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SUMMARY

Knowledge of haematological 'normdata', of experimental animals, and the

biological variables that affect it is essential in order to recognise

variations from the normal. In addition, the haemopoietic system may be

regarded in principle as good material for studies of the cellular events

associated with ageing. These considerations, together with the well

documented effects of age on various physiological processes, prompted an

investigation into the effects of donor age on several blood parameters.

Review of the literature revealed that age-related changes in blood

parameters have been reported for several species, but the documentation

thereof is incomplete, inconsistent and inconclusive in many respects.

Blood samples from male Wistar rats of nine different biological ages,

ranging from birth to 96 weeks of age, were analysed for haematological

and biochemical parameters. These included the blood cell counts,

erythrocytic indices, haemoglobin concentration, haematocrit, erythrocytic

2,3-diphosphoglycerate and adenosine triphosphate levels, and erythrocytic

glucose 6-phosphate dehydrogenase and pyruvate kinase activities.

Data was obtained which demonstrates that all blood parameters measured

underwent significant, although not al~ays regular, age-related changes.

These changes were found to be more marked during the first month of life

than at any other period. Evidence is also presented to show that the

depressed haemoglobin concentration during the early postnatal life may

not imply a condition of 'physiologic anaemia' as was previously thought.

Since the blood profile exhibits only slight changes from about 24 weeks

of age, it does not seem that the haemopoietic system of the old rat

deteriorates significantly as to constitute a limiting factor for the

https://etd.uwc.ac.za/
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animal's life. However, the importance of taking an animal's age into

account when blood parameters constitute experimental results is

emphasised.

The second phase of this study involved a detailed investigation of the

effect of the animal's age on erythrocytes in particular. These cells

have limited life-spans, and are often used as models in studies of

cellular ageing. Special emphasis was therefore placed on comparing the

relative effects of host and cellular ageing on the properties of these

cells.

Erythrocytes from rats between one and 48 weeks of age were separated into

two populations by a modif ica tion of the conventional densi ty gradient

centrifugation technique. The two populations were assumed to differ in

mean cell age and were analysed for erythrocytic indices, phosphate ester

concentrations and the activities of glucose 6-phosphate dehydrogenase

and pyruvate kinase.

Evidence is presented to show that ageing rat erythrocytes exhibit a

decrease in ~olume, phosphate ester content and enzyme activities while

the cellular haemoglobin concentration increases. Differences in the mean

cell age however, does not seem to account for the donor-age-related

effects observed in the whole blood parameters. Rather, the significant

differences found in the characteristics of similarly aged red cells,

between variously aged donors, demonstrate that the biological age of the

organism influences the red cells and probably the ageing thereof in vivo.

The contribution of the changing status of the erythrocyte's environment

of progressively older animals, to alterations which take place in the

ageing red cell is discussed.

https://etd.uwc.ac.za/
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OPSOMMING

Kennis van die hematologiese 'normdata' van eksperimentele diere, en die

biologiese veranderlikes wat dit beinvloed, is essensieel om afwykings van

die normale te identifiseer. Hierbenewens kan die hemopoietiese sisteem

in beginsel as goeie materiaal beskou word vir studies aangaande die

sellulêre veranderinge wat geassosieer word met veroudering. Bostaande

verskynsels tesame met die gedokumenteerde waarnemings aangaande die effek

van ouderdom op verskeie fisiologiese prosesse, het die basis gevorm van

die ondersoek na die effek van donor ouderdom op verskeie bloed

parameters.

'n Oorsig van die literatuur het getoon dat ouderdomsverwante-veranderinge

in die bloedparameters van verskeie spesies gerapporteer is, maar dat die

dokumentasie daarvan onvolledig, teenstrydig en inkonklusief is in baie

opsigte.

Bloedmonsters van manlike Wistar rotte, van nege verskillende ouderdomme,

was ontleed vir hematologiese en biochemiese parameters. Hierdie

parameters het die volgende ingesluit: bloedseltellings, eritrosiet-

indekse, hemoglobienkonsentrasie, hematokrit, eritrosiet 2,3-

difosfogliseraat- en adenosientrifosfaat-konsentrasie en eritrosiet

glukose-6-fosfaatdehidrogenase- en piruvaatkinase-aktiwiteit.

Data van hierdie ondersoek toon dat al die bloedpar~meters beduidend

verander met toenemende ouderdom van die dier, alhoewel die veranderinge

nie altyd reëlmatig is nie. Hierdie ouderdoms-verwante verandering is ook

meer opmerklik gedurende die eerste lewensmaand as gedurende enige ander

tydperk. Die bevindinge toon ook dat die verlaagde

hemoglobienkonsentrasie gedurende die vroeë postnatale lewe, nie

https://etd.uwc.ac.za/
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'fisiologiese anemie' impliseer soos vroeër voorgestel is nie. Aangesien

die bloedprofiel slegs geringe veranderinge toon vanaf omtrent 24 weke,

blyk dit nie asof die hemopoietiese sisteem, van die verouderde rot,

beduidend verswak en sodoende 'n beperkende faktor in die dier se lewe is

nie. Die belang van inagname van 'n dier se ouderdom wanneer

bloedparameters deel vorm van eksperimentele resultate word egter

beklemtoon.

In die tweede fase van hierdie studie is die effek van ouderdom op

eritrosiete in meer detailondersoek. Aangesien die eritrosiet 'n

beperkte leeftyd het en dus dikwels gebruik word as model in studies

aangaande sellulêre veroudering, is daar spesifiek klem gelê op die

relatiewe effekte van skenker en sellulêre ouderdom op die eienskappe van

hierdie selle.

Eritrosiete van rotte tussen een en 48 weke oud is geskei in twee

populasies deur "n modifikasie van die konvensionele tegniek van

sentrifugering op 'n digtheids-gradient. Die aanname was dat hierdie twee

populasies verskil ten opsigte van hul gemiddelde selouderdom. Elke

populasie is geanaliseer vir eritrosiet-indekse, die konsentrasies van

fosf aates ters en die akt iw itei t van glukose-6-f osf aatdehidrogenase en

piruvaatkinase.

Gegewens word aangebied wat toon dat die verouderende rot-eritrosiet ~

verlaging in selvolume, die konsentrasie van fosfaatesters en

ensiemaktiwiteit toon, terwyl die sellulêre hemoglobien konsentrasie

verhoog. Dit blyk egter nie asof die effekte as gevolg van die skenker se

ouderdom, wat in heelbloed waargeneem word, toegeskryf kan word aan

verskille in die gemiddelde eritrosiet-ouderdom nie. Hierdie studie toon

ook dat die beduidende verskille in die eienskappe van rooiselle van

https://etd.uwc.ac.za/
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ooreenkomstige ouderdomme, tussen skenkers van verskillende ouderdomme,

veroorsaak word deur die biologiese ouderdom van die dier wat waarskynlik

ook die in ~ veroudering van die sel beinvloed. Die bydrae van die

veranderende status van die omgewing van die eritrosiet, in toenemende

ouer diere, tot die veranderinge wat in die verouderende eritrosiet

plaasvind word bespreek.
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indispensable to various research workers who use these animals. These

GENERAL INTRODUCTION

Knowledge of the normal hematological values of experimental animals are

values are necessary for comparison with experimental results (Ellerly,

1985). Since disease and disorders of other organ systems affect the

haemopoietic tissue (Sharma, Malik & Sapra, 1973; Wintrobe, Lee, Boggs ~

al, 1974), blood parameters also serve as good indices of health and

disease, essential in the selection of suitable animals for

experimentation. Several haematological parameters are known to change

with factors such as environment (Wingfield & Tumblestone, 1973)1

nutrition (Basset & Wiederhelm, 1984; Hackbarth, Burow & Skemansky, 1983),

season (Armitage, 1983), diurnal rhythms (Haus, Lakatua, Swayer !.!. al,

1983), physiologic state (Francis & Strong, 1938; Mitchell & Miller,

1931), strain (Hackbarth !.!. al, 1983; Ring, Kurabator, Hernandez !.!. al,

1964; Urizar, Cerda, Dodds !.!. al, 1984) and age (Everitt & Webb, 1958;

Valet, Metzer, Kachel !.!. al, 1972). Thus, it is not only essential to

establish blood 'normdata' in order to recognise variations from the

normal, but the documentation of the quantitative effects of biological

variables on the haematological parameters is equally important.

The rat is the most widely used experimental animal (Palau, Remear, Arola

!.!. al, 1983; -Waynforth, 1980) thus its haematological and blood

biochemical "normdata" and particularities thereof during its postnatal

life become important for the integration of many physiological and

biochemical data.

https://etd.uwc.ac.za/
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Standard haema t oLogLc aL values for the rat, although extensively

documented (Enzman, 1934; Waynforth, 1980; Wintrobe ~ aI, 1974 and

references cited therein), suffer from several deficiencies. The more

important of these are: available rat blood data has been established
I

with manual procedures. The latter, are less accurate than the electronic

procedures which are increasingly employed (Wintrobe et aI, 1974) and data

obtained therewith has been demonstrated to need re-evaluation (Helman &

Rubenstein, 1974; Okuno, 1972; Sheenan & Frankel, 1983). Furthermore,

biochemical data for rat blood is, as far as could be established,

nonexisting and the only information available is provided by data from

control animals used in experimental procedures. There are also, large

variations in the proposed 'normdata' which appear in the literature, not

only between animals of different stocks (Hofman & Rapoport, 1956), but

also within strains of the same stock (Drabkin & Fitz-Hugh, 1933; Hoffman,

1958). These variations have been ascribed to several factors which

include different maintenance procedures, latent infections, ignorance of

diurnal rhythms, differences in blood collection techniques and the nature

of anaesthesia (Dacie & Lewis, 1975; Hoffman, 1958). In haematological

studies of the rat, the sex of an animal also did not always enjoy the

necessary recognition as a variable, despite the well documented endocrine

influence on the red cell count and haemoglobin concentration (Grunt,

Berry & Knisely, 1958; Naets & Wittek, 1976; Peschle, 1980). Furthermore,

there exists disparity in the literature on the effects of sex on the red

cell volume, platelet- and reticulocyte- counts, (Dacie ~ aI, 1975;

Helman ~ al, 1974; Steyn, Hamil ton-Bruce, Zuurmond ~ al, 1975). The

frequent grouping together of both sexes in haematological studies and the

failure of some authors to specify sex when haematological 'normdata' is

proposed, is clearly undesirable. The documentation of the effects of sex

https://etd.uwc.ac.za/
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on the rat haematology seems to be long overdue.

Several authors (Ellerly, 1985; Hofman, 1958) have emphasised that special

significance should be ascribed to the age of an animal when biological

data is considered. Several studies have indeed demonstrated that the

blood forming organs (Burke & Harris, 1959; Hotta, Hinbayashi, Utsumi ~

al, 1980; Silini & Andreozzi, 1974) and the peripheral blood cells (Basset

~ aL, 1984; Helman ~~, 1974; Nagaki & Terakoa, 1976) are affected by

the age of a subject and age should thus be considered as an important

variable in haematological studies.

Documentation of the effect of age on the haematological system of the rat

is important for several reasons. Firstly, it is important to know how

normal blood values vary with age of the animal since these values are

often observed for deviations from the normal. Secondly, as far as could

be established, no description exists in the literature of the complete

haematological ontogeny in a rat strain. Such a description may be useful

in the comparison of the haematological development of the rat with other

mammals. Thirdly, the establishment of definite age-related trends in any

haematological parameter may make that parameter useful as an indicator of

animal age. Fourthly, measurements of blood cells over the life-span of

the animal will reflect the functionality of the haemopoietic system and

may provide information as to whether ageing in an animal is related to

observable quantitative cellular changes in the hemopoietic system. This

information may then eventually serve as a basis for discussion of

possible mechanisms of ageing (Silini et al, 1974).

Age-dependent changes in haematological data have been extensively

documented for humans (Helman ~ al, 1974; Hurdle & Rosin, 1962; Oski,

Naiman & Wittcop, 1965) and less extensively for rats (Palau ~ al, 1983;

https://etd.uwc.ac.za/
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Urizar ~ al, 1984) and other species (Basset ~~, 1984; Holter,

Halvorsen & Refsum, 1984; Sharma et al, 1973; Wingfield ~ al, 1973). The

available age-related data, however, display disparity in the reported

direction of ageing changes, absence of data on leukocyte- and platelet-

counts and of erythrocytic indices, interspecific variations, as well as

differences documented for the same strain of animals by different

workers.

The age-related changes of many enzymes have been documented for a wide

range of tissues and this has been reviewed by several authors (Finch &

Hayflick, 1977; Fornaini, 1967; Kanungo, 1980). However, although blood

biochemical differences between neonates and adults have been well

documented (Gross, Schroeder & Bauenstein, 1963; Linderkamp, Wu &

Meiselman, 1983; Oski ~ al, 1965), information on the blood biochemical

profile over the entire life-span of the organism is fragmentary and for

the rat in particular, almost nonexistent. The extensiveness,

inconsistency and inconclusiveness of previous reports necessitated the

comprehensive review, in Part I, of the relevant age-related studies

documented for the more frequently studied species. This review also

demonstrates specifically the deficiencies in the literature on the effect

of animal age on rat blood.

It is often observed from the literature that authors refer to changes

associated with progression in age, even from birth, as ageing changes.

Thus, several authors (Finch ~ al, 1977; Shock, 1961; Weiss, 1966)

consider the sum total of changes during an individuals life-span as

ageing. This view is mainly based on the phenomenon of cell death which

occurs from as early as embryonic life in animals. However, according to

Kanungo (1980), cell death which occurs during the developmental phase of
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an organism, results in an efficient functioning organism and this phase

should therefore be considered to differ from the postmaturational phase

during which cell death may contribute to the deterioration and senescence

of the organism. Thus, in this report, the changes observed during

postnatal life of the animal will be considered as age-related change and

the term ageing would be reserved for referral to the period after

maturation is reached.

organism must be viewed as the end result of a complex sequence of

alterations at various levels of organisation, evolving out of the

biological amplification of molecular modification, through biochemical

and pathophysiological pathways". Thus, one way in which age-related

phenomena can be investigated is at the cellular level. Such studies of

ageing at cellular level have been carried out on various cell systems

(Kanungo, 1980). The mature red cell, with it's fixed life-span and

highly specific functions, provides an excellent model for such studies

(Glass, Gershon & Gershon, 1983).

The maximum length of time a red cell spends in the circulation is finite

The intrinsic changes which occur in the circulating red cell and result

in it's senescence and ultimate disappearance from the circulation is

hitherto poorly understood. In attempts to characterise the determining

factors of the red cell's life-span, numerous aspects of the ageing cell

have been investigated. Erythrocyte ageing is accompanied by a loss of

enzyme activity (Beutler, 1972; Fornaini, 1967) loss of membrane integrity

(Balduini, Balduini & Ascari, 1974; Bocci, 1981b), become less deformable

(Williams & Morris, 1980), fragile (Linderkamp & Meiselman, 1982b;

Tochner, Benbasset & Hershko, 1975) and an increase in density (PiomeIIi,

Lurinsky & Wasserman, 1967; Seaman, Knox, Nordt et ~, 1977).
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Considerable attention has been given in the literature to the

identification of the senescent-cell-antigen, thought to allow

sequestration of the effete cells (Kay, 1975, 1983). The numerous studies

documenting human red cell characteristics which exhibit age-related

changes are reviewed in Part II. From these studies it seems as if one or

more factors, essential to the red cells structural integrity or its

metabolic activity, might progressively decrease to reach a level limiting

the cell's survival. The process of red cell ageing in the rat has however

received little attention.

In order to study the changes occurring in red cells during the process of

in vivo ageing, it is necessary to obtain red cells of different ages.

Various techniques, both in vivo and in vitro, have been utilized for this

purpose. The in vitro techniques are as different as serial osmotic lysis

and countercurrent distribution. Separation of red cells on the basis of

density is widely employed. As the circulating red cell goes through its'

life-span, it becomes increasingly denser and smaller (Glass ~ aI, 1983;

Prentice ~ aI, 1965). Probably the most widely used technique to study

Piomelli ~ al, 1967; Rigas & Koler, 1961). These age-dependent size and

density changes have led to the development of several laboratory

techniques aimed at separating red cells according to their age (Murphy,

1978; Piomelli, Seaman & Reibman, 1978; Pertoft, Laurent, Laas ~~,

1978). These have been critically reviewed (Pdome Ll.L !:.!. aL, 1978;

the ageing process of erlthrocytes is that of ultracentrifugation in a

discontinuous density gradient (PdomeLlL ~ al, 1967, 1978). With this

technique red cells can be fractionated into populations of cells which

differ in their mean densities. The latter depends on the densities of the

various layers of the supporting medium used. The top layer of cells is

assumed to represent the youngest population, and the bottom layer the
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oldest population with intermediate ages between these two layers

(Corash, Piomelli, Chen ~ aI, 1974).

Previous studies (Ganzoni, Oakes & Hillman, 1971; Tochner ~ aI, 1975) of

red cell ageing in the rat employed the technique of transfusion induced

marrow depresssion whereby a red cell population of increased mean age is

obtained. Although this technique allows for the study of cell ageing in

an in vivo environment, it requires the comparison of parameters of

hypertransfused animals with that of control animals. Blood from the

latter however, contains red cells of diverse ages (Glass & Gershon,

1981), and the mean age thereof is not necessarily lower than that of the

experimental animal. With this techniqu~, a volume reduction and a

significant loss of haemoglobin were documented in older cells - changes

which have previously been described only in anaemic induced macrocytes

(Ganzoni, Hillman & Finch, 1969). These studies also demonstrated that

the reduction in MCH was accompanied by a fall in the MCHC which is

contrary to the reported unchanged MCH and increased MCHC of ageing human

erythrocytes (Corash ~ aI, 1974; Piomelli ~ aI, 1978; Rennie, Thompson,

Parker ~ aI, 1979). It thus appears that the cellular ageing phenomena

in rat erythrocytes may be different to that in humans. The question

which arises is whether any other differences in morphology and

biochemistry exist between rat and human ageing red cells and if it does,

would it suggest different mechanisms of erythrocyte ageing in the rat

erythrocytes compared to humans?· Information in this regard may assist in

demonstrating which rat erythrocyte parameters could be extrapolated to

that of the human in future experimental studies.

As a result of the functional interdependence of tissues (Finch ~ aI,

1977), the haemopoietic system can be expected to be affected by ageing
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changes of other organ systems or of the organism as a whole.

Surprisingly, the effect of donor age on erythrocyte function and

characteristics have not been studied sufficiently (Glass ~ al, 1983).

This is in spite of the fact that knowledge of changes occuring in the

erythrocyte, as a result of ageing of the organism, would be of

considerable interest to the developmental biologist and to the

experimental gerontologist and of practical importance in geriatric

medicine (Glass ~ al, 1983).

Contrary to prevailing dogma, Abraham, Taylor & Long, (1978) found that

the survival time of erythrocytes in senescent mice decreases considerably

as compared to that in young mice. This decrease was found to be

accompanied by a significant drop in the levels of some erythrocyte

metabolites and an increase in erythrocyte density. Glass ~ al (1981)

reported that the superoxide dismutase (SOD) activity decreases in both

young and old rats, as the erythrocyte ages, with the concommittant

appearance of antigenically cross reactive catalytically inactive SOD

molecules. In the aged rats, a large proportion of such inactive SOD

molecules was shown to exist even in the least dense and presumably the

youngest class of erythrocytes. Recently, the same authors, Glass et al

(1983), reported that young erythrocytes of old animals exhibit several

impaired properties which correspond to those found in old erythrocytes of

young animals. These studies strongly suggest that changes observed in

the ageing erythrocyte might be affected by the age of its physiological

environment.

An investigation of the effects of whole organism ageing on the ageing

processes of the erythrocyte depends on the successful fractionation of

cells from different donor age groups into populations with specific mean
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ages. The design of the fractionation techniques depends in turn on the

establishment of the density distriobution of the red cell population.

Density distribution profiles have been documented for man (Danon &

Marikovski, 1964) and mice (Abraham !E.~, 1978) but, as far as could be

established, not for rats. It also seems important to establish whether

species and donor age cause any marked effects on the density distribution

of erythrocytes.

The present study was undertaken to establish "normda t a" for the

haematological and some important blood biochemical parameters for the

colony of Wistar rats bred at the Department of Physiological Sciences,

uwe. The effect of the animal's age on the blood parameters is described

and the broader physiological implications of the effect of age is

discussed. In view of the extensiveness and inconclusiveness of data on

the age-related aspects of blood, a detailed review of the relevant

literature is presented. Also, in order to clarify the relationship of

the biochemical parameters investigated in this study to the metabolic

pathways, and the metabolic-functional relationships of the red cell, the

relevant aspects of red cell metabolism will be reviewed.

Halothane anaesthesia and sex as experimental and biological variables

respectively are described with reference to the more commonly used

haematological parameters. In addition, the haematological development of

the rat will be compared with that of other mammals.

As indicated above, donor age of an animal, with special reference to

whole blood parameters, needs a detailed investigation. However, there is

evidence that certain characteristics of individual red cells change as

they age. A detailed review of the cell-age -related morphological,
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functional and biochemical aspects and the proposed mechanisms for the

ultimate sequestration of these cells is presented in Part II. It is

however not clear, at present, how the age of the donor affects the

changing characteristics of the ageing erythrocyte. Thus, as an extension

to the investigation of the effect of age on the whole blood profile in

Part I, Part II presents an investigation, in greater depth, of the

characteristics of erythrocytes from animals of different ages. The

emphasis in Part II is placed on the comparison of the relative effects of

cellular and donor ageing on the properties of rat red cells. This part of

the study thus comprises in part, a comparison of the red cell parameters

of two erythrocyte populations which differ in mean age. In addition, the

effects of donor age on the characteristics of each of these two

erythrocyte populations were investigated. This investigation also

necessitated the modification of a red cell fractionation procedure to

suit the needs of the investigation. Since the design of the experimental

procedure depended on the density distribution of rat red cells, the

latter was established, and since donors of different ages were involved

in the investigation, the effect of age on the density profile was also

established.
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PART 1 HAEMATOLOGICAL AND BLOOD BIOCHEMICAL PARAMETERS OF

THE WISTAR RAT - NEWBORN TO AGED

1.1 Review of relevant literature on the mammalian blood profile during

postnatal life

1.1.1 Raematological traits

1.1.1.1The erythrocyte population

The human red cell count (RBC) and haematocrit (HeT) exhibit great

variability at the time of birth. This variability correlates with the

time of clamping of the cord (Oski & Naiman, 1982). The reported mean.RBe

and HeT values at birth range from 4,4 to 5,8 X 1012/1 and 0,58 to 0,63

1/1 respectively (Oski !.!.al, 1982, p.12; Williams, Beutler, ErsLe r !.!.

aL, p.53; Wintrobe ~ aL, 1974, p.1797). A rapid rise in both parameters

during the first few hours of life has been reported, and at this time

the RBe reaches values which are approximately 5 X 1012/1 higher than the

cord blood value of about 5,25 X 1012/1 (Oski!.!.aL, 1982). This rise may

be ascribed to placental transfusion at birth. The HeT decreases from the

first day and by the end of the first week of life it is very near the

original cord blood value of 0,53 1/1 (Gatti, 1967; Oski !.!.aI, 1982,

p.12). Moe (1965) reported that during the first three months of life the

RBe decreases gradually from 5,4 to 3,75 X 1012/1, and during the first

three years the HeT decreases from 0,66 1/1 at birth to 0,39 1/1. Moe's

HeT value for the first days of life is considerably higher than

previously reported values of between 0,53 and 0,58 1/1. The latter values

are approximately 13 per cent above the respective mean adult values

(Wintrobe !.!.al., 1974, p.1797). The study by Moe has been considered by
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some workers to provide the only reliable haematological data for infants,

since other studies often included infants with physiological iron

deficiency anaemia. However, the higher values reported by Moe (1965) may

also be attributed to variations between capillary and venous blood (Dacie

~ al, 1975, p.15; Oski ~ aL, 1982, p.6) used by the different workers.

From the first year until puberty the human RBC reportedly increases

gradually until adult values of approximately 5,12 and 4,59 X 10
12

/1 are

reached for males and females respectively (Dacie et al, 1975, p.12; Moe,

1965; Pun, Holliday, Simons ~~, 1982). Some workers (Wintrobe ~ aI,

1974, p.1797) reported that the HCT remains unchanged between three

months and 10 years of age, while others (Dacie ~~, 1975, p.12; Moe,

1965) found it to increase gradually until approximately 21 years of age

at which peak values of 0,47 1/1 and 0,42 1/1 are reached in males and

females respectively. The sex difference is caused by the endocrine

influences at the time of puberty (Peschle, 1980).

During human postpubertal life, both RBC and HCT remain significantly

lower in females than in males (Earney & Earney, 1972; Milne &

Williamson, 1972; Orchard, 1955; Pun ~ al, 1982). Several workers found

old people (60-104 years) to have significantly lower values for the RBC

and HCT when compared to standard adult values (Earney et ~ 1972;

Lipschitz, Udopa, Milton et aI, 1984; Milne ~ aI, 1972; Newman & Gitlow,

1943; Pun ~ a l., 1972). Aged persons are also generally considered to be

anaemic (Israëls & Delamore, 1974). Wintrobe & Shumacker, (1936) reported

that no age-related change occur in the RBC of humans provided good health

is maintained. Their study however included mainly 18 to 30 year old

subjects and a few older people. Miller (1938) found that the RBC of

males older than 60 years equals 81 per cent of the average value in

younger subjects and attributed the lower count to various pathological
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conditions in the older subjects. Other studies reported that the RBC of

subjects older than 65 years undergoes no or little age variation, and

mean values of 5,04 and 4,82 X 1012/1 were reported for males and females

respectively (Helman ~ al, 1974; Orchard, 1955). The HCT too has been

reported to vary little during most of adult life, but beyond 65 years of

age it tends to increase in females and decrease in males (Orchard, 1955;

Pun ~~, 1982). According to Helman ~ al (1974) the RBC of adult women

is independent of age, but they found a significant increase in the HCT

of females older than 50 years of age. This increase in the HCT of older

women may perhaps be ascribed to a concurrent age-related increase in the

mean cell volume of these women found by these authors. Contrary to

Helman et al (1974), earlier studies (Earney et al, 1972; Pun et al, 1982)

found the RBC of females to decline after the eighth decade. Aged humans

also have a wider distribution of haematological values when compared to

that of the younger subjects (Milne et al, 1972).

In C57BL/6 Jax mice the HCT was reported to decrease from six to 18

months of age and no statistically significant sex difference could be

established (Ewing & Tauber, 1964; Talbot, Abel & Davison, 1965). Silini

and Andreozzi (1974) found that despite a definite age-related decrease in

the mean HCT values, the RBC of mice did not change significantly between

100 and 900 days of age. In another study (Finch ~ al, 1977, p.19), the

same strain of mice was found to have higher values for both the RBC and

HCT during senescence.

Ageing Beagles exhibit an age-related decrease in the RBC, and the young

of sheep, goats, camels and buffalo have higher red cell counts than the

adults (Finch ~ al, 1977, p.18; Riegle & Nellor, 1966; Sharma ~ aI,

1973). In female dairy cattle the RBC reportedly decreases and the HCT
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increases significantly during the first two years of life. Subsequently

both parameters remain unchanged until 16 years of age (Riegle ~ aI,

1966; Wingfield ~ aL, 1973). Pallid bats too have been documented to

have significantly higher red cell counts and HCT values during their

growth phase when compared to adults (Basset et al., 1984).

Wills and Mehta (1931) reported a decrease in the RBC of rats from 3,4 X

1012/1 at birth to 2,2 X 1012/1 at 10 days. Contradictory to these

findings, Drabkin et al (1933) documented an increase in the RBC from 2,5-

X 1012/1 at 3 days to 4,8 X 1012/1, at 15 days of age. Several other

workers (Garcia, 1957b; Palau ~ aI, 1983) demonstrated that during their

immediate postnatal life (10-15 days), rats exhibit the lowest RBC values

of their entire life-span, and are considered to be anaemic. In spite of

an apparent anaemia, the rate of red cell production has been reported to

be high during this period (Garcia, 19-57a).For the mature Wistar rat, the

mean RBC was proposed. to range from 6,6 to 9,55 X 1012/1 (Everitt &

Webb, 1958; Waynforth, 1975; Wintrobe ~ al, 1974). Reports differ

however on the age at which the adult RBC is reached and the reported

'adult' ages range from 60 to 150 days. (Everitt ~~, 1958; Drabkin ~

aL, 1933; Orten, 1934; Palau ~ aL, 1983; Waynforth, 1980, p.240; Wills &

l1etha, 1931; Wintrobe !.£.aL, 1974, p.1807). Reports on the normal adult

HCT values in rats have been infrequent, and mean values documented at one

month of age range from 0,29 to 0,39 1/1 (Enzman, 1934; Garcia, 1957b; Hu,

Chunge & Spallholz, 1984; Palau ~ aL, 1983). Hu!.£.al (1984) found that

the increase in the HCT with age was not statistically significant and

they reported an unexplained apparent increase in the HCT at five months

of age. Unlike humans, no sex difference was reported in any age-related

study for rat haematological parameters. The HCT is reported to increase

progressively as the rat becomes older (Enzman, 1934; Garcia, 1957b; Palau

~ aI, 1983). The RBC was reported to increase throughout postnatal life
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of the rat from values as low as 2,5 X 1012/1 at birth to 9,46 X 1012/1 at

300 days (Drabkin ~~, 1933; Enzman, 1934; Hoffman & Kersten, 1966; Hu

~ aI, 1984; Wills ~ aI, 1931). Few papers however, give details of the

blood picture of old or senile rats. Grunt ~ ~ (1958) found that the

HCT in aged rats (± 696 days) was slightly lower than in young adult rats

(±89,5 days). This was confirmed by other workers (Martin, Connors,

McGrath ~ aL, 1975; Riegle ~ aL, 1966; Urizar ~~, 1984), but the

difference between aged and young rats was not statistically significant.

Values for the rat RBC between nine and 24 month of age are slightly

higher than that at three months of age (Ring ~ aI, 1964). In a colony of

32 to 963 days old rats, Everitt ~ ~ (1958) found no change in the mean

RBC of 8,3 X 1012/1 in rats surviving to old age (± 800 days). However,

in those rats that survived until senility (± 950 days), they found an

initial gradual decrease from 8,4 X 1012/1 in what they termed youth (329

days) to 7,7 X 1012/1 in old age (762 days) followed by an increase in the

count to 9,0 X 1012/1 during senility (963 days). Recently, Urizar ~ al

(1984) reported that the HCT of FH/Wijd rats, two to 16 months of age, is

unaffected by age and sex and that it does not differ from that of Wistar

rats of the same age groups.

The red cells of the newborn human are much larger than the cells of the

adult, although much variation in size is observed in infants (Oski ~

aL, 1982, p.12). The mean cell volume (MCV) at birth range from 104 to

118 fl (Marks, Johnson & Hirschberg ~ aL, 1958), compared to the normal

adult values of 82 to 92 flo (Dacie ~ aI, 1975, p.13; Linderkamp ~~,

1983). Employing electronic counting techniques, Schmairer & Mauer (1973)

established the normal MCV in the term infant (40 weeks) as 106,4 ± 5,7

fl. During the first weeks of life a pronounced decrease in the MCV was

documented and by the third year it decreases by ± 28 fl (Moe, 1965; Oski
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~ aL, 1982, p.13; Wintrobe ~ aI, 1974, p.57). The pronounced decrease

in MeV during early infancy suggests either that many of the macrocytes

are quickly eliminated from the circulation or that the cells rapidly

decrease in size (Oski ~~, 1982, p.15). Orchard (1955) found that the

Mev of aged humans (65 to 99 years) was the same as that of young adults,

and concluded that no age-related difference exists in the MeV. In a

later study (Okuno, 1972) which covered the age range 16 to 50 years and

above, the older subjects, regardless of sex, were found to have larger

red cells than the younger ones. The increase in MeV was found to occur

from the fourth to seventh decade in males, and during the third, fourth

and seventh decades in females (Pun ~ al, 1982). This data of Pun et al

(1982) corresponds to that of Helman et al (1974) who also indicated that

females have larger red cells than males, and that tobacco smoke causes an

increase in the MeV.

In male mice, aged four to 24 months,· the Mev was reported to exhibit a

significant quadratic regression with age in was reported (Ewing ~ al,

1964). In a later study virgin female mice were found not to exhibit any

statistically significant age-related change in the MeV of 54,9 ± 2,6 fl

(Silini ~~, 1974). The young of various species (cattle, sheep, goats

and camels), have smaller red cells compared to that of the adult animals

(Sharma et aI, 1973) In female dairy cattle the MeV increases by 18 to 24

fl within the first two years of life and, like the HeT and RBe, remains

subsequently unchanged until 16 years of age (Wingfield et aI, 1973).

Red cell indices are reported poorly for the rat. Wintrobe ~ al (1936)

observed the red cell size of the rat, as measured by the diameter, to

decrease to nearly 'normal' levels of 7,45 um during the first month of

life. During the same period the RBe changed little. A regular decrease

in the MeV, from 105 fl at three days of life to 55 fl at 400 days, was
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reported by Enzman (1934). The latter study however, included only one

animal for each age group, and the statistical significance of the

decrease in the MeV of animals older than 150 days appears doubtful. In

male Fischer rats the mean cell volume was documented to decrease from

66,3 fl at 49 days of age to 53,4 fl at 452 days. The cell volume changed

little thereafter until the rats reached 700 days of age when the

cellular volume increased to 57,2 fl while the RBe decreased by eight per

cent. In female Fischer rats the MeV remains at about 59,5 fl until after

700 days of age when the cell volume increases to 65,7 f1 and the RBe

decreases by 20 per cent (Ring ~ al, 1964).

Most authors have reported considerable variation in the reticulocyte

count in human infants, and marked differences have been reported in

what should be considered as the normal mean. During gestation the

reticulocyte count decreases progressively from a value of between 40 and

80 per cent in the third fetal month, and infants born prematurely have

higher reticulocyte counts than term infants (Oski et al, 1982; Williams

~ al, 1972, p.52; Wintrobe ~ al, 1974, p.56). Values reported for the

average percentage of reticu10cytes at birth have ranged from 1,6 to 6,2

per cent (Oski ~ al, 1982). Seip (1955), in a small but well controlled

study, found the mean reticulocyte count to be 5,1 per cent on the first

day of life in term infants. Mean reticulocyte count values documented

later (Oski et al, 1982) is in close agreement with the range of 4,1 to

6,3 per cent of Seip. In humans the reticulocyte count is highest at

birth, and for approximately three days thereafter, than at any other time

during postnatal life. By the sixth day, the count decreases to adult

levels (Williams ~ al, 1972, p.1361). Reported adult mean reticulocyte

values range from 0,8 to 2,5 per cent in males and 0,8 to 4,1 per cent in

females (Williams et al, 1972, p.1361; Wintrobe ~ al, 1974, p.731).
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Few comprehensive studies of the reticulocyte count in the rat have been

documented. Reported mean values for the count at birth range between 28

and 99 per cent (Drabkin ~ aI, 1933; Orten ~ aL, 1934; Wills ~ aI,

1931). Several studies (Drabkin ~~, 1933; Orten ~ al, 1934; Wills et

aI, 1931) have demonstrated that the reticulocyte count decreases in

progressively older animals. The mean values for the reticulocyte count

reported by the different authors however differ for the corresponding age

group by between 5 and 13 per cent.

The available literature thus suggests that human newborns exhibit great

variability in the RBC, HCT, MCV and reticulocyte counts. For both humans

and rats, a marked decrease in RBC during the immediate postnatal period

was documented which is thought to result in 'physiological anaemia'.

After the latter period the RBC is reported to increase in both species,

but there are also reports that the HCT remains unchanged until puberty is

reached. On the other hand several other animals like beagles, some farm

animals and bats, exhibit an age-related decrease in the RBC and HCT when

the young are compared with adults. The age related changes of the blood

profile of the aged is controversiaL There is evidence that in humans,

the RBC and HCT decrease but the statistical significance of this is

questioned. Details for the rat's postmaturational haematology is

fragmentary. There is also evidence that the pattern of age related

changes in the rat depends on the longevity of the animal. Contrary to the

decrease in the RBC and HCT of senescent humans, there is evidence that

these parameters are increased in senescent mice. Prevailing evidence

suggests that the MCV and reticulocyte counts decrease with increasing age

of humans and rats. Newborn humans and rats have cells of about the same

size, but at sexual maturity that of rats are smaller. The decrease in
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size, but at sexual maturity that of rats are smaller. The decrease in

the human cell size and reticulocyte count are especially marked during

infancy, while that of rats continue throughout most of its life. Contrary

to the trend in humans and rats, the MCV of some species are smaller in

the young than in the adult.

1.1.1.2 Total blood and cellular haemoglobin

Recent studies indicated that the normal mean haemoglobin concentration of

human cord blood ranges from 16,6 to 17,1 gldl with values for the

umbilical artery blood higher by 0,5 gld1 than samples obtained from the

umbilical vein (Dacie ~ al, 1975, p.15; Oski et aI, 1982). Conflicting

data have appeared in the literature regarding the relationship of

gestational age to normal cord blood haemoglobin values, but it would

appear that the haemoglobin concentration at birth is a function of th_e

gestational age of the infant (Oski ~ al, 1982, p.ll). Burman and Morris

(1974) have found a linear relationship between cord blood haemoglobin and

gestational age in females but not in males. Wege1ius (1948) noted that

the blood haemoglobin increases by 17 to 20 per cent of the initial value

during the first two hours of life. This phenomenon and the time of

clamping of the umbilical cord, which affects the HCT of the infant

(Usher, Shepard & Lind, 1963), may contribute to the wide variation in the

haemoglobin concentration reported for the immediate postnatal period.

From one week of age, the haemoglobin concentration undergoes a steep

decline to approximately 110 gil at three weeks (Dacie ~ al, 1975, p.15;

Moe, 1965). A generalised increase in the amount of haemoglobin occurs

from three months of age until puberty, to what are generally known as

adult values (Dacie et al, 1975, p.12; Hoe, 1965). According to

Hawkins, Speck & Leonard (1954), the haemoglobin concentration decreases

in females from an average value of 135,4 gil at 14 years to 130 gil at 20
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years of age. Values for the normal mean haemoglobin concentration of

adults range from 140 to 160 gil in males and 120 to 160 gil in females

(Helman ~al, 1974; Pun~al, 1982; Wintrobe ~al, 1974, p.1791).

In an extensive study by Hawkins ~~, (1954), the average haemoglobin

value of 151 gil of males in the third decade was reported to be higher

haemoglobin values from the third decade which became more marked after

the fifth decade. In the third decade of life, the haemoglobin

concentration of females reach an all time low at 127 gil, but the average

values for subsequent decades differed very little from that in the

second decade (Hawkins ~ aI, 1954). Newman ~~, (1943) documented the

blood haemoglobin concentration of aged persons to be significantly lower

than that of subjects younger than 60 years of age. The variation in the

haemoglobin concentration reported for adults may thus be, at least

partly, due to the inclusion of subjects of widely different ages. Later

studies (Milne ~ al 1972; Pun ~ a l., 1982) confirmed Newman's findings

that 21 to 50 year olds have significantly higher levels of haemoglobin

than those in the 51 to 81 year age groups. Most surveys, as cited by

Israëls et al (1976), found anaemia as reflected by the haemoglobin

concentration, to increase with age in elderly people, and that women were

more prone to anaemia. Other workers (Cruickshank & Alexander, 1970;

Orchard, 1955; Pun et aL, 1972) have documented a tendency for the

haemoglobin concentration in females to increase from the sixth to eighth

decade.

