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Disorder of Iron Absorption

Summary of Thesis Submitted for the Degree of Doctor 
of Medicine in the University of Glasgow»

Peter H* Pinkerton



The X-linked anaemia of mloe (gene symbol̂  ala) is liypochrom:lo and 
microcytic in character. Typically, the moan corpuscular haemoglobin 
concentration, the mean cell volume and. the moan coll diameter are reduced* 
Anaemia is moderately severe in young homizygous male and homozygous 
female mice, and regresses spontaneously with age* Heterozygous femle 
animals shovï little or no haematological abnormality, and duality of the 
red cell population is not seen*

The iron stores of anaemic mice, as determined both chemically 
and histochomi.cally, are depleted at all ages* The clearance of iron 
from the plasma is rapid and the appearance of radio-iron in the red cells, 
after parenteral injection, is both greater and more rapid than normal*
The serum iron concentration is low and the total serum iron binding capa­
city is elevated, as is tho free erythrocyte protoporphyrin concentration. 
Tlie anaemia responds well to parenteral iron dexlran* Together, these 
findings are characteristic of Iron deficiency.

In contrast to the usû l situation in iron deficiency in man and 
other mammals, intestinal iron absorption is not increased in X-linked 
anaemia of mice; indeed a si^ificantly low level of absorption of inorganic 
iron at three dose levels (0,1, 1*0 and 10 ug) has been found* Histo- 
chemical studies reveal abnormal accumulation of stainable iron in tîio 
mucosal epithelium of the small bowel of anaemic and heterozygous mice.

These findings imply that the deficiency of iron is a consequence 
of malabsorption of iron by the small bowel, probs*bly as a result of a 
primary, genetically controlled, fau3,t in the metabolic processes of iron 
transfer from the mucosal cell to the plasma* The histochomical findings 
in the mucosal epithelium of heterozygous carriers are consistent with,



although they do not constltuto proof of, the provisions of the Lyon 
ĥ p̂othesio of X̂ ctoosiosome inactivation •

X-linked mouse anaemia does not, at present, seern to be a model 
for any Imoim form of heritable human anaemia, Imt is potentially a useful 
tool in the investigation of the still mysterious processes whereby iron 
is transferred from the mucosal epithelium to the plasma# A hypothetical 
model explaining known features of iron absorption, and incorporating 
possible sites of action of the .sla gene, is presented and discussed* It 
is postulated that the gene controls the production either of an enzyme 
(''iron transferase") necessary for the transfer of Iron to the plasma, from 
the mucosal epithelial cell of the small bowel, or of a carrier substance 
("cytoferrln") to which iron must be bound for this transfer to be achieved*
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PREFACE

A variety of inherited anaemias of mice has been 
described in the last fifty years and some already from 
valuable experimental tools for research in haematology, 
immunology and developmental biology. Others are less 
well known and have been as yet little studied.

The existence of such a series of mutants exhibiting 
anaemia through direct or indirect interference with the 
complicated processes of red cell formation at different 
points provides an opportunity to identify and analyse 
single steps. Each abnormal mutant gene must, perforce, 
have a normal allele as its counterpart, subserving a 
single normal function, and comparison of the expression 
of the mutant and normal genes may permit definition of 
the normal gene action. In such a way has the study of 
the hereditary coagulation disorders in man led to better 
understanding of the normal coagulation mecha.nlam,

In some of the inherited mouse anaemias, the 
haematologioal changes represent but one of a group of 
features, or pleiotropio effects, of the action of a 
single gene, a.nd detailed analysis of these different 
features may offer insight Into the control of developmental 
processes. Some mouse anaemias closely mimic human 
disorders and are exploited as models of human disease*
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It Is the purpose of this thesis to describe in 
detail the haematologioal and histopathologioal findings 
in the sex-linked or, preferably, X-linked anaemia of mice, 
to present data Indicating that the fundamental disturbance 
concerns the intestinal absorption of iron, and to assess 
the value of X-linked mouse anaemia as a model for human 
disease.

The thesis begins with a description of the normal 
haematologlcal picture in the laboratory mouse and a review 
of the heritable mouse anaemias 5 previous published work 
on X-linked anaemia (gene symbol, ala) is considered in a 
separate chapter. The investigations forming the body of 
the thesis are then reported, followed by discussion of 
the mechanism of X-linked anaemia and its relationship to 
the process of iron absorption, and comment on its 
resemblance to superficially similar human anaemias. In 
presenting this thesis, the relevant literature up to the end 
of 1967 has been considered, except for a few references to 
work, of which I had prior knowledge, published in 1968.
The detailed results of the various investigations are 
contained in the appendices which together with the tables 
constitute volume 2.

Some of the work reported here has been presented 
at Annual Meetings of the Federation of American Societies 
for Experimental Biology (Pinkerton, Kreimer-Birnbaum and 
Bannerman, 1966) and the American Society of Haematology
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(Pinkerton and Bannerman, 1966). A review of the heritable 
mouse anaemias (Pinkerton and Bannerman, 1988), and 
detailed reports of the haematologlcal findings (Ba,nnerman 
and Pinkerton, 1987) and pathological appearances (Pinkerton, 
1968) have been published, together with a preliminary 
report of some investigations of iron metabolism in X-linked 
mouse anaemia (Pinkerton and Bannerman, 1987)»

The work was carried out between September 1965 and 
August 1967 In the Department of Medicine of the State 
University of New York at Buffalo, in association with 
Dr. R . M, Bannerman, Associate Professor of Medicine and 
Head of Medical Genetics. I wish to record my debt of 
gratitude to Dr. Bannerman for creating the opportunity 
for me to carry out this work, for his stimulating criticism 
and advice and for his kind hospitality during ray stay in 
Buffalo. I am further indebted to him and also to Dr. R. G. 
Cooper, for encouraging me to incorporate into this thesis 
some of the preliminary data on the haematologioal picture 
accumulated by them prior to my arrival in Buffalo. I am 
grateful to Drs. Michael Bennett, and Gustavo Gudkowlcz of 
Roswell Park Memorial Institute, Buffalo, and to Dr. Bannerman 
for permitting me to include the results of experiments 
performed by me, as part of a collaborative study^ and to 
Dr. Martha Kreimer-Birnbaum, Research Associate in the 
Department of Medicine, for her interest, and for assistance 
with estimations of the free erythrocyte protoporphyrin 
concentration.
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With the exceptions stated above the practlca.1 
work described here was carried out by me, or by technicians 
in the Laboratories of the Division of Medical Genetics, 
working under my direct tuition and supervision.

Miss Margaret Porter rendered much painstaking 
technical assistance and her concientlous care of the 
colony of mice was Invaluable, Mrs. Betty Murphy and 
Mrs. Margaret© Peutsch also contributed valuable technical 
help. The colour prints Illustrating Chapter 6 were made 
by Kodak, Ltd., Rochester, N. Y. Miss Susan Kozmycz kindly 
prepared the diagrams which have been used to Illustrate 
the thesis. In most, British spelling is used, but in some 
the American form has been employed. This is because some 
of the diagrams were prepared with a view to publication in 
British journals and some in American journals! I apologize 
for this inconsistency.

While in Buffalo, I held a Buswell Research Fellowship 
from the State University of New York at Buffalo with an 
appointment as Visiting Assistant Research Professor in the 
Department of Medicine. The research work was supported by 
grants from the Buswell Foundation, the United Health 
Foundation of Western New York and the National Institutes 
of Health and I am Indebted to these organizations.

Finally, I would like to record my deep gratitude to 
my wife for her patience in typing and the final script of 
this thesis, and for her encouragement and forbearance 
during its preparation.



CHAPTER 1

The Normal Haemato logical Findings in the House Mouse

A considerable volume of information has 
accumulated over many years concerning the haematologlcal 
picture in the normal mouse. This chapter reviews the 
previous data, presenting the information from the recent 
literature in greater detail, and omitting much from 
earlier published work, which has been reviewed by Petri 
(1933)# Fekete (l94l) and Gardner (1947). An extensive 
and recent review by Russell and Bernstein (1966) is found 
in the second edition of "The Biology of the Laboratory 
Mouse", and the haematology of the normal mouse has also 
been described by Pinkerton and Bannerman (1968) in con­
sidering the heritable mouse anaemias.

a) The red-cell indices and appearances.
The haemoglobin concentration, packed cell volume 

and mean corpuscular haemoglobin concentration (M.C.H.C.) 
in adult mice generally resemble the values found for these 
indices in the human (Table l.l). The haemoglobin concen­
tration is maximal at the time of sexual maturity 
(Gruneberg, 1952) and during adult life a slight and very 
gradual decline is found (Francis and Strong, 1938; Strong
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and Francis, 1940; Grüneberg, 1952; Ewing and Tauber, 
1984).

The haemoglobin concentration and haematocrit 
may also be influenced significantly by genetic back­
ground, and this has been demonstrated (Russell,
Neufeld and Higgins, 1951) in a study of 18 different 
inbred strains (Table 1.1); these differences between 
strains are constant over long periods of time and many 
generations within the same Inbred strain (Russell and 
Bernstein, 1986),

In contrast to the similarity between human and 
mouse haemoglobin concentrations and packed cell volumes, 
the red cell count in mice is very much higher than in 
the human, and hence the mean cell volume (M.C.V*) and 
mean cell haemoglobin (M.C.H.) are very much lower.
This is illustrated in Table 1.2 where the strain 
differences described for the haemoglobin concentration 
and packed cell volume are also evident (Russell et al, 
1951). A gradual fall in the red cell count with 
advancing age also occurs (Ewing & Tauber, 1964).

The reticulocyte count usually lies between 1 
and 6 per cent (Scarborough, 1931; Russell et al, 1951; 
Albritton, 1952; Russell and Bernstein, 1966) although 
a wider range of up to 17-3 per cent has been quoted 
(Petri, 1933).

The erythrocyte is a non-nucleated biconcave disc



and numerous estimates of the mean cell diameter have 
been reported betvæen 5 .5 and 6 jx (Goodall, 1910; 
Scarborough, 1931; Petri, 19331 Fekete, 1941; Albritton, 
1952 ; Russell and Bernstein, 1966). Polychromasla is 
often a feature of Romanowsky"stained blood films (Simonds, 
1925; Petri, 1933; Fekete, 1941); normoblasts are rare in 
the peripheral blood (Scarborough, 1931; Andrew, 1965) 
but Hov/e 11“Jolly bodies may be found in normal mice 
(Pinkerton and Bannerman, 1968).

Studies of red cell osmotic fragility are few. The 
first estimate was made by Kato (l94l) who found lysis to 
commence at 0.535 per cent NaCl and to be complete at 
0.33 per cent NaCl. More recent estimates of the median 
corpuscular fragility (M.C.F.) gave values of 0.40±
0.02 per cent NaCl for C^H mice and 0.45db0.œ per cent 
NaCl in AKR mice (Wladrowski and Metcalf, 1963) *

Antigenic differences in the red cells of various 
strains of house mouse and various Individuals of a wild 
population have been demonstrated using heteroimmune 
rabbit antisera (Gorer, 1936a; Singer, Foster, Petras, 
Towling and Sloane, 1964) and human sera (Gorer, 1936b). 
However, I have been unable to find a report of naturally- 
occurring isoagglutinins in the house mouse, and McDowell 
and Hubbard (1922) failed to demonstrate their presence 
in several strains.



b) The leucocytes.
The total leucocyte count shows wide variation 

between and within different strains, (Table 1.3)  ̂and 
at different times In the same animal (Parsons, 1936)*
It is at least partly under genetic control (Tchakotine, 
19385 Gowen and Calhoun, 1943; Russell et al, 1951I 
Weir and Schlager I962, a and b) and is influenced by 
the sex of the animal, since granulocyte counts are 
slgnifioantly higher in males (Russell et al, 1951)» 
Striking diurnal variation is seen in the total leucocytes, 
lymphocytes and eosinophils with peak values in the morning 
(Panzenhagen and Speirs, 1953; Halberg, Visacher and 
Bittner, 1953; Brown and Dougherty, 1956). Tail vein 
blood contains many more leucocytes than blood taken by 
cardiac puncture (Fekete, 1941)* Thus, many and varied 
are the factors which affect the leucocyte count.

In general, lymphocytes, predominantly small, 
outnumber the granulocytes (Petri, 1933; Fekete, 1941;
Gowen and Calhoun, 1943; Andrew, 1965; Penny, 1967). The 
neutrophil granulocytes show wide variation in nuclear 
form, from the relatively immature ring, or "doughnut", 
to the "broken ring" and ultimately to the segmenting or 
multilobed form (Simonds, 1925; Gardner, 1947) and, unlike 
the human, granules are scanty and difficult to stain 
(Goodall, 191O; Bunting, 1922; Endicott and Gump, 1947).



