate red cells,
Agglutinates of red cells formed in the presence of these metals ere
morphologicelly indistinguishable from those formed by the interaction
of antibodies with red cellss The presence of metzl binding agents,
such a3 the polycarboxylic acids, and proteins, inhibited the effects
of agglutination by heavy metel ionses This suggests that the red
cell agglutinating ebility of metasllic cations depends upon the
reactivity of the free carboxyl groups at the red cell surface, and

is therefore dependent upon both pH, and ionic strength. Since the
surf'ace carbogyl groups ere the main contribution to the cell

surface charge (Seeman et &l 1963) the aggluiinﬂtion of red cells may
depend upon their capacity to lower the surface charges Agglutination
of this type occurs beceuse of & lowering of the surface potential
below a certain value, This allows particles to approach closely,
and to flocculate, or precipitate, since the swrface potential
supplies the electrostatic repulsive forces which normally distract
particles, The point at which particles will begin to flocculate is
celled the "critical point", and the potential at the particle swrfaee

is the “criticel potential®,
The/
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The negetive swface charge is of importance im preventing the
egglutination of red cellse Cells will however agglutinate under
conditions in which the surfsce charges of the cells are not reduced
or altered, FRed cells suspended in hydrophilic polymers, such as
dextran, ficell, or polyvinylpyrollidine will egglutinate without
loss of swface potential, Kwiatkowska & llorewiecki (1965) showcd
that polyvinyl elcohol, polyvinylpyrollidine, snd dextran interacted
with the red cell surface through hydrophobld bondinge They
cus cuted that this interaction took place between the neutral poly-
mer and & "lipid like" substance derlved from the cell surfaces
Neutral polyuers end antibodies do not greatly decrease the surface
potentiales They seem to exert thelr agglutineting ability by
*"diluting® the lonic double layer, that 1s by the exclusion of ions
from the vicinity of the cell surface by oeccupying the ppace normally
cccupied by the lons of the double layer, Agglutination of particles
by double layer dilution has been theoretically treated by Derjaguin
(1954)+ Antibodies will reduce the electrophoretic mobilities of
red cells, and this may in part account for their agglutinating
ability, (Sachleben 1965)s Antibodies may also agglutinate by
providing chemical linkages from one red cell to anothers The true
outer surface of the red cell is the adsorbed serum protein in which
it 1s suspended, and the sialic acid residues which contribute the
bulk of the cell surface charges Whether this layer can be morpho-
logically demonstrated by present tcchniques is doubtful, but it is
certainly of functional singificance, The exchange of cell menbrane
material, lipid and phospholipl, occurs through this layer, and it
is this layer that contributes to the cell swface charge, and
determines the composition of the ionic double layer. Below this

outer/



outer layer lies the masbrane propers The surface of the erythrocyte
would be morphologicelly difficult to demonstrate for two reasons;
firstly it would be & labile structure due to its chemical nature

cnd situetion, and secondly it woulc‘i not be identifiisble as a definite
layer in the accepted senses It is not possible to define accurately
a8 membrane or layer of unimoleculer dimensions, unless it has a
repeated periodic structure with the ebility 68 scatter wither x-rays
or electronss The "unimolecular layer®™ of the surface is too thin to
wu uiltiicr, end would have no recognisable repeat structure because

of its lebility. The moprhology of the red cell surface has been
studied by conventionanl electron microscopy (Glaeser et 2l 19663
Hillier and Hoffmen 1953), and more recently by scanning electron
microscopy. (Selsbury & Clark 1967; McDonald & Heyes 1969).
(Hillier end Hoffman(195) studied shadowed ghosts by conventional
techniquess Glaeser studied the surfaces of red cell ghosts which
hed first becen coated with a cast of carbon, which was then shadowed
with palladium after digesting away the residue to the ghost,

The swrface of the red ccll revealed by these techniques ls composed
of an c.vuter layer of plsgues, with approximate mexiimun diameters of
200 A,, situated on a fibrous networks It has been suggested that
the plaques are composed of elenin, cemented together by lipid which
is removed during the preparation of the specimen, (Glaeser et al
19663 Hillier & Hoffmen 1953)e The scanning electron microscope
reveals a smooth swface on normel red cells, & slighg "graininess®
is suggested at meximsl resolution (200 A) (Selsbury & Clark 1967)e
Abnormal red cells show pits, and defects in the surface, and some of

these ere similer to pits produced in the red cell mexbrane by

heemolytie/
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haemolytic antibody. Cells exposed to saponin for & shorti tiue
reveal an irregular surface, which no longer appears smooths
(selsbury & Clark 1967)« Red cells from blodd clots, show occasio-
nal surface defects, sometimes of large size, revealing en inner
sheet of merbrane meterisle. (lcDoneld & Hayes 1969). It is not
certain whether the surfsce revealed by these techniques corresponds
to the chemical and electrophoretic outer layer, or to tiie outer

lesflet of the lipid membreane.

Ce Uerum proteins end red cell entipens,

The serum proteins comprise the bulk of the physiologicel mileau
of the red cell, apart {rom water, The total protein concentration
in plasma is between 5.7 and 8 ge per 100 ml, of serum. ‘Traces of
the verious plssme proteins can be demonstrated upon the surfaces of
red cells after washing. Gremblich & Muller (1963) have shown thet
some serum proteins ere adsorbed to the red cell surface in different
proportions than their quantitative retios in plasma, In particular,
gammaglobulin, lipoprotein, end pre-albumin, were 2.42, 5483, and
9413 times &s concentrated at the red cell swface than they were in
plasmae This adsorbed protein layer constitutes in part the physio-
logical surface of the red blood cell, |

The blood group substances are also parts of the red cell surface,
which by their reactivity, can be readily identifieds The more
comaon antigens ere displaced from the red cell by mild i)hysical
and chemical manipulationse The eesw with which this may be
echieved is an indication of their superficiel location. The Lende

steinexy



steiner antigens sre composed of polysaccheride and aminoacidse
411 these antigens zre composed of the sugars D-galactose, L-fucose,
D-glucosamine, &nd D-gelactoseamine, together with the amino acids
grginnine, lysine, serine, threonine, proline, glycine, alanine,
veline, leucine, aspartic and glutamic ecid, Complexed with these
components is 2 smell and verieble proportion of sialic acid,
The specificity of the Landsteiner antigens resides in the poly-
saccharide component,s Loss of fucose does not alter their reactivity.
(irenkerd 1961).

The Lewia and I antigens lase their antigenicity when fucose
is removed, and the reactivity of these eantigens is not determined
by the polyseccharide portion of the molecule, The antigenicity of
the M & N blood group substances has been shown to depend upon the
presence of sialic acid (Hotta 1964; Lomenowska 1961)s “he

physiological role of blood group substances is not knowne

de [The concept of sgeing and injury es spplied to red
Sellse

The red cell is a living cell, with a life span from 110-120 days

in the circulation, At the end of this time the red cell is
sequestered in the spleen and destroyed by phagocytosise

Asseasing the are of red cells, end understanding the processes
of egeing are of importance in improving blood storage facilities
for transfusions, There is indisputsble evidence that red cells sage,
and it 1s evident that the processes concerned with eageing ultimately
determine cell destruction. Simple physical studies reveal an
increase in red cell specific grevity with age (Piomelli 1967) and a
decrease in resistance to haemolysis in mechanical and osmotlc
fregility/
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fragility tests. (Stewart et al 1956). Biochemicel chenges
especially in enzyme content and metabolism, electrolyte content,
and proteins have been shown to occur with increasing age (See
Srankher 1961). The composition of the membrene 1lipid has also
been shown to alter with incressing red cell age. (Rimon et 2l
(1965). One of the principel changes described in enzymes im the
decrease in both A.T.Pase activity, and in A,T.P., levels with
increasing age, and these parameters correlate well with swvival
siudics in vivo using ertificielly-aged red cells. (Dern et &l
1967)+ Red cell acetyl-choline esterase activity algso desrcases
during storege (Anderson & Pethica 1955) and this decrease also
correlates with in vevo survival, Changes in verious aspects of
red cell metabolism during storage have been observed by Gomberts
(1967)« This author finds phospholipid loss from the red cell
menbrane, and a decrease in red ccll A,T.Ps, t0 be associated with
an increase in inorganic phosphate in red cells end storsge medium,
Loss of erythrocyte cholestercl from stored cells has also been
describeds (Mwrphy 1962 a,) Investigations into red cell injury,
or the ageing process have in general been hampered by the lack of
a convenient test to assess the degrce of cell damages The most
comzonly applied technique has been the measurement of in vivo
survival after radiochromium labelling of the test red cells,

The chromium lebelling technique is cumbersome, expensive, but
eccurate, Increases in osmotic fragility are much too approximate
to cherecterise & membrane lesion, and furthermore it has yet to be
showvn that there is a positive correlation between the in vivo half

life/
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life, end the osmotic fragility of a red cell,

Stuart & Cummings (1967) using an in vitro method, employed
mouse macropheges grown in human serum to detect damsge to red cells
as & consequence of ageing and antibody sensitisation.s They reported
that red cells suspended in saline for 18-2, hours were rapidly and
completely phagocytoseds They used the term “"saline injury" to
describe this state, Unlike other forms of injury, such as incubation
with heavy metals (Jandl 1957), heat, lipid solvents etc., saline
injury iz “physiological”™ in the sense that no active agent damages
the erythrocytee Saline itself will éause erythrocyte damage
especlally when present in high concentrations, as occurs at the
surfeace of the red cell during the process of freeszing. (Lovelock
1955)s Cells injured by freezing show loss of phospholipid from the
surfaces An equivalent loss can be produced by sheking red cells
with en adsorbent, such as alumina, Loss of a&bout 20. of the mem~
brane phospholipid is followed by haemolysis, (Lovelock 1954; 1955).
Substances such &s polyvinylpyrrollidine and glycercl exert a

-protective effect upon red cells during freezing, FPhospholipid in
the formm of egg lecithin is also effectives These substances may
act be reducing the concentration of water, and hence of sodium end
chloride ion, at the cell swfaces They may act by "diluting® the
ionic double layer (Farrent 1969)e The exect mechaniam of menbrane
damege in the presence of excess salt 1s unknown,

In summary, the ageing of red cells is assoclated with 1ipid
loss from membranes, & decrease in the levels of A,T.P., and in the
activity of the enzyme A,T.P.ase, Choline~esterase activity also
decreases, and an increase in the cell inorgenic phosphate can be

demonstratedy/
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demonstrateds These changes render the red cell susceptible to
phagocytosis.

Injury to the red cell can be produced by & variety of agents,
1ipid solvenis, heav, mctals, enzymes, alcohols, end heate Injury
to the red cell can also occur following: the incubetion of red cells
in isotonic saline, end during the freezing of red cells without
heemolysise Cells injured by freezing have been showvn to lose
phospholipid, and this is thought to be due to 2 local increase in
tt Lo cuicentration at the merbrane swface during the freezing
process.,

These forma of injury can most comveniently be detected by the
method of Stuart & Cuwmings (1967); that is by the employment of
living macropheges in an in vitro systems The fact that red cells
can be s0 injured is also of value iIn the investigation of the process
of phe;ocytosis, since this form of red cell damage does not involve
reaction wit!: an antibody, which will act as an opsonin, nor is the
injury severe enough to produce haemolysis, sphering, or other
changes which of themselves might lead to phagocytosis of the red
celly, Finally since the injury may be considered analagous to the
nornel ageing processes of red cells, its early detection end
investigation b; the use of macrophage micht add to the knowledze of

the nornel physiolozy of the red cell,
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OF RED CELL INJURY



CONTENTS o

1e

2e

3e

by

Se
6.

7e

THE RESPONSE QF MOUSE MACROPHAGES TO NOMMAL HUMAN RED CELLS IN

THS FRESENCE OF SERUM,.

THE RESPONSE OF MACROPHAGES TO SALINE-INJURED RED CELLS IN THE

PRESENCE COF SERUM,.

THE EFFECTS OF SALINE INJURY UPON THE HUMAN RED CELL.

8, The effect of temperature on saline injury,

be The relationship between injury and the time of incubation
of red cells in saline,

ce The effects of serusn dilution on saline injury.

de The serum protein adsorbed to the swface of fresh and
injured red cells,

e« The effect of reincubetion of injured red cells in compatible
sexrums,

f+ The effects of aerobic and anserobic incubation of red cells
in physiological salt solutionse.

g+ The effects of additional chemlcal agents upon the injury of
red cells in saline,

hs The effects of incubation of normal red cells in defatted
serum or plasug,

THE BIOCHEMICAL INVESTIGATION OF SALINE INJURY.

2. The lipids.

bs The proteins,

THE (UANTITATION OF SALINE INJURY.

A SUMMARY OF THE EXPERIMENTAL FINDINGS IN SALINE INJURY.

DISCUSSION.



==

1 « THE RESPONSE OF MOUSE MACROPHAGES TO NORMAL HUMAN RED CELLS IN
THE PRESENCE OF SERUMe

Mice of Tucks TO strain (suppliers Tuck & Son Rayleigh, Hssex)
welghing between 20 and 25 g« were used as macrophsge donors.
Macrophages were seeded into rimless pyrex glass test tubes at a
concentration of 1 million to 1.5 million cells per ml. Human
serum was added to give a finel concentration of 10ue. (For details
of the methods of culture and standardisations of culture see
Chepter 7, Appendix)es Cultures prepesred in this menner were ready
for use after 18 to 2 hours of incubstion at 37°C.

Red Cells.

Red cells were obtained from the South East Regional Blood
Trensfusion service (Courtesy of Dr. ReA. Cummings) and from the
medical and technical staff of the Pathology Department, University
of Edinburghe Blood groups, if not known were determined for A,B.0O.
and Rh antigens., Compatible serum was always used for macrophage
cultures, Red cells of not more than 6 hours o0ld were used through-
oute Red cells were collected in either A.C.D. or Heparin a2s anti=-
coagulant. After collection red cells were separated fiom - serum
by centrifugstion at 800xgs The top third of the deposit was dis-
carded as it was contaminated by leukocytes and platelets. The
remaining cells were waghed four times in ten times their own volume
of saline, After the finel wash the cells were packed by centrifug-
ation at 800 g. for 15 minutes. From the packed cells a suspension
of 5. by volume was mede in saline, 0.1 ml, of this suspension was

added to each culture, sheken to ensure an even distribution of cells,

end/



and incubated for two hours. After incubation the coverslips were
removed, rinsed twice in normel seline to remove adherent red cells,
and then fixed in a mixture of acetone end methanol 50/50 by volume,
The coveraslips were stained with haematoxylin and eosin, or Giemsa

stdins.

Lssessment of phagocytic index.
The phagocytic index was défined as the ratios

Number of macrophages containing one or more red cells

x 100
Total nmumber of macrophages counted

Slides were counted using a high megnification (x600) which allowed
between 50 and 70 cells per field, At this magnification it proved
quite easy, with experience, to differentiate between those cells
adherent to macrophages, and those cells which had been phagocytosed.
In the former case, the red cell cutline was cleer, and the individual
cells were easily defineds Phagocytosed red cells were often in
well defined vacwles, but even if the vacuoles were not eagily
visible, the outlines of phagocytosed cells were blurred, end groups
of cells appeared to merge one with another, At least 1,000 cells
were counted from three separsted areas of the coverslip. Observer
error was determined by recounting batches of slides at an interval
of 3 to 6 months., For one observer this was never greater than 3.

of the average phagocytic index for the counted slides.

Results,
Normsl fresh red cells of all blood groups showed & phagocytic

index of less than 10.. Come adherence of red cells to macrophages

and/



and occasionally seen. This occurred with red cells of group AB
more frequently than with other groups., It also occured with red
cells obtained without the use of anticosgulant, The range of the
phagocytic index for over 100 seperate determinations was between
1.0~ and 8.5 with & mean of 545 (& SD 3.2)s 4 few experiments
were performed upon human macropheges obtained from ascitic fluid,
end from peritoneal dialysis fluid, These showed a lower range of
upteke of compatidble human red cells on the four occaslons tested.
In each case the donor was of blood group Os Red cells of O Rh +
and 0 Rh - donors in compatible serum gave & phegocytic index of
less than 1.+ The range was between 0,02. to 0.8.,

The fresh humen red cell is therefore not phagocytosed by
either mouse or humen mecrophages in the presence of compatible

humsan serums



2 - RISPONSE OF MACROPHAGES TO SALINE INJURED CELLS IN TH: FRESENCE
OF HUMAN SERUM.

Red cells from the sources already mentioned were injured by
incubation in normel saline for 18-24 hourse Prior to injury the
red cells were prepared as before, and made up to & 5. suspension in
ncrmal saline, This suspension was incubated under sterlile condite
ions at 37°C. on & Gallenkasmp oscillating shaker. From each blood
sample so treeted ssumples were innoculated in broth and on blood ager.
After the incubation period, red cells were reprecipitated by
centrifugation, and washed once in tem times their own volume of
saline, They were packed at 800 ge. and resuspended in a final
concentration of 5. by volumes 041 mle of this suspension was
added to monoleyers of macrophages, and reincubated, af'ter sheking,
for a further two hours. Coverslips were harvested, fixed and

gtained as before.

Results.

Red cells treated in this memner always gave a high phagocytic
index. All blood groups proved equally susceptible to injury in
this manner, The phagocytic index varied between 6% and 90., with
a meen of 7542%.+ These figures were obtained from twenty eight
samples of blood studied over forty experiments.

It wag therefore concluded thet fresh human red cells efter
28-24 hours incubation in normesl saline become susceptible to
phagocytosis, Incubation in seline therefore alters the constitution
of the red cell in a mamner which renders it susceptible to phago=-
cytosise/



3 -~ THE EFFECTS OF SALINE INJURY UPCN THE HUMAN PED CElL.
Incubation in saline renders the red cell susceptible to phago-
cytosis, Investigation was therefore directed into the mechanisms

and the nature of saline injury.

ae. The effects of temperature upon saline injury.

Yashed samples of fresh humen red cells were stored as a 5¢
suspension in an incubation at 37°C., and incubator at 45°C., &
water bath at 56°C ¢ &nd in a refrigerstor at 1°c. Cells were
removed at 18, 24, 36 and 48 hours, washed once, and tested for
injury in monolayers of macrophages. fThe phegocytic index varies
as illustrated below, Cells stored at 56°C. end at 45°C. became

injured by 18 hours, Heemolysis was marked in these samples.

TAELE I.

THE EFFECTS (F THMPERATURE UPON THE RATE OF RED CELL INJURY.

1°c. 37°%
18 hours 18. 56.
24 hours 22 . 62
36 hours L& ; Ty
48 hours 68 76

It is therefore evident that saline injury is only slightly

tenperature dependent, Incubation at J;.OC. retards the onset of
injury, but significant injury was epparent within 2L hours.

Incubatior/



Incubation at 45°C. and 56°C. produces maximal injury within a few
hourse At 56°C. lysis is merked at 18 hours, and the remaining red
cells clump end turn brown. These clumps are rapidly and completely
phagocytosed,

be The relstionship betwesn injury end the time of
incubstion of red cells in saline,

A 5. suspension of washed fresh human red cells was incubated
in seline for 2,4,6,8,12,18,24 and 36 hours. They were afterwards
washed once, and the phagocytic index determined in monoleyers of
mouse mecrophages grown in compatible serum, Phagocytosis increased
with incressing time of incubation after 6 hours.

TADLE II,

THE RELATIONSHIP EETWEEN TI{< OF INCUBATION OF RED CELLS IN SALINE
AUD THE DEGRXE OF INJURY AS ASCESSED BY THE ERYTHUOPHAGOCYTOSIS TEST.

Time (hours) 2| 4| 6] 8| 12| 18 | 24 | 36

Ph;ﬁgit ic Tl k.| 8| 18 | 34| 63| 68.| 7%

ce Effects of serum dilution upon saline injury.

Red cells stored in a 5. suspension in whole serum do not show
eny evidence of injury &s assessed by the erythrophagocytosis test,
af'ter 24 hours of storage at 3700. If red cells are stored under
the same conditions in serum which has been diluted with seline, the
red cells become injured, Injury is most pronounced in saline/serum

mixtuwres in which the serum concentrations are below 12..

TABLE III./
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TADLE IIT.

THE EFFECTS OF SERUM CONCENTRATION UPON SALINE INJUY OF RED CELLS
STORED IN SERUL/SALINE MIXTULES FOR 24 HOURS.

AT 37°%C.
Sexrum neat | % 2% | 125 | & | 3
Concentration serum [serum |serulh |serum |serum
Pha ! " "
- nd%: cytosis % kv 1% 205 L 660

Red cells incubated in saline alone
gave an uptake of 72

Serwa protects the red cell against injury during storage under
these experimentel conditions, Dilution of serum reduces its
protective effect upon the red cells At this point it was thought
that loss of serum proteins adsorbed to the red cell surface might
precipitate the upteke of red cells incubated in saline; that is
injury might be caused by loss of adsorbed serum proteins from the
red cell surface, Serum proteins adsorbed to the surface of red
cells after washing, and after saline injury were studlied yuaikitgte
ively by immunoelectrophoresis, agglutination with specific antisers,
and by gel diffusion.

ds Serum proteins sdsorbed to the surfeces of fresh

and injured red cells,

& Red cells were washed four times in saline. After the final

wash they were suspended in a 50~ concentration by volume in saline,
and incubated for 30 minutes at 37°C.
The supernatant, obtained after centrifugation of these cells,

was/



wes concentrated by dialysis against polythene glycol (Koch-Light
Ltds) and its serum protein content studied by gel diffusion, end
imamoelectrophoresise Suspensions of washed red cells were also
tested for agglutination with specific esntisera to the following
serum proteins:t Albumin, alpha 2 Macroglobulin, Transferrin, &lpha
1 lipoprotein, beta lipoprotein, Igi, IgG, IgA, and prealbumin
(Acidic alpha 1 globulin, "serumicoid") Antisers were supplied by
Behringwerke.

The experiment was repeated using saline injured red cells
instead of fresh washed humen red cellss The results were &s
followss
a. Cel diffusion, and imumoelectrophoresiss
The superngtent from washed red cells showed the presence of nearly
all the serum proteins by immncelectrophoresis and gel diffusion,
The supernatant from sallne-injured cells was shown to contain
albumin, trensferrin, slpha and beta lipoproteins, alphe 2 macro-
globulin, and a trace of IgG, by gel diffusion. Immunoelectrophoresis
revealed albumin, transferrin, alpha and beta lipoproteins, and alpha
2 mecroglobulin.

b. Agglutination,

Fresh red cells were agglutinated by antisera egainst alpha and beta
lipoproteins to a titre of 1/250, and by antisere against alpha 2
macroglobulin to & titre of 1/7, Saline injured human red cells
were eagglutinated by anti-elphe end anti-beta lipoprotein antisera

to a titre of 1/50. Only microscopic egglutination by enti-alpha

2 macroglobulin werum was showm, up to & dilution of 1/4. Antisera
ageinst other serum proteins produced no visible agglutination in neat

concentrations ./



concentrations., This experiment shows:

a, thet alpha and beta lipoproteins ere firuly bound to the red
cell surfece, and are slowly lost during saline injury.

bs thet smrll quantities of meny normal serum proteins ere
difficult to remove from the red cell by four washes in ten times

their own volume of saline,

es The effect of reincubation of injured red cells
in compatible serum,

Saline injured red cells were washed once and reincubated in
compatible serwn for 24 hours in & 5. suspension. washed fresh
red cells incubated as & 5" suspension in serum were used as controls.
Reincubation of injured red cells in serum produced no change in the
phagoeytic Index. This proves that once injury is esteblished it

cannot be reversed by re-incubation, in serum,

TABLE IV.
THE EFFLCT OF RE-INCUBATION OF INJURED RED CRHLLS IN SERUM AT 37°C.
FOR 24 HOURS.
Fresh red cells Injured red cells Injured red cells
in merum.
’ P Jﬁr’u 615% sz

fe The effect of serobic and anaerobic incubation

of red cells in physiologicel salt sclutions.

The red cell incubated in saline might become injured by lack

of iis main substrate, glucose., Deficiencies in the ionic con-

stitution/
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constitution of the incubating medium might affect enzymic processes
in the membrene. These deficiencles could lead to the accumulation
of harmful metabolites, such as lectic acid which could directly
damage the membrane. Storage of red cells under anaerobic cone
ditions might elther accentuate, or suppress the development of
metabolic lesions in the cell meribrane,

The following salt solutions were used to sssess the dependance
of saline injury upon the lonic, end metabolic composition of the
incubating media,

a, Saline soliétion with glucose; 9.45 ge sodium chloride, 53.4 g
glucose,

be Ringers solutions, Sodium chloride 9.00 g, Potassium chloride
Oeli gs Calcium chloride (61{20) 0425 ge, Sodium bicarbonete 0,20 ge
ce Ringers Lectate solution, Sodium chloride 6 ge, potessium
chloride Ou goy calcium chloride (6325), 0420 g+, sodium lectete
3605 ge

The quantities given sbove are for meking up 1 litre of
solutione All the reagents used were Analar grade reagents supplied
by BeDJHe Glass distilled water was used to meke up the solution,

d, Hanks Belanced Salt Solution (Glaxo).
es Esagles ledium (Glaxo)
fo Medium 199 (Claxo).

The pil of all these solutions was adjusted to 7.4 by the addition
of a solution of sodium bicarbonate (14 go/litre) if required, Cells
were stored in these conditions as 5. suspensions for 24 hours at
3700. under both serobic and aneerobic conditions. Anaercbic

conditions/
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conditions were provided by gassing the media for 1 hour with

nitrogen before sdding the cells, and then seeling the ampoules in an

atmosphere of nitrogens.

Results.

There was no significent protective effect by the first five

solutions tested under either aercbic or anaerobic conditions,

Medium 199 offered better protection than any of the other media

under serobic conditions.

TABLE V.

THE £FTECTS UFON SALINE INJURY OF AZRCBIC AND ANAIROPIC INCUBATION CF

RED CELLS IN PHYSIOLOGICAL SALT SCLUTIONS.

Heddum T aabie) “heneroric)
Saline + Glucose 78+ 82.
Hanks BSS. 66;. 85
Ringers Solne 78: 78.
Ringers + Lactate 6. 70
Eagles Medium 35« L3
Medium 199 26 L3

fo ZEffects of additional chemical egents upon the

;Qurzofx_-ggcellain%

A variety of chemicel agents, including co~enzymes, vitamins,

metabolie inhibitors, eand a stimulant of red cell metebolism were

added to saline in an attempt to prevent saline injury.

Comuinzyiiiza

Adenosine/




Adenosine triphosphete (0e1 mge/mle.) Nicotinamide adenine
dinucleotide (NsAWDeHe)e Kicotinamide sdenine dinucleotide phosphate
NeAsDaPeHe), (Nutritionel Biochemical Corps) (Oe! mge/ml,) were
added to salines Fresh weshed red cells &3 & 5. suspension were
added to saline, and incubated in these mixtures for 24 hours at
57°Ce The phagocytic index was determined as before.

TAZLE VI

THE EFTECT OF CO~ZRZYLLS UPON INJURY 70 RED CPLLS INCUBATED IN SALINE
AT 37° CENTIGRADE FOR 24 HOURS.