The mean haemoglobin concentration differs by 20 gil between young human

males and females, but the difference becomes reduced to 10 gil or less in

old age (Hawkins ~ aI, 1954). The decreased sex difference in older
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subjects can be ascribed to the marked increase in haemoglobin levels of

males older than 50 years and the tendency thereof to decrease in females

beyond 60 years of age. In the ninth decade, the mean haemoglobin

concentration of females tend to be higher by 5 gil than that of males.

This difference is however not statistically significant, due to large

variations in the haemoglobin values in 90 year old males (Cruickshank

~ aL, 1970; Hawkins ~~, 1954; Helman ~ aL, 1974; Newman ~~, 1943;

Orchard, 1955).

In the rat, changes in the blood haemoglobin concentration follows a

similar trend as that documented for the RBC. During the first ten to 15

days of life the mean haemoglobin concentration decreases from

approximately 110 gil at birth to 50 gil and results in a condition of

'physiological anaemia' (Garcia, 1957b). Subsequent to the second week of

life, the haemoglobin level is reported to increase slowly and reaches

what has been considered adult values at six to eïght weeks (Enzman, 1934;

Wills et aI, 1931). Normal mean haemoglobin concentration values reported

for adult rats range between 138 and 157 gil (Inglis, 1980; Waynforth,

1980, p.240; Wintrobe ~ aL, 1974, p.1807). Various age-related studies

reported the haemoglobin concentration of rats to remain relatively

unchanged and in fact to stabilise at about 162 gil in animals four weeks

of age and older (Hu ~~, 1984; Mitchell ~ aI, 1931). However, other

workers found the haemoglobin concentration to increase after sexual

maturity has been reached at six to eight weeks (Orten & Smith, 1934;

Wells & Webster ~ aL, 1979). In a study on aged male rats, Everitt ~ al

(1958) reported that the haemoglobin concentration of rats increases

significantly during the last 200 to 300 days of life after having

remained unchanged for most of their adult life. Contrary to other

workers, Martin ~ al (1975) found the haemoglobin concentration of rats

to decrease significantly from the age of two months until 40 months,
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corresponding to reports of decreased haemoglobin levels in progressively

older humans.

The MeRe in humans range from 300 to 350 gil in the newborn and 320 to 360

(1966) ft is evident that the decrease in the MeR during the early

gil in the adult (Oski ~ al, 1982, p.13). It is however, generally

agreed that the MeRe remains relatively unchanged at 330 ± 200 gil during

the entire postnatal period for both sexes (Dacie ~ al, 1975, p.15;

Relman ~ al, 1974; Israëls ~ al, 1976, p.410, Milne ~~, 1972; Oski

~ al, 1982, p.13).

The MeRe is also unaffected by age in dairy cattle, mice and various farm

animals (Ewing .:.E_ al, 1964; Sharma et al, 1973; Wingfield .:.E_ al, 1973). In

Fischer rats too the MeRe of about 314 gil is reported not to be

influenced by age or sex (Ring et al, 1964).

The human newborn has a higher MeR than adults, with reported mean values

for the newborn ranging from 33,4 to 41,4 pg (Oski ~ aL, 1982, p.13).

During the first three years of human life the MeR decreases from 36,7 to

26,5 pg (Moe, 1965). While few reports are available for the three to 21

years of age period, it seems that the MeR remains constant for that

period (Dacie .:.E_ al, 1975, p.12). Normal values reported for adults range

from 27 to 31 pg (Dacie ~~, 1975, p.13; Oski ~~, 1982, p.13). In

males and females 71 years and older, the MeR was reported to be 3,8 pg

higher than that of 21 year old subjects (Pun ~ al, 1982).

During the rapid growing period of the rat, that is, from birth until 150

days of age, the MeR of males were found to decrease from 25,2 to 17,7 pg

while it remained unchanged throughout life in females (Ring ~ al, 1964).

Roffman ~ al (1966) found a decrease in the MeR which is confined to the

first few days of life for both sexes. From the data of Roffman et al
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neonatal period can be ascribed to the increase in RBG and a simultaneous

decrease in the haemoglobin concentration of the blood during that period.

The MGR was reported to be maintained at approximately 20 pg after the

first few days of life, but that a significant decrease in the MGR occurs

after 105 days (Roffman et al, 1966).

Available data thus indicates a decline in the total haemoglobin

concentration during the immediate postnatal period in humans and rats.

This condition is generally referred to as the period of 'physiological

anaemia'. With the development towards sexual maturity, the haemoglobin

levels increase in man and rat although there is not total agreement in

the literature on the quantitative aspects thereof. For both species

contradictory trends have been reported in the RBG and RGT for aged

subjects. All available literature is however in agreement that the MGRG

is unaffected by age. The decrease in the MGR of male rats corresponds to

that reported for humans during the immediate postnatal period. Rowever,

contrary to humans where the MGR increases in older subjects, the MGR

decrease in older rats.

1.1.1.3.Leukocyte counts

The white cell count reported for humans displays great variability at

birth and mean values which range from 9,0 to 30,0 X 109/1 has been

proposed as normal (Dacie ~ al, 1975, p.12; Israëls ~ al, 1976, p.26;

Williams ~ al, 1972, pv lL; Wintrobe ~ al, 1974, p.1797). It has been

generally believed that the extreme variability in the WBG, during the

first days of life, precluded its application as a diagnostic test.

Recently, however, the normal ranges of the WBG and differential count as

well as the factors that may influence these, have been well defined for

humans (Oski ~ al, 1982, p.1S). Normal infants are proposed to have a
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mean WBC which range from 10,0 to 26,0 X 109/1 at birth and from 5,0 to

14,5 X 109/1 at six days of age. Infants born after the 37th week of

gestation, has mean WBC values of 12 X 109/1 during the first twelve hours

of life and those born after shorter gestational periods have

significantly lower white cell counts. By the fourth day of life the

differences in the WBC as a result of gestational age are no longer

apparent (Coulombel, Dehan, Tchernia ~ al, 1979; Oski et al, 1982).

Pun ~~ (1982) reported the WBC of 7,8 X 109/1 in the 11 to 20 year old

males to be significantly higher than that of older age groups. They also

reported an age-related decrease in the WBC of females after the fifth

decade. Other workers found a decrease in the female WBC during the fourth

and sixth decade. No significant change in the mean WBC of the post-

pubertal male could be established (Cruickshank et aI, 1970; Helman ~ aI,

1974; Miller, 1938; Pun ~ aI, 1982). Helman ~~ (1974) reported that

the WBC was independent of age and sex; with the exception of females in

their twenties which exhibited the highest WBC. Tobacco smoke causes an

increase in the WBC and a proportional increase in the different types of

leukocytes (Helman ~ aL, 1974). The higher WBC of the younger group in

Pun's study has subsequently been attributed to the larger proportion of

smokers in that group (Helman ~ aL, 1974).

Polymorphonuclear neutraphils predominate during the first three days of

human life, and peak values of approximately 13,0 X 109/1 are reached at

12 hours (Dacie ~ aI, 1975, p.lS). During the first days of life,

metamyelocytes, myelocytes and promyelocytes may be present in the

peripheral blood, but these cells are more frequently observed in

premature infants (Oski ~ aL, 1982, p.17). By the third day of life the

neutrophil concentration decreases to 4,8 X 109/1 at which level the count

remains constant until the end of the first month of life. Mean adult
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neutrophil values range from 2,0 to 7,5 X 109/1 (40-75 per cent) (Dacie ~

aL, 1975, p.16; Wintrobe ~ aI, 1974, p.1794). The lymphocyte count

decreases by 2,5 X 109/1 during the first three days of life and rises

lymphocyte levels may rise as high as 22,0 X 109/1 during the first year

(Oski ~ aL, 1982). From approximately the fifth day of life until the

fourth to seventh year, lymphocytes are the predominant leukocyte type in

the circulation of humans, after which they give way to neutrophils.

Normal mean lymphocyte counts in the human adult ranges from 1,5 to 4,0 X

109/1 and is reported to decline throughout adulthood (Dacie ~ aI, 1975,

p.13; Wintrobe ~ aI, 1974, p.1794). In the term infant the eosinophil

count ranges from 0,19 to 8,51 X 109/1 with a mean of 2,67 X 109/1 during

the first 12 hours of life (Medoff & Barbero, 1950). In most infants the

eosinophil count is higher than the birth value by the fifth day of life

(Oski ~ aI, 1982, p.19). Both the eosinophil and monocyte counts remain

high during the first year of life. Monocyte counts reach adult values

after one year, but eosinophil counts decrease until adulthood (Wintrobe

~ al, 1974, p.58).

No significant sex difference could be established in the human WBC until

50 years of age at which age the WBC is lower in females than in males

(Dacie, ~ aL, 1975, p.16). In older subjects the sex difference may be

due to a fall in neutrophil and lymphocyte levels in women, and the less

steep decline in lymphocyte levels in men (Cruickshank ~ aI, 1970). The

decrease in the female neutrophil count is predominantly postmenopausal

while that of the lymphocytes is more evenly distributed. Neutrophil

counts are higher in women than in men by an average of 0,66 X 109/1

throughout adult life, and has been reported to fall at menstruation

(Wintrobe ~ aL, 1974). Furthermore, oral contraceptive preparations

increase neutrophil counts, and to a lesser extent lymphocyte counts.
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These variations introduce some uncertainty in analysis where particulars

regarding the use of such preparations were not available (Allan &

Alexander, 1968; Cruickshank et aL, 1970). Earlier studies (Miller, 1938;

Orchard, 1955) indicated that the differential leukocyte count of humans

does not deviate from the normal distribution in an aged population with

a sex difference of doubtful significance. These studies however, did

find a marked shift to the right in polymorphs, polylobulation and scanty

cytoplasmic granulation in old age, indicating increased numbers of effete

cells (Orchard, 1955). The basophil count of humans remains unaffected by

age from birth until old age (Wintrobe ~ aL, 1974, p.58)

In mice, the WBC has been reported to change with age, but greater

variation prevails throughout life with a range of 3,9 to 20,5 X 109/1

(Talbot ~ aI, 1965). No significant lesions were found in these animals

after necropsy and histopathological evaluation. For the same strain of

mice, an age-related increase in the WBC was reported in a later study

(Finch !:..£ aL, 1977, p.19). The neutrophil and monocyte counts of mice

tend to increase significantly at 12 months, compared to the counts at six

months and decrease again at 18 months. The lymphocyte count reveals the

opposite trend, and the eosinophil count increases with age with males

having consistently higher values than females (Talbot !:..£ aI, 1965).

Contrary to Talbot et al (1965), Silini et al (1974) found no definite and

consistent trend of any leukocyte type as a function of age in mice aged

from 150 to 921 days. (Cruickshank ~ aI,.1970).

The total leukocyte count of the rat was found to increase after birth

from 5,33 X 109/1 to 'adult' values at 60 to 75 days of life (Farris,

1946; Hoffman, 1958). Mean WBC values reported for adult rats vary from

8,0 to 21,4 X 109/1 (Farris, 1946; Wintrobe !:..£ aL, 1974, p.1807). The

lymphocyte count was reported to increase after birth and the neutrophil
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count decreases slightly, with lymphocytes predominating throughout life.

At 15 days of life the adult differential distribution is reached (Hoffman

et aL, 1966) and no statistically significant change in the WBC has been

documented for the rat after sexual maturity. The eosinophil count,

however, has been reported to decrease in the ageing rat with a sharp

decline during the last 50 days of life (Everitt et ai, 1958). Previously

the same authors (Everitt & Webb, 1957) reported a significant increase in

the WBC of the rat during lung disease, although no significant difference

could be observed in the RBC, haemoglobin concentration or eosinophil

counts.

There is thus apparently species differences regarding the direction of

the age-related changes reported for the WBC. In humans it decreases from

birth while in rats and mice a gradual postnatal increase is reported in

the total WBC. In the human male and the rat, the postpupertal WBC remains

unchanged while human females exhibit significant age-related

postpubertal changes. Definite although not similar or conclusive age-

related variations in the differential leukocyte count is reported for

man, mice and rats.

1.1.1.4Platelet count

The human mean platelet count has a wide normal range of 150 to 400 X

109/1 (Dacie ~ ai, 1975, p.14; Hathaway & Bonnar, 1978). Normal term

infants have platelet counts in the same range as normal older children

and adults (Oski ~ aI, 1982). Several studies of platelet counts in

infants, which range from 27 to 40 weeks in gestational age, failed to

demonstrate any significant difference in the mean platelet count as a

function of maturity (Williams ~ ai, 1972). The count of infants tend to

be at the lower level of the adult range, although no age difference has
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been documented for the platelet count (Dacie et al, 1975, p.17; Oski.::E..

aL, 1982, p.20). There is furthermore, disagreement in the literature

whe ther otherw ise normal premature infants are commonly or uncommonly

thrombocytopenic (Wintrobe et al, 1974, p.74).

During the entire life-span of female mice, the mean platelet count was

reported to remain unchanged at approximately 8,68 X 109/1 (Silini et aI,

1974). The platelet count also remains unaffected by age or sex between

three months and 14 months of age in FR/Wjd rats and were found not to be

different from those of Wistar rats (Urizar .::E..a.l., 1984).

represent the diseased state. The site of sampling, nutrition,

Thus, although newborn humans are considered to have platelet counts near

the lower end of the adult range, available literature suggests that

platelet counts in general are unaffected by the age of the subject.

1.1.1.5Conclusion

It appears from the literature that there are definite, although not

always consistent, age-dependent changes in several haematological

parameters. Some parameters, like the MCRC, do not change however, and no

data is available for several parameters or certain periods of the life-

span A relatively complete set of haematological data can be compiled for

humans, but literature is to scanty to do the same for other species.

Ruman data are mainly obtained from horizontal studies, from dif ferent

countries, etc., and the disparity that appears not only in the direction

of reported age-rela ted changes, in humans and other animals, bu t also

the quantitative aspects, may lie in the host of variables known to affect

the haematological profile. Thus, it is not unlikely that some of the

disparities in the literature result from pathologies (Finch et aI,

1977), just as abnormal blood values occurring at any time of life may
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environment, season, physiological state, all influence the normal blood

picture (Stengle & Schade, 1959; Wingfield ~ aL, 1973). In infants in

particular the time of sampling, the gestational age of the infant and the

possibility of previous fetal-to-maternal and maternal-to-fetal

transfusion influence the blood parameters (Oh & Lind 1966; Usher et aI,

1963; Xanthou, 1970; Yao, Lind, Tisala ~ aL, 1969). The leukocyte count

also varies, acording to a diurnal rhythm, activity of the adrenal cortex

and environment (Allan et aI, 1968; Dacie ~ aI, 1975, p.16; Morley,

1966). Both red and white cell pictures are affected by contraceptive

preparations, parity and tobacco smoke (Cruickshank et aI, 1970; Helman et

al, 1974; Isager & Hagerup, 1971).

From the above, it is clear that ageing studies can only provide

meaningful information when measured over the entire life-span, and when

all variables are appreciated. Data from studies on the rat is often

extrapolated to the human. The fragmentary nature of rat age- related

studies clearly hamper comparison of the haematological development

changes often report only on a part of the life-span, or use small sample

sizes. Further, parameters like the red cell indices, platelet and

differential leukocyte counts are very rarely reported on. Often too are

rats of both sexes used in the same haematological study which is clearly,

due to the known sex differences in the human red cell and haemoglobin

concentration (Peschle, 1980) undesirable. The data of Everitt ~ al

(1957) also suggest that the longevity of a strain may affect the

postmaturational blood profile. The documentation of the age-related

changes for the red cell, white cell and platelet parameters from birth

until old age in the rat employing relatively large sample sizes is

clearly necessary.
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1.1.2 Blood biochemical traits

1.1.2.1 Red Cell Metabolism

The principle substrate of the mature cell is glucose, but the cell also

has the ability to metabolize fructose, galactose and mannose (Grimes,

1980, p.88). The glucose transporter, a glycoprotein, is independent of

metabolic rate of the cell and is insulin insensitive (Russel, Poell,

Jones ~ al, 1982).

The metabolic pathways of glucose are shown in detail in Fig.l. The

metabolism of glucose by erythrocytes results in the production of

potential energy in two different forms. These are high energy phosphate

bonds in ATP formed from trioses in the Embden-Meyerhof pathway (EMP), and

NADPH formed in the aerobic hexose-monophosphate shunt (HMPS). An

estimated 95 per cent of metabolised glucose passes through the EMP, and

the remainder through the HMPS (Grimes, 1980; Murphy, 1966).

The EMP, in red cells, differs quantitatively from the pathway in other

cells only by the presence of enzymes for the production and hydrolysis of

2,3-diphosphoglycerate (2,3-DPG) (Grimes, 1980, p.86). Glucose passing

through the 2,3-DPG step is metabolized without any net gain in energy

phosphate bonds, while via the phospho-glycerate kinase (PGK) step two

such bonds per mole glucose are formed. This provides the cell with some

flexibility with regard to the amount of ATP formed. In the absence of

reoxidation of NADH, lactate is the end product of the EMP, while

reoxidation of NADH causes pyruvate to be the end product. These products

diffuse out of the cells in the absence of the citric acid cycle and serve

as gluconeogenic precursors in the liver (Russel !:.!. al, 1982, p.14).
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Regulation of the metabolism of red cells is critical in ensuring

homeostasis and cell viability. Phosphofructokinase (PFK) is considered

the key regulatory enzyme in the control of the glycolytic rate (Russel et

aI, 1982, p.1S). The activity of this enzyme is, under physiological

conditions, sensitive to pH changes and to concentrations of ATP, AMP and

2,3-DPG. Mg-ATP increases as ATP levels increase and serves as substrate

for PFK. PFK is inhibited by ATP and its affinity for F6P is decreased by

high ATP levels with a resultant decrease in glucose consumption

(Bernstein, 1972). Hydrogen ions and 2,3-DPG are also inhibitory while

AMP is an activator of PFK and it can release ATP inhibition of PFK

(Grimes, 1980, p.104; Russel ~ aL, 1982). Hexokinase (Hx) plays a

subsidiary role in glycolytic regulation. An increase in the ATP

concentration will increase the activity of Hx and cause an increase in

glucose 6-phosphate (G6P) levels, but the latter decreases Hx activity

through product inhibition (Grimes, 1980, p.109). PK functions at a rate

that is linearly dependent on the phospho-enol pyruvate (PEP)

concentration and its role is to regulate the section of the pathway from

GAPD onwards and to distribute flow of substrate through the DPG bypass

(Grimes, 1980, p.109; Rose & Warma, 1966). Like PFK, PK is inhibited by

ATP in a manner competitive with its substrate PEP and this encourages

flow through the DPG-bypass. PK is furthermore inhibited by 2,3-DPG, a

reaction which may be of physiological significance (Russel ~ aI, 1982).

The maintenance of the cellular ATP level has been suggested to be

controlled through its inhibitory action upon PFK. However, evidence for

this feedback mechanism in red cells is not available and would be

difficult to demonstrate unequivocally (Grimes, 1980, p.104). A more

sensitive monotoring system may be provided by AMP. A small fall in ATP

concentration is accompanied by a considerable increase in the fractional
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or percentage AMP concentration. The concentrations of AMP and ATP are

inversely related, and AMP is an amplifier for small changes in ATP by

regulating PFK activity (Grimes, 1980, p.104; Russel ~~, 1982, p.1S).

It is clear, from available data, that whatever the underlying

mechanism, ATP controls its own formation.

2,3-DPG levels are regulated in several ways. Like ATP it is an inhibitor

of its own synthesis because of its inhibitory action on the mutase. In

addition, 3-phosphoglycerate (3-PG) is a cofactor in the mutase reaction

while PGK is stimulated by an increase in the ADP/ATP ratio. The shuttle

thus maintains both ATP and 2,3-DPG levels, the one at the expense of the

other (Grimes, 1980, p.146).

The concentration of 2,3-DPG is also affected secondarily to direct

effects upon overall glycolysis e.g. the EMP i. pH sensitive and an

increase in pH accelerates glycolysis by relieving inhibition on PFK and

by decreasing G6P levels which inhibits Hx (Grimes, 1980; Rose ~~,

1966). If the PK activity is less than that of PFK, intermediates like

2,3-DPG accumulates. A decrease in hydrogen ion concentration also

decreases the phosphatase activi ty and maintains 2,3-DPG levels.

Inorganic phosphate stimulates glycolysis independent of pH by apparently

influencing PFK (Card & Brain, 1973). Hypoxia increases 2,3-DPG

concentration by increasing its binding to haemoglobin thus diminishing

product inhibition of the mutase and by increasing glycolysis by a pH

effect. Recently Dawson (1983) and Ottinger & Dawson (1981) proposed 2,3-

DPG levels to be regulated by a glycolate/pyruvate cycle. According to

these authors a high red cell pyruvate concentration inhibits glycolate

phosphorylation by PK causing a reduction in 2-phosphoglycerate (2-PG)

which allows the mutase to predominate which raises the 2,3-DPG levels.

The HMPS is a cyclic pathway (Fig.1)which leads from glucose 6-phosphate
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(G6P) and eventually produces fructose 6-phosphate (F6P) and

glyceraldehyde 3-phosphate (GA3P), both of which are intermediates in the

main pathway of glycolysis namely the EMP. This shunt in red cells serve

two functions namely, the maintenance of the NADP level and the provision

of ribose S-phosphate. The coenzyme NADP is present in the reduced form

(NADPH) and in the oxidized form (NADP). The reduced form supplies the

reduction potential in the cell which prevents or reverses those oxidative

reactions which give rise to oxidized glutathione (GSSG) or

methaemoglobin. Ribose S-phosphate has a restricted role in the limited

purine metabolism of which the cells are capable (Grimes, 1980, p.192).

The HMPS can be stimulated by methylene blue, and the maximum rate of

stimulation was found to be in a constant ratio to the maximum velocity of

the glucose 6-phosphate dehydrogenase (G6PD) reaction (Gaetani, Parker &
Kirkman, 1974). This suggests that G6PD activity can exert some control on

the rate of the HMPS. G6PD activity is in turn regulated by the NADP+ to

NADPH ratio. NADPH substantially inhibits G6PD, and any agent which

causes stimulation of the HMPS, does so directly, or indirectly by

increasing the NADP+ to NADPH ratio (Russel ~ aI, 1982). It is also

possible that oxidized glutathione (GSSG) exerts a de-inhibiting action on

G6PD (Grimes, 1980, p.201).

1.1.2.2 Metabolic-functional relationships

All biochemical activities retained by the adult red cell are those

necessary to maintain haemoglobin as an efficient and reversible oxygen

and carbon dioxide carrier (Grimes, 1980). These activities include those

directed at the preservation of cell integrity and shape ensuring a viable

environment for haemoglobin. Various substances are generated by the

available metabolic pathways and their specific functions in the

https://etd.uwc.ac.za/



- 35 -
homeostasis of the red cell will be considered now.

Cellular deformability allows the red cell to endure prodigious stresses

and is an essential requisite for the cell to perform optimally and

survive normally (Schmid- Schonbein & Gaentgens, 1981). Three major

cellular factors regulate the cells ability to deform. Firstly, the

discocyte shape creates maximal surface area to volume ratio and permit

the cell to undergo isochoric changes (changes in shape without changes in

vo lume) (Kadlubow ski, 1978; Weed, 1970). Secondly, at the normal

concentration of haemoglobin in the red cells, the haemoglobin solution

has a relatively low viscosity (4 to 6 centipoise) and does not restrain

the cell's deformability (Linderkamp ~ aL, 1982a). However, upon

cellular dehydration, as a result of cell ion or water loss, the mean cell

haemoglobin concentration can increase to values greater than 280 gil.

This increases the intracellular viscosity to greater than 25 centipoise

and then appreciably constrains the red cell deformability (Chien, 1981;

Linderkamp ~ aI, 1982b; Williams et aI, 1980). Finally, due to particular

spatial arrangements of the cytoskeletal proteins, the cell membrane

behaves as a highly deformable visco-elastic material. Alterations in the

cytoskeletal network in terms of formation of protein cross-links or

protein aggregation can decrease the membrane deformability (Mohandas &

Shohet, 1979).

Dawson (1983) documented one of the first report that metabolic depletion

of red cells is accompanied by a succession of shape changes. Thus

incubation of red cells in the absence of glucose, causes ATP to be

consumed and crenations appear on the membrane surf ace (Gratzer, 1981).

Normal blood stored in acid citrate dextrose (ACD) undergo deteriorative

changes, amounting to the loss of flexibility, sphering, the loss of

membrane lipid, a decrease in haemolytic volume and a decline in ATP
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content of the cells (Grimes, 1980, p.71; Weed & Reed, 1966). The ATP

content of human red cells ranges between 99 and 127 mol/dl red cells

(Beutler, 1975), and although the amount and regulation of ATP production

has been well documented, the apportionment of ATP consuming processes has

not been cla rified (Siems, Di biel, Dumley ~ al, 1983). Loss of

deformability was observed in red cells when the ATP level fell to 50 per

cent, and up to the echinocyte (type III) stage at least, the changes are

reversible on addition of metabolites to the medium to allow recharging of

the ATP pool (Dawson, 1983). This relationship between ATP of red cells

and their shape and between their shape and deformability has now

considerable experimental support.

Cellular ATP is hydrolysed to provide energy to ATP-ases which function as

pumping systems in the cell membrane. There are two physiologically

important ATP-ases both strongly bound to the membrane (Schrier, Sohmer,

Moore et al, 1982). The sodium and potassium-dependent ATP-ase, is

activated by intracelular sodium (Km = 25mmol/l) and extracellular

potassium (Km = 2,5mmol/l). As a result, sodium-potassium transport is

primarily stimulated by an increase in cell sodium content, and cell

potassium losses are rectified only if there is a concommitant sodium gain

to stimulate active transport. The concentration of sodium (6 - 20 mM)

and potassium (90 mM) in red cells is not very different from those of

cells of other tissues (Schatzmann, 1969). However, a considerable

osmotic pressure is created inside the cell, due to the high haemoglobin

concentration (Linderkamp et al, 1982a). The necessary osmotic balance is

maintained by the ATP-dependent membrane pumps in order to prevent inflow

of water due to the high osmotic pressure intracellularly, swelling and

eventual lysis. It is also important to prevent dehydration of the cell

due to potassium loss which may result in an increased viscosity

(Linderkamp ~ al, 1982a). The exact mechanism of active transport is not

https://etd.uwc.ac.za/



intracellular concentrations (25 to 300 om oLy L) red cells are

- 37 -

known, although several models have been proposed. According to Mohandas

et al (1981), the best model that fits available data proposes that energy

from ATP hydrolysis drives active cation transport by causing

conformational changes in the enzyme.

The second ATPase is calcium dependent, and causes active extrusion of

calcium from the cell to maintain the level of the cation at about 4,8

IJmol/l (Grimes, 1980). The Ca-ATPase requires magnesium and ATP and

is activated by micromolar concentrations of calcium intracellularly

(Schatzman 1983). It is suggested that the Ca-ATPase is phosphorylated

from ATP and cycles through two conformational states, one having a high

and the other no affinity to calcium. Dephosphorylation of the protein

and concurrent release of calcium to the exterior also requires a high ATP

(or MgATP) concentration (> 100M) (Schatzmann, 1983).

Active calcium extrusion is critical for the red cell because elevated

calcium concentrations are associated with many deleterious physiological

effects. Micromolar concentrations of intracellular calcium (5 to 10

um oLy L) cause erythrocytes to leak potassium (Grimes, 1980, p.191).

The loss of potassium and the consequent water loss increase the mean cell

haemoglobin concentration and intracellular viscosity, causing the loss of

cellular deformability (Schmid-Schobein ~ aI, 1981). Intracellular

calcium also influences the distribution of other cations by inhibiting

the Na-K ATPase (Grimes, 1980; Mohandas ~~, 1981). At higher

transformed to echinocytes and eventually to sphero-echinocytes with

membrane recirculation (Bocci, 1981b). This loss of membrane induces

additional reduction in deformability as a result of surface area loss.

At millimolar levels, calcium causes activation of a transaminase which

causes irreversable cross links of membrane cytoskeletal proteins
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particularly spectrin and band 4,1 (Mohandas ~ al, 1981; Schrier ~ al,

1982). The resultant contraction of the membrane causes increased
>,rigidity and decreased deformability. A major physiological function of

ATP dependent extrusion in red cells is thus the preservation of the

limited permeability and cell deformability through regulation of cell

cation and water content.

Two other groups of membrane associated enzymes, both which require ATP

for normal functioning, have been implicated in the regulation of red cell

shape and deformability. It is proposed that the shape of the red cell was

controlled by phosphorylation of spectrin under the action of ATP and an

endogenous (cyclic AMP-independent) kinase (Scheetz & Singer, 1974).

Although it is not disputed that spectrin is phosphorylated and that a

turnover is maintained, Anderson (1976), have shown that echinocytosis

sets in and is half complete before dephosphorylation of spectrin is

complete.

The mature red cell also depends on lipid exchange and fatty acid

acylation as mechanism for phospholipid repair and renewal (Mohandas !£

al, 1981). The fatty acid acylation pathway involves an acylase enzyme

which requires ATP and prevents the accumulation of lytic lysophosphatides

and diacylglycerol. These compounds are known to induce membrane loss and

spherocyte formation (Mohandas et~, 1981) and resultant loss of

deformability.

ATP is not only necessary for the maintenance of the normal discocyte

shape of the red cell and the haemolytic volume thereof. It is also

needed for pyrimidine nucleotide synthesis, completion of purine

nucleotide synthesis, glutathione synthesis (Koj, 1962), incorporation of

fatty acids into membrane phospholipids (Gratzer, 1981) and the initial
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step of phosphorylation of glucose (Grimes, 1980). The accumulation of ATP

in red cells must also be controlled as a super abundance of ATP causes

invagination of the membrane followed by the formation of internal

vesicles (Hardy, Benson & Schimer, 1979).

Free radicals are continually formed in the body and can cause metabolic

disturbances and cell injury in a variety of ways. These include,

interaction with cell components such as protein, lipid and nucleic acids

to form a stable covalently bond adduct that may grossly distort structure

and function, and pathways that essentially depend on membrane damage

(Slater, 1984). Hydrogen peroxide, resulting from 'dismutation' of

superoxide by superoxide dismutase (SOD), causes oxidation of sulphydryl

groups of cellular (red cell) proteins and peroxidation of unsaturated

fatty acids (Mohandas et aI, 1981). This leads to significant alterations

in membrane function secondary to protein cross-linking as well as

potassium loss and cellular dehydration (Grimes, 1980). All of these

changes produce a common effect of reduced red cell deformability. The

oxidation of haemoglobin results in the formation of methaemoglobin which

is unstable and readily precipitates as Heinz bodies (Russel !:!. aL, 1982).

Damage to the red cell by oxidizing agents is prevented by NADPH formed in

the oxidative part of the pentose phosphate pathway. The tripeptide

glu tathione is maintained in the reduced form by elect rons transf erred

from NADPH. Reduced glutathione prevents the oxidation of protein

sulfhydryl groups, it acts as scavenger of free radicals and serves as

hydrogen donor for the peroxidatic function of glutathione peroxidase

(Grimes, 1980, p.213; Mohandas ~ al, 1981; Russel ~ al, 1982, p.l7).

In the normal individual an estimated 30 per cent of the total haemoglobin

is converted to met-haemoglobin (Russel !:!. aI, 1982). Conversion back to

haemoglobin is catalysed by met-haemoglobin reductase using NADH for the
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reduction of the iron atoms of the haemoglobin groups. Increased met-

haemoglobin formation also leads to an increased demand for NADPH, to cope

with the activated oxygen and thus stimulates the pentose phosphate

pathway.

2,3-DPG is a metabolite unique to the red cell and has an important

function in affecting the affinity of normal Hb-A for oxygen. The 2,3-DPG

concentration in human cells is 4 to 5 mM which makes it almost equimolar

with haemoglobin with which it undergoes a stoichiometric reaction. The

ester binds electrostatically to the S +chaIns of haemoglobin through

lysine 82, histidine 143 and the N-terminal groups (Grimes, 1980, p.152).

Binding with deoxyhaemoglobin is accompanied by a free energy change of

around -27,3 kJ and the complex is more stable than free haemoglobin, so

that in the presence of bound ester, there is a resistance of haemoglobin

to oxygenation (Benesch, Benesch, Renthal ~ aL, 1971). The higher the

concentration of 2,3-DPG in red cells, the greater the partial pressure of

oxygen needed to produce the same oxygen saturation of a given haemoglobin

concentration. Fetal haemoglobin has a-subunits instead of the B-subunits

of Hb-A and has the histidine 143 replaced by a serine residue. This

decreases the affinity of haemoglobin for 2,3-DPG giving fetal haemoglobin

a higher affinity for oxygen than adult blood (Russel ~ aI, 1982, p.32).

2,3-DPG levels are decreased under acidic conditions which diminishes

glycolytic rate and increases the phosphatase activity. Hypoxia increases

2,3-DPG levels in two ways. Firstly, by increased binding of the ester

to the deoxygenated haemoglobin, which removes it from the free pool of

esters and thus diminishes product inhibition of the mutase and raises the

level of 2,3-DPG. Secondly, hypoxia may stimulate glycolysis by a pH

effect because deoxygenated haemoglobin is more alkaline than the oxyform

and increases the intracellular pH (Russel ~ aI, 1982).
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In 1940, Dische first suggested that 2,3-DPG might playa role in the

regulation of red cell glycolysis when he demonstrated that this compound

was capable of inhibiting hexokinase (Oski ~ aI, 1975). 2,3-DPG has

subsequently been reported to inhibit several other enzymes of the EMP in

addition to hexokinase. These enzymes are phosphofructokinase,

glyceraldehyde 3-phosphate dehydrogenase, phosphoglycerate kinase and

pyruvate kinase (Oski ~ aI, 1975). The role of 2,3-DPG in controlling

glycolysis was also clearly illustrated in patients with PK deficiency.

Because of the deficiency, the red cells normally accumulate large

quantities of 2,3-DPG. The cause of this being an impaired glycolytic rate

which has generally been ascribed to the enzyme deficiency. However, when

2,3-DPG levels decline in the cells, an increase in the glycolytic rate

was observed.
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1.1.2.3 Biochemical aspects of red cells during ageing

For several tissues the age-related metabolic changes have been

investigated by determining aspects of enzymes throughout the life-span of

the organism. The enzyme levels, iso-enzyme pat terns, induci bili ty and

kinetic parameters are all aspects of enzymes that have been investigated.

The reason for investigating enzymes is that all biological reactions in

the living body are catalysed by enzymes and changes in the properties of

cellular enzymes may thus be expected to alter the functional ability of

the cell, tissues and ultimately the organism (Kanungo, 1980). Age-related

biochemical changes in organs like the liver, brain, heart and arteries

have been studied in detail, while amongst other, the haemopoietic tissue

have been mainly neglected. Age-related data on metabolic constituents

other than enzymes is also almost non-existent.

Available data on enzymes is often confusing, contradictory and the

overwhelming difficulties in comparing data from different studies have

been reviewed elsewhere (Finch & Hayflick, 1977; Kanungo, 1980). It is

clear that direct comparison of the various reports is hampered by species

and strain variations, age, conditions of environmental maintenance,

innate characteristics of the enzymes themselves during seasonal and

diurnal variations and in many cases the methodology employed.

Furthermore, tissues differ in the rate at which they age, liver cells a~e

actively dividing, muscle and nerve are postmitotic, while red blood

cells have a short life-span (Kanungo, 1980). Interpretation of enzyme

assay data is also complicated by the execution of experiments under

optimal conditions for enzyme activity which is unlike in vivo conditions,

and the use of baseline references like gram wet mass, milligram protein

or DNA which do not necessarily remain constant during ageing (Finch ~
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al, 1977).

As far as could be established, reports on the age-related effects on the

chemical composition and metabolic activity of the red cell from infancy

through adult life have been fragmentary. Data from various studies on the

general trend of enzyme activity in different tissues also prove to be

contradictory and inconsistant in many instances. Although many enzymes

decrease in activity during ageing (Oski ~ aI, 1975), the opposite trend

has also been documented for sometimes the same enzyme, and several other

enzymes have been found to remain unchanged throughout life (Gross ~ aI,

1963; Konrad ~ aI, 1972). It has however, been stated that in general

the enzymes responsible for oxidation decrease in activity after adulthood

in postmitotic tissues like the heart, skeletal muscle and brain (Kanungo,

1980, p.81).

The reducing potential of mice red cells, as measured by glutathione

reductase activity, decreases with increased biological age of the

animal (Abraham, Taylor & Lang, 1978). A decrease in the activity of

superoxide dismutase (SOD) with increasing rat age was also documented for

rats from two to 30 months of age (Glass et aI, 1981).

Unfortunately, most other studies on the age-related effects on enzyme

activity and thus on the metabolism of the cell has been confined mainly

to comparisons between newborns and adults (Gross ~ aI, 1963; Konrad,

Valentine & Paglia, 1972). Red cells of newborn human infants glycolise

more actively, possess higher levels of ATP and adenine nucleotides than

adult erythrocytes of normal mean age (Oski, 1969). The activities of a

number of enzymes of the EMP and HMPS have also been shown to be greater

in the newborn than (or at least equal to) those of normal adult cells.

These are, hexokinase, aldolase, glyceraldehyde 3-phosphate dehydrogenase,

3-phosphoglycerate kinase, enolase, pyruvate kinase, lactate
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dehydrogenase, glucose 6-phosphate dehydrogenase and 6-phosphoglucon?te

dehydrogenase (Abraham ~ aI, 1978; Allison et aI, 1955; Gross, Schroeder

& Brouwnstein, 1963; Konrad et al, 1972).

The newborn has been generally assumed to have a mean red cell age that is

younger than that of adults (Bernstein, 1983) and reticulocytosis of the

newborn is a routine finding (Oski ~ aI, 1982). Populations rich in

reticulocytes have been demonstrated, in one of the first studies

investigating the theory that enzyme activity of erythrocytes is a

function of cell age (Allison ~ aL, 1955), to have elevated levels of

cholinesterase, glyoxalase and catalase. The latter findings, together

with the documented differences in enzyme activity between the newborn and

adult (Oski ~ aI, 1982), led to the conclusion that enzymes undergo an

organism -age-related decline in activity which can be mainly ascribed to

the mean cell age (Allison & Burn, 1955; Marks ~ aL, 1958). However, in

contrast to the reports of increased enzyme activities in newborns, a

decrease in activities of phosphofructokinase, glutathione peroxidase and

acetylcholinesterase have been reported in erythrocytes of newborn infants

when compared to that of adults (Gross ~ al, 1963; Jones ~ aL, 1949;

Konrad ~ aI, 1972; Oski, Brigandi & Noble, 1969).

Several investigators (Gross et aI, 1963; Konrad ~ aI, 1972; Oski et aI,

1975) have suggested that the activities of the enzymes phosphoglucose

isomerase, enolase and probably also glyceraldehyde 3-phosphate

dehydrogenase and glucosephosphate isomerase, are much higher in the cells

of the newborn infant than would be anticipated from their young age

alone. In at least one study the effect of donor age was demonstrated to

affect enzyme activity irrespective to cell age. Comparing same age

erythrocytes in different aged donors, Glass ~ al (1981) found that the

SOD activity of old rats were lower than that of the young. An
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interesting finding of Glass ~ al was that the young erythrocytes of old

animals already posessed SOD levels corresponding to those found in old

cells of old animals. This provides evidence that ageing at the whole

animal level, at least in the case of SOD in the rat erythrocyte, affects

the metabolic characteristic of the red cell alone. The differences in the
,

enzymatic profile of newborn and adult erythrocytes should thus be

clarified in terms of which features are attributable to the differences

in mean cell age and which are truely unique for the red cell of the

subject as a result of its chronological age.