The granules of eosinophils on the other hand are 
prominent and easily stained; basophils are extremely 
scanty, (Russell and Bernstein, 1966; Penny, I967). The 
monocyte is a large cell with a convoluted nucleus, closely 
resembling its human counterpart. Representative values 
for total and differential white cell counts are given in 
Table 1 ,3 .

c) Platelets and coagulation.
The range of platelet counts reported for the house 

mouse is large as may be seen from Table 1.4, and mostly, 
they lie between 150,000 and 600,000/cumm. The survival 
of platelets in the peripheral circulation is 4-5 days 
(Odell and McDonald, I961). Age and sex apparently do not 
affect the platelet count.

Meier and his associates (Meier, Hoag and Allen,
1961; Meier, Allen and Hoag, 196I; Meier, Allen and Hoag, 
196a; Allen, Meier and Hoag, 1962) during an Investigation 
of an acquired, ethylene-oxlde-induced, haemorrhaglc 
diathesis In their colony of mice, carried out extensive 
tests of the coagulation process In mice of various 
strains. They describe the following normal values:- 
clotting time 2-10 mins.; partial thromboplastin time 
55"" 100 secs.; prothrombin time 7-19 secs.; prothrombin 
consumption - less than 10 per cent remains after 1/2 
hour; Russell Viper 'Venom time 8-l4 secs.; thromboplastin
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generation test - subsampling tube at 6 minutes clots In 
11-18 secsp No sex or strain differences were noted. The 
various coagulation factors, which behave in vitro in a 
similar fashion to those in man, also showed a distribution 
pattern in the plasma proteins similar to that seen in 
man,

d) Mouse haemoglobin.
The overall architecture of haemoglobin molecules 

in various vertebrates is remartobly alike (Ingram, 19631 
Lehmann and Huntsman, 1966) and it appears that the 
predominant adult haemoglobin of mammals, including the 
mouse, is a tetramer made up of two pairs of chains 
resembling the o( and yS chains of human haemoglobin A,

Using paper electrophoresis, Ranney and Gluecksohn- 
WaelBch (1955) noted two different haemoglobin patterns 
in different mouse strains, which they called "single" 
and "diffuse" on account of the appearances of the 
haemoglobin band on the electrophoretic strip; these 
characteristic patterns were found to be inherited as 
simple Mendellan autosomal characteristics, (Glueoksohn- 
Waelsch, Hanney and Sisken, 1957). The use of more 
refined techniques soon revealed that the diffuse pattern 
consisted of several discrete bands (Popp and St, Amand, 
1958; Rosa, Schapira, Dreyfus, de Grouchy, Mathé and 
Bernard, 1958; Qluecksohn-Waelsch, i960). One of these



bands wa,s shown by ultracentrifugation studies to 
result from polymerization (Oluecksohn-Waelsch, i960) 
and this was subsequently confirmed by the use of the 
d©polymerizing agent, iodaoetamide (Riggs, 1965). The 
polymer increases in quantity with storage (Rosa et al., 
1958; Kanney, Marlow-Smith and Qluecksohn-Waelsoh, i960).
It was suggested that gene reduplication nllght account

\for the other bands, a sltuatioh similar to that seen in 
man in respect of haemoglobins k and Ag (Glueokeohn- 
Waelsch, i960).

The symbols Hb '̂ and Hb^ were allotted to the 
allelic pair of genes giving rise to "single" and "diffuse" 
patterns (Ranney, Marlow-Smith and Gluecksohn-Waelsch, 
i960). Close linkage of the Hb locus to albinism in 
linkage group I has been demonstrated (Popp and St, Amand, 
1958, 196O1 Hutton, Bishop, Sehweet and Russell, 1962a).
In wild mouse populations, both single and diffuse forms 
are seen, with a predominance of the diffuse type 
suggesting a selective advantage for this genotype 
(Heineeke and Wagner, 1964). In this connection it has 
also been noted that more inbred strains show the diffuse 
than the single type (Russell and Gerald, 1958),

Although the "single" haemoglobin patterns from 
various strains of mice are indistinguishable 
electrophoretically, these haemoglobins show variability 
in their solubility In phosphate buffer, and at least four
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degrees of such solubility have been detected among 
Inbred mouse strains (Popp, 1963). Inheritance of this 
characteristic also follows Mendellan principles (Popp 
and Sto Amand, I960; Popp, 1962a) and It segregates 
Independently of Hb: it has been identified by the
symbol Sol. While the linkage group for this locus 
has not yet been established, it has been shown not to 
be sex-linked (Popp, 1962b) and not to be in linlcage 
groups III, IV, XI, XIII or XVI (Hutton, Sehweet, Wolfe 
and Russell, 1964).

The independent assortment of the genes con­
trolling the electrophoretic and solubility character­
istics of mouse haemoglobin suggested that the structure 
of this molecule Is controlled by two entirely separate 
loci (Popp, 1965). Using a "finger-print" technique, 
Hutton, Bishop, Sehweet and Russell (1962b) compared 
the separated polypeptide chains of the haemoglobin of 
C5TB1/6J mice with the oi and ^ chains of human 
haemoglobin A, and found sufficient points of similarity 
to allow them to identify the analogous and S  chains of 
the mouse haemoglobin molecule. Alleles at the locus Sol 
were found to control(X-chain structure (Hutton et al,
1964! Rifkin, Rifkin and Konigsberg, I965) and those at 
the Hb locus to control^-chain structure (Hutton et al, 
1962a), confirming the earlier suggestions of Popp (1962c; 
1962d; Popp, Popp and Webb, 1963).
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In all inbred strains of mice so far examined 

with the ("single") constitution, only one type of 
non- (X-chain is found ^-chain) and although these-chains 
have similar electrophoretic properties, differences in 
tryptic peptide pattern can be shown between various 
strains (Hutton et al., 1962a). In mice with Hb^
("diffuse") constitution a major and a minor fraction 
can be distinguished, besides the polymer described above, 
and these fractions have been shown to differ in their 
non-ol-chains. It has been suggested (Russell, personal 
communication) that the non-(X-oha.in in greater concentra­
tion should be designated and that in lower concen­
tration, "g". Thus, adult mice with the "single" pattern 
have a single haemoglobin ^ ^^ 8,nd those with the "diffuse" 
pattern, two types of haemoglobin, (Xg^  and - The 
allele controlling ^  and S chain structure segregates as 
a unit (Hutton et al., 1962b) Indicating close linkage 
between the respective structural genes, as is seen with 
the 1̂  and S chain genes in man (Weatherall, 1965). It 
has been shown for the AKR and FL strains of mice that the 
(/-chains of both the major and minor components, although 
different between strains, are the same within each strain 
(Hutton et al., 1962b), a situation analogous to that for 
human haemoglobins A and Ag, where the (X -chains are 
identical (Ingram and Stratton, 1961).

With the emergence of much new Information on the
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structure of mouse haemoglobin, it Is desirable to 
revise the nomenclature of the loci controlling 
haemoglobin structure and devise a notation for the 
various types of mouse haemoglobin. No definite system 
of nomenclature has as yet been arrived at, but the 
suggestions of Russell (1966) are outlined in the 
reviews of mouse anaemias published by Russell and 
Bernstein (1966) and Pinkerton and Bannerman (1968).
A similar system has been proposed by Popp (1965).
Details of these notations are beyond the scope of 
this thesis. A statement of the features of the 
haemoglobins in 48 inbred strains of mice Is given by 
Russell and Bernstein (1966).

Foetal Haemoglobins in the Mouse
A foetal haemoglobin component in the GBA mice 

was first detected by electrophoresis (Barrowman and 
Roberts, 1961), It was not apparent after the l6th 
day of gestation and could not be distinguished from 
adult mouse haemoglobin by the allcall dénaturation 
technique. Further studies with the same strain revealed 
two foetal haemoglobins, one disappearing on the 15th 
gestational day and the other on the l6th day (Barrowman 
and Craig, 1961), and the presence of multiple foetal 
haemoglobins in mice ha,s subsequently been confirmed 
(Craig and Russell, 1963). A relationship to the presence
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of primitive nucleated erythrocytes of yolk sac origin 
was suggested^ and Craig and Russell (1964) showed in 
C57BI/6J mice5 that the 3 foetal haemoglobin components 
disappeared pari passu with the nucleated erythrocytes* 
Further studies of foetal blood cells, separated by 
differential centrifugation, have provided direct 
demonstration that the primitive nucleated yolk sac 
erythroid cells synthesise foetal haemoglobins while the 
liver erythroid cells synthesise adult haemoglobins only. 
Thus at the 12th-13th day of gestation peripheral blood 
contains a mixture of yolk sac celle synthesising foetal 
haemoglobins and liver erythroid cells synthesising adult 
haemoglobin (Kovach, Russell and Marks, 1966).

Structural studies on foetal mouse haemoglobin 
have recently been reported| three haemoglobins, made up 
of ̂  and , (X and ^ and cc and z: chains, respectively, 
are produced by the yolk sac cells| it should be noted 
that none of the mouse foetal haemoglobins contain jÔ - 
chains (Fantoni, de la Chappelie, Rifkind and Marks,
1967).
e) Serum iron and Transferrin.

Estimates of serum or plasma iron concentration 
in the mouse are few. During a study of "meat anaemia" 
in mice, apparently a result of copper deficiency, Ilan, 
Guggenheim and Ickawltz (1963) found a mean serum iron
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concentration for 7 normal mice of 296 jig/lOO ml with 
a standard error of 22 Âg/100 ml. The mean total iron 
binding capacity (T,I.B>C,) was 427 ̂ -g/lOO ml. Baker 
and Wilson (1965} found similar values for the serum 
Iron » 308 pg/100 ml with a range of 253 - 360 ̂ g/100 ml. 
Studying the Swiss Webster strain of mice, Brodsky,
Dennis, Kahn and Brady (1966) obtained a mean plasma 
iron level of 247.4 jug/100 ml. with a standard deviation 
of 107.2 jug/100 ml, in 55 mice .

Thus, the serum iron in mice appears to be higher 
than in the human and subject to considerable variability 
even within an inbred line. The degree of saturation of 
the T.Î.B.C. also appears rather higher than in the human. 

The iron binding beta.-globulin, transferrin, is 
present in the mouse in two forms, inherited as co-dominant 
alleles, thus producing 3 phenotypes (Cohen, 196O1 
Shreffler, i960). The alleles for the two types of 
transferrin are designated by the symbols Trf^ and Trf^ 
and the three phenotypes by the notation Trf-a, Trf-ab 
and Trf-b (Cohen and Shreffler, 1961). The locus con­
trolling transferrin In the mouse has been shown to be 
in llnl<age group II (Shreffler, I963) «

Mouse transferrin has slower electrophoretic 
mobility in starch gel than its human counterparty the 
type a has the faster mobility and is found In the CBA
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strain. Other lines so far examined, representing 
the majority of the well-known mouse strains, showed 
the slower, or b, transferrin type. Minor components 
associated with these alleles have also been demonstrated 
(Cohen, 19^05 Shreffler, i960).

Plasma iron clearance rates were estimated by 
Brodsky et al (1966) in 166 animals. The mean half- 
time for disappearance of intravenously administered 
tracer-doses of ^^iron was 61.7 mlns. with a standard 
deviation of 17.7 mine.

f) Iron absorption and utilisation for erythropoiesls 
in the normal mouse ;

(1) Iron absorpt ion.
Using 10 week old mice of the CFl strain,

Krants, Goldwasser and Jacobson (1959) measured the 
absorption of iron in normal animals as part of a study 
of the relationship of humoral stimulation of erythropoiesls 
and iron absorption. Four groups of normal "control" 
animals were given a low iron diet followed by l4 ;jig of 
iron in the form of ^^ferric chloride and retention of 
iron studied at 4-7 days after administration. The 
results are summarised belows



Mo. of mice Pei* cent absorption Days after dose 
10 7.4 ± 1.4 4
9 9.7± 5.2 7
5 8.4± 3.5 4
8 7.7 ± 2. 2  4

Mendel (1961) using mice of the same strain and
similar age, gave 7.3 fig of elemental iron in the form 
of ^^ferrous sulphate. He obtained the following 
estimates of iron absorption (means Æ  1 standard error 
of the mean) at 3 days after dosing in 4 groups of 9;
10, 10 and 8 normal mioe respectively - 28.8^ db 5,03%, 
15.3#:b. 2,40, 24.8̂  ih 2o22̂  and 15.5^ dz 3.98̂ .