Medium Fhagocytic Index
Saline + AT«Pe 65
Saline + INADH,. G-
Saline + NADPH, 35
i

The two co=enzymes nicotinamide adenine dinucleotide, and
nicotinamide adenine dinucleotide phosphate had some effect upon
reducing the degree of red cell injury in sealine, ‘This fact may
explain the protective effect observed for medium 199, which contains
nucleotides, ATP had no protective effect, possibly because extra-
celluler ATP might injure red cells by causing peroxidative reactions
in the merbrane lipids,

Vitemins,

Nicotinamide (60 mge/mls), Riboflavine (1.8 mge/ml, ) and
Pentothenic acid (as calcium pentothcnate 1 mge/ml.) vwere mede up
in these concentrations in saline. The resgents were analar grade.

Riboflavine/
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Riboflevine was suppllied by Roche pharmaceuticals, and Nicotinamide
and Calcium pentothenate from British Drug Houses, Fresh washed
red cells were added to these solutions, as & 5. suspension, and
incubated at 37°C. for 24 hours, After incubation the red cells
were weshed once in saline and added to meerophage monolayers in
compatible serum, Phagocytic index was determined ss before,

TALLE V1.

MWWWHMWSMT@MYNREDMHWIMMIN
SALINE AT 37 CENTIGRADE FOR 24 HOURS.

Medium Phegioytic Index
Saline + Nicotinamide 605
Saline + Riboflavine Lg
Saline + Pentothenic acid 30

Results,

0f the vitamins, pantothenic acid was the only one to affect
the degree of cell merbrane injury, effording a “partial protection".
Pantothenic 2cid ia necessary for the synthesis of co=enzyme A, an
enzyme which is involved in intracellular lipid synthesis, and in the
aceytlation resctions involving 1ipids (Biesele 1955; Mahler & Cordes
1967) « reactions which are known to occur in the red cell menbrane.
Even in the large concentrations used hcre the vitemin did not entirely
prevent saline injury,

The evidence suggests that disturbance in metsbolism were in pert
asgociated with red cell merbrene injury, following incubation in
saline, since these effects could be pertislly prevented by nucleotides

and/
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and pentothenic acid, If metebolic lesions in the red cell menbrane
were responsible for the development of saline injury, end if these
lesions were the result of uncompensated metabolic processes within
the membrane, due for example to the accumulation of lactic acid from
the metsbolism of glucose, injury micht be prevented by the potent
metebolic inhibitors of cell respiration, lMethylene blue, which
increases the oxygen consumption of red cells end stimlates the
metabolism of glucoseto CO, rather then to lactate, (Brin & Yonemoto)
(1958) might prevent injury by preventing lactate accumlation.

The major pert of the energy produced by the red cell is employed

in the cation transport system of the mesbrane, Inhibition of the
sodium potassium purp mechanism with Digoxin, which hes been shown
maximelly to inhibit potassium influx into the red cell {(Glynn 1961),
might prevent saline injury.

i{etebolic inhidbitors.

Cysteinamine (beta mercaptoethylemine (Koch-Light)) was mede up
in a concentration of 0,01 mge/mls in stline, 4 5. suspension of
fresh weshed red cells was incubated in this mixture for 24 hours
at 37°C., washed once, and the phagoeytic index determined as before,
The phagocytic index for red cells treated in this menner wes 62,

DJP.PuD. (Diphenylparephenylamine diamine) was mede up in
saline to & concentration of 0,01 mge/ml. A §. suspension of
washed red cells was incubated for 24 hours at 37°C. in this solution.
The phegocytic index was determined es before (P=53:)s

Methylene blues
y
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A 5 suspension of washed fresh red cells were suspended in
glucose seline contsining 0.4 mge/mle of methylene blue (Gurr,) and
buffered to & pil of 744 with sodium bicarbonate solution, Incubation
wes continued fof 2 hours at 37°C, and the phagocytic index
determined as before. $he phagocytic index for cells trested so was
68; o

Digoxin,

Red cells were incubated es a §. suépemim in seline containing
1072 mge/mls of purified digoxin (KocheLight) (mmtion of 747
x 107 moler), This concentration was found by Glybn (1957) to
meximally inhibit the influx of pctu;aium in normel red cells,
Incubation was continued for 24 M, and the phagocytic index
determined &s befores Digoxin 4id not prevent the expect;;ﬂ increase
in phegocytic index resulting from the incubation of red cells in
selines (Fhegocytic index - 6G.)e

TABLE VIII.

THE EFFECT OF METABOLIC INHIBITORS UPON IJURY 70 RED CEILS
INCUBATED IN SALINE FOR 24 HOURS AT 37 CENTICRADE,

Medium Phagocytic Index
Saeline + Cysteinamine 6%
Saline + DePePeDs ' 58.
Seline + Methylene blue 65
Saline + Digoxin 66

I/
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In swmary it has been ghown that saline injury occurs in
physlological salt solutions, conteining sdequate glucose, and all
the major ions present in extracellular fluid, Selt solutions cone
taining nucleotides, or pantothenic acid, partielly prevent sdl ine
injury eas judged by the estimation of the phagocytic indexs Metobo=
lic inhibitors had no effect upon saline injurys Thus the change
that occurs in the red cell merbrane after 24 hours incubetion in
saline 15 not the result solely of metabolic disturbances taking
place within that membrane, The im}u;-y eppeara to be independent of
the i.o::ia composition of the selt solution in which the red cell iu
incubateds Since normal serum protects the red cell from saline
injury, and the crystalloid constituents of serum have little ;effect
upon the process, the protective effects of serum must lie &n the
protein components .The previous studies have indicatéd that the
serun lipoproteins are strongly bound to the red cell swrface, and
can be detected in this situation even after injury. It hes also
been shown that the lipoproteins of serum can exchange their phosphoe
lipia with.pm:slmoiipi.d in the red cell membrene, (Sekagmi et al
| 1965 &, b)e This evidence suggests thet the lipoproteins of serum
may be involved in seline injury. The effect upon red cells of
incubation in defatted serum and plasma was therefore studied.

h, [The effects of incubating red ecells in normal
end defotted serum end plasma,

Serum or plasme was defatted by repeated extraction with an
equal volume of ice cold ether for 2 hours et 4°C. The extracted

serun/
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serum was separated from the ether in a secparating funnel, and the
remining ether removed by vacuum purps Serum treated in this
menner showed considereble denaturetion (a white floccular precipitate)
which wes removed by centrifugation before incubating the red cells
in the serume Immaunoelectrophoresis studies of serum defatted by
this method showed tbsence of prealbumin lines, and diminlshed alpha
end beta globulinse Red cells incubated in serum or plesma defatted
by this method became injured (P = 6G.)e

There ere two fundamental objections ettending this method of
preparation of serum, firstly traces of ether present in the serum
could cause direct injury to the red cell membrane, and secondly
merked denaturation of serum; even under the most favoureble condit-
lons still occurred, A second method of defatting serum was devised,
The sterting meterial (serum or plasma) wes freeze dricd under high
vacuue It wes then further dried under vacuum in a dessicator
over phosphorous pentoxide, sealed, end stored in a depp freeze at
~14° Co This dried matericl wes then extracted with either Methanol/
chlofoform (6/4 by volume) or methanol/acetone (1/1) by volume,
These mixtures were dried by the addition of 6C of anhydrous sodium
mlpkmfe per 500 ml, or enhydrous calcium chloride 6g per 500 mle,
and pre-chilled to-14°C, before being edded to the dried serums, The
whole extraction procedure was performed without agitation of 'the.
serum mixture, and at low temperatures («14°C,)s The extraction
pracedl;lre was performed by decenting the 1lipid solvents from the
serun residue once or twice deily, and replacing by the same pre-
chilled solventss After 7 to 14 chenges of solvent, the freeze

dried serum or plaama was separated from the solvents by filtration,

and/
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and all solvent vapour removed under high vecuum (40 microns
mercury)s When reconstituted to its original volume with distilled
water denaturetion was slight, and t:e serum gave a normal imamoe
electrophoretic petterns Specific antigera still rescted with
material antigenically elpha and beta lipoprotein, but no trece of
1lipid could be detected in these lines by staining with sudan black,
The reconstituted defatted serum wes gless clear end elmost coloure
leese If plesma had been used as the starting meterial, small
"spiders web® clots developed on storrge after reconstitution,

Fresh red cells were washed four iimes and added to reconstituted
serum or plasma which hed been defatied by this procedures They were
then incubated as a 5. suspension, at 37°c¢ for 24 hourse After
weshing once in sesline, the red cells were incubated in mecrophage
monolayers for 2 hours, end the phagocytic index determined as before.
Fresh red cells incubated 4in normal scrum were used es controls.

mn-

THE CCCURRENCE OF IRJURY TO RED CEILS INCEBATEIJ IN DEFATTED SERWA OR
FLASKA FOR 24 HOURS AT 37 CENTIGRADE.

Medium _ Phagocytic Index
Hlotner) T 6a%
Defatted serum _

(ary extrection) 58
Defatted plasma 60
Normal serum | K.

411 samples of red cells became injured in defatted serum or
plesma/
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plasua, As a further check that this preperetion of scrum was not
rerdered directly toxie by virtue of the extraction process, it wes
used as a medium supplement in unrelated tlssue culture cxperiments,
Cells grown in defatted serum proved normel in every regpects

It was therefore concluded that the 1lipld in serum exerted a
protective effect upon the red cell durlng incubstions Removal of -
lipid from serum ox plasma djminiahéd this protective effects
These experiments also suggested that a common mechanism of red cell
injury might result from incubation in saline, and in 1ipid free
plasma, and that both these forma of injuwry are & consequence of a
lack of erxchangeeble lipid in the incubation mediums Red cells
incubated in galine alone might show losa of menbrane lipid into the
supernatant, and investigation was therefore dirccted into the
examination of the contents of the saline supernatant from seline
injured cells,
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The supernataat from saline ingured cells was studled with regard
to its content of protein, haemoglobim, and 1ipids. The red cell
suspensions for this investigation were prepared es f'cliows.

Fresh red cells were packed at 800x gy the serum was rémoved,
and the top one third of the cell suspension, conteining platelets and
leukocytes was espirated and discarded,s 25 mle of red cells were
washed three times in normal saline, in the ratio of 100 ml, of saline
for each 5 ml, of red cellss Cells prepered in this manner were then
incubated in 475 ml. of sterile saline under sterile conditions for
periods of 6, 18 end 2 hours et 37°C, Ked cells were removed at
these times and tested for injury es judged by the exrythrophagocytosis
test.

6 hours 48 hours 24 hours

Phagocytic Index _
8- 3l 65

To study the supernatent, the red cells were reamoved by
centrifugation at 1500 g for 20 minutess The decanted supernatant
wes then centrifuged for a further period of 2 hours &t 20,000 g, to
remove any ghost membranes due to haamolysis, Haemoglobin estinaetie-
ons were carried ocut on this supernatant, by comparative photodesito-
metry with haemoglobin sclutions prepered by lysis of known munbers
of red cells in distilled waters 4An EE.Ls colorimeter was used
with a green (04GeReIs) filters, By concentration of the supernatent,

the/
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the total nurber of lysed red cclls per ml, of unconcentrated
supernatant was estimated at between 100,000 end 250,000 cells/mls,
with e mean of 110,000 cells/per mls (six estimetions),

The remeining supsrnetant was freeze dried under high vacwum at
low tempereture, and was then extrected for lipid with a mixture of
cyclohexane 50 mls chloroform 50 mls, and methanol 50 ril,, G‘ﬁ: low
taperature using chilled solvents, The extract was then filterec}
through filter pepers pre-washed with methanol and chloroform to rew
move any contemineting phospholipides These filter papers were then
resextrected three times with fresh solventss The total 1ipid
extracts were pooled, and dried in vacuos They were then re-extrac-
ted with cyclohexsne, 20 mls., &nd methanol 20 mle This emtraction
was repeated twice rore, and the final volume reduced to 10 mls in
vacuoe lethanol will boll off the mixture at room temperature
during the reduction procedure, and the latent heat lost cools the
cyclohexane to its freezing point. The 1lipid extract is stored in
the frozen stete, in the non~polar cyclohexsne, and under nitrogen
until used, Thils method of storage proved necessary, since the
phsopholipids in the extroct proved extremely labile; for example
large amounts of lysolecithin will occur in lecithin containing
mixtures stored in poler solvents in air, even at low tenpmtwg.

The 1ipids in the extract were identified by thin layer chromatoe
grephy on silica gel (Merck, grodea G and H) in a solvent system of
chloroform methenol, acetic ecid, and water (50/25/7/4) or (85/15/10/L)«
& second sgolvent system was used for the identification of the none
polex lipids, comprising petroleum ether, ethyl ether, and acetic
acid/
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ecid (50/35/5)« The individual spots on the plates were identified
with reference to thel:r Rf velues, comparison with standerd
preparations, end by steining reactionses It was found that not ell
the 1ipid extracteble from the supernatant was soluble in c¢yclohexene
elone, or in cyclohexsne/benzene mixturess A amall quantity of
methanol was required for the complete solubilisation of the extracted
lipidss The colour reactions used to detect the phospholipids
occurring in these extrocta were ag follows,

1+ Rhodamine 6 G.

An equeous solution of Ehodamine 6 G (Gurr) epproximetely of
043. conoentration, was diluted with 20 perts by volume of anhydrous
methenol, The resulting solution wes faintly pink in colours
Plates were spreyed with this solution, end allowed to dry, before
being examined in ultrawviolet light for fluorescences The majority
of the phospholipids will give a yellow fluorescence with this dye,
but phosphatidic acid, phosphatidyl isositol, and phsophatidyl serine
fluoresce blues The reaction is not very sensitive, a minimum of
5 micrograms of phospholipid per spot is required before this method
will detect it,

2+ Iodine,

The chromatography pletes were ellowed to stand for up to 20
minutes in en atmosphere of iodine vapour generated by placing crystels
of iodine in an emclosed jare All 1lipids stained with a brownish
colouretion which ensbled their position on the plate to be merked
end phokographeds Flatea so treated could subsequently be bleached

vy/
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by exposure to air, and thereafter could be sprayed with the ninhydrin
reagents, Iodine proved a very sensitive method of detecting the
1ipids in this extract, between 0,5 and 1 micrograms of 1lipid per spot
could be eesily shown by this reaction.

3+ Ninhydrin.

Ninhydrin (B.D.H.) was mede up as & 0.25¢ solution, in com=
merciel grede lutidine (Eastmen Chemicals Ltd,) and water 1/9 by
volume, After spraying with thissolution the plates were incubated
for 20 minutes in a hot air oven at 90°C,, removed, end the full colowr
reaction allowed to develop at room temperature over the next two
hourss Fhogpholipid containing sn amino group geve a pink or purple
colouration, Spingomyelin geve a peculier reaction in that only the
*head™ of the spot stained with ninhydrin, This portion of the
splingomyelin spot was called “sphingomyelin %", The ninhydrin stain
could reveal the appropriate phospholipids in concentrations as low as
1 microgrem per spote .

ke The Schiff reaction,

Both direct end indirect Schiff reactions were applied to the
plates after chrometogrephic development, In the direct reaction,
the plates were first reduced by exposure for 20 minutes to an atmose
phere of sulphur diomide generated by the eaction of water upon crystals
of potassium metebisulphites They were then sprayed with Schiff
reagenty; end the direct colour reaction allowed to develop in en
atmosphere of sulphur dioxides The plasmalogen forms of phospholipid
gave 2 blue or purple colouretion with the diréct Schiff reaction.

The/
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The indirect Schiff reaction was performed as tbove, but after first
spreying the plates with perlodic acid solution (0.5 nl. of cormercial
"strong solution®, T. Gurr, in 100 ml. of 50 methanocl), With this
reaction phosphotidic 2eid and phosphatidyl inositol in addition to
the plasmalogens gave a purple or blue colours This reaction wes the
most sensitive, revedling 0.2 micrograms of the approoriate phospholi-

pid per spot,

Standards

Stenderd lecithin wes prepered frcm crude ovolecithin (Lever
Brose Reseerch Lebss, Welwyn, Hertss), by preparative thin leyer
chrometography on silica gele The crude lecithin was run in a
solvent system of chloroform, methanol, and waeter 50/35/5+ The
major component was ldentified by strip staining of the edge of the
plate with phosphotungstic ecid, and eluted from the gel with &
mixture of methanol and ethyl ether 50/5%0, The purified component,
lecithin, after storage, showed only one major spot with iodine
staining, 4 second, very much weeker and slower moving spot wes
identified es lysolecithin, and some minor contamination with fatty
ecids was obgerved et the solvent fronts Other standard preparations
used were exsmples of cholesterol (courtesy of Dr. Ge Boyd) cholesterol
esters (cholesterol cleate B.D.H.) and exemples of neutral lipids and
fatty acidss (Unilever Research Leboratories, Herts.)e

Teble of Results,
Standards used in the identification of these lipids included

lecithin, distearin, triolein, ethyl stcarate, ethyl palmitate, pele
mitic/



116w

mitic ecid, oleic acid, snd stecric acid (a1l supplied by Lever Brose
Experimentsl Leboretories, Velwyn, Herts,), Cholesterol {Courtesy of
Dr, Ge¢ Boyd, Depertment of Biochemistry, University of Edinburgh) end

Cholesterol oleate £BJDHe) e

TAELE Xa) end b) .

THE SOLVENT SYSTEH USED WAS CHLOROFORM 50, METHANOL 25, ACETIC ACID 7,
AND WATER &4 PARTS, EACH BY VOLOME.

2),
Spot | Present Rf value| Steining Identification
Reaction
1 6H 01 Iodine Unknown
2 Al 0e17 | Schiff + Phosphatidyl Inositol
3 ALl Ok | Ninhydrin Phosphetidyl Serine
L A11 D31 Direct Schiffs| 7 Plasmalogen
5 ALL 031 Iodine Sphingoryelin B
6 A1l 0e36 | Ninhydrin Sphingemyelin A
7 18& 244 0O Direct Schiff+| ? Plasmalogen
8 ALY 0.46 | Ninhydrin Phosphetidyl
Ethardamine
9 All 05l Standard Lecithin
10 6H 0eb Direct Schiffs| Lysoplasmalogen
of ?Lecithin
11 | 18& 24 H| 0486 | Iodine Unknown
12 18& 24 H| 0.9 Iodine Unknown
13 18& 24 H 0496 Rhodamine 6G Phosphatidic acid

b)e
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NCK POLMAR LIPIDS IDERTEFZED USING FPETROLEUM ITHER, ETITVL ETHER, ACETIC

ACID 50/35/5 PARTS EACH BY vonm-m.

Spot | Present | Rf velue| Ctaining Identif'ication
Reaction
1 | 18 & 243 | 0.6 Stendard Cholesterol
15 | Trace 6H 0.70; +Triolein, Distearin,
18 & 241 0,96) %0 | Standards verious fatty ecids,
incle Palmitic,
16 | 18 & 24H| Front Standards Cholesterol Isters

Thin layer chromatography on silica gel revealed sixteen com=
ponénta (Table X) in the. iipiﬁ extract, including the fetty acids and
fatty acid esters, The;ae corponents were identified as far 28 pogse
ible by their stahing reactions, Rf wvalues, snd with reference to
standaxdsy Of these ai..xteen components, eight-were present in the
1ipid extracts made at 6','18 and 24 hours, two were present only at
6 hours, and six presat;torﬂqlt 18 end 24 hourse, At 6 hours an
unidentified polar 1ipid steining with iodine end with en Rf value of
0,11 was presenty, This 1lipid was not identified et 18 and 2 hours.
Another unidentified 1ipid, staining with Schiff reagent and iodine
wes 2lso present et 6 hourse This lipid had an Rf value of 0.6 and
by its staining resctions wes thought likely to be e lysoplasmalogen
of lecithine Of the 1ipids present only at 18 and 24 hours, the most
noteworthy occurrence was the presence of phosphatidic acld, which
was not found efter six hours incubetion, In eddition, only traces
of neutrsl lipid were present in the extract at 6 hours, while these

corponents were ecsily identified at 18 and 24 hourss The neutral

1ipig/
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1ipid occwrring 4in these extracts containel triolein end distearin

end many unidentified components. Cholesterol wes found to be present
only et 18 and 24 hours, it wes not found at 6 hourss Traces of
cholesterol esters were also found at 18 and 24 hours, but not &t 6
hours.

Control extractions of the total phospholipid from 25 mle of
packed freeze dried red cells were mnde by the same method es epplied
to the freeze dried supernatant from ssline injured cells, Thin
layer choomatography of the total red cell 1lipid showed the same lipids
to be present as were found in the extracts of the supernatant from
saline injured cells.s The quentities of all classes of 1lipid were
much greater than those cobteined from the supernatant, In particular
greater quantities of cholesterol, cholesterol esters, and neutrsl
1lipids were present,.

The qualitative analysis of the lipids conteined in the superna-
tant from saline injured cells showed the presence of the major red
cell membrane phospholifpidse. Fhosphatidie acld, cholesterol, and
the cholesterol esters were not present at 6 hours, end only traces of
neutral 1ipid were found et this time, Similar 1ipids were shown to
be present in much greater quantity in the 1ipid extract from whole red
cells. Phosphatidyl monophosphoinositdl was present at 6, 18 end 2
hours, although this 1ipid is quantitatively only 3. of the totel red
cell phospholipids A highly polar 1lipid conteining substance was
present in the extract of supernatant et 6 hours, By staining reacte
ions this could not be shown to contain either amines, or aldehyde
linkages, This material wes thought to be a complex of phospholipid

witl/
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with possibly protein, or mcoprotien which would account for its low
mobilitys This complex is not present at 18 or 24 howrs. In
sumary, these findings can be held t¢ illustrate a gredual preak-up
of the membrane structure of the red cell incubated in saline, This
may begin with the loss of the outer components of the membrane,
including a mejor part of the mewbrane phosphatidyl inositol, and
complexed phospholipid. After 18 hours incubation, this complexed
materisl is further degraded, and is accorpanied by the additional
loss of “"deeper® membrane components such as fatty acids, neutral
1lipid and cholesterols This simplified picture of red cell injury

is complicated by the physico-chemical and enzymic degradation of the
released memdbrane materdal in the supermatant duringiocubation, The
presente of any perticuler 1ipid or phospholipid in the supernmatant
from injured cells cannot be held tc indicate the presence of that
1ipid in the membrene in the detected forms Phospholipid material
in the red cell merbrane must, on & quantitetive basia, be closely
assocliated with protein, and it is probably released from the membrane
during injury in a complex of protein and lipide These complexes are
likely to be degraded during incubation and &uring the 1lipid extraction
procedures After extraction of the 1ipid from the dried supernatant,
a residue composed mainly of salt remained, If water was added to
the residue, an insoluble precipitate remeineds This white materisl
was shown to consist largely of protein by Micro«Keldjahl analysis,.
An investigation into the nature of this protein wes carried out by
immmodiffusion techniques, and by enalysis for 1ipid and protein

content.

be Proteins,/
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Protfin was isolated from the supernatant o' 25 mle. of packed
red cells, injured for 2% hours in 475 mls of saline at 37°C, by
freeze drying the supernatant, adding 50 mle of distilled water, and
dialysing the suspended protein ageinst running tap water for 48 howrs,
and subsequently distilled watexr for a further 24 hours, By this
procedure a smell quantity of the protein could be solubilised, The
preparation was then freeze dried, or concentrated by dielysis against

polyethylene glycol.

Gel diffusion.

Antiserum was prepered against humen red cell ghosts, by injecting
rebbits with L0 mgm, (Qry weight) of ghost material intramuscularly
in saline containing 0.5. by weight of polyvinylpyrollidine as adjuvante.
The antiserum was harvested efter twelve injections over a period of
three weeks. Antisera so prepared were adsorbed with haemoglobin,
prepared from lysed red cells by colmn chromatogrephy on Sephadex G200
(Pharmecia), 4in borex phosphate buffer at pH 8.6. Adsorbed antiserum
was reacted with the concentrated dialysed supernatant, in eger plates,
After 48 hours at rodm terperature, a single line appeared which wes
not haemoglobin-antibody complex, end which did not react with
univalent entisera ageinst human serum protein, This confirmed that
the supernatant from saline injured cells conteined a protein elso
present in the human red cell ghoat,

The protein component from seline injured cells proved poorly
soluble in water, or in saline, but was rather more soluble in equeous
butanol (10 by volume)e In the freeze dried state, this protein was
white/
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white, or pale greem in colours he islonlc point was at a pH of
748 to 842 (2 sanples),

MicroKeldjahl analysis of this protein was performeds Veighed
somples of dry protein were digested in concentrated sulphuric ecid
in the presence of sodium sulphates The digest was then steanm
distilled after the neutralisetion of the acid with sodium hydroxide,
and the vapour collected in 2 ml, of saturated boric acld solution,

containing 0,01 ml. methyl red as indicators The liberated ammonia
wes back titreted with 0,07 Normal hyirochlorie acid, prepered by
weighing concentrated hydrochloric acid, (Kabat & Meyer 196%) to
neutralitys. Assuming that X = 1G: protein, tle proiein content of
the substance isolated from the supernstant was found to be 79,85«
(2 242:) (6 samples)s The 1ipid content oi' the substance from
the supernatant was determined by extracting e weighed sample of protein
with methanol/chloroform mixtiires vn & weighed filter pad in a Buchner
funnel, The extracted material and filter ped together were weighed
after removel of solvent in wvacuo, By reptéated extraction to cone
stant weight; and assuming thet 1lipid only wes extrected by the dry
solvents used, the lipid content of the protein was found to be B.F:
(£ &) (6 sarples),

The proteln deposit was found to be Schiff positive, This
suggeated the presence of mucoprotein in the semples Sialic acid
wes meesured qualitatively by the colour reaction given with Ehrlich's
reagent in glacial acetic acid, after boiling with sodium bicarbonate
solutions The puwrple colour occurring efter allowing 2 hours to
develop showed ebsorption meximm at 550 m . in a Bechmen spectro-
photometers/
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photometers This was teken to indicete the presence of sialic acid,

By subtrection the percentage composition of the protein isclated
from the supernstant from saline injured cells had the following
conposition:

Protein 79485

Lipia B3
Sialic Acid 11,85
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5 = THE QUANTITATION OF SALINE INJURY.

It has been shown that red cells lose phospholipid end protein
from their menbranes during incubation et 37°C, in saline for 18 to
24 hourss Very few oells can be shown to heve lysed during this
incubetion, es estimeted by haanoglobi:@neﬂ-y, being much lesa than
1. of the total munber of red cells present, Quantitation of the
1ipid loss from the red cell merbrane, if the loss due to lysed red
cells is neglected, should reveal the injury in the light of the
percentage of the total menbrane lipid lost, Red cells are not
injured by incubation in saline for six hours, but eare injured after
18 or 24 howrs incubation, By the sccurate quentitation of 1lipid loss
it was thought possible to relate injury to the percentage of red cell
membrane material appearing in the supernatante Red cell injury was
quantitated by chemical estimetion of phospholipid in the extracts of
of supernatant from seline injured cells, and relating this quantity
to the totalamounts of phospholipid extractable from the red cells

Red cell suspensions were prepered as beforee After washing,
the red cells were packed at 800 ge by centrifugation, and two equal
aliquota of 25 mle of red cells were prepareds One 2liquot was
freeze dried, end the 1lipids extracted with methano}/chloroform, end
Methanol/cyclohexane &s before, The remaining red cells were injured
in saline for 18 and 24 hours, and the supernatant freeze dried and
extracted as before,

Lipid wes quantitated in these extracts by the following procedure,
The steining reactions used to detect lipids in thin layer chromato-

grephy/
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graphy ere of known sensitivity (Larinetti 1964)s. Samples of lipid
extract of known volume were diluted with & messured volume of
methenole After mixing, small aliquots of the diluted samples were
epplied to the chrometography plate with a microsyringes  After
development of the plate, the lipids were identified by their staining
reactionses By repeated dilution of the sample, & point was reached
where the quantities of lipid present were below the sensitivity of
the staining reaction usedy Taking thls as the end poiut, and
lnowing the dilution of the original extract, the volume applied to
the plate, end the sensitivity of the staining reections used, a
simple proportion sum gave the quantity of phospholipid in the origi-
nal extractes The sensitivity of the staining reactlons are taken
from Merinetti (1964)« This method was epplied to three separate
samples of red cellss The quentities estimated in these samples are
given belows

TABLE XI.