Despite the physiological significance of 2,3-DPG levels in modulating

haemoglobin's affinity for oxygen and the use thereof as clinical base-

line values, few reports have been documented on the effect of age on this

parameter. Since 2,3-DPG levels are primarily determined by the activities

of certain EMP enzymes (Russel ~ al, 1982), any age-related variation in

the activities of these enzymes may be expected to affect the levels of

this phosphate ester.

Pyruvate kinase controls the distribution between the glycolytic pathway

and the 2,3-DPG - bypass in red cells (Russel ~ al, 1982). Hence, red

cell PK hyperactivity is usually associated with low 2,3-DPG and high ATP

levels (Jelkmann & Bauer, 1981; Max-Audit, Rosa & Marce, 1980). Fetal

rabbit red cells have low 2,3-DPG levels towards the end of gestation (31

days) compared to adults and this has been attributed to the very high PK

activity in fetal red cells (Jelkmann & Bauer, 1981). Frenzke and Jelkmann

(1982) demonstrated that the high PK activity in the newborn rabbit is

associated with a distinct isoenzyme, and that a developmental change

in red cell kinase isozyme expression occurs in thepyruvate

rabbit. According to them there is a postnatal change from red cells

with a high PK activity and low 2,3-DPG levels to red cells with low PK
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activity that accumulates 2,3-DPG. In other species, like the rodents low

2,3-DPG synthetase activity may contribute to the low level of 2,3-DPG

in fetal cells (Jelkman ~ aI, 1981). However, human fetal red cells

have a high 2,3-DPG level and both PK and 2,3-DPG synthetase activities

differ only slightly from those of the adult (Gahr & Herleman, 1984).

Full-term infants have significantly lower 2,3-DPG levels than

that of adults (Oski!.!_aL, 1969). Although the mean red cell age of the

newborn's erythrocytes is considerably less than that of the normal adult,

the lower 2,3-DPG levels do not seem to be attributable to this factor, as

subjects with comparable reticulocytosis exhibited higher 2,3-DPG levels

than that of the newborn infant (Oski ~ aL, 1982). Oski et al (1969)

attributed the lower 2,3-DPG level in newborns to a higher hexokinase

relative to phosphofructokinase activity in newborns compared to either

normal adults or subjects with reticulocytosis. 2,3-DPG is also more

unstable in the newborn compared to adults, primarily as a result of

accelerated 2,3-DPG breakdown by an unknown mechanism (Oski ~ aI, 1975)

and may account in part for the lower 2,3-DPG levels of newborns.

Increased 2,3-DPG levels were reported in children one to 12 years of age

when compared to adults (Card ~ aL; 1973). These children however, had

significantly lower than normal haemoglobin concentrations. Whether the

2,3-DPG concentration in this age group is increased in response to the

reduced haemoglobin concentration or whether it is a normal physiological

phenomenon is not clear (Purcell & Brozoric, 1974). In rats, age was

reported to induce small but statistically nonsignificant variations in

erythrocytic levels of 2,3-DPG from two to 24 months of age, but in 40

month old animals there was a 35 per cent increase over the next highest

value (Martin et aL, 1975). Wells et al (1979) however could

not find significant differences between 12 and 40 week old rats.
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Further, after 12 hours exposure of rats at high altitude, the 2,3-DPG

levels were reported to increase in all the age groups, and the group

differences disappeared (Wells ~ al, 1979). According to Martin ~ al

(1975) however, 2,3-DPG levels decrease in 40 month old rats after

similar treatment. These two studies on the same rat strain, thus suggest

that age-related changes in the 2,3-DPG levels of rats do occur, but

differ markedly in the proposed direction and magnitude of these changes.

Further, the contradictory 2,3-DPG responses of aged rats to high altitude

exposure reported in the literature prevents meaningful conclusions

regarding the effect of age on this parameter.

Contrary to previous reports that the 2,3-DPG levels remain unchanged in

the aged human (Shapleigh, Mayes & Moore, 1952), Purcell ~ al (1974)

reported a progressive decrease in 2,3-DPG with advancing years from 18 to

85 years of age from about 14,9 to 12,8 ~mol/gHb. In their study subjects

older than 65 years had statistically lower 2,3-DPG levels when compared

to the younger groups and no age-related change in the haemoglobin

concentration could be found. This excluded anaemia as possible cause for

the changes in 2,3-DPG concentration. It is thus apparent that the effects

of age on the status of 2,3-DPG levels as reflected by the data from rats

and humans is controversial, unsettled and fragmentary.

Values for ATP concentration, documented as normal in adults, range from

99 to 183 ~mol/dl red blood cells. These values are given without age

specification, and except for several studies comparing the ATP level of

newborns with adults, the ATP levels in blood as a function of age has not

been documented as far as could be established. Although several workers

have been unable to demonstrate elevations in red cell ATP in cord blood

samples, others have shown that red cells of infants have higher levels of

ATP during the first days than do red cells from adults (Gross ~ aI,
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1963; Oski & Naiman, 1965; Steve & Cara, 1961). Preterm infants have

higher ATP levels than term infants (Gross ~ aI, 1963; Oski ~ aI, 1965)

and, unlike those of normal adults, the red cell ATP levels of newborn can

not be maintained during short periods of in vitro incubation (Oski &

Naiman, 1980).

ATP is primarily responsible for maintaining cell integrity and a high ATP

level may be expected to ensure optimal cell viability. However, red

cells in the newborn have life-spans of about 60 days (Oski et aI, 1975)

has been suggested to be due to an increased instability of ATP in the

neonate red cells, which may also account for the increased morphological

abnormalities of these cells (Oski ~~, 1965). It has been suggested

that the erythrocytes of the newborn infant demonstrate a transient

immaturity in their metabolic profile as is also evidenced by a slow

uptake of phosphorus, a delayed incorporation in 2,3-DPG and a marked

decline of both ATP and 2,3-DPG upon in vitro incubation (Oski ~ aI,

1982).

Glucose consumption by erythrocytes of infants have been generally found

to be greater than that observed in the cells of the normal adult (Oski et

aI, 1969, 1975). This could be anticipated in view of the fact that young

red cells which are proposedly more abundant in newborns (Oski ~~,

1982) consume more glucose than old ones (Bernstein, 1975). However, when

the cells from newborns are compared wi th adul t popuLations of similar

age, their rate of glucose consumption appears to be less than would be

expected from their mean cell age (Oski ~ aI, 1969). The ratios of

glycolytic rates at different pH's is also greater in newborns than in

subjects with reticulocytosis (Oski ~ aL, 1975), illustrating that the

metabolic characteristics of the newborn were not merely a reflection of a
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peculiarity of young cells in general.

1.1.2.4 Conclusion

The mammalian erythrocyte is maintained in a viable condition by metabolic

processes which are primarily aimed at providing optimal conditions for

haemoglobin function and maintaining the structural integrity of the cell

membrane. High energy phosphates 2,3-DPG and ATP provide energy for the

maintainance of above processes and also serve an important regulatory

function in the transport of oxygen by haemoglobin. Variations in these

ester levels may upset cellular homeostasis. Available literature on age-

related changes of blood biochemical parameters are mainly confined to

comparisons between newborn and adult blood parameters. In particular, ATP

levels as ~ function of age has been investigated in the same way, in

attempts to explain the shorter life-span of newborn red cells compared to

that of adults. The phenomenon that the activities of some red cell

enzymes of newborns are higher than that of adults have been attributed to

their younger mean age. Several reports have however demonstrated that

young mean cell age of neonates does not suffice as explanation for the

observed differences. This may suggest that the age of a subject exert

some influence on the blood biochemical parameters irrespective of mean

cell age. Age-related variations in 2,3-DPG levels have been shown to

correlate with PK activity in some species. However, a high PK activity

does not seem to explain adequately the low 2,3-DPG levels observed in the

newborn since this correlation could not be established in humans.

Clearly, more information on the metabolic intermediates and enzymes as a

function of donor age are needed to explain some of the functional

differences between for instance newborn and adults. Although erythrocytic

GR and SOD activities have been demonstrated to undergo age-related

https://etd.uwc.ac.za/



- 50 -

declines, no other information is available as far could be established

for any other enzyme or intermediate of red cell metabolism as a function

of the organism's age rather than that documented for newborns and adults.

The available literature thus do not provide enough information to compile

a coherent picture of the blood biochemistry as animals become

progressively older. It is thus not clear at what stage of postnatal life

the subject's cells acquire the characteristics of the adult, and whether

there are any definite trends in any blood parameter. The documentation of

some age-related blood biochemical values may contribute to the

understanding of some of the morphological changes observed in the cells

of increasingly older subjects and may also provide information regarding

the necessity of further studies of this type.
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1.2 Materials and Methods

1.2.1 Experimental animals

Albino rats of the Wistar strain (Rattus norwegicus) were used in this

study. With the exception of very young animals, newborn to ten days of

age, only male animals were employed for studies on age-related

parameters.

Animals were bred at the Experimental Animal Unit of the Department of

Physiological Sciences, University of the Western Cape. Some animals

older than 50 weeks were obtained from the Experimental Animal Centre of

the Medical Research Council, Parow Valley. These were allowed from 24

weeks of age, to age with the rest of our colony.

All animals were housed in well-ventilated rooms of which the temperature

usually ranged between 18 and 250C, although temperatures as high as 300C

have been recorded in summer. Humidity and light were not strictly

controlled. The rats were maintained on a diet of rat pellets (EPOL Ltd)

and allowed water ad libitum.

Newborn to 21 day old animals were housed in breeding cages with their

mothers and were allowed access to the pellet diet. From the time of

weaning, 21 days, they were kept in litter groups and at sexual maturity,

age six to 11 weeks, the males were separated from the females. According

to described conditions and standard protocol for rat rooms, these animals

were housed under clean conventional conditions (Festing & Blackmore,

1971; Hollander, 1976).
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have undergone surgical procedures or cardiac puncture were excluded from

the study. Animals older than four weeks with white cell counts exceeding

15 X 109/1 were considered as abnormal, and were excluded from the final

calculations.

Rats are subjected to a temporary anaemia associated with gestation and

lactation (Francis ;:!.al, 1938). Mothers were thus rested for at least

three weeks before serving as subjects. Hollander (1976), reported 96 per

cent of SPF rats in an ageing colony (8 - 31 months) to have one or more

tumors and the phenomenon has been confirmed by others (Festing;:!.al,

1971). Rats, older than 350 days, with tumors, were thus not excluded as

subjects.

The mean life-span of rats differ between strains, and with environmental

conditions (Festing ~ al, 1971). SPF Wistar rats have mean life-spans of

645 - 855 days (males) and 749 - 900 days (females) (Festing et al, 1971,

Hollander, 1976). Maximum recorded ages are 990 days (males) and 1140

days (females) (Hollander, 1976).

Conventional Wistar rats have a maximum age of 1140 (males) and 1290 days

(females) with 50 per cent survival at 690 and 810 days respectively

(Hollander, 1976). There is however still disagreement among workers

regarding the biological age status of Wistar rats at specific

chronological ages. Survival data is not available for our colony of

Wistar rats, and these animals cannot effectively be classified with

regards to their biological age status until survival curves have been

established.

1.2.2 Anaesthesia

Animals were anaesthetised with halothane (FluothaneR), by an open

inhalation technique. Anaesthesia was rapid and the depth of anaesthesia
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was determined by testing for corneal and interdigital reflexes. Care was

taken for the rats not to become cyanotic.

Halothane affects various systems of the body (Waynforth, 1980; p.97) but

the influence thereof on the haematology of the animal has not been

previously documented.

Neonatal rats were anaesthetised by hypothermia, produced by cooling the

animal at 40C for about 25 min (Waynforth, 1980, p.204) or until all

ref lexes disappeared.

1.2.3 Blood withdrawal and preparation

Blood samples were drawn anaerobically by cardiac puncture with a 22G X 1

1/2 needle into Vacutainer R tubes (Becton-Dickson, New Jersey). For

newborn to 21 day old animals a one ml dry heparanised syringe fitted

haemolysis, and was avoided (Daeie ~ aI, 1975, p.3).

Potassium-ethylenediaminetetraaceticacid (K3EDTA) has no significant

effect on electronically determined haematological parameters (Lampasso,

1965) and was used as anticoagulant (1,50 mg/ml blood) for cell and

platelet counts, haemoglobin and haematocrit determinations. All other

determinations, as well as all those of the newborn to 21 day olds, were

made on heparinised blood (15-20 lU/ml blood) (Beutler, 1975, p.8;

Britten, Brecher, Johnson !:.!. aL, 1969; Dacie !:.!. aL, 1975, p.5). Excess

EDTA causes membrane damage in both erythrocytes and leukocytes with

subsequent alteration in cell size and degenerative changes (Lampasso,

1965). Vacutainers were thus allowed to be filled at least to 50 per cent

capacity to prevent the EDTA concentration exceeding 2,0 mg/dl whole

blood.
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Blood samples were cont inually mixed at room tempera ture (210C) with a

Coulter Blood Mixer. Samples to be evaluated for biochemical parameters,

erythrocyte density distributions and also that used for erythrocyte

density separations were collected in ice-cooled Vacutainers or syringes,

kept on ice and mixed at regular intervals.

The instability of various blood biochemical parameters necessitated

determinations to be made immediately or at least within two hours after

withdrawal of the blood (Beutler, 1975, p.9). Qualitative and

quantitative evaluation of the formed elements were made within four

hours, since no significant morphological changes take place in the cells

during this period (Britten et aI, 1969).

1.2.4 The cell counter

An automated cell counter (Coulter Model Zf) equipped with a Coulter Dual

Diluter III and a Coulter MHC computer was used to determine the number of

red blood cells per liter blood (RBC), the number of white blood cells per

liter blood (WBC), the haematocrit (HCT) and the mean corpuscular volume

(MCV). The cell counter was fitted with a 100 ~m aperture and a 100~1

manometer. Instrument settings were 1 for aperture current, 10 for

threshold and 0,707 for amplification. The ins trument was cali bra ted

before each day's use with 4CR (Coulter Diagnostics, Florida).

Reproducibility estimation of the instrumental set-up was performed

weekly, by making ten determinations on the same blood sample and noting

the standard deviation of the blood parameters (Dorsey, 1963). Daily

particle counts were done on the diluent, IsotonR (Coulter Diagnostics),

to ensure a background count of less than 200 particles per measured

volume (Daeie ~ al, 1975, p.23; Wintrobe ~ al, 1974, p.7).
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1.2.5 Red cell count, haematocrit and mean cell volume

Erythrocytes and mean cell volume were evaluated on 1:50 000 diluted

blood samples. The RBC and MCV was read off directly from the Coulter MRC

computer which corrects coincident counts.

The haematocrit was electronically calculated. It was previously the

practice to "correct" the haematocrit and associated parameters for the

volumetric contribution trapped plasma makes to the centrifuged

haematocrit. The use of trapped plasma correction has however, become

unnecessary and the NCCLS' standard method (RT-7) for haematocri t

determination recommending the use of uncorrected values was followed

(England, Walford & Walters, 1972).

Each blood sample was counted in duplicate in order to minimise errors

resulting from incomplete mixing, momentary blocking of the aperture or

changes in the polarity of the electric field (Dorsey, 1963; Wintrobe et

al, 1974, p.15).

1.2.6 White cell count

Leukocytes were enumerated on a 1:500 dilution after stromatolyzing the

red cells with Zap-oglobinR (Coulter Diagnostics) to prevent interfering

counts. White cell counts exceeding 10 X 109/1 were corrected for

coincidence loss from correction tables (Coulter Diagnostics).

1.2.7 Red cell indices

Mean cell haemoglobin (MCR) and mean cell haemoglobin concentration (MCRC)

were calculated using the following formulas (Dacie ~ al, 1975):
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haemoglobin concentration (g/l) X 10
MCH =

haemoglobin concentration (g/l)
MCHC

HCT (1/1)

1.2.8 Haemoglobin

Haemoglobin estimations were done by two methods:

a) When the available blood sample volume was small and in cases where

the haemoglobin value was needed for the calculation of biochemical

parameters, the cyanmethaemoglobin method, as modified by Van Kampen et al

(1961), was employed using a test kit (Boerhinger, Mannheim).

0,02 ml blood or haemolysate was added to 5,0 ml of equal volumes

potassium hexacyanoferrate (III) and potassium cyanide solutions.

Haemoglobin, methaemoglobin and carboxy-haemoglobin are all converted to

cyanmethaemoglobin which has an absorption peak near 540 nm (Frankel et

aL, 1970, p.403). The sample was incubated for 25 min at 250C and the

optical density of cyanmethaemoglobin was measured spectrophotometrically

against water at 540 nm. The haemoglobin concentration was calculated by

means of a calibration curve. This curve was established with

cyanmethaemoglobin standard solutions (Boehringer Mannheim).

b) The 1:500 diluted and haemolysed blood sample prepared for the

leukocyte count, was read for haemoglobin in a Coulter haemoglobinometer.

The lysing agent Zap-oglobin R (Coulter Diagnostics) converts all the

haemoglobin to cyanmethaemoglobin which was read within five minutes. The

haemoglobinometer was calibrated weekly with 4CR and the haemoglobin
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concentration in the 4CR was checked monthly for conformity with the

International haemoglobin standard (Boehringer Mannheim) (Pun ~ ~,

1982).

1.2.9 Platelet count

The electronic cell counter cannot distinguish platelets in the presence

of 100 to 1000 fold excess of red blood cells (Bull, Schneiderman &

Brichner, 1965). Platelet rich plasma was obtained by sedimentation of

red blood cells in polyvinylchloride tubes with internal diameters of 2,0

mm. The tubes were stood open end up at an angle of 450C for 3 min.

Plasma was aspirated directly from the surface of the column, and diluted

1:3 000 with Isoton. The prepared sample was counted for platelets with a

Coulter Counter equipped with a 70 .Jlm aperture tube and a 100 ]Jl

manometer. Two counts were made at thresholds of seven and seventy ul,

respectively. The differences between the two represents the machine

count and allows correction for counts due to red blood cells, leukocytes

or debris which may be present. The plasma platelet count (PPC) was

derived by correcting the machine count for coincidence and dilution,

using correction tables (Coulter Diagnostics). The whole blood platelet

count (WBPC) was derived from the equation WBPC = PPC X (l - HCT), and a

final correction was made for concentration of platelets in the

supernatant as described by Bull!!. al (1965).

1.2.10 Reticulocyte count

Blood was supravitally stained by mixing three volumes blood with four

volumes New Methylene Blue (Cl 52030, Merck Chemicals) and incubating for

20 min at 37oC.
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Ribonucleic acids of the re t Lcu Locy t es form a blue precipitate or

filaments under these conditions (Williams ~ al, 1972). Staining was

performed within three hours after collection, since reticu10cytes may

ripen in vitro and cause a decrease in the actual count (Baldini, 1960).

Thin smears were made and air dried and reticu10cytes identified using an

fields were examined and 1 000 red blood cells were counted, at the same

time enumerating ret Lcu Locy t es (Dacie ~ al, 1975, p.81). Reticulocyte

counts were reported as a percentage of the number of erythrocytes

counted.

1.2.11 Differential distribution of white blood cells

Thin blood films of fresh blood were air dried and fixed in methanol for

15 min. The films were flooded with May GrUnwald stain diluted with an

equal volume buffered water. The buffered water was made up of 50 ml

Sorensen's buffer and 1000 ml distilled water (Frankel, Reitman &

Sonnenwirth, 1970). After five min of staining, films were washed with

buffered water and flooded with Giemsa's stain freshly diluted with nine

volumes buffered water. The blood film was washed with buffered water

after 15 min, and stood in distilled water for two min to allow

differentiation to take place. This flooding technique proved to be more

practical and economical in this laboratory, where often only two blood

films were stained daily, than the immersion techniques described

elsewhere (Dacie ~ al, 1975, p.71; Frankel ~ al, 1970; Wintrobe ~ al,

1974, p.26).

The different classes of leukocytes differ in stickiness, size and

specific gravity. These properties may be responsible for the qualitative
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irregular distribution of cells as observed in blood films (Daeie ~ al,

1975, p.48). To accommodate for this phenomenon, cells were counted,

using an oil immersion objective with a numerical aperture of 1,25 in a

strip running the whole length of the film. Lateral edges of the film were

avoided and at least 100 leukocytes were counted differentially. Each

type was expressed as a percentage of the total number of leukocytes of

two blood films.

1.2.12 Preparation of blood for assays

Whole blood collected in ice-cooled Vacutainers or resuspended red blood

cells were used for the determination of the metabolic intermediates,

adenosine triphosphate (ATP) and 2,3-diphosphoglycerate (2,3-DPG) of the

red blood cells. The quantities of ATP and 2,3-DPG contributed by plasma

and other formed elements are negligible and it has also been suggested

that some substances undergo changes during the separation of red cells

from other formed elements (Beutler, 1975). Thus, samples assayed for the

phosphate esters, were not separated from other formed elements of the

blood.

Whole blood samples were deproteinised with chilled 0,6 N perchloric acid

and centrifuged at 5200 X g and 40C for three min. The supernatant was

kept on ice, and used subsequently for the determination of the

erythrocyte metabolic intermediates.

Bonsignore ~ al (1964) suggested that, since the leukocyte contamination

is lower than 0,03 per cent of the whole cell population, no correction

need to be made for leukocyte enzymes. This may be so when the WBC of the

sample is low or even normal, but not during elevated leukocyte states

when the contribution will be significant. Also, centrifugation during
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density separation of the red cells, causes white blood cells and

platelets to layer on top of the column and may contribute excessive

quantities of enzymes to the topmost red cell population. The effective

removal of leukocytes and platelets is particularly important in the case

of assays of certain enzymes like pyruvate kinase in which the leukocyte

enzyme may be many-fold higher than that of the red cell enzyme (Beutler,

1975).

0,1 ml samples of blood were washed five times in 1,0 ml of 0,15 M NaCI

and centrifuged at 5200 X g and 40C for three min. The buffy coat and

supernatant were aspirated after centrifugation as not to disturb, or

unnecessarily remove red cells. Red cells were resuspended in five volumes

0,15 M NaCI, and the RBC and WBC of the suspension were determined.

An alternative method to remove leukocytes, employing a mixture of a-

cellulose and microcrystalline cellulose as filter (Beutler, 1975), has

contamination of the filtrate with cellulose particles which makes the

filtrate unsuitable for cell counting with the electronic counter.

The washing technique is effective in that less than 400 white blood cells

per liter blood remained in the washed sample. This technique could also

effectively be executed at 4oC, which was important as to inhibit the

activities of enzymes. This latter aspect is not readily accomplished

with Beutler's method.

Since some red cell enzymes tend to be very unstable, especially glucose-

6-phosphate dehydrogenase (Beutler, 1975), the assays were done within

two hours after collection of the blood.
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1.2.13. 2,3-Diphosphoglycerate (2,3-DPG)

One volume blood or resuspended density separated red blood cells was

immediately deproteinised with five volumes chilled O,6M perchloric acid.

Four volumes of supernatant were neutralised with one volume 2,5 mmol/l

potassium carbonate after centrifugation at 5200 X g for five min and

recentrifuged under the same conditions.

The supernatant was assayed for 2,3-DPG by the method of Ericson & De

Verdier (1972), as adapted by Michal (1974), using a test kit (Boehringer

Mannheim). The assay is based on determining 3-phosphoglycerate formed by

the action of phosphoglycerate mutase (PGM) which is modified by 2-

phosphoglycolate. The method involves a sequence of enzymes starting with

phosphoglycerate kinase (PGK) and ending with glycerol I-phosphate

dehydrogenase (GPD) (Ericson et aL, 1972).

PGM
2-phosphoglycerate -------> 3-phosphoglycerate (3-PG)

PGK
3-PG + ATP ---------------> 1,3-diphosphoglycerate (1,3-DPG) + ADP

GPD
1,3-DPG + NADH + H+ -----> glyceraldehyde 3-phosphate (G3P) + NADP+ + Pi

TPI
G3P ----> dihydroxyacetone phosphate (DHAP)

GDH
DHAP + NADH + H+ --------> glycerol I-phosphate + NAD+

Absorbance due to NADH oxidation was read spectrophotometrically at 340 nm

against air after 25 min incubation at 21oC. 2,3-DPG concentration was
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calculated as described under section 1.2.15 (Bergmeyer, 1978; Ericson et

al, 1972).

1.2.14 Adenosine triphosphate (ATP)

One volume freshly collected heparinised blood, or resuspended density

separated red cells was deproteinised with four volumes 0,6 N perchloric

acid and centrifuged at 5200 X g and 40C for three min.

ATP levels in the supernatant were determined enzymatically by the method

of BUcher (1947), as modified by Denneman (1961). This method is based on

coupling with two NADH-NAD-dependent enzymes namely, glyceraldehyde 3-

phosphate dehydrogenase (GAPD) and glycerol 1-phosphate dehydrogenase

using a ATP-kit (Boehringer Mannheim). The change in absorbance due to

NADH oxidation was read spectrophotometrically at 340 nm against air after

10 min incubation at 210C to allow completion of the reaction.

PGK
3-phosphoglycerate + ATP --------) 1,3-diphosphoglycerate (1,3-DPG) + ADP

GAPD
1,3-DPG + NADH + H+ ------) glyceraldehyde 3-phosphate (G3P) + Pi + NAD+

TPI
G3P-----) dihydroxyacetone phosphate (DHAP)

GPD
DHAP + NADH + H+ ------------) glycerol 1-phosphate + NAD+.

The ATP concentration was calculated as described under section 1.2.15

1.2.15 Calculation of 2,3-DPG and ATP concentrations

The following general formula for calculating the concentrations of
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these substrates were used:

V X MM
c = X s« (gil blood)

E: X d X v X 1000 X 2

where c = concentration of substrate; V = final volume of cuvette (ml); v

= sample volume (ml); MM = molecular mass of substrate assayed; d = light

path (cm); E: = extinction coefficient of NADH and NADPH at 340 nm and 250C

= 6.3 (l.mmol-1• cm -1) (Bergmeyer, 1978).

The abs orp tion dif ference fj,Arepres en ts the dec reas e in NADH

concentration. For each ATP or 2,3-DPG converted to ADP and glycerol 1-

phosphate respectively, two NADH molecules were oxidized to two NAD+. Thus

the ATP and 2,3-DPG concentrations were proportional to ~A/2. The values

in gil were converted to ~mol/gHb.

1.2.16 Glucose 6-phosphate dehydrogenase (G6PD)

Packed red blood cells obtained from 0,1 ml centrifuged blood or washed

red cell suspension, were haemolysed with 0,5 ml Digitonin. After

standing 10 min on ice the samples were centrifuged at 5200 X g and 40C

for three min. The supernatant was used within two hours after collection

of blood.

G6PD catalyses the oxidation of glucose 6-phosphate (G6P) to 6-

phosphogluconolactone which hydrolyses spontaneously to 6-phosphogluconate

(6-PGA). G6PD was determined by the method of Kornberg (1955), which

involves measuring the rate of NADP reduction when the haemolysate is

incubated with glucose-6-phosphate.

G6PD
G6P + NADP+ --------) 6PGA + NADPH + H+
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6PGD
6-PGA + NADP+ --------> Ribulose 5-phosphate + CO2 + NADPH + H+

The reaction medium contained:

Triethanolamine buffer, 50 mmol/l, EDTA, 5 mmol/l,

pH 7,6 3,0 ml

NADP, 10 mmol/l 0,10 ml

G6P-Na, 31 mmol/l 0,05 ml

haemolysate 0,10 ml

The haemolysate was added after 5 min incubation at 250C and the increase

in optical density was measured against air at 340 nm. During this time

the reaction rate was linear. Changes in optical density was measured at

one min intervals for five min and expressed as change in absorbance per

min. The values obtained in this way was used to calculate the enzyme

activity as described in section 1.2.18 (Kornberg, 1955). The enzyme

activity is expressed per 1 X 1012 erythrocytes.

1.2.17 Pyruvate kinase (PK)

Packed red blood cells obtained from 0,1 ml prepared blood sample, were

haemolysed with one ml chilled redistilled water. After 15 min on ice the

sample was shaken and then centrifuged at 5200 X g and 40C for three min.

Pyruvate kinase activity in the supernatant was determined by the method

of Beisenberg, 1953). PK catalyses the phosphorylation of ADP to ATP by

phosphoenolpyruvate. The rate of pyruvate formation is measured by

linking it to the oxidation of NADH in the lactate dehydrogenase reaction.

phosphoenolpyruvate (PEP)
PK

+ ADP ----------> pyruvate + ATP
Mg2+ K+
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LDH
pyruvate + NADH + H+ -------) lactate + NAD+

pH 7,5

The reaction medium contained:

Triethanolamine buffer, 0,16 mol/I, KCI, 0,12 mmol/l

MgS04 21 mmol/l, EDTA 1,3 mmol/l

NADH, 6 mmol/l, PEP 32,5 mmol/l
2,00 ml

0,10 ml
redistilled water 0,90 ml
ADP, 0,1 mol/l 0,10 ml

The decrease in optical density as NADH is oxidised was measured at 340 nm

against air and readings were taken every minute during the incubation

period of 5 min at 25 °C. PK activity of the sample was calculated as

described under section 1.2.18.The enzyme activity was expressed per 1 X
1012 erythrocytes.

1.2.18 Calculation of enzyme activity

The molar extinction coefficient of NADPH and NADH of 6,18 X 102.mol-1.min

-1 at 340 and 25 oe were used to calculate enzyme activity (Bergmeyer ~

a L, 1978). Only the linear phase of the enzyme catalysed reactions were
used for the calculation.

1.2.19 Statistical analysis

Statistical analysis which included calculation of the mean, standard

error of the mean (SEM), Student's t-test for unpaired data, frequency

distributions and analysis of variance were carried out with a Sperry

UNIVAC 1100 computer using the BMDP statistical packages described by Hill
(1984).
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1.3 Results

1.3.1 The effect of anaesthesia on the haematological parameters

The haematological values of 10 decapitated and 10 halothane anaesthetised

female rats are tabulated in Table 1. All animals were 12w of age. T-

tests of the data demonstrated no statistical difference (P > 0,05) in any

of or in the variation of the parameters.

1.3.2 The effect of sex on haematological parameters

Haematological data of 19 female rats was compared with that of 33 male

rats. All animals were 12w of age and the results are presented in Table

2. The haemoglobin concentration and Mev are significantly higher (P <
0,01) in males than in females. The RBe, HeT, MeH, MeHe and WBe however,

do not differ statistically between the sexes. All measured and

calculated parameters in the female has a much wider distribution than in

males, except for the blood haemoglobin concentration which has a wider

distribution in males.

1.3.3 The effect of age on haematological values

Analysis of variance demonstrates highly significant changes in both the

number of red blood cells per liter blood and the haematocrit, with

increasing age of the rat (RBe, F = 210,67, d.f. = 9 and 259 , P < 0,01 ;

HeT, F = 56,39, dvf , = 9 and 256, P < 0,01). During the first two weeks

of life the haematocrit decreases by 11 per cent and the red cell count

increases by 48 per cent (Table 3, Fig. 2). The increase in values

between successive age groups, from two and one week for RBe and HeT

respectively, to 12w is highly significant (P < 0,01). However, the RBe

of 2,79 X 1012/1 at one week is not statistically higher than that of 2,39
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Table 1: The effect of halothane anaesthesia on the erythrocyte parameters

in female Wistar rats

I RBe I HeT I Hb I WBe I Mev I MeH I MeHG I
I(XI010/1)1 (1/1) I (g/l)1 (XI09 /1) I (fl) I (pg) I (g/l) I

I I I I I I
I I I I I I

Decapitated I I I I I I
n 10 10 I 10 I 10 I 10 I 10 I 10 I

mean 5,70 0,32 I 109,001 6,85 I 52,83 I 19,12 I 341,201
SEM 0,18 0,04 I 3,801 0,96 I 0,34 I 0,14 I 1,901

I I I I I 1
I I I I I I

Halothane I I I I I I
anaesthetized I I I I I I

n 10 10 I 10 1 10 I 10 1 10 I 10 I
mean 6,02 0,33 I 105,031 ·5,27 I 52,67 1 19,31 I 343,301
SEM 0,27 0,04 1 3,261 0,77 1 0,95 1 0,45 1 2,221

1 I 1 1 1 I
I 1 1 I I I

p >0,05 >0,051 >0,05 I >0,05 I >0,05 I >0,05 I >0,05 I
I I I I 1 I

Table 2: Comparison of male and female haematological parameters in 12

week old Wistar rats

I
RBe I HeT Hb WBe Mev MeH MeHe

(l010/1)1 (1/1) (g/l) (l09/1) (fl) (pg) (g/l)
I
1

I Males I
I n 33 I 33 33 33 33 33 33
I mean 6,61 I 0,39 136,60 7,08 60,72 21,16 367,60
I SEM 0,14 I 0,01 2,90 0,65 0,91 0,42 7,30
I I
I Females I
I n 19 I 19 19 19 19 19 19
I mean 5,95 I 0,31 103,03 5,93 49,50 17,47 378,80

I SEM I 0,24 I 0,05 3,70 0,79 0,93 0,89 5,00

I p I > 0,05 I > 0,05 < 0,01 > 0, 05 . < 0,01 > 0,05 > 0,05
I I I
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Table 3: Erythrocyte coun t, haematocrit, haemoglobin concentration and

erythrocytic indices (mean ± SEM) in male Wistar rats, one day to 96 weeks

of age

, Age , Number Mass , RBe I HeT Rb I Mev , MeR , MeHe ,
'<weeks)1 (g) '(XlCP/l) , (1/1) (g/l) , (U) I (pg) , (g/l) I, , I , I _I , ,
, , , I , I , ,
I 0,14 I 21 5,89 2,39 I 0,29 109,2 I 121,33 I 46,42 I 394,1 I, I ± 0,27 ± 0,21 I ± 0,02 ± 3,7 I :!:1,29 I ± 1,33 I ± 14,5 I, I I I I I I, 1 , 39 14,93 2,79 I 0,27 107,5 , 98,59 I 38,27 I 397,2 I

I ± 3,49 ± 0,09 I ± 0,01 ± 2,1 I ± 1,94 I :!:1,34 I ± 12,0 ,
I I I - I I

2 24 24,65 3,54 I 0,26 92,1 I 75,04 I 26,42 I 355,8 I
:!:6,08 ± 0,08 I :!: 0,01 ± 2,2 ± 0,99 I ± 0,20 I :!: 5,6 I

I I I ,
3 22 31,79 4,62 I 0,30 100,3 65,06 I 22,15 , 334,5 I

:!:6,32 ± 0,14 I :!: 0,05 :!: 3,3 :!: 0,75 I ± 0,53 I :!:7,2 ,
, I , ,

4 49 73,74 5,50 , 0,35 123,5 64,71 I 21,92 , 345,9 ,
±26,60 :!: 0,08 I ± 0,01 ± 2,8 :!:0,92 , ± 0,32 , :!: 9,5 I, I I ,

12 33 274,62 6,61 , 0,39 136,6 60,72 , 21,16 , 361,6 I
±54,44 ± 0,14 I :!: 0,01 :!:2,9 ± 0,91 ± 0,42 , ± 7,2 ,

, I I
24 19 419,38 7,11 , 0,41 142,6 57,83 20,12 I 352,2 I

±48,25 :!: 0,10 I ± 0,01 ± 2,4 ± 0,65 ± 0,19 I ± 4,5 ,
I , ,

36 22 415,33 7,11 , 0,42 142,7 59,28 20,99 , 336,9 ,
±78,69 ± 0,17 I ± 0,01 ± 2,0 ± 0,94 ± 0,90 I ± 9,0 ,

I I I
48 17 282,86 7,28 , 0,42 140,9 58,66 19,43 , 321,0 I

:!:ll,61 ± 0,26 , ± 0,05 :!:2,3 ± 0,76 ± 0,91 , ± 14,4 I, , ,
96 22 308,00 7,17 , 0,41 140,6 59,46 20,11 , 337,0 ,

±50,76 ± 0,26 I ± 0,01 :::3,7 ± 0,73 ± 0,35 , ± 6,9 ,
, I I
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Figure 2: Red cell count, haematocrit and haem?globin concentration
(mean ± SEM) in male Wistar rats, one day to 96 weeks of age
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X 1012/1 at day one. Neither is the increase of 0,50 X 1012/1 in the

red cell count from 12 to 24w statistically significant (P > 0,05).

Although the difference in HeT between 12 and 24w is less than the

difference between the younger groups, it is still significant (P < 0,05).

Peak HeT values of 0,42 ± 0,05 1/1 is reached at 48w. No significant

change could be established however, beyond 24w, in the RBe or HeT, and

mean values of 7,22 X 1012/1 and 0,42 1 /1 were recorded respectively

for rats 24w and older. Although there is a generalised increase in the

HGT, as is the case with the RBe, no true correlation was found between

the two parameters (r = 0,0263, P > 0,05).

There are highly significant changes in the blood haemoglobin

concentration during postnatal life (F= 49,69, dvf , = 9 and 25, P < 0,01).

During the first week of life the haemoglobin concentration remains

constant at a mean value of about 108,4 gil and decreases by 15 per cent

to 92,1 gil at two weeks (Table 3, Fig. 2). A highly significant (P <
0,01) increase in haemoglobin concentration follows until 24w of age at

which time the level stabilises at about 141,7 gil. The increase in

haemoglobin of 6,0 gil during the 12w to 24w period is not statistically

significant. The trend of changes in the haemoglobin concentration

correlates well with that of the haematocrit (r = 0,7465, P < 0,01) and

the RBe (r = 0,7155, P < 0,01). The correlation between haemoglobin

concentration and mean cell volume is not strong, but is highly

significant (r = 0,3994, P < 0,01).

The dis tributions of the values of the RBe, HeT and haemoglo bin

concentration are represented in Figs. 3. 4 and 5. These figures

demonstrate that there is a wider range for haemoglobin concentration

throughout life than in either the RBe or HeT.

https://etd.uwc.ac.za/
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Figure 4: Frequency distributions of the haemoglobin concentration in
male Wistar rats, one day to 96 weeks of age
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Figure 5: Frequency distributions of the haematocrit in male Wistar
rats, one day to 96 weeks of age
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The mean red cell volume decreases in progressively older rats (Fig. 6)

with values ranging from 52.to 134 flo Variance analysis demonstrates

that the decrease in MeV with regards to increased age to be highly

signif ican t (F = 28,7, d.f. = 9 and 259, P < 0,01). Th is effectis m ainIy

due to a large decrease in MeV which occurs during the first three weeks

of life. During this period the MeV decreases from 121,33 to 65,06 fl

(Table 3). The decline during the subsequent period is gradual and a mean

value of about 64,9 fl is reached during the third to fourth week

followed by a significant (P < 0,01) decrease until the 24th week. From

this age, the MeV remains at a mean value of about 58,81 fl in all the

older groups. There is a wider spread in the distribution of MeV values in

the younger groups when compared to the older age groups (Fig.7).The MeV

correlates strongly and highly significantly with the RBe (r = -0,7790, P

< 0,01) but very weakly yet significantly with the ReT (r = -0,1883 , P <

0,01).