Gitlin and Gruchaud (1962) investigated the effect 
of variation in the dose of iron on absorption in the 
mouse. ^^Iron-tagged ferrous sulphate was given orally 
over a wide range of doses and the proportion of iron 
retained determined by counting the radioactivity 
remaining in the whole mouse at daily intervals. With 
doses of 0.6 ;Ag of iron, approximately iB percent of the 
dose was retained by normal animals 5 days after adminis­
tration. About 11 per cent of 5 jug and 10 per cent of 
10 jLig were retained after 5 days. Little difference in 
percentage retention (or absorption) is seen between the 
3rd and 8th days. Doses of IOOO-3OOO p.g of iron gave iron 
absorption values of between 2-3 percent, Beutler, Kelly 
and Beutler (1962) also measured iron absorption over a
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wide dose range using ^^ferrous sulphate in 0.01 N hydro» 
chloric acid. The doses employed ranged from 0,08 ̂ Jig to 
15 mg. The mean absorption of iron at the lowest dose 
was 14.18^5 at 0,5 p.g, 9.64̂ ; at 5 10.47̂  and at
50 /Ag, 7,41̂ . A group of 14 mice were also given 10 fig 
doses, and the range of variation in absorption was 
from 4,5-37 per cent,

Harriss (1962) studied iron absorption in normal 
mice as part of an investigation of iron metabolism in 
experimental pyrldoxlne deficiency, ^%'errlc chloride 
(10 |.ig, 1 juc) was given orally to fasting animals, and 
the absorption of the dose 3 days after administration 
was estimated. Absorption was very variable from mouse 
to mouse and lay between 2 and 17 per cent of the 
administered dose with a mean value of about 8 per cent. 
These figures can only be approximate, since they are 
based on diagrams published by Harriss (1962), rather 
than on precise data.

(li) Utilization of iron for haemopoiesis.
Estimates of the utilization of parenterally 

administered doses of iron for erythropoiesls in the 
mouse have been reported by several authors. Mendel (1961) 
assumed a blood volume of 0,6 ml per lOG body weight, and 
obtained a mean value of 38,8 per cent with a standard 
error of 2.5 per cent for 8 mice. Harriss (1962),
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assuming a blood volume of 0.7 ml per lOG body welgl 
found a wide range of variation in normal mice at 3 days 
after administration of tracer doses of ^̂ Irori. The 
mean value was about 50 per cent with a range of 17-80 
per cent. Again these results are taken from diagrams 
aincl are regarded as approximations. Konitzer and Michalke 
(1965) found that the reappearance of tracer doses of 
^^iron in the peripheral blood exceeded 50 per cent within 
24 hours of intraperitoneal injection into normal white 
mice,

More recently, Brodsky et a.1, (1966) have 
estimated the reappearance of tracer doses of radioiron 
In the peripheral blood on the first and second day- 
after administration. At 24 hours 62,4 per cent of the 
iron had been used for haemopoiesis (standard deviation 
18.1 per cent, results obtained in 90 mice)j at 48 hours 
82 per cent had been so utilized (±17 per cent, 57 mice),

g) The body iron content of the mouse.
Little information is available on the total body 

iron content of the mouse. The first estimates were 
made by Spray and tiiddowson (l950) who studied young 
albino mice. Thirty-one animals aged 15 days (both sexes) 
with a mean weight of 9*3^ had a mean iron content of 
4.63 mg/lOOG mouse, and 39 mica aged 30 days (both sexes) 
with a mean weight of 21G had a mean iron content of
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4,89 mg/lOOQ mouse. The dietary Iron content 1b not 
stated. Chappell©5 Gahrio, Stevens and Finch (1955) 
found a mean total body iron of 9.4 rag/lOOG for a group 
of nine white Swiss mice. More recently, Eickholt and 
White (1964) obtained results in the range 4.7-6.3 mg/ 
lOOG of mouse for six B4BG mice, weighing 26-27G. The 
results of Spray and Widdowson (1950) and of Eickholt 
and White (1964) are thus in good agreement, but those 
of Chappe lie et al (1955) Indicate a total body iron 
content of approximately twice that found by the other 
authors. It may be that dietary iron content and, 
perhaps age and strain differences play a part in 
determining the total amount of iron in the mouse 
carcass. Since details of the dietary content of iron 
and other factors are not available for the studies of 
Spray and Widdowson (l950) and of Eickholt and White 
(1964), no assessment of the influence of diet on the 
total body iron content can be made.

h) The blood volume of the mouse.
The earliest estimates of the blood volume of the 

mouse were based on determination of the total body 
haemoglobin and Its concentration In the peripheral 
blood (Dreyer and Ray, 1910). It was suggested that 
the blood volume could be calculated from the formula -
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blood volume In ml —  W where W Is the body weight
In grams and K Is a constant (6.7 for the mouse). 
Subsequently^ by a similar technique, Oakley and Warrack
(1940) evolved the formula - Blood volume in ml —
0 .0 9 X Also, employing this method Gruneberg
(1941) obtained values of 50.9 - 6 5 .3 ml/Kg body weight. 

Taylor (1945) using an exsanguination method
found the blood volume for C57 mioe to be 4.9i  0 .17  

ml/lOOG, and for 2BA mice to be 5.23 0 .3I ml/1000.
Furth and Sobel (1946) using a similar technique 
obtained a mean value of 5 .2 ml/lOOG with a range of 
3.5 - 6.6 ml/lOOG, for first generation AK x Rf hybrids; 
higher values in the range 9-12.7 ml/lOOG (mean 
1 0 .9 ml/lOOG) were found when a dye dilution method 
(TI824 - Evans Blue) was used. Further estimates 
using dilution techniques with T1824, ^^^iodine and 
phosphorus gave results in the range of 7 .8  - 8.6 

ml/lOOG, or 6.44 - 8.4l per cent of body weight (Wish, 
Furth and Storey, 1950).

With radio-iodinated protein, a range of 4,6 - 
8 .3 ml/lOOG was obtained for the plasma volume of AKm 
mice by Kaliss and Pressman (1950); the mean was 6.7 ml/ 
lOOG with a standard error of 0.4 ml/lOOG. The total 
blood volume was estimated to be 12.1 ± 0.8 ml/lOOG, 
Keighley, Russell and Lowy (1962) found a blood volume 
of 5 .4 - 5 .7 ml/1000 for first generation WBB6 hybrids
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using ^^iron»labelled red cells.

The highest values seem to be obtained with the 
dye and radio-iodinated protein diluticn techniques; 
this is presumably due, at least in part, to over­
eat imat ion consequent upon loss of tracer material 
into extravascular compartments. Exsanguination, on 
the other hand, is liable to give an underestimate since 
complete removal of the blood and blood pigments is 
difficult. However, the results with the exsanguination 
techniques agree fairly well with those obtained with 
radioisotope-labelled erythrocytes, and the blood volume 
of the mouse seems to lie In the region of 5 *- 7 ml/lOOG.

1) Red cell survival.
Red cell survival has been determined by various 

radioisotopic methods and the estimates obtained by 
various authors are listed in Table 1.5. The absolute 
survival ranges from 40-55 days with a pattern of random 
cell destruction (Burwell, Brlckley and Finch, 1953). 
Estimates of the radiochromium half-time show a wide 
variation, between 8,6 and 20.2 days.

j) The normal haematology of embryonic and young mioe.
The earliest red cell form is large and nucleated 

with a diameter of about 12 yu (Gruneberg, 1952). The 
proportion of these cells in the foetal blood falls
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steadily from 94 - 100 per cent on the 12th gestational 
day, to 50 per cent on the 13th day and 7 P@r cent on 
the 15th day; non© are apparent on the l6th day (Craig 
and Russell, 1964; Kovach, Russell and Marks, 1966).
These primitive erythrocytes at 11 days have many 
polyribosomes and are biosynthetically highly active, 
producing foetal haemoglobin * By the l4th day, although 
they reta.ln pyknotio nuclei, they have lost ribosomes 
and have ceased synthesising haemoglobin (Kovach, Russell 
and Marks, 1966),

The disappearance of the nucleated erythrocytes 
occurring about the 13th gestational day, coincides with 
the appearance of smaller erythrocytes with a diameter of 
about 8 p.. Although these cells are non-nucleated in the 
foetal blood, they retain ribosomes, and synthesise adult 
haemoglobin only (Kovach, Russell and Marks, 1966). 
Shortly before birth, erythrocytes characteristic of 
adult mice begin to be produced (Gruneberg, 1942a; 1952). 
Blood findings in embryonic mice are given in Table 1 .6 .

In the newborn mouse the haemoglobin concentration 
and haematoorit are somewhat lower than in the adult, but 
the red cell count is much reduced, and erythrocytes are 
substantially larger than in the adult. During the first 
few weeks of life, after an initial fall, the haemoglobin 
concentration and haematoorit increase. The red cell 
count increases relatively more than the other indices.
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and the mean cell volume accordingly decreases. The 
high mean cell volume at birth is reflected in an increase 
in red cell diameter as compared with the adult (Guzman 
and Briones, 1946), and steady decrease in mean cell 
volume to adult values is seen during the first few weeks 
of life (Gruneberg, 1939f 1942a; Grewal, I962). The 
reticulocyte count in neonatal and young mice is elevated 
when compared vfith the adult; siderocytes are present, 
forming up to 5 per cent of red cells at birth and 
disappearing during the ensuing week (Gruneberg, 1952). 
Representative data from the literature illustrating these 
changes in presented in Table 1.7.

k) Haemopoiesis, tissue iron stores, and the histological 
appearances of various organs.

Three stages of haemopoiesis can be recognized in 
the developing mouse embryo (Gruneberg, 1952).

(i) The primitive, yolk sac stag©
(ii) Hepatic haemopoiesis
(iii) Definitive medullary and splenic haemopoiesis
The primitive yolk sac generation of red cells is

large (12 p  in diameter) and nucleated, and is produced 
between the 8th and 11th days of gestation. As these 
cells disappear from the circulation, they are replaced 
by smaller, non-nucleated red cells (about 8 p. in diameter)
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Which are produced In the liver. Hepatic, or "inter­
mediate" haemopoiesis commences about the 12th gestational 
day and until the l6th day, this is the principle site 
of haemopoiesis (Russell and Bernstein, 1966), The 
activity is almost exclusively erythropoietic but 
evidence of granulocyte production can also be found 
(Borghese, 1959̂ 1 ).

Definitive splenic and medullary haemopoiesis 
occur just before or at the time of birth. Blood produc­
tion in the spleen is evident at about the 15th gestational 
day and increases greatly between the 17th day and birth; 
the spleen is the first major site of myelopoiesis, which 
becomes prominent at about 17 days of gestation (Borghese, 
1959a). The spleen shares in the formation of all the 
cellular elements of the blood throughout life (Dunn, 1954). 
Haemopoietic activity in the spleen is mainly localized 
to the red pulp in which erythroblasts, granulocyte 
precursors and megakaryocytes can all be readily identi­
fied (Dunn, 1954). In the adult, the spleen varies in 
size depending on age and strain, but in general it weighs 
between 60 and 100 mg, being rather lighter in females 
than in males (Hummell, Richardson and Fekete, 1966).
Stalnable Iron is normally present in the spleen of mice, 
its distribution in the white and red pulp varying from 
strain to strain (Dunn, 1954), as do the relative pro­
portions of red and white pulp.
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Medullary haemopoiesis commences on the l6th - 

17th day of gestation and is at first predominantly 
granulopoietic. Over the next few days erythropoietic 
cells appear In Increasing numbers (Borghese, 1952a 
and b, 1959a). The bone marrow remains the main post­
natal site of blood formation throughout life and most 
of the bony cavities contain red marrow (Russell and 
Bernstein, 1966). The bone marrow of the femur and 
vertebral column normally occupies between 90 and 96 

per cent of the available medullary space (Endicott and 
Gump, 1947) and fat spaces are very seldom seen (Dunn, 
1954). Few oytological examinations of the bone marrow 
have been reported, perhaps at least partly on account 
of difficulty In identifying the various cell types. 
Endicott and Gump (194?) employed the peroxidase stain 
to overcome this difficulty1 they were able to recognize 
the maturation phases of promyelocyte, myelocyte and 
metamyelocyte up to mature granulocyte formation.
Erythroblasts were Identified by their nuclear character­
istics. The results of their differential marrow counts 
are presented in Table 1.8 . Similar values have been 
obtained by Petri (1933) and Penny (1967),

The adult mouse liver is made up of typical cords 
of parenchymal cells, which are only very indistinctly 
divided in lobules, with portal tracts and central veins. 
Kupffer cells are present. The liver in young mice is
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frequently a site of extramedullary haemopoiesis 
(Hummel et al,, 1966) and foci of haemopoiesis may 
occasionally persist Into adult life (Dunn, 1954). In 
DBA mice, minute amounts of stalnable iron are sometimes 
present but frequently none is found (Morris, Dunn and 
Wagner, 1954).

The histological appearances in the digestive 
tract of the mouse have been extensively described by 
Malewitz (1965) and Hummel et al., (1966). The glandular 
stomach and upper small intestine only will be described. 
In the fundic region of the stomach the "test-tube" glande 
of the stomach are long, with mucus-secreting cells, chief 
or zymogenic cells and the acid secreting parietal cells. 
Towards the pylorus, the glands are shorter, and tend 
more to mucus secretion, with less evidence of zymogenic 
and acid-secreting activity.