THE Q!IMMTII.W IIPID IN THE SUPERNATANT FROM SALINE INJURED CELLS

COMPARED WITH THE TOTAL EXTRACTABLE LIPID FRQM THE SAME VOLULE OF
WHOLE RED CELLS,

Total red cell 1lipid Totel 1lipid in supernatant| Percentege
102 mge 1848 mge 1370
(at 18 hrs,)
186 omge 3248 mge 170$°
(&t 18 hrs.)
124 mge 2 o2 M 19 Jgi
(at 24 hrs,)

The percentages obtained by this method very considerably, and the

nature/
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nature of the estimetion renders it insccurates It is & useful
guide, in that red cells can be shown to become injured when they
have lost epproximetely 16. &+ %. of the merbrene lipid, liore
accurate estimations were made using red cells lsbelled with P 32,

Quantitation of saline injury using P 32,

Red cells lebelled with the P32 redioisotope of phosphorous,
were ocbtained from two patients undergoing treatment for polycythaemia
vers, 2L end L8 hours after receiving clinical treatment with the
isotopes (Courtesy of Dr. licCurk, Radiotherapy Department, Veatern
Ceneral Hospital, Edinburgh)s These red cells were packed by
centrifugation, and the serum espirateds The top three quarters of
the red cell deposit wes aspiretedand discardeds The remaining red
cells were washed, &s before, four times in ten times their owm
volume of saline, and finally packed at 800 ge A 1 mle aliquot of
red cells was removed for counting to esteblish the baseline radloe
ectivity of the red cell seample, This sample of red cells wea
stored end counted at the completion of the experiment, An additio=
na2l sample of 1 mly of red cells was lysed by dropwlse eddition to
100 mle of distilled water, and tien centrifuged at 20,000 g, for
2 hours to precipitate the ghostss The ghost semple was stored es
before, to be counted at the completion of the experiment, Of the
remaining red cells, an aliquot of 25 ml. weas maede up as a 5¢
suspension in 475 ml. of saline, and incubated under sterile cone
ditions for 2 hours at 37°C, Samples of saline were removed at
2, 64 18 and 24 hours, and the red cells removed by centrifugetion at
1,500 g« The samples were then centrifuged at 20,000 g. for 2 hours

and/
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and the supornatent stored until countode
Counting wes performed using & twin chonned scintillation camter

(focihard)s The scintillation f1uld weg Mol 572 (*Seinatent®)
(Huclenr Interprises 142,), in dioxene 411 sarples ware counted st
the same time, since I' 32 has & short holf lire, (12,7 doys)e A
blank coutrol sarple wes counted sicmliencounly with eech teste
Frowm the first two samples, conslsting of whole red colls, &l red
cell ghosts, ond eesurdng the red coll ghosts to te merdrense only,
the proportion of whole red cell rodionctivity due to the meirens
slone wos crlculated (23 county/mdng)e From these results, the
totsl rediosctivity, exyrcssed es counts/mimute, in the red colls
s2ded to the saline before infury could boe celculsteds /ssudng
that this redioactivity wos unifornly distributed in every 1 rle
of the red cell/seline mixtize, the maximum counts cbtaineble could
be predicted, This mﬁiﬂdmmsmmv&thmmx
vnlue obtainad from coamting, end by epplying the correction for the
percentege diatritution of redicsctivity bLetween ghost and lysate,
the parcantege of novbrens rediosctivity oppesring in the supernotont
wos calculatode The reeults eve given bolows
Totel count (Whole ReBaBs § mle) « 25890 ¢/rdne
Total count predicted per ¢ mle selire ~ 1079 o/min,

\ The retlo of radioectivity between tha red cell mechrane end the
rediosctivity of the whole red cell sorple wos &3, ecxpressed e
eounte/mine

TARIE X1X/



TARLE XII.

THE RATE OF T7.0SS mﬁzmmmmq;nsximmmm
AS A 5. SUSPEISION AT 37 Coe

Counts/ifin, Percentage whole Percentage Membrene
RaBoCo '
1079 1005 64
2 2e2: 1ol 2 hours
260 40 1§ 6 hours
536 2 3246+ 13 hours
605 55+ 3646 2, hours

This experiment shows that the red cell becomes injured by the
loss of epproximately 30.. of the merbrane lipids This conclusion is
based upon the essurptionthat sll the rediomctivity &solated from the
seline was due to labelled phospholipids This conclusion is probebly
unjustified, since some membrane radioactivity might result from
phosphorous incorporeted into protein, or bound inorganie phosphorous,
Chemicel annlysis and quantitation of lipid loas showed between 1%.
end 19 of merbrane lipid lost dwuring injurye. The true eveluation
of the phospholipid and 1ipid loss lies probebly between the two
estimates of 30-370 end 13«19,

The discovery tiat injury to red cells caused by incubation in
saline is essoclated with 1ipid loss end protein losa from the red
cell mexbrane, ralses severel irportant questions,
1¢ ¥hy is the membrane unsteble in the ebsence of serum lipoprotein?
2¢ Is the transfer of 1ipid between lipoprotein and the red cell
membrene of importance in the prevention of injury to the menbrane?

3o
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3« In what way does demage to the red cell membrane predispose the
affected red cell to be phagocytosed’

The transfer of 1ipid between the plasma lipoproteins and the red
cells membranes of normal end injured red cells was investigeted using
the serum from the sarples of blood labelled with P32, used in the
previous experimentse The plasma wes removed from the sample of
radiolabelled blood, end dialysed for 24 hours egainst normel saline
containing 0425 gs of Celcium chloride (hydrated) per liire, This
echieved two things, remwovel of free inorgenic radiophorpnorcus, and
the promotion of clotting in the plasma samples After dialysis, the
clot was removed by centrifugation, end the serum stored.

Normal fresh red cells were weshed four times in tem times their
own volume of saline, snd then injured for 24 hours by incubation in
salines After injury they were washed ouce rore, packed at 800 geg
and Os1 mle 2liquots of packed red cells incubated with a O¢5 mle
8liquot of radioe-lsbelled serum for 10 minutes, 30 minutes, 2 hours,
and 4 hourss After incubetion, the red cells were removed, weshed
four times in e large excess of saline, and transferred quantitatively
to counting pots contalning 10 nle NeLe 572 in dloxane Controls
consisted of blank pots containing scintillation fluid, 05 mle of
serun labelled with P32, and a series of normel red cells incubated
in lebelled serum for the same time, and treated in exactly the same
wey a3 the saline injured cells,

TARLE XIIX./
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TAELE XIII.

THE RATE OF INCOREORATION OF P’zznm FRESH /ND INJURIR RED CELLS
INCUBATED IN P°° LABNLLED SERGM AT 37°Ce

Sample Counts per Percentage P32
minutes Transferred
045 mle serum 3987 1005«
Red cells 10 mins, s 1.86.
'Red cells 30 minse 86 2.46)
Red cells 2 hourse 1% 4,785
Red cells & hourse 387 9,745

Saline injured red
cells in P32 serum,

0.5 mle serum 3987 10G.
Red cells 10 mins, 17 QulFe
Red cells 30 mina, 49 1.2%.
Red cells 2 hours, 70 1 8¢
Red cells 4 hours. 123 3ot

The very low counts obtained are corrected for background count
using the blank control, counting on the second channel of the Pack=
hard scintillation counter simulteneously with each samples The
figures given e£bove were cbtained by subtracting the bakeground count
from the total count,

Thege results show that the saline injured red cell hasg lost the
capacity of the normal red cell to bind phospholipid from serum lipow
proteins These results seem to indicete that the transfer of phosp~
holipid between the serum lipoprotein and the red cell merbrane is of

importence/
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imortance in the maintainence of membrene integrity. The role of
the serum liporproteins has not been direetly investigated, due to
technicel difficulties involved in the preperation of these proteins
in e pure forms Good preperstions of beta lipoprotein can be nnde
using the method of Machbeof (1949), but the preperation contains
traces of emmonis, which itself proved toxic to the red cells
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6 o A SIBIVARY OF TIE EYPERTNENTAL DNVESTIGATIONS INTO SALINE INJURY «

Red cells incubated as a 5. suspension in saline foi' 18 to 2
hours become injureds Injury is apparent efter 8 to 12 hours
incubations This injury does not occur in the presence of serum,
and the protoective effect of serum 1lies in the 1ipoprotein i{ conteins,
Injury is dndependent of metabolism, t0 a great extent, the only
metabolisable substances effecting injury being the mucleotides
NeAeDeHe &8nd NeAoDoPsHe, &nd the vitemin pantothenic acids These
substances do not prevent injury occm'-rl.ng, but lessen the degree of
injurye -

Injury is aasoc.{ated with the loss of 1ipid and protein fyrom
thc-red cell merbrene, and this loss is Irreversibles
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7 - DISCUSSIW.

The investigetion of this merbrane lesion was performed using
the macrophege &8s an indicator of red cell darpges This method was
chosen, since &1l other criteria for the essessment of injury, such
as sphereing, haemolysis, morphology, and osmotic fragility tests
proved of little values, The ocamotic fragility was slightly increased,
but still within the 1imits ecceptsble as "normel®, One additional
observetion, which may prove significant, m thet sallne-~injured
cells could be readily induced to form irQlesux in the presence of
calciume Solutions of seline, containing 0.15 m calcium chloride,
caused roleaux formation with saline-injured cells, but not with
normel cells, This indicated that saline injury hed caused en
elteretion in the swrface properties of the erythrocyte, causing them
to become sensitive to agglutination with divalent cationss As
elready discussed, agglutination by divalent cations occurs because
of the ability of these substances to lower the surface charge, and
hence the critical potential, 2t the cell surfaces (Banghem et al
1958; Weed et 21 1962)y It may therefore be concluded that saline
injury results in a loss of surface charge, insufficient in itself
to cause agrlutination, but sufficient to ellow egglutination of
injured cells by low concentrations of divelent cationss This
obgservation may also correlate with the suceptibility of the injured
cell to phagocytosis, the lowered surface charge allowing & closer
approach of the injured cell to the macrophage menbrane,

High concentrations of salt have been shown to be injurious to

red/
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red cells, and to red cell ghostse (Lovelock 1955; Mitchell &
Honshen 1966)s The lesions descirbed as being causedby saline heave
been associated with the loss of merbrene lipid (Lovelock 19545 1955)
and of protein (Mitchell & H anchan 1966). In these respects the
injury to red cells caused by incubation in saline 1= sirilar to that
desckibed following freezing, adsorption of red cells with ejumina,
and extraction of ghost merbranes with hypertonic selt solutions,
From the results of the present series of experdments it appears that
saline dissolves the red cell merbrene in pert, end that in vivo
membrane loss is made good by the transfer of 1lipid to the mendrane
by the serum lipoproteins. However the constituents of the madbrane
are poorly soluble by their nature, HNaddy described the proiein
Isolated from ox red cell ghosts, 8s being nearly insoluble in the
presence of salte {1964 bs)s Phospholipids of the type fourd in
merbranes form stable lamellae in salt containing medie, with very
1ittle exchange of 1ipid occurring between the lamellesr phase, and
the aqueous phsse (Dawson 1966) ¢« The same author cast doubt upon
the ability of 1ipid to be transferred from lipoprotein to such a
membrane through en aquecus phase; assuming that the transferred
1ipid identified by Sakagmi et al, wes not an integrel part of the
merbrene structure, but merely presert as an edsorbed outer layer,
This view is in conflilet with the experimental cbservations already
described, in that red cells in serum become injured in the absence
of tranaferreble 1lipidy loreover this injury can be shown to lead
directly to the phegocytosis of the affected cellss

One way of reconciling these epperently conflicting observations

iy/
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1s to sugpest that 1lipid exchange between the merbrene proper, and
the liporptteln of serum does occur, but throuch a hydrophobic
rather then an aqueous pheses This sugpests that at the surface of
the normal red cell in vivo, there exists a hydrophobic lsyer through
which the exchange of plasma upopf;i-otein 1ipid with cell merbrene
1lipid occurss This layer is essi;ltial to the integrity of the red
cell, and its ebsence dirdnishes the rate of 1ipid exchenge between -
plasma end cell merbranes Seline injured red cells have lost
marbrens lipide They have also lost at least pertially, the ebility
to bind phospholipid present in the serum or plasmas Saline injury
also proves irreversible, This evidence sugrests that a common
mechanism, that is the loss of a theoretical hydrophohic layer, from
the surface cf the red cell, could explain all the ctserved features
of saline Injurye

The nature of this hydrophobic layer is cuite unknowne It
might be composed of a layer of loosely bound 1ipoid meterial (See
Dewson 1966), adsorbed serum proteins, or even organised "anomelous®
structures of water a2t the cell surfaces Attempts to reduce the
local concentration of water at the cell surface, by employing such
agents as Dextran 250, Dextren 100, and Ficoll, have not resulted in
any improvement &f the survivel of ref cells in seline, or even
in distilled waters Very high concentrations of these substances.
(70 w/v) will pertially prevent "seline injury®, end injury in
distilled watery (Habeshew personsl ocbservations)s There is not &s
yet enough experimental evidence to prove or dlsprove the theory that
& local decrease in the concentration of water and ilons at the red
cell surfece will prevent or inhibit saline injury.
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1 = INTRODUCTION

In phagocytic reactions occurring in vitro, the medium in which
the maserophages are maintained is one ¢f the major variable factora
affecting the processs In order for the phagocytlic process to ocour,
the suwrrounding fluids must support the growth of the macrophage, and
maintein its metabolie processess In addition the medium may supply
edditional factors, such s opsonins, which influerce the bassl
phagocytic activity of the mecrophage towards certein types of particles

Host in vitro experiments employing macrophages, ere performed
in media containing serum, or serum proteinss With one notsble
exception, (Feuve 196%), experiments performed in the zbsence of
scrum, or of serum proteins, have been short term experiments, lasting
from %0 minutes to 6 houras (Lee & Cooper 19663 Levenson & Braude
1967)3 (Rebinovitch 1967). The principle remson for the short term
experiments performed in the ebsence of serum, has been the Aifficulty
of promoting the swrwival of the macrophogé in serum firée medium
beyond a few hourse (Fauve (1964) using a medium conteining bovine
serum slbumin, was successful in maintaining cultures of macrophages
for periods of up to 2 weeks, and demonstrated that such cultures were
8till phagocytically active. This wes also demonstreted by Chang
(1964) for macrophages cultures in horse serum snd beef embryo extract
for up to 220 dsyss It hes been noted that the phagocytic potential
of the macrophage towards red cells is optimal only after 24 hours of
culture, The phagocytic index incresses with increesing time of
incubation up to this periods. The phagocytic eetivity declines efter
48 hours in culture in serum=conteining mediee (Stusrt 1968; Stuart

&/
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& Cumings 1963). Short term cultures are therefore unrelisble, if

2 true or sbsolute value for the phagocytic activity of the mecrophage
is requireds In the same way the use of cultures older than 48 hours
is 21s0 likely to produce en unreliable estimate of macrophege activitye

The media employed for the maintainence o' macrophages in culture
ere usually adequate in their content of ionic substances,

Radsma {(919+1920) showod that the phagocytic ebility of peripheral
blood laukocytes was dependent upon the presence of certain ions,
notebly those of sodium end potasslums The divelent ions of calcium
or mognesium were found to be of equivalent inportance by Zggers
(1909) end De Hoan (192101922)s The two most comuonly employed
tissue culture media are complete Bagle's medium, and iedium 199,
Both these media containadequate samounts of sodium, potassium, and
calciume (See Rabinovitch 1967). #

The serum used &s 2 medium supplemtnt in most experiments involving
the culture of macrophages, hog been found necessary primerily to
ensure the survival of mecrophagess Usually homologuus sera have
been used, but in the system employed by Stuart & Cumnlngs, mouse
macrophages grown in humrn serum were useds Vaughan & Boyden (1964)
employed rebbit macrophages grown in a variely of heterclogous sera
for the gquantitetion of eryihrocphagocytosiss It has been cbaerved
that the serum employed will not stimmlate phagocytoais of the test
particle, providing that the nsturelly occwrring antibedies to the
test perticle have been removed by adsorptions (Perkins & Leonerd
1963)s It has not been determined that serum hes or has not an
effect upon the basal phagecytic activity of the macrophages An
obvious/
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obviocus requirement therefore for the accourate quantitation of
erythrophe-ocytosis, end the estimation of the basal activity of
the macrophege in the absence of opsonins end entibodies, is an
adequate tissue culture medium supplemented by elther puwre proteins,
or by protein free supplements,



2 « THE FREPATATION CF A SERUM PRCTTIN FREE 1TPIW,

Macrophages, harvested from mice by peritonesl lavage, will
adhere to coverslips, and will spread in the absence of serum,
After 6-8 hours of culture in medium 199 (Glexo) without serum,
the cells rowd up but remain adherent to gless. After 24 hours
culture in medium 199 elone, only & very small percentage of the
remaining macrophages ere capsble of phegocytosing red cells coated
with heemolytic antibodys Mecrophages grown under similar
conditions, but in the presence of serum from the mouse, rabbit,
horse, calf, or human, will normslly react to antibody coated red
cells maximally (the phagocytic index > 901).

It was found ewpirically that the addition of glycogen to
tlssue cultures of maciophages in medium 199 produced better
functional swrvival of the cells than cccurred with medium 199
alone, es agsessed by the phegocytic index for entibody édoated red
cellse TFor macrophsges sxroym in medium 199 contelining 0420 ge of
glyeogen per 100 mls (Oyster glycogen BJD.H,.), the nuwber of macroe
phages ingesting antibody coated red cells after 24 hours of cultwre
was 1., while only 2«¥. of macropheges cultured in medium 199 slone
were capeble of this reactions Increesing the concentration of
glycogen did not increese the numbers of' phagocytically reactive cellss
It 1s obvious thet even under optimel conditions, medium 199 supplemented

ik

maerophage reactivity.
The addition of lactalbumin hydrolysate (Difco T.C. lactalbumin)

to/



to glycogen solution in distilled water improved the performance

of the cells as assessed by measwrement of the phagocytic index,
Using a medium supplement containing Glycogen (Cyster B.D.He) 1 gep
and lectalbumin hydrolysete L ge in distilled weter (100 ml,), et

a concentration of 10, or 20,. in medium 199, the meximel phagocytic
index at 24 hours reached 80.y Solutions containins these conw
centretions of lactalbumdn end glycogen were hypotonic, as mssessed
by sphering of red cells incubated for 5«10 minutes in themy, By the
eddition of sucrose (Anelar grade B.D,H.), and retesting for osmotic
adequacy using the red cell es en osmometer, the medium was found
to be further improvede In general concentrations of sucrose of
between 05 and 1 ge per 100 mle of supplement were adequate to
meintain the osmotic balance.

An edequate gupplementary medium, which supported both the
morphological end functional existance of mecrophages for at least
24 hours in culture, was therefore devised, congisting of

Lactelbunin Hydrolysete (Difco) 447 Ze

Oyster Glycogen {BeD.Hs) 10 go

Sucrose (4nzlar grade B.D.H,.) 05 Ze

Gless distilled water 100 mls

The medium wes found to keep poorly, end recuired to be mede up
in fresh batches every 23 dayss o reason could be advanced for
this 1lability, It wes found thot the addition of smell emounts of
imramoclectrophoretically pure humen serum olbumin improved the
keeping qualities and the genersl usefulness of the supplements,

The albunin used was salt poor humen serum albumin prepared by the

Soutl/
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South Eest Regional Blood Transfusion Ser¥iee, and supplied through
the courtesyd Drs ReAs Cummingse Commercially availeble albmﬁm‘;
ere unsatisfactory, and have been found to be toxic to mecrophege

culturess Albumin solution, equivalent to a finel concentration of

0465 ge per 100 mle was edded to the other ingredients in distilled

walers The final composition of the medium for genersl use waa
Lactelbumin Hydrolysete (Difco)  Le7 g
‘Oyster Glycogen (BuD.H.) 140 gs
Sucrose (ensler grade B.D.H,) 045-10 ge
3alt poor Human Serum Albumin 0465 go

For the study of some espects of macrophage reectivity, medium
supplements containing albumin were unsuiteble, espeeially in circume
stances where theelbumin itself might influence the phegocytic reection.
A further modification of the basic medium was therefore employed in
these experimentss The modified medium wes used meinly in experiments
concemmed with the reactivity of the macrophasge in long term culture,
The addition of both L glutamine and pantothenic acid to the medium,
irproved the morphology and functional ability of mecrophages in long
Polyvinylpyrollidine (Koch=Light Ltd.) was employed
instead of alburdn as a stabilising agent for the medium supplement,

term cultures

The finel composition of the medium supplement for long term cultures,
and for cultures used to investigate the role of serum proteins in

phagoeytosis was a s followss

Lactelbumin Hydrolysete Lol 8o
Oyster Glycogen 10 g
Sucrose 05 g

Polyvirylpyroliidine/



Polyvinylpyrollidine 0475 g
Leglutamine i 0 mge
Calelum Pantothenate 10 mge
Water .to 100 mls i .

The labtalbumin hydrolysate is prepered from milk protein by
enzymic hydrolyslise The commercially avelleble hydrolysate conteins
a 1ittle undialisable material, which probably represents partially
degraded proteins In order to eliminete this source of mecroe
moleculsr meterial, the dialysable fraction of lactalbuain hydrolysate
only was used to prepare the mediume

Fresh red cells incubsted for four hours at 37°C, in lactelbumin
medium and lactalbumin 10. in medium 199 showed no evidence of injury.
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3 =« THE REACTIVITY OF MOUSE PERITQNEAL MACRCPHAGRES TOWARDS FRESH
TUYN RED CELLS IN SERULL PROTEIN FREE ILTIA.

ilouse mecrophages vere cbtzined b, peritonecl laveage, and

tured in tissue culture medium 199 (Glaxo)s After 24 hours in
culture, the ronolayers were asseased for functional activity and
eppearances (Sec‘ appendix)e Iresh humen rolls were, obtained fiom
@ variety of donors, Sufficient red cells could be cbtained from
2 finger prick, but cere wea needed in taking the blood since the
presence of elcohol én the skin surface, or the application of
excesslve pressure to the finger, c;tused the red cellsso obtained to
achere to monolayers, cnd rendered accurate essessment of phagooytosis
difficult, The cells were washcd four times in physiological saline
and reconstituted as & §. suspension in saline, They were then
added to the monolaycrs in guantitics of 0.1 ml. of suspension for
each monolayers TPhagocytosis occurred during two hours of incubation
at 37° Ce¢ The coverslips were then removed, washed and fixed es

before.

RECULTS o

Fresh human red cells were phegocytosed by mouse macropheges
grown in serum protein free medium, The phegocytic index was rather
more variable than thet determined by previous experience with saline
injured humen red cells and mouse macrophages in human gserums In a
series of 28 separate experiments, involving over 100 separate cultures,
the phagocytic index varied between 18: tinimm to & meximm of 70 e
The aversge values for 21l the results wes 375 & SdDe 9e¥ce The

cells/
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cells from one particular donor blood group AB+, showed marked
adherence tv the macrophage monolayer in four of the experiments,
emd slight adherence in ones The phaegocytic index for the coms
bination of this donors cells and mouse macrophages grown in serum
protein free medium wes above the average, verying from 5Z. to 6G:e
Donors of bloed group O were found to give conalistently lower them
average phégocytic index, varying from 184 to 2%.s This evidence is
suggestive, but by no means conclusive, thet the mouse mecrophege in
the ebsence of human serum can detect A.B.0s antigens on the surfoces
of red cellse

In comparing these results with those obtoined from meeropheges
grown in human serum, it is obvious that the presence ofln;mn#mm
decreases the phagocytic activity of the mouse mecrophige towards the
human red cells Other combinations of serum end cells were therew
fore explored in order to elucidate this effects
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4 « THE REACTIVITY OF MOUSE PERITONEAL MACROPUAGES TOWARDS MOUSE
RED CZLLS IN SHRUM UROTEIN TRER !LDILAe

ilouse macrophage mmléyera were prepared as befores ¥Fresh
mouse red cells were obtained by bleeding from the retroorbital plexus,
and were suspended in seline containing 0e5 units of heperin per mls
They were then washed four times in heperinised saline, and reconsti=
tuted es e 5. suspension in physiclogical salines  Oel mle of tids
suspengion was added to each monolayers Incubation was continued
for 2 hours at 37°Cs, the coverslips weve rinsed in saline end fixed

in the ua\ml‘mner.
RESULTS»

I'resh mouse cells were not phagocytosed by mouse macrophages
grown in serum protein free mediume For 15 seperate experiments,
the average phagocytic index was 1,21 with a rénge of 0,4 to 2.5
The renge of veriability wes small, despite the large numbers of cells
counteds In six of the fiftecn experiments the phegocytid index
was less than 1'¢ The macrophoges used were derived from the pooled
peritoneal flulds of cutbred mices The red cells were obtrined from
a pingle individusl for each experiment, This suggests that the
mouse macrophage is not cepeble of disthnguishing individual
differences between the red cells of mice of the soame straine



o1} 8

5 « THE KBACTION OF MOUSE IIACROPHAGES TOWIRDS FRESH IMOUSE AND FRESH
HUMAL XD CELLS I LIDIA CONTAINING SERS FROL CHOSE STECTES «

e _1:_}1(3 reaction to mcuse red cells in mouse serums

Mecropheges grown in serum protein free medium show no

phagocytic reaction towards {resh mouse red cellse The reactivity
of mouse mecrophages grown in mouse serum towards mouse red ceils was
therefore investigeted,

Mouse serum weas obtained by bleeding from the retroorbital
plexuss From 0.5 to 2 mls of blood wos obtained from each mouse,
The pooled samples were ellowed to clot in polypropylene tubes, and
the serun sepereated after 30 minutes by centrifugation. Glass con=
tainers, and some plastic containers were found unsuitable for the
collection of moiise blood, since haemolysis readily occurred. The
presence of serum heavily contaminated with haemoglobin leads to
unsatisfactory mecrophage cultures, or impaired phegocytic abilitys
(see appendix) e

Fresh red cells were obtained from mice by the method ocutlined
previously, lMacrophages, obtained by peritoneal lavage, were
cultured in medium 199 (Claxo) conteining 1G: by volume of serile
mouse serum that had been stored in the refrigerator for &t least
2 dayse Fresh mouse sere are on occasions toxic to mecrophage mono=
layers, and this toxicity decreases rapidly on storage, i&oholaycrs
were used after 24 hours fulidtre, Fresh mouse sera are prepéred es
outlined previously, were added to the monolayers es Q.1 ml, of &

§ suspension bf volume of packed cellss The macropheges and red
cells were incubated together for two hours, and the coverslips
washed,/
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washed, fixed and stained in the usual manners

RESULTS .