The mean cell haemoglobin content and the mean cell haemoglobin

concentration values during postnatal life are presented in Fig. 6 and the

values tabled in Table 3. Both indices decrease significantly with

increasing age (MeR, F = 56,39, d.f. = 9 and 256, P < 0,01; MeRe, F =

6,45, ds f , = 9 and 238, P < 0,01). The MeR decreases by 53 per cent

during the first four weeks of life. The differences in values between

successive age groups are highly significant (P < 0,01). For the same

period the MeRe also decreases significantly (P < 0,05) from a mean value

of 395,7 g l ): at one week to 340,2 g ] ): at four weeks. The mean difference

of 3,1 gIl between the newborn and one week old is not significant (P >
0,05). The decrease in the MeR subsequent to 12 weeks to 20,12 pg at 24w,

is not statistically significant (P > 0,05). The MeR may be considered to

remain unaffected by age at a mean value of about 20,36 pg from the fourth

https://etd.uwc.ac.za/
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Figure 7: Frequency distributions of the mean cell volume in male Wistar
rats, one day to 96 weeks of age
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to 96th week of life. The MeRe does not differ significantly between

successive age groups subsequent to 12w. The MeRe ranges, from 24w and

older, from 203,0 to 414,2 gil with a mean value of about 339,4 gil.

Figures 7, 8 and 9 show the distribution of the MeV, MeR and MeRe values

at the different ages of the rat's life. There are smaller variations in

the MeV than in the MeR and MeRe. A larger range of values for these

indices is also demonstrated during the first two weeks of life when

compared with the older groups. The least variation is observed in the

oldest group.

There is a significant correlation between both MeR and MeRe and RBe and

ReT (Table 4), while the MeR also correlates strongly with MeV. Of the

two indices only the MeRe correlates significantly with the total blood

haemoglobin, and a weak yet significant positive correlation exists

between the MeR and MeRC.

During the postnatal life of the rat the total white cell count decreases

very significantly (F= 49,69, dvf , = 9 and 249, P < 0,01). This decrease

in the WBe is most significant during the first two weeks of life when the

WBe falls by about 66 per cent (Fig. 10 and Table 5). During the

subsequent two weeks of life, the WBe decreases less dramatically, yet

significantly (P < 0,01) to 7,15 X 109/1 at four weeks of age. No age-

related change occurs in the WBe beyond the fourth week, and a mean count

of about 7,14 X 109/1 is maintained until 96w of age. The white cell

distribution exhibits a very wide spread in the two youngest age groups

when compared with the older groups (Fig. 12).

The differential leukocyte percentages are presented in Fig. 11. Analysis

of variance demonstrates a significant change in neutrophil and lymphocyte

percentages during postnatal life (neutrophils, F = 5,4 , d.f. = 5 and 51,

https://etd.uwc.ac.za/
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Figure 9: Frequency distributions of the mean cell haemoglobin
concentration in male Wistar rats, one day to 96 ~eeks of age

- 79 -

w
(.!)

<!
I-
Z
W
t.)

cr::
w
o,

::l ill
o _L_ J~~L_L_L_L[]=]_L_L_Lr=JI_J __L __

40

':JJ.._____ _ _.L_.L~~-

40

':] J....___ ___.l.--ClL-l.,___L..__l_cr{l--'----l--.l--O __._n~C]

40 jh
". ~ _____.l..-dlli,~CJ-=, -
40

': ] =

:: _,___J _-"---,-C=J ~C=J~ll-rlh~.'---------'
40

':] J....___ _~crtITb~·-
-

40 -

Hl20 -

o

2:i__b_r:~:::J...--l=:i~~J:::::L__J
40

': 1, 9 ,CT? ~,~' I
59 55 52 48 45 41 37 34 30 27

MIDPOINTS
(c /1)

23 19

96w

48w

36w

24w

12w

4w

3w

2w

lw

Id

https://etd.uwc.ac.za/



- 80 -

Tabie 4: Correlation matrix of six haematological parameters in
Wistar rats, one to 96 weeks of age.

1
RBe 1 HeT Mev Rb MeR MeRe

(1012/1)1 (1/1) (fl) (g/l) (pg) (g/l)
1
1

ReT 0,0263 1
1

Mev -0,7790 I -0,1883
I

Rb 0,7155 1 0,7468 -0,3994
1

MeR -0,4936 1 -0,5731 0,8258 -0,2662
1

MeRe -0,5250 1 -0,5543 0,0371 -0,5594 0,3859
1

Body -0,1000 I -0,6374 0,4479 -0,5200 -0,0100 0,4390
mass (g) 1 I

I 1
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Figure 10: White cell count (mean ± SEM)in male Wistar rats, one day
to 96 weeks of age

Figure 11: Differential leukocyte count (mean + SEM) in male Wistar
rats, one day to 96 weeks of age
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Table 5: Total- and differential- leukocyte counts, reticulocyte- and

platelet- counts (mean ± SEH) in male Wistar rats, one day to 96 weeks of

age

, Age , Number' WBe , Neu , Lymph , Mono Eo , Bas Re Platelets'

'(\.leeks)' , (X1C9!1) , % , 7- , % 7- , % 7- (X10'.)!1) ,
, , , , , ,
, , , , , ,

0,14 21 , 34,99 , , , , 75,00 347,75 ,
, ±5,15 , , , , ±6,38 ±3,96 ,
, , , , , ,

1 39 , 32,51 , 18,14 , 70,29 , 5,14 1,86 , 1,00 26,74 330,17 ,
, ±3,64 , ±1,85 , ±2, 15 I ±1,14 ±O,51 I ±0,31 ±5,72 ±35,21 I
I I , I I I

2 24 I 11,96 I , I I 17,77 521,57 ,
I ±1,30 I I , , ±2,18 ±37,06 I
I I I I , I

3 22 , 11,09 I I , I 657,73 I, ±1,24 , I I I ±57,31 I
, I I , I ,

4 49 , 7,15 I 15,60 I 77 ,00 I 5,60 0,82 I 0,45 6,17 445,13 I, ±0,74 , ±2,08 I ±2,82 , ±0,96 ±0,51 I ±0,31 ±1,70 :!:61,74 ,
I I I I I ,

12 33 , 7,08 I 20,50 , 64,60 I 7,40 2,78 I 0,60 2,94 561,84 I
I ±O,65 I ±2,09 I ±2,62 I ±O,95 ±O,44 I ±O,21 ±0,16 ±23,26 I
I I , I I I

24 19 , 7,17 I 13,50 I 77,00 I 7,50 1,80 I 0,40 1,74 654,64
, ±O,15 I ±1,23 , ±2,45 I ±1,18 I ±O,20 I ±0,16 ±O,22 ±28,93
, I I I I I

36 22 I 8,76 I 23,30 , 71,50 I 3,30 I 1,80 I 0,50 0,75 680,47

I ±1,30 I ±1,99 I ±1,93 I ±O,98 I ±O,54 I :!:O,16 ±O,18 ±45,81

I I , I , I
48 17 I 6,94 I 24,60 I 65,80 I 5,00 I 1,90 , 0,40 1,68 581,93

I ±0,49 I ± I,71 I ± 1 ,61 I ±0,60 I ±0,41 I ±0,16 ±0,50 :!:43,63

I I I I I I
96 I 6,01 I I I I I 0,98 465,00

I ±0,70 I I I I I :!:O,24 :!:39,87

I I , I I I

Neu neutrophils Lymph lymphocytes Mono monocytes

ED = eos inophils Bas a basophils
Re = reticulocyte count
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P < 0,01; lymphocytes, F = 3,71, d vf ;= 5 and 51, P < 0,01). There is no

consistent age-related trend in the lymphocyte count which is the

predominant cell type throughout the rat's life. At 12w the total

lymphocyte count of 65 per cent is significantly lower (P < 0,01) than in

the immediate younger and older groups. Neutrophils are the second most

abundant leukocyte type throughout life, with levels between 20 and 35 per

cent of that of lymphocytes. From 24w there is a 15 per cent decrease in

lymphocytes and a 82 per cent increase in neutrophils. Except for an

apparent decrease in monocytes from 24w to 36w, these cells together with

eosinophils and basophils appear to be maintained at mean values of 5,7,

1,36 and 0,56 per cent respectively throughout life.

The percentage reticulocytes decreases significantly with age (F = 45,62,

d.f. = 8 and 64, P < 0,01). The decline in the reticulocyte count is

constant from birth until 24w, and the mean values decrease by 92 per cent

during this period (Table 5, Fig. 13). Due to an apparent large

variability in the reticulocyte count during the first two weeks of

postnatal life, the decrease in the reticulocyte count is not

statistically significant for this period. From 24w of age the

reticulocyte count stabilises at 1,29 ± 0,5 per cent.

Platelet levels in the rat change significantly with age (F = 205,6,

dvf ,> 9 and 250, P < 0,01) (Table 5). The count during the first week

of life averages about 332 X 109/1. It rises significantly (P < 0,05)

subsequently, by 57 per cent at two weeks and highly significantly (P <
0,01) by 98 per cent at three weeks. The platelet count during the first

week is in the same range as that of the four and 96w old groups (Fig.

13). The depressed platelet levels at four and 96w differ statistically

(P < 0,05) from that of respective younger and older groups. All age

groups exhibit a very wide variation in the platelet count.

https://etd.uwc.ac.za/
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Figure 13: Reticulocyte- and platelet-counts (mean ± SEM) in male
Wistar rats, one day to 96 weeks of age
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Both PK and G6PD show a significant age-related decrease (PK, F 139,5,

- 86 -

1.3.4 The effect of age on some biochemical parameters.

ATP levels, when expressed per gram haemoglobin of the blood, decreases

very significantly during postnatal life (F = 22,77, d.f. = 6 and 62, P <

0,01). At one week of age, the ATP levels are highest at 7,8 ± 0,5

umo Lz g , than at any other period of life (Table 6, Fig. 14). In the young

rat, the ATP levels fall by about 30 per cent during the first postnatal

month and by the end of 12w it has decreased to 36 per cent of the levels

at one week. A further, gradual, yet significant decrease (P < 0,01) in

the ATP levels continues until 48w through to 96w when the ATP levels

reach a mean level of 2,07 umol/gHb.

2,3-DPG levels only change significantly during two periods of the rats

postnatal life ( Table 6, Fig. 14). These are during the first and second

week after birth, when a very marked increase in the 2,3-DPG concentration

of 69 per cent takes place and between the third and sixth month when the

2,3-DPG decreases by 36 per cent. For the two to 12w and 24 to 96w

periods the 2,3-DPG levels stabilise at means of 17,79 and 11,22 j.lmo1/gHb

respectively. The difference in 2,3-DPG levels between these two periods

is significant.

dvf , = 6 and 60, P < 0,01; G6PD, F = 136, d.f.= 7 and 71, P < 0,01).

Values for the two enzymes are presented in Fig. 15 and Table 6. Enzyme

activities are expressed as IU per 10 10 erythrocytes and IU per gram

haemoglobin. Within the first month of life PK and G6PD activities

decrease by 28 and 63 per cent respectively. By the third month the

values have decreased to 73 and 75 per cent for PK and G6PD respectively

with highly significant differences between each successive age group.

The decline in G6PD during the first month also appears to be stee~er than

https://etd.uwc.ac.za/
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Table 6: Pyruvate kinase and glucose 6-P-dehydrogenase activities and

2,3-diphosphoglycerate and adenosine-tri-phosphate levels in the Wistar

rat, one day to 96 weeks of age.

Age PK G6PD ATP 2,3-DPG
(weeks) IU/ lfJ ~ry I IU/gHb IU/lcY°e_ryI IU/gHb lJmol/gHb jJmol/gHb

I
c ,

I
0,14 21,78 I 46,93

::1,ro I ± 2,36
(10)* I (la)

I
1 I 19,16 50,07 7,8 9,77

± 2,13 ± 5,57 ± 0,5 ± 2,32
(la) (la) (la) (18)

2 7,03 26,02 16,50
± 0,70 ± 2,64 ± 1,02

(la) (la) (10)

4 7,23 33,75 3,87 18,07 5,43 18,85
± 0,34 ± 1,61 ± 0,40 ± 1,86 ± 1,27 ± 1,80

(la) (la) (12) I (12) (IS) (12)
I

12 2,67 12,63 2,56 I 12,10 2,77 18,03
± 0,20 ± 0,96 ± 0,09 I ± 0,41 ± 0,47 ± 1,80

(10) (la) (la) I (la) (16) (12)
I

24 1,57 7,87 1,97 I 9,79 3,48 11,49
± 0,05 ± 0,42 .± 0,07 I ± 0,34 ± 0,80 ± 0,80

(10) (10) (15) I (15) (17) (la)
I

36 1,57 7,49 1,85 I 8,81 2,88 12,13
± 0,05 ± 0,24 ± 0,15 I ± 0,71 ± 0,27 ± 1,00

(la) (la) (11) I (11) (9) (10)
I

48 1,24 6,36 1,49 I 7,68 2,31 11,85
± 0,05 ± 0,27 ± 0,18 I ± 0,91 ± 0,42 ± 1,70

(la) (10) (9) I (9) (9) (9)
I

96 1,22 I 6,06 2,07 9,39
± 0,16 I ± 0,78 ± 0,35 ± 1,40

(10) I (10) (10) (9)
I

* Number of animals in parenthesis

https://etd.uwc.ac.za/



6
.&l

c_:::I:

t-~
<1-

0
E
::I... 4

- 88 -

22

20

18

14

12

10

8

2

o ~--~-- ~~--~- -~----r----r--~~ --r--
48 962 4 12 24 36

AGE (WEEKS)

Figure 14: Erythrocytic adenosine-triphosphate and 2,3- diphosphoglycerate
levels (mean ± SEM) in male in Wistar rats, one day to 96
weeks of age

https://etd.uwc.ac.za/



- 89 -

60

,

50

40

>- "1I--> PYRUVATE KINASE
I- .0 30 \
U ::c \« 0>

<,

W ::l
::::E
>-
N
Z

'1w 20

\

:-c

10

-r

o ~
96

---.-
4 12 24 36
AGE(WEEKS)

482

Figure 15: Erythrocytic glucose 6-phosphate dehydrogenase and pyruvate
kinase activities (mean ± SEM) in male Wistar rats, one day
to 96 weeks of age

https://etd.uwc.ac.za/



- 90 -
that of PK. Comparison of the mean values of enzyme activity from 24w and

older indicates that the decrease in PK and G6PD activities to continue

until 48 and 96w respectively. PK activity in the 96w group was not

determined, and the decrease in G6PD from 24 to 96w was statistically

significant (P < 0,01).

At four weeks of age the PK activity is significantly higher than that of

G6PD and by the 24th week it's activity has decreased to below that of

G6PD.

1.3.5 Bodymass during postnatal life

Body mass of the rat undergoes significant changes during postnatal life

(F = 175,7, dvf ;= 8 and 210, P < 0,01). A consistent increase in mass

takes.place during the first month of life and by the 24th week the body

mass has increased very significantly to 71 times the birth mass (Table

1). A slight but statistically significant (P < 0,05) decrease in body

mass occurs from 36 to 96w of age.

The body mass was found to have a positive correlation with the

haematocrit (r = 0,64, P < 0,01) and haemoglobin concentration (r =

0,4479, P < 0,01) (Table 4). A negative correlation between body mass and

mean cell volume was demonstrated (r = - 0,52, P < 0,01), but no

correlation with the WBe or any other red cell parameter was found.

https://etd.uwc.ac.za/
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1.4. Discussion

1.4.1 The effect of halothane anaesthesia on haematological

parameters

Halothane anaesthesia does not influence any of the haematological

parameters measured in this study. These include the RBC, red cell

indices, WBC, HeT and haemoglobin concentration. Since neonatal rats

cannot be efficiently anaesthetised with any inhalant anaesthetic and were

anaesthetised by hypothermia in this study, it was important to employ a

suitable anaesthetic for older animals to allow comparison of neonatal

blood values with that of adults which have been anaesthetised with

halothane. Thus although halothane has been demonstrated to inhibit

platelet aggregation and prolong bleeding time (Fyman ~ aL, 1984) it

seems to be a suitable anaesthetic to employ in haematological

investigations.

1.4.2 The effect of sex on the haematology of the rat

The haematological profile of the male rat at 12 weeks is demonstrated

here to have significantly higher mean values for the Mev and haemoglobin

concentration, than that of the female rat of the same age. The RBC,

MeH, MeHe, HeT and the WBe remain however unaffected by sex. These

results differ from that reported by others (Korenchevsky ~ aL, 1945;

Talbot ~ aI, 1965; Urizar ~ aI, 1984) who found no significant sex

difference in any of the measured haematological values. Korenchevsky &

Hall, (1945) contributed the absence of a sex difference which they found

in the rat, to a different balance of hormones in this animal. Hoffman et

al (1966) on the other hand, found that both the red cell count and

blood haemoglobin concentration were higher in male than in female Wistar

https://etd.uwc.ac.za/



- 92 -

rats.

The lower values for MCV and haemoglobin concentration established here

for female rats compared to males, correspond to the sex difference

present in humans (Helman ~ aI, 1974). Interestingly, the RBC of the rat

is apparently not affected by sex as in the human. Further, despite the

large red cells in males, the haemoglobin content and haemoglobin

concentration of the individual red cell remain within the same range as

that of the females. The mean difference of 3,98 fl in the MCV between

the sexes is slight but significant and may contribute to the sex

difference observed in the HCT.

At 12w the Wistar rat is sexually mature and the sexes can be expected to

differ considerably in their hormonal profile at this stage. The influence

of the sex hormones on haematopoiesis is well documented (Dacie ~ aL,

1975, p.15).· For many years androgens were assumed to have an

erythropoietic effect but it was only with the administration of

pharmacological doses of androgens to women with carcinoma of the breast

that their erythropoietic potency was appreciated (Wintrobe ~ aI, 1974).

Androgens presumably stimulate renal production of erythropoietin (Gaidner

~ aL, 1952), although some studies indicate that androgens may render

the bone marrow more responsive to the action of erythropoietin (Brobeck,

1979; Peschle, 1980). In rats the response of the haemopoietic system to

androgenic stimuli apparently decreases as the animal ages (Grunt ~ aI,

1958). The contrasting effects of estrogens to that of androgens on the

hemopoietic system is also well documented (Dacie ~ aI, 1975). The high

haemoglobin concentration and MCV of male rats may thus be ascribed to

the higher levels of androgens in these animals.' However, the lower RBC

and MCH are contrary to what is expected for the elevated levels of

androgens and cannot be explained here.
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Both sexes display considerable variation in the WBC as reflected in the

large error mean square in the analysis of variance and females have

consistantly greater variations in their haematological parameters when

compared to males (Table 5). Females have been demonstrated to exhibit

anaemia preceding parturition and progressing for three days following

spontaneous recovery (Mitchell, 1931). All females in this study were

the larger variation in female values is not clear, and may be considered

primarily due to intrinsic physiological differences between the sexes.

Furthermore, female rats are known to exhibit great variation in hormonal

levels during their four day estrous cycle (Short, 1972). Since

the female subjects used in this study, were not synchronised regarding

their estrous cycle this may also be considered as a possible cause of the

large variation observed in the measured parameters. Furthermore, the

large variation observed in the haematological values of females may

obscure real differences between the sexes at a given time of the cycle.

Thus, several blood parameters are affected by the sex of the animal and

the grouping together of animals of both sexes in the same haematological

study should be avoided. The data obtained here also suggests that a

species difference regarding the effect of sex on the haematology of the

subject and suggests that the assumptions based on observations of

different species, may be misleading.

1.4.3 Problems associated with haematological comparisons

Although 'normal' haematological values for the mature rat has been

extensively documented (Cameron & Watson, 1948; Inglis, 1980; Waynforth,

1980, p.241; Wintrobe ~ aL, 1974, p.1807), the documentations of age-
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related values have been few. Several of these age-related studies

employed outdated techniques and some present rather fragmentary

information. Any attempt to present a concensus based on the observations

of the different investigators, must take into account the many factors

that influence what is considered the normal haematology of an animal

(Ellerly, 1985). Furthermore, differences in the methodology employed by

different workers, may also be responsible for much of the variation in

the literature (Pun ~ al, 1972). The difficulties in finding comparative

data on the haematology of the rat, for this study, is manyfold and may

be summarised in the following points.

1. The methods employed in the estimation of haematological parameters

vary a great deal. The majority of ageing studies on rat blood employed

tradi tional manual procedures which are inferior in accuracy and

reproducibility to the recently developed automated electronic enumeration

and spectrophotometric techniques (Dacie ~ aI, 1975, p.28; Wintrobe et

~ , 1974, p.115).As a result of the inaccuracy of the manual techniques

obtained by these and electronic techniques have become apparent, and

previous standards for erythrocytic indices had to be redefined (Helman ~

aI, 1975; Sheenan ~~, 1983; Wintrobe ~~, 1974). The data obtained

with the traditional procedures are thus unsuitable for comparison with

that of this study in which electronic procedures were employed.

2. Studies of the haematology of the rat have employed blood obtained

from various sites such as the heart, aorta, tail, retro-orbital-sinus,

and after decapitation. The HCT, RBC and haemoglobin concentration of

venous blood are significantly higher than that of capillary blood (Dacie

~ aL, 1975, p.10 ; Oski ~ aI, 1982, p.6). Further, tail blood of rats

contains greater numbers of leukocytes than cardiac blood (Waynforth,
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1980) and has slightly higher values for red cells and haemoglobin than

blood from the aorta (Korenchevsky et aL, 1945). This demonstrates that--
important differences exists in the blood parameters from different parts

of the circulatory system, and blood from different sampling sites may

result in discrepencies when values are compared.

3. Distinct sex differences have been reported in the haematological

profile of various species (Dacie ~ aI, 1975, p.15). Reports on the

effect of sex on the haematology of the rat are however controversial.

This study demonstrates significant sex differences in several red cell

parameters (See section 1.4.2) and thus emphasises sex as an important

variable in haematological studies. Several workers (Drabkin et aI, 1933;

Urizar ~ aI, 1984; Wills ~ aI, 1931) on age-related studies have

included both sexes in the same study which raises some doubt concerning

the significance of differences in blood values obtained by different

groups by these workers.

4. The study of an ageing animal is complicated by complex

interrelationships between changes as a result of ageing, and those caused

by dietary or environmental factors, season, strain, stress, diurnal

rhythms, the presence of disease and physiological differences (Hackbarth

~ aI, 1983; Haus ~ aI, 1983; Stengle ~ aI, 1957; Wingfield ~ aI,

1973). This particularly applies to haematopoiesis, since these variables

have been demonstrated to affect the haematology of an animal (Dacie ~ al

1975, p.10; Hu ~ aL, 1984; Martin ~ aL, 1975; Mizoguchi, Kubota, Miura

~ aI, 1982; Sharma!!. aI, 1973). The haematological characteristics of

an animal should thus be considered, in principle, only valid for the

condi tions under which they were obtained (Ellerly, 1985). These

condi tions are infrequently defined by authors and may differ markedly

between studies.
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(1985) that these values too cannot then be looked upon as fixed

5. Available age-specific haematological data is incomplete for the

rat. Studies are frequently either confined to young animals (Drabkin ~

aL, 1934; Hoffman ~ aL, 1966; Wills ~ aL, 1931) or to the aged

population (Everitt êt ~, 1957; Farris, 1946; Riegle ~ aI, 1966).

Furthermore, some workers (Enzman, 1934; Ring êt aI, 1964) have reported

on a few age groups, and have left large periods of the life-span

unaccounted for, while others (Drabkin ~ aL, 1933; Wills ~ aI, 1931)

have too few observations at the different age levels to make statistical

evaluation valid. Others (Farris, 1946; Hu ~ aI, 1984; Martin ~ aI,

1975; Palau ~ aI, 1983; Urizar, ~ aI, 1984; Wells ~ aL, 1979) have

confined their investigations to a few haematological parameters. The

fragmentary nature of available age-related data for the rat thus limits

meaningful comparisons of data obtained here with that of other studies.

Above indicates that haematological values are only comparable when

obtained under identical conditions. It has also been suggested by Ellerly

"normd a ta", not even where the animals are genetically defined and the

experimental conditions well standardised. In addition, the available

literature is very fragmentary and further limits comparative

considerations. It is thus with the realisation that there are many

factors which influence what is considered normal hematological values,

and that values reported elsewhere should be compared discriminately,

that the data obtained here has been compared with that of other studies.

1.4.4 Blood parameters during the early postnatal period

The postnatal changes in the haematological profile of the rat used here,

is especially pronounced during the four weeks following birth. It is

however, during the first two weeks of the rats life that changes
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particular to this period occur. During this period the HCT and

haemoglobin values decrease and reach their lowest levels at two weeks of

age. The phenomenon of the decreased HCT, may be caused by the marked

decrease in the MCV during this period, and has not been previously

documented for rats, as far as could be established. The decreased MCV is

accompanied by a simultaneous decrease in the haemoglobin content of the

average red blood cell, and at three weeks of age the MCHC reaches one of

its lowest levels of 335 gil. The decreased haemoglobin concentration

during the early postnatal period reported here, corresponds to that of

previous reports for the rat (Garcia, 195b7; Palau ~ aL, 1983). Since

this condition is not preventable by any known nutritional supplements and

is not associated with any abnormalities in the infant, it is generally

referred to as the period of 'physiologic anaemia of the newborn'

(Garcia, 1957b). Humans too suffer from this 'physiologic anaemia' during

the first weeks of life, and in humans, the haemoglobin conce~tration

reaches its nadir of 114,0 ± 9,0 gil by 8 to 12 weeks of life (Card ~ aL,

1973; Oski ~ al, 1982, p.75).

The cause of the so-called ~hysiologic anaemia' has been the subject of

controversy and several factors have been shown to be involved. Thus,

diminished erythropoiesis has been proposed by some authors as the primary

cause of this anaemia. Evidence for this is found in the hypoplasia

observed in the bone marrow during the 'physiologic anaemia' of the normal

fullterm infants (Gaidner, Marks & Roscoe, 1952), and the rapid and

profound fall in red cell production after the first few days of life

(Garby, Sjolin & Vuille, 1956). In this regard the role of iron in the

genesis of the anaemia has received considerable attention. A recent

study (Holter ~ aL, 1984) demonstrated that the marked fall in

haemoglobin concentration of rabbits, which occurs from the 10th till the
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20th day postnatally, can be avoided by parenteral iron supplements.

Treatment with iron however, does not raise the haemoglobin concentration

of newborn humans to adult levels (Fuerth, 1972), and the decline in

haemoglobin concentration cannot be prevented by the administration of

haematinics (O"'Brien& Pearson, 1971; Oski et al 1982, p.637). In the rat

the "'anaemic'"period corresponds to the suckling period, and has

previously been attributed to the low iron content of milk (Enzman, 1934).

However, the newborn rat liver has a higher iron content than the adult

(Palau et al, 1983) and in the rat too this anaemia cannot be repaired by

the use of iron therapy (Contopoulus, Van Dyke, Ellis ~ al, 1955; Garcia,

1957b). Whether the age at which rats are transferred to milk, have any

Furthermore, iron deficiency anaemia is characteristically microcytic and

hypochromic in nature (Wintrobe ~ ~ 1974, p.637), while this study

demonstrates a higher MCV and MCH in the neonate (Fig. 6) when compared

to older animals.

The possibility of reduced erythropoeitic stimulation has also been

considered by several authors (Garcia, 1957a; Grunt ~ al, 1958) as a

cause of the anaemia of the newborn. The production of the

glycoprotein erythropoietin by the kidney, is modulated by renal P02 and

it specifically induces differentiation of the late erythroid precursors

to the recognisable erythroid compartment (Peschle, 1980). This process

amongst others, involves accelerated haemoglobin synthesis (Jelkman &

Bauer, 1981; Paul, Conki & Burgon, 1973; Peschle, 1980). However, the

infants erythropoietin response is determined by the haemoglobin

concentration as well as the position of the haemoglobin-oxygen-

dissociation curve (Stockman, Clark, Kavey et al, 1981). Thus, at

comparable haemoglobin concentrations human infants with high fetal

haemoglobin levels and increased haemoglobin-oxygen affinity were found to
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manifest higher plasma erythropoietin activity than do those with lesser

quantities of fetal haemoglobin (Oski ~ al, 1982). Various reports have

been documented in support of decreased erythropoietic stimulation as

cause of the depressed haemoglobin concentration. Grunt ~ al (1958)

reported that the total blood haemoglobin increase in rat pups nursed by

mothers placed in an intermittent hypoxic environment, and eontopoulous et

al, (1955) reported the prevention of neonatal anaemia by injection of

erythropoietically, active pituitary fractions. Furthermore,

erythropoietin activity is barely detected in the plasma of the normal

human infant after the first week of life (Halvorsen, 1963; Mann, Sites,

Donati ~ al, 1965; O'Brien, 1971) and during this period there is a

decrease in erythropoeitic activity as evidenced by the reported low

reticulocyte count (Seip & Halvorsen, 1956) and a decrease in marrow

erythroid elements (Gairdner ~ al, 1952). If this anaemia is due to

decreased erythropoietin produc tion, it may explain the decreased

haemoglobin content of red cells during this period, as observed in this

study (Fig. 6). However, data obtained here, demonstrates that throughout

the period of decreased HeT and haemoglobin concentration, a relatively

high reticulocyte percentage is maintained in the rat (Table 5). This is

in contrast to the low reticulocyte count reported to be associated with

the period of reduced haemoglobin concentration in human infants (Seip et

al, 1956). Although the reticulocyte counts of the newborn rat in

this study were not as high as that reported elsewhere (Drabkin ~ al,

1933; Orten ~ al, 1934), it was significantly higher than during adult

life. An apparent paradox thus exists in that the high rate of

erythropoiesis as evidenced by the high reticulocyte count is not

reflected in the HeT or haemoglobin concentration. It also appears from

this data that reduced erythropoiesis or the lack of erythropoietic

stimulation has quite incorrectly been implicated as cause of the
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anaemia.

During the early postnatal period, the mass of the rat increases by more

than 300 per cent (Table 3). The marked increase in the body mass of

neonates has also been implicated as a cause of the 'anaemia'. The rapid

mass gain in human infants is accompanied by haemodilution, primarily due

to expansion of the plasma volume during this time, and was thought to

result in anaemia. The phrase ......bleeding into his own blood volume" has

been used to describe the situation (O'Brien ~ aL, 1971). According to

Brattleby (1968) the fall in haemoglobin concentration in the human infant

results in greatest part from an actual decrease in the red cell mass

rather than just from a haemodilution effect of an expanding blood volume.

Garcia (1957b) however, observed the anaemia in the neonatal rat in terms

of a decrease in the volume of red cells, haematocrit and haemoglobin

concentration, per gram of rat mass. He found that the total volume of

red cells produced per day per 100 gram body mass is greater in 15 to 20

day old rats than in the 200 day olds. From this he concluded that despite

the very high rate of erythropoiesis occuring at this time, the growth in

body mass as a whole exceeds it, and so for a time anaemia results. In

the human however, rapid growth during infancy as cause of relative

anaemia seems unlikely since haemoglobin levels increase during puberty

when there is a further period of rapid body growth (Brobeck, 1979, p.7-

160).

It has also been speculated that the increased haemolysis observed in the

newborn's red cells may account for the anaemia. Human neonatal red cells

have two thirds the survival time of adults red cells (Oski ~ aL, 1982).

This property is secondary to the intrinsic characteristics of the red

cells, since the cell survival is similar in both adult and neonatal

recipients (Brattleby et al, 1968; Calantroni, Cordara, Salpetrie et al,
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1984 ). However, according to O'Brien ~ al (1971) the bone marrow is

potentially responsive to increased stress during this time, and an

increased production of approximately twice the normal number of red

cells will make compensation possible. It is thus unlikely that a

shortened survival time will suffice as an explanation of this anaemia.

The prevalence of anaemia in any group is based on th~ haemoglobin

concentration and HCT measurements, which are the most convenient ways of

detecting a reduction in the red cell mass (Lipschitz et al, 1984). Having

demonstrated reductions in both these parameters in this study, the

question arises as to whether the rat is truely anaemic during neonatal

life in terms of the oxygen supply/demand ratio at tissue level, or has

the neonate been regarded anaemic as a result of the greatly depressed

haemoglobin and HCT values when compared with the sexually mature animal?

The truely anaemic subject invariably suffers from deficient oxygen

delivery to the tissues (Wintrobe ~ al, 1974, p.532). Adequate tissue

oxygenation in the face of diminished oxygen-carrying capacity (lower

blood haemoglobin concentration) can be achieved only if the oxygen

demands are reduced or if one or more compensatory changes, that are known

to accompany anaemia, are observed. These changes include, in part, a

higher cardiac output, improved oxygen unloading capacity, redistribution

of blood flow and a greater oxygen extraction as reflected by a fall in

the mixed central venous tension (Wintrobe ~ al, 1974, p.584). Studies

by Stockman, Clark, Kavey ~ al (1981) indicated that the premature human

infant adapts to the fall in haemoglobin concentration by fascilitating

oxygen unlo~ding from haemoglobin and by increasing oxygen extraction from

the blood. Both ATP and 2,3-DPG affect the affinity of haemoglobin for

oxygen, determining the extent to which haemoglobin will be saturated with

oxygen and thus the oxygen unloading capacity of blood (Russel ~ aI,
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1982). Thus, the ability of blood to supply oxygen to tissues cannot be

evaluated adequately from parameters like haemoglobin concentration, HeT

or red cell indices alone. The consideration of the metabolic

characteristics of the red cell as well as the actual metabolic changes

and adaptations of the tissues involved as the organism becomes older, are

equally important in this regard.

The levels of the phosphate esters ATP and 2,3-DPG differ in the pattern

of change they undergo as the rat ages (Fig. 14). ATP levels continually

decline from birth throughout the immediate postnatal period.

Reticulocytes possess pathways for ATP generation which are not present in

the mature erythrocyte, and young cells have higher ATP levels than older

ones (Bernstein, 1975; Russel ~ al, 1982). Thus the high ATP levels in

the blood of young rats may be a reflection of the greater proportion of

reticulocytes present, as observed in this study (Fig.l0). The high ATP

levels in the young may also be a reflection of a younger mean age of

erythrocytes in the blood sample (Gross ~ al, 1963; Valet ~ al, 1972).

This study demonstrates that, contrary to the ATP levels which decrease

from birth as the haemoglobin concentration is depressed, the 2,3-DPG

concentration is rapidly elevated during neonatal life. Subsequent to the

anaemic period the general increase in total blood haemoglobin

concentration is accompanied by a general decrease in 2,3-DPG with

increasing age of the animal. These results are in total contradiction

with a previous report (Wells ~ al, 1979) that 40 month old rats have

higher 2,3-DPG levels and lower blood haemoglobin concentrations when

compared to younger animals.

Generally, a predictable increase in the 2,3-DPG concentration occurs in

response to anaemia (Williams et al, 1974). This increase in 2,3-DPG, --

concentration averages five per cent with each 10 gil decrease in blood
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haemoglobin concentration (Lipschitz ~ aI, 1984) and results in a right

shift in the dissociation curve, allowing oxygen to be released more

easily from haemoglobin to the tissues. The oxygen unloading capacity of

blood was also found to increase constantly from birth in the human

preterm (Delivoria-Papadopoulos, Roncevis & Oski, 1971) and results from a

shift in the haemoglobin-oxygen dissociation curve, as the fetal

haemoglobin concentration falls and the 2,3-DPG concentration increases

(Oski ~ al, 1982).

During the second and third weeks of the rats life when the rat blood

haemoglobin concentration is at its lowest level, the haemoglobin content

of the average red cell is also decreased but the ATP and 2,3-DPG values

are at their highest levels. If this decrease in blood haemoglobin

concentratipn as seen in the young rat here, reflects a normal

physiological response, the tissue oxygen needs would not be elevated.

This is not the case as evidenced by the high 2,3-DPG concentration

during this period. Card ~ al (1972) found a similar relationship

between the two glycolytic intermediates and the blood haemoglobin

concentration in normal children one to 12 years of age, as demonstrated

here for the rat. They also documented a condition of hyperphosphataemia

in these children when compared with normal adults, and an inverse

relationship between the haemoglobin concentration and the inorganic

phosphate level in the blood. Increased phosphate levels have also been

reported in the young rat (Brewer, Eaton & Weil, 1970). Minor changes in

the plasma inorganic phosphate concentration were reported (Lichtman &
Miller, 1970) to produce major alterations in red cell metabolism which

lead to increased levels of red cell ATP and 2,3-DPG. During the earliest

period of rat infancy, there will thus be a right shift of the

dissociation curve due to the raised ATP and 2,3-DPG levels (see section
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1.1.2.2) with a resultant higher oxygen unloading to the tissues. The

MeHe is also slightly elevated during the first week (Fig. 6) of the rat's

life, and this in itself will tend to shift the dissociation curve to the

right (Finch ~ aL, 1977) without a concomitant rise in blood viscosity

(Wells ~ aL, 1979). There would thus be a greater oxygen delivery to

the tissues in the very young rat, due to the raised ATP and 2,3-DPG

levels and the contribution of elevated MeHe levels, than what would have

been expected from evaluation of the haemoglobin concentration alone. The

rise in 2,3-DPG concentration during the immediate postnatal period, does

not seem to be a direct response to the decreased haemoglobin levels

during the same period. Evidence for this view comes from a study on

rabbits by Holter ~ ~ (1984). These authors demonstrated that the

prevention of the postnatal fall in the HeT and haemoglobin levels by iron

treatment, did not affect the characteristic rise in the 2,3-DPG levels

during the same period.

Increased ATP and 2,3-DPG levels, as probably caused by hyperphosphataemia

may thus be considered as a possible cause of the 'physiologic anaemia'

during early infancy, by preventing hypoxia in the tissues and resultant

erythropoeitic stimulation. However, this could explain partly the

reduced haemoglobin levels in the rat, but not the prevalent elevated

reticulocyte count demonstrated here for this period. If the depressed

haemoglobin levels is primarily caused by factors other than

hyperphosphataemia, as explained above, the elevated ATP and 2,3-DPG

levels should be considered essentially a compensatory physiological

adaptation to increase tissue oxygenation. This would imply a deficient

oxygen delivery to the tissues, prior to the elevation of 2,3-DPG levels,

whilst the haemoglobin concentration decreases, and this would make this

anaemia non - physiologic in nature.
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Evaluation of the efficiency of the oxygen unloading response in neonates

is not possible with data obtained here. Whether sufficient oxygen is made

available to meet the oxygen demands of the infant during the period of

low haemoglobin concentration can only be established after evaluating all

the compensatory mechanisms. It appears however from this data that the

oxygen supply to tissues may be adequately maintained by metabolic

adjustments of the red blood cell, despite the reduced HCT and haemoglobin

concentration, and that the term 'physiologic anaemia' may in fact be a

misnomer.

1.4.5 Red cell parameters throughout postnatal life

During the course of postnatal life of the rat, changes in the red cell

parameters are characterised by a generalised increase in the number of

red blood cells in the circulation, while the mean volume of the red cells

and haemoglobin content of each cell decreases with increasing age (Table

2). From birth the RBC continually increases until "post m at.urat Lona L"

levels of about 11,0 X 1012/1 are reached at approximately 24w of age.