The duodenum, in Its upper part, shows the 
presence of Brunner's glands. The villi of the duodenum 
are tall and pyramidal, or leaf shaped, whereas those 
of the jejunum are more slender and cylindrical. Goblet 
cells are comparatively infrequent in the duodenum and 
Increase in number towards the more caudal part of the 
small bowel; Paneth cells are found in both duodenum 
and jejunum but are more frequent in the latter. The 
lamina propria of the vllll is vascular, and contains 
laoteals, lymphocytes and granulocytes. Stalnable iron
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may be found in the duodenal mucosal epithelial cells 
(Morris et al., 1954), but this is by no means a constant 
feature (Hoohhaus and Quincke, 1896; Cappell, 1930),

The heart consists of the three main layers - 
endocardium, myocardium and epicardlum - the myocardium 
showing the usual syncytial appearance of cardiac 
muscle. I can find no report of examination of the 
heart for stalnable iron in the normal mouse.

The lungs exhibit small, fine-walled alveoli with 
networks of fine capillaries. The bronchioles are lined 
by low columnar epithelium and the bronchi by columnar 
ciliated epithelium, No report of stalnable iron in the 
lungs of mice has been found.

The kidneys show the usual cortical zone of 
glomeruli and convoluted tubules, encased in a fine 
connective tissue capsule. The medulla is composed of 
collecting tubules mainly supported by fine connective 
tissue, Morris et al., (1954) were unable to find 
stalnable iron in the kidneys of DBA mice,

1) Summary.
The haematologioal findings in embryonic, young 

and adult mice are described. The values for haemoglobin 
concentration and haematoorit are similar to those for 
humans. The red cell, like the human, is a biconcave 
disc; it is, however, very much smaller, having a mean
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cell volume about half that of man. The white cells 
and platelets are briefly discussed. The process of blood 
coagulation in the mouse is also briefly revievæd and is
seen to resemble closely that in man.

The structure of the mouse haemoglobin molecule 
and its genetic control is described.

Available data from the literature on the 
metabolism of iron in the mouse, is summarised, together 
with information on blood volume and red cell survival.
The development of haemopoiesis is traced from early 
embryonic to adult life, and the histological appearances
of the adult viscera are briefly described.
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CHAPTER 2

The Heritable Mous© Anaemias

These may be classified in three main groups - the 
macrocytic anaemias, the haemolytic anaemias and the hypochromic 
anaemias, A fourth, minor, group of miscellaneous and, in 
the main, poorly understood anaemias is discussed briefly 
at the end of the chapter (see Table 2,1).

In the macrocytic anaemias, anaemia is only one feature 
in a group of syndromes wherein the underlying, genetically- 
controlled defect lies in the processes of cell differenti­
ation both at an intra-uterina stage of development and 
subsequently, and recent work on these anaemias has yielded 
Information on the mechanism of the erythropoietic 
stimulus.

The second main group of heritable mouse anaemias 
consists of two forms of congenital spherocytosis, one in 
the Deer mouse (Paromyscus maniculatus) and the other in 
the house mouse, and two non«spherocytic haemolytic disorders 
which both cause neonatal jaundice. The precise nature of 
the metabolic disturbance in these anaemias is not known.
A fifth form of haemolytic anaemia, of an apparently 
heritable nature Is the well-known auto-immune haemolytic 
anaemia of the NZB/31 mice which bears many resemblances
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to human auto-immune haemolytlc anaemia and systemic lupus 
erythematosus.

The best known of the hypochromic anaemias is that 
found In "flex-tailed" mice which, typically, show a 
transient hypochromic anaemia in foetal and early postnatal 
life. The characteristic morphological feature is the 
presence of slderocytes, which persists throughout life in 
spite of the absence of anaemia, A disturbance In the 
enzymic control of haern synthesis is believed to be 
responsible. Sex-linked anaemia also falls into this 
category, but will be described in more detail in the 
following chapters. A third anaemia ("inherited microcytic 
anaemia") of this type has been recently described, but no 
detailed information is yet available about the nature of 
the basic defect.

The following sections review these various genetically 
determined anaemias;

a) The macrocytic anaemias

(1) Anaemia associated with dominant spotting (Gene 
symbol, Ws linlcage group XVII).

The W series of genes, in the homozygous state, produce 
a triad of pleiotropic effects - macrocytic anaemia, failure 
of pigmentation of the coat, and defective gonadal develop­
ment (Russell, 1954).
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The W allele, first desoribed by Little, la lethal 

in the homozygote, and In the heterozygous state, a white 
spotting effect, "dominant spotting", is seen in the coat 
(Little, 1915, 1917). Anaemia in homozygotes was noted by 
Detlefsen (1923)  ̂and these animals died within 3 days of 
birth. However, in a few Instances, they have survived 
into adult life, developing into black-eyed white mice# 
devoid of coat pigment (Russell and Fondai, 1951)» Animals 
kept alive by intra-peritonea1 transfusion of whole blood 
(Gowen and Gay, 1932) also develop into black eyed whites.

A number of other mutants at the W locus have been 
described and effects of some are contrasted in Table 2 , 2 . 
The first to be described, was W^, originally called 
(Little and Cloudman, 1937)  ̂which was also studied by 
Gruneberg (1939) who used the notation Wp, Homozygous 
WV/Wy animals survive into adult life and hence the symbol, 
WV, was subsequently adopted, the superscript, "v" standing 
for "viable". A further mutation, W*®, results in anaemia 
in the homozygote, similar in severity to that produced 
by W, but the extent of white spotting in the heterozygote 
is greater (Russell, Lawson and Sohabtach, 1957)  ̂ A further 
mutation, in the heterozygous state produces still more 
extensive spotting, together with a marked decrease in 
pigment granules at the base of the shaft of coloured 
hairs. Detailed assessment of the anaemia has not been 
reported (Ballantyne, Beck, Strong and Quevedo, 1962),
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, eauees anaemia, lethal before birth in the homozygous 

animal, and a white belly streak, with a large frontal 
blaze and white patches on the dorsum and shoulders when 
present in single dose (Strong and Hollander, 1953) •» Other 
less well described mutants have been reported but it is 
not clear whether they are in fact alleles of W (Keeler,
1931; Fortuyn, 1939).

The Anaemia
While the severity of the anaemia produced by the 

homozygous and doubly heterozygous states for the various 
mutant alleles at the W-locus varies, the anaemia in each 
case is of the same macrocytic type. The first assessment 
of the anaemia was carried out by deAberle (1924, 1925,
1927a, 1927b) who described the haematologioal findings 
in embryonic and newborn mice of constitution W/W. Anaemic 
embryos are clearly recognizable at the l6th day of 
gestation by their pallor and small size (deAberle, 1924, 
1925). In the 16-17 day old foetus, the red cell count is 
reduced to less tian one-fifth and the haemoglobin to less 
than one-third of normal; at birth these differences are 
even more obvious (see Table 2.3)* The red cells are 
larger than normal and the colour index is elevated 
(deAberle, 1927a). The white cell count is also strikingly 
reduced, but the platelet count is similar in anaemic and 
non-anaemio animals. A high proportion of polychromatophilic 
and reticulated erythrocytes persists in anaemic foetal and
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newborn mice, inversely related to the haemoglobin 
eoncentration (deAberle, 1927b). However, in spit© of 
this, the absolute reticulocyte count is reduced in anaemic 
mice, implying an underproduction of new erythrocytes 
(Gruneberg, 1939)* Anaemia was postulated as the cause of 
death and of failure of growth in these animals and the 
demonstration that whole blood, injected intraperitoneally, 
prolonged life, supports this suggestion (Gowen and Gay,
1932).

The haematological changes in W/W anaemia have been 
compared with those in the milder, viable form and
with those in the hybrid W/W^ (Gruneberg, 1939J Russell and 
Fondai, 1951) • showed a less severe anaemia than
W/W, with W/W^ occupying an intermediate position (see 
Table 2.3)« These three genotypes show a similar relation­
ship in respect of viability and growth. The macrocytic nature 
of the anaemia was also confirmed in these genotypes, the 
colour index being raised and the Price-Jones curves for 
anaemic animals showing a clear increase in mean cell 
diameter. Although the heterozygote W/w appears indistinguish­
able from the normal w/w haematologically, W^/w mice show 
significant macrocytosis and a reduction in the red cell 
count (Gruneberg, 1942b; Russell, 1949). This difference 
has been confirmed by direct measurement of red cells in 
photomicrographs: a small but puzzling difference in the
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opposite direction was noted for erythrocytes of ¥/w 
animals which were smaller than those of normal W/w animals 
(Attfield, 1951).

While most haematologioal investigations of the W/W 
series of anaemias have been carried out on embryos or 
young mice, it has been shown (Gruneberg, 1939; Russell 
and Fondai, 1951) that the macrocytosis associated with 
the Ŵ /W'̂  and W/W^ types of anaemias persists into adult 
life. Table 2.4 presents the red cell counts and mean cell 
volumes of 28 day old mice and Table 2 .5  shows the 
haematologioal findings in young and adult mice. The 
results of red cell counts and packed and mean cell volume 
determinations confirm the presence of macrocytosis in 
adult W/W^ mice (Bernstein, 1962a). The low white cell 
count seen in anaemic newborn mice persists into adult 
life (Gruneberg, 1939; Fekete, Little and Cloudman, 1941).

HaemppOiesls
The primitive generation of red cells derived from 

the yolk sac are not affected in homozygous W/W mice, since 
they are morphologically normal and the anaemia does not 
appear until their production ceases (Gruneberg, 1952).

Attention has, therefore, been focused on the hepatic 
and definitive (splenic and medullary) phases of haemopoiesis. 
Borghese (1959a) found noticeably less erythropoietic 
activity in the livers of W/VJ embryos at the 13th and l4th
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days of gestation and this is In keeping with the earlier 
observation that the first indication of abnormal haemopoiesis 
in W and homozygotes is appreciable in the liver of 12 
1/2-day embryos (Mirsky, 1949)• Histological examination 
of the liver of 15-day anaemic embryos shows severely 
deficient haemopoiesis (Borghese, 195i) and smears contain 
a relative excess of hepatic parenchymal cells (Borghese, 
1952c)« All members of the erythropoietic series are 
reduced in number and the eosinophilic erythroblasts are 
unduly large (Borghese, 1954; Gorini, Rondanelli and 
Perrata, 1957). These changes are even more conspicuous 
by the 17th gestational day (Borghese, 1952c), Granulopoiesis 
is also reduced in the livers of anaemic embryos, but 
megaîcaryocytes are apparently present in normal numbers 
(Borghese, 1959a).

Splenic haemopoiesis in the mouse normally commences 
at the 14-15th day of gestation; in W-anaemic embryos it 
commences at the same gestational age, but erythroblaats are 
fewer in number and show delay in maturation; this difference 
persists throughout the rest of embryonic development. 
LeucopoleBie le later in appearing and very much reduced 
in anaemicB, but megakaryocytes are present in similar 
numbers in normal and anaemic embryos (Borghese, 19593.,
1959b). In newborn mice, erythropoietic foci are fewer
and smaller than normal in the anaemic group (Gelmetti, 1952),
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Bon© marrow haemopoiesis, which normally commences 

in the mouse on the l6th-17th day of gestation, is at first 
primarily leucopoietlc. At this time, in the anaemic 
embryo, while ossification has proceeded normally and the 
medullary cavity is well defined, only scanty leucopoietic 
elements can be found in a fine mesenchymal stroma. 
Erythropoietic cells make their appearance over the next 
few days, but, in anaemic animals, these remain extremely 
small in number (Borghese, 1952a, 1952b, 1959a). Sections 
of bone marrow, from W/W animals kept alive by injections of 
whole blood, show wide sinusoids and severe reduction In 
the amount of haemopoietic tissue (Russell and Fondai,
1951; Russell, Snow, Murray and Cornier, 1953). Signifi­
cant delay In maturation in the erythroid series in the 
anaemic mioe, prior to the pyknotio normoblast stage has 
also been demonstrated (Russell, Snow, Murray and Cornier,
1953)0 Some evidence of arrest in the myeloid series was 
also found, and the absence of alteration in the myeloid/ 
erythroid ratio is In keeping with the suggestion that both 
elements are affected in the W/V/ anaemias.

The changes in the bone marrow are less severe In the 
W/W^ and genotypes than in W/W mice, as in the
peripheral blood, and in the adult individuals of the 
former two genotypes the cellularlty of the marrow is 
more or less normal (Russell, 1963)0

Erythropoietic foci are normally found In the adrenals
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of about 80 per cent of normal mice at a late stage of 
intra-uterlne life (Borghese, 1932d), but these are absent 
in homozygous anaemic embryos (Borghese, 19598.).