Mouse mecropheges grown in mouse gerum do not react to the
presence of fresh mouse red cellss The phagocytic index for a series
of 11 experiments was between Os3. end 3+ with an everage of 1,%s

be The reaction to human red cells in mouse serums

Mecropheges grown in serun free medium will ingest human red
calla..' The reaction between mouse macropheges grown in mouse serum
towards humarred cells was therefore investipgated,

Mouse macrophages were grown in 10 pooled mouse serum obtained
by bleeding mice from the retroorbitel plexuss Cultures 24 hours 0ld
were useds

Fresh human red ¢ells were obtained from blood collected from
& finger pricke After washing four times in saline, the red cells
were reconstituted as a 5§ suspension in saline, and added to the
monolayers inD41 mls quentitiess After two hours incubation the

coverslips were washed, fixed and stained as befores

The mouse serum used in the culture of the monoleyers was tested
agalnst the human red cell sarples edded to these monolaycrs for the
presence of natucelly occurring heteroagglutinins or lysinse 43 a
rule, these did not occur, although some corbinations of mouse sera
with individual humen red cell samples caused agglutinations In such

cages/
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cases, wither "cormpatible™ human red cells were used, or the mouse
serum was edsorbed with the test perticle before being used for
culture-.- liouse macrophages grown in mouse serum showed & varidie
response to the human red cell, but the phagocytic index was elways
lowe This veried Letween . and 14: with en everage for 10 experiw

ments of SeTie

¢s The resction to rouse red cells in human serin,

Mouse macrophages obteined by peritoneal lavage were cultured
for 24 hours in pooled group O bumen serum, in & 10j. concentration in
medium 199,

Mouse red cells obtained by bleedins one mouse fyom the retroe
orbital plexus, ond prepered as befores These red cells were then
tested for agglutination or lyels, by the humsn serum used in the
preparstiond the monoleyer culturess This occurred on only two
occusions, and the scra causing sgglutination were discerded, as were
the cultures grown in theme The remaining corbinations of hurmn
serun, rouse red cells, and mouse macropheges were reected in culture
for 2 hours at 37°Ce The coverslips were harvested, washed, and

fixed as befores

RESULTS «

Hunen serun did not appesr to greatly inarcese the upteke of
fresh mouse red cells by mouse macrophages growm for 24 hours 4n
ite The phegocytic index varied between ¥. and %. with a meon value

of 6.6. for eight experiments,

as/
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ds [The reaection to fresh hunrn red cells in human
Q‘E Wnl

me results of many such experiments heve already been reported.
(5ee section 1., Chapter 2., TIE RED CELL)s
For 100 seperste determinations, the phagocytic index veried between
140 and 845 with a mean of 5¢5-s

Summery of resultse
8. louse macrophayes reacting with humen red cells in serum protein

free mediumy
Phagocytic indexe Rance Hurber of experiments,
37l (& SD 942) 1§- to 70 28
be louse macrophages reacting with mouse red cells in serum protein
fres mediums _
14215 (s SD 1) Outie to 205 15

ce¢ liouse macrophages reecting with mouse red cells in medium supw
plemented with mouse sexrume

141 (& SD 0475) Oe¥. to % 1"

d, Mouse macrophages reacting with human red cells in medium sup#
plemented with mouse perum, |

949 (4 SD 5426) . to 4. 10

es louse mecropheges reacting with mouse red cells in medium supe
plemented with humen serums

646 (s SD 2405) F. to 9. 8

f+ louse macrophages reacting with humen red cells in medium sup-
plemented with human serums

5%/
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5¢5. (& 5D 3.22) 1. to 8.5 100

The serum protein content of the modium used to meintain the
mecrophage cultidres, obviously affects the phagocytic ebility of the
racrophages cultured in ity Both mouse serum and humen serun depress
the phagocytic reaction of the mouse macrophage towerds the humen red
celly In the absence of human serum or mouse serum, the macrophage
exhibits considerable resctivity towards the lumen red celly HMouse
red cells are not ingested in either mouse or humn serun, or in
serun protein free medium, This suggests that the effect of serum
upon the phagocytic process is limited to a depression of the innate
phagocytic &bility of the mouse mecrophege towards the humen red celle
Heterologous serum does not greatly increase the response of the
macrophage towards homologous red cellse The phagocylic reaction ia
therefore serum dependent, but in the ebsence of specific antibody,
the effect of serum is to depress the innate phagocytic potentiel of
the mecrophages This series of experiments 8lso illustrates that
the macrophage itself is cepeble of specific phegocytic esctivity
towards heterologous red cells in the abgsence of serum proteins, and
hence of both opsonins and entibodye

Study of the depressive effects of serum upon the reaction
between the mouse maciophage exd the huren red cell was extended to
consider the kinetics of the effect, and to study the role of the
individuel serum proteins in producing this effects
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6.« THE KINETICS OF PHAGOCYTIC DEPRESSED BY Sitilf.

Two espects of the kinetics of the depressive effect of serum
upon the phegocytic response of the mouse macrophege towsrds the
humn red cell were considered, the effect of dilution of serum, and
the time required for serum to produce depressions

&, The dependence of phegocytic depression upon serum

concentrationgse

Cultures of mouse macrophages were prepared in mouse and humen
serum in dilutions renging from 20+ to 1. by volume, in modium 199
Fresh washed human red cells were prepered as before, and edded te
cultures 24 hours olds Incubetion was continued for 2 hours, and
the coverslips weshed, fixed and stained s befores Both mouse and

human serum were found to have similer effects.

TABLE IV,

(&) THE EFFRCT OF SERUM DILUSTION ON PHACOCYTOSTS OF FRESH HINAN
RED CELLS BY MOUSE MACROPHAGES.

Results 200 10 5. 2.5 . (pilutions)
Mouse gerun | 12 18] 16. 128 13
Humen serum 5 3.5 3.8 L0 & ngmiﬂ
Lactalbunin 29 27 260 2 18"

Since the phagocytic index for the particular huren cells used
was slightly greater than expected, the experiment was repeeted with
a) a different semple of humen red cells and b) with mouse serum
adgorbed/
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adsorbed with the original test red cells

TAILE XTIV, (contds)

(8)s TII EFPRCYS OF OITUS DILUTION ON FHAGOCTTCSIS OF FRUSH HUMAN
EED CELLS BY IOUSE MACROPTIAGES.

Results 20;. 10 5 245 1
fouse serum & 198 7 2. g Phagocytic
Indexs
Adsorbed 3 . " -
o 6| & | 2| 3 g.

The lactalbumin results wm control valuess

Serum {rom both the mouse and men retains iisdepressive effects
in concentrations of 1. on medium 199 Serum concentrations less
than this will not support the macrophage at a level of functional
activily sufficient to give meaningful resulise. This difficulty can
be overcone by the dilution of serum with lactslbwain medium end nsi.ng
the combination of lactalbumin end serun to give a total supplement
concentration of 10vs The {insl concentrations of serum used in the

medium ranged from 1) 10 Ot e

TABLE XIV.

(b) THE EFTECTS OF SERUM DILTUION ON PHAGOCYTOSIS OF FRESH HIMAN
RED CLLLS BY LOUSE LACROPIGGES.

gzmm;tmtm 1 i 0.9 Oafye Qa1 .

jHumon serum 5. 57 28. 2. L.

It can be seen thet as the serum concentretion decreases, the
macrophége regaing some phagocytic potential towerds the human red
celly/
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The effects of Serum Dilution upon the Phagocytic Response
of Mouse Macrophages to Human Red Cells in Vitro.

D

+ Control in dilutions of
Lactalbumin.

® Test in dilutions of Serum.
@ Control in 10 % Lactalbumin.

2 3 4 5 b 7 <
Log Reciprocal Supplement Concentration



*155=

cell, The dependence of this effect upon concentration of serum
indicates that the effect is more likely to be Que to a direct action
by the serum proteins upon the mecrophage, than an indirect ection
such &s altering the composition of the medium, The reeson for
ssswning this, is the independence of the effect from serum cone
centretions ebove 1,.s A well defined threshold effect occurs at
concentrations below 1., and effect unlikely to arise other than by
a direct action upon the macrophage.

be The dependence of the depressive effect of serum

upon the time of incubation of the rmecrophepe with
Berume

Meerophages incubated for 24 hours in serum protein free medium
wlll react to the presence of fresh humen red cells. The addition
of serum to ronolsyers of active cells should depress their reactivity.
The time of contact between serum and macrophage necessary to produce
the depression was investi-ated as follows,
As a preliminery experiment it wes necessary to escertsin that the
depreased macrophage, that is one cultwred in hwen or mouse serunm,
retained its depressed state for periods at least greater than 2 hours.
Mecrophage monolayers grown for 24 hours in human serum were therefore
transferred to the serun protein free medium, and incubeted for varying
periods of time, At theae set times, each monolayer was tested for
its phagocytic ebiivity towards the fresh humen red celle The results

were 28 follows,

TABLE XV./
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TAELE XV

THE DURATION (F THE DEFRISSIVE EFFECTS OF SERUM ON TIE FIAGOCYTOSIS
OF HUMAN RED CELLS BY lOUSE MACROFHAGES TRANSFERRED TO SERUM FREE

MEDIUM .
ﬁnl:c:ﬁl‘lm?“ﬂ in 2 hours 4 hours 6 hours
Phagocytic index . . .
(fresb humen cells)| L e

The depressive effect of serum diminishes with increasing time
of incubation in serum protein free medium, This effect 1s not
merked at 2 hours, and would not interfere with the investigation of
the time required to produce phagocytic depression in macrophages
exposed to human and molise serum,

Mouse maecrophages were grown in medium 199 supplemented with
lactalbunine, After 24 hours in culture, the medium was removed, the
cultures washed in medium 199 alone, and then transferred to a medium
containing 10 of humen serums The cultures were then incubated in
this medium for pericds of 10 minutes, ¥ hour, 3 hours, 12 hours and
2l hourse After the appropriate incubation period, the monolsyers
were washed againin medium 199 supplemented with lactalbumine The
cultures were then incubated for e further 30 minutes toellow recovery
from the manipulations involved in washing the cells and changing the
mediume. After this time, Oe1 mle of a 5 suspension of washed fresh
human red cells were addeds Incubation was then continued for &
further two hours, Coverslips were then harvested, washed, fixed
end stained &s before.

RESULTS +/
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The dependence of the depressive effect of serum on the

phagocytosis of fresh human red cells, on the time of contact
of mouse macrophages with serum.
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RESULTS .

TATLE XVI (a).

THE VARIATION OF THE PHAGOCYTIC RESPONSE OF MOUSE MACROPHAGES TO FRESH
HOAN RED CELLS WITH TD X OF CONTACT OF TIE MACROPHAGES VITH SERUH,

I'Hma 10 minge! 1 hour | 3 hours | 12 hours 24 hours
f Rt | o a5 | g 5.

These results show that the depressive effect of serum reguires
between three snd twelve hours to becoms estoblished. The serum
used in this experiment was human serums The experiment was repeated
with moiise serum, and humen serum with incubation times of 3 hours,

L hours, 6 hours, 8 hours, and 12 hours,

TAELE XVI (b)e

THE VARIATION OF THE PHAGOCYTIC RESEONSE OF MOUSE MACROPHAGIS TO FRESH
HUMAN RED CELLS WITH TIiME OF CONTACT OF THE MACROPHAGES WITH SERUM,

Results 3hours | & hours | 6 hours | 8 hours | 12 howrs
Humen serum 15 125 y g 7
Louse serum 18 1Z. 20;. g. &

These experimunts show &) Serum from either mouse or human sources
reguires to act in culture for some hours in order to depress the
phagocytic reaction of the mecrophege towards the humen red cells

b) Humen serum takes less time to depress
the phagocytic response to the human cell than does mOuse serum,
| ¢) The experiment proves that the serum
mwst react with the macrophege to produce this effect, and that it

cannot/
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oanmot be entirely &us to modificetion of the physical and chemicel
constitution of the medium,
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7 « TIE EFFECT OF SENUM FRACTIQUS UPON THE PHAGOCYTIC RESPONSE OF TIE
MOUSE MACROPHAGE TOWARDS THE HUMAN RED CELL,.

The previous data relating the concentration of humen serum,
and the time of contact between the macrophege and human serum to the
depressive effect of thet serum upon the phagocytosis of human red
cells, indicates that these effects are probably related to a direct
action upon the macrophage by one or more serum proteins, The
effects of serum frections, and of serum proteins upon the reaction
between the mouse macrophage end the human red cell were therefore
studied,

ae Frectionation of serume

Humen serum wes obtalned from sevcrel sources, pooled serum
from blood donors of group 0, and individual sera from 2 donor of blood
group Bs The groups were known in order to facilitate the selection
of red cell donors competible with the sera used as the starting
material for fractionation,

The seraWere centrifuged at high speed (20,000 go) for 2 hours
to remove eny cell dcbris. They were then equilibrated by dialysias
egainst the buffer used in the fractionstion process, for 24 hours,

Serun was fractionated by gel filtration using "Sephedex" § 200
(Pharmecia)s Two kinds of fractionatlon were employeds For the
first pilot experiments smell quantities (5 ml,) of serum were
separeted on an analytical column 100 cme in lengthe The buffer
employed was the Borax/phosphate buffer of Kolthoff, with the addition
of 0«5 molar sodium chlorides The pH at which the buffer wes

employed/
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eployed was 846 (See Documentia Gelgy ppe 314)¢ The flow rate through
the colum wes maintained at 0.2 ml, minutes The eluate was divided
into ten fractions, Each fraction was collected, and dislysed for
48 hours ageinst running tap water, and then for 2 further 24 hours
sgainst phosphate buffered saline at a pH of 7.4, contelning 0,45
molar sodium chloride, Each fraction was freeze dried, and recon-
stituted to its original volume by the addition of 5 mls of glass
distilled water, The fractions were then sterilised by filtration,
end stored at «lpoc., until required,

For large scale preperations, humen serum was fractionated in
60 ml. quantities on & K 100/100 colim, containing "Sephadex® G 200
gels The buffer employed was & Q.1 Nolar phosphate buffer at pH of
8.3 conteining 1% butanol as e bacteriostatic egente The large
scale fractions were prepared by Dre Smith, South East Region Blood
Trensfuslon Services, Large scale frectionation of pooled group O
sera end of a single serum of blood group B was performede Thirteen
fractions were prepared from each batch of serums The fractions
were freeze dried, and reconstituted to thelr original volume with
distilled watery The dﬂ.alyaia‘ step was omitted from the preparation
of these fractions. After reconstitution, the fractions were sterw
{1ised by filtration, end stored in 5 mle quentities at 4°C,

louss serume

Mouse serum was obteined from mice of Tucks TO strain, by bleeding
from the retroorbital plexuss The pooled serum was fractionated in
2 ml, quantities on "Sephadex® G 200 gels Ten fractions were prepared,
sterilised and stored efter reconstitution in the manner outlined

eboves/
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sboves

be The protein content of the serum fractions,

The protein content of each fraction of both mouse and humen
serun was essessed from the elution curve, by gel diffusion using
specific entisers, by immumoelectrophoresis and cellulose acetate
electrophoresise

Antiseras

Specific antisera against humen serum proteins were obtained
cormerciallye (Behringwerke)s These antisera were entieprealbumin,
antialbumin, entitransferrin, anti-alpha~lipoprotein, anti-betew
lipoprotein, enti Igh, entl IgG, and anti IgM, and enti alpha @ mecro-
globuline Horse entiGe serum was also employeds Whole antiwhuman
serum from the horse (Supplied by Institute Pesteur) and from the
rebbit were uged in electrophoresis,

Whole rabbit entiemouse serun was prepared by the injection of
two rabbits with 042 ml, quantities of mouse serum on each alternate
day for & period of six weeks, The rebbits were then bled out, end
the separated sera pooled after sterilisation, These antisera were
used in immmoelectrophoresis onlys

Results,

From the elutlon disgram on sephadex G 200, thres mejor and one
minor peak were obtained, with humsn serums Mouse serum showed three
peaks onlye The fractions cdlected from both mouse and humen serum

after frectionation on the analytical colum were selected to cover

similar/
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similar regions of the elution curves Each fraction should therefore
contain serun proteins of approximately the same molecular weight
from both mouse and humen serums The fractions collected from
humen serun during large scale fractionation, were fairly well matched
with the analyticel fractiona, Thirteen fractions were taken using
& puide region of the elution curve covered by the ten fractions of
humen serum pre_pareﬂ on the analytical columy The three major
peaks obtained from both mouse and humen serum corresponded to the
mecroglobulin, gammaglobulin, end albumin fractions of these sers,
All the proteins occurring in each penk are of epproximately the same
molecular weighte The minor peek ocowrring towards the end of the
elution curve in the large scale preporations, was found to contain
dislyseble polypeptidess

The protein content of each serum frection of the humen serum
seoples is shown in the acconpanying teble,

¢y Effect of humen serum freactions upon the pheasocytosis

of human red cells by the mouse mecrophages

Mouse macropheges ;lva'e cultured in serum protein free medium 105

in medium 199, After 2 hours in culture, Os1 mls of each serum
frection wes edded to each monolayers The cultures were then
incubeted for a further 24 hourse Fresh humen red cells were then
edded to the cultures, and incubation continued for a further two
hourse The monolayers were then washed, fixed and stained in the
usuel manners The phagocytic index was determined for each serum
sample, and for each fraction,

Results./
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legults,

TABIL XVIIe
THE DEPRESSIVE EFFECT OF HUMAN SERUM FRACTIONS UPON THE PHAGOCYTOSIS

i L a
2 St 34
3 227, 25
Ao 4 23 a
5 1) 1%
& o 3.3
7 5 e
& 55 —d S S
g Sl SliaZ
10 LE Y Lo
14 I D7 Laa2%
12 1 3 )] z
13 o Gy
__Controls 5.3 3 L
i Bleaifi 6l o5

As these results demonstrate, the main depressive effect occcurred
with the eerly fractions four and five, These depressed the phago-
cytosis of human red cells to nearly the same extent a&s whole serum.
The depression observed with pooled serum was less impressive than
that obtained with group B serumes The results are the everage resulés
of four determinations.

d/
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dse The effect of mofise serum frections upon the

phagocytosis of fresh human red cells by the
mouse macrophages

Mouse serum fractions were prepered as outlined previously.

hacropheges were grown in serun protein free medium containing 1Q.

of the serum fraction to be studied, After 24 hours incubation,

O« mle of & 5. suspension of fresh humen red cells were added to each
cultures Incubation was continued for 2 hours, and the monolayers
waghed, fixed and steined as before. Seven of the initial ten
fractions prepared from mouse serum were emplfyed in this test, The
three fractions ommitted were those occurring towards the end of the
elution cwrve. Experience with human serum had shown that the ective
frection was unlikely to be located in these texrminal frectionse.

Resulta.
TABLEXVIII.
THE DEFRESSIVE EFFECT OF MOUSE SERUM FRACTIONS UPON THE PHAGOCYTOSIS
OF FRESH HUMAN RED CELLS BY MOUSE MACROFHAGES e
Fraction Number Phagocytic Index
in mouse Serum.
1 21¢:
2 215
3 150
4 G
5 3%
6 3.
7 3.
Control in 24%%
mouse serum
Control in 43
lactalbumin
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It was therefore demonstrated thet the active material in serum,
causing a depression of the reactivity of the mouse recrophage towerds
huren cells, wes contained in simllar fractions in both mouse end
human seras Other serum frections elso produced some depresasion
of the phagocytic response, in particular frections, 2,3,5 end 6
of humen serum, end fractions 1,2,3 of mouse serums Thus the totel
depressive effect observed with whole serum could be due in pert to
the contribution of serum fractions other than the most ective onea,
It 1s elso possible thet the fyectionation procedure itself disturbed
the activity of whole serum in other wayss In order to prove that
the active fractlions were respongsible for the depression of phagos
¢ytosis, the kinetics of the reaction between the serum fractions end

the macrophege were re-cxplored,

ey  The Kinetics of the reaction between the serum
Sroctions =hd the mouse macrophage huren red cell

systcme

From the studies with whole serum, the depression observed takes
four to six hours to develop with human serum, and 8 hours to develop
with mouse serums If the active fractions, that is fracticns 4 and
5 of huran serum and fraction 4 of mouse serum, require similar time
intervals for the production of this effect, it is likely that the
ectivity of whole serum is the result of the activity of the active
fraction alone,

Mouse mecrophage monolayers were prepared in serum protein free
medium, and incubated overnight et 37 Ce (4ees for 18 hours)s Humen
and mouse serum frections were added in 0,1 mls quantities to each

monolayers/



monolayers Incubation was continued for four hours in those monoe
layers exposed to humen serum, and for four hours end six hours in
those monolayers receiving the mouse serum fractionse After these
times of incubation, 0.1 ml. of a suspension of fresh washed human
red cells wes added to each culture, The phagocytic resction was
essegsed after & further two hours incubation in the usual waye

Results,,

TABLE XIX,

THE VARTATION WITH TIME OF THE DEPRESSIVE EITECTS OF MOUSE AKRD HUMAN
SERUNM FTACTIONS UPON THE PHACOCYTOSIS (F FRESH HUMAN RED CELLS BY
LOUSE MNACROPHAGES o

T

Control monolayer mouse serum | & hours 6 hours |
FPhagoeytic Index 2 §e
Control monolayer in human serum at ) hours | o l

(The timesgiven refer to the time of incubetion of the macrophages
with the serun fraction FRIOR to the addition of the human red cell,
The total time of contact between the macrophege and serum fraction
is therefore the stated time + 2 hours)s

TABLE XIX./
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TABIE XIXe
THE VARIATION WITH TDME OF THE DEIRESSIVE EFFRECTS OF MOUSE AND HUMAN

SERUM FRACTIONS UFON THE PHAGOCYTOSIS OF FRESH HUMAN RED CELLS BY
KOUSE MACROPHAGES »

For mpuse serum,

Time in contect 4 hours 6 hours
Frection § 32 2%

2 305 21

> 265 18

& 2% &

5 L5 3

6 o2 38

7 365 365
Control 4in lactalbumin L | 405

TARLE XIXo/




TAELE XIXe

TIE VARIATION WITH TINE COF TIE DEFRESSIVE EFFRCTS OF MOUSE AL 7D HUMAN
SERUM FRACTIONS UPON THE PHAGOCYTOSIS OF FRESH HUMAN RED CELLS BY
MOUSE MACROPHAGES

Frection
Mouse Serum Humen Group Humen Group
Rumber Q serum B serun
§ hrse | 6 hrs. 4 hrs. 4 hrs,
1 52 23. - 405
2 30 215 33 LAV
3 26 18- 1§ 25
4 22- G g. &
5 45 350 18- 115
6 LO. 3§. L2 18.
7 36;- 36. 5G- 26;.
8 - - L3 3%
9 - - Sl 56
10 - - 50 5&-
11 - - LO 5%
12 - - - 53
Control monoe= _
layer in mouse| 2§ 8. - &
BET N
Control mono= _
layer in humen| = - 5e5¢ 350
sexrun,
Control mono=
layer lactale | 42T L 62 62.
| bunine

The control velues for 4 hours incubatlion in both whole human

serum semples weres-

TABLE XIXe

Pooled group O 55
Group B serum ZeBiu

The cantrol values for macrophages incubated for the same total
time/



tdue In wediun 199 + ddctalbunin alome, thet 1o for 24 houwrs + &4
hours + 2 howrs, woare 6445 for the average of two detcrmlnatlionse
Thess experiments confirm thet the depressive offect of seum
ypon the phegocytosis of humen red cclls by mwuse mocropheges is cone
tadned In the serwn fractions & end 5 for human serum, end fraction
4 of mouse serun, The mojor protein components of eech of the active
rmmmmmmwmmm:@. In huen serum
frection. 4y which is the moet active, wlitrscentrifugational snalyels
revaliled a single mmjor peek, withmgmwmw 7603¢ Trmumos
electrophorosis end gel Aiffusion showed omly slight {races of Igh,
and no other mojor gerua carponants in this fysctions The apoprotein
of alpha I lipoprotedn, end & Gc roactive coarponent ocawre 1t wos
thereforo sssuned that the serum fractioms, from both mouse end
huren sare, vhich cause & depression of the natwal reactivity of the
mouse mhcrophsge tomards the huren red cell, do so by virtue of the

immunoglobulin they containe



8 = SUIMARY CP RESULTS,

The mouse mecrophage cultured in serum protein free medium shows
phegoeytic reactivity towards the fresh human red cell (Aversge value
phagocytic index 37.k<)e

kouse mecrophages cultured in humsn or mouse serum show no
phegocytic reactivity towards the human red cell {everage phagocytic
index in humen serum 4.5 in mouse serum 949.)e

Fresh mouse red cells sre not taken up in serum protein free
medium, in mouse serum, or in humen serum. (Average phegocytic
velues, in serum protein free medium 142%., in mouse serum, 1,105,
in humen serum 646.)+

Serun from either the mouse or men will depress the phagocytic
reaction of the mouse macrophage towerds the humen red cell, and these
sera have no effect upon the reaction of the mouse macrophage with
the mouse red celly The depressive effect of both mouse and humen
serum upon the phasocytic response towerds the humen red cell, is con=
tained in the irmunoglobulin contelining fractions of these seras

The depressive effect of serum is attributed to a direct action
upon the macrophage itselfy The depression occurs only efter 6 hours
incubation in humen serum, or efter & hours incubetion in mouse serum,
Depression is concentration dependent, exhbiting a threshold effect
between ebsolute concentration of sertm eof 1% and 0.5: &in medium 199,
Assuming an immunoglobulin concentration in serum 1 g, per 100 ml,,
the threshold effect occurs between concentretions of immnoglobulin
of 10 mge/mle, and 5 mge/mle
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$ = DISUUSSION.