The mean values for the RBC corresponds to that of Hu ~ ~ (1984) but

tend to be lower than that of other workers (Enzman, 1934; Farris, 1938;

Hoffman ~ aL, 1966; Hu ~ aL, 1984; Riegle ~ aI, 1966; Ring ~ ~,

1964). Most of the previous studies reported a postmaturational decline in

the RBC of rats (Everitt ~ aL, 1957; Hu ~ aL, 1984; Ring ~ aL, 1964;

Riegle ~~, 1966), but this was not observed in this study. In fact an

increase in the RBC during postnatal life is established here. This

however, does not necessarily indicate an increase in the rate of

erythropoeiesis, since the decreasing reticulocyte count during this

period contraindicates this. The increase in the number of red blood cells

in progressively older animals may perhaps be the result of a greater

population of cells with longer life-spans.
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From the third until about 24 weeks of age an increase of 36 per cent

occurs in the HeT of the rat. This follows the immediate postnatal decline

in the HeT, which has not been previously reported. Enzman (1934) in fact

reported that the HeT continually increases from birth until old age in

the rat. The HeT values obtained here, from between four and 36w of age

are significantly lower than that reported previously (Garcia, 1957a; Hu

~ ai, 1984; Palau ~~, 1983) for similar age groups. The reported

continual decline in the HeT with increasing postmaturational age

(Garcia, 1957b; Martin ~ ai, 1975; Riegle ~ ai, 1966), was also not

observed in this study.

By 24w of age the volume of the rat red cells is 52 per cent of the value

at birth (Table 3). The decrease in the MeV during postnatal life has

been reported previously for the rat (Enzman, 1934; Ring!!. aL, 1964).

The smaller cells of progressively older animals results in a milder

increase in the HeT than in the RBe of these animals. The youngest

erythrocytes in the circulation are the largest (Gahr!!. aL, 1984), and

the larger Mev of young rats may thus be indicative of a larger proportion

young cells than in older animals. Also, the marked decrease found in

the Mev during early life of the rat, suggests either that many of the

macrocytes are quickly eliminated from the circulation or that the cells

rapidly decrease in size (Oski et ai, 1982, p.13). The decrease in rat MeH

during most of postnatal life, correlates with the changes in the MeV.

The macrocytes of the young rats with their higher MeH may be conceived,

as the end result of, perhaps erythropoietin induced, accelerated

haemoglobin synthesis which in turn leads to an earlier onset of nuclear

degeneration and reduced numbers of cell divisions (Paul !!.~, 1973;

Wintrobe ~ al, 1974, p.91).
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Subsequent to the early postnatal decline, the haemoglobin concentration

of rats increases rapidly until 24w of age (Fig. 2). The unchanged

haemoglobin values that were found in this study of rats older than 24w

thus contradicts the previously reported decrease in the haemoglobin

concentration of older rats (Garcia, 1957b; Martin!..!.aL, 1975; Ring!..!.

haemoglobin concentration of rats reaches its lowest values during

infancy. According to some (Drabkin, 1934; Garcia, 1957b) it is reached

at three weeks, while others (Enzman, 1934) found the lowest haemoglobin

levels at one week of age. The lowest value of 92,1 gil established here

for two week old rats, however, falls within the range reported for this

age by Drabkin ~ aL, (1933) and Roffman !..!.aL, (1966). The increased

blood haemoglobin concentration found here in the progressively older

animals implies greater oxygen needs of the tissues which may be related

to the active growth phase and the attainment of sexual maturity (Basset

~~, 1984).

Although the MeRe of rat blood exhibits the least change during postnatal

life when compared with other red cell parameters, its mean values during

the first week of life are significantly higher than that of older animals

(Table 3). There is also a tendency for the mean MeRe values to decrease

slightly from 12w of age in successively older animals. As far as could be

established, this is the first report of significant changes in the MeRe

as a func tion of age.

The high reticulocyte count found here in the neonatal rat is evidence of

very active erythropoiesis at this time (Oski ~ aL, 1982, p.13). Values

obtained in this study for rats at birth, are about three times higher

than that obtained by Drabkin et aI, (1933). The present values for the

different age groups are however in agreement with that of corresponding
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age groups reported by Wills ~ aL, (1931), and Orten ~ aI, (1934).

Within one week of birth the reticulocyte count decreases in the rat by 64

per cent and was found to continue to decline, although less markedly,

until 24 weeks of age. The decrease in the reticulocyte count with

increasing age, may be related to the simultaneous decline in

erythropoietin levels in the plasma. Erythropoietin has been demonstrated

in the plasma at birth, but it disappears for a few weeks after the first

day of life (Oski ~~, 1982). However, evidence of elevated plasma

erythropoietin levels, after the first day of life in anaemic human

infants have been documented (Halvorsen, 1963). This suggests that the

mechanism for erythropoietin production is available after the first day.

It may thus be that adequate tissue oxygenation during the immediate

postnatal life may be responsible for the reported decline in

erythropoietin levels. The latter may result in the observed rapid

decline of the reticulocyte count during the same period. The shorter

life-span of the erythrocyte from newborns, when compared wi th that of

adults (Garby ~ aI, 1964), may also be a contributory factor to the

elevated reticulocyte levels of the newborn. Although the mechanism

underlying the shorter life-span of these cells have not been clarified

(Oski ~ aI, 1982), the high erythropoietic activity at birth may be

visualised as a compensation to the shorter life-span. After birth the

decrease in reticulocyte levels may then be considered, in part at least,

as an adaptation to adequate oxygenation after birth. It may also be

speculated that a high erythropoietic activity is maintained during the

immediate postnatal period in order to keep up with the mass gain of the

rat. The decrease in the reticulocyte level will thus not be too rapid

during this period.

Less variability is found in the RBe, HeT and MeV than in the blood
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haemoglobin concentration. When these primary haematological measurements

are used to calculate the haemoglobin content of the average red blood

cell and the per cent haemoglobin content of the haematocrit, much of the

variability seen in the blood haemoglobin concentration disappears (Fig.

2). The variability seen in the blood haemoglobin concentration, most

probably also suggests that red blood cell number and size are more

closely regulated than the blood haemoglobin concentration (Basset !£ aI,

1984). This idea is supported by the uniform decrease found in the red

cell volume during postnatal life (Fig. 6).

The period from three weeks to approximately 24 weeks of age may be

considered as a transitional phase during which the red cell parameters

approach that of the sexually mature animal after the neonatal 'anaemic'

period. In free-ranging marmots the onset of foraging, after weaning, was

found to coincide with adjustments in the haematological profile of the

tissues associated with behaviour during this phase should thus not be

overlooked. The etiology of the transitional period in rats is not clear,

and it may in part, be the result of a change in diet, from predominantly

milk to rat feed.

Thus, the red cell parameters change from birth throughout most of the

rats life-span. Young animals have been documented to have a larger

proportion of young red cells than older ones (Gahr ~ aL, 1984) and the

changes observed in the red cell parameters during postnatal life may

represent the substitution of red cells of different mean ages as a.result

of intrinsic or extrinsic stimuli or both. These age-related changes in

the red cell parameters thus demonstrate that the reported normal values

are subject to age specification. In addition the data presented here,

demonstrates that some characteristics of the individual red cell like the
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MCV and MCH change during the life-span of the animal. This phenomenon of

changing characteristics of the individual red cells, depending on the

subjects chronological age, is also most important when the red cell is

used as a model in ageing studies.

1.4.6 Total leukocyte-, differential- and platelet- counts during the

postnatal life of the rat

The total WBC of rats reaches 'maturational' levels much sooner than the

red cell parameters. The WBC decreases by 89 per cent during the first

month of life while the red cell parameters undergo marked changes until

24 weeks of age. The stabilisation of the WBC at four weeks of age may be

the reason why some workers (Everitt ~ aI, 1958; Hu ~ aI, 1984; Urizar

~ aI, 1984) reported no age-related changes in the WBC, since they

investigated animals older than four weeks of age. Similar conditions of

relative leukocytosis as observed here in the young rat have also been

reported in young mice (Silini ~ aI, 1974) and in human infants (Dacie et

aL, 1975, p.16). The changes in the WBC documented here for the rat are

however, contrary to the previously reported (Hoffmann ~ aL, 1966)

increase thereof, for the period 5 to 280 days of age. The mean WBC

count of 7,42 X 109 /1 established in this study for the sexually mature

rat is significantly lower than that reported by other workers (Cameron

~ al, 1948; Hoffman..!:..E..al, 1966; Waynforth, 1980, p.240; Wintrobe ..!:..E..al,

1974, p.1807).

Lymphocytes predominate with respect to other leukocyte types and is,

throughout the rat's life, at least, 35 per cent in excess of any other

type. Values obtained for the differential leukocyte count in this study,

is in agreement with that of Hoffman (1958) for the corresponding age
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levels. This study however, demonstrates a greater variation in the values

in each of the age groups than that of Hoffman. No definite and

consistent generalised change in any leukocyte type as a function of rat

age could however be established. The mean lymphocyte percentage dropped

at 12 weeks and rose again at 24 weeks of age, a trend opposite to that

found for the neutrophil values. This inverse relationship between the

neutrophils and the lymphocytes has also been documented for mice (Talbot

~ ai, 1965). However, data from this study is insufficient to explain the

cause of this relationship.

Comparison of the mean differential leukocyte values of the age groups

24w, 36w and 48w, suggests a decrease in the levels of lymphocytes and

demonstrated in each group must however be appreciated in this regard.

The significant decline observed here, in the lymphocyte count, from 24w

with increasing age may be ascribed partly to a progressive decrease in

the fraction of the count contributed by the thymus which decreases in

mass with age (Cruickshank et aI, 1970). Little is known however, about

the mechanisms which regulate granulopoiesis. Amongst others, evidence

has been presented for the existence of a granulocyte chalone which

depresses DNA synthesis specifically in granulocyte precursors (Israëls ~

aI, 1976, p.26). Whether the chalone concentration is affected by age has

however, not been demonstrated as far as could be established. The cause

of the increased neutrophil numbers in older animals is thus difficult to

explain and the inverse relationship between neutrophil and lymphocyte

levels may be an important clue in explaining the phenomenon.

The WBC is affected by emotion, stress, diurnally, mental and physical

activity, exercise adrenocortical activity and various other factors

(Dacie et al, 1975, p.17; Farris, 1938; Hackbarth et al, 1983; Israëls
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The platelet count of rats is lowest during the first week than during

any other period of the life-span (Fig.l0). This corresponds to the

situation in man where the platelet levels of the newborn are reported to

be at the lower level of the normal adult range (Wintrobe ~ aL, 1974;

Dacie ~ aI, 1975), followed by a gradual increase over the first 10 days

of life (Appleyard & Brinton, 1971). At three and 36 weeks the platelet

count of the rat reaches mean peak values of 657,73 and 680,47 X 109/1
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~ aI, 1976, p.27). Although care has been taken in preventing undue

stress during the handling of the animals in this investigation, some

animals did show signs of emotion namely, urination and defaecation,

during handling. Emotional stress causes increased adrenomedul1ary

activity which does not only increase the WBC (Christensen & Rothstein,

1978; Dacie ~~, 1975), but in the rat, it also causes relative

lymphocytosis and decreased neutrophil levels (Farris, 1946). In humans,

stressful procedures result in an elevated WBC and neutrophilia, due to

margination of neutrophils (Chistensen ~ aI, 1978). There is also an

underlying neutrophil cycle of a period of 14 to 28 days in humans

(Morley, 1966). Farris (1938) however established that changes in the WBC

due to emotional stimuli are variable in the rat. According to Farris, the

relative lymphocytosis and decreased neutrophil levels take place within

five minutes of excitement and the leukocyte picture returns to normal

within 24 hours. The great variation in WBC and differential counts found

in this study, may thus be explained partly by a stress factor, partly by

a normally occuring biorhythm and probably also by the relative small

sample size used here for differential counts. The premortal fall in

eosinophils, which has been documented for the rat and man, and

attributed to stimulation of the adrenal cortex by terminal disease

(Everitt ~ aI, 1957; Israëls ~ aI, 1976, p.35), was not observed in

this study.
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respectively. The decrease in the platelet count from three to four weeks

of age is very pronounced and additional haematological information is

required to explain this phenomenon. These results are in agreement

with that of Hu et al (1984) who also demonstrated that the count of rats

are significantly lower at four weeks when compared with that ?f 12 and

24w old groups. The decrease in the platelet count beyond six weeks of age

was not only found to be statistically significant, but shows a definite

trend and may indicate deficient platelet formation, increased platelet

destruction or abnormal distribution of the platelets (Israëls ~ aI,

1976, p, 84). The mean platelet count of the adult rat is reported in the

literature to range from 330 to 800 X 109 /1 (Cameron et aI, 1948; Wills

et al, 1931; Wintrobe !£ al, 1974). These values are reported without age

specification and the inclusion of different aged rats in one study may

contribute to the wide range of values which is generally considered as

normal in the rat.

1.4.7 The haematology of the aged rat

The age of the male rats included in this study range from one to 670 days

of age. Since survival data is not available for the colony of rats used

here, the estimation of the true status of the oldest age group in this

study, in terms of the maximum age attainable, is problematic. However,

the age range reported on, is considered to span the ages from newborn to

old age, and the motivation for this assumption follows. Previously

published survival data (Festing, 1971; Hollander, 1976) give mean maximum

ages of conventional male Wistar rats as 1140 days with 50 per cent

survival at 690 days. These figures may suggest that the 96w old group of

this colony is not very old. However, Everitt ~ al (1957) found a high

correlation between life duration and age at which maximum mass was
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attained. Accordingly, the faster the rat reaches its maximum mass, the

sooner it deteriorated and died. Everitt, found a 30 per cent loss in body

mass during the last 200 days of life, and his short-lived group (619-

700d) reached their mean maximum mass of 400 g at 425 days. Lesser,

Deutsch and Markovsky (1973) found longer-lived animals to maintain their

body mass during later life, although the shorter-lived group lost mass

during later life (Finch ~ aL, 1977, p.17). They concluded that"

the widely-held concept of senescent loss of lean tissue in animals needs

to be re-evaluated".

Animals used in this study reached a maximum mass of 415 g well before 336

days (Table 3). Extrapolation of Everitt's data may support speculation

that the colony of rats used in this study is relatively short-lived with

a mean maximum life duration in the region of 670 days or even less. This

would make it feasible to consider the group of 96w of age to be very old

or even senile. In addition, from published literature on ageing studies,

it appears that 96w of age old rats are frequently used as representative

of a physiologically old population (Finch ~ aI, 1977, p.6; Kanungo,

1980, p.81)

The oldest animals in this study appear to exhibit no important deviations

in their haematology when compared with younger adults. This corresponds

to the findings of Everitt ~ aL, (1958) rather than that of others

(Martin ~ aI, 1975; Ring ~ aI, 1966) who found a postmaturational

decline in some blood parameters. Degenerative changes in the animal form

an integral part of the ageing process (Hollander, 1976) and various

diseases associated with ageing affects the haematology of the individual

(Israëls ~ aL, 1976, p.410). It is thus significant that with an

anticipated prevalence of disease in the older rat which will be reflected

in the leukocytes (Xanthou, 1970), was found in this study to remain
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1956), and red cell mass correlates with lean body mass, the major

determinant of oxygen requirement (Muldowney ~ ai, 1957). With the
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unchanged nor did it display a conspicuous wider range than in the younger

and expected healthier animals. In the oldest age group marked shifts in

the differential white cell count is observed but it is problematic to

explain the underlying reason thereof.

It has been often assumed that old people suffer from anaemia (Earney et

ai, 1972), but various reports indicated that anaemia of old age, to which

women are more susceptable, is not physiologic (Israëls ~~, 1976,

p.411). Anoxia produced by chronic lung trouble was proposed as cause of

elevated haemoglobin in men (Helman ~ aL, 1974) and increased red cell

size in the aged (Okuno, 1972). This study found no significant

change in the haemoglobin concentration, MCV or RBC in the oldest age

group of rats. Furthermore, Everitt (1958) could not demonstrate any

correlation between lung disease, and the increased haemoglobin

concentration and red cell count that they observed in aged rats.

Although the number of platelets decrease significantly in the older rats,

the haemostatic implications thereof may not be extensive since the

contribution of platelets to haemostasis does not only depend on their

numbers, but also on their functional characteristics (Wintrobe ~ a l.,

1974, p.1236). The information available to date on platelet function in

the aged is relatively small, inconsistent and controversial. Israëls et

al (1976) reported a decreased platelet function in the elderly. They

emphasised that their findings did not necessarily imply that all elderly

had a basic haemostatic defect but that their observation was important

and significant because of a number of pathological situations common in

the elderly which affected platelet function.
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reduction in lean body mass with age, the requirements for oxygen and red

cell decrease (Grunt ~ aI, 1958). The correlation between red cell mass

and lean body mass was found to become less positive with age in man and

is thought to reflect a primary bone marrow abnormality in terms of

responsiveness with ageing (Lipschitz ~ aL, 1984). Other recent studies

in the mouse (Silini ~ aI, 1974) however indicate that age-related

changes in the bone marrow are quantitatively small and functionally

insignificant, as to impede the erythropoeitic responsiveness of the bone

marrow. If the results obtained in this study for the rat are considered

as an indication of the bone marrow potential, it seems that the bone

marrow capacity for self-maintenance and proliferation is not

significantly affected during the post maturational period of the rats

life, since the red and white cell parameters are not significantly

affected by age from about 24w'of age.

1.4.8 Biochemical blood components during postnatal life

Throughout postnatal life the activities of G6PD and PK decrease with

increasing age of the animal. This trend corresponds to the general

decrease in the activity of these enzymes documented for various other

tissues (Kanungo, 1980, p.82). The decrease is apparent when specific

acti vi ties of the enzymes are expressed per number of red blood cells

haemoglobin levels change as a function of age (See section 1.4.3),it may

be preferable for comparative purposes not to use haemoglobin levels as

base-line reference in haematological studies. Especially for the

comparison of the enzyme activity of individual cells, the observed

decline in the MeH, will result in the enzyme activities to appear to be

much lower when expressed per gram haemoglobin than when expressed per
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number of red cells.

corresponds to the same trend which has been established in rabbits

(Jelkman ~ al, 1981). PK is involved in one of the energy yielding

reactions of the red cells (See section 1.1.2.2),and it affects the 2,3-

DPG concentration of the red cell. The decrease in PK activity is shown

here to be associated with decreasing ATP levels during postnatal life,

and this may suggest a decline in glycolytic activity with increasing age

of the animal. The average red cell of older animals may thus be

qualitatively less adequately equiped to meet its energy demands, and as a

result, these cells may be prone to lysis (Grimes, 1980, p.135). Several

workers (Russel ~ al, 1982) have demonstrated that PK deficiency is

invariably accompanied by a high 2,3-DPG concentration. This physiological

effect, is considered important in providing some compensation for the

anaemia present in persons suffering from PK deficiency. However, this

relationship is not observed in the mature rats studied here, and is

probably due to the fact that red cell PK has more than 50 times the

capacity required for the rate of lactate production (Grimes, 1980).

It may be speculated that, the extent to which PK levels are depressed in

older animals is apparently not of such a magnitude as to cause cell lysis

and resultant anaemia, and that the need for 2,3-DPG to increase does not

arise.

The decreased G6PD activity observed here, in progressively older rats,

may have important implications regarding the ability of the red cells of

the animal to resist oxidative stress. During an oxidative assault, GSH is

consumed and can only be replenished by GSH reductase which depends upon

NADPH availability (Grimes, 1980). The turnover rate of NADP+/NADPH is

restricted in G6DP deficiency and the regeneration of GSH becomes
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insufficient with resultant methaemoglobin formation (Grimes, 1980).

In addition catalase II cannot be readily reactivated by NADPH, and

haemoglobin may undergo oxidative degradation to form Heinz bodies (Russel

et aI, 1982). Older animals with their greatly depressed G6PD activities

when compared to that of young cells, may thus be more prone to oxidative

damage and subsequent removal of the cells from the circulation (Grimes,

1980, p.257). However, it is not clear what level of G6PD activity

represents a deficiency state in the rat, and the pronounced lower levels

thereof in the postmaturational rat when compared with the younger

animals, may not necessarily indicate a physiological deficiency.

Moreover, the decreased G6PD levels may indicate either a decreased need

or capaciiy, of the red cells to face oxidative stress in the

progressively older animals.

The enzyme levels established here at specific ages in the rats life,

will not give any indication of a possible underlying mechanism of the

age-related changes observed in the red cell. However, it does suggest

that the red cell metabolism may be affected as animals become

increasingly older. The consideration of the 2,3-DPG and ATP levels with

increasing age may provide more information in this regard.

2,3-DPG and ATP constitutes 93 per cent of all organic phosphate compounds

in the red blood cell (Russel ~~, 1982) and both esters are

demonstrated here to decrease markedly in concentration as the animal

becomes progressively older. The exception to this generalised decrease in

ester levels is the increase of 2,3-DPG levëls during early neonatal life.

The decreasing levels of the esters are evident when the concentrations

are expressed per litre blood and also when expressed per gram haemoglobin

concentration (Table 6). The ATP and 2,3-DPG levels are generally

considered to approximate haemoglobin levels in the red cell when
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expressed in molar concentration (Grimes, 1980). From the data obtained

here, the ratio of these two este~s to haemoglobin is apparently

maintained as the animal becomes older, since the mean haemoglobin content

of the red cells decreases at the same time. Reticulocytes and young red

cells have higher ATP levels than older cells (Bernstein, 1972) and the

contribution of the former to the ATP levels of the erythrocyte population

may be considered to depend on their numbers. However, the reticulocyte

count stabilises at approximately 12w but the ATP concentration continues

to decline beyond this age. Thus, it does seem likely that the latter can

be attributed to the decreasing reticulocyte level only. Young animals

have greater proportions of young red cells when compared to older ones

(Glass et aI, 1981) and the possibility of differences in mean cell age as

cause of the differences in ATP levels, may not be overlooked.

Furthermore, ATP levels in the red cell depends on the activities of

certain enzymes involved in the available energy generating pathways (See

section 1.1.2.1). Any factor which affects the activity of these enzymes

and which undergoes age-related changes would thus influence the ATP

levels of the red cell. Thus,

described here, may also

the age related decrease in the PK activity

contribute to the decline in ATP levels

observed. The data obtained here, also seems to support previous

suggestions (Gross ~ aI, 1963; Valet ~ aI, 1972) that a blockage in ATP

production in the circulating erythroid population of older animals

occurs. However, it cannot explain the underlying mechanism exept to

indicate that PK which controls one of the energy yielding reactions, also

progressively declines with increasing animal age.

As a result of the necessity of ATP in the maintenance of red cell

function (See section 1.1.2.2)the decreased ATP levels in older animals,

invariably lead to the average cell population of older animals to be
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functionally less efficient and probably less viable than that of younger

animals. Valet et al (1972) demonstrated that five populations of red

blood cells exist in the circulation during the life-span of the rat.

These populations, differed in their resistance to haemolysis, and

appeared in the circulation at different times of postnatal life. The more

resistant population predominates in neonatal life and the least resistant

much later. Since the haemolytic resistance of red cells depends on

membrane integrity which in turn is primarily a function of ATP levels of

the cell (Wintrobe !!. aL, 1974, p.202), it may not be unlikely that the

decreasing ATP levels in progressively older animals demonstrated here,

may perhaps be one of several causative factors which contribute to the

existence of different populations of red cells with varying fragility in

the rat.

Fetal red cells have a higher oxygen affinity than maternal cells, which

is necessary to attain sufficient oxygenation of fetal blood at the

relatively low oxygen tension in the umbilical vein (Russel ~ aL, 1982).

The high oxygen affinity of fetal blood is achieved by one of the

following mechanisms in different mammals. The intrinsic oxygen affinity

of fetal haemoglobin may be high (Wintrobe !!. ~ 1974), the

interaction of the fetal haemoglobin with intraerythrocytic phosphates may

be reduced (Bauer, Ludwig & Ludwig, 1968; Tyuma & Shimizu, 1969), or the

concentration of 2,3-DPG may be low during fetal life (Jelkman !!. aI,

1981). The rat belongs to the latter group and lacks specific fetal

haemoglobins so that the oxygen affinity of fetal blood in the newborn

rat is primarily governed by the concentration of 2,3-DPG. Furthermore,

the relatively low 2,3-DPG concentration of 10 pmol/g haemoglobin during

the first week of the rat's life established here, may thus be due to the

presence, at this stage, of large quantities of fetal red cells in the
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circulation. By four weeks of age the 2,3-DPG concentration reaches a mean

peak value of 19 umol/g Hb, and this rise in the concentration of 2,3-DPG

during postnatal development is typical of animals which have this

mechanism to increase the oxygen affinity of fetal blood (Jelkman ~ aI,

1981). The trend of 2,3-DPG changes established here over the entire

posnatal period, is however, contrary to that reported by previous

workers. Wells ~ al (1979) documented that four week old rats have lower

levels of 2,3-DPG than 12 and 40 week old ones, and Martin ~ al (1975),

found no significant changes in the 2,3-DPG concentration of two to 24

month old rats, but pronounced elevated levels in 40 month old animals.

Also, the inverse relationship between 2,3-DPG and haemoglobin levels

which has been reported by a number of workers (Grimes, 1980) is

confirmed here for the entire postnatal period of the rat. The correlation

between the 2,3-DPG and haemoglobin levels in humans was found to be such

that for each fall of one gram in the haemoglobin level, the 2,3-DPG rose

by about 0,23 mM (Torrance et aL, 1970). Furthermore, a positive

correlation between the red cell mass deficit and the 2,3-DPG level,

rather than the haemoglobin level, has been established (Valeri & Fortier,

1969). A complicating factor in considering such correlations is the

presence of a young population of erythrocytes which would itself raise

display a compensatory mechanism to ensure oxygenation to the tissues.

However, Holter et al (1984) found a relationship between 2,3-DPG,

Po250%, haemoglobin concentration and available oxygen to be absent in

rabbits. This demonstrates that no causal relationship exists between 2,3-

DPG and haemoglobin levels. The postnatal changes in the 2,3-DPG and

haemoglobin levels may thus, despite the correlation between the two, be

due to parallel, independent, preprogrammed processes which are most

probably related to the growth, maturation and ageing of the animal
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(Holter, ~ al, 1984). The increase in 2,3-DPG levels during the immediate

postnatal life has been demonstrated previously (Jelkman ~~, 1981) to

be paralleled by a decrease in PK activity. This relationship is confirmed

here for the rat during the early postnatal period. However, the

postmaturational depressed 2,3-DPG levels were found not to be

associated with an elevated PK activity. This decline in 2,3-DPG levels

may cause an increase in the PSO value with resultant less oxygen delivery

to the tissues in the older animals when compared with that of young ones.

This may·be a physiological response to the decreased oxygen demands by

the tissues in older animals. Alternatively, the machinery responsible

for 2,3-DPG production may become progressively depressed due to either

intrinsic cellular changes or age-related changes occuring at the whole

animal level.

The metabolism of the mean red cell population of progressively older

animals, as reflected in the metabolic constituents measured here, is thus

affected by the age of the animal. However, more extensive data is needed

than that presented here to explain the underlying mechanisms. The age-

related changes in the metabolites may be due to ageing of the red cells

and the progressive substitution of more old cells or it may be caused by

ageing at whole animal level. The latter effect may be exerted on the bone

marrow and manifested in the circulating red cells. However, the

possibility that the progressively older environment may influence the

circulating cells should also be borne in mind.

1.4.9 The haematological development of the rat compared to that of

other mammals

The pattern of haematological development in the rat is similar to that

found in other altricial small mammals for which data is available, and in
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Table 7: Comparison of adult red cell parameters expressed as a
percentage of their value at birth of various mammals-

Species' Rat1 Mouse2 Guinea-pig3 , Human I; , BatS

I , ,, ,
, I ,

RBC (X10171) I 297,49 380,0 101,8 , 103,0 , 244,5
I I I

Het (1/1) I 141,38 107,0 100,0 I 82,0 , 111,1
I , I

Hb (g/l) I 130,59 113,8 93,4 I 136,4 I 123,1, I I
MCV (fl) , 47,66 47,8 98,1 , 80,2 I 45,1

I , I
MCH (pg) I 43,34 43,8 91,9 I 89,4 , 50,3

, I I
MCHC (g/l) I 89,37 100,0 93,4 , 100,0 I 110,5

I I ,
I I ,

I; =
S

Present study
Petehow ~ al, (1978)
Lechner ~ al,( 1980)
Dade ~~, (1974)
Basset et al, (1984)

1

2

3 =
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some respects it also corresponds to the trend documented for humans

(Table 7). When adult blood parameters are expressed as a percentage of

their value at birth (Table 7), to allow for comparison among species,

the rat shows a haematological profile similar to that reported for the

laboratory mouse (Silini ~ aL, 1974) and the bat (Basset ~~, 1984).

Several parameters of these two species exhibit marked differences between

the birth and adult values when compared to that of the human and the

precocial guinea-pig. With the exception of the MeRe in the rat, the

haematological parameters in the rat, mouse and bat change by at least 30

per cent when the animal reaches adulthood. The RBe change of the rat

being as high as 290 per cent. On the other hand, in the human and guinea-

pig all adult values (Basset ~ al, 1984; Dacie ~ al, 1975) remain

within 20 per cent of their value at birth. The parameters which undergo

greatest change in the human and the bat is the MeV, while the least

altered parameter for all species is the MeRe.

These comparisons may indicate some correlation between the red cell

parameters and gestational periods. Accordingly, the parameters at birth

tend to differ less from that of adults in species with longer gestational

periods, and vice versa.

1.4.10Conclusion

In the rat, ageing at the whole animal level is clearly accompanied by

presented here will not give an explanation of possible underlying

mechanisms, since a complete evaluation of the haemopoietic system, during

ageing, also need investigation of the blood forming tissue to complete

the picture. Since blood cells are essentially post-mitotic and have a

limited life-span the established changes in these cells in particular the
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erythroyctes, in the older body, warrants further investigation. In this

regard the effect of age on the bone marrow will have to be clarified.

In this study no significant decrease in the haematopoietic function of

the old rat, as reflected in the specific parameters has been observed.

Loss of haematopoietic function is thus probably not a limiting factor for

the animals life.

The Wistar rat is extensively used in research, and this study

demonstrates the quantitative variation in its haematology due to the age

of the animal. The age differences demonstrated here, emphasise the need

for careful selection of age-limits and the use of age-matched controls

when haematological and biochemical values constitute experimental

parameters.
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1.5. SUMMARY

Review of the literature revealed that the documentation of age-related

changes concerning haematological data, especially for experimental

animals, have not been adequately described. Even for the most frequently

investigated species, humans, investigators concerned themselves mainly

with the periods of infancy and agedness. Humans and rats were reported

in previous studies to exhibit a decrease in red cell volume, reticulocyte

count, haemoglobin content of red cells and the WBe. The RBe and HeT of

these species were reported to increase with increasing age. It is

however clear from the literature that generalisations of direction of

change should best be avoided, since disparity exists in the literature

even between reports on the same species. The literature also reveals

that some species of animals exhibit a decrease in RBC and an increase in

Mev with increase in age, which is contrary to the trend observed in

humans and rats. It is especially the status 'of the postmaturational

blood profile of mammals that seem to be inconclusive. Various factors

have been implicated as cause of the so frequently observed disparities.

Documentation of rat blood is fragmentary, contradictory and inconclusive.

Literature on age-related blood biochemical parameters are almost non-

exis tent. Since neither the haematological or blood biochemical

paramebters of any animal has been documented sufficiently, this study

investigated these aspects to provide a coherent picture of the changing

blood profile of the most extensively used experimental animal, the rat.

Blood from male Wistar rats were used to determine the red cell

parameters, blood haemoglobin concentration, leukocyte-, platelet- and

reticulocyte- counts. The biochemical parameters investigated included

2,3-DPG and ATP levels as well as PK and G6PD activities. The
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investigation was executed in a longitudinal manner on rats aged one day

to 96 weeks.

During the course of this study, results were obtained which demonstrate

that all blood parameters investigated change significantly as a function

of the animal's age. Rats exhibit a low RBe, HeT and haemoglobin

concentration during the first four weeks of life~ During this period the

haemoglobin levels decline by as much as 17 gil from the birth level.

Humans and rabbits were previously shown to exhibit the same postnatal

decline resulting in the infant being considered to suffer what was termed

'physiological anaemia'. Several causes for this anaemia have been

suggested. These include diminished erythropoiesis as either caused by

iron deficiency or reduced erythropoietic stimulation, haemodilution

accompanying the rapid mass gain and increased haemolysis observed in the

newborn's cells. The first mentioned cause above, seems unlikely, since

this study demons trates a rela tively high reticulocyte count, which is

characteristic of active erythropoiesis, during this period. Furthermore,

this study established that while the haemoglobin concentration and HeT

are depressed during neonatal life of the rat, the 2,3-DPG concentration

is elevated. The latter suggests an increased need for oxygenation by the

tissues during this period which makes the anaemia non-physiologic in

nature. The term 'physiological anaemia' may thus be a misnomer. Data

presented here does not suggest any cause for the depressed haemoglobin

levels of the neonate, but the condition of hyperphosphataemia reported

elsewhere for this period, may be important in this regard.

Early infancy of the rat is also demonstrated here to be characterised by

higher leukocyte levels, larger erythrocytes with higher haemoglobin

content and slightly higher concentrations of cellular haemoglobin when

compared with progressively older animals. This corresponds to the

https://etd.uwc.ac.za/



not necessarily suggest a haemostatic defect in these animals. From the

- 128 -

situation in humans. The sum total of the haematological changes from

birth to old age may be considered to include increased levels of the RBe,

haemoglobin concentration and ReT, and decreased levels of reticulocytes,

WBe and MeR. The MeRe of the rat like that of humans, exhibits the least

change of all the parameters during postnatal life and values range

between 321 and 397 gil. Data obtained here suggests that the rat WBe

stabilises at four weeks while the red cell parameters continue to change

until 24 weeks of age.

Extrapolation of the data obtained here to data previously documented

(Everitt, 1957b), on the correlation between life duration and age at

which maximum mass was attained, suggests that the 96w old groups of this

study may be considered as biologically old or even senile. Data for this

group suggests that their haematological profile does not differ from that

of animals as young as 24w of age. Platelet levels seem to decrease from

36w in the rat but does not reach the low levels present at birth and does

data obtained here, for what was assumed to be an aged group of animals,

it thus seems that the haemopoietic system of the aged rat is functionally

intact and is unlikely to be a limiting factor in determining the life-

span of the animal.

The investigation of the blood biochemical profile of the rat,

demonstrates that the activities of the enzymes PK and G6PD as well as the

ATP levels decreased progressively with increasing postnatal age. After

the initial increase of 2,3-DPG levels during the 'anaemic' period, this

ester too declines with age and exhibits an inverse relationship with the

blood haemoglobin levels. This investigation thus confirms the age-

related decline in PK and G6PD reported for other tissues. Only very

limited speculation is however, allowed by the biochemical data obtained
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here, regarding the metabolic status of the red cell population of

increasingly older animals. The regulatory nature of the enzymes studied,

in the metabolic pathways of the red cell, suggests that the decline in

activity thereof may result in a decreased glycolytic rate and a decrease

in the reduction potential of the cells as the animal ages. The decline

in ATP levels reported here for progressively older animals, may serve as

further evidence of the proposed decline in glycolytic rate. Data

obtained here is insufficient to explain the decline in 2,3-DPG levels

after the neonatal period, which is contrary to what may be expected from

a decline in glycolytic rate. It is not clear whether any of the enzymes

measured reach rate-limiting levels in older rats and meaningful

speculation on the status of red cell metabolism of progressively older

animals is problematic. However, the biochemical parameters measured

here, have been demonstrated previously to decline in individual red cells

as they age. The age-related decline in these parameters observed here,

may thus be either the result of a progressive increase in the mean red

cell age as the animal gets older, or it may be caused by ageing at whole

animal level.

During the course of this study, halothane was demonstrated to be a

suitable anaesthetic for use in haematological studies since none of the

measured haematological parameters measured, was influenced by it. Female

rats were demonstrated to have larger red cells, lower HCT and blood

haemoglobin concentration values when compared with male rats. The

haematological development of the rat is shown here to correspond to that

of other altricial mammals. In these animals the haematological

parameters change by at least 30 per cent and may as in the case of the

rat's RBC be as high as 290 per cent. The results suggest that the

haematological development in the rat may be a function of it's

https://etd.uwc.ac.za/



cells of different ages circulating at a given time. The latter

- 130 -

gestational period.

This first phase.of the study presents data which demonstrates the

quantitative effects of an animal's age on several whole blood parameters.

The values presented here reflect the mean values of an entire population

of cells in the blood. In order to characterise in greater depth the

properties of blood cells of animals of various ages, the red cell seem to

was selected as model for the investigation since it is the only cell

unique to the circulating blood. In the living mammal, the red cell

population is continually renewed resulting in certain proportions of red

phenomenon when considered together with evidence documented that several

characteristics of the individual red cell changes as it becomes older,

may suggest that the donor-age-related effects observed here in the red

cell population may be due to a shift in mean red cell age as the animal

becomes progressively older. This view may be investigated by

characterising the nature and magnitude of the changes occuring in the rat

erythrocytes as they age, and by establishing whether significant shifts

in the mean age of the red cell population do take place as animals become

older. However, it may also be speculated that the age-related changes of

the whole red cell population are caused by donor age, irrespective of the

mean cell age, at a given time. The establishment of the relative effects

of donor and cellular age on red cell parameters is the subject of

investigation in Part II of this study.
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PART II THE EFFECTS OF DONOR AND ERYTHROCYTE AGE ON SEVERAL

CHARACTERISTICS OF WISTAR RAT ERYTHROCYTES

2.1 Review of the relevant literature on the aspects of erythrocyte

ageing

2.1.1 General

Within the mammalian body, a percentage of circulating red cells are

continually destroyed and replaced by newly formed cells. New red cells

emerge from the bone marrow as reticulocytes, without a nucleus and only

vestiges of protein synthesis (Piomelli ~ al, 1967; Williams ~ al,

1972). These cells undergo a process of dedifferentiation (Russel ~ al,

1982, p.5) during a 33 to 48 hour maturation period after their release

(Brobeck, 1979) which involves ejection of degenerating organelles by

autophagy (Williams ~ al, 1972, p.75).

The loss of vital organelle results in the subsequent ageing of the red

cell and the maximum time it spends in the circulation is thus finite and

not regulated by chance alone. The ultimate removal of red cells from the

circulation takes place by erythrophagocytosis and results from multiple

deteriorative ageing changes (Bocci, Pessina & Paulesu, 1980). In some

animal species a fraction of the mature red cells are lost by random

destruction, while in others, like the human, this process is negligible

(Piomelli ~~, 1978). The search for the basic mechanism of red cell

ageing resulted in a considerable number of investigations being directed

towards the definition of changes that occur with age in the structural

integrity, chemical composition, energy sources and the critical
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functional components of the erythrocyte (Harris & Keilermeyer, 1972,

p.467).

2.1.2 Erythrocyte life-span

Senescent erythrocytes are removed from the circulation, after a time

interval characteristic for a given species (Piomelli ~ aI, 1967).