The effect of therapeutic agents:
A variety of therapeutic agents has been used without 

success. Iron ammonium citrate (Gov/en and Gay, 1932), 
liver extract (Gruneberg, 1939; Blanchi, 1951)^ and folic 
acid (Blanchi, 1951) all failed to produce any significant 
improvement. A slight rise in red cell count and haemoglobin 
concentration was reported following the administration of 
anterior pituitary extract (Blanchi, 1951)j but the number 
of animals treated was small, and the significance of this 
observation doubtful.

As mentioned previously, whole blood injections keep 
anaemic animals alive (Oowen and Gay, 1932), and it has 
been shown that this effect is a function of the injected 
red cells, and not the plasma (Searle, 1952).

Haemopoietic transplantation studies
Russell and her associates (Russell, Smith and Lawson,

1956; Russell, Bernstein, Lawson and Smith, 1959) showed 
that w/w and W/W"̂  haemopoietic cells, transplanted into 
irradiated host animals behave according to their original 
genotype, and have found that w/w cells can colonize non- 
irradiated W/W^ hosts to produce a normal blood picture 
(Bernstein and Russell, 1959). The ability of haemopoietic
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cells from anaemic W/.*Ĵ  mice to form spleen colonies in 
irradiated host animals is reduced two hundred-fold as 
compared with cells from normal w/w mice (McCulloch,
Slmlnovltoh and Till, 1964). This confirms that the 
defect in the W/W anaemias Is inherent in the haemopoietlc 
tissue and suggests a defect of stem-cell function. Severe 
depression of the development of red cell forming colonies 
derived from haemopoietlc cells from W/W'̂  mice has been 
reported (Lewis, 0 'Grady, Bernstein, Russell and Trobaugh,
1965). The rate of differentiation and growth of the 
granulocyte series and megakaryocytes are also reduced.

Thus, the anaemia caused by mutations at the W-locus 
appears to result at least in part from a failure of differenti­
ation in the early stages of haemopoietlc matura.tion, and 
this affects the erythroid, myeloid and platelet elements.

The effect of erythropoietin
Gruneberg (1939) exposed anaemic mice to hypoxia and 

obtained a rise in red cell count and haemoglobin, to 
about 75 per cent of the levels found in normal control 
animals. Rapid reversion to pre-hypoxic levels followed 
return to normal oxygen tension. This has been amply 
confirmed by other workers (Keighley, Russell and Lowy,
19621 Mlrand and Gutman, 1963; Wirand and Prentice, 1964), 
and has led to extensive investigation of the effect of 
erythropoietin in the W series of anaemias.
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The effect of exogenous erythropoietin from anaemic 

human, rabbit and mouse sources, and from hypoxic rabbits 
and mice has been Investigated (Keighley et al, 1962; Niece, 
McFarland and Russell, 1963; Thompson, Russell and 
McFarland, 19635 Mlrand and Gutman, 19635 Mlrand and Prentice,
1964). Even with quite large doses, no response, or a 
negligible increase in erythropoietic activity in W-anaemic 
mice has usually been found, although normal (w/w) hyper­
transfused mice respond well, and untreated normal mice 
show a definite response to these preparations. Even plasma 
from hypoxic Isologous w/w mice has been without apparent 
effect in anaemic animals. Recently, however, it has 
been shown conclusively that mice are capable of
responding to exogenous erythropoietin in massive doses 
(Keighley, Lowy, Russell and Thompson, I966), 150 times as 
much erythropoietin being required by W/W^ animals as by 
w/w animals to produce the same response. The observation 
that W mice can also respond to erythropoietin from 
animals of the same genotype (Mlrand, personal communication; 
Mlrand and Prentice, 1964) has also been confirmed 
(Keighley et al, 1966), although the response is less than 
that obtained by erythropoietin from mice in normal (w/w)
recipients.

The defective capacity to respond to erythropoietin is 
an inherent characteristic of W/W^ blood forming tissues, 
since w/w;WAf^ chimeras (produced by transplantation of
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w/w bone marrow Into W/W^ animals), respond well to the 
administration of this factor (Keighley et al, 1962),

The effects of hypoxia and erythropoietic activity 
In W/W^ mice have been compared (Keighley et al, 1966) and 
the former is clearly more effective. In keeping with the 
early observation of Gruneberg (1939) who found a substantial 
haemopoietlc response to hypoxia. On this basis, it has 
been suggested that hypoxia may, in some circumstances at 
least, have a more direct effect on erythropoiesls in 
addition to that mediated through erythropoietin (Keighley 
et al, 1966)o

The effect of X-irradlation
Differences in X-ray sensitivity of mice of different 

genotype at the W-locus were reported by Bernstein (1962,
1963a), who also showed by transplantation techniques, that 
these differences are a property of the haemopoietlc 
tissue Itself and not of the host environment. Anaemic 
animals of the genotype W/W'̂  are extremely sensitive to 
Irradiation when compared to w/w mice, and even a single 
dose of the W or ^  genes produces an increase in radio­
sensitivity. The increased susceptibility to X-irradiation 
in ¥AJ^ animals is related to a slow rate of regeneration of 
haemopoietlc tissue in the post-irradiation phase (Russell, 
Bernstein, McFarland and Modeen, 1963).
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Haemoglobin biosynthesis

A disturbance in the process of haem synthesis has 
been demonstrated by Altman and co-workers (Altman, Russell, 
Saloman and Scott, 19531 Altman and Russell, 1964), Following 
administration of glycine, ^^'C-delta-aminolaevullnic 
acid (ALA) or «porphobilinogen (PBG) to groups of w/w,
VJ/w and W^/w, and W^/W^ mice, they measured the
labelling of globin and the protoporphyrin of haem at 
intervals up to 33 days. In homozygous anaemic mice there 
was a marked delay in the appearance of the label from 
glycine, ALA or PBG in the haem, whereas the label of 
glycine appeared promptly in the globin. Furthermore, the 
haem specific activity was lower than normal, particularly 
when PBG was the source. The authors postulated the presence 
of an abnormality of the haem synthetic pathway somewhere 
between ALA, or PBG, and haem. Their results could also be 
interpreted as indicating accumulation of a pool of 
precursors (e.g. of PBG) diluting the label. From this 
pool, the pathway must be maintained such that haem is avail­
able to attach to the normally-labelled globin, as tends to 
be confirmed by the findings that the rate of incorpora­
tion into haem was within normal limits, (Altman and 
Russell, 1964). There is as yet no direct evidence of 
altered enzyme activity and ALA dehydratase activity, for 
instance, is probably normal (Russell and Coleman, 1963).
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Sterility

A germ cell defect in W^/W^ animals was reported by 
Fekete and associates (Fekete, Russell and Cloudman, 194l) who 
found absence of oogenesis and virtual aspermia. Similar 
changes are present in and W/i-J mice (Russell, G oui ombre
and Fekete, 1952| Couiombre and Russell, 1954; Russell,
1954). Sterility is an inherent property of the gonad 
itself. Ovaries from isologous w/w mice, were transplanted 
to the ovarian capsule of W^/W^ mice whose own ovaries had 
been removed| these anaemic mice were then able to support 
the function of the transplanted ovaries and successfully 
concluded pregnancies. The offspring showed the genetic 
characters of the donor of the ovaries (Russell and Russell,
1948), Gonads transplanted from 12-16 day embryos to the 
spleens of adult castrate mice develop germ cells according 
to their original genotype at all embryonic ages, thus 
suggesting the presence of defective gonadogenesis prior 
to the development of the first manifestation of disordered 
haemopoiesis (Russell, Murray, Small and Silvers, 1956).
This suggestion was confirmed by Borghese who was able to 
distinguish between fertile and sterile gonads from 12 day 
embryos in culture (Borghese, 1955, 1956, 1957), Further 
confirmation of defective germ cell development, preceding 
anaemia in time, was provided by Mlntz and Russell (Mintz 
and Russell, 1955, 1957; Mintz, 1957; Russell, I963). They 
showed that in W/W  ̂W/W^, W^/W^ and embryos, the



41
number and location of primordial germ cells was abnormal.
They demonstrated defective multiplication during migration 
of these cells from the yolk sac to the germinal ridges at 
the 8th day of gestation. Thus, there is clear evidence of 
disordered germ cell behaviour at least 4 days before any 
sign of disordered haemopoiesis, and it is improbable 
therefore that sterility is a consequence of anaemia per se.

Pigment Changes
The changes in coat pigment in the anaemias associated 

with dominant spotting have been summarized in Table 2,2.
All surviving mice homozygous for one of the mutant genes 
for dominant spotting, or heterozygous for two, develop 
into black-eyed whites. Animals heterozygous for one of the 
W alleles show a variable degree of white spotting, with 
or without dilution.

Deficiency in numbers of melanoblasts underlies the 
lack of pigment, and this abnormality is evident at the 
10th day of gestation (Russell, 1963), that is, prior to 
the development of anaemia. It is, therefore, unlikely 
to be secondary to anaemia, and is taken to represent a 
further failure of cell development.

Discussion
"The physiological basis of the W-series of anaemias 

is still obscure". This statement of Gruneberg's made in 
1952 is still largely true 16 years later, despite intensive
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study, and the nature of the primary gene action of the 
W alleles remains an enigma.

The mutants which in single dose produce minor effects, 
in double dose profoundly, and sometimes fatally, disturb 
the function of at least three tissues. It is now 
generally accepted that the various effects of the 
homozygous or doubly heterozygous state on different 
tissues are independent. Sterility and failure of pigmenta­
tion are unlikely to be the result of anaemia since evidence 
of dysfunction of germ cells and melanoblasts precedes the 
development of anaemia in the W/W embryo. Furthermore, 
transfusion does not prevent the development of sterility 
or the failure of pigmentation. The defects seem to be an 
inherent property of the individual cells, since they 
behave according to their original genotype when trans­
planted into normal congenie hosts. The tissue effects 
in the W series of mutants may be more widespread than has 
been appreciated hitherto, since defective function of 
antibody-forming cells has recently been observed 
(Cudkowicz, 196T1 Shearer and Cudkowicz, 1967).

While the precise mechanism of the anaemia is not 
clear, disturbance of primitive cell maturation and 
differentiation is involved, as borne out by haemopoietlc 
transplantation studies (MeCulloch et al, 1964; Lewis et 
al, 1965). This is consistent with the anomalous response 
to erythropoietin, as it Is Icnovm that stem cell behaviour
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is at least partially controlled by this agent (Erslev, 
1959; Gurney, Lajtha and Oliver, 1962; Lange and Pavlovic- 
Kentera, 1964), The relative inability of W-anaeniic mice 
to respond to various erythropoietin preparations is a 
function of the haemopoietlc cell itself, and leads to 
the speculation that a defect exists in the cell receptor 
mechanism for the stimulus to differentiation. Such a 
receptor mechanism might be similar in the primitive cells 
of several tissues and might require a common metabolic 
pathway which is defective in the W-mutants.

Further detailed study of the haemopoietlc disturbance 
in the W anaemias may be expected to throw light upon the 
control of tissue differentiation in general.

(il) Steel series of anaemias (Gene symbol, 31; 
linkage group IV)

The dominant mutation "steel" (Sl) arose spontaneously 
in the C3H strain of mice and since its first description 
in 1956 (Sarvella and Russell, 1965) a considerable number 
of further mutations at this locus have been observed, 
both spontaneously occurring and following X-irradiation 
(Russell and Bernstein, 1966).

Hétérozygotes are characterized by dilution of coat 
colour, moderate anaemia and reduction in gonad size. The 
81/81 homozygotes die at, or, more usually before birth, 
and show severe anaemia, deficiency of germ cells and
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defective pigment production (Bennett, 1956). The triad 
of pleiotrophic effects thus closely resembles that 
produced by the W-series of genes; however, the SjL and 
W genes assort independently (Save11a and Russell, 1956) 
and their loci lie within different linkage groups 
(Green, I966).

The anaemia
The first account of the anaemia of steel was published 

by Bennett (1956). It Is evident in embryos at the I3 - 
14th day of gestation and the red cell count falls 
progressively to 16 per cent of normal on the 15th gesta­
tional day. The erythrocytes are larger than normal with 
a mean red cell diameter of 9*84 jx as compared with 7*45 ju 
in normal embryos. Persistence of a higli proportion of 
nucleated (primitive) erythrocytes during the development 
of anaemia suggests a failure of production of the inter­
mediate and definitive generations of red cells; this is 
confirmed by histological examination of the liver and 
bone marrow which show very marked reduction in haemopoietlc 
activity.

The embryonic heterozygote (&1/+) shows moderate 
reduction in the red cell count (to 61-82% of normal) and 
the erythrocytes are slightly, but significantly larger 
than normal. These differences persist throughout life 
(Russell and Bernstein, 1966).
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For haematological investigations in young and adult 

mice, extensive use has been made of the allelic mutant, 
steel-Mckle (Sl^). Homozygous Sl^/81̂  mice have a 
survival of about 20-2 5 per cent at 30 days of age. Such 
mice develop into sterile black-eyed whites (Russell and 
Bernstein, 1966).