The demonstration of the resctivity of the mouse mecrophage
towards the humen red cell in the sbsence of serum is a new finding,
The obacrvation that mouse and human fimmmoglobulins can inhibit
this resctivity has also never been previcusly described,

Rebirovitch (1967) has described the attachment of the red cells
treated with glutareldehyde to the surfaces of mouse macrophegess
Mouse, horse, rebbit, end human cells were used, end the reaction
occurred in the &bsence of serums Attachment of unmodified
erythrocytes did not occurs The same author hos &lso described the
ingestion of eltered red cells sttached to macxophages, but oniy in
the presence of antibodys The media used in these two sets cf
experiments were essentislly buffered saline sclutions, The results
of Rebinovitch indicate some reactivity on the part of the macrophege
in the absence of serums The experiments reported have been ell
conducted within ¢ few hours of obtaining the peritoneal macrophagess
From the demonstration (see section 6, b), that the mouse macrophage
remained in e state of phagocytic depression for at leest 6 hours
after removal from the peritoneal cavity, it is not surprising that
Rebinovitch did not observe any phagocytic activity towards fresh
humsn red cellss

Lee & Cooper {1966) demonstrated thet the adherence of fresh
heterologous red cells to the mouse macrophage surfaece required the
presence of serumy In their system macrophage monolayers were
aployed after 30 minutes in cultures The ingestion of fresh
heterologous/
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heterologous red cells did not occury again because of the short
time the macrophages were reteined in cultwre before the addition
of the particle, The same authors deronstrated the attechment of
ef'fete heterologous erythrocytes to mouse macrophages in the absence
of serum, end showed that divelent cations were essentlial for thils
reaction to occur,

Vaughen & Boyden (1964) Vaughen (1965 &, b), reported that the
ingestion of effete homologous red cells and guinea plg mecrophages
was independent of serum opsoninse The culture medium uwsed however
contained serum, and therefore a reaction between fresh heterclogous
cells and macropheges would be unlikely to occurs The medium
surrounding the macrophage has been regerded as important in
phegocytosis, especially in cousing the attachment of the particle
to the phagocyte (Lee & Cooper 1966) or providing entibody, or
complement which are thought to stimilate the phagocytic reactions
(Spiegelberg et 21 1963; Benecarraf & Miescher 19603 Carpenter
1966)« A depressive effect of serum upon macrophage reactivity has
not previously been considered, Huber, Douglss, and Fudenberg (1969)
heve demonstrated the adherence of entibody globulinecoated red
cells to the surfeces of humen end guinea g macrophagese Essentlally
these observations ere similer to these of Rabinovitch (1966, 1967,
1967 b)s One other feature reported was the inhibition of the
edherence of antibodyecoated cells to peritoneal macrophages by the
presence of free immmnoglcbuling Splemic macrophages were not
influenced by the presence of free immmnoglobulin to the same extent,
The mumberg of antibody molecules bound to the red cell surfaces were

found/



~173%

found to average sbout 700 per red cell in order to caugse adherences
In the presence of free immumoglobulin, the nurbers of melecules
necessoxy to ceuse adherence waa increased five or six folds

It is doubtful whether the adherence of red cells to macroe
phages, as described by Rabinovitch and others, 1s a necesssry
precursor to the phagocytic scte In the experiments reported here,
edherence was not uncommonly found, in particular between mecropheges
grown in serum, énd fresh humen red cellss This adherence was most
frequently due to the coreless preperation of red cells, either by
collecting red cells into inadequate enticospulant, or by the misuse
of 2lcohol when collecting blood from a finger pricks

4s a rule, even extensive adherence of human red cells to macro=
phage monolayers in the presence of serum did not result in an increesed
phagocytic indexs Paradoxically, in experiments in serum protein
free medium, where the phegocytic index wag often high, adherence .
wes rerely seens A similar occurrence hag been reported by Stuart,
Davidson & Cummings (1967), to result from the sensitisetion of human
red cells with naturally occurring isosgglutinins directed egainst the
Lendsteinee entigenss These entibodies would csuse adherence of f{resh
human red cells to the monolayer of mecrophages, but did not increase
the phagocytic indexe The results of Huber, Dougles end Fuderberg,
although of great interest, are therefore difficult to relate directly
to the depressive effefts of immmoglobulin upon phagocytosis reported
here,

Three important featurea of the reaction between the fmmmow
globulin=containing fractions of serum, and the mouse macrophage/humen
red/
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red cell system were a) the time required for the mecrophage to
reveal its full phegocytic potentisl in serum protein free mediumy
b) the time required for the depressive effect
of the Lirmmoglobulin containing fractions to become etzblished, and
¢) sherp cut off at ( 1. concentrations of
serum,

These features indicate thet the reaction betwsen the mecrophage
and the active principle in serum is not one of passive edsorptions
The effect is also unlikely to be produced simply by modification
of the medium, The most aéceptable explenation is thet the presence
of immnoglobulin modifies the m#crophage menbrene by causing an
elteration in its structures The half 1ife of the cell membrane of
the amoeba has been estimnted at sbout 6 hourse (0'Nedll, 19643
Yolpert & O'Neill, 1962; ‘tolpert, Thorpson & O'Neill 1964), Some
deta sugrest similar turnover rates for marmalian cell merbranes,
based upon the half life of radlotrecer material in the mexbrane, and
also from cbservations of the surfaces of living cells,

If these date can be held to be valid for the mouse mecrophege,
the effect of the irmumoglobulin fractions upon the phagocytic
potential of the mouse macrophage can be explained by the actual
incorporation of antibody molecules into cell membrane mmterials
In serum protein free medium, the initial reactivity of the macrophege
&8s 1t left the peritonesl sac, would become alicred as menbrane was
resynthesised in the ebsence of mouse irmunoglobuline After six
hours in culture, it would heve lost the depressive effects of the
mouse serum proteins carried with it into cultures This loss is

interpreted/



interpreted in the experimentsl system used here en increesed
reactivity towards the humn red celly If humen serum or moiise
gserum is added to the culture, the newly synthesised membrane will
incorporate immmoglobulin mplecules into its structure once again,
The result iz interpreted as a depression of macrophage reactivity
towards the human red cell,

The effect of the medium upon the process of phagocytosis,
can therefore be interpreted as an eff'ect upon the membrenes of the
macropheges The sctive macromolecules perticipating in this effect
fulf11t the requirements of the "ligend® substances proposed
theoretically in the introductione For the interaction of the
mouse macrophage and the humsn red cell in this system, neither
onsonias substances, nor complement ere requireds The most important
criteria for the investigation of the role of the medium in
phegocytosis eres

1 2 serum protein free medium,

2¢ henlthy macrophage cultures, which sre both morphologleally

end functionally satisfactorys
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1 ~ INTRODUCTION.

The methods of measurement employed in these experiments produce
an index of macrophege reactivitye The phagocytic index for eany
mediuny/perticle combination illustrates the reactivity of mcr‘:;phagea
in that culture towards the teast perticles The major results
obtained indicate that mocropheges appeer to have the cepacity for
three types of reaction, and that these classes of reactivity ere
distincty The following definitions have been epplied to the
classes of resctivity demonstrated in subsequent experimentss These
ares
2, Heterogene Discrimination: that is the ebildity of the mecrophage
to disciiminate between cells from & gehetically different source.
bs Homogene Discrimdnationt that is the ebility to discriminate
between cells from the same genetic source which have becoms altered
or dempged by some pathological procesas
ce Recognitions that is the ebility of the macrophage to react to
particiea coated with specific antibody, Such particles, having
elready elicited an antibody response, sre therefore “recognised"
or "known" egain" by the mecrophages

The generel term "discrimination”, used without the prefixes of
Homogene or Heterogene, epplies to the capacity of the macrophoge to
react to particles such aa. carbon or silica which are inorgenic, and
yet to which a mecrophage exhibits differentlal phagocytic activity.
Thece terms represent a methodof classifying the types of reaction
observed in mecrophage cultures, and cannot be held to apply to resl

events/
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events outside the experimental situation,

ae Heterogene discrimination.

This term is held to signify a resction on the part of the
mecrophage to the presence of cells from & gehetically different
source, |

Timnﬁm‘q)hngaitself can be shown to resct to "foreign®
reteriel, Addison (1920) injected pigeon red cells into a rabbit,
and then perfused the spleen and examined it histologicellye Large
nunbers of pigeon red cells were found in the splenic phagocytes,
Isologous neutrophils and myelocytes were also found to be phegow
eytosed during the reaction to the pigeon red cells.s These red cells
repidly diseppeared from the eirculation, and none could be detected
412 hours after injectione

Halpern, Bioszzi, Benacerref, & Stiffel (1957) accurately
quantitated the rates of clearance of cirulating pigeon red cells in
the mouse and rets, Clearancée was complete within 40 to 60 minutes
of injections In the ebsence of heparin the injected red cells
repldly clumpsed, end the clesrance rate increeseds ‘The cleerance
of pigeon red cells from the circulation of the mouse was not
dependent upon the presence of naturally occurring entibedy, since
none could be demonstrateds The pigeon red cells were removed
meinly by the phagocytes of the spleen and the liver,

Perkins & Lecnard (1963) studied the in vitro response of mouse
macrophages to erythrocytes from the chicken, sheep, rebbit, guinea
pig, hampster, rat end mouse, Natural antibodies were carefully

excluded/
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excluded from gystem by prior adsorption of the serum used in culture,
with the test particles Low phagocytic indices were obtained,
The mecrophages showed their greatest reactivity towards the red cells
of species genetically fer removed from the mouses The phagocytic
index was greater in the presence of specific antiserum than it was
in the presence of adsorbed serums Unsdsorbed serum slso provoked
a al:l,gt\xt increese in macrophege reactivity towerds all the red cells
studieds

Vaughen (1965 a) desciibed the reaction of the rabbit mecrophage
towards a variety of foreign marmalian red cells, both in the presence
and abgence of serums Uptake appeared to be opsonin dependent ﬁh&m
serun was present, but in the absence of serum some "heterogene
discrimination® still occurreds Little phagocytic activity was
observed in the sbsence of serum, end the experiments were poorly
controlled, no reference being made to the reactivity of the rebbit
wmacrophage towerds fresh rebbit cellss The opsonic factors
characterised by this gystem e2ll appeared in the germm-globulin
fraction of serums Stusart & Cumnings (1968) failed to show any
significant reactivity of the mouse mecrophage towerds humen cells in
the presence of humen serums Experimental data presented esxlier
in this thesls confirm this observations

North (1966) demonstrated phagocytosis of sheep red cells by
guinea pig nﬁcrophagea in a medium conteining gulnea pis serum.

Hacrophages from invertebrete sources show e capacity for the
incestion of heterologous cells, Stusrt (19€8) demonstrated thet the

phegocytic dlood corpuscles of the octopus, Eledone Cirrosa, would
ingest/
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ingest humen red cells in the presence of octopus serums

Comeron (1932) demonstreted the capacity of the coelomic .
corpuscles of the earthworm to ingest humen red cells injected into
the coclomic cavity, The entire reaction took about 43 hours,
Cameron elso studied the uptake of mammalien sperm cells by the
coelomic corpuscles of the carthworms CSpermatogoa from rets and
mice were quite repidly ingested, while spermmtozoa from other species
of worm persisted longer in the colomic cevitys Nelther memmalien
spexrmatozoa, or spermatozoa from unrelated worms persisted for es
long as spermatozoa from worms of the same species es the experimental
enimel, This implies that the macrophage-like cells of invertecbrate
species &re as good as mamelian mecrophages in reacting to foredgn
cells, despite the essistance the mamunelian cell gains from the
complicated opsonic and natural antibody systeme.

These data indicate that the mecrophage from a wide variety of
species ils capable of heterogene discrimiration in the presence of
its ovn serum or body fluids. Furthermore my own observations heve

shown that this reaction can cccur in the ebsence of serum factors,

be Homogene Discriminations

A gurvey of the literature reveals that the macrophege eppears
to be cepableto a second type of reactivity which differs from that
described under the heading Heterogene discrininations The tem
homogene discriminetion is here used to define the capacity of the
maerophage to deteft differences between similer particles, and to

respond to those differences by the selective phagocytosis of one

particle/
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particle onlys The general term "discriminetion" wes used in this

menner by Fenn (19213 1923) to describe the preferential phagocytosis

of caerbon particles to quertz perticles by the rat macrophages, In

& more detailed experiment (1923) Fenn showed that this discriminatory
ebility applied to such similar particles as mangenese dioxide and
mengenese silicates Both these perticles were phagocytosed more

readily then quartz, but the mac.ophege phagocytosed more mangensse dioxide
than mangenese silicate,

Homogene discrimination was demonstrated by Fauve (1964) who
showed that mouse macrophages cultured in the absence of serum could
discriminate between rough end smooth forms of Salmonelle Typhimuriume

The peripheral blood leukocytes of mon exhibit homogene
discrimination between pericdate~treated red cells, and periodate
treated red cells with influenza virus adsorbed to thems (Jerushalmy
et el 1957)s Antibody rescting against periodated and virus coated
cells was excluded from the system by pre-testing sera end adsorbing
if necessary,

Rebinovitch (1967 &) showed that erythrocytes treated with
glutareldehyde tannic ecid, periodate, polylysine, and colloidal
silica would attach to macrophages in the ebsence of serum, while
untreated red cells did nots Several different specles of red cell
donors were used in this experiment, and thc results do not necesse
arily indicate “homogene discriminstion® by the mecrophages In a
subsequent experiment, Rebinovitch (1967 b) showed that pre-treatment
of the glutaraldehyde treated red cells with specific antibody induced
phegocytosis in the absence of serums Rehinovitch (1969) reported

that/
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that glutaraldehyde treated horse red cells were phegocytosed by
peritoneal mecrophages, from the mouse, Partlal digestion of the
glutareldehy’e treated red cell with a variety of enzymes will also
induce uptake, while cozting the cells with vearious proteins reduced
phegocytosise Rebinovitch regards this process es an example of
"recognition® (1se, heterogene discrimination) reaction to a foreign
red cell by the macrophege, after treatment of the cell to remove &
coating of "anti-phagocytic® substance from its surfaces The fact
that fresh horse red cells in this system were not taken up leads
to the conclusion that this experiment described horogene dlscrimine
ation by the macrophege between normael and dameged horse red cellse.

Stuart & Cumnings (1968) commented upon the ebilities of the
mouse macrophege o distinguish between fresh and injured human red
cellss Stuart, Clerk, Boulton, & Collee (1969) produced electron
microscopic evidence that the mouse histiocyte occurring in micro=
gramulometa in liver during mouse typhoid, could distinguish between
the intact and damoged hepatlc parenchyma cells, and between healthy
and demeged cytoplasm end mitochondria from the seme cells

The phagocyte can therefore be held to discriminete between
different types of inorgenic perticle (Femn, 1920, 1922), between
different strains of the same bacteriumy, (Fauve 1964), between
fresh and injured red cells (Stuart & Cumings 1968), end perhaps
even between injured and healthy cell organelles (Stuart et al 1969(.
Host euthors repgerd discriminatory processes &s being independent of
opsonins or antibody, or in some cases even of serums (Vaughan 1965;
Jerushalny et el 1957, Feuve 1964)e

oo/
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The most spectacular expression of macrophege reactivity is
towerds complexes of antigen end antibodys 4All the experimental data
availaeble report strongly positive phagocytic reactions by mecrophages
towards perticles coated with entibody, despite the varisbility in
technicues enployeds Recognition is here defined as the &bility of
the macrophage to ingest ‘Bny particle coated with entibody globulin
directcd agsinst an antigenic group or groups present on that particle,
Hektoen (1906) described the opsonic power of substences eppearing
in the blood following the injection of IJoreign red cellse Rebbits
were immmumised to the red cells of goats, end to bovine red cells, -
goats were immnlsed wiilh sheep red cells, guinea pigs were lmaunised
to rabbit red cellse rhegocytes from the peripherel blood of the
dog, the guinea pig, the goat, and {rom humen sources were employeds
He demonstrated that the opsonins occcurring efter immmisation’ could
be adgsorbed out of immmne serum by the cells used to prepare it,
and that im some cases imrune sera gave rise to a nonespocific opsonie
effects Thus imame rabbit serum produced egeinst goet red cells
also opsonised the red cells of the sheep, dog, rebbit, chicken,
pigeon, guinea pig, and mane In this experiment the leukocytes were
derived from the dog, but when leukocytés from the guinea pig were
enployed, the opsonic activity extended only towards the red cells of
the goat end the sheeps In generzl it was found thet immme serum
opsonised red cells for verious leukocytes, including the homologous
ones, but the phepocytic activity of the different leukocytes towards
opsonised erythrocytes was shown to varys Lee, Zandrew, Germnand,
and/
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and Davidsohn (4968) 4in contrast, found that antisera against the
erythrocy: es of one specles gove negative results with the red ocells
of other speciess They also showed the extreme sensitivity of the
erythrophagocytosis test when compared with egzlutination and lysis
testse It wos found to be at least five times more sensitives

A sindler effect was fcund by Stuart, Davidson, & Cummincs
(1967) in & system employing the mouse macrophage grown in human
Berums

Hess & Luscher (1968) demonstrated the uptake of sheep red cells
by mouge macrophages in the absence of serum, but only after the
sheep cells had been sensitised with antiserum reised in mice.
Fractionation of the antibody into macroglobulin and gamraglobulin
fractions revealed the two typcs of antibody to posaess equal powers
of opsonisation on & weight for weight besis. (Burton & iollison
1963)s Heemolytic antibodies are generally held to be more potent
than egglutinating antibodies in producing phagocytosise (Hektoen
19063 Vitale et 21 1967)s Fragments of antibody prepered by pepain
digestion, elthough still capable of agrlutinating red cells no longer
had sny opsonising power in vivo, (Vitale et al 1967) ‘

Rebinovitch (1967) demomstrated thet the upteke of glutaralde=
hyde treated red cells would occur in the ebsence o&_{:gazm if these
particleg hed been treated with antibody prior to t?;:ir ingestion,

In a study of erythrophagocytosis cccurring in serous effusions,
it was reported that the neturally occurring isoagglutins directed
egainst Landsteinér antigens provoked an intense phegocytic response,
(Marmont et el 1958)« Phagocytosis was precoded by the attachment
of/
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of red cells in rosettes around the macrophagess Human meterial was
used throughout in this experiments The observations of Stuart,
(1969) in contrest, show that although the isocegglutinins provoked
adherence of incorpatible red cells to monolayers of humen mecro«
phages, phegocytosis was not increased by these substancess

In vivo studies of the accelerated destruction cf red cells
sensitised with haemolytic sntibodies in general support the findings
of in vitro experimentss Swisher & Young (1954) showed accelerated
destruction of A1 red cells sensitised with canine anti-A antibody
in the dogs This antibody is 2 potent heemplsin, similer in many
respects to the humen immme anti-ls A2 erythrogytes, which are
agglutinated but not lysed by anti-A antibody, were &lso cleared at
an accelereted rete in the dog, but not a&s quickly as A1 red cellsy
Cenine anti-B, C, & Dy antibodies agglutinate incompatible cells
strongly, but do not lyse theme Group C erythrocytes survived for
120 deys in the presence of antibody capeble of producing firm
agglutinations In men, it has been shown that A.B+0, incampatible
cells are repidly sequestered and destroyed in the liver, in the
abgence cf%pﬂio entibodys (Jandl et al 1957)e¢ Cells sensitised
with lyticlrﬁ;ltibody are as rapidly destroyed, but primerily in the
apleens This may indicete a difference of reactivity between the
hepatic end splenic macrophage towards red cells senaitised with
agolutineting shd lytic entibodiess

The "primitive” phegocytic cells & invertebrate species src eg
capable as the memmalien macrophage in their sbilities of discriminate
in respect of forelon red cells end other perti.clea, and between

healthy/
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heelthy and demaged tissues (S2lt 1956)« They eppeer incapeble

of phagocytosing particles costed with gemmeglobuline The phegow
cytes of the octopus will not phagocytose humen red cells sensitised
with heemplytic entibody in the ebsence of octopus serum (Stuart

1968) « In the preasence of octopus serum there is no difference

in the upteke of fresh red cells end red cells sensitised with
heemolytic entibodys This 4s not surprising as gammeglobulin
molecules are not secreted by this snimgl, or by eny other invertebrate,

The mecrophage eppears to be capable of three classes of
ectivitys These have becn defined as followss
DISCRIMINATIONS 4n general terms it spplies to the preferentisl
phagocytosis of one cless of inorganic particulate material in the
presence of anothers When a&pplied to reactions ‘Sctween cells, '
Diseriminetion ocm‘in two formas-
-1 Honbgme dlscrimination 'bétwem cells of the same genetlic class
which differ only in their structural or biochemical integrity.
bs Hetmg@ discrimination between cells of difi'er-'ent genetic
clage, which are structurally end biochemically whole,
RECOGIITION: this term déscrihea the phagocytié activity expressed
towards a particle coated with specific antibodys Since e sinilar
perticie mst heve previously given rise to thet antibody, it is
congidered that the phagocytic reaction represents the "knowing

again” of that particle in biological terms.
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2 =« THE REACTION (F MLCUSE MACRCPIAGES TCWARDS THE RED CILLS OF VARIOUS
SCECIES: "ITTEPOGEYT DISCRIMINATIONT,

Mouse mecropheges have been demonstrated to show sherp
differences of reactivity towsrds fresh hwsan red cells in serum
containing and serum free mcdins It is stated thet this represents
the process of hetcrogene discriminations The reaction of the mouse
racrophage to the healthy red cells of the mouse, rat, rabtit, guinea-
pig, cheep, goose, and man was therefore investipated in serum free

end serum containing media,

2e¢ The rerction of mouse macrovphases towards “"foreim®
red cells in serum free end serum conteining media,

Fresh red cells from &ll species were collected into hepariiised

seline, Ked cells from the mouse were obtained by bleeding from the
retroorbitel plexus, Blood from the rebbit and guinee~pig was
cbteined by bleeding from the merginal eer vines Ilood from the
goose and sheep wos collected by venepunctures (Kindly supplied
by the Animel Research Centre, Moredun)s Blood from the rat wes
obtained by cardiac puncture, end human red cells were obtained
from a finger prickes All amrplea:of-' red cells were woeshed four times
in ten times their own volume of sterile saline containing 5 IUa
heparin per ml, They were then resuspended in galine at e cone
concentration of §. by volumes £11 red cells were {reshly collected,
and ell were used within 6 hours of collections

Metrophage monoleyers were grown for 24 hours in either mediunm

199 + 10. serum protein free medium gupplement, or medium 199 + 10

pooled/



pooled mouse sexiy,

Serum was obtained by blecding mice from the retroorbitel plexus
into polypropylene tubes. From 20 to 30 mice were used for each
poole The serum wes sterilised by filtration, and used ofter storege
for 24 to 48 hourss Serum was also tested for its egglutinating end
lytic reactivity towerds the red cells used, Each sarple of red
cells was observed in dilutions of mouse serum up to 1/100 for
agplutination or lysis, Red cells from the sheep and goose
occasionally showed agglutination by neat mouse serum, but this was
never demonstrated at titres of greater than 1 in 10; i.es the cone
centration at which the serum was used in the experimentel cultures,
The test red cell suspensions were added to the monolayers in
guantities of 0.1 mle per monoleyere, Incubation was continued for
2 hours at 5700., the coverslips were washed, fixed and stained as

before.

Resultse
Three experiments were pexrformed with separate samples of red
cells for eachs Red cells from the goose and the shecp were availe

eble only on two of the three occasions.

TABLE XX/



19t e

TABLE XX.

See Histogram,
Species | P in lactalbumin | P in mouse serum

| a J b ? ¢ a b c

mouse Z 0415 0s%. | 046. | 0% 0.6
rat i & 1 e g 15
rebbit & 1055 y &. 3 %
guinea pig | % | 14 18 |12 |15 K.
sheep - 1% | 1g | - % 3
nen v | o [ | m s |
goose - 3%: 2G5 - 3C5. 36

These results indicate that the resction of the mouse moerophage
towards foreign red cells is more complex than suggested by the
experiments of Perkins & Leonard (1963). Uptake of cells from the
rat rebbit, and guinea pig occurs to the same extent in serum 2s in
_serun free medium,  The uptake of humen and sheep red cells is
depressed by serum, and the uptake of goose red cells is probebly
enhanced by serum possibly due to naturally oceurring antibody.
The general trend of the results in serum supports the conclusion
reached by Perkins and Leonerd (1963) that the further removed the
species of donor is from the mouse, the greater the uptekes The two
exceptions ere red cells from the sheep and from men. The mouse
serum employed in this experiment was not adsrobed with the test
particle before uses In the experiment of Perkins & Leonard (1963)
3he uptake of sheep red cells in adsorbed mouse serum wes glven as
S5el§.« Data for human red cells was not included,

Adherence/
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Adherence was merked in monolsyers to which the red cells of the
goose and sheep had been eddeds The adherence of sheep red cells to
mouse macrophages also occurred in serum protein free medium. (See
footnote)s This phenomenon has also been described by Nelson (1969).
For some particles, notebly with red cells from the rebbit and
guinea pig, the range of fhagocytic reactivity of the mcmphhge wasg
larges This occurrence might be due to the selection of separate
random bred donorse In the case of the rat end mouse, slight
differences in the constitution of the red cell between individuals
would a2lmost certainly not be detected by these experiments.
Similarly for species widely separated from the mouse, individusl
veriations are likely ¢to be less than the large genetic difference
between the mouse and donor expressed bty the red cell surface.

Thus for these two classes of donor, individuel variations are
unlikely to be demonstrated in e smell experimental sexries,

be The reaction of humen racropheges towerds the red
cells of various species in serum containing end
serum protein free mediae

To support the conclusions reached in experiments with mouse
macrophages, which indicated heterogene discrimination ability, the
experiments were repeated using monolayers of human mocrophages,
These/

(Footnotet Sheep red cells also eppeer to lyse very rapidly within
the mouse macrophage, glving rise to the eppearance of many vacuocles
conteining material which stains poorly with eosin, Adherent sheep
red cells on the other hand, were ususlly intact).
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These experiments were performed on only two occasions, suing mecro-
pheges from patients undergoing peritoneal dialysise. (For preparative
techniques see Stuart 1968)s Although incomplete the results are
of sufficient interest to merit thcir inclusion,

Monolayers of macrophages were 48 hours old when useds Re zells
were obteined and prepered as before, Pooled group O human serum,
and serum protein free medium supplement, both at concentrations of

1Q. in medium 199 were used as culture medla,supplements.

Resultse

TABLE XXX,
Red cells Serum protein free Serum
Mouse 1§ - 4&
Rat 16 et
Rebbit 157, 18:
Guinea-pig 156 ‘ 155
Humen | 0.8: 0.5

Each result refers to one experiment onlys. Despite the odd
astum obteined from the combinetion of ret red cells end pooled O
serum, these results would seem to confirm the occurrence of some
heterogene discrimination ebility in the phagocytic cells of the
humen end moiise peritoneum, It also suggesis the importance of the
phylogenetic relationship between macrophege donor, and red cell donor,
;n determining the reactivity of the macrophage towards the test red
celly/
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celly, The human macrophoge seems to reect similarly to cells from
& variety of rodents, and the depressive effect of serum in this
experiment was not observed,

ce The kinetics of heterogene discriminations

The reaction of the mouse macrophege towards the red cells of
the rat, guinea pig and rebbit does not appear to be influenced by
serum, The phagocytic index is too low for any eff'ect to be
detecteds The reactivity towards sheep and hunen red cellsis
depressed by serume, The uptake of goose red cells is enhanced by
serume Thus three different kinds of sctivity may be expressed by
the mouse mecrophage, and these could be dassified as serum depressed,
serum independent, end serum enhanced processes,

In order to investigate these three apparently distinct forms
of heterogene discrimination reactivity by the mouse macrophage, the
response of the macrophege to "foreign® red cells was studied after
prolonged culture in serum free and serum containing media,

Methods, _

Vouse mecrophages were cultured &s before in serum free medium
supplemented with lectalbumin, and medium 199 with 10 mouse serum.
The cultures were studled at 24 hours and agein at 3 days.

Red cells,

Red cells were obtained and prepared as 5. suspension in saline
as beforees Theywere added to the cultures in quentities of Oe1 ml,
of suspension per cultures Incubation was continued for 2 hours at

57°Cs/
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37°C., end the monolayers weshed, fixed and steined as before.

Results -~ see histogrem.