Inaccurate techniques resulted in contradictory earlier reports on the

mean life-span of rat erythrocytes (Belcher & Harris, 1959). Estimations

involving direct measurement of the survival of isotopically labelled

cells give values of a mean potential life-span of about 60 days (Belcher

~ al, 1959; Tochner !.!.. al, 1975; Van Putten & Croon, 1958). The effect

of advanced animal age on the red cell life-span have been investigated,
/

and results have been controversial. Reports on the influence of age on

red cells include: that the erythrocyte life-span remain unchanged

provided that it is measured within the donors own circulation (Hurdle et

aI, 1962), that it decreases with advancing age (Talbot et aI, 1965), that

neonates have shorter life-spans than adult cells (Linderkamp !.!.. aI,

1983), that premature infants have shorter life-spans that adults or term

infants (Gross !.!.. aI, 1963) and that cell survival is prolonged with

increased subject age. Recently, Glass ~ aI, (1983) measured mean half

lives of 40 and 25 days in young (6-8mo) and old (27-31mo) rats

respec tively. They also demonstrated that the HCT is maintained

throughout postnatal life by a doubling of the cell turnover and a

resultant skewed age distribution of the red cells in very older animals.

This creates an paradox in that the data suggest that old animals possess

chronologically younger populations of red cells than do young animals.
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2.1.3 Intracellular biochemistry during ageing

2.1.3.1 Enzymes

The mature erythrocyte loses the metabolic properties possessed by

reticulocytes and with it's limited but specialised metabolic capability,

derive metabolic energy solely form sugars (Grimes, 1980, p.86). The

glycolytic rate of reticulocyte averages five times that of the average

whole red cell population ánd approximately eight times that of an old

cell population (Bernstein, 1972). Bernstein (1972) also found that the

glycolytic rate as assessed by the amount glucose degraded and lactate

formed is significantly higher in young mature red cells compared to that

of the oldest cells. Further, the percentage glucose conversion to

lactate is less in young cells compared to the older ones, and has been

attributed to an increased diversion of phosphorylated glucose via the

oxidative pathway (Bernstein, 1983).

Investigations directed at determining enzyme levels as a function of cell

age have used mainly young and old cells separated into age groups by

differential centrifugation or differential lysis (Brok, Ramot, Zwang et

aI, 1966). Earlier investigators (Allison ~ aI, 1955; Sass, Vorsanger &
Spear, 1964) documented higher enzyme activities in young cells than i.n

old cells. Their findings however, may have no bearing on the normal

physiological ageing process of young mature erythrocytes, since they used

either reticulocyte rich samples or normal cells after they have been

transfused.

There is general agreement among some investigators that the activities of

glucose 6-phosphatedehydrogenase, hexokinase, aldolose, phosphohexose

isomerase, superoxide dismutase, transketolase and transaldolase diminish
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in progressively older cells (Bonsignore, Fornaini, Fantoni ~ al, 1964,

Brok ~ al, 1966; Glass ~ al, 1981; Konrad ~ al, 1972; Marks ~ al,

1958; Sass ~~, 1964; Wagner, Razzak , Gaertner ~ al, 1962). The

activity of aldolase has however also been reported to increase in older

cells (Glass ~ al, 1981). Catalase, glutamic oxaloacetic transaminase and

cholinesterase activities were reported to progressively decrease in

transfused donor cells as they age and are also higher in reticulocyte

rich populations (Allison ~ al, 1955). Data from normal red cell

populations however suggests that catalase activity is not a function of

erythrocyte age (Sass et al, 1964).

The ac tivi ty of glutathione reductase was reported to remain unchanged

(Bonsignore ~ al, 1964), while a later study (Abraham ~ al, 1978),

recorded it to decrease together with total free thiol and reduced

glutathione in old cells. This suggests a diminishing reduction potential

of erythrocytes with increasing age.

In ~ study of 20 enzymes in young and old sheep red cell populations,

Noble, Tanaka & Nathanielz (1982) found all the enzymes studied to

categories of enzymes depending on the strength of correlation between

enzyme activity and age. In some of these namely, aldolase,

phosphofructokinase, adenylate kinase, nucleoside phosphorylase,

acetylcholinesterase, and 2,3-diphosphoglyceromutase the relationship with

cell age is small. Another group including monophosphoglycerate mutase,

pyruvate kinase, trans-ketolase and -aldolase, glyceraldehyde 3- phosphate

dehydrogenase and enolase, enzyme activities were definitely increased in

young cells if the activities were expressed as lU/lOlO erythrocytes. The

relationship was less clear if expressed per ml RBC. A third group was

demonstrated to have activities which are clearly red cell age dependent
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namely, glucose 6-phosphate dehydrogenase, 6- phosphogluconate

dehydrogenase, hexokinase, phosphoglucose isomerase, lactate

dehydrogenase, phosphoglycerate kinase. Several other studies however,

could not demonstrate definite and consistent changes in lactate

dehydrogenase, purine nucleoside phosphorylase and possibly glyoxylase

(Allison ~~, 1955; Bernstein, 1972; Grimes, 1980, p.291; Marks ~ aL,

1958).

Dif ferences between enzymes regarding the pat tern of decli ne have also

been reported. Thus, the activity of G6PD decreased progressively mainly

in the older red cell fraction, while phosphohexose isomerase activity

decreases primarily in the younger cell fractions (Marks ~ aL, 1958).

Further, hexokinase activity was found to decline more steeply than any

other enzymes (Brok et al, 1966).

The reported decreased activities of several glycolytic enzymes and of

the glycolytic rate prompted investigators to identify the rate-limiting

enzyme, the decrease in activity of which would limit glycolysis in the

aged cell. Bernstein (1972) found aldolase activity to reach critically

low levels and suggested this enzyme to be rate limiting. However, Brok

~ al (1966) found hexokinase to exhibit a much lower activity in young

cells. The drastic decline of hexokinase activity observed in the oldest

red cell fraction, which probably resulted from their decreased ATP

content (Bernstein, 1972), constitutes a serious metabolic handicap of the

senescent erythrocyte. The alteration in red cell glycolysis and the

possibility of enzymes falling to rate limiting levels with ageing, led

investigators (Bernstein, 1972) to postulate that decreased glycolytic

activity in the aged cell may lower the resistance of cells to destructive

processes. Allison ~ al (1955) have suggested that the decrement in red

cell catalase or cholinesterase activities might lead to red cell
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disintegrat'ion. They calculated, the enzyme activity of reticulocytes

were about three times that of the average red cell population, and that

the red cell at the termination of its life-span had less than 10 per cent

of the enzyme activity of a reticulocyte. However, catalase is present in

cells in high concentrations and a change in its activity is unlikely to

be a limiting factor in protecting haemoglobin from oxidation (Bernstein,

1972). Further, calculation of the cholinesterase and glyoxalase

activities of red cells demonstrated that the values reported in aged

cells were not rate limiting, while the suggested role of cholinesterase

in the hydrolysis of acetylcholinesterase for providing energy for active

transport has not been confirmed (Bernstein, 1972).

The age-related metabolic change of the red cell is also reflected in the

electrolyte status of the cell. Studies on the cation steady state

indicate a lower level of active transport in the older cells (Harris,

1972, p. 467). This results in a higher potassium and lower sodium

content of old cells compared to young ones (Bernstein, 1972; Edwards,

Kder, Demetrios ~ al, 1961). These effects have been attributed to a

decrease in glycolytic activity of the ageing red cell which reaches a

~ritical level, at which membrane integrity and thus the active transport

mechanism for the maintenance of the cation status cannot be maintained.

The leakage of potassium and sodium is passive down their concentration

gradients (Grimes, 1980, p.277) and in in vitro ATP depleted cells the

nett gain of sodium is greater than the loss of potassium (Hoffman, 1958),

and this causes the cell to swell. However, progressively older cells

however, have decreased cell volumes associated with a lower water content

(Harris ~ al, 1972, p.467) and consequently the potassium and sodium

content in terms of concentration in cell water remains the same

(Bernstein, 1972; Hoffman, 1958).
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indicated that ATP depletion, which is also experienced by old cells

(Bernstein, 1972), brings about an increased intracellular concentration

of calcium. This in turn provokes a series of changes such as efflux of

potassium, modification of cell shape, proteolysis of membrane proteins

and the release of vesicles (Bocci ~ aI, 1980). Bernstein (1972) however,

could find no variation in the values of calcium content between young and

old cells. Calmodulin is known to mediate most of the intracellular

effects of calcium (Ganong, 1980) and the levels of this substance was

also found to decrease during the red cell's life-span (Bernstein, 1983).

The data of Bernstein (1983) also suggests a decrease in red cell

magnesium as the cell ages.

2.1.3.2 Phosphate esters

The concentration of the two high energy phosphate esters, 2,3-DPG and

ATP, in the red cells decrease in older fractions of red cells seperated

by centrifugation (Bernstein, 1972). This is in agreement with the work

of Hofmann and Rapoport (1956) who found that rabbit reticulocytes had two

to three times the ATP content of the average circulating erythrocyte.

2,3-DPG provides the major source of energy in the absence of glucose or

other metabolisabie sugar in the external medium, and in old cells but

not in young cells accumulation of pyruvate results (Bernstein, 1972).

This may be ascribed to reticulocytes present among the younger fraction

which can metabolise pyruvate by other routes. Bernstein (1972) also

demonstrated the inherently greater metabolic activity of young cells, by

the greater disappearance of phosphate esters during incubation without

glucose and the more rapid resynthesis of the esters and restoration of

glycolytic activity in the young cells, subsequent to the addition of

glucose and inorganic phosphate or adenosine.

https://etd.uwc.ac.za/



- 138 -

2.1.3.3 Haemoglobin

Calculations from previous studies suggest that up to 30 per cent of the

haemoglobin in the normal individual is converted daily to methaemoglobin

(Russel.!:!.aL, 1982, p.18). Earlier, controversy existed as to whether

methaemoglobin concentration may increase in progressively older cells

(Edwards et aI, 1961). The enzyme reduction potential has been reported

by some workers (Abraham et aI, 1978; Bonsignore et aI, 1964) to decrease

with increasing cell age. Several other studies have shown that the

ability to reduce methaemoglobin to haemoglobin is a function of cell age,
(Grimes, 1980; Sheenan.!:!.al., 1983). It has also been demonstrated that

older human red cells contain an increased concentration of

methaemoglobin. The methaemoglobin concentration is appreciable at about

50 days of age and remains steady thereafter (Harris .!:!.aL, 1970, p.469).

Older cells also contain more methaemoglo~in than younger ones in

conditions where large amounts of methaemoglobin are produced by oxidative

assault from an exogenous source (Grimes, 1980, p.291). These findings

suggest a progressive inability of the cell to protect itself from

deleterious changes that can lead to oxidation, denaturation and

destruction. This view is however disputed by some workers (Betke, Marti

& Schlicht, 1960) eventhough the same decay curve was found for

methaemoglobin reduction rate as for the erythrocyte survival (Harris et

~, 1972, p.469).

An age-related reduction of major HbA occurs in adult cells, while the

minor haemoglobin components, A3 and Al increase and haemoglobin A2

remains unchanged with age (Edwards .!:!.aL, 1961). In term and preterm

babies the total glycosylated haemoglobin levels, as well as the

acetylated form of HbFic have been reported to increase with increasing
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cell age (Elseweidy, Fadel & Abrahams, 1984). This indicates

posttranslational enzymatic or non-enzymatic acetylation of HbF during the

entire life-span of red cells. It has been previously documented

(Halvorsen, 1963) that the formation of HbF declines continuously during

postnatal life, and progressively older cells thus have decreased HbF

concentrations. In contrast to above, Gahr ~ al (1984) found that the

process of switching from fetal haemoglobin to adult haemoglobin formation

is not continuous but is determined by the age of the infant.

An age-dependent alteration in the functioning of normal haemoglobin has

dialyzed haemolysates and intact erythrocytes have greater oxyhaemoglobin

saturation in the young than in old cells. Their study suggests an age-

dependent alteration in the haemoglobin structure which is not due to

proteolysis but rather secondary to an in vivo erythrocyte metabolic

alteration.
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2.1.4 Cell-age-related morphological and structural changes of the

erythrocytes

Electron microscopic studies of the reticulocyte, employing the technique

of moulage, as well as studies with the scanning electron microscope, show

the reticulocyte to have a multilobar surface, and a region of hilar

indentation and points of retraction (Williams et al, 1974, p.75). After

the 48 hour maturation period the red cell acquires the discocyte shape,

the surface irregularity is lost and the cell diminishes markedly in size.

Subsequent ageing of the erythrocyte is accompanied by a further gradual

reduction in red cell size but no change in the MCR is evident (Cohen,

Eckholm, Luthra et al, 1976; Rennie et al, 1979). In rats the MCV and MCR

were reported to decline almost linearly to 77 and 78 per cent

respectively of the value of the young mature cell within 47 days (Tochner

~ aI, 1975). Tochner ~~ (1975) also reported that the MCRC remains

essentially unchanged during ageing of the cell. Controversy exists on the

shape of the ageing cell, since reports of a transformation from the

discocyte to echinospherocyte shape (Bocci, 1981b; Russel ~ al, 1982,

p.10), and the maintenance of the discocyte shape during the process of

ageing (Tillman, Levin & Schroter, 1980) have been documented. The

discocyte shape of the mature red cell provides the ideal proportions for

maximum deformability which is essential for red cell viability

(Linderkamp .:.!. al, 1982a). Loss of this shape decreases cellular

deformability (Williams et al, 1974) and implies altered membrane

structure and function. The manifold changes in red cell metabolism

during ageing contribute in a significant way to alterations in membrane

functions (Bernstein, 1983) of senescent red cells (Bocci, 1981b).

Although there is extensive evidence that the deformability of the entire

red blood cell decreases during ageing (Linderkamp et al, 1982b; Schmid-
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Schonbein ~~, 1981), reports on the relevant specific properties

associated with the ageing process are limited and not in total agreement

(Linderkamp ~ aI, 1982a). The age-dependent decrease in deformability

have been demonstrated by changes in a variety of parameters like

increased viscosity, impaired filterability, decreased elongation under

high shear stress and increased pressure required to aspirate entire red

cells into micro-pipettes (Schmid-Schënbein ~ aL, 1981; Weed, 1966).

These parameters give a measure of the factors that determine

deformability like membrane surface area to volume ratio, the cellular

morphology, the mechanical properties of the cell membrane and the

viscosity of the cellular contents (Linderkamp ~ aI, 1972).

Red cells need an excess membrane surface area, beyond that required to

enclose the cell volume, to deform and adopt various shape changes

(Linderkamp ~ aI, 1982b). It has been generally considered that the

surf ace area to volume ratio of red cells decreases wi th age, which was

mainly based on the phenomenon of membrane fragmentation (Bocci, 1981b).

Both volume and surface area of young red cells are higher than in the old

cells, but the surface area to volume ratio were demonstrated not to

differ between young and old cells (Canham, 1968; Tochner ~~, 1975).

However, measurements of the surface area and swelling indices, indicate

that young cells have more excess surface area and a greater swelling

ability than old cells (Linderkamp ~ aI, 1982b). This does not only

explain the increased osmotic fragility of old cells (Bocci et aI, 1981a)

but may also contribute to their decreased deformability.

Several studies on the mechanical properties of ageing red cells revealed

no significant difference in the membrane elastic shear modulus (the

resistance of the red cell to extensional shear deformation at constant

surface area) (Heusinkveld, Goldstein, Weed ~ al, 1977; Linderkamp et al,
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1982a; Nash & Meiselman, 1980). This suggests that the resistance of old

viscoelastic time constant (the recovery time after release of extended

red blood cell) and the membrane surface viscocity are increased in older

cells (Linderkamp ~ aI, 1982a). The time constant depends on the viscous

dissipation within the membrane and the haemoglobin solution after release

of the extended cell. The internal viscosity determines the dissipation

inside the cell (Chien, 1981; Hockmuth, Worthy & Evans, 1979) and it has

been calculated that the viscosity of haemoglobin in the red cell

increases from 9 to 54 cP during ageing (Linderkamp !.E.aL, 1982b). The

decreased fluidity of aged red cells may be due to two factors. Firstly,

the MCHC is greater in old cells (Williams !.E.~, 1980; Tillman!.E. ai ,

1980). Secondly, as demonstrated by Weed !.E.~ (1966) and later by La

CelIe ~ al (1970) the decreased ATP content of aged erythrocytes leads to

diminished fluidity. Linderkamp!.E. al (1982b) suggested that the

increased internal viscosity contribute markedly to the mechanical power

dissipation inside the red cell and the time constant is still mainly the

resultant of membrane elastic and membrane viscous forces.

The loss of deformability and the possible loss of the discocyte shape,

have been related to several changes occuring in the membrane structure

during ageing. Because of superficial similarities between cold-stored

and aged red cells (Grimes, 1980, p.289), changes occuring in the former

has often been used to illustrate ageing changes. The non-viability of

stored red cells has been attributed to metabolic impairment accompanied

by a change in the biophysical properties of the membrane (Pessina,

Paulesu & Bocci, 1979). Metabolic impairment results in a progressive

increase in the intracellular calcium concentration (Schatzman, 1983).

Irreversible modification of the membrane cytoskeletal system and the
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redistribution of integral membrane proteins occur due to raised

intracellular calcium levels (Van Gastel, Van den Berg, De Gier ~~,

1965). This effect is brought about at least partly, by the activation of

transglutaminases present in the cell membrane and contribute

significantly to the decreased deformability of cells (Russel ~ aI, 1982,

pp.4,12).

Lipids form the bulk of the red cell membrane, and changes in their

accompanied by a slight decrease in the total lipid and phospholipid

levels (Van Gastel et al, 1965). Cholesterol has an important role in the

control of membrane fluidity (Grimes, 1980), and changes thereof have

obvious implications. The cholesterol levels show no significant age-

related changes when related to a single cell or when related to cell

surface area (Van Gastel ~ aL, 1965). Further, the decline in membrane

lipids were reported to be only significant during the maturation of the

reticulocyte (Van Gastel ~ aI, 1965; Winterbourn ~ aI, 1970). Nor could

any difference be found in the relative amounts of the major phospholipids

during rat red cell ageing (Tochner et aI, 1975). Thus the differences in

lipid differences observed by some workers (Van Gastel ~ aI, 1965) may be

due to the transition from reticulocyte to mature cell, and it is thus

unlikely that a decline in lipid cause major modifications to cell

structure and function during ageing. A decreased lipid protein ratio,

modifying the interaction between lipid and protein, have been suggested

to be responsible for decreased fluidity and deformability (Chien, 1981).

Also, spin label studies, which measure the motion of molecules

incorporated into the membrane, suggest that alterations in lipid-protein

interaction may play an important role in the ageing process of the red

cell membrane (Boccci, 1981b). However, the relationship between the

https://etd.uwc.ac.za/



- 144 -

motion of molecules in the membrane and the membrane viscous properties

still remain unclear (Linderkamp ~ aI, 1982b).

Agei ng of red cells have been demons tra ted to be accompanied by

significant chemical modifications of the glycoproteins of the membrane,

which involves a decrease in sialic acid and galactosamine content

(Aminof f, Vader, Bruegge, Bell ~ al, 1977; Balduini ~~, 1974; Bocci,

Pessina & Paulesu, 1979; Braveiii, Seppi, Pallaricini ~ al, 1983; Jancik

~ al, 1974). Sialic acids are components of glycolipids and

glycoproteins of the outer layer of red cell membranes (Jancik ~ aI,

1974) and recent evidence (Braveiii et al, 1983) suggests that the

glycoproteins released during cell ageing come from the external domain of

the predominant membrane sialic acid containing protein glycophorin A.

Sialic acid residues are responsible for most of the negative charges at

the cell surface of erythrocytes (BraveIIi et aL, 1983) and the reported

progressive decreased surface changes during erythrocyte ageing have been

ascribed to the removal of glycopeptides by the action of sialidases

(Bocci" 1976; Braveiii ~~, 1983; Danon & Marikovski, 1964). However,

human erythrocytes aged in vitro in a protein medium without glucose, lose

very little sialic acid in the free form, suggesting that a membrane bound

or soluble (Bocci ~ aL, 1981a) sialidase has practically no activity at

physiological pH. Further, upon the removal of granulocytes, which can

release an array of glycosidases and neutral proteinases (Baggiolini,

1972) the release of sialopeptides become negligible (Bocci, 1981b).

Neuraminidase treatment also does not produce the decreased

electrophoretic mobility of glycophorin A as observed in aged erythrocytes

(Brave IIi ~ aL, 1983). This latter finding led the authors to suggest

that a rearrangement of supramolecular membrane components takes place

during ageing, and determines the possibility that glycophorin A interacts

with some cellular constituents or their degradation products.
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Much of the confusion about the status of sialic acids during ageing is

derived from the fact that the sialic acid content of erythrocytes has

been related to the haemoglobin content or to cell membranes (Bocci,

1981b). The sialic acid/haemoglobin or the sialic acid/number of cells

ratios cannot give the correct answer since sialic acid/membrane protein

was found constant throughout the cell life-span (Kadlubowski, 1978) or

significantly reduced (Balduini ~ al, 1974). There is also a greater

loss of lipids and proteins than haemoglobin during cell ageing (Van

Gastel ~ al, 1965).

Bocci (1981b) suggested that loss of carbohydrate with portions of

membrane occur during ageing. Their view is supported by the finding by

Seaman ~ al (1977) which indica ted tha t although the total sialic acid

content in old erythocytes is lower, the surface charge density remain

unchanged throughout the whole life-span. Further evidence in favour of

loss of portions of membrane during ageing has been provided by Lutz ~ al

(1979) who found no desialylated proteins in senescent red cells.

During the maturation of reticulocytes, surface remodeling occur by a

process of fragmentation (Ganzoni ~ al, 1981). Membrane fragmentation

occurs in older cells by the formation of membrane fragments, or myelin

forms or microspheres or vesicles (Lutz & Fehr, 1979). Vesiculation

occurs during incubation after ATP depletion and vesicles are depleted

of spectrin (Bocci ~ al, 1980) contain variable amounts of haemoglobin

and the same protein component III as in intact membranes (Bocci, 1981b).

Recently, Dumaswala & Greenwald (1984) demonstrated similar vesicles

present in fresh plasma, which had morphology and protein composition

indistinquishable from those released from normal erythrocytes aged in

vitro. The N-acetyl-neuraminic acid: lipid ratio was however
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demonstrated to be lower than in the orginal membrane (Bocci ~ aI, 1980;

Pessina et aI, 1979), leading to the suggestion that a redistribution of

glycoproteins and membrane remodeling during ageing is a step preceding

the release of vesicles. This suggestion is controversial since other

workers found no difference in the sialic acid/phospholipid ratio (Bocci,

1981b). The possibility of leukocyte protease contaminants present in

the samples and consideration of the formation of glycophorin clusters

found in sheep erythrocytes with resultant release of glycoprotein rich

vesicles apparently need investigation (Bocci, 1981b) However, Seaman et

al (l977) found similar surface charge densities in old and young cells

which suggest that the glycophorin concentration is similar in residual

cells and vesicles. Vesiculation may thus account for the bulk loss of

membrane sialic acid while the process of proteolysis and/or desialylation

may have only marginal importance (Bocci, 1981b).

Associated with a 23 per cent volume reduction in aged red cells, there

maya decrease in the haemoglobin content of 22 per cent (Bernstein, 1983;

Glass ~al, 1983; Piomelli ~al, 1967; Tochner ~al, 1975). The xcnc

has been reported to remain relatively constant (Tochner, et al 1975) and

to increase significantly (Elseweidy ~ al., 1984; Linderkamp, 1982a).

Linderkamp (l982a) attributed the lower fraction of osmotically active

particles to the higher MeHe in older cells. In addition, the decrease in

organic cell phosphate (Bernstein, 1972) decreases the internal colloid

osmotic pressure and is considered to contribute to the reduced volume of

old cells. Older cells thus swell less with decreasing osmolality than

young cells, but nervertheless haemolyse at a higher osmolality due to

their lower swelling index (Danon et al, 1964; Linderkamp ~ al, 1982b).

The decreased resistance of aged erythrocytes to osmotic lysis have been

demonstrated by various workers in man and rabbits (Tochner ~ aI, 1975).
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This led to a general acceptance of this phenomenon and the development of

the technique of differential haemolysis to separate old cells from young

ones. However, young erythocytes of dogs are osmotically less resistant

than older cells (Hoffman, 1958) and no measurable change in the"osmotic

fragility during the ageing of rat erythocytes could be found (Tochner et

aL, 1975). A further exception to the assumption that young cells are

osmotically more resistant than old ones, was reported (Simond & Topper

1957)in rats where a small portion of the younger cells had an increased

osmotically and / or mechanical fragility suggesting that there are two

populations of young cells. It is suggested that the fragile and

resistant fractions are derived from reticulocytes and young non-

reticulated cells respec tively (Sass .!:.!. al, 1964 ). Alternatively, the

minor fraction of fragile cells may represent the "short-lived" cells

reported to be present in normal cells populations (Bernstein, 1972).

2.1.5 Sequestration of senescent cells from the circulation

The destruction of erythrocytes have been proposed to include four major

routes. These include colloid osmotic lysis, primary perforation of the

cell membrane resulting in direct loss of haemoglobin and other

macromolecules, fragmentation and erythrophagocytosis (Harris ~ aI, 1972,

p.524). Removal of cells by random destruction differs in degree between

species but erythrophagocytosis may be considered as the only mechanism

involved in the selective removal of senescent red cells (PiomeIIi et aI,

1967). All red cell destructive processes, are however thought to involve

alteration of the membrane structure and function produced by several

processes originating either within the cell or extrinsic to the cell
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(Bocci, 1981a).

The main intracellular changes during the ageing of the erythrocyte is the

progressive decline of metabolism, characterised by depletion of enzymes,

a fall in ATP concentration and of reduction potential (Bocci ~ al,

1981a; Brovelli ~ al, 1983). This metabolic deterioration is accompanied

by corresponding changes in the membrane physical properties which

eventually make the cell susceptible to removal from the circulation (Kay

~ al, 1982). Membrane ageing from the external side is thought to be

caused by intermittant interaction of the erythrocyte surface with a

somewhat unphysiological micro-environment (Bocci, 1981b). The most

likely sites of in vivo ageing are those where red cells are transitory

trapped and concentrated (Bocci et al, 1981a). The splenic circulation is

very representative of a sluggish circulation (Weiss et al, 1970) with a

haematocrit of 75 per cent and pH values ranging from 7,2 to 6,8 (Bocci,

1981b). The low plasma content during haemoconcentration and the

resultant decrease in the concentration of natural proteinase inhibitors,

is thought to protect the cell against membrane shedding (Bocci ~ al,

1979). Conditions in the spleen thus favour metabolic impairment

(Fornaini, 1967), and membrane alterations (Bocci, 1981b), including the

release of vesicles (Bocci, 1981b).

During it's life-span the erythrocyte pays about 3 to 5 X 103 visits to

the spleen (Bocci, 1981b) and the duration of each visit ranges from 0,5

to 54 min (Bernstein, 1972). The numerous visits to the spleen and the

sluggish circulation increase the chances for close contact with

macrophages in these organs (Bocci et al, 1981a; Linderkamp et al, 1983).

Other organs with sluggish circulations include the liver, bone marrow and

probably other areas where the erythrocytes may undergo brief

'unphysiological' periods and age. However, Aminoff et al (1977)
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demonstrated that adhesion and resultant rosette formation take place

predominantly between aged cells and the mononuclear splenic cells and

Kupffer cells of the liver. The adhesion reactions in these organs

explain their direct involvement and not that of any other organ where

blood flow is sluggish (Wagner et aI, 1962). This affords a more specific

mechanism for the active removal of effete erythrocytes in these organs in

contrast to previously suggested passive mechanisms of elimination.

The major role played by the spleen, bone marrow and liver in sequestering

and catabolising aged, damaged or abnormal cells, has long been

recognised, while the phagocytic function of mononuclear phagocytes is

acknowledged (Bocci, 1981b). Elimination of senescent red cells takes

place primarily in the spleen and the contribution of the other tissues in

this process is apparently not significant (Balduini ~~, 1974;

Linderkamp ~ aI, 1983; Seaman ~ aI, 1977; Wagner ~ aL, 1962). The

mechanism responsible for the sequestration of aged erythrocytes remains

however a matter of debate. Obviously, the mechanism requires

physiochemical changes in configuration or composition of the senescent

cell membrane which would result in selective recognition and

sequestration of ageing cells, whilst sparing the intact mature cells

(Kay, 1975).

Although a decrease in serine and threonine, and an increase in aspartic

acid, glutamic acid and of the protein moeity occur, the removal of

glycopeptides has been considered to be main red cell modification due

ageing (Balduini ~ aI, 1974). Results from several studies (Balduini et

aI, 1974; Jancik ~ aI, 1974) have suggested that sialic acid and perhaps

also that of galactosamine in the red cell membrane determine the life-

span of the cell. The hypothesis holds that a decrease in sialic acid

content below a certain level would inhibit the capacity of the
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erythrocyte to escape sequestration by the spleen. This suggestion was

based on the previously demonstrated role of sialic acid in the turnover

rate of lymphocyte regulation (Seaman ~ al, 1977). Also, heterologous

erythrocytes are ingested quicker by mouse peritoneal macrophages after

treatment with neuraminidase which releases more than 9S per cent of the

sialic acid (Aminoff ~ aL, 1977). ora red cells have consistently less

sialic acid than young ones (Ba1duini ~ aL, 1974; Bocci, 1979; Cohen ~

aL, 1976) and removal of 10-lS per cent sialic acid from red cells have

been demonstrated to be sufficient to make these cells more susceptible to

phagocytosis (Alderman, Fudenberg & Lovins, 1980; Aminoff 1977;

Kadlubowsky ~ aL, 1978). However, although ATP depletion of old cells

have been associated with an increased release of sialic acid (Bocci ~

aL, 1979), ATP depletion of cold stored cells is not necessarily

associated with a decrease of membrane sialic acid and the cause of

rapid erythrophagocytosis of cells preserved in acid-citrate-dextrose was

attributed to metabolic damage suffered during storage rather than a

decrease in membrane associated sialic acid (Pessina ~ aL, 1979).

Further, circulating old cells loose several sugars rather than sialic

acid alone (Gatengo, Bladier, Garnie et al, 1976).

According to Aminoff et al (1977), there is a direct interaction between

specialised binding proteins present on KUpffer cells or hepatocytes and

the recognition signal uncovered after desialylation of the erythrocyte.

This results in selective retardation in the haemocatheretic organs and

thereby their elimination from the circulation. The importance of sialic

acid in in vivo erythrocyte ageing is uncertain and desialylation is

considered by some workers inadequate to promote specific phagocytosis

(Alderman et al, 1980).

The oldest red cells in a population of human red cells have been shown to
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bear autologous immunoglobins on their surface membranes whereas the

younger red cells did not (Alderman ~~, 1980; Kay, 1975). It has also

been demonstrated that the antigen binding Fab region of

autoimmunoglobulins, mostly IgG2, bind to the membranes of old human

erythrocytes, which follow ing elu tion, bound to young des ialyla ted red

cells (Kay, 1975, 1983). These findings lend support to the concept

of an adaptive immune response for the removal of senescent cells from the

immunoglobulins would constitute opsonization resulting in the recognition

of effete cells (Kay, 1975). The required surface alteration represents

the exposure of a cell-age-specific antigen (Alderman ~ al, 1980), the

nature of which is still a subject of controversy.

It has been theorised that "'receptors'"for autologous immunoglobulins,

present in aged red cells, may arise as a result of the loss of terminal

N-acetyl-neuraminic acid residues from the surface membrane of the cells

(Kay, 1975). Several investigators considered the decreased surface

charge of aged erythrocytes, demonstrated by phase partition experiments,

as the cell-aged determining signal (Brovelli ~ al, 1983; Danon ~ al,

1 9 7 4 ; Kay , 1 9 7 5)• This suggestion implies the presence of charge

receptors which would be a non-spec ific entity, the presence of which

have failed to be disclosed (Kay, 1975). Further, the surface charge

density remains essentially unaltered during ageing of erythrocytes

(Seaman ~ al, 1977).

Kay (1978, 1983) has postulated that the structural association between

glycophorin, a peripheral protein, and integral membrane proteins may be

disrupted during ageing leading to the exposure of cryptic antigens.

They suggested that an ankyrin fragment, on the surface of aged

erythrocytes, binding to an IgG autoantibody represents the unmasked
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signal. Consistent with this view is the finding that desialylation of

young erythrocytes by vibrio cholera neuraminidase enable them to bind to

immunoglobulins eluted from autologous older red cells (Alderman ~ al,

1980). Kay's view can accommodate either the process of vesiculation

or /and the rearrangement of membrane components occuring during ageing.

The age-related antigen has subsequently been characterised by supporters

of this hypothesis as a sialoglycophorin (Alderman ~ al, 1980).

Other workers demonstrated the senescent-cell-antigen as a glycosylated

polypeptide with an apparent molecular mass of lOOK or -200K, that is

immunologically related to the membrane spanning protein band 3 (Kay,

1978, 1983; Lutz et al, 1979). The cell-age specific antigenic sites are

not formed during senescence, but are already present in young

erythrocytes. Exposure of the cell-age-specific (CAS) antigen in

senescent cells may be due to an increased probability of CAS dimers (Lutz

~ al, 1979). Breakdown products of band 3 increase with age and Kay

(1984) suggested a critical cell-age-specific cleavage to occur in the

transmembrane anion transporter of band 3 which causes a change in the

tertiary structure and serves as senescent antigen. The altered lateral

distribution of band 3 in senescent cells has also been suggested as a

possible molecular change in band 3 that marks the cell as immunologically

aged (Low, 1985).

Recently, Kay (1984) demonstrated that older red cells also have greater

quantities of IgM, IgA and C3d. The significance of increased membrane

bound C3d is unclear, but it supports previous observations (Bocci ~ al,

1981) that erythrocytes become progressively more susceptable to

haemolysis by immune antibodies and complement. These findings complement

data collected on membrane and cytoplasmic changes in ageing red cells and

may contribute to an understanding of red cell senescence.
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Covalent modification and/or the exposure of cryptic antigenic sites may

not be the exclusive or complete requirement for the expression of the

senescent marker. Clustering of band 3 has also been suggested to

represent the senescent marker distinquishing mature from senescent cells

(Low & Waugh, 1985). The increased concentration of denatured haemoglobin

of the ageing cell, due to diminishing reduction potential (Harris et aI,

1972), was also implied to be directly involved in senescent modification.

The hemichromes involved in haemoglobin denaturation display a high

affinity for the cytoplasmic domain of band 3 (Low ~ aL, 1985).

According to these authors •••••"the association between hemichromes and

the cytoplasmic domain of band 3 does not terminate with a single

bimolecular complex but progagates, with a 2,5:1 (haemoglobin to band 3)

stoichiome try indef ini tely into a tightly aggregated copolymer". The

same authors (Low ~ aI, 1985) established that phenyl-hydrazine-promoted

haemoglobin denaturation also leads to enhanced IgG binding to

erythrocytes. They further provided direct evidence by means of

immunoflourescence and microscopy of denatured haemoglobin and band 3

protein in intact cells. The three fold enhancement of ligand-receptor

binding as a result of band 3 aggregation without concomittant alterations

in the haemoglobin or the structural intactness of the membrane, led, Low

~ al (1985), to suggest that denaturation of haemoglobin is one mechanism

by which clustering of band 3 can occur. The latter not only consititutes

a recognition site for binding of antibodies directed against senescent

cells, but also enhance senescent IgG binding. Further evidence, in favour

of clustering of band 3 as the senescent antigen, has been provided by

Brovelli ~ al (1983) who found increased proteolysis and oxidation of

aged cells to result in a clustering of membrane proteins which produces

modifications in membrane topography of the membrane components.
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2.1.6 Techniques employed in the separation of erythrocytes according to

age

In order to study the changes occuring in the red cells during the process

of in vivo ageing, it is desirable to separate the population of

circulating red cells into groups of different ages. Various techniques

have been utilised for this purpose, based on principles as different as

serial osmotic lysis, countercurrent distribution and serial

hypertransfusion (Morrison, Jackson, Mueller ~ al, 1983; Piomelli et al,

1967).

The observation that reticulocytes are more concentrated in the top

portion of a centrifuged specimen of blood (Murphy, 1978; Piomelli ~ aI,

1967), and the progressive change in distribution of erythrocytes

containing Fe50 in centrifuged blood throughout the period of the cell's

life-span (Borun, Figneroa & Perry 1957), have led to the development of

various methods of centrifugation to fractionate red cells according to

age (Bernstein, 1972; Danon ~ aL, 1964; Rigas ~~, 1961). Garby ~ aL,

1956) quantified the distribution of cells by age, and showed that the

concentration of younger less dense cells at the top of a centrifuged

column of blood is much greater than the concentration of the older more

dense cells at the bottom of the column. They cautioned however, against

the identification of the bottom fraction as old cells. Danon et al

(1964) concluded that an increased cell density accompanies cell ageing.

However, their Fe59 label studies were only carried out for 18 days and

thus did not demonstrate the old cells as the most dense. Further, the

use of Fe59 as dating label resulted in conflicting results in the

evaluation of changes in density with cell ageing (Bishop & Prentice,

1966; Leif & Vinogard, 1964). As a result of reutilization of Fe59 in new
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cell formation, the use thereof as dating label makes it difficult to

v =
d2 (p - P )_________ p l _

n18
x g

reach definite conclusions (Piomelli ~ al, 1967).

In contrast to previous studies, Piomelli ~ al (1967) were able to

demonstrate distinct separation of rabbit erythrocytes in discontinuous

gradients of bovine serum albumin. Their study showed a clear linear

relationship of increasing density to cell ageing as evaluated by cohort

labelling with glycine-2-C14'. Wi th the development of precisely

controlled discontinuous gradients which improved separation of

populations of red cells, several investigators (Corash ~~, 1974;

Rennie et aI, 1979) confirmed the relationship of increasing density with

cell ageing.

The increase in cell density during in vivo ageing have been ascribed to

the loss of membrane fragments and water (Linderkamp ~ aI, 1982a; Murphy

1978), and a corresponding increase in MCRC (Murphy 1978; Williams ~ aI,

1980).

Wpen a suspension of particles is centrifuged, several factors influence

the sedimentation rate of the particles as given in the following

equation.

Where v = sedimentation rate, d = diameter of the particle, Pp = particle

density, n - viscosity of the medium, PI = liquid density, g =

centrifugal force. (Pharmacia Fine Chemicals, 1982).

In the isopycnic centrifugation technique, the density range of the

gradient medium encompasses all densities of the sample particles. Each

particle will sediment to an equilibrium position in the gradient where
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the gradient density is equal to the density of the particle (isopycnic

position). In this type of separation, the particles are separated solely

on the basis of differences in densities irrespective of size.

The age-dependent separation of erythrocytes by buoyant density has been

accomplished in a variety of supporting substances: bovine serum albumin

(Bishop et al, 1966; Piomelli ~ al, 1967), phthalate esters (Danon ~ al,

1964), dextran (Corash et aI, 1974), gum acacia (Kimura, 1960) Stractan II

(Corash ~ aL, 1974; Piomelli ~ aL, 1978) and Ficoll (Borun, Figueroa &

Perry, 1957). Most of these media are either technically complex and

expensive to prepare (Bishop ~ aL, 1966; Corash ~ aL, 1974), or cause

erythrocyte agglutination or cannot be made isotonic (Kimura et ~,

1960)•

The technique of isopycnic centrifugation has several li~itations which

are often due to the physical characteristics of the medium itself.

Correct osmolality is the most critical for the separation of erythrocytes

according to buoyant density (Leif ~ aI, 1964). At the density required

for optimal resolution, many media create conditions which are far from

the physiological norm, requiring the scientist to compromise between

resolution and maintenance of biolo'gicalintegrity.