Russell and Bernstein (1966) have recently reviewed 
the steel anaemias and include much hitherto unpublished 
data. The anaemia is macrocytic at all ages from birth 
to adult life, the MOV in Sl/Sl^ animals being about 70 
per cent greater than normal. The white cells are apparently 
unaffected 0 Reticulocyte counts, both totally and propor­
tionally, are raised, in spite of normal red cell survival 
times and evidence of bone marrow hypoplasia. Thus, it 
seems that reticulocytes in anaemic mice must have a 
prolonged survival In the peripheral circulation, but it 
is not clear whether this is due to disturbed maturation 
or premature release, or both,

Marrow cells from anaemic (Sl/Sl^ and 81^/81 )̂ mice
■ .WWkWW UiauwiMt,* r iM WTIM. ^

form spleen colonies in X-irradiated host mice with the 
same facility as cells from normal mice (McCulloch, Siminovltch, 
Till, Russell and Bernstein, 1965)^ implying that the defect 
in the steel anaemias Is not Inherent In the haemopoietlc 
cells themselves, but is rather a function of their 
environment, This thesis is supported by the relative 
failure of proliferation of normal (+/4) isologous
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haemopoietlc tissue to cure the anaemia, and by the 
success of parabiosis in producing a normal haematological 
picture in both animals (Bernstein, 1966). Thus, the 
anaemia of steel appears to result, at least in part, 
from a defect which is extrinsic to the erythron, but 
which interferes with differentiation and/or proliferation, 
and this is in sharp contrast to the W anaemias.

The possibility of deficiency of the commonly used 
haematinic agents is excluded by their failure to produce 
remission of the anaemia. Vitamin B12, folic, folinic and 
ascorbic acid, pyrldoxal phosphate, iron, testosterone 
and vitamin E have all proved ineffective (Russell and 
Bernstein, 1966).

The response to erythropoietin, even In large and 
repeated doses, is poor (Russell and Bernstein, 1966; Kales, 
Fried and Gurney, 1966), but some improvement can be 
obtained with exposure to hypoxia (Keighley, 1966; Kales 
et al, 1966). However haemopoietlc tissue from steel 
anaemic mice, transplanted into W anaemic mice, responds 
normally to erythropoietin (Bernstein and Newberger, 1966), 
confirming the impression of an extra-erythrold defect In 
steel anaemia, which affects the ability of homozygous 
31 cells to respond to erythropoietin. Blood loss may also 
make a contribution; Kales and associates (Kales et al,
1965) report gastro-intestinal blood loss amounting to 
about 3*5 per cent of the blood volume per day in a further
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mutant at the steel locus (g 1̂ /31̂ )̂, but the source of 
bleeding has not yet been found. Its quantitative 
significance in the causation of the anaemia also remains 
uncertain, particularly in view of the report of normal 
red cell survival in 81^/S1̂  homozygotes (Russell and 
Bernstein, 1966).

Sterility;
The gonads of maile and female Sl/Sl 14-15 day embryos 

are totally lacking in germ cells (Bennett, 1956). The 
heterozygotes shovj active oogenesis and spermatogenesis 
although the testes and ovaries are smaller than normal.
In 8-9 day 31/31 embryos, there is defective migration of 
primordial germ cells, and a progressive deficiency in 
numbers with age is seen. It is not clear whether this 
is the result of generation of cells with poor migrating 
ability or a failure of division or both (Bennett, 1956).

Pigmentation;
Skin grafts from 10 day and 14-15 day Sl/Sl embryos 

to isologous animals fail to produce pigment and Bennett 
(1956) has suggested that the basic disturbance is a 
failure of migration of primitive melanoblasts from the 
neural crest area. An abnormality of the biochemical 
pathway for pigment synthesis is unlikely as steel-anaemic 
adult mice (e.g. 31^/S1^) are capable of forming eye 
pigment. Interference with germ cell and pigment cell



48
function is evident 3™5 days pz'ior to the first sign of 
anaemia, and hence it is unlikely that these phenomena 
are secondary to the haemopoietlc effects of the ^  gene.

Discussion
The close similarity In the phenotypic effects of 

the Ŝl and W genes is striking. Hov/ever, these genes are 
not allelic (Sarvella and Russell, 1956) and Russell (1963) 
has suggested that they produce their effects by acting on 
diffextent sites in the same metabolic pathway. This 
metabolic pathway would probably involve some aspect of 
erythropoietin function as both S_1 and W anaemic mice show
abnormal responses to this factor. In steel anaemia, the
anomalous response appears to be a function of the environ­
ment of the haemopoietlc cells, whereas in W anaemia, it 
seems to result from an intrinsic property of the stem cell 
(McCulloch, et al, 1964; McCulloch, et al, 1965).

Thus, one might speculate that steel anaemia results 
from deficiency of some extra cellular "co-agent" for
erythropoietin and that the K-anaemias are a consequence of
a defective or relatively insensitive "receptor" mechanism 
for the haemopoietlc stimulus.

Too little is known of germ cells and pigment cell 
production to postulate where the defect in their control 
may lie in W eind Si anaemia.
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(ill) Hertwlg's Anaemia (Gene symbol, an; linkage 

group, VIII)
Hertwig*s anaemia was discovered in the descendants 

of a, heavily X-irradiated male mouse. Inheritance is as 
an autosomal recessive (Hertwig, 1942a).

The homozygote (an/an) shows severe embryonic and 
neonatal anaemia usually fatal within a fev? days or weeks 
of birth. Occasional animals live for some months and 
survival appears to be influenced by modifying genetic 
factors (Russell and Bernstein, 1966). Sterility and 
failure of gonadal development are seen in an/an mice 
reaching adult life, but there is no effect on coat colour 
(Hertwig, 1942a), Affected mice weigh less than their 
littermates at all ages and are recognizable from the 14th 
gestational day by their pallor.

The anaemia is of variable severity with reduction 
In the red cell count, usually to between 30 and 30 per 
cent of normal. The effect on the haemoglobin concentration 
is less striking, Macrocytosls and anisocytosls are seen 
in blood smears (Hertwig, 1942b), Polychromasla is 
conspicuously absent and the reticulocyte count is reduced, 
both relatively and absolutely (Kunze, 1954), suggesting 
defective red cell output. The white cell count is also 
low (Kunze, 1954).

Ex'ythropoiesis is quantitatively decreased in the 
livers of anaemic mice, and this is appreciable as early
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as the 12th gestational day. Complete regression of 
hepatic haemopoiesis occurs at about 4 days after birth 
In an/an homozygotes, compared with 10 days in normal 
animals. The bone marrow is fatty, with decreased 
haemopoletic activity (Kunze, 1954), Maturation arrest 
of the erythrold series, with "megaloblastic" forms, is 
seen (Thoms, 1951) . The spleen is vei'y small in young 
anaemic mice, but becomes larger than normal in animals 
which survive into adult life (Hertwlg, 1942a; Kunze,
1954).

Therapy with liver extract has proved ineffective 
(Kunze, 1954),

Discussion
The presence of macrocytosls and sterility in Hertwlg^s 

ainaemia is reminiscent of the W and steel series of anaemias. 
However, it is clearly different from the other two types 
of macrocytic anaemia since its linlcage group is different 
and there is no effect on coat colour.

Decreased haemopoietlc activity in the bone marrow 
and liver, and the low reticulocyte count have led ICunse 
(1954) to suggest that Hertwlg's anaemia should be regarded 
as "aplastic" or "aregenerative", Clearly, there is inter­
ference with maturation of the red cell series, and some 
effect is also seen on the white cells. The presence of 
an unduly small spleen in young animals is in keeping
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With a hypoplastic type of anaemia, but the enlargement 
of this organ in older animals is hard to explain, and it 
has been suggested that it represents an attempt at 
compensation for the anaemia (Kunze, 1954). Alter­
natively, it may result from an accumulation of haemopoietlc 
cells at an arrested stage of development, insufficiently 
mature for release into the peripheral circulation.

The similarity to the W«series of anaemias is borne 
out by the recent observations of Thompson and co-workers 
(Thompson, McCulloch, Siminovltch and Till, 1966a). When 
spleen or marrow cells fron an/an donors were transplanted 
into lethally irradiated hosts, the spleen colonies 
formed in these hosts were small in size and deficient in 
erythropoiesls particularly, but also in granulopoiesis and 
stem cell renewal. Evidence to suggest increased red cell 
destruction was also found. Although an is clearly 
different from the W and steel series of anaemias, 
sufficient points of similarity exist to permit the 
speculation that the same, or a closely related, metabolic 
pathway is affected in all three macrocytic anaemias. 
Cross-traneplantation experiments with haemopoietlc tissue 
Into and from W-anaemic, steel-anaemic and an/an mice 
would also be of interest.

b) The Haemolytic Anaemias

(1) Intrinsic red cell defects
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The four mutants to be described here produce 

congenital haemolytic disease and show their main effects 
in the neonatal period. All are the result of intrinsic 
red cell defects. In two the characteristic feature is 
spherocytosis; these syndromes resemble human hereditary 
spherocytosis except in their mode of inheritance which 
is autosomal recessive in the mouse and dominant in man. 
However, some human pedigrees have been reported which 
do not conform to this pattern, and the human disease is 
probably heterogeneous.

Hereditary Spherocytosis in the Deer Mouse (gene
symbol, b p )
The disease was first described as a form of neonatal 

Jaundice (Huestis and Anderson, 1954). Examination of the 
blood revealed the typical findings of spherocytosis and 
increased haemolysis as the basis for Jaundice and the 
haematological and pathological findings have been 
reported in detail by Motulsky and associates (Motulsky, 
Huestis and Anderson, I956; Huestis, Anderson and Motulsky, 
19561 Anderson, Huestis and Motulsky, i960)* The peripheral 
blood findings in normal control mice of this species and 
mice with spherocytosis are given in Table 2 *6 .

Anaemia, If present, is slight; the M.C.H.C. is a little 
higher in the animals with spherocytosis than in the 
controls, and this has also been noted in man (Dacie, i960).
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Th© slightly raised M.C.V. In the b p /sp animals is 
probably a consequence of retlculocytoBie. The blood 
film shows spherocytosis with reduced red cell diameter, 
and rouleaux formation is poor. Characteristically, 
osmotic fragility is increased. The type of haemoglobin 
is qualitatively similar in normal and abnormal animals.
Red cell survival, as measured by a ^^Cr technique, is 
reduced; cross transfusion experiments show normal 
survival of normal cells in animals with spherocytosis, 
and reduced survival of spherocytes in normal animals, 
confirming the intrinsic nature of the defect.

There is gross splenic enlargement, the pulp being 
stuffed with erythrocytes; splenectomy is effective In 
reducing the reticulocyte count and lengthening the red 
call survival time. The bone marrow shows gross red call 
hyperplasia. Mild hepatomegaly Is frequently present and 
the incidence of gallstones in the animals with spherocytosis 
is four times that in normal animals.

The neonatal jaundice is evanescent, and although 
jaundice is not present in the adult mouse, a well 
compensated haemolytic state persists. Fertility and 
viability appear to be normal (Anderson et al, i960).

Inheritance ie as a Mendelian autosomal recessive 
(Huestis and Anderson, 1954) and the heterozygous state 
for this gene (sp/4-) is indistinguishable from the normal.
The mutation arose spontaneously and its linkage group
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has not been eatabllshed, but linkage to albinism, 
pink-eye, flex-tailed and silver pelage has been 
excluded,

This condition very closely resembles hereditary 
spherocytosis in the human in almost every haematological 
and pathological aspect (Table 2 .?).

The principal difference is in the mode of inheri­
tance, and this has been discussed at some length by 
Anderson et al (i960). They have suggested that, if 
the underlying biochemical defect is identical in the 
dominant hereditary spherocytosis of man, and in the 
recessive form In the mouse, modifying genes, brought 
out by the pressures of natural selection in the mouse, 
might be responsible for the different mode of inheritance 
For instance, it Is known that elevation of the ambient 
temperature to 35% leads to an Increased severity of 
anaemia and Increased mortality in mice (Anderson
and Motulslqr, I966), and this might be an example of a 
selective pressure, influencing the mode of inheritance 
of an analagoua mutation in different species. However, 
human spherocytosis is probably a heterogeneous condition, 
on both genetic and biochemical grounds. Pedigrees 
have been reported in which both parents (and other 
relatives) of affected propositi were haematologically
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normal (Young, 1955)* Furthermore, metabolic 
differences between different cases of hereditary 
spherocytosis have been observed: for example, 
differences in sodium ion transport in red cells have 
been found between the "typical" cases with a clearly 
dominant pattern of inheritance, and the oases with 
neither parent affected (Bertles, 1957)* Thus, 
spherocytosis probably represents the phenotypic 
expression of a number of different disorders of the 
same metabolic pathway, and comparison of Deer mouse 
spherocytosis with the leas usual, possibly recessive, 
forms of the human disease might be more appropriate.