TABLE XXII,

A COLPARISON OF THE EFFECTS OF PROLONGED CULTURE OF MUUSE MACROe
BHAGES UPON THEIR ABILITY Q0 PHAGOCYTOIE A VARIETY OF FOREIGN RED
CELLS IN SERUM FREE AND SERUM CONTAINING MEDIA,

Species of Phagocytic Index in Phagocytic Index in
red cell Serum Free Medium mouse serum containing
donore At 24 hours/st 72 hours med ium

At 24 hours/at 72 hours
kouse (s Py A2 0.6 0.5: 05«
Rat Fe 1 - 15
Rebbit 9~ - by 1
Guinea Pig 13, 105 e &:
gheep 18« 13 ¥ b
Mﬂn 37.5.: 15 5.9{{. 11;..6"4-,
(roose 26, Lo, 30 30 ol

"IN ADDITION TO PHAGOCYTOSIS 12~
OF MACROPHAGES SHOWED STRONG
ADHERENCE OF SHEEP RED CELLS.

These results support the original hypothesis of three
classes of heterogene dlacrimination resction occurring in cultures

of mouse mecrophages.

For red cells of the mouse, rat, rabbit, and guinea pig, the

results obtained in serum containing and serum free medium are of the
same/
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same order efter 3 days in culture, as at 24 howrs,

With sheep red cells, there was a noticeeble tendency of these
cells to adhere to mbphages cultured for 3 days in mouse serums
This adherence was & constent feature, and was much more pronounced
than the tendency to adherence elready described ss occurring in
cultures of macrophages in serum free mediums VWith humen red cells,
the heterogene discrimination process appeared to desrease in
intensity efter 3 days émlture in the sbsence of serum, (from
P = 37.5 toP = 15:),

In serum, on fhe other hand, this process increased in
efficiency efter 3 days in cultures (P = 5.9 to P = 1446.)s

The efficiency of the phagocytic reaction towards goose red
cells in serum free medium increased after 3 days in culture,
(from P = 2§: to P = 40), vhile in serum it remained the same,

de Discussions

The results obtained indicate that in the absence of serum the
mouse macyrophage is capsble of rescting by phagocytosis to "foreign"
red cells, For red cells donors closely x_-alaterl phylogenetically
to the mouse, phegocytic activity is of a low order, and is not
influenced by the presence of serums For the red cells of unrelated
donors, the phagocytic reaction in the ebsence of serum is vigorous,
and phegocytic index is highs In serum the reaction of the mecro-
phage towerds foreign red cells may &) be depressed by the presence
of serum, or b) bp enhanced by its presence.

This suggests that three different types of macrophage reactivity
towards/
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towards forelgn red cells can be distinguisheds These types of
reactivity have been termed: &) Serum independent activity.

b) Serum depressed activitys

¢) Serum enhancel eotivitye

With increasing time in culture, macrophages grown in serum

freé media show an increase in resctivity towards the red cells of
specles in which uptake is enhenced by the presence of serum (Goose}.
Activity towerds the red cells of these specles (sheep, man), where
upteke.is depressed by serum decreases with increesed time in culture
in perum containing media, Activity towards the red cclls.or other
rodent species was not thought to change significently during proe
longed culture in serum protein free medium, In media containing
serum, reactivity towerds related species did not elter, with
increasing time in culture, Reactivity towerds the red cells.off
that species in which uptake was enhanced by sexrum did not alter with
increasing time in culturee Reactivity towards the red cells of
thaet species, initislly depressed by serum, increases with prolonged
time in culture, The red cells from the sheep adhered strongly to
monolayers grown for three deys in serum, but no increase in phego=
cytosis could be demonstrateds¢ The reaction of the mouse mecrophege
towards foreign red cells is surmarised in the toeble belows

SUMVARY OF TABLE XXIX«/



-l 08w

SUIYRY GF TADLE XXII,

Type of Reactivitys I Red cell donorse
Serum independent Mouse, rat, rebbit, guinea }E:ig.
Serum depressed Shecp, mane. |
Serum enhanced i Goose,
Type of Reactivity. . In serum free medium | In serum® 3 dayse
@ 3 dayse .
Serum independent Uneltered Uneltered.
Serum depressed Decreased Increased
(with edherence)
; Serum enhanced Increased i Unaltered

These experiments show also that the initial actions of wholé
serun upon the reactivity of the mouse macrophage towards foreign
red cells, cen be reproduced by macrophages in the cbsence of serum
providing the time of culture is sufficiently prolongeds The actions
of whole serum are repid, serum depression requiring only 6 to 8 hours
to become esteblisheds The alteration of the activity of mmcrophages
in the sbsence of serum requires up to 3 days to develop.

In the case of reactions depressed by the presence of serum at
2 hours, the reactivity of the mecrophage monolayer increases
during the subsequent 2 days in cultures (this is true if the
adherence of sheep red cells is regarded as en incresase in mecrophege
reactivity)s The reaction of the macrophage towards the seme
particles in serum free medium is found to be high at 24 hours, end
decreeses with increasing time in culture up to 3 dayse. Vhere the
initial reaction is enhanced by serum, macrophege reactivity towards
that particle in serum free medium appeers to incresse with prolonged
cultures/
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cultures This effect occurs without prior contact with the perticle,
¥hat is observed to occur in the reactions describel is an
increase or decresse in the nurbers of macrophégea reacting to the
perticle studied, The population of macrophages mist initially be
regerdod &s veried in respect of the reacfivity of individual cells,
As this population ages in culture, the reactivity of the individual
cells tends to becomé *averaged" out over the whole populetion, |
In the case: of the reaction to the goose red cell in culture,
of the initial population of macropheges only 26 prove cspable of
phagocytosing this particle in serum free medium, After 3 days in
culture, the reactivity hes “"spread" to 40: of the totel nuiber of
meeropheges presents The Initially unreactive culture can 8lso be
mede to react by adding serum, which enhances uptake, but achieves
this effect within 24 houwrse It can be concluded that the macro=
phage oystem can control its own reactivity towards foreign cellss
This reactivity is erpressed as the sum of the individual reactivities
of all the mecropheges composing that systems The process of
Paversging out" the individual reactivities of a heterogenous popul=
ation of mecrophages can be shown to occur in cultures of mecrophages
maintained for up to 3 dayss The effects of serum upon macrophage
recctivily ere rapidly produced, but closed cultures of macrophages
can modify the serum induced effects if the cultures are maintained
for 3 dayse  The "averaging out®™ process can cbviously elther increase
or decrcase the reactivity of the whole population when compared with
the initial culture expressing the sum of individual reactivities,



3 » HOLOGENE DISCRININATION

Homogene discrimination hes been defined es the ability of the
mecrophege to distinguish between cells of the same genetic class
which differ only in their structwral or biochemical integritys
The example from previous experiments is the ebility of the macro=
phage to discriminate between the fresh humen red cell and the saline

injured human red cell in the presence of serum,

8 gomo;-riene diserimination in serume

Two models illustrate the capecity of the mecrophage for homoe
gene discrimination, the first is the reaction towerds fresh and
injured human cells in human serums The data for this reaction have
elreedy been fully described (See Chapter 2 - THE RED CELL)s The
second model 1s the reaction of the mouse macrophage towards fresh
and injured mouse red cells in mouse serum and serun free medium,

Methods «

Mouse mecrophages were obtained as before, and cultured for 24
hours in medium 199 supplemented with 10;. mouse serum,

Red cells were obtained by bleeding mice from the retroorbital
plexus into seline containing 5 units of heparin per/mls, in poly=
propylene centrifuge tubes, Cells were obtained from this mixture
by centrifugation, washed four times in ten times their own volume
of saline, and reconstituted as & 5. suspension in saline,

Mouse red cells were injured by incubation &s a 5. suspension
for/
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for 2l hours at either 22°C,, or 57°Cs It wes found that mouse
red cells incubated at 37°C, in glass, lysed within 24 hours, Lysis
éid not occur if the incubetion temperature was reduced to 2200;.,
although the cells still became injureds Lysis was minimel for red
cells incubated in polypropylene tubes at either 22%°C, or at 37°C.
Fresh and injured human red cells, end fresh mouse red cells were
used as conirol suspensionss
Each red cell sample was added in Oe1 mls quantities to 24 hour
old cultures of mouse medrophages grown in mouse serums Incubation
was contimed for & further 2 howrs et 57°C. end the monolayers
weshed, fixed and stalned ag befores

Results,
the figures given are average results for a series of seperate
experimentss Macrophages grown in 10. mouse serum,
THE ARTLITY OF THE MOUSE MACROPHAGE TO

TABLE XXIII, =~ lean Values, SELECTIVELY PHAGOCYTOSE INJURED RED CELILS
TN MEDIA CONTAININGAOUSE SERUM. '

Partiqla Phegocytic index Number of experimentse
:F::%‘hmme red 0,8 : 48
Iﬁﬁﬁ mouse red 2& ;
G P 6447 18
Igjelu;::t: .hu:mn red 147 | 5

Thesé results indlicate thet the mouse mecrophege in mouse serum
can discriminate between fresh and injuwrxd mouse red cells,
Discrimination/



«202=

Discrimination between fresh end injured humen red cells is merkedly
less than in humen serums 4&bout 607 of mouse macrophages are
reactive towards the injured human red cell in human serum, while
only 14. are reactive towards the same particle in mouse serum.

It was thought that this could be accounted for by invoking the
presence of an opsonin for human injured cells in human serum, but
adsorption of human serum repeatedly with the injured human red cell

4id not decrease the uptake in humen serum.

de Homogene discrimination in serum free medium.

Mouse mecrophage cultures were prepered in medium 199 supplemented
with lactalburdn solution 1¢.:, Cultures 24 hours o0ld were usede
Fresh and injured humen red cells, and fresh and injured mouse red
cells were prepered as befores 061 rile of the appropriate red cell
suspension wes added to each monolayer culture, Incubetion was cone
tinued for a further 2 hours, and the cultures washed, fixed and
stained as before.

Results,
TABLE XXIV.

THE 4BILITY OF THE MOUSE MACROPHAGE TO SELECTIVELY IAGOCYTOSE
INJURLD RED CELLS IIl SERULT FRED LEDIULI.

Test Particle iMean Nurber of
Phagocytic Zxperiments
Index
Fresh mouse
red cell Qs 18
Injured mouse s
red cell 3 5
Fresh Human ;
red cell b o5 18
Injured human .
red cell 56 45 >

These/



These results indicate that the mouse mecrophage con diseriminate
between fresh and in;]ur?d mouse red cells in serum free medium, The
reaction towards hmm;/x::gguzﬁla is slightly greater than towards
fresh human red cells in serum free mediums It is not clear from
these results if the diseriminatory ebility of the mouse macrophage
also extends to the humen red cell system in the ebsence of serum,
although thls £bility is cleakly showm in the presence of sexrums
The variation of heterogene and homogene discrimination reactions by
the mouse macrophage in respect of time of contact of these macroe

phages with humen serum was therefore studied,

Ce '.{“he ef'fectg of humn 8 e _homooene
ete: Y 6 scrimine

csnaci.tieg of ﬁhe muse mcro*:hnge.

Mouse macrophages were prepered as before in medium 199
supplemented with lactalbumin sclution 10j.a After 24 hours culture
the medium was espireted and replaced with prewarmed medium 199 cone
taining 10 human serums This was ellowed to intcract with the
monolayers for periods of 10 minutes, 1 hour, 3 hours, 5 hours,

12 how's, end 24 hourss /fter the appropriate interval, the serum
oontaih.mg medium was removed and repleced with medium 199 containing
10, lactalbumine Incubation was then continued for a further period
of 1 hour %o allow the culituwres to recover from the effects of
changing the mediums Fresh humen, and injured humn red cells were
added as 041 nml, of a 5. suspension, and incubatlion was continued
for a further 2 hourse Cultures were washed, fixed, and stained as

befores

Resultse/



Graph showing the depression of the phagocytic response to
fresh / injured human red cells,as a result of contact with serum.

o Fresh Human Red Cells
+ Injured Human Red Cells

I L 5 6§ m AW
. Hours in Contact with Serum




Pesultas
TARLE ¥XVa
THE DDRFEDRNCE O THE FROCESSES oF HOWGCE DISCRIMENATION A

FOTROGENE DISCRIMINATION ILLUSTRATED BPY THE VARTATION (P HETEROGRNE
DISCRUINATION CAPACITY OF MACROPOAGES ¥ITH TIG¢ IN CUACY WITH

X

SERUM
| | 10 mine!  hour:3 hours!5 hours 12 hours' 24 howrse '
; i t 1 f : e
EMI ; 28 ; 2. f 14 i i & ! 3 % b -;
Injured | o | s lE i omm ) |
Toea | 66 |4 | |52 0 = g |

il i : s ————

These results cleerly demomstrete the independence of the
processes of heterorene end homogens diseriminetions The presewe
of serum does not, in this cese; depress the response of the mouse
recrophage tomards the injured umen red eclle Serun does depross
the response to the frech humn red cell, end achieves this effect
in 5 hourse Injured humen red cells slways provoke a vigorous
reection on the pert of the mouse recrophage, This reaction is
independent of the presence of serun, end is always in excess of the
rmatim.tofreshmre&cellainthemﬁ&wnsttﬂieat

de ‘he effect of rroloncal culture upon the resctivity
of tha recyephore towerds fresh end infured huren red

alls in serum iree erd nanyr el

Mncrophages obtsined as before were cultwred in melium 139 with
lactelbunin supplanent, or mediwa 179 with hwmwn serur for periods
of 1 to 8 days inclusive, The molium wrs changed efter 2L hours in
culture,/



culture, and egein on deys 3 and 6. Fresh human and saline
injured human red cells were prepared as a 5. suspension in saline,
O«1 ml. was added to each monoleyer culture, on the appropriate day.
Incubation was continued for a further 2 hours, and the coverslips
washed, fixed, and stained as before,

Hesults,

TABLE XXVI (B.)c

THE DECRBEASE IN THE HOMOGENE DISCRIFINATION CAPACITY OF MOUSE
MACROPHAGE MONOLAYERS WITH PRULONGED CULTURZ:

e) wITH HMAN SERUM AND HUMAN RiD CELLS.

Phagocytic Index

Deys in Qulture | T30 0 VR eatay
1 G 75
2 z. 68
3 2 | 52
ks 1 20%
5 - 3
6 - -

The values for the phagocytic index indicated by a dash = were
all below Oe«5:s In some cases no erythrophagocytosis was observed

in over 3000 cells counted,

TABLE XXVI (b) o/




TARLE X0VI (b)e

VARIATION VITH TIE I CULTURE CF NOMOGIN: DISCRIVINATICN BETUWEEN
FRESH ARD INJURED HUMAN RED CELLS IN SERUM FREF 1MEDIUM.

(b) WITH RN RID CELLS IN SERW! FREF LEDIUM,

|_Day j Fresh Human ; Injured Human

1 26: LG,

2 | 12,5. 2143¢

3 5e2: 1544

b % %

5 - 1457

é - -

7 - -

8 - -

The results given are the average values for two determinations,
These experiments were repeated using concentrations of serum of 200
end 40, and lactalbumin concentretions of 20: end 40: in medium 199.

There was no change in the finsl result et these concentretions,

e The effects of prolonsred culture upon the reation of

the mouse mcro-«)hfge tovards fresh end injured rouse
_gal__.‘l._ in serunm free mediume

Macrophege cultures were prepered ag before in medium 199
supplemented with lactalbumin solutions Fresh and injured mouse
cells were added to each monolayer as 0.1 mly of & §. suspensions
An attempt was also made to repeat these observations erploying
mouse serum, but cultures showed morphologicael end functionel changes
after 4 or 5 days in culture pronounced enough to preclude the use
of/



of eny data obtained from thems

from 24 hours to 8 days olds

w207 =

Red cells were added to cultures

Incubation was continued for 2 hours,

end cultures washed, fixed and stained as befores

Resultse

TABIE XXVI (c) o

VARTATION WITH TINE IN CULTURE OF HOMOGENE DISCRIMIMATION BETWEEN
FRESH AND INJURED HUMAN RED CELLS IN SERUM FREE MEDIUM.

(¢) VITH MOUSE RED CELLS IN SERUM FREE MEDIUM.

Deys : Fresh mouse R.B.Ce Injured mouse ReBeCe
1 05 % h
2 0.2 17 -
3 - 10,2: i
& - 35
5 - 1405
6 . -

7 - -
8 - -

€, Suwery of Results,

The mouse macrophage can discriminate betwéen fresh and injured
red cells from either men or mouse in both serum and sexum containing
medias Further studies of homogene diserimination show
a) That the process is independent of serum concentrations
b) That the sbility for homogene discrimination decreases with
increasing time in culture,

)/



c¢) Thet the processcs of homogene discrimination and heiorogene
discrimination are distinct,

Homogene discrimination occurs in the absence of serum, and is
not influenced by its presences In this respect it differs
mdicaﬁ,y from the heterogene discrimination process, which in the

case of the humen red cell is depressed by serume

ge Discussion,

Three different {ypes of heterogene discrimination by the mouse
macrophage heve been describeds- serum depressed, serum independent,
and serum enhanceds Only one type of seleciion is apperent in the
process of homogene discrimination, and this is entirely independent
of the presence of serums In the case of discrimination belween
en injured and a feesh foreign red cell in serunm free medium, the
heterogene end the homogene discrimination are additive, with the
resu’t thet more mecropheges react to foreign red cells that ere elso
injured, then react to fresh foreign red cellses This reection is
upheld in serum conteining and serum free medis, differing merely in
the "degree® of discrimination, and in the final level of the phago-
cytic indexs

The discriminatory ebilities of the mecrophage ere retained in
culture for up to 4 dayss Cultures beyond this age are unreactive
towards both foreign red cells, and to injured red cellss Associated
with this change in reactivity, @& merked change in the morphology of
the cultured macrophages occurse Macrophages cultured for periods
in excess of 4 days in serum containing or serum free media lose their

cytoplesmic/
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cytoplasmic vells, and become elonsated and stecllate, They show
incressing nuclear hyperchromatism with inereasing age after 4 days
in cultures In edditlion, many cells show fine peripheral vernole
isation, end those grown in serum free medium occesionally show large
vacuoles, which remein unstained by heeretoxylin and eosin, or Glemsa
steinss (See Figse &4 & 5)s Associated with these chenges, 1s a
loss of reactivity towerds fresh humen, injured human, and injured
mouse red cells, It 1s thought that this change represents an
ertefact of prolonged culture, Although it decreases the reactivity
of the macrophage towards foreign and injured red cells, some other
espects of macrophage function remein undisturbed, They still
retain the capeecity to phegocytose yeast particles and entibody coated
red cells &nd in these two respects are functionelly normels
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4. » INCCGITITION .

Previous studies in this and other laboratories have demonstrated
that particles coated with antibody are readily phagocytosed, The
mouse mecrophage will reect to specific antigen entibody corplexes
by phogocytosis even when the antibody is derived from somrces other
then the mouses Thus thyrcid colloid complexed with humen anti-
thyroid auto-antibody ic repidly phegocytosed in camparison with
thyroid colloid alone {Stuart 1966)s Humen red cells coated with
haeolysin from the rabbit, or by huren immne haemolysing @irected
against Rh or I antigens, are extensively phegocytosed, (Stuart,
Davidson & Cummings 1967); (Dewer, personsl commmication),

The studies of recognition undcrtaken hore were directed at
exploring the effects of serum and the sbsence of serum upon the
reactivity of the mouse macrophage towerds red cells.coelltad with
haemolrsin, and the effects of prolonged culture upon this resction,

&y [Freperation of entisers, end the sensitivity of
technicue useds

Two antibody systems were uczed, in the first the sensitised
particle waé the huran red cell, eand the entiserum was derived from
the immunisation of a rabbite In the second, mouse red cells were
sensitised with a similerly prepared rebbit entiserum directed ageinst
mouge red cellsy The fortuitous discovery of & naturally occurring
heemolysin for mouse red cells in serum from one human donor provided
a third antibody systems These three entisera are hereafter referred
to as antisere A, B, asid C,

Antiserun/



-214-

Antiserum A was produced by the injection of two rebbits with
20 nmge (Dry weight) of pooled human red cell phosts. TEach rebbit
received 7 injections in ga2line in the first 2t days, and thereafter
a single booster dose 3 doys before bleeding to obtain antiserum,
Antiserum A was therefore Nabbit enti~-human-red-cell serums
Antiserun B ( Rebbit enti-mouseercd-cell serum) wes prepered in
rebbits using 045 ml, of o 20 suspension of washed mouse red cells
in saline as the entigens The imumisation schedule wes similar to
that employcd for the preperation of antiserum As

Antiserum C (Human anti-mouse-red-cell serum) was discoverecd
while testing for lytic end egglutinating activity in humen serum
with mouse red cells (See Chapter 3, section § c)s A quantity of
this serum was retained for studys

The agslutineting and lytic titres of these antisera for the
sppropriate particle were determined by standard technicues, and sre
shown belowe Fresh guinea pig serum was used es a socurce of
complement in the determination of lysias
TABLE XXVII.
THE AGGLUIINATING AND LYTIC TITRES OF THREE ANTI-RED CELL ANTISERA,

Antiserum Lysis titre Agglutination titre
A o 1/600
B 1430 1/350
C : 1/4 1,16

The sensitivity of erythrophagjocytosis in respect of red cells
coated with these antisera was determined thoroughly for antiserum C,

The/.
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The cther antisers were found {o give coumpersble resulis,

Nethod,

Moerophage cultures were prepared as before in human serium.
Mouse red cells were incubsted for 30 minutes at 37°C. in dilutions
of entiserum C in neutral humen serim, Dilutions ranged for 1/1 up
to 1/1000s The sensitised mouse red cells were washed twice in
saline, end added &s Os1 ml, of 2 5« suspension to each monolayers
Incubetion was continued for 2 hours, end the cultures washed, fixed
and stained eas before,

This entiserum produced macroscopt lysis at a dilution of 1/4
and sgglutination et a titre of 1/16s The titres effective in
producing erythrophsgocytosis are shown belows All dilutions greater
than 1/10 produced maximel phagocytosiss

Resultse
TABLEs 4XVILIe

THE PHAGOCYTIC INDEX FOR 1'OUSE FED CEILS SENSITISED WITH VARIOUS
DILUTIONS OF EUMAN ANTI-IT0USE R=D CELL SERUM (SHRUIL C)e

itre [1/10 | 1/15 |1/20 |1/30 |1/50 | control
o | 43 | 3w ;| % | 046

For the other sera tested, maximal phegocytosis of scnsitlsed
cells occurred in 1/10th of the minimal serum concentration necessery
to cause egglutination, and from 1/20th to 1/40th of the concentration
necessery to produce lysis, Thus it eppears that the macrophege/red
cell system cen detect lytic antibody in concentrations up to 1/40th
ot/



of the level detected by the more corron in vitro tests.

be The resction of the mouce rmnecrophe~e towerds

gensitised humen red cells in serum containing,

ond serun free mediss

Methodse

From entiserun 4 & gammoglobulin containing fraction was prepared
by salt frﬂctionation,_ us:.n.g ammonium sulphate, followed by gel .
filtration on & Sephadex G 200 colwmn, in DBoxsex/phosphate buffer
(pH 846) e Heemolytic ectivity wes contained in the single major
peek, corresponding to the IgG component of rebbit seruwe This
preparetion was standardised after concentration, and the same cone
cenftration of haemolysin was used to sensitise red cells in each of
the following experimentse Jhe standaxd concentration used represented
1/10th of the minimal lytic concentrations For the standard prepe
eration this represented a dilution of 1 in 8004 Jensitisatlion wes
accomplished by incubating fresh washed human red cells in this con=
centration cf haemolysin for 30 minutes 2t j‘roc.h' The red cells were
then washed once in saline, and reconstituted es & 5. suspension,
lMouse red cells treated in the saie menner, and frésh humen red cells
were uwed as controlse '

Iecrophages were obtained end cultured as before in medium con~
toining humen serum, mouse serum, or lactalbumin supplement &t a 1G.
concentration, After 24 hours in culture Ot mle of & 5« suspension
of sensitised red cells was edded to each tubes Incubetion was
continued for 2 hours, and thc cultures washed, fixed and stained es

beforeq

Resultss/
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Nlesults.

T/ABLE XXIXe
THE REACTION OF IOUSE MACRGPIAGES T0 ANTIBODY COAT:D RED CELLS IN

SERULE CONTATIINE 21D ZIRUEI FREN JEDIUN.

Mediun contsining | Semsitised red cells | Fresh humen | Mouse |
Mouse serum 96 8. & |
Humen serum oF: 15 G- |
Lactalbumin 9% 34 503 |

These results indicate thet antibody coated red cells are
phagocytosed in either the presence or absence of serum, and that
mouse macrophages ere highly reactive towexds this type of particle,
con£r01 mouse red cells incubated in robbit gammaglobulin frection
for 30 mimutes were slightly more susceptible to phagocytosis than
{fresh mouse red cellse Specific antibody therefore is a nuch more
potent "opsonin® then entitody globulin not directed sgainst a
specific antigenic determinents The reactivity of the macrophege
towards an antibody coated particle within the limits specified is
not dependent upon the source of éither antidbody or particle,

The rebbit haemolysin sensitised red cells were used throughout
the experimental series £s a test particle for the standardisstion of
culturess (See appendix)e llacrophages showing fewer then 9. of
the population resctive to this pearticle after 2 hours incubation
were discerded as being functionally unsetisfactory.

cs The veristion in the resction lowerds sensitised red
cells with time in cultures

Macropheges/
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Hecrophages were obtained as before, end cultwred fion 1 to 8§
days in mediur 159 with 10 hwasan serum, or 1C lactalbw.dn golution,
Vashed hursn red cells werc sensitiscd by 30 minutes incubetion at
57°C. in a dllution of 1 in 800 rebbit hecrolysine Ded cells were
washed once, before being reconstituted as a 5. suspension in salines
O«1 nls wes edded to each culture. ~fter 2 howrs incubetion, the

cultures were was.he&, fixed and stoined ag bafores

Resultse Resction to sensitised humen red cells,

THE REACTIGN OF MACROPHAGES IN LONG TERM CULTURE, TOWARDS ANTIBODY
TNGITISZED RID CILS.

Day In IMuman Serum [ In Serun Free Vedium
a b e
1 9 9 9% 95«
2 9%- 9% o 95 o6+
3 96 o% o7 97«
4 8% 8% &0 9L
5 75" L 75 95
6 58 53 69 9%
7 L 48 g 9%
8 3. 28 340 o

The deta for three experiments employing mouse mocrophages grown
in humen serum are shown in fulls The data for cultures grown in
serum free medium are expressed 88 averasge valuese

The macrophage grown in humen serum shows @& gradual decline in
its resctivity towards the haemolysin coated humen red cell after 4
days in culture, This decline cccurs at the same time es the decline
of/



of tlie Leterogene and homogene discriminetion remctions, It is
never completc, @s in th. other two cases. lizcrophages growvn in
serun free media show no decrease in reactivity towerds haemolysin
coated cells, although the two "discrimination" reactions decrease
a3 repidly in serum free medium ag in gcruine

This evidence therefore supports the hypothesis that the mocros
phage is cepeble of three typea of reactlon towerds the red cells
These heve been termed heterogene discrimination, homogene dige
exdidination sl vioogditions. Eyblnce:ds pxesvetel #u siow ek
these three types of reactivity ere not identicai.
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1 ~ THE ACT CF PDACCCYZIOCIC.