2.1.7 Summary

Available literature suggests that several red cell enzymes undergo age-

related changes as the cell ages. The more frequently studied enzymes

are those of the glycolytic pathway, glucose 6-phosphate dehydrogenase,

superoxide dismutase, glutamic oxalotransaminase, catalase and lactate

dehydrogenase. There seems to be general agreement among some

investigators that the activities of glucose 6-phosphate dehydrogenase,

hexokinase, phosphohexoseisomerase, transaldolase and transketolase
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diminish in progressively older cells. For several enzymes like

glutathione reductase, aldolase, catalase, glutamic oxalotransaminase and

cholinesterase evidence is inconclusive. The assumption by various

studies that the decline in enzyme activities, observed when normal blood

cells are compared with reticulocyte-rich populations, demonstrate an age-

related decline, is clearly incorrect. Reticulocyte possess metabolic

processes which mature red cells do not have and are thus not the

appropriate representatives of young mature red cells. Howeve r, there

seems to be a generalised decrease in the activities of enzymes involved

in the maintenance of the energy and reduction potentials as the cell gets

older. The decline in the former is also evident from the diminising

levels of 2,3-DPG and ATP reported for older cells, and the latter may be

the cause of the higher met-haemoglobin levels in older cells, which

become especially pronounced during an oxidative assault. Other

biochemical evidence of altered haemoglobin function include a shift in

the proportion of the minor haemoglobins and a decreased oxygen affinity

of haemoglobin in progressively older cells.

Documentation of the morphological features of ageing erythrocytes are

extensive and the progressive decrease in cell volume is accompanied by a

loss of deformability. However, reports on the relevant specific

properties associated with the ageing process are limited and not in total

agreement. Factors that have been reported to contribute to the loss of

deformability of older cells include, loss of excess surface area and

swelling ability, decreased fluidity, modification of the membrane

cytoskeletal system and several processes of membrane fragmentation. In

attempting to characterise above mentioned processes in more detail,

mainly in order to explain the phenomenon of senescence and ultimate

sequestration of the red cells, the biochemical modification of the cell
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membrane have received considerable attention.

A decline in phospholipids, cholesterol and sialic acid have been

demonstrated but also disputed, and may in fact be restricted to the

maturation phase of the reticulocyte. The removal of senescent cells from

the circulation is suggested in the literature to be an active process

brought about by changes in the membrane of old cells. Until relatively

recently the sialic acid content of red cells' membranes were generally

thought to represent the determining factor for red cell senescence. It

suggests that an adaptive immune response for the removal of senescent

cells from the circulation by a process of immune elimination may be the

mechanism involved. The cell-age-specific antigen thought to be involved

is however a subject of controversy. Suggestions for possible cell-age-

specific antigens include, charge receptors, exposure of cryptic antigen

by disruption of integral membrane proteins and molecular changes in band

3, perhaps clustering therof.
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2.2 Materials and Methods

2.2.1 Animals

Wistar rats aged one, 12, 24, 36 and 48 weeks were used. This study was

confined to male rats because males tend to have denser erythrocytes than

females (Rennie ~ aI, 1979). Anaesthesia and blood collection were

performed as described under Sections 1.2.2 and 1.2.3.

2.2.2 Preparation of blood samples for isopycnic centrifugation

Blood samples were drawn between 8hOO and 9hOO on the day of

experimentation. The heparinised blood samples (40 U/ml) were placed on

ice immediately after withdrawal and mixed at regular intervals.

Cooling of the blood is essential to prevent deterioration of the cells

and a resultant shift in density of these cells (Danon ~ aI, 1964).

Before use, the blood samples were stood at room temperature for a few

minutes. This fascilitated the flow properties and movement of individual

cells within the packed cell mass during isopycnic centrifugation (Murphy,

1978).

2.2.3 Preparation of Percoll solutions

Percoll (Pharmacia Fine Chemicals, Sweden), is composed of colloidal

silica coated with non-dialyzable polyvinyl pyrrolidone. The particles

range from 15 to 30 nm in size with a mean particle diameter of 21-22nm.

The commercial Percoll varied in density from batch to batch (1,130 -

1,135g/ml) (Pertoft ~ a l., 1978), and it was diluted by a one-step

procedure to obtain a series of final working solutions of known densities

and osmolalities.
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The volume of Percoll required to obtain a solution of desired density was

calculated from the following formula.

p - 0,10P10 - 0,9
Vo V -------------------

where Vo = volume of Percoll

V volume of final working solution

P desired density of the final solution

Pb density of commercial Percoll

density of 1,5M NaCI (Pharmacia Fine Chemicals, 1982)

The required volume of Percoll (specific gravity = 1,130 - 1,135 ± 0,005

g/ml) was added to one tenth of the final desired volume 1,5M NaCI to

make the final solutions iso-osmotic (Pharmacia Fine Chemicals, 1982).

The solution was made up to the final volume with distilled water.

Densities of the resultant mixtures were measured by the use of refractive

index (Pertoft ~ aI, 1978), or by weighing the solution in a density

bottle. Determination of osmolarity was performed by freezing point

determination. A series of solutions of different densities were prepared

ranging in specific gravity (SG) from 1,089 to 1,110 with increments of

0,002 between solutions. These solutions were stored at 40C in amber

bottles for not longer than one month.

2.2.4 Density distribution of erythrocyte population

This was determined by a modification of the phthalate-micro capillary

technique of Danon & Marikovsky (1964). Percoll solutions of relative

densities ranging from 1,089 to 1,109 with increments of 0,002 between

solutions were used. The tip of a plain capillary microhaematocrit tube

was dipped into the heaviest Percoll s~lution of the series until the tube
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filled to the premarked height of 10mm. Correction of the height of the

column fascilitated the reading of results. The rest of the capillaries

obtained, each containing a column of 10mm Percoll solution at a specific

gravity lower than the previous one by 0,002.

Each capillary tube was filled with blood, which had been well mixed at

room temperature, until the Percoll solution reached a distance of 15mm

higher than the premarked line.

The dry Percoll ends of the capillary tubes were sealed with sealing wax

and centrifuged in a microhaematocrit centrifuge (Hawksley, London) for 10

minutes at 18 000 X g. Danon et al (1964), recommended 30min of

centrifugation at 12 000 X g for the red cells of the different fractions

to reach equilibrium. However, in the course of this study it was

established that stabilisation occurs by 10 min at 18 000 X g.

The cumulative percentage of red cells that have passed through the

separating fluid was measured (the column of cells below the seperating

liquid and above it equals 100 per cent). The results were plotted on

arithmic graph paper with the drecreasing specific gravity on the absisca

and the cumulative percentage of the red cells that have passed through

the seperating liquid on the ordinate.

2.2.5 Two-phasecentrifugation with Percoll

Erythrocytes were separated into two fractions according to their relative

densities by using a Percoll solution of known specific gravity as

separating fluid (Lindena ~ al, 1983; Pertoft et al, 1978; Rennie et al,

1979).
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One ml of the separating fluid (relative density 1,103, osmolality 291

mOsmol/1 H20) was pipetted into a transparent polycarbonate centrifuge

tube (internal diam 15,8 x 101,6mm). An aliquot of 0,5ml of the

heparinised blood was layered over the Pereall solution by means of a 1,0

ml syringe fitted with polyvinyl tubing (internal diam. 1,05). The

preparation was centrifuged at 40C and 20 000 rpm (51 800 X g at center

of the tube) for five min in the SW-27 rotor of a model L8-50 (Beckman)

ultracentrifuge. The centrifuge was slowly decelerated over five min to

prevent disturbance of the layers (Rennie ~ al., 1979). The plasma and

buffy coat which remain at the top of the gradient, were removed and

dis carded. The two red cell fractions were then aspirated separately

from above and below the separating fluid with a syringe fitted with a

short length of polyvinyl tubing. Erythrocytes were resuspended in an

equal volume of cold Tris buffer.

2.2.6 Cell washing

The presence of Pereall in density separated red cell fractions do not

interfere with enzyme assays, neither does it alter red cell morphology or

enter the cells (Lindena ~ aL, 1983; Pharmacia Fine Chemicals, 1982).

However, in the course of this study, it was found that the silica

particles of Pereall interfere with the reticulocyte enumeration

technique. This necessitated the washing of the fractions to remove the

excess Percol!. Washing of the fractions is also essential in order to

clear the red cells of contaminating leukocytes and platelets.

The recovered cells were washed with cold Tris buffer,S mmol/l, pH 7,4,

containing NaCI 0,15 mmol/l; EDTA 0,5mmol/l; glucose anhydrate 5 mmol/l

with an osmolality of 285 mOsm/l. Cell fractions were washed twice in 1,0

ml buffer and resuspended in an equal volume buffer.
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2.2.7 Haematological and blood biochemical determinations

RBe, WBC, Mev, MeR, haemoglobin concentration concentration, platelet- and

reticulocyte- counts of all fractions were determined by methods described

under section 1.2. For reticulocyte counts, the whole slide was scanned

before a zero count was registered.

Enzyme and phosphate esters assays were done as described under section

1.2.

2.2.8 Statistical analysis

Statistical analysis was executed as described under section 1.2.17. The

degree of agreement between the erythrocyte density distribution of blood

samples from different aged donors were analysed with the Kolmogorov-

Smirnov one sample test (Siegle, 1956).
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2.3 Results

2.3.1 Density distribution curves of rat erythrocytes

Erythrocyte density distribution curves were obtained for blood drawn from

rats aged one to 48 weeks. Fig. 16a depicts the curves obtained for 10

rats in each age group and the density distribution data is presented in

Table 8.

Analysis of the cumulative frequency distribution by the Kolmorov-Smirnov

two-sample test (Siegle, 1956) demonstrates no statistically significant

difference (P > 0,05) between any of the age groups over the density

distribution of one week and older animals for the density range of 1,097

to 1,103. The range of statistically significant differences between the

one and 12 week old groups is limited to between the densities 1,099 to

1,103. Between one and 48 week oLds, the statistical significant

difference is in the distribution lies between the densities 1,097 and

1,107. The cumulative density distribution of 12, 24 and 36w old animals

do not differ significantly from one another (P > 0,01). All three age

groups however, differ significantly (P < 0,01) from the oldest group

(48w) at the densities of 1,105 and 1,107.

The median density values (d50) (the density corresponding to 50

cumulative percentage) were obtained from the density distribution curves

for each rat age group. The data indicates (Fig. 16b) that there is a

significant increase in the d50 throughout the rats life-span. There is

an increase in the d50 of 0,0018, 0,0021 and 0,0029 in 12, 24-36 and 48w

old rats respectively when compared to one week old ones.

Density distribution curves for progressively older animals are thus

shifted to the right, to a higher density. The observed overlap of values

of some age groups, may be partly due to the relatively large
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interindividual differences, demonstrated by the large SEM values (Table

8).

2.3.2 The cell separation technique

The density distribution curves (Fig. 16a) were used to decide on the

appropriate density of Percoll suited to separate blood samples from any

age group into two fractions, one lower and one higher in mean densities

than that of the separating fluid. It was evident from the curves that

centrifugation of blood from any age group, in Percoll solutions of

densities in the range 1,097 to 1,107 would result in separation of two

fractions of cells. The volume of the fractions would however differ for

the different age groups at specific supporting medium densities. Large

interindividual differences which exist in the densit~ ranges of rat

blood, as demonstrated by the SEM values (Table 8), may also contribute to

the inequality of fraction volumes obtained after density separation.

Haematological and biochemical analysis of fractionated cells require an

ample yield of cells in both fractions. An appropriate Percoll density

had thus to be decided upon which would yield two fractions, each of

sufficient volume. Inspection of the density distribution curves for the

various ages revealed that Percoll solutions with densities of 1,101 to

1,105 should yield two red cell fractions of sufficient volume,

irrespective of donor age. After several trial runs of red cell

fractionation on Percoll solutions of densities 1,101, 1,103 and 1,105

respectively, the solution with a density of 1,103 was decided upon as

the preferred separating mixture, The motivation for this decision is that

separation in Percollof this density resulted in the fractionation of

all samples into two, although not always equal bands.
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Table 8: Density distribution data (mean ± SEH) for erythrocytes of

rats aged one to 48 weeks (cumulative percentages are that of the

bottom fractions of cells after centrifugation on Pereall solutions

ranging in density from 1,089 to 1,111).

I~") I 1 I 12 24 I 36 48 I

I I I I I
IDensJ..ty I I I I

I ~ I I . I

I 1,089 I 98,60 I 100 100 I 100 100 I

I I ± 0,65 I I I

I I I I I
I 1,091 I 98,00 I 100 100 I 100 100 I
I I ± 0,58 I I I
I I I I I

I 1,093 I 96,60 I 99,60 100 I 100 100 I

I I ± 1,26 I ± 0,27 I I

I I I I I

I 1,095 I 94,80 I 99,60 99,60 I 100 100 I
I I ± 1,68 I ± 0,27 ± 0,26 I I
I I I I I I
I 1,097 I 91,70 I 97,80 I 98,30 I 98,90 99,60 I
I I ± 1,58 I ± 0,79 I ± 0,75 I ± 0,52 ± 0,27 I
I I I I I I
I 1,099 I 79,00 I 93,40 I 93,40 I 95,70 96,40 I
I I ± 2,45 I ± 1,75 I ± 2,75 I ± 1,09 ± 0,97 I
I I I I I I
I 1,101 I 60,50 I 83,00 I 84,00 I 91,50 91,50 I
I I ± 2,93 I ± 3,09 I ± 3,21 I ± 2,21 ± 1,98 I
I I I I I I
I 1,103 I 34,50 I 53,10 I 66,00 I 71,00 77,00 I
I ± 2,41 I ± 6,83 I ± 3,79 I ± 3,48 ± 3,00 I
I I I I I
I 1,105 16,00 I 28,00 I 30,00 I 32,00 42,50 I
I ± 2,45 I ± 2,71 I ± 2,11 I ± 4,io ± 2,72 I
I I I I I
I 1,107 4,50 I 3,50 I 5,30 I 10,00 21,00 I
I ± 1,17 I ± 1,30 I ± 1,09 I ± 1,67 ± 1,95 I
I I I I I
I 1,109 0,25 I 0 I 0 I 0 0 I
I ± 0,17 I I I I
I I I I I
I 1,111 0 I 0 I 0 I 0 0 I
I I I I I
I d50 1,10171 1,10351 1,1038 I 1,1039 1,10046 I
I :to,00021 :to,00021 :t0,00019 I :to,00013 ±O, 00016 J
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Centrifugation of blood on the separating fluid resulted in a clear

supernatant of plasma on the top of the column, which was aspirated and

discarded. For all blood samples one upper and one lower band of red

cells were obtained. The band on top of the Percoll solution consisted of

red cells lighter than a specific gravity (SG) of 1,103, leukocytes and

platelets. The band at the bottom of the tube consisted of red cells with

SG higher than 1,103. Microscopic examination revealed only a few cells of

specific gravity equal to 1,103, freely dispersed in the Percoll solution.

Centrifugation resulted in the greatest percentage of the original

population of reticulocytes to become concentrated in the upper fraction

of the preparation. Blood samples with a mean reticulocyte count of 1,74

per cent, concentrated a 3,29 per cent reticulocyte count in the top

fraction (Table 9), while samples with a mean reticulocyte count of 6,17

per cent showed a mean reticulocyte count of 39,88 per cent in the top

fraction. Reticulocytes were virtually absent in the bottom fraction with

a range of zero to 0,5 per cent.

The top fractions were invariably contaminated with leukocytes and

platelets. Washing of the cell fractions successfully removed the excess

leukocytes, platelets and Percoll. The bottom fractions were virtually

devoid of platelets and contained 1,26 to 1,64 X 105 white blood cells/ml

cells. In the top fractions a few platelets and some 2,08 to 3,34 X 105

white blood cells/ml cells were counted. The white : red cell ratios in

the bottom fractions were less than 10 000 and in the top fraction the

effects of the presence of white cells and platelets on the biochemical

values may be considered to be slight (Bernstein, 1975).
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parameter bottom X 100
%

2.3.3 Characteristics of two density separated erythrocyte fractions.

2.3.3.1 Red cell indices

The RBe, ReT and haemoglobin concentration of density separated fractions

do not lend themselves to comparative evaluation. The reason for this

being that values of these parameters are subject to the total volume of

fraction collected, and they are expressed in units which are extremely

variable under the experimental conditions employed. Red cell indices

represent a better basis for comparison as they refer to the mean red cell

characteristics which are not influenced by the volume of the sample.

The mean values (± SEM) of the MeV, MeR and MeRe are tabulated in Table la

and graphically illustrated in Fig. l6a. In order to compare the

parameters of the bottom cells with that of the top cells on a per cent

basis in the different age groups, the following calculation was made:

parameter top

This unit is referred to as the BIT percentage in the text.

Analysis of variance demonstrates highly significant changes in the MeV of

both the top and bottom fractions with increasing age of the rat (MeVtop'

F = 80,88, dvf , = 5 and 54, P < 0,01; MeVbottom' F = 55,13, dv f , = 5 and

54; P < 0,01). From one to 48 weeks of age the cells, in both fractions,

decrease in size (Table la, Fig. 17). The MeV of the top fractions

decreases from 94,56 ± 1,86 fl in the youngest group of animals to 52,9 ±

1,59 £1 in the oldest age group, and in the bottom fractions the volume

decreases from 87,43 ± 2,47 to 49,26 ± 1,85 fl over the same age range.

This represent decreases of 55 and 56 per cent in the top and bottom MeVs
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Table 10: Erythrocytic indices (mean ± SEM)* of top and bottom
fractions of density-separated rat erythrocytes.

I Age I Fraction MeV (fl) Mev (pg) MeRe (g/l) I
I (weeks) I I
I I I
I I I
I 1 I T 94,56 ± 1,86 32,28 ± 1,39 310,0 ± 7,8 I
I I B 87,45 ± 2,47 30,25 ± 1,43 342,5 ± 3,5 I
I IB/T %** 92,80 ± 0,98 91,10 ± 2,01 110,5 ± 1,0 I
I I I
I I I
I 4 I T 74,39 ± 2,37 26,85 ± 1,08 328,3 ± 5,9 I
I I B 68,80 ± 2,41 23,70 ± 0,96 361,6 ± 3,8 I
I I B/T % 92,50 ± 1,42 88,40 ± 1,81 110,1 ± 1,0 I
I I I
I I I
I 12 I T 61,60 ± 1,97 19,52 ± 0,41 298,1 ± 7,2 I
I I B 55,90 ± 1,88 18,17 ± 0,96 384,6 ± 7,0 I
I I B/T % 90,60 ± 1,08 93,10 ± 1,03 112,2 ± 9,8 I
I I I
I I I
I 24 I T 56,20 ± 1,78 19,27 ± 0,37 294,1 ± 5,2 I
I I B 52,11 ± 1,38 17,79 ± 0,43 346,1 ± 6,1 I
I I B/T % 92,60 ± 0,98 92,30 ± 1,27 117,7 ± 1,1 I
I I I
I I I
I 36 I T 56,10 ± 1,17 18,81 ± 0,37 289,9 ± 5,8 I
I I B 50,32 ± 1,56 17,25 ± 0,51 322,6 ± 5,6 I
I I B/T % 88,20 ± 1,65 92,00 ± 1,18 111,3 ± 1,24 I
I I I
I I I
I 48 I T 52,90 ± 1,59 18,63 ± 0,37 273,7 ± 6,9 I
I I B 49,26 ± 1,85 16,65 ± 0,48 330,9 ± 5,7 I
I I . B/T % 93,00 ± 1,40 89,40 ± 2,25 121,0 ± 1,33 I
I I I

* n 10 for all age groups
** B/T % the value of the bottom fraction expressed as

percentage of the top fraction.
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The overall mean MeR values for the top and bottom fractions are 22,23

and 20,62 pg respectively. In each age group the mean MeR values are

slightly lower in the bottom fractions than in the top fractions.

Rowever, with the exception of the four week age group no statistical

significant difference (P > 0,05) exists between the top and bottom

fractions. The two fractions may thus be considered to bé essentially

similar in their haemoglobin content.

respectively. The overall mean Mev value for the top fraction is about

65,96 fl and for the bottom fraction 60,6 fl. A comparison of the mean

MeV values of the top and bottom fractions within specific age groups show

that in all donor age groups the Mev, of the bottom fractions are

consistently significantly lower (P < 0,05) than that of the top

fractions. When the bottom fraction is expressed as a percentage of the

top, mean values ranging from 88,2 ± 1,65 to 93,0 ± 1,4 per cent are

obtained for the various age groups (Table 10).

The haemoglobin content of the red cells also undergoe changes

significantly in both cell fractions, with increasing donor age, as

demonstrated by analysis of variance (MeRtop' F = 60,39, dvf , = 5 and 54,

P < 0,01; MeRbottom' F = 50,26, a.r , = 5 and 54, P < 0,01). From one to

12w of age, there is a decrease of 61 and 60 per cent in MeR of the top

and bottom fractions respectively (Table 10, Fig. 17). The marked changes

in the MeR during the first three months of life account for most of the

significant changes demonstrated by variance analysis. This is because the

differences between the mean MeR values of the age groups one, four and

12w are statistically significant (P < 0,05), while the MeR remains

relatively unchanged from 12w at about 19,06 and 17,47 in the top and

bottom fractions respectively.
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The MeRe of both fractions of cells also change significantly with

increasing age of the rat (MeRetop' F = 5,63, a.r , = 5 and 54, P < 0,01;

MeRebottom' F = 3,53, dvf , = 5 and 54, P < 0,01). This age-related

change is however confined to differences between four weeks and

successive older animals. The mean MeRe value for bottom fractions range

from 322,6 to 384,6 gil and for the top fraction between 273,7 and 328,3

gil (Table la, Fig. 17). Thus, unlike that of the Mev and MeR, the mean

MeRe of the bottom fractions is consistantly significantly higher (P

<0,05) than that of the top .f ract Lons, The MeRe of the bottom cells are

at least 110 per cent that of the top cells, and the BIT percentage range

between 110,1 and 121,0 per cent. This results in the higher density of

the bottom fractions (Glass ~ al, 1981). The BIT percentage fascilitates

comparison of the difference in the two fractions among age groups. These

values for the MeV, MeR and MeRe range from 88,2 to 93,0 , 88,4 to 93,1

and 110,1 to 121,0 respectively. Whereas the BIT percentage of the Mev and

MeR are within the same range, that of the MeRe is significantly higher (P

< 0,01) than both that of the Mev and the MeR. Also, the BIT percentage

for the Mev and MeR do not differ significantly among the age groups (FMeV
= 2,17, d.f. = 5 and 54, P > 0,05; FMeR = 2,13, d.f.= 5 and 54, P > 0,05).

This illustrates a pari passu relationship between the two fractions

regarding the Mev and MeR as the donor becomes progressively older.

2.3.3.2 Phosphate esters

Mean values (± SEM) of 2,3-DPG and ATP are tabulated in Table 11 and

graphically illustrated in Fig. 18.

Analysis of variance demonstrates that the 2,3-DPG levels of both the top

and bottom fractions change significantly in progressively older animals

(DPGtop' F = 12,46, a.e. = 5 and 54, P < 0,01; DPGbottom' F = 29,62, dvf .
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5 and 54, P < 0,01).

The most significant changes in 2,3-DPG levels occur within the first four

weeks of life in both fractions. During this period both fractions

exhibit a statistically significant rapid rise (P < 0,05) from 3,14 ± 0,38

to 5,23 ± 0,16jlmol/1010 cells and from 1,66 ± 0,52 to 4,18 ± 0,23

jlmol/1010 cells in the top and bottom fractions respectively (Table 11,

Fig. 18). From four weeks the 2,3-DPG levels decrease significantly (P <
0,05) but rather gradually to 2,30 ± 0,16 jlmol/1010 cells and 1,56 ± 0,11

mol/lOlO cells at 36 weeks in the top and bottom fractions respectively.

Mean 2,3-DPG values of bottom fractions are consistantly lower than that

of top fractions by at least 16 per cent in all age groups. The difference

between the two fractions are however only statistically significant in

the two youngest groups. When the values are expressed per gram

haemoglobin in stead of per 1010 erythrocytes, the percentage decrease

between the two fractions may be less by as much as 10 per cent.

trend in the B/T percentage as a function of donor age

established.

can be

Comparison of the bottom:top 2,3-DPG ratios by one way analysis of

variance in the different donor age groups demonstrates the change with

increas ing donor age to be sta tis tically signi ficant (F = 2,83, dvf , = 5

and 54, P < 0,05). The greatest difference between top and bottom

fractions is found at one week of age when the bottom fraction has a 2,3-

DPG level equal to 50,7 per cent of the top fraction. At 4w the 2,3-DPG

of the bottom fraction comprises 90,3 per cent of the top fraction and it

decreases in successively older groups to 74,8 per cent at 36w. At 48w

this value rises to its highest value of 94,4 per cent and no definite

The red cell ATP levels, like that of 2,3-DPG, change significantly in the

top and bottom fractions of red cells of increasingly older rats (ATPtop'
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F = 80,88, dvf , = 5 and 54, P < 0,01; ATPbottom' F = 42,59, d.f. = 5 and

54, P < 0,01). The progressive decrease in the ATP levels of both

fractions is most marked during the first 12w of life (Table 11, Fig. 18).

It is also mainly during this period that the differences in ATP levels

between successive age groups are statistically significant (P < 0,05).

In both fractions the ATP levels decrease by about 83 per cent from one to

12 weeks of age. The ATP concentrations of both fractions do not change

significantly (P > 0,05) in the older donor age groups. The overall mean

values for top and bottom fractions are about 0,82 and 0,62~mol/lO 10

cells respectively. Although the ATP content of bottom fractions are

consistantly lower than the top fraction in all age groups, the difference

between the two fractions is not statistically significant in any age

group. Further, there is a significant change in the bottom fraction ATP

levels when it is expressed as a percentage of the top fraction ATP levels

(F = 2,83, d.f. = 5 and 54, P < 0,05). There is however, no consistent

trend in the change of this percentage value and mean values range from

73,0 to 91,2 per cent.

2.3.3.3 Enzymes

The mean (± SEM) and BIT percentage values of pyruvate kinase (PK) and

glucose 6-phosphate dehydrogenase (G6PD) activities are tabulated in Table

11 and illustrated graphically in Fig. 19.

From one to 48 weeks of donor age the PK activity in the top and bottom

red cell fractions decrease by 84 and 87 per cent respectively. Analysis

of variance demonstrates that the overall differences between age groups

are statistically significant for both cell fractions (PKtop' F = 103,89,

d.f. = 5 and 54, P < 0,01); PKbottom' F = 44,57, dv f , = 5 and 54, P <
0,01). The decrease in PK activity is statistically significant (P <
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0,05) between all the consecutive age groups, except between that of 24

and 36 week old groups (Table 11, Fig. 19). The differences between the

two fractions was found to be statistically significant in all but the

oldest two age groups. The latter also exhibits the lowest B/T percentage

values of all the groups. The B/T percentage does not change significantly

with increasing age of the animal (F = 2,23, d.f. = 5 and 54, P > 0,05),

and the mean values of the B/T percentage range from 31,35 ± 5,28 to 48,40

± 3,45 per cent. This change in the B/T percentage of PK levels clearly

indicates a progressive decrease in increasingly older age groups.

Analysis of variance demonstrates that highly significant changes occur in

the G6PD activity of both top and bottom red cell fractions with

increasing age of the rat (G6PDtop' F = 706,01, dvf , = 5 and 54, P < 0,01;

G6PDbottom' F = 908,04, d s f , 5 and 54, P < 0,01). There is a

significant decrease (P < 0,05) of the G6PD levels of 81 and 90 percent in

the top and bottom fractions respectively from one to 48 weeks of age

(Table 11). The greatest percentage of this decline occurs from one to

four weeks of age. In older age groups the decline in G6PD is

significant (P < 0,05) between successive age groups except between, the

top fractions of 12 and 24 week olds, and between the bottom fractions of

36 and 48 week oLds. As is the case with PK, the bottom fraction of red

cells consistently exhibits lower G6PD activity than that of the top

fraction, and the difference between the two fractions range from 0,49 to

3,46 tu/ io+? erythrocytes in the age range one to 48 weeks. Despite the

consistency of lower enzyme activity in the bottom fraction of all

samples, statistically significant differences could only be established

between the two fractions in the youngest age group. Comparison of the

G6PD activity of bottom fractions in different age groups by using the B/T

percentage, indicates that the mean values of this parameter range between
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48,0 and 87,5 per cent. One way analysis of variance demonstrates that

the change in the BIT percentage is highly significant with increasing age

of the animal (F = 47,13, dvf , = 5 and 54, P < 0,01). Unlike PK, there is

however no consistent trend in the change of this value change. However,

the greatest difference between the top and bottom fractions however seem

to occur in the 3u and 48 week old age groups where the bottom fractions

contain about 49,5 and 48 per cent respectively of the G6PD activity of

the top fraction.
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metabolic depletion (Beutler, 1975) and deterioration of the cells,

2.4 Discussion

2.4.1 The fractionation technique

Various methods, of centrifugation, to fractionate red cells according to

age have been employed previously (Piomeiii .=!. al, 1967). The use of an

ultracentrifugal field causes improved stratification according to density

(age) (Garby .=!. al, 1956; Rigas et aL, 1961). The high centrifugal force

does not have an apparent effect on the morphology of the erythrocytes (

Murphy, 1978; Rigas ~ al, 1961) and permits metabolic studies on intact

erythrocytes.

Murphy (1978) proposed that successful separation of erythrocytes could be

achieved by the method of centrifuging in plasma at 300C to decrease blood

viscosity, in an angle rotor, to fascilitate circulation of the tube

contents, at 39 000 X g. Separation by centrifugation alone however does

not provide the resolution achieved by the use of artificial

gradients (Cohen et al, 1976). Also, centrifugation of red cells for the

necessary one hour at 300C to achieve complete separation, will result in

which will defy the object of metabolic studies. Some authors (Piomelli

.=!. aL, 1978) are of the opinion that the rapid packing of red cells that

occurs during the first few seconds of centrifugation, prevents further

migration of different density red cells. This problem is obviated by the

use of buoyant density where each cell is free to seek the position

corresponding to its own specific gravity (Pertoft et al, 1978).

Centrifugal separation on a continuous gradient allows a progressive

density-related distribution of red cells), but this method is only
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suitable for separation on a minute scale (PdomeLk L ~ aL, 1978).

Discontinuous density gradients and the separation of isolated layers

resul t in densi ty separa tion wi th higher reproducibility. However, all

density separation methods, apart from that employing phthalate esters,

require prolonged centrifugation (Murphy, 1978; Rennie ~ ai, 1979).

Since Pertoft ~ al (1978) introduced Percoll as a new medium for density

gradient centrifugation, it has found an enlarged application in blood

cell separation. The main properties of Percoll is its nontoxicity, low

viscosity, very low osmolality and its inability to penetrate cell

membranes (Pharmacia Fine Chemicals, 1982). These properties together

with the very short centrifugation period needed to attain equilibrium,

render Percoll especially useful for cell separation and subsequent enzyme

activity determination (Lindena, Sommerfield, Hopfel et ai, 1983; Rennie

~ aL, 1979). Although Percoll is an alien substance, Rennie ~ al (1979)

demonstrated that density fractionation in Percoll gradients, as measured

by what they considered as age-related parameters in the different

fractions, is a very effective method of age fractionation of

erythrocytes. In this study it was found that relatively large volumes of

blood could be separated on Percoll solutions, which is apparently not the

case with other separating fluids.

Several studies (Corash ~ ai, 1974; Borun ~ ai, 1957) have demonstrated

reticulocytes to be less dense than mature erythrocytes. Recently,

Morrison ~ al (1983) found in serial hypertranfusion studies that the

change in density of red cells is confined to the earliest stages of its

life-span. The overwhelming evidence from other studies demonstrates

however that the increase in density with cell age is not limited to the

transition between the reticulocyte and mature red cell, but is a

phenomenon which continues progressively throughout the red cell's life-
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span (Abraham ~ aI, 1978; Cohen ~ aI, 1976; Danon et aI, 1964; Glass ~

aI, 1983; Piomelli ~ aI, 1967, 1978). The cell separation technique used

in this study, may thus be considered to involve the separation of two

populations of red cells of different mean cell ages. According to this

assumption, the fraction with an average density less than that of the

Percell solution with a relative density of 1,103 has an average younger

cell age than the fraction heavier than the solution. This assumption is

also supported by the greater concentration of reticulocytes, which are

the youngest red cells in circulation (Williams ~ aI, 1972), in the upper

fraction (Table 9).

The method employed in this study is highly reproducible. When three sets

of capillaries each, filled from the same sample of blood, are centrifuged

at the same time, the recorded results were identical.

Most age-related studies are usually done by either comparing the least

dense (youngest) with the most dense (older) cells or by comparing

parameters in successive layers after separation in continuous or

discontinuous gradients. These procedures can only be employed

successfully when relatively large volumes of blood are available. Since

neonatal rats yield very small quantities of blood, the above procedures

are unsuitable as fractionation procedure for these samples. The method

employed here however, allows good separation of small volumes of blood.

The two fractions of red cells obtained with this technique, although not

as different in mean age as that obtained from the extreme ends of red

cell columns, after density centrifugation, allows the grouping of all

cells of the sample into either one of the two density ranges. This

prevents the ommitance of some part of the population of red cells of the

donor which may have characteristics relevant to this study. Comparison
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of relatively younger with relatively older cells within the same age

group is thus fascilitated. This technique further allows the comparison

of cell fractions of approximately similar densities, in variously aged

donors, since all fractions are defined relative to a density of 1,103.
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2.4.2 Density profile of rat erythrocytes, and the effect of donor age

Rat erythrocytes have previously been separated from other blood cells by

a separating fluid with a relative density of 1,105 (Lindena et aI, 1983)

while discontinuous fractionation was achieved with Stractan solutions

ranging in density from 1,0954 to 1,1081 (Glass ~ aI, 1983) and with

albumin solutions with a range of 1,075 to 1,090 (Winterbourn & Batt,

1970). However, the density distribution for rat erythrocytes has not

been documented as far as could be established.

The erythrocyte density distribution curves obtained in this study for

rats aged one to 48w (Fig. 16a), demonstrates that the erythrocyte

population ranges in relative density between 1,089 and 1,111. There is a

virtual absence of erythrocytes lighter than 1,089 or denser than 1,110

throughout the life-span of the rat. The density distribution of the rat

erythrocytes thus spans the range between these two densities. This is in

agreement with the densities of separating fluids used for rat erythrocyte

separation by previous workers (Glass ~ aL, 1983; Lindena ~ aL, 1983;

Winterbourn ~ al, 1970)

The relative densities of mice erythrocytes range from about 1,100 to

1,116 (Abraham ~ aI, 1978; Lindena !£ aI, 1983) and in humans from about

1,086 to 1,122 (Danon ~ al, 1964; Lindena ~ al, 1983). Rats

thus have red cell density distributions over a smaller range than

humans, and a wider and lower range than mice.

In Part I of this study age was demonstrated to be an important variable

in haematological studies. From the density distribution curves obtained
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for six age groups of rats one to 48 weeks of age (Fig. 16a) it is evident

that age also affects this aspect of the red blood cells. The density

distribution curves of progressively older animals are shifted to the

right, to a higher density. This indicates that an increasing proportion

of denser red cells exists in older animals. It is however, only at one

week of age that the density profile of the erythrocyte population is

significantly different from that of all the older donor groups. The

median density which appears to increase with age of the animal, also only

changes significantly during the period one to four weeks. Thus the red

cell population of one week old animals does not seem to reach the

greater densities in the same proportions as that of older animals.

Although the largest part of the erythrocyte density profile remains

unchanged in rats between three and 48 weeks of age, the oldest group does

exhibit a significant increase in the number of cells denser than 1,107

and 1,109 when compared with the younger groups.

Erythrocyte density is generally considered to be directly related to

erythrocyte age (Corash et aI, 1974; Piomelli et aI, 1978). The increase

in density with increasing cell age has been demonstrated by numerous

radioactive labelling and subsequent density centrifugation studies in

humans (Borun ~ al, 1957; Danon et al, 1964; Glass et al, 1981; Rigas et

aI, 1961), mice (Abraham et aI, 1978) and rabbits (Murphy, 1978; Piomelli

~ aI, 1978). Within each animal age group the most dense cells may thus

be considered as the oldest and the least dense the youngest cells.

According to this view the differences in the density distribution

the young rats are less dense than the oldest cells of older animals.

Indeed, by in vitro labelling of erythrocytes with 59Fe and subsequent

density separation, Abraham et al (1978) demonstrated that the old
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erythrocyte population (highest density) of aged mice has an average

density higher than the old cells of younger mice. Similarly, the younger

cells of former have a higher density than those of latter. Alternatively,

the difference in density distribution due to donor age may indicate

smaller proportions of very dense or old cells in young animals compared

to the older group. The findings of the present study would thus be in

agreement with that of Glass et al (1981) who found the proportions of the

age classes in the erythrocyte population to change considerably with

increasing rat donor age.

In addition to defining the density distribution of populations of red

cells, the density profiles also provide useful information regarding the

density of the separating fluid required to fractionate erythrocytes

according to specific requirements which will be described in the

following section.

2.4.3 The relative effects of cellular and donor age on the properties of

erythrocytes

In order to elucidate the relative effects of cell age on the

characteristics of red cells and that of donor age on the characteristics

of specified red cell age-groups, this discussion is divided into two

sections. In the first section the erythrocyte characteristics of two

differently aged populations will be discussed. The effect of increased

cell age on the erythrocyte characteristics will also be compared with

that of humans. In the second section, the characteristics of the same

two red cell populations, which differ in mean cell age, will discussed as

a function of donor age.
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2.4.3.1 Effects of cell age on rat erythrocytes

In previous studies, authors have relied on in vitro and in vivo

techniques order to characterise the changes that occur in red cell

structure and metabolism during the life-span of the red cell (Ganzoni et

al 1971; Glass ~ al, 1981; Oski et al, 1975; Piomelli ~ al, 1978; Rennie

et al, 1979). Both techniques have advantages and disadvantages

particular to it depending on the object of the experiment. The in

vitro gravimetric method is considered superior to the in vivo

hypertransfusion technique, for the purposes of this study. The main

reason for this is that gravimetric separation allows comparison of cells

according to their chronological age within the same sample. In vivo

hypertransfusion, on the other hand, depresses erythropoiesis of the

subject and a circulating red cell population of a specified mean age

is obtained. These cells are then compared with that of control animals,

which actually consists of red cells of a wide age range (Gahr ~ aI,

1984). The mean age of the control group is also not necessarily

significantly different from that of the experimental group.

Besides the results of Tochner ~ al (1975) and Ganzoni ~ al (1971), no

age-related data for rat erythrocytes could be found in the literature.

Both investigations employed transfusion induced marrow depression, and

for reasons mentioned above, quantitative aspects of their work may be

questioned. A comparison of the results obtained here with published data

is clearly possible only to a very limited extent.

The data presented here clearly shows that, in addition to the decline in

cell volume with increasing donor age, the denser (older) fractions of

cells have significantly lower cell volumes than the less dense (younger)
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fractions (Fig. 17). Since these fractions represent relatively older and

younger populations respectively, the results are in agreement with the

documented decline in cell volume of older cells in humans (Cohen ~ al

1976; Murphy, 1978; Rennie et al, 1979; Seaman ~ al, 1977) rats

(Ganzoni et al, 1971; Tochner ~ al, 1975) and rabbits (Hoffman, 1958).