Hereditary Spherocytoaia (gene symbol sph; linlmge 
group unknown)

The other form of hereditary spherocytosis arose 
spontaneously in the C3H strain of the house mouse 
(Joe, Teasdalo and Miller, 1962)* Inheritance la also 
an autosomal recessive*

The homozygous state is lethal within 24 hoUrs of 
birth. The neviborn mice are pale and acquire a Jaundiced 
tint within a few hours of birth. The haemoglobin and 
haematocrit values are reduced to about one-fourth of
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normal, and the reticulocyte count varies between 6o 
and 80 per cent (mormals 10-35 per cent). The plasma 
bilirubin concentration Is raised to between 3 and 
5.9 mg/10 0 ml compared with the normal range of 0 .5-0 .9 
mg/1 0 0 ml. The blood film shows marked microspherocytosis 
with poikllocytosls and occasional elliptocytes.
Nucleated red cells are frequent in anaemic animals, 
which also show erythrophagocytosls and faulty rouleaux 
formation. The mean cell diameter is much reduced. 
Howell-Jolly bodies and siderocytes are numerous in 
both control and anaemic mice, but Heinz bodies are 
found in neither group.

The most striking pathological changes are seen 
in the liver, which is enlarged and dark, and shows 
active erythropoiesls, congestion, and dilation of the 
sinusoids; the bile canalicull are plugged with bright 
yellow pigment, which is also present in the Intestines.
Th© spleen is not enlarged. The brain is pal© but 
kernlcterus is not seen.

This disorder differs from deer mouse spherocytosis 
in being lethal, and In not showing splenomegaly. As 
in deer mouse spherocytosis the hétérozygote is 
indistinguishable from the normal and the mode of 
inheritance differs from the usual human form of the 
disease.



57
"Jaundiced" (gen© symbol, ja, linkage group untoown)
Another mutation causing neonatal Jaundice in the 

house mouse was described by Stevens, Mackensen and 
Bernstein (l959)* Inheritance is as a Mendelian autosomal 
recessive* The homozygotes, which are anaemic at birth, 
rapidly become Jaundiced and die, usually within 24 hours.
The anaemia is severe, the red cell count being about 
half normal In the newborn anaemic animals. The mean cell 
volume is also much reduced, to 40-70 cu/^, compared with 
100-120 Q\x/fx in their normal sibs. The blood film shows 
hypochromia, anisopoikilocytosis, èchistocytes, leuco- 
erythroblastosis and polychromatophllla. The reticulocyte 
count is Increased, and basophilic stippling is also a 
feature* Target cells or spherocytes are not present 
and no Increase in siderocytes has been seen.

Studies with ^̂ Cz*-3.abelled red cells have demonstrated 
very severe reduction in survival of cells from homozygous 
(Ja/Ja) mice In normal (+/+) recipients and cross trans­
fusion experiments with labelled cells confirm that the 
abnormality is Intracorpuscular (Russell and Bernstein,
1966).

Heterozygotea are viable and fertile, and although 
originally believed to be unaffected are now known to 
show a mild, well compensated form of the disorder, 
manifest as a moderate shortening of red cell survival, 
which is not apparent when labelled Ja/4- red cells are



58
transfused into spleneotomized recipients (Russell and 
Bernstein, 1966). However, splenectomy does not cure the 
severe anaemia of the homozygote, or increase viability* 
Homozygous ja/ja mice show hyperplasia of the haemopoietlc 
system, icterus and hepatosplenomegaly.

The nature of the underlying defect is unknown* No 
evidence of qualitative alteration in the haemoglobin 
molecule has been found, and there is nothing to suggest 
a materno-foetal immunological basis* Metabolic 
abnormalities in the red cells of Ja/Ja mice have not yet 
been demonstrated (Russell and Bernstein, I966)«

"Haemolytic anaemia" (gen© symbol, ha; linkage group
untoown)
Bernstein (1963b) has described a similar condition 

in the house mouse, called "haemolytic anaemia"*
Inheritance, again, is as an autosomal recessive, and 
the homozygotes (ha/ha) resemble those for neonatal 
Jaundice (Ja/Ja) in almost every detail except viability* 
Genetic evidence, however, shows ha and _Ja to be non-allelie 
(Bernstein, I963)•

Affected individuals are recognizable before birth 
by their anaemia and become Jaundiced within a few hours 
of birth* The majority of ha/ha homozygotes die within a 
week of birth* Red cell survival is severely reduced 
and, as in Ja/Ja, cross-transfusion experiments show the
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defect to be intracorpuscular. There is again no 
positive evidence to suggest an abnormal haemoglobin or 
an immunological disturbance as the cause, and the red 
cell enzymes glucose-6-phosphate dehydrogenase and 
phosphokinas© are not deficient (Bussell and Bernstein,
1966) * Heterozygous carriers (ha/f-) show a mild and 
well compensated form of the disorder with moderate 
reduction in red cell survival.

The aetiological basis of these nonspherocytic 
neonatal haemolytic anaemias is untoovm. While both 
show some similarities to human erythroblastosis foetalis, 
the absence of any positive evidence of an immunological 
disorder reduces the validity of this analogy. The 
possibility of a purely quantitative abnormality of 
haemoglobin synthesis has not yet been excluded, and the 
resemblance to the thalassaemias requires further investi­
gation. The genetic linlcage of Ja and ha is unknown, 
and further study of this in relation to haemoglobin 
loci in mice might help to clarify the possibility of 
a thalassaemia-like syndrome.

(11) Autoimmune Haemo lytic Anaemia of HZB/3L mice
This form of heritable haemolytic anaemia arose, 

apparently spontaneously. In the 11th generation of an 
inbred line derived from a mixed strain, and is charac­
terized by Jaundice and splenomegaly. A detailed report
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on the findings in this disease was published by HeIyer 
and Howie ( 19638,) following the first description given 
by Bielschowslcy, Helyer and Howie, (1959) «

In the early stages of the disease, the affected 
animals show a hunched posture with narrowed palpebral 
fissures and sparse coat; peri-orbital and urinary 
Infections are common. Jaundice is usually mild and 
intermittent, although in the later stages. It is often 
severe. While the onset Is commonly between 6 and 12 
months, in a small proportion it may be delayed a.s long 
as 15 months I in the end, however, all animals in the 
strain manifest the syndrome. Progressive anaemia 
develops, with a sudden onset in some mice, and more 
insidiously in others. The former occurs more commonly 
in males at about 6-9 months age, with moderate anaemia 
and gross retioulocytosis and splenomegaly. Gradual 
onset is found largely among rather older female mice 
(at about 12 months), in which the anaemia Is usually 
profound, but splenomegaly is slight or absent and 
retioulocytosls is moderate. Blood films show antsocytosis 
and polychromasla, and the Coombs test always becomes 
positive as discussed below. Osmotic fragility is 
variable, some animals being normal, some showing increased 
resistance and others increased fragility. Consistent 
changes in the white cell counts, total and differential, 
are not found, and platelet counts are within the normal 
range.
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Lindsey, Donaldson and Woodruff (1966) determined red 
cell survival using ^^Cr-labelled autologous erythrocytes»
In a group of severely affected animals the mean ^^Cr 
was 2»! days, as compared with as yet unaffected animals 
In which the mean value was 13«3 days; in a further group, 
of intermediate severity, the T-| ^^Cr was 8.2 days. The 
reduction in red cell survival Is related to the degree 
of positivity of the Coombs test and the magnitude of 
^he retlculocytosiso

When isogeneic cells are used in cross transfusion 
experiments, cells from normal mice are rapidly destroyed 
by affected recipients, and cells from affected donors 
survive normally in unaffected mice. This finding, 
paralleled to some extent in auto-immune haemolytic 
anaemia of man (Dacie, 1962), implies either that mere
coating of the red cell with autoantibody is not In itself
sufficient to lead to shortened red cell survival, or that
elution of the coating antibody may occur in the normal
circulation; there Is some evidence to support the latter 
suggestion (Selvryn and Hackett, 1949; Dacie, I962). The 
destruction of red cells in NZB/Sl mice occurs both in 
the liver and the spleen (Barnes and Tuffray, I966).

Serological flndinks
Incomplete red cell agglutinating antibodies active 

at 37*̂ 0 are demonstrable In red cell eluates and free in
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the serum. The titre varies from just detectable levels 
to about 1/2 000» The higher titres tend to be found In 
the mice showing sudden onset of the syndrome, and the 
lower titres in those in which onset Is more insidious. 
Chronologically, the appearance of such antibodies 
precedes the appearance of anaemia or retlculocytosls 
(Blelschov/slcy, He Iyer and Howie, 1959)» The antibody 
is also demonstrable by enzyme and albumin techniques, 
and in 50 per cent a weak "complete" antibody can be 
detected. Activity is present over a wide thermal range, 
being constant between 18 and 37̂ 0 and weak at 4^0. The 
free and eluted antibody have the same characteristics 
and neither Is complement dependent. Antibody appears 
earlier in females than in males (HeIyer and Howie, 1963a). 
It has also been shown that the antibody coats the red 
cells of other strains of mice and gives a very weak 
positive indirect Coombs test with rat erythrocytes; 
negative reactions were found with human, sheep, rabbit, 
guinea pig and chicken red cells (Long, Holmes and 
Burnet, 1963). The antibody coating the red calls is a 
73 gamma-globulin as demonstrated by Immunoelectrophoresis 
(Morins and Holmes, 1964a). A further antibody has 
recently been detected in the M2B/B1 mice (Holborrow, 
Barnes and Tuffrey, 1965). It is compleoient-fixing and 
agglutinates both mouse and human red cells. It also 
appears before the incomplete antibody described above.
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Both antibodies are transmissable to neonatal and 

3-5 week old NZB/Bl mice by int rasper it one a 1 injection 
of spleen cells from NZBÆI mice with a positive Coombs 
test (Holmes, Gorrie and Burnet, I96I; Holborrow et al,
1965), but not by calls from lymph notes, thymus, bone 
marrow and buffy coat (Holmes, 1965); this is consistent 
with the suggestion that the spleen is the main site of 
antibody production in this disease (Mellors, 1965).

Positive lupus erythematosus (L.E.) tests were found 
in 41.2 per cent of female and 13*6 per cent of male mice;
70 per cent of the positive tests were in females and 
30 per cent in males (HeIyer and Howie, I961). A JS gamma 
globulin with nuolaoprotein specificity (antlnuclear factor, 
A .F.) is present In 30-45 per cent of MZB/Bl mice after 
2 months of age. It is detectable at a younger age in 
females than In males, but the ultimate incidence does 
not differ significantly when the sexes are compared 
(Norins and Holmes, 1964b), The presence of A.N.F. in 
NZB/31 mice is associated with severe renal disease. A.N.P, 
has also been found in normal G^H and G57 mice with an 
incidence of less than I5 per cent; in normal HI mice, 
the frequency of A.N.P. increases steadily with age to 
85 per cent but ill effects are not seen and the Coombs 
and L,E, tests remain negative.

Antibodies to renal glomeruli have also been 
demonstrated in NZB/Bl mice, Immune globulin extracted
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from renal tissue, shows affinity for glomerular tufts 
but not for red cells or cell nuclei, and a circulating 
antibody with similar characteristics can also be 
detected (Mellors, 1965). Deposition of these immune 
globulins commences at birth and increases until it Is 
present in almost all glomeruli at 12 months of age 
(Sagel, Treser, Ty, Wachsteln and Lange, 1965). The 
deposit B c ont a in a lb umin, and jS - global in, in 
addition to ^ -globulin as their main constituent (Nairn, 
MoGiven, Ironside and Morins, 1966)»

Pathological changes
These have been described by HeIyer and Howie (1963a) 

and Miyasato, Manaligod and Poliak (196?)* The bone 
marrow shows gross hyperplasia, or, occasionally, marrow 
failure. There is myeloid metaplasia in the lymph nodes, 
and frequent plasma cells are seen; a few show "neoplastic 
features" (HeIyer and Howie, 1963a). Hemosiderosis is 
present in the liver, which is enlarged, and patches of 
focal necrosis may be found, especially in association 
with Jaundice. Single cell necrosis and regeneration, 
with Inflammatory changes resembling those of human lupoid 
hepatitis have been described (Horowitz, Dubois and 
Charming, 1965), Gall stones are frequent. Splenomegaly 
is largely due to extramedullary haemopoiesis, and is 
most marked in male mice and least obvious In breeder 
females (HeIyer and Howie, 1963a). Abundant haeraosiderln
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is present and, in some Instances, perivascular fibrosis 
and hyaline changes in the arteriolar walls (Horowitz 
et al, 1965; Miyasato et al, 196?).