Cbservations upon the resction between mouss mecropheges and red
cells in-vitro, by phese contrast microscopy, reveals that the act
of ingastion occuples &t the most 2 few minutesa  Antibody costed
cells are Incested rather more rapidly then injured or forelpm red
cells, For vwhole cultures, the phagocytic index obtained after
fifteen minutes incubation represents nearly 5% of the index efter
2 hours incubations This demonstrates that phagocytosis occurs
repldly, if it is going to ocour at alls Buring the act of ingestion
it has been repeatedly observed thet red cells become deformed, This
deformation usunlly involves the red cell assuning an elongated pear
shapes (Sece fige 8)s Occasionally red cells will fragment into
maltiple small globules during ingestlons Ingested red cells often
shrink into irreguler refradticle remants shortly after ingestion,
Similar changes in red cells during the act of the ingestion by "fibroe
blasts™ and other cell types have been described by Gropp (1963)a
The process described by this euthor took much longer than the
ingestlon of red cells by mouse macrophages,; but otherwise tha act
of phagocytosis appeared similsr in both casess Red cells adherent
to macrophages cen elso eppear deformed, assuming an elongated shapes
The occwrence of this feformation 1llustrates that a force of forces
are acting upon the red cell in the vicinity of the macrophege membrene,

Red cells mnot susceptible to phagocytosis mey approach the
macrovhage menmbrene but they rarely show any evidence of deformetion,
Occasionally these red cells will induce the formetion of a pseudopod

by/



by the rocrophoges Fed cells not susceplible to phagoc, tosis ere
pushed ewsy by the psecudopod, somctines appearing to _"bounce off"
ite Jusceptiile rcd cells are held to the medbrane and "drawn into"
the cytoplasme These observations are essentially siudlexr to those
made by Hirsch (1965) end Gropp (1963)e These obsarvatioas on the
act of phagocytosis indicete the inportance © the process of forces
acting between the particle and the mecrophage during ingestions

lacrophege reactions cre usually seid to occur following “"conteot™
between th: particle end the macrophege merbranes For colloidel
substances such es carbon, the indlvidusl periicles do seem to 2pproach
very close to the membrcnes This may be because of their smell
diameters (Gee Pethich' 1961)e For lerger perticles, such es
nawmrelien cells, true. “contact™ between the membranes does not sppesy
to occur, a gep of dimensions in the region of 150 A cen be clearly
shown (Habeshsw personel observetions;) (see Figss 10 end 11), The
£op vrrie: in width, but &t the points of closest epproech of the
opposing merbrones, it messurcs between 100 end 150 As 4t these
points of close approach, chenges in the electron density of the
macrophage merbrane occur, and similar changes can be observed in
the opposing merbrane of the red cells Changes of this type have
been described by Kerrer (1963) and Lo Duglio, Cotran, snd Jandl
(1967)s In this mecrophage/red cell system, true contect between
the membrenes of macrophage end red cell has never been observed,
Thia applies to the separation even between the phagosome merbrane,
and the merbrane of the phogocytosed red cell,

The forces acting between the red cell and the mecrophage during

phegocytosis/



phagoaytosis must therefore sot over a distance, The source of
these forces mist be the two interacting membrenes. |
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2 = THEQRETICAL ASPECTS OF MACROPHAGE REACTIONS TOWARDS RID CEILLS,.

Theoretical studies have indicated two principel ways in which
the membrane of the macrophage can detect and react to a particle,
These are 8) by direct alteration in the field at the mecrophege
purfacey

b) by the incorporation into, or edsorption onto a membrene
of a "ligand™ which directly mdified the field propexrtiea of that
merbrone, Supportive evidence for the existance of blophysical
forces in the process of phagocytosis, and their importance in
relation to the sct of phagocytosis stems from the observationsyg

&, That a gap visible by electron microscopy exists
between the merbrane of the macrophage and the membrene of the red
cell during phagocytosis, end this gep iz of the order of 150 A in
widthe

Le Studies of the phegocytic process in living cultures
reveals deformetion of red cells during the process, and evidence of
strong attraective and repulsive forces seting between macropheges

and red cellse

as Recognitione

The mecrophege mexbrene will react vigorously to particles
coated with antibody. In this system lytic antllodies directed
egainst red cells caused & reaction in elmost ell the macrophages
present in the culture, The phagocytic reasction between the antie
body coated red cell and the macrophage is independent of the

constitution/
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constitution of the medium in which this reaction takes place,
The constancy of this reaction in media differing in their composition
suggests that bound specific antibody spontaneously triggers a
phagocytic reaction irrespective of the environment or the state -
of the macrophsge mcmbrene, The antibody molecule seems to be unique
in this respects Mbst mammalian antibodies have similer chemicel
and molecular structures, elthough antigenicelly they are quite
distincts Their ectivity in respect of phagocytosis must lle in
the similarities in their moleculer weight and moleculer shapes
The variebility described in the light chains of mamalien entibody
leads to the conclusion that their activity in respect of phagoe
cytosis may reside in the less variasble heavy chain,

It has often been observed thut gamneglobulin stimulsates
pinogytosis, particularly by macrophages (Cohn & Parkes 1967;
Holtzer & Holtmer 1960), Gammaglobulin is also capeble of
raditying the response of the meacrophsge menbrene as is shown by the
depressive effect of this protein upon the phagocytosis of sheep end
human red cellse The kinetics of this process indicate that this
effect moy be achieved by the imcorporation of gemmeglobulin into the
mecrophage membranes It is therefore sugrested that the incorporation
of gammaglobulin into the macrophage membrane is a physiological
processe This process of incorporation is contimuous, and the
reactivity of the mecrophege membrane from one instent to another is
dependent in part upon the concentration end type of gammeglobulin in
the macrophege environment,

In this respect, the mascrophages of memnelian apecies differ
from those of invertebrate species (Stuart 1968). The macrophages
of/
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of these species do not react to gammaglobulin but still seem to be
dépendent upon the presence of opsonic substances in their body fluids
for efficient phagocyiosiss (Prowse & Tait 1969; Stusrt 1968)e
These cbservations suggest the possible evolution of the antibody:
forming system through the specialisetion of opsonin forming tissuess
The lymphoid tissue in the mammel mey represent the ultimate develop=
ment of a gystem originelly concerned %ith the production of serum
and tissue proteins which, by & biological accident, happened to

have the two properties of combining with foreign material, and the
ability to modify the reasctivity of the primitive phagocytic cells

be Heterogene discriminations

The phegocytes of primitive animals are cepesble of ingesting
*foreign® meterisl, and removing demeged tissue, (Cameron 1932),
The necessity for opsonic substances in the heterogene discriminstion
process has alresdy been noted, Primitive animels, including the
invertcbrates, are also capeble of eltering their reactivity towaxds
foreign materinl, that is are capsble of producing en immmne reaction,.
Some workers have comrented upon the repidity with which an immme
state erises in primitive animalss Immmity to pathogenic becteria
can arise within 24 hours, in both insects and crustacse, (Paillot
19203 Metelnikov & Gaschen 19213 Cangacuzene 1922; McKay et &l
1969)¢ This immme state erises primiarily through the increesed
phagocytic end digestive powers of the invertebrate phagocytes
(Ruff 1980; Nelstrop et ol 1968)s The repfity with which immunity
occurs within the invertebrate, and the dependente of this effect upon

the/
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the phagocytic cell mey indicate an analagous situation with respeét
to the memmelian phagocyte in its reaction to foreign red cells,

In the section concerning heterogene discrimination (See Chapter &y
Section 2¢)y it was deronstrated that the mouse macrophage population
in vitro cen elter its phapocytic potentiel towards a foreign red
cell with prolonged time in cultures One significant difference
between the experiments described here, and the concluaions derived
from work on invertebrate immnity, is that in the former case no
prior coutact with the foreign red cell was required to provoke an
altered state of reectivitys The difficulties posed by this problem
can be largely overcome by investi ating the state of the whole
invertebratec, and compering it with the cultur of macrophages as an
enclosed gysteme Immmnity in invertebrates is repidly acquired,

and depends primerily upon the increese capacity of the phagocytic
cell to react to the antigen employeds In the experiments described
here, an increased or decreased cepecity of the mecrophage to react
with forelgn red cells occurs spontaneously with increasing time in
culture, even in the absence of serums The change in the reactivity
of the mecrophage towerds the foreirn red cell was thought to occwr
by a process of "evereging out® the resctivity of the individual
macrophages throughout the aystm; In any population of macropheges,
three clesses of cellular reactivity towards forelgn red cells can
exist:

1+ Those mecrophages reactive towerds the foreign perticles

2+ Those mecropheges potentizlly resctive towards that perticle,

3s« Thuse mecropheges inactive towards thet particles

The/
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The initiel reactivity of the culture is en expression of the
mmbers of macrophages in Cless 14 The sctivity at three days is
an expression of the numbers of mecropheges in Classes 1 and 2.
4 recrultment of potentially reactive mecropheges in Class 2 to
Class 1 has occurreds This sisuation could arise because macros
phages in these experiments were derived from outbred mice, and might
therefore be expected to be dissimilar in their original reactiviiy
towords foreign red cells, It has recently been shown thet macrow
phages fiom a single strain of inbred mice are capsble of spontanecous~
1y enhancing their reactivity towerds foreign red cells (sheep red
cells) in culture at three dayse (Perkins et el 1568)s It must
therefore be concluded that the macrophages from the mouse peritoneum
ere imnately heterogenous in respect of their reectivity towards the
foreign red cells After three days in culture it has been found
that the reactivity of the macrophage population towerds a foreign
red ccil iws increased or decreesed, IHacropheges have therefore
been recruited to reget, or not to react, to that particle by the
presence in culture of other mocrophages inherently different in their
resctivity towards that particles, The chenge in resctivity epplies
only to the class of reaction termed heterogene discrimination, and
no effect is observed upon homogene diserimdneatory reactions, or the
£bility to ingest red cells conted with specific entibodys

It can also be shown that in a given population of macrophages
in serum free medium the nuwubers of mecrophages initially reactive
towerds a foreign red cell increcses es the “foreigmness" of the red
cell increases. ith prolongation of the time in culture the

reactivity/
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reactivity of the whole population tends to a 1imit which may be
either greater or less than the initlal reectivity expressed by the
whole population of macrophages. The limit obtained is obviously
dependent upon the state of the gystem in which the population es a
whole existss In vivo, with increesing time, the system will react
in a different mamer to thet cbserved in vitro « the sensitivity of
the reaction being increased by the secretion of specific entibodys
Since elmost 100. of the mocrophege population will reect to antibody
coatdd cells, the limit obteined in vivo will alweys tend to a
meximum, thet is to carplete phagocytic activity of the Reticulo
Endotheliel Systam to the foreign red cells In th:s system in vitro,
the 1imitdtained is dependent upons
&¢ The proportion of mecrophages inherently reactive towards thet
particle,
be The proportion of recruitable mecropheges in the original
popuiations
cs The dynamic equilibrium between loss of reactivity which occurs
with increasing time in culture, end the rate of recruitment of
potentially reactive macrophogesy
de The particle useds This determines the mubers of macropheges
in clesses 1 end 24
In the invertebrate, the injection of killed pathogenic bacteria
introduces & varialiie into the system not present in the sbove scheme,
As already shown for the in vitro system, chenges in reactivity tend
to a limit which is def'ined by, essentially, the system used to detect
the changes The immme state of an invertebrate depends upon the

1!;(!3"68-836/
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incrensed capacity of its phagoeytic cells to ingest end destroy
bacteria which have rlready at one time been present in the system,
The immumne state therefore arises because prior contact with the
organism has eltered the original system, and invertebrate immmity
represents the new 1imit to which macrophege reactivity will tend in
that eltered systemy On purely theoretical grounds, the Lmmumnity
ecquired by invertebrates is likely to be of a broesd specificity, and
this can be shown to be the cases (MocKay et &1 1969)4

In the invertebrete, the priming injection of a hacterium 4s
sisnificant only in the sense thet it elters the internal environment
of the whole eniuel, end hence the enviromment of the macrophages
In vitro, this state arises by the removal of the mouse medrophoge
from the mouse peritoneum, end its esteblishment in cultures The
central feature common to both processes is the cepacity of a
population of macrophages, congidered es a whole, to elter their
reactiivity as e consequence of envirommentel changes The macrophsge
therefore can be sald to possess the two qualities ofs
1. detection of environmental change and
2+ the ebility to slter tho redgtivity of the total population of
mecrophages in any given systep, &s a consequence of Mn@l
changes :

This concept differs from the established concepta- of immmnity
in t:at thare appears to be no requirement for a prior contact with
specific entigenes The role of the antigen ias limited to 1its effects
upon the whole internael environment of the system studiede It has

no direct @ffect, by wey of inducing altered reectivity, upon the

macrophagey/
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There are two requirements for this conceot of the primitive .
state of immmity:
1e thet the mecrophage system es a whole can detect envirormentel
change, and,
2¢ thot the individusl mecrophages can alter their reactivit:” 4in
response to an altered environembnts

The mechanisms by which macrophages achleve these effects are
of central lmportance to the understanding of the heterogens dige-

crimination processe

ce Homogzene diseriminations

In vivo, the capacity to mount an immine response mey depend
upon the detectiondl alterations in the environment of the mecrophage,
by the Reticuloendothelidl system aa a wholee The evidence that
gammaglobulin is incorporated into the macrophage menbrene, and thet
this incorporation alters the reamctivity of the macrophage, suggeats
that one mechanism by which the mecrophage "sa;;nlea“ its environment
is by the incorporation of lirands such as gorme globulin into its
membrane from the #nvironments Perheps the most common altcrations
occurring inthe environment of the mecrophage in the whole enimals
ere injury to cells and the sgeing of cellss The capacity of the
mocrophege to detect en injured cells, and to remove it is termed
"homogiene discrimination®, The efficlency of this process sesms to
be indeperdent of the composition of the medium, and in this sense
is quite unlike the heterogene discriminetion reactions Two aspects

of/
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of the homogene discriminstion process are of interest, firstly that
the greatcr the degree of injury of the test particle the more reactive
the macrophéze population is to that particle, end secondly, the
sponteneous decreese in the reactivity of the whole population with
 increesing time in culture,

It has been shovn thet the bulk of & population of mecrophages
ere spontaneously reactive towards one kind of perticle, while they
remain less reactive to & very similer perticles They will resct
strongly to an injured human red cell, but fewer meéropheges will
recct towerds an uninjured humen red cell, The more severe the
injury to the red cell, the greater the number of macrophages recctive
to ite Red cells incubated in saline in anaerobic conditions were
reacted to by 70 to 80 of mecrophages (Sce Chepter 2, section 3f),
while those incubated in saline containing celcium pantothenate were
reacted to by only 30: of macrophagese (See Chapter 2, section 3g)e
Tl ese dota imply that the discriminatory activity of the whole macroe-
phage ﬁoptﬂ.ation i determined priwerily by the state of the meubrane
of the injured cell, and is indeperndent of the éonditions of culture ,
Althouch most, if not &ll, macropheges in a given population are
petential reactors to the injured red cell merbrane, the proportion
thet do 8o recct is detcrmined by the distridbution of the individual
sensitivities of the macrophages within the population studied, This
can be demonstrated by on anelysls of the events occurring in respect
of homogene discrimination an long term cultures In all cases the
total nuibers and hence the proportion of macropheges in a culture
which reacted towerds en injured perticle decreased with increesing
tine/
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time in culturey The &bility of the culture to discriminste es a
whole was retaineds It wes merely the sensitivity of the discrimine-
etory activity that decreased, After 4 days in culture the homogene
dilserimination abllity of that culture was determined by the 4 - .
of cells still reacting to the presence of an injured red cells
In these particuler experiments, the injury to the red cell wes
carefully controlled, so that & constant degree of injury wes
produceds

There is no evidence from the erxperiments described here that
the capacity of homogene discrimination can be acruired by unreactive
macropheges, from reactive oness The ability for homogene dis-
criminetion must therefore be inherent in the macrophage menbrenes
In this respect, it mey be mentloned thst the incorporation of gammew
globulin into the mecrophage mabrene also seems to be an inherent
characteristic of the mecrophage menmbrenes

i.. oxder to react to the environment, the macrophege population
mwt detect envirounmentel changess The proprrtles of the merbrane
which ensble the mecrophage to do this must be comon to the whole
mecrophage populations At this polnt it mey be noted thet homogene
discrimination reactions, and reactions to antibody coated cells are
not dependent upon the composition of the mediums The conelusion
from these speculations is that:
a. The macrophage "rensures® two peraneters in its environmentj
the level of one (or more) specific "ligand® substances, and
alterations in cell mebrenes in the environment,

be The resultant of this "measuring® or "sampling" process is a

chenge/
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chenge in the reactivity of the mecrophage system &s & vhole, This
chenge can be interpreted as e primitive immune state,

This part of the discussion has been malnly concerned with the
activity of the mzerophege population 23 2 wholes In the next
sections the reactivity of the individual macrophage will be dlscusseds
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3 « TIE RUACTICIH OF IIDIVIDUAL MNCROPTACES ATD 70 MICIANISHS OF
REACTION

The macrophage population in culture is composed of individusl
cells which differ merkedly in respect of their sensitivity towerds
detecting injured membrenes, end their reactivity towards foreign
red cellse Although merked differences in the individusl
reactivities of these cells occur, the whole macrophage population
is capable of rescting to cells coated with antibodys The reactions
of individuel mecroph&ges can be examined by interpreting the
experimental results on the basis of a series of "receptor sited

upon the macrophage membranes

&y Interpretation of the results on the basis of e
Preceptor site" theory,

The receptor site theory considers that one particuler class of
mecrophage activity is determined by the presence of a chemical groupe
ing present on the macrophage merbrane which reacts specifically with
one cless of particles Receptor sites have Ween demcribed for a
nurber of classes of cellular activity, Fewcett (1965) deseribed
and illustrated receptor sites upon the menbrane of the erythroblast
for ferritin, Receptor sites are thought to be responsible for the
trensport of sodium and potassium ion through cell membranes.

(Glynn 1961)e The transport of glucose through the red cell membrane
is thought to involve receptor substances classed as ."phoaphoprottins'.
Nelson (1968) lists seven separate receptor sites on the macrophage
menbrene thought to be responsible for the phegocytic reaction of the

macrophage/
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macrophage towards different t;pcs of perticles

In this systam, threc types of reactivity by the macrophege have
been demonstrateds It can therefore be assumed that three receptors
are present upon the macrophege merbrane, receptors A, B, and C,,
each recepior being responsible for one clsss of macrophege activity.
Let it be assumed that receptor A is responsible for heterogeme
diserimination reactions, receptor B is responsible for the reaction
towards entibody coated cells, and that receptor C is responsible for
homogene discriminationas

The reaction between the mouse macrophage end the fresh humen
red cell in the presence of serum can be explained in the following
menners Receptor A for the "forelgness" of the human red cell is
blocked by the presence of gammeglobulin in the serum, and since no
antibody is attached to the red cell, and the red cell is not injured,
receptors B and C are inoperative, and no phagocytosis occurs,

If the red cell has been injured, phagocytosis iam the presence
of serum is determined by receptor C, receptor A as before dbeing
blocked by serums In serum free medium, receptor A is not blocked
by gemneglobulin and the injured red cell will be phagocytosede
Phagocytosls in this case is determined by receptors 4 and C together,
The effects t_ahould be additive, and this hes been shown to be the case.

If the red cell is coated by entibody, phagocytosis is determined
by receptor B¢ In this case receptor 4 will be tlocked by any free
antibody (or by the gemmaglobulin in serum) &nd receptor C does not
operate since the cell is not “injured®,

The results obtained by experimentation can therefore be

explained/
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explained with reference © & system of receptors upon the mecrophage
surface,

be The nature of possible receptors.

Certain requirements must obtain in respect of the receptor
sites or substances assumed to be present upon the macrophage membrane,
1¢ These receptors must be able to initiate & phegocytic response
while the membranes of the mecrophege and red cell ere separated by
a gep of at least 100 to 150 A,

#+ By an examination of the phagocytic index obtained for eech class
of macrophege/medium/particle interaction, it is clear that not all
macrophages have & full complement. of receptor sites upon their
surfaces

A smell proportion (Less than %-jhave ell three, since &
pheagocytic index of zero is never obtained with any combination of
perticle medium and macropheges Most macrophages possess only two
receptors, and these mist usually be the receptors for damaged red
cells, end for germaglobulin, A few macrophages again have only
one receptor, Bs, upon their membrane, since there remeins a
substantial difference between the phagocytic index from meximally
demaged red cells (80.) and for red cells coated with gammeglobulin
antibody (neerly 1005:)e
3¢ Receptor 4 is modified by long term cultures
4a TReceptors A and C are lost in culture beyond four days, whlle
receptor B is retained,

5« Receptor A iz blocked by gammaglobulin

6«
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6s Receptor B is prescnt upon most mecrophages and is ncither
labile nor blockable,

From these observations it is possible to draw the following
conclusions: Receptor B is a property inherent in the mecrophege
membrane which may be related to the physiclogical necessity of the
memebrane to incorporate gammaglobuline

Receptor A is lsbile and blockables, It might thorefore be
described as 2 superficial merbrane site, probably produced by the
binding ¢f a serum or tissue fluid components This corponant may
be trensferreble by diffusion to other cells, and this property could
result in the spreading of receptor A actﬁ.vity; it being ecquired
by non~reactive macrcphages, and also lost from reactive macrophagese

Receptor C detects injured menbranes, and is present upon the
bulk of mecrophagess Since macrophages show a2 wide spectrum of
sensitivity towards particles with different degrees of injury, 1t
can be assumed that some have more receptor C upon their merdranes
than others,

There is no evidence that recept:ars A, B, end C show any
similarity in type, resctivity, or chemical constitutions
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4 - THE POSSIELE MECHANISHS CF PHAGOCYTOSIS BY MACROPHAGES.

The observed phagocytic reactions can be easily explained with
refcrence to & receptor site theorys It 1s pertinant to ask "how
valid is & receptor site theory in relestion to the likely structure
of cell membranes, and the biophysical forces thought to be involved
in the phagocytic process?e

&y Objections to a receptor site theory.

There are many cellulear renctions in which receptor sites are
thought to initiate or influence cellular activity. Among these may
be mentioned ion transvort, p¥nocytosis, supar trensport, phagocytic
reactions of various kinds, the role of ehemical mediators in nerve
transmission, cellular differentiation end orgenogenesis. In fact,
elmost any theory of transport mechanisms, or cell to cell adhesion
can be explained, superficially at least, by invoking a specific cell
menbrane bound receptor &s the active ngent in the process, Many
thousands of sepsrate and distinet chemicel groupings upon the cell
membrane would be required to explain its in vivo exlstances 4n
additionsl objection is that the cell membrane is probebly being
synthesised and catabolised quite repidly, and unless the receptor is
en actusl chemicel constituent of a cell membrene, or is present in
llarge amounts in the enviromment, it is likely to be lost from the
m.ﬂnrane. Finally the concept of &an ordered environment in the
vicinity of the cell membrene dependent basically upon the srrengement
of molecules within that membrane, renders the whole concept of

receptor/



receptor sites superflucuss

I+ must be mentioned here that the concept of a ligand substance,
and a receptor site or substance are not similars The action of &
receptor subatance is envisaged &s being dependent upon its chemical
composition and independent of the stete of the membrane considered
8s & wholes On the other hand, the ection of a ligend is dependent
solely upon its ebility to alter the structure and physicel
characteristics of the menbrene as a wholees In practical terms,; a
“"receptor site" can be isolated from a membrane end cen still retain
its capacity to react with the substance it "receivea"s A ligend
is almost certainly unreactive in this respect, end canmot produce
its effect other than in the presence of an intect cell menbrene, It
is doubtful whether "receptor sites" could influence the reactivity
between one cell and another since opposing cell menmbranes alwvays
eppeer to be seperated by a gape The "receptor site" would therefore
be limited to the interactions of cells with particles sufficiently
small to approach the cell membrnaee closelys _

For these reascns, the explanation of the phegocytic reaction
towards red cells b, receptor site theory cannot be uphem.# It has
elready been theoretically demonstrated thet the reaction of a
phagocytic cell with a perticle can occur through modifications in
the field &t the merbrene surfaces (See Chapter 1, section 7d.)
Changes in the field can be induced directly, or through the mediatidém
of a ligande The use of this concept hes several advantagess
ae¢ It can account for intcractions between perticle and phagocyte at
& distance,
be It is dependent upon the packing and internal moleculer arrange~

ments of/
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of the molecules composing the merbrenes This in twn is deterrdined
by the action of Van dexr Woels forces betweon the molecules of
peubrane meterinl synthesised by the celles The field ia tharalare
rencwed es new membyene is formol, the generution of that merdrene
being dependent only upon the supply of the correct amounts of
menbrens material by the colly, end the local enwironment of the cells
ce It con accountfor the resctions of the cell membrene 1o a1l
classea of meterisl from ions to other cell mendrence |

d¢ The specificity of mardvane recctions §s retained, since the
£ficld structure of ony murface is unique, end the recotion of that
swrfece with eny class of substence is also unique,

A4 THetr)

2Tion O The fic¢ ! O
the exmeriaontcl data,
She teat of any good hypothesis is that 1is explains in a sinple

meomer ell the observed factse Conclusive ;woof of the role of Rleld
forces in deternining phagocytosis is noty at the moment, tochndcally
feesidbley, The concept can, however, ba used to explain the data
olrcady presented, snd to account for the observed ferturss of
phagocytosis described by other authorss. The experiments duscribed
here scem to indicete threc clageses of mecrophope recctivity,
homogene discrimination, heterogene Clscriminatlon snd recognitions
Fomogene dscririnntion hos been defined as the capacity of the
mecrophage 0 phagocytose one particle while showing less phagocytie
towexrds tmfhw perticle of simdlsr neture or chemical corpositions
I”mn (1923) described the ability of the mecrophege to discriminate
between particles of mangenese dloxide end sengenese silicste. The
presence/



presence of silica in the particles of the latter substance rendered
it less susceptible to phagocytosis then the former, 7The ability of
the macrophage to detect and reaci to such fine dilffecrences in the
chemnicel composition of particles camuot be easily explained unless
the discriminatory prxocess is effected through modifications in the
electrical field structure of the macrophage menbranes

Similerly it has Leen shown thet the macrophege cun detect and
react to injured red cells which heve lost as 1little as 10, to 20
of their membrene materisls From earlier discussions it seems likely
that the loss of this amount of membrane metcricl willi afifect the
electrical field produced by the red cell mecbflenes It has also
becn noted that the more usuel parcmeters of red cell injury, that
is haemolysis, sphering, and incrcezs.ing osmotic fragility, ave not
significently affected by incubaetion in salines This suggests that
the membranes capacity to act 28 an osmotic or mechenical barrier is
not eff'ected by seline Enjuryes The cepacity of the macrophage to
discriminate between the healthy and the injured red cell is rore
likely to depend upon the electrical field diff'erencies between the
two types of particle, than upon eny gross alteration in the chemical
structure or mecheanical integrity of the injured cell menbrane,
The homogene discrimination reaction might therefore be said to
represent the direct effect upon the macrophoge mewbrens of &n Oppose
ing field generated by & dissimilar suffeces The electricel field
generated by an injured cell membrene mist differ Ifrom that produced
et the surface of the healthy cells The elecirical field structure
of the healthy cell menbrane must therefore possess some general
characteristic (for example the presence of a fixed anionic surface
charge)/
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charge) which is both common to many types of healthy cell irrespecte
ive of the species of érigin, and which acts to decreese the
susceptibility of the healthy cell to phagocytosise The loss of
this charecteristic quality of the normal electrical field at the
cell merbrane could be said to represent the biological (i.es In
Vivo) definition of the injured cells, The concept of homogene
discrimination can be deseribed in general terms by en experimental
lew stating thet dameged cells are always phagocytosed to a greater
degree than their helthy counterperts irrespective of the origin of
the cells or of the envirommental conditions under which the reaction
is studied,

Heterogene Diseriminetion,

There is good evidence that the macrcphage can react by
phagocytosis ¢o0 healthy cells derived from a genetically different
sourcees This reactivity represcnts the process defined as heterogeme
disceriminations Further evidence suggests that the greater the
 phylogenetic diff'erence between the macrophege donor cndthe red cell
donor, the greater is the phegocytic response to the red cellsy
(Perkins & Leonard 1963, Hebeshew Personal Observations).