Despite the consistent lower MCV values of bottom fractions compared to

that of the top, the mean haemoglobin content of the cells remains

essentially the same in both fractions. Thus, despite the gradual loss of

red cell membrane function (Berns tein, 1972) and· specifically the

increased permeability thereof with increasing age (Edwards et al, 1961),

no haemoglobin is lost from the cell. A similar constancy of the

haemoglobin content of red cells throughout their life-spans, occurs in

humans (Murphy, 1978; Rennie ~ al, 1979). No support for the loss of

haemoglobin from rat erythrocytes as reported for hypertransfused rats by

Ganzoni et al, (1971) and Tochner et al, (1975), is forthcoming from this

data. Since the haemoglobin content of red cells of very old, and not

young, rats decline with cell ageing (Glass ~ al, 1983), the failure of

Ganzoni ~ al to take into account the age of their animals must be noted

in the evaluation of their data.

The phenomenon of volume reduction and significant haemoglobin loss was

reported previously to occur in macrocytes released into the circulation

of rats stimulated by anaemia (Ganzoni ~ al, 1969) without impairment of

continued viability (Ganzoni ~ al, 1971). The decline in the observed

cell volume and haemoglobin in older rat cells of hypertransfused animals

when compared with the control group, led Ganzoni ~ al, (1971) to

analogise these changes with that occuring during the earliest period of

the macrocyte's life. Stress anaemia macrocytes differ however from

normal reticulocytes in their differentiation (Williams ~ al, 1972;
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Wintrobe ~ aI, 1974) and the comparison seems unfortunate. Further, it

is not clear whether ageing of red cells should be considered a

continuation of its maturation. Also, the decline in cell volume and

haemoglobin content reported by Ganzoni et aI, (1971) occurs in a biphasic

nature, and they ascribed it to removal of membrane fragments associated

with some haemoglobin. No evidence for their speculation has however been

documented, as far as could be established. Rather, evidence that the loss

of haemoglobin from rat erythrocytes does not occur, come from studies on

the uptake of Fe59 which becomes incorporated in heme. Normally, splenic

uptake of circulating haemoglobin is 10 to 20 times higher in the liver

than in the spleen (Ganzoni ~ aL, 1971). In hypertransfused rats,

splenic uptake of radioactivity increases by only 19 per cent compared to

eight per cent by the liver (Tochner et aI, 1975). This demonstrates the

unavailability of loose haemoglobin for splenic uptake which is

incompatible with the idea of haemoglobin being released into the

circulation from aged cells. It rather supports the view that normal

disposal of haemoglobin of circulating cells is mainly through

sequestration of intact erythrocytes by the reticuloendothelial system

rather than the continual loss thereof during the life-span of the cell

(Belcher ~ al, 1959).

The reduction the in cell volume of the ageing red cell may be ascribed

to several factors. Loss of cell water occurs early in the life-span

(Bernstein, 1975) perhaps in conjunction with the degradation of ribosomes

and the ribonucleic acid proteins (Ganzoni ~ al, 1971). This process

would thus be more marked during the reticulocyte stage and would

gradually decrease during the first weeks of cell's life (Oski ~ al,

1975). The continual loss of potassium and thus osmotically active

particles, in older cells (Cohen ~~, 1976; Hoffman, 1958) may also

contribute significantly to the loss of cell water. During its life-
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span the cell also loses membrane fragments by fragmentation (Cohen et aI,

1976; Edwards ~ aI, 1964; Ganzoni ~~, 1971; Valet ~~, 1972),

vesicle formation (Bocci, 1981b) and by phagocytic remodeling in the

remodeling alone occurs, apparently without an apparent reduction in cell

viability (Bocci, 1981b), and loss of membrane may thus also significantly

contribute to volume reduction. The steady decrease in MCH as major cause

of the continued decrease in cellular volume, as suggested by Ganzoni et

al (1971), clearly needs further elucidation.

The volume reduction of ageing rat erythrocytes, which is associated with

the retention of all or at least most of its haemoglobin, implies an

increased haemoglobin concentration of the older red cells. This is

verified by the demonstration that the older cell fractions from rats of

all age groups of at least 10 per cent more haemoglobin than their

corresponding younger fractions (Table 10). The same trend was established

for the MCHC in several previous reports (PiomeIIi ~ aI, 1967; Rennie !£

al 1979, Rigas ~ al, 1961). The increase in MCHC occurs linearly with

cell age (Williams et aI, 1980) and despite the reported discontinuity in

fetal cell replacement during postnatal life (Gahr et aI, 1984). Elevated

haemoglobin concentrations of the older cells together with the loss of

water (Harris ~ aL, 1972), electrolytes (Ganzoni ~ aI, 1969; Hoffman,

1958) and membrane lipids (Bocci, 1981b) may cause an increase in density

of the older cells (PiomeIIi !£ aI, 1976). In addition the cell viscosity

may be considered to increase as a result of the increased haemoglobin

content (Linderkamp ~ aI, 1982b). When the cell viscosity reaches a

critical level, the deformability of the cell is decreased (Chien, 1981;

Linderkamp ~ aL, 1982a) and the resultant increase in resident time in

the spleen enhances the probability of phagocytic removal of the cells
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(Weed & Reed, 1966).

Low ATP and 2,3-DPG values have been reported previously in old red cells

phenonemon is conf irmed for all age groups in this study where the ATP

and 2,3-DPG content is demonstrated to decrease between 9 and 27 per cent

and 10 and 43 per cent respectively when top and bottom fractions are

compared. The decline in 2,3-DPG content of older fractions, may be

considered to be in line with the range of 36 to 47 per cent in humans

(Bernstein, 1983; Cohen ~~, 1976), considering that these values for

humans represent the total decline from youngest to oldest fractions. ATP

levels reported here however, do not decline as markedly as that of 22 to

80 per cent reported for humans (Bernstein, 1972, 1983) and the 48 per

cent reported for rats (Tochner ~~, 1975). Previously Cohen ~ al

(1976) too reported that the difference they found of 33 per cent between

the top and bottom fractions, was much less than that reported by others

(Brok ~~, 1966; La CelIe ~ aI, 1970) who used the same technique and

found values in young cells to be three times that in old cells. It must

also be borne in mind that the values obtained here can only be smaller

than that of studies which measure differences in populations much more

different to one another in mean age than the two fractions used in this

study. Within each age group great variability is observed for ATP values

between individuals, which may account for the wide range of values

obtained here and that documented in the literature. It is problematic

to explain the biological significance of the extent in ester level

decline, since many other factors are involved in the metabolism and

function of the cell.

The decline observed in the PK activity between the top and bottom

fractions is more pronounced when compared to that of G6PD (Fig. 19).
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These parameters decrease from between eight and 52 per cent and from 52

to 64 per cent for G6PD and PK respectively in rats. The G6PD activity

was reported to decline in humans between 37 and 65 per cent (Brok et aI,

1966; Paglia ~ aL, 1976) and in rats by about 76 per cent (Tochner ~

aI, 1975). G6PD is considered to be one of the red cell enzymes that

declines very markedly with increase in erythrocyte age (PiomeIIi et aI,

1976). The absence of significant differences beween the two fractions

observed here in groups older than four weeks is difficult to explain. The

variation of G6PD values is however markedly greater in both fractions in

the age groups older than four weeks when compared to that of the two

youngest groups and this may mask real differences between populations

within the same sample. In addition, G6PD is one of the most unstable

erythrocyte enzymes (Beutler, 1975) and this may be a contributing factor

in masking some of the age-related differences. It seems thus that the

cell age, within a population of red cells from one donor, may not be

excluded.

Red cell enzymes are known to undergo age-related changes including

decreased levels, changes in isoenzyme patterns, changes in induction and

changes in molecular properties (Finch ~ aI, 1977; Kanungo, 1980). Many

of these changes depend on the activities of the nuclear genome. Red

cells which are anucleate are unable to synthesize new proteins and any

changes occurring in their enzymes during ageing must be posttranslational

in nature (Glass ~ al, 1981). Information on this aspect is almost

nonexisting and Finch ~ al (1977), noted in this regard that .

nearly all types of posttranslational reactions have been almost totally

ignored by gerontological research".

Both total membrane protein and whole cell protein is lost during red cell
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to determine whether metabolic changes associated with the documented

enzymatic changes are related to the progressive denaturation of enzymes

by ambient oxidative stresses with an actual loss of enzyme protein, or

merely reflect altered enzyme kinetics with decreased catalytic function

(Glass ~~, 1981).

In addition to the decreased specific activity of PK demonstrated here,

the enzyme was reported to exhibit an age-related decreases in Vmax
(Paglia.:.!.aL, 1976) as well as subtle changes in biochemical behaviour

demonstrated by an increased K (PEP) (Rose et aL, 1966). Regulation of
m --

PK activity is presumably under direct substrate control physiologically,

responding in a linear manner to slight variation in PEP concentrations

(Russel.:.!.aL, 1982). Progressive elevation of the Km as the cell ages,

necessitates high PEP concentrations to achieve a given reaction rate

(Harper .:.!.aL, 1981) and would in effect produce a partial block of this

critical ATP regenerating step (Oski ~ al 1969; Russel ~ aI, 1982).

Such functional impairment might result in elevated levels of glycolytic

intermediates proximal to the block, thereby altering feedback mechanisms

affecting the overall rate of glycolysis (Grimes, 1980; Oski.:.!.aI,

1981).

In cases where red cells exhibit a deficiency of PK, due to inborn errors

of metabolism, their life-spans are abbreviated (Russel ~ aI, 1982)

ending in haemolysis (Grimes, 1980). The inability of these cells to

generate ATP has been suggested as a cause of their deterioration (Rose et

aL, 1966). In a sense, the older red cells in the bottom fraction may be

considered analogous to the cells hereditarily deficient in PK. The

progressive decline in PK activity of older cells may contribute to the

deterioration of the ageing cell, most probably due to the inability of

https://etd.uwc.ac.za/



- 196 -

the cell to maintain the energy potential. The critical level at which

the decline of PK activity results in haemolysis remains however to be

defined.

G6PD provides NADPH in the HMPS and thus maintains the reduction potential

of the red cell. Any decrease in G6PD function thus have implications of

protein denaturation and consequent haemo1ysis. The decline in the

specific activity of G6PD in older fractions of this study is not as

convincing or marked as that documented elsewhere (Tochner ~ al, 1975;

Cohen ~ aI, 1976). In old humans the G6PD activity is antigenica11y

different from those of young ones (Kanungo, 1980) and the frequency of

mutations as judged by alterations in G6PD (Finch ~ al, 1977) is

significantly higher in older animals. Fornaini (1967) described a

similar kinetic change in G6PD as that found for PK by Paglia ~ ~

(1976). G6PD also exhibits a progressive loss of affinity for G6P and for

NADP, but remains stable regarding the pH optimum and electrophoretic

mobility in starch gel. The electrophoretic pattern for G6PD too vary

with cell age (Fornaini, 1967).

Data, presented here, does not explain how the diminished activities of PK

and G6PD individually affect cellular metabolism in the ageing rat

erythrocyte. Deterioration of the older cell's metabolism is however

evident from their lower ATP levels. ATP depletion alone, as observed in

stored cells result in the loss of maintenance of cellular processes and

premature senescence of the cell (Dawson, 1983; Oski ~ al, 1965). The

2,3-DPG store of the cell is normally, through the conversion thereof to

pyruvate, available to generate ATP required to prime the hexokinase

reaction (Bernstein, 1972), and for energy consuming processes of the cell

(Grimes, 1980; Oski ~ al, 1982; Russel ~ al, 1982). Data from this

study, demonstrates however, that 2,3-DPG levels too decline with cell
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age, which may augment the decline of ATP. Wi thout a high level of ATP

present for the hexokinase reaction, and the decline in PK activity

observed in older cells, the subsequent steps leading to the net synthesis

of ATP in the overall glycolytic process cannot proceed, despite the

possibility of 2,3-DPG accumulation when PK becomes deficient.

2.4.3.2 Effects of donor age on rat erythrocytes of different ages

The diminished levels of the constituents of glucose metabolism

demonstrated here, toget~er with the documented decline in glucose

consumption (Bernstein, 1983), increased lactate production (Bernstein,

1972) and decreased enzyme activities (Gross ~ aI, 1963; Piomelli ~ aI,

1978, Rennie et aI, 1979; Rigas ~ aI, 1961; Tochner et aI, 1975), are all

in agreement with the view that older êells undergo metabolic

deterioration. The latter may result in biophysical changes in the cell

membrane (Bernstein, 1972) which may eventually result in the formation

of cell-age-senescent factors making the cell susceptible to removal from

the circulation (Kay, 1984).

In Part I of this report several red cell characteristics have been

demonstrated to be subject to donor age during postnatal life of the rat.

In addition, it was demonstrated in Section 2.4.3.1 that some of these

characteristics like the cell volume, phosphate ester content and

activities of two enzymes decrease, while the MCRe increases in an older

population of red cells when compared with a younger population. It is

thus clear that two factors affect the red cell parameters namely, donor

age and red cell age. The relative effects of these two factors are

however not clear, since this aspect has received little attention in the

literature.
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Since red cells have limited life-spans, a sample of whole blood from any

aged donor contains a heterogenous population of cells regarding their

chronological age. The proportions of these subpopulations of different

mean ages, apparently changes during postnatal life (Glass ~ ~ 1983;

Holter et aL, 1984) .. In senile rats for instance, the erythrocyte

subpopulation distribution was shown to resemble that of the newborn, due

to the shorter life-span of the former (Glass ~ aL, 1983). Differences

in the pattern of subpopulation distribution may thus have a bearing on

the donor age-related changes observed. The principle question which

arises then, is whether the donor-age related differences observed in the

red cell parameters can be ascribed solely to differences in mean red cell

age of the donor?

Data presented here demonstrates that the sequential trends of change in

all the measured parameters are, in a broad sense, similar in both the top

and bottom fractions of progressively older animals when compared with

that of whole blood as documented in Part I. (Figs. 17-119). Variations

due to cell age may thus be considered as superimposed on the changes as a

result of donor age. In order to establish whether the sequential trends

of change observed in the parameters of whole blood is distributed

proportionately in the two fractions, the differences between the top and

bottom fractions for each parameter and age group was calculated.

Comparison of the mean differences between the top and bottom fractions of

the various age groups demonstrates that for 2,3-DPG, ATP, MCH and MCV it

significant changes in these parameters due to donor age, the same

qualitative differences exist in these parameters between the two

fractions of all animal age groups. It may also suggest that for 2,3-DPG,

ATP, MCH and MCV the effect of donor age is distributed evenly throughout
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the entire population of red cel.ls in each age group. In the case of the

MCRC at 48w, the G6PD and PK at 24, 36 and 48 weeks, the mean difference

between the top and bottom fractions of these age groups are significantly

greater than the difference in the younger groups. In a similar fashion,

the ac tivities of phosphoglucose kinase and eno lase have been reported

elsewhere to decline with increased cell age in both newborns and adults

and to exhibit activity in old cells from newborn donors that differs

less from the young cells in this group, than that observed between the

young and old cells from adults (Cotte, Nivelon & CUre, 1967; Oski ~ aL,

1975). The greater differences in values of the parameters of older

donors, implies that the parameters are affected in the same, but to an

exagerated extent in the older subjects than that in younger age groups.

This in turn may be due to a steeper decline of these parameters during

cell ageing in older donors. It thus seems that donor-age-related

fluctuations are manifested to the same extent in old and young cells for

the phosphate esters and red cell indices. Rowever, the activities of PK

and G6PD seem to be more markedly depressed in the older cells of old

donors when the degree to which it differs from the young cells of the

same donor group is compared to that in younger donors.

Comparison of the corresponding fractions in the different donor age

groups reveals that the MCV, MCR, ATP, PK and G6PD values of both

fractions at one and four weeks are significantly higher than that of all

the older groups (Figs. 17, 18 and 19). That of 2,3-DPG too is

significantly higher at four weeks than in the corresponding fractions of

older groups. These changes are of such magnitude that it suggests that

the young erythrocytes (top fraction) just entering the circulation of

older animals exhibit impaired properties which correspond to those found

in the old (bottom fraction) erythrocytes of younger animals. Among these

characteristics are, decreased cell volume, decreased ATP, PK and G6PD of
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same, may be partly accounted for by differences in the age distribution

successive groups up to 24w of age.

These findings thus suggest that marked differences exist between

corresponding erythrocyte fractions, especially when that of the two

younger animal age groups are compared with the older groups, and that

fractions of younger animals are thus distinctly dissimilar in

characteristics from that of older animals despite their similarity in

terms of density.

Since cells undergo changes with increasing cell age which are very

similar to that observed with increasing donor age, it may be speculated

as mentioned above, that the differences observed between top fractions

of progressively older animals and also between bottom fractions of the

of red cells in these groups. This speculation may be feasible if any

shift in the age distribution exists. Such a shift in age distribution

may be expected to be reflected in the density profile of the various

donor age groups (Danon ~ aL, 1964; Glass ~ a l., 1983). The data from

this study suggests that the density distribution of one week old donors

is s-hifted to a lower mean density which makes the suggestion of mean cell

age as cause of the donor age differences feasible. It does not however

explain the same for four week olds, since the latter has mean red cell

densities and thus presumably also mean cell ages, which are similar to

that of the older donor groups.

The establishment of a possible correlation between the characteristics of

a population of red cells and its age has received considerable attention

in the literature. For some enzymes like hexokinase, lactate

dehydrogenase, pyruvate kinase, glyoxylase, 6-phosphogluconate

dehydrogenase, triosephosphate isomerase and phosphoglyceromutase, a clear
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correlation between cell age of infant blood and the degree of

reticulocytosis alone does not account for the numerous differences

observed between populations of different mean ages becomes clear from

several studies in this regard. On the basis of density separation of

blood of the newborn and adult into younger and older fractions, the

increased activity of PK and G6PD were reported to be in the case of the

former completely, and in the latter partially, dependent upon the

reticulocyte content of the blood (Konrad ~ aI, 1972; Wills ~ aL, 1931).

The specific activities of phosphoglyceromutase, enolase, glyceraldehyde

phosphate dehydrogenase and glucosephosphate isomerase are not only higher

in newborns compared to adults (Gross !:.!. aL, 1965; Konrad ~ al, 1972;

Oski ~ al, 1969, 1975), but are also higher than that of samples with

comparable mean cell age. Also, when contrasted with that of subjects

with comparable reticulocytosis, cells from newborns appear to have a

lower glucose consumption at pH 7,4 and 8,2 (Oski ~ aI, 1975) and undergo

greater acceleration of glycolysis in the presence of methylene blue (Oski

!£ aI, 1975). No correlation could either be established between the level

of ATP or reduced glutathione and the percentage of reticulocytes (Konrad

!£ aI, 1972). Moreover, the levels of ATP do not decrease in the few days

after birth (Gross ~ aL, 1963), whereas the number of reticulocytes and

erythroblasts are known to diminish sharply during this period (Williams

~ aL, 1972; Wintrobe ~ aL, 1974). There is thus extensive evidence in

the literature that the characteristics of a population of red cells need

not necessarily be ascribed to it's mean chronological age.

Furthermore, when comparisons of the corresponding fractions of age

groups, 12, 24 and 36 weeks are made, it reveals a definite decrease in

the mean values of 2,3-DPG and PK activity in both fractions and also for

the MeV values of the bottom fractions (Figs. 17, 18 & 19). The data also
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specific characteristics of a given population of red cells. This

suggests that the mean values of ATP, PK, G6PD decrease with increase

donor age of both fractions. When these three older age groups are

however compared regarding their density distributions of red cells, they

are almost identical (Fig. 16a). The observed changes in some of the

parameters in the 12, 24 and 36 weeks old animals are thus incompatible

with the idea that mean cell age is the principle or only determinant of

argument is further supported by the absence of·significant differences in

any of the measured parameters of the 48w old group compared to that of

the immediately younger age groups (12, 24 and 36w), although the former

has significantly more dense (older) cells than the latter groups (Fig.

16).

Data from this study, and evidence from other investigations cited above,

therefor strongly suggest that the status of specific red cell parameters

cannot be adequately accounted for by cell age alone. The alternative to

this would be to suggest that the characteristics of red cells

irrespective of their age is also subject to the donor age of the cell by

a mechanism other than whereby the mean cell age is increased in older

subjects.

The changes observed here in the red cell parameters may be brought about

by age of the donor in several ways. Red cells produced during fetal life

are distinctly different in morphological and metabolic characteristics

from cells produced subsequently. (Oski ~ al., 1975; Schrêt er & Winter,

1971). The characteristics of erythrocytes of one week old rats could be

visualised to represent the persistence of a unique fetal erythropoiesis

(Oski !! aI, 1975), doomed to disappear soon after birth in a manner

analogous to HbF (Holter et ~, 1984). On the other hand, the

deterioration of red cells in progressively older subjects is unlikely to
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be the result of the substitution of fetal erythropoiesis. The metabolic,

morphologic and functional characteristics of the red cell ultimately

depend on the status of the cellular enzymes (Bernstein, 1972; Cohen ~

aL, 1976). The declining pattern observed in progressively older groups

could result from repression or depression of the synthesis of specific

enzymes by metabolites perculiar to the metabolic milieu of the rat at a

certain age (Oski ~~, 1975).

The specific activities of PK and G6PD decline in older cells, and a

further depression is observed if the donor age is superimposed on these

values. Both donor and cell age appear to contribute collectively to the

progressive decline in G6PD of increasingly older donors. Particularly

noteworthy is the phenomenon that in the donor age range of four to 36

weeks, the PK and G6PD activity in the young cells of old donors is

similar to that of the old cells in young donors. Since erythrocytes

cannot manufacture new proteins (Allison ~ aI, 1955; Russel ~ aI, 1982),

the decline in specific activity must be due to posttranslational

modifications to the enzyme molecules (Glass ~ aL, 1981). A similar

phenomenon of cumulative cell- and donor-age effects on the red cells was

demonstrated for erythrocytic superoxide dismutase (SOD) (Glass ~ aL,

1981). On the basis of SOD activity in young cells of old donors which is

similar to that of old cells in young donors, Glass ~ aL, (1981)

suggested that appreciable damage occurs in the red cells of old rats,

prior to their appearance in the circulation.

Theoretically, the donor-age-related modifications of red cells may occur

in the stem cells or during differentiation and haemopoiesis. The status

of the haemopoietic bone marrow as the animal becomes older, may thus shed

some light on the possible mechanism underlying the donor- and cell-age

related changes in haematological parameters. An important initial
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observation is that although individual haemopoietic stem cells have well

def ined life-spans and undergo charac teris tic degenera tive changes, an

association between ageing and cell turnover, cell production and cell

function is difficult to establish (Finch et al, 1977).

Old animals were generally considered to have defective erythropoietic

responses based on the often observed decreased HCT (Hotta ~ al, 1980)

and their delayed response to bleeding (Harrison, 1973). However, the

ability of both young and old rats to respond to experimentally induced

hypoxia is reasonably similar (Garcia, 1957). Also, studies with the use

of karyotypic marker (Harrison, 1975; Ogda ~ al 1976) indicated that the

proliferative capacity of haemopoietic cells from aged mice do not differ

from that of young mice in irradiated recipients. Attempts to improve

defective response to bleeding in old mice too cannot be improved by

injection of young marrow cells although they greatly improve defective

responses of W/Wv genetically anaemic mice (Harrison ~ al, 1975). Thus,

the functional capacity of·the bone marrow of older subjects may be

unaltered.

The ultimate capacity of the haemopoietic system can only be tested by

transplantation thereof into hosts whose own haemopoietic cells have been

irradiated by massive whole body radiation (Finch et al, 1977). There is

little difference in the behaviour of serially transplanted bone marrow

derived initially from young and old donors. In both old and young cell

lines, the colony forming units (CFU) decline slightly with each passage

(Harrison, 1975) but both old and young haemopoietic cells function

normally for periods far in excess of what could be required during a

proliferative ability as a function of age, reflected by the decrease in

transplantability (CFU-ratio), is more than outweighted by the increase in
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absolute cell number in the bone marrow (Lipschitz, 1984).

The effect of donor age on haemopoietic cell performance has been

elegantly elucidated recently by Hotta ~ ~ (1980). These authors

old donors to differently aged hosts. Normally the host stem cells

grafted spleen and bone marrow after initial toxic necrosis from young and

repopulate the graft through newly formed canals between graft and the

host (Am seLl, & Dell, 1971; Fried, Husseini, Knospen ~ aL, 1973). When

the number of haemopoietic stem cells supplied by the host is constant,

the extent of haemopoietic repopulation in the grafts will reflect the

capacity of the haemopoietic stroma of grafted tissues to support stem

cell proliferation (Hotta ::!. aI, 1980). These authors found that grafts

from aged mice are repopulated in a significantly lower degree than those

from young mice when grafted in the young hosts. On the other hand, the

graf ted bone marrow and spleen from young donors were cons tantly

repopulated irrespective of age of the host. Their findings led these

authors to deduce that the regenerative capacity and/or function of

haemopoietic stromal cells decrease with ageing while the proliferative

capacity of haemopoietic stem cells per ~ is relatively constant.

Although it is difficult to visualise the cell interactions involved in

erythropoiesis the prevailing evidence presented above, strongly suggests

that defective erythropoietic activity during ageing is not intrinsically

timed within the marrow stem cells or exerted at this level. It rather

appears to result from alterations in the animal's internal environment

where the stem cells multiply and differentiate. Therefore it seems

unlikely that changes observed in the circulating red cells are remnants

of the age effect at the time they were resident in the bone marrow.

Further, since the metabolism of the circulating erythrocyte is also

influenced by the environment of the organism (Harrison, 1975), the
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changes in red cell characteristics observed here may be induced by the

ageing environment of the cell.

The pos tula ted environmental changes that the animal experience during

ageing, may be as short range as the tissue environment within which

erythropoiesis occurs (Curry & Trenton, 1967), or could be as long range

as the animals capacity to supply necessary nutrients or hormonal

deficiencies which may arise (Harrison, 1975; Finch et aI, 1977).

Therefore, from the data presented here it is evident that the status of a

given age population of red cells, regarding their characteristics, are

subject to the mean age of the cells and the age of the host of these

cells. A shift in the mean red cell age does not seem to give the answer

to the donor age-related effects, and from bone marrow studies done

elsewhere, the environmental changes that the animal experience, both

short and long range, may have a bearing on the changes in haemopoietic

tissue as manifested in the circulating red cells.
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2.5 Summary

Available literature on the changes associated with red cell ageing is

extensive and include characterisation of metabolic, structural and life

determining aspects. Studies concerning the establishment of levels and

activities of various enzymes and metabolic intermediates, particularly

those involved in glucose metabolism have demonstrated significant

decreases in many instances. There are however, exceptions and some

con tradic tory resul ts have also been reported. Furthermore, it has not

been unequivocally established that the concentration of any enzyme falls

below the rate limiting range during the normal life-span of the

erythrocyte. Associated with the generalised metabolic deterioration of

the cell, are se~eral structural changes that the cell membrane is

reported to undergo with age. The latter, not only results in a loss of

deformability which in itself may limit the cells life-span, but cause the

old cell to suffer an increased susceptibility to erythrophagocytic

removal from the circulation. The identification of the life-span

determining factor is currently the subject of very active research and

the most recent evidence suggests that a conformational change in certain

integral proteins of the membrane, most probably that of band 3.1, may

eventual removal of red cells due to senescence may be due to structural

modifications in the membrane which may be ultimately related to

underlying metabolic changes of the cell.

During the course of this study, it was found necessary to determine the

density distribution of rat red cells. This was determined by measuring
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the cumulative percentages of red cells that have passed through Percoll

solutions of different densities. The establishment of these

distributions for animals of various ages, provided information regarding

the density range which could be employed to obtain separation of red cell

fractions of different proportions. It is also demonstrated here that the

density distribution of red cells change with increasing age of the animal

and thus that separation techniques based on data from density

distribution curves should take into account the age of the animal.

It is clear from available literature that studies concerning cell-age-

related characteristics of red cells, have relied on numerous techniques

to obtain cells of different ages. The comparability of data obtained

from these is questioned here, especially that on rat blood since the only

documentation of cell-age-related changes are those obtained by serial

hypertransfusion.

Red cell populations from all age groups studied were fractionated into

two groups by discontinuous fractionation in Percoll with a specific

gravity of 1,103. The advantages of this method may be considered its

high reproducibility, the non-toxicity and low osmolality of Percoll,

short centrifugation period needed for separation and the possibility of

separating relatively large quantities of blood. The extensive

documentation of the increase in cell density with increasing red cell

age, allows for the assumption that the bottom dense fraction obtained

here, may be assumed to be older in mean age than the top, less dense,

fraction. This technique differs from previously documented discontinuous

techniques which allows fractionation of blood samples into several layers

of red cells, progressing in mean age from top to bottom, in that

populations obtained here may not be as different in mean age as the top

and bottom fractions of the other studies. It does however, yield two
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populations of red cells of different mean ages, the characterisation of

which is the purpose of this investigation. Furthermore, it allows

comparison of the corresponding fractions from different age group since

all fractions took place on the same density of separating fluid.

This study confirms the decline in cell volume with increasing cell age

which has been previously established for humans and rats. However, the

unchanged MeH found here in older red cells, although it corresponds to

that documented for humans, is contradictory to the decrease thereof

reported previously for rats. Volume reduction may be ascribed to several

processes which have been documented to occur in ageing red cells. These

include loss of water, of potassium and of membrane fragments. The MeHe

was es tablished here to increase in older red cells, and this makes the

previously reported loss of haemoglobin unlikely since the cell volume of

the rat red cell decrease as the MeHe increases. The unlikeliness that

haemoglobin is lost with increasing cell age, is further supported by

previous studies on the uptake of 59Fe which suggest that extracorpuscular

haemoglobin is unavailable for splenic uptake as cells become older.

This study demonstrates that the phosphate esters 2,3-DPG and ATP as well

as the activities of the enzymes PK and G6PD decrease as red cells become

older. The differences in G6PD and ATP between younger and older

fractions are however, not as marked as that established for 2,3-DPG and

PK. Since ATP and G6PD both exhibit large variations when data from

different animals of the same age is pooled, this variation may be

considered to mask some of the age-related differences inherent to anyone

sample of blood.

Data obtained here is insufficient to explain whether the metabolic

changes associated with the documented enzymatic change, are related to

the actual loss of enzyme protein or merely reflect altered enzymatic
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kinetics with decrease catalytic function. It does however, seem to

confirm previous reports which suggest that red cells undergo metabolic

deterioration.

The implications of the changes each of the parameters measured in this

study as the cell ages is discussed and limited speculation on possible

underlying mechanisms is presented.

This study also attempted to determine whether and how the red cells of

different cell-age-groups are affected by the age of the donor in which

they circulate. Since certain characteristics of the erythrocytes change

as the cell becomes older, and since it has been suggested elsewhere that

the proportions of cells of a given cell-age vary in subjects of different

ages, it may appear that some of the donor-age-related red cell changes

could be ascribed to differences in the mean cell age of donors of various

ages. It is demonstrated here that although progressively older animals

necessarily correlate with the observed changes in red cell parameters.

Further evidence in the literature supports this view. Moreover, when the

PK, G6PD, 2,3-DPG, ATP and MeV values of each fraction are compared

between the age groups 12, 24 and 36w a decline in the mean values is

observed with increased age. These three groups do not differ from one

another in the mean age of each fraction, due to the similarity in their

red cell density distribution. It is also evident from the data obtained

here, that an increase in donor age causes more pronounced differences in

the levels of enzyme activities between the young and the old cells, while

for the other parameters, the difference between young and old cells

remains the same throughout life.

Available literature suggests that the donor-age- effect is not
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Therefore, it seems that the increasingly older animal experience changes

in its red cell status which can be accounted for by a slight degree of

increased mean red cell age, and perhaps mainly due to age-related changes

occuring in the surrounding tissues.
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intrinsically a function of the marrow cells but rather that the changing

status of the cell's environment of progressively older animals may bring

about a pronounced decline in the activities of these cells. This may also

apply to the changes observed in the circulating red cells. The available

evidence available thus suggests that the age-related change observed,

does increase with donor age may be brought about by the interaction of

the system and its environ-ment as the animal gets older.
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CONCLUDING DISCUSSION

The previous discussions in this thesis centred around the possible

physiological mechanisms which directly underly the specific results

obtained. It remains therefore only to discuss the results in general

terms, especially in relation to the cellular events associated with

ageing of the animal.

The investigation in Part I was aimed at examining whether normal blood

values vary with age of the animal and whether data from animals of

different ages, will provide information which may serve as a basis for

discussion of possible mechanisms of ageing. It was found that all red

cell associated parameters, perhaps with the exception of the MCHC,

exhibit very marked changes related to the age of the subject. In general

terms, these marked age differences occur mainly during the first six

months of life. Since the rat reaches sexual maturity at about eight

weeks of age, the age-related changes continue to change unlike

previously thought, beyond physical or sexual maturity. Since it is well

documented that the blood profile of fetuses is considerably different

from that of the adult life, it may seem convenient to consider the

differences between the neonatal blood profile and that of the adult as a

manifestation of the transitional phase between fetal and adult life. In

fact, the data obtained here suggests a correlation between the relatively

short gestational period of the rat and the blood profile of the infant

which is so different to that of the adult.However, the blood profile

during early infancy has a peculiar pattern characterised by changes in

the haemoglobin concentration, haematocrit and 2,3-DPG concentration.
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These changes are not regular from birth until adulthood, which suggests

that the postnatal pattern of haemato1ogica1 changes need a more

sophisticated explanation than that mentioned above.

Although the method of investigation did not allow for determination of a

cause-effect relation between the progressive increase in donor age and

the changes in haemato10gica1 values, it does emphasise that 'normvalues'

for blood change continually from birth until well after sexual maturity

has been reached. The age-relatedness of blood parameters emphasises the

need for careful selection of age limits as well as the necessity of

adequate numbers of control animals that are identca11y housed, fed and

cared for when haemato10gica1 values constitute experimental parameters.

It was also found in this investigation that the red cell indices,

haemoglobin concentration, HCT, reticulocyte count and WBC seem to

stabilise at about six months of age and that the changes in biochemical

system of the old rat thus does not seem to be, quantitatively, adversely

affected by ageing of the animal. It may be that, as suggested for mice

(5i1ini ~ al, 1974), the capacity for self-maintenance and proliferation

built in the progenitor cells may be very large and that only a small

fraction of this potential is exhausted within the life-span of the rat.

Ageing at whole-animal level is thus not accompanied by consistent

haema toLogi.caI changes in the blood, and loss of haemopoietic function

does not appear to be a limiting factor for the animals life. It is also

possible that, since there is a greater incidence of certain diseases

during old age, that some of the conflicting age-related haemato10gica1

values reported by a number of workers may, as suggested by Finch and

Fester (1973), represent pathologies, just as abnormal blood values

occuring at any other time of life may represent the diseased state.
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It may therefore be concluded, on the basis of the present and of

previously published data, that in spite of the many technical advantages

of using haemopoietic tissue for ageing studies, that it may not be a

suitable model for studies of ageing at the cellular level, since the

changes observed here in the blood stream and that reported for the bone

marrow, are quantitatively small and the functional significance thereof

is uncertain.

Although the present conclusions should be reinforced by kinetic studies

of the haemopoietic system along the lines of those previously reported

for mice and by functional tests in exogenous and/or endogenous model

systems (Silini ~ al, 1974), it would appear that the problem posed at

the beginning - is ageing in a mammal in any way related to observable

quantitative cellular changes in the haemopoietic system? - should be

restricted to the problem of ageing in a specific population of cells and

analysed by suitable techniques.

Thus, to further the investigation of the effect of donor age on the

quantitative cellular changes in the haemopoietic system, the

investigation in Part II was directed at determining whether the

biological age of a rat influences the erythrocyte metabolism and

erythrocyte ageing in vivo.

Separation of erythrocytes into two density fractions divides them

according to their chronological age in any age group of rats. It was

found that erythrocyte ageing in the rat in general, seems to be

associated with a decline in the activities of PK and G6PD, and in the

levels of constituents like ATP and 2,3-DPG. On the basis of these

findings and previously published data, it seems that modifications of

mechanisms involved in the maintenance of energy potential and the
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oxidoreduction equilibrium might lead to deterioration of the old rat red

cell. Moreover, the cell volume and MCHC increase with erythrocyte ageing

in vivo. It seems obvious that the functional units of erythrocytes, the

membrane, haemogLobLn, the intracellular enzymes, cofactors and substrates

act in an interrelated fashion and may result in a progressive decline in

the rat red cell's viability.

Although several blood parameters were also found to change with

increasing whole-animal age when the whole red cell population was

considered, the difference in the parameters between young and old donor

groups seem to be maintained in the same ratio throughout life. Thus the

ratio of a certain parameter between old and young cells remain unaffected

by donor age throughout postnatal life.

It was previously thought that changes observed in blood parameters with

increasing donor age may be explained by differences in the mean red cell

age of the various rat age groups. This investigation found however, that

it seems to be an inadequate explanation since the shifts in density

patterns of the red cells did not always correspond to observed changes in

the measured parameters. The shifts in the density profiles of rats of

various ages may also not necessarily be due to shifts in the mean age of

a given red cell sample, but rather be due to the older populations of red

cells of old animals to have an average density higher than the old cells

just entering the circulation of older animals, exhibit properties which

are related to donor age rather than cell age alone.

A further important observation, from the data collected here, is that,

with the exclusion of 2,3-DPG data at one week of age, the lowest values

of enzyme activity, ester levels and MCV were found in the old cells of
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the oldest rats, and the highest values in the young cells of young rats.

By these criteria the young cells of older rats are similar to the old

cells of younger rats. Very clearly thus, the age of the donor affects

the red cell characteristics irrespective of cell age and may also be

considered to affect cell ageing causing exageration of the ageing effects

in cells from older donors. This may perhaps explain the shortened life-

span of red cells in very old animals.

An important implication of the present study is that the modified

properties of the erythrocytes of older animals must be due to alterations

which take place prior to the emergence of the cells into the circulation,

since some of the donor age effects are observed in young cells of old

animals. Whether these alterations take place in stem cells or during the

process of differentiation and haemopoiesis remains to be determined.

Alth0ugh workers (Harrison, 1975; Hotta et aI, 1980) have suggested that

haemopoiesis in aged mice is defective primarily due to alterations in the

haemopoietic stroma rather than changes in the haemopoietic stem cells,

further studies aimed at elaborating the functional capacity of stem cells

in vivo in animals of various ages are still necessary. If the stem cells

of old animals are affected, it seems plausible to suggest that other

blood cell types such as leukocytes would be altered in a similar way.

Each of these cell types would possibly express the underlying alterations

in its own typical fashion in accordance with its specialised functions

and morphology.

Alternatively, the red cell may undergo modification of properties due to

its changing environment in progressively older subjects. The erythrocyte

and in particular its metabolism has been suggested (Abraham ~ aI, 1978)

to be influenced by both the environment of the organism and its own

plasma milieu. This milieu shows different metabolic states at different
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stages in the life of the organism (Christofalo & Ragona, 1982). The

decrease in erythrocyte metabolic components with ageing of the

erythrocyte and of the rat may be fundamental metabolic alterations that

affect a variety of biochemical systems. Whatever the underlying

mechanism(s) involved in the donor-age effect on erythrocyte populations,

its seems obvious that whenever the red cell is used as model for cell-

ageing studies, that the donor age must be considered as an important

variable.
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