The compositions of the red cells of various specles are known
to differ both chemically and antigenicallye In men, and in some -
other species, individual differences in the antigenic structures of
red cell membranes has been showne The unique queliiies of the cells
of one individuel sre known only because the cells of another
individual can be shown to react to them in 2 unique marmer, for
example by the formetion of antobidies, or the rejection of & homoge

grofte/



grefts The qualities which are sald to represent the "foreigness"
of a cell ere therefore always defined as elther chemical or enti-
genic differences between the cells of donor endrecipientsy In other
words, the foreigness of a cell depends upon the system used to detect
this qualitys 4 homograft in e tolerant animel or chimeriz is, in
the blological sensg, not "forelgn" at elle Antigenic differences
between cells may not be the factors which initiate = response to
them; 1t is presumed that they are since the systems employed to
detect those responses ususlly measure sntigernic differencess In
the system employed in these experdments, it hes been shown that the
reaction of the mecrophege to & “"foreign" cell depends upon:
ay The gpecies of red cell donor,
be The enviromment of the phagocytic cell - particularly in respect
of the immunoglobulin or specific antibody content,
ce The species of ithe mscrophage donors

It was further concluded that the heterogene discrimination
reaction represented the resultant of all these variebles epplied to
an enclosed system of cellss The process of heterogene discrimination
in such a system representa the limit of reactivity to which the cells
composing that system tend when the environment of those cells is
changed &s by the addition of a "foreign" particle, or by prolonged
cultures It is a moot point whether heterogene discrimination at
the level of the individual cell is a meaningful conceptes In order
t0 explain the effects of serum and the effects of long term culturres
upon the heterogene discrimlnation reactions of macrophage monolayers
it wes postulated that the mecrophage could:

ay/
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2, detect differences in the reactivity of the cell menbrane of
other macropheges in its environment end
be incorporate a specific “"ligand" substance into its membrane from
the environments

The first of these ebilitles explainsg the recruitment of
potentiélly reactive macropheges to the reactive population within
the systen, thereby accounting for the changes in phagocytie index
observed with incressing time in cultures The mechanisms by which
mecropheges cen alter their activity when placed in culture with
macropheges of inherently different reactivity could coccur as follows,

For the purposes of thls thesis, it has been assumed that
differences in phagocytic ectivity represent differences in the
electrical field produced by the mecrophage merbrenes As already
shown, homogene discrimination reactions can be said to occur because
the menbrene of a damaged cell pm2intains an inadequate electrical
field in its immediate vicinitys The interaction of this field with
the field produced by the normel mecrophege membrane results in en
alteration of the molecular errangement within that membrenes The
resulting orgenisationel changes in the macrophege membrane eare
expressed as the act of phegocytosise Thus phagocytosls represents
the cepacity of one cell menbreane to influence the structure of
another cell membrene in close proximitys

In the cell system represented by the macrophage monolayer,
"contact®" between macropheges must occur with reasonsble frequency,
since these cells are highly motile under tissue culture conditions
(Figs 4 end 5)e¢ Contacts of this type could result in temporary

or/



or permanent changes in the molecular erchitecture of the contacting
mendbrenes under the corbined influence of the menbrane fields.
(en enslogous situstion would be the induction of polarity in en
electret under the influence of a strong electroatatic field),
Many such contacts betwenn mecropheges in the monolayer could result
in the mveraging out of the individual reanctivities of mecropheges in
long term cultures The experimental evidence that the phegocytic
response to the humen red cell increases with increasing time in
culture up to three days in the presence of serum, supports the
concept that altered resctivity may be transferred in this manner,
That the close approach of dlssimllar merbranes can result in such
moleculer changes is showvm by the homogene discrimination reactions
In general terms this concept can be stated as followss

Contacts between the membranes of living cells can result in
terporery or permanent alterations in the reactive capacities of each
of the contacting membraness In an enclosed system of cells, the
resultent of meny such contacts leads to a generel alteretion in the
reactivity of the system, which, at equilibrium, could then be said
to possess the reactivity of the algebraic sum of ell the individual
resctivities of the cells carposing that gystem AB Initica

This concept of the biologicel averaging of mexbrane rcactivities
expleins how the macrophage in culture detecta changes in its cellular
environments The additional sensitivity of the macrophage to the
presence of & "ligand" substance, ensures that the cell can also
detect certein types of change occurrding in its fluld environment,
ises those which alter the quantity or quality of the ligend presented

to/
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It is known that the imamoglobulin melecules which comprise
"srecific antibody" are varieble in terms of their molecular
structure,s, It is “his veriebility which accounts for the observed
specificity of antigen/entibody reactionse On the other hand, "free"
or uncomitted immunoglobulin molecules in the system studied eppear
to act as "ligands® for the macrophege membrane, profoundly eltering
the reactivity of that membrane 4in e nonespecific menner, Free
:!.nﬁumglohulhs in the environment of the mouse macrophage will depress
the phegocytic reﬂctiomw;arda sheep, humen, and, to & lcsser extent,
guima-pﬁ.g;ed cellsy This depressive effect 1s_presmm'bly indep=
endent of the 'antibody-like‘ activity of the imn&noé].obﬁlina
involved, and, since human, mouse, calf and other immmoglobulins
produce similar effects, is elso independent of the finer~ molecular
structure of immunoglobulin moleculess In other words, the "ligend®
like activity of an immmnoglobulin molecule differs from, end ceanot
be predicted by its “antibody~like" ectivity. However, if &
reponderance of one type of antibody molecule occurr=d in the macro-
phage environment, it is possible thet the "ligand" determined
reactivity of the _ﬁncxwophage merbrane would then differ from its
"1irand® determined reeactivity in the presence of indeterminate
immunoglobulins, Thus it should be possible to demonstrate that
elthough verious memmelian sera depress heterogene discriminetion in
the same general manner, individuel varietions in the deprestcive
cffecte of those sera could occur if & wlde enough range of test
particles was enployede

Thef
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The prucess of heterogene discrimination therefore can be seen
to depend upon thc stei: of the mecrophage mexbrane in relation to
its environment at the time of tests The state of the macrophage
menbrane, is, in turn, dependent upon the reactive states of the
other cells maubrenes present in that system, end upon the "ligend“e
1ikc activity of the individusl imminoglobulin clasgses present in the
surrounding fluid,

In terms of the whole animal, the nature and type of “ligand®
substances circulating in the blood or body fluids determines the
reectivity expreesed by the phagocytic cell towards “foreign® cells,
that 1z the "ligend® substances ere "self-marker® proteinss The
cepacity of the mecrophsge to detect dsmaged "self™ cells is
independent of the s2lf merker protein, and is the direct result
of the discriminetion by the field st the macrophege surfaces
Pearticulate meteriel, of eny kind, which fails to produce an
alteration in the mecrophage membrane will be treated as “self®,
Material which will both elter the mecrophage membrane, and which,
in its interactions with that merbrene, will effect, or be affected
by "ligand® determined reactivity, ie treated ss “i‘oreigni e This
concept can perhaps best be eéxplained by the enalogy of the macroe
phege to & person with but two senses, he can feel and he can smell,
If objects could be presented to such & person which cen be neither
smelt, nor felt, that person would be unsble to detect the presence
of those objects even if they were placed in his immediate emvironw
ments He therefore could hot be expected to exhidbit any kind of
reactivity towards such objectse
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Figure 1,

X

The morphology of & mouse macrophege monolayer after 6
hours in culture. The macrophages are adherent to
glass and have spreed outs The cells are phagocytically
active gt this time, although they require up to 24 hours

in culture to achieve optimel phagocytic activity.

Gliemsea Magnification 350



Figure 24
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The eppeerance of & heslthy mecrophage culture after 24
hours incubation in medium 199 with 10 lactalbumin,
supplement, The monolayer shows &n even distribution of
cells, end the spece between the cells is frec of debrise
The majority of macrophages are elongated or stellate in
forms These cultures ere optimelly uctive as judged by
the meesurement of the phagocytic index.

Heematoxylin and eosin Magnification 100



FPigure 3.

The eppeerance of an active macrophage monolayer efter
24 hours in cultures At this megnificetion the macro=-
pheges can be seen to have reniform nuclei with finely
dispersed chromatine The eytoplasm is rich in organelles
end inclusions, end its border is finely ruffleds One
of the mecrophages shows a well defined phagocytic vecuole

containing two mest cell grenules,

Giemsa 04l Immersion Magnification 80(C



Flgure L.
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The appearance of a macrophage monolayer after 4 deys in
cultures The macrophages present show two morphological
typese The first is elongeted or stellate with fine
cytoplasmic processese The second is flattened and round
with voluminous cytoplasms ‘The nuclei of both cell types
are round or oval, and muclesy hyperchromatism is apparent.
Cultures of this age will readily ingest antibody coated
cells, but show less activity towards demaged red cells or
"foreign® red cellse This culture was grown in medium 19¢

supplemented with 10, lactalbumine
Giemsa Megnification 350
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The appearence of a macrophage monolayer after 8 daysin
culturee Meecrophages cultured for this time in either
lactalbumin or serum containing medie show similar
appearancess FPronounced nucleay hyperchromatism, and
some nuclear pleomorphism is apparent, The cells axre in
clogse contect one with another, and several cells contain
large clear vecuolesz, Cultures of this age will readily
ingest cells coated with antibody, but do not react to
foreign or injured red cellss

Giemsa gtain Magnification 500



Figure 6,
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The appearsnce of & macrophoge monoleyer to which red
cells sensitised with rabbit haemolysin ot o dilution of
1 in 800 have been addeds Nearly all the macrophages
present have ingested the sensitised red cells, which
readily lyse inside the phegocytic vecwles giving this

characteristic eppearance,

Giemsa Magnification 350
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Figure 7« The eppearances of a macrophage monolayer to which
saline injured red cells have been added, Neny
macrophages have ingested red cells, but in this case
the cells remoin intact though shrunken, in the phagocytic

vacuoles.

Gicomsa Megnification 200
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The appearance of erythrophagocytosis in o macrophoge
monolayer tc which saline injured red cells have been
addeds The refractile body occupying the central
macrophage is e "myelin figure" which represents the
menbrane remants of ingested red cellss Adherent red
cells elso show deformation at their sites of attachment

to the mecrophage surfaces

Giemsa 0il Immersion Magnification 800
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Figure 9 This electron micrograph shows the deformation of a red
cell in close proximity to two mecrophagese 4% this
magnification the opposing cell membranes sppeer to be
in close contoacts
Mouse macrophage monolayer grown on araldite in medium
199 supplemented with lactalbumine [Fixed in osmic acid,

Magnification 3,000



Figure 10,
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4 high power view of the cell contact in Figure 9.

This shows the opposing membienes to be separated by a
gap measuring approximately 100 A in width. True
"contact" between red cell menbrones, and the membrene
of the macrophage has never been observed,

ilouse mocrophege monolayer grown on eraldite in medium
199 supplemented with lactelbumine Osmic acid fixation.

Magnification 80,000



Figure 11,
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Examinetion of the membrane of & macrophage, eand the
membrene of a red cell “ghost" in close proximity shows
the existance of a gap measuring epproximately 150 A,
This plate also illustretes the changes of electron
density of cell membrenes at the points of closest
approache louse macrophage monolayer on eraldite in
medium 199 supplemented with lactalbumine Fixed in
ocamic acide

lagnification 80,000
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1 e FREPARATION CF CULTURES.

Young, healtly, outbred mice of Tuck's TO sirein were used
througchouts (AJR. Tuck & ~on, lzyleich, Essexs)s lice weighing
between 17 and 22 gramg were usedy The mice were killed by
cervical fractures The fur over the :nterior ebdominal wall waa
then swobbed with 70 alcohols 4 amell longitudinel incision in
the skin of the anterlor sbdominal wall was mede, and the pelt
retrocted to expose the ebdominal muscles, 2 to 5 ml, of medium 199
containing penicillin, 200 1i.,us and streptomycin 100 mcrograms
nl. (Claxo) was then injected in the mid-line, into the peritonesl
cavitys The medium contained %h5umnits of heparin per mly The flufd
injected into the ebdominel cevity was clrculated by gentle prodding
of the peritonesl wall, After two to three minutes, & fresh necdle
was inserted into the left flank, end edvanced behind the spleen,
Lateral traction upon the needle produced & pocket of fluid behind
the spleen, from which site the medium could be espireted with esse,
end without blockage of the needle with intra-ebdominel fate The
fluid was espirated gently, &nd placed in a sterile measuring
cylinder, The whole procedure vas repeated upon betches of sgix rdoe,
and the espirates pooled until the required volume oi' mecrophege
suspension was obtaineds The finsl cell count in the aspirate voried
considerably with the source and age of the mice useds The cell count
was found to be between 2 x 106 cells/mly, and 6 x 106 Cells/ml,
After counting, the ¢ell concentration was adjusted to give & final
concentration of 1,5 x 10 cclls/ml, end a finel supvlement concente

retion of 10. by volumes The cell suspension was then egitated to

ensure/
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ensure an even distribution of cells and seefed into tlssue culture
tubes, at 1 ml, containing 1 x 106 cells per tube, Cultures were
seeded onto coverslips (Chance No. 1, 12 x 6 mm,) contained in Pyrex
gless rimless test tubes (16 x 125 mme)e  The cultures were then
stoppered with white rubber stobbers (Zsco Rubber Ltd.) and incubsted
in racks at 5 degrees to the horizontal at 57°c. Cultures so
prepered were ready for use after 18 to 24 hours incubation,



2 ~ TE PRFPARATION OF FIDIUN SUITLEITIIS.

In order to obtoli sotisfactory cultures of mecrophages,
supplenentery medie must be added to medium 199, Those commonly
erployed are calf serum end horse serwn, but mecrophages prepéred in
the manner descrited sbove will produce sétisfectory cultures in
gera from the mouse, rat, guinea pig, rebbit, calf, horse, and ran,
and in synthetic, serum protein free media, TFor satisfactory
cultures to be obteined, certain criteria in the preperetion of the

macrophage cultures end the media supplements must be observed,

a, Sterility.

The suprlements added to the culture medium must be sterile,
Some commercisl preperetions of sera contain preservatives such as
Orthocresol, and merthiclate which are hermful to cultured cells.
Sera exe best serilised by filtration, Either esbestos filters,
or "Millipore" filters cen be used, but for & viscous medium such
es serun, the former type of filter is prefereble, ‘he riltretion
process is made easlier if the medium is first centrifuged at 20,000
X ge for 2 hours before filtretion to remove contaminating perticulate
material, such a&s denatured proteine Bacteriel con$amination of
cultures was found to be due most frequently to contaminated medium

supplements, especinlly those stored for long periodss

be Storeges
Sera cen be stored for long perlods (2 to 6 months) in the
frozen/
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frozen stete without effectin:, their properties in tissue cultures
Prozen supnlements, once thawed, should never be re-frozen, since
this leeds to denaturation, end Joss of their Adesiredle properties
in tisoue culture. Supplements were therefore stored efter

sterilisation, In small aliquots, st «20°¢, wmder deen freeze

Af'ter setting up cultures, eny remaining medium supplement
wes dlscerded, or stored for up to one weck stii Cs before discerding,
Some sera are cytotoxie for mouse maerophage ronoleyers when
freshy Exsmples ere mouse serum itself, end some sarples of human
serum, Cytotoxicity usually decrenses efter storage from 2 days
to one week in the frozen state, Very occasionsally sera do not
show eny decrcese in eytotoxicity on stmge, end these sera cannot
be used in cultures 2 |

ce Heemoglobim,

Sere from the mouse, rat and rebbit ere frequently contemipated
with heemoglobdn if prepered without cares Sera heavily ocoune
taminated with hasmoglcbin produce vacuollisetion of macrophages in
culture, end decresse lhe phagocytic polential of these cellss In
the courge of these experiments it has been observed ti.ct much of
the haemplysis occurring in mouse sexum can be prevented by a) taking
the blood into pplypropylene, or siliconised glass containers, &nd
b) allowing the blocd to clot at 4°Cs, rather than at 37°Ce or &t
rocm temparatures

iven with these piecautions, occasionel batches of serum were

heavily/
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heavily contamineted with haemoglobine These sera camnot be used
for succeasful cultures, If it becomes necessary to use such &
serum, 1t 4s possible to remove & proportion of the conteminating
heemoglobin by filtration through sctivated charcoal which hes been
thoroughly prewashed with phosphate buffered saline at pH 7ebe
This procedure is effective, but hes rarely been found to be worthe
whiles

ds Compatibility.

In experiments involving erythrophegocytosis, it is essentinl
to test the sere used =5 & supplement with the tect particle before
uses This is especislly true for hurman serea, as the presence of
& hacmeglutinin directed acainst an imcorpetible red cell will
result in extensive adherence of the test red cell to the monoleyer,
and redder accuraete apsessment of erythrophagocytosis difficulte.
louse and human sera may also show agglutineting and lytic ectivity
towards heterologous red cellss These sera frecuently promote
massive phagocytosis of the test red cells, and cannot be used in
culture systems containing these red cellss Agglutinating epd lytie
activity car be sdsorbed out of the serum with the tcst red cell before
eploying thet serum in culiure ~ but since the adsorption process
invarisbly results in some degrec of haemolysis it is prefereble
instend to seck a serum devoid of agglutinating or lytic activity,
Haemazplutination snd haerolysis titres for all red cell/serum
conbinations were detormined by incubating washed red cells with
dllutions of serum in perspex trayss The end point wes read out
eftex/
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after 30 mimutes incubetion et 37°Cs Sera which showed haemae
gelutinetion titres of less than 1 in 10 weregenerally ecceptible
for culture,
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3 « STANDARDISATION OF CULTURES.

All the experiments deseribed were conducted using bdbatch cultures
of peritoneel mrcrophages not less than 18 hours olds Each batch
ol cultures was stendardised prior to uses The following criteria
were used to standordise the experimental cultures,

as lMicee

The mice used as peritonesl macrophege donors mist be healthy,
Stook mice frequently cerry occult infections, and mecrophages from
guch mice provide unrelisble culture meterinls Such mice ceannot
be used, Throuchout these experiments, mice were obtained in
batches of 100 enimels from & relisble laboratory suppliers
A% intervals, rendomly selected mice were killed and bacterial cultures
prepéred in broth and on blood agar from spleen, lymph rodes, and
peritoneal cevitys The mice were also subjected to an autopsy, in
which the spleen end liver in particular were examined for signs of
bacteriel infection, The most reliable index of infection was found
to be the presence of an enlarged spleen, or enlerged mesenteric
lyrph nodess In the sirain of mice used in thease experiments, the
upper limit of normel splecn welght was found to be 0413 go for mice
up to 25 ge in weishte Stock mice which showed more then one in
twelve mice with signs of infection weore used o provide mouse serum,
and their mpcrophages were not usced to prepare cultures,

Mice were never lkept beyond a total ege of 12 weekse [fter
this time, en increasing proportion of the mice developed signs of
infection,/



infection, end cultures of mecrophages from old mice, even if no
signs of infectlion ere present, carry a large proportion of mast
cellss Degranulation of mest cells under culture conditions leads
to excessive red cell edherence, and uneven petterns of erythroe
phagocytosis,

g -

be The effects of bacterial contemination upon
erytaropharocytosige 3

By Ats nature, the mecrophage from an infected mouse is likely
to trensfer its organisms into culture, Phegocytosed organisms sre
protected from the effects of the antibiotics in the medium, end
occasionally mltiply within the infected macrophagess with the
death of infected macrophages, the organisms become liberated into
the medium, and by the process of rephagocytosis, can sp-wa}i Ly conw
teminate 2 whole culture, For this reason it is essential to ensure,
as far as possitle, thet infected mice are never used es & source
of mecropheges.

The presence of bactcrie in a culture profoundly disturbs the
process of erythrophegocytosis, whether the organkms present ere
tranaferred from inf'ected mice, or.with contardinated medium supplements,
Sone exarples are given belows

Crem positive becterie thought to belong to the bacteroides
group, whmi present even in smell numbers, will csuse & decresse in
aythrophagocytosise In examples of infection with this organism,
the cultures mey et first eppear normals Upon close aianﬁnation,
single bacilll may be found within rmcropheges and afi‘ecéeﬁ DACTOow
phages ahcm increesed vacuolation of their cytoplaém. The stephye~

lococcus/
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lococcus and streptocoscus produce morphological changes within the
tissue culture population of macropheges, and many streins of these
orgenisms produce haemolysise Red cells damsged by these haempe
lysina are readlly phagocytosed by mouse macrophagese These toxins
also sppear to be freely diffusible, end cen produce their effects
even when 2 amsll muiber only of the macrophege population contain
these organisms e

Occasionally lethal agents can be transferred from infected
mice into the cultured population, &nd these cause widespreed death
of the mecrophage in vitros One particuler organism wes found to
infect the stock mlce uscd in these experiments in the spring and

sutum, It was never identifieds

ce Stendardiseation of mecorophage cultures by

The most straightforwerd method of essessing macrophage cultures
is By the microscopic observation of the cells composing ite
(See Bennet 1967)s Hemlthy cultures show en even distribution of
rperopheges over the coverslip swface, In infected cultures, the
macrophages tend to clump together in some areas, and mey die off
in others, giving en uneven cell distributiones Under the experimenw
tel conditicns descrited here, the bulk of the meerdphages present
conform to two standard morphological typeas The most frecuent
appearances are those of e cell with an oval or reniform nucleis
with no prominent mucleoli, swrrounded by veils of cytoplasm which
stain faintly pink, with eosin, The cytoplasm is evenly distributed
eround the cell, and conteins only smell vacuoles and cytoplasmic
inclusions/
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inclusions {See figss 1,2,3)e The second type predominates in
older culturess This cell is extended, and stellate in appearance,
usvally with an oval or round mucleus, Cytoplasmic vells cccur
only at one point in the cell, usually on the cell “body" in the
vicinity of the nucleus (See figse 4,5)s In infected cultures the
cells tend to be found, and may occur in clumps or sheets. DBacteria
mey be visible within the cytoplesm of infected cells, Macrophages
in infected cultures may also show excessive vacwlstion, nuclear
pleomorpnism, and nuclear hyperchromatisme Dead macrophages can
frequently be found, end since they adhere to glass, be mistaken
for living cells unless closely examineds In infected cultures,
the monolayer alweys eppears "dirty™ with cell debris, adherent to
the glass coverslip ia between the swiviving cellse

Mecropheges cultured in spoiled or deficimat medis, are
frequently rounded, and show loss of cytoplasm, Such cells adhere
poorly, end are readily washed off the coverslip swfaces The
monolsyer therefore appears thin, and is composed of cells resembling

amell lymphocytes in appecrances

de Stonderdisetion by P (Max).

Morpholosical assessment only 1s inadequate for the standardisae
tion of cultures in quantitative worke The most ef'fective method
found to achieve this wes the use of red cells sensitised with a
stendard preperation of robbit haemolysine lashed red cells (usually
humen) were sensitised by incubation for 30 minutes at 37°C. in antie

red-cell serum diluted to one tenth the minimel lytic concentrations

The/
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The use of excessive amounts of haemolysin to sensitise red cells
wills
aes cause lysis and clumping of the red cell suspemion
be may engble poor mocrophages to phagocytose sensitised red
cells, and hehce give an inedequate culture a satisfactory
phegocytic indexs The P (Mex) was assessed by incubating
sensitised red cells which had been washed once in saline, with the
macrophages culture to be tested for 2 hours at 37°Ce The P(lax)
was then expressed as the

nurber of mophages containing one or more red cells

x 100
total number of mecrophages

Cultures which showed 2 P (Max) or less than 90 were not used
for experimental purposes.

The adventege of this method of stendardising cultures lies in
its reproducebility, “The P (Mex) is independent of the medium in
which the mscropheges are cultured; and practically, it hes been
found tkat the P (lax) eppears to refleet the phegocytic capecity
of macrophage cultures towards perticles other then the antibody
coeted red cells

The standerdisstion of cultures for the quentitetive assessment
of the erythrophegocytosis wes accomplished a@loyiw the two criteria
of morphologicel appearsnce end the p {lex)s Cultures which were
either morphologically or functionally unsetlsfactory were never used
for the quantitative agsessment of erythroplegocytosise

es Ageing of culturess
Morphologicel/
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Morphological end functionsl changes are observed .‘m healthy
cultures of mecrophages &f the period of culture is prolonged beyond
four dayse The cultured cells became elongated and stellste or
epitheloid in appesrance with pronounced nuclear hyperclwntimn-.
Te P (Max) was not affected by prolonged culture in serum free
medie, but steadily decremsed in cultured maintained in serums
In sssessing these cultures, morphological criteria only gould be
used e |

£e Vaskinr, Fizxing, S vy and Count .

1fter allowing phagocytosis to continue for 2 hours at 37°C¢,
the culture medium was removed from each tube, and the coverslips
weshed vigorously with saline to remove umattached red cells. The
saline was then removed end the cultures were fixed in & mixture of
methanol/acetone 50/50 by volume,  Fixed cultures were then stained
with Giemsa or Haematoxylin and Eosin steins, in the conventional
mannexrs

A standard counting procedure was employeds Firstly a minimum
of four dultures monolayers wes required for esch single experiment,
end each experiment wes repeated & minimum of four times unless
otherwise stateds The final expression of the pherocytie index was
the resultant of at least sixteen separate cultures.s This muwber
of exveriments was recuired because of the naturel veriation in
phagocytic ability from one betch of mecrophages to the nexts For
most types of red cell macrophege interaction, this veariation wes

within narrow limits (less then 10.), but the finel assessment of

phagocytic/
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phegocytle index was mede much more positive by the use of large
nurbers of culturess

Counting was performed by estimating the murbers of mecrophages
conteining red cells as a percentege of the total number of macyow
phages nresent in a given microscopic field, Each monolayer wes
counted in three areas, onc at each end of the coverslip and one
in the centres The cells growing near the edges of the coverslip
were not counteds A minimum of 1000 cells for each coverslip were
counted, and the phagocytic index expressed as an average of at
ieaat sixteen coverslips for eacn experiment, The roproducability
of the counting procedure was agsessed by recounts done efter an
elspse of some months by the originel observer, AfAverage values
were found to vary by not more than %.,

In conclusion, the validity of thia method of quantitation of
exrythrophegocytosis lies in ensuring & healthy and functionally active
mecrophage culture, and in employing stendard methods of preperetion
and control of these cultures.
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