The renal lesions in NZB/BI mice and hybrid crosses 
with other strains have been extensively studied, on 
account of their close resemblance to those of human 
systemic lupus erythematosus (S.Ii.E.) (HeIyer and Howie, 
1963a; Miyasato et al, I967). The changes are more 
obvious and appear earlier in females. After 6 months 
of age, thickening of the capillary basement membrane and 
"wire-looping" of the capillaries appears followed by 
increased lobulation of the tufts and fibrinoid necrosis 
(Aarons, 1964; Horowitz et al, I965), Fusion of the 
"foot processes" is seen on electron microscopy 
(Horowitz et al, 1965). In an outbred stock Wlgley and 
Couchman (1966) found lesions in the kidneys resembling 
those of human polyarteritis nodosa.

Effect of therapy
a) Splenectomy; Splenectomy before 3 months of age 

results in lower antibody titres and reticulocyte counts, 
and morbid anatomical changes are less severe (HeIyer 
and Howie, 1963a). However, an increased frequency of lethal 
nephritis follows this procedure (Holmes and Burnet, 1963a). 
Late splenectomy (after 6-8 months) has little effect, 
except in severely affected animals, in which death rapidly 
ensues.
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b) Steroids: Administration of A.C.T.H, Is followed

by gain in weight, rise in haeraatocrlt, fall in reticulocyte 
count, regression of splenomegaly and haemosiderosis, 
and a fall in antibody titre. Remission Is never complete 
and relapse consistently follows the cessation of treat­
ment (lieIyer and Howie, 1963a),

Cortisone acetate in closes of 2 mg/wk per mouse 
produces reversion of the Coombs test to negative, and, 
in younger animals, prevents the development of a 
positive Coombs test. The reticulocyte count falls but no 
effect Is seen in the haemoglobin concentration or 
haematocrlt, as compared with untreated controls. Relapse 
occurs when treatment is stopped, but the Coombs test 
becomes negative again following further steroid adminis­
tration. An unduly high incidence of Infection is found 
in the treated group (Oiltinan, Holmes and Burnet, 1965), 
Beta-methasone phosphate produces improvement in anaemia, 
weakening or reversion to negative of the Coombs test and 
diminution In splenomegaly (Casey and Howie, 1965). It 
has been pointed out that N2B/S1 mice would form a useful 
model for the trial of drugs for treatment of human 
autoimmune disease (Casey and Howie, 1965)*

0) Immunosuppressive drugs: Burnet and his colleagues 
(Russellj Hicks and Burnet, 1966) have reported a favorable 
effect of cyclophosphamicie in halting or preventing the 
pathological cltmnges in the kidneys of NZB/NZVJ hybrid 
mice, and in prolonging life. The lesions of animals
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treated after the onset of renal disease show evidence 
of scarring and fibrosis, Interpreted as healing. They 
suggest that the NZB/NZM F-, hybrid may prove to be a 
useful system for testing the value of immunosuppressive 
drugs prior to their use In man; and that further studies 
with cyclophosphamide may help to elucidate the nature 
and mechanism of the disease process Itself. Alteration 
in the course of the disease does not follow the use of 
azothloprine or aotinomyoin C, as reflected by the Coombs 
test, reticulocyte count and haemotocrit (Stiokel and 
Woodruff, 1966).

Increased liability to neoplasia
While the presence of neoplastic changes in the 

lymphoid tissue of NZB/Bl mice has been regarded by some 
as coincidental, other evidence does not support this 
contention. HZB mice have an increased liability to 
develop lymphoma, compared with controls, when given 
carcinogenic agents (Blelschowslcy and Blelschowsky, 1962), 
and a high incidence of malignant reticulosis in MZB mice 
has been reported. Out of 20 mice aged between 9 and 11 
months, 2 developed retlculosarooma and 2 malignant lymphoma. 
All showed evidence of the immunological disturbance before 
they developed lymphoma (Mellors, 1966)»

Effect of differences in genetic background
Considerable differences in the incidence of the 

various autoimmune manifestations in HZB mice can be
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produced by crossing HZB with other strains. BeIyer and 
Howie (1961, 1963b) demonstrated that and hybrids, 
derived by crossing NZB/Bl with NZY/Bl, showed a higher 
incidence of renal lesions and a lower incidence of 
anaemia than the original NZB/Bl strain, and this effect 
is even more marked in crosses with NZW. Hybrids from 
matings of NZB with C^H show a delayed onset of positivity 
of the Coombs test (Holmes and Burnet, 1964); effects 
of crossing with other strains are described by Burnet 
and Holmes (1965) and Wigley and Couchman (1966),

Differences between male and feme,le mice may be 
genetic in origin, or may be humoral. There is at present 
no evidence to confirm or refute either possibility.

An autosomal dominant pattern of inheritance for the 
autoimmune disease of HZB mice has been suggested 
(Bielschowsky and Biel sc hows Icy, 1964), but the Inevitable 
development of autoimmune lesions in the F2 back-cross 
generations of NZBA^I with NZY/Bl mice (HeIyer and Howie, 
1963a and b) implies a more complex form of inheritance.
The recent discovery of virus-like particles in the organs 
of HZB/Bl mouse tissues, together with the pattern of 
inheritance, raises the possibility of vertical viral 
transmission of the disease from generation to generation 
through the sperm and ovum (Mellors and Huang, 1966),
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Resemblance of the autoimmune disturbance In NZB/Bl mice, 
to human S»L.E, with haemolytic anaemia

The points of similarity and difference between 
human autoimmune d1sease with S.L.E. and haemolyt1c 
anaemia, and the findings in NZB mice are shown in 
Table 2,8. This comparison to human autoimmune disease 
has been considered by several authors (Holmes and Burnet, 
1963bj Cbanning, Kasuga, Horowitz, Dubois and Demopoulos,
1965; Dubois, Horowitz, Demopoulos and Teplitz, 1966).

c) The Hypochromio Anaemias ^
(1) The anaemia of flex-tailed mice (gene symbol, f;

1Inkage group XIV)
"Flex-tailed" arose as a spontaneous mutant with 

an autosomal recessive pattern of Inheritance (Hunt and 
Permar, 1928). The first feature to be reported was 
deformity of the axial skeleton, manifested as kinks in 
the tall; the severity of the condition appeared to depend 
on modifying genetic factors, since segregation for 
degree of deformity was apparent (Hunt, Mixter and Permar, 
1933)• The presence of a white belly spot in the 
homozygous (H/£) mice was also noted (Clark, 1934). The 
first assessment of the transient anaemia in flex-tailed 
(Mixter and Hunt, 1933) showed significantly low haemoglobin 
concentrations in affected mice at birth and one week of 
age ; these differences disappeared by 2 weeks. Mo haemato- 
logical abnormality was found in heterozygous animals.
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The pathology of the deformitie[3 in the axial 

skeleton was described by Kamenoff (1935), who found 
defective development of the annulus fIbrosus of the 
vertebral column commencing about the l4-15th gestational 
day; this resulted in unilateral or bilateral fusion of 
the vertebrae. Where unilateral fusion had occurred, 
differential growth of the two sides of th® vertebral 
c o lumn prod uce ci d e formity.

Anaemia was also shown to be established by the 
l4th day of gestation, thus preceding the earliest 
evidence of disordered development of the Intervertébral 
discs. The possibility that the skeletal abnormalities, 
belly spot and anaemia might be due to different genes 
has. been extensively investigated and discussed elsewhere 
(Mixter and Hunt, 19331 Clark, 1934; Kamenoff, 1935; 
Oruneberg, 1952) and it has been concluded that this 
triad of features results from the action of a single 
gene .

In embryo there is marked reduction of the red cell 
count, which is about 50 per cent of normal at 14 days 
gestation (Kamenoff, 1935); associated with significant 
reduction in hepatic haemopoiesis. Earlier haematological 
findings (Mixter and Hunt, 19331 Kamenoff, 1935) were 
confirmed and extended by Gruneberg (1942a), who found 
a moderately severe reduction in haemoglobin at birth, 
with the packed cell volume and red cell count less affected.



71
The haemoglobin concentrâtion was normal after 4 weeks 
and the red cell count by 1 week of age. The resulting 
reduction in the M.C.H.C. had disappeared by 14 days of 
age, but that In the mean corpuscular haemoglobin was 
still apparent at 28 days. The effect on the mean cell 
volume was surprisingly slight. A mild increase in 
reticulocytes was seen in anaemic mice up to 2 weeks 
after birth, and osmotic resistance was described as 
"at least normal" (Orimeberg, 1952). The disappearance 
of the anaemia coincided, more or less, with the 
disappearance of hepatic erythropolesls, and Its replace­
ment by intra-medullary blood formation.

SlderooyteB
In a further study, using the Prussian Blue reaction, 

Gruneberg (1942c) demonstrated the presence of excessive 
numbers of erythrocytes containing stainable iron granules 
(siderocytes) in flex-tailed anaemia (Fig, 2 » 1).

In the primitive erythropoietic cells (yolk sac 
generation) of both normal and homozygous f/£ embryos, 
siderotic granules were present in large numbers»
Although this feature was slightly more marked in the 
anaemic mice, their primitive erythrocytes showed 
abundant haemoglobinization, and significant anaemia was 
not present at this stage of development. Thus, it seems 
unlikely that the f gene has much effect on the yolk sac
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Fig. 2 .1: Blood film from a newborn mouse
homozygous for "flex-tailed" (£/£)» showing 
numerous siderocytes. The dark staining 
inclusions give a positive reaction with the 
Prussian Blue reaction. Perl's stain, XI500.
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stage of erythropoiesis. However, with the emergence, 
on or about the 13th-14th gestational day, of the 
Intejr’mediate (hepatic) generation of red cells, a clear 
and significant excess of siderocytes was seen in the 
anaemic mice, coinciding with the development of anaemia. 
The frequency of siderocytes was related to the severity 
of the anaemia, and the decline in their numbers occurred 
pari passu with its spontaneous regression. At birth 
70-92 per cent of erythrocytes in anaemic mice contained 
siderotic granules, as opposed to 2-6 per cent in normal 
control animals, Siderocytes could not be found in normal 
mice after first week of life; in flex-tailed anaemia 
they declined in number to 1-8 per cent, at which level 
they persisted throughout life In spite of the normal 
haematological indices; this suggests the persistence of 
the underlying abnormality,

Gruneberg concluded that the siderotic granules 
represented "unused" iron, Their presence certainly 
excludes iron deficiency as a cause of the anaemia, and 
suggests the presence of an Intrinsic abnormality of the 
red cell series, concerned with the synthesis of 
haemoglobin.

Nature of the defect
Thompson and her associates (Thompson, McCullooh, 

Siminovich and Till, 1966b) have shown that cells from
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embryonic liver and from the bona marrow of 8 week and 
7 month old homozygous f/f mloe^ transplanted into 
irradiated hosts form smaller spleen colonies than do 
cells from normal mice. This finding confirms that the 
defect is inherent in the erythroid cells and that it 
does persist in latent form in adult life# as Gruneberg 
(1942c) had suggested. The spleen colonies of £/f origin 
were also found to incorporate ^^Iron poorly at 6-10 
days after injection. By 30 days# however# no difference 
in ^^iron incorporation existed between £/£ and normal 
cell colonies# indicating that the defect is only 
manifested under conditions of rapid proliferation.

Accumulation of iron within the abnormal red cell 
suggests a defect in globin and haem synthesis. A direct 
effect on the structure of globin is rendered unlikely 
by studies of linkage. "Flex-tailed" is not linked to 
the structural gene for -chain synthesis (Hutton#
Bishop# Schweet and Russell# 1962a)# and the structural 
gene for ^  -chain synthesis is known to be closely linked 
to albinism (Popp and St. Amand, i960)# whereas that for 
flex-tailed anaemia is not (Hunt, Mixter and Permar# 1933)*

There is more positive evidence of interference with 
haem synthesis, since impaired activity of the enzyme 
S-aminolaevulinate dehydratase (AMD) has been demonstrated 
(Margolis# 1965; Margo11s and Russell# 1965). This enzyme 
catalyses the condensation of two molecules of S -amino-
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laevullnic aold to form porphobilinogen (Granick and 
Levere# 1964). Its level of activity in mouse liver 
varies from strain to strain and is under genetic control# 
probably by a single factor# Lv (Russell and Coleman#
1963). In adult mice# both homozygous £/f and heterozygous 
f/f# A M D  levels in liver and spleen are reduced to 
about one third of normal (Margolis# 1965). Phenyl- 
hydrazine induced haemolysis leads to a considerable 
increase in A M D  activity in normal mouse haemopoietic 
tissue# but has only a slight effect in homozygous £/f 
animals; the £/f hétérozygotes show an intermediate 
Increase# and thus the genotypes can be distinguished 
(Margolis and Russell# 1965).

The metabolic abnormality concerns the early stages 
of haem synthesis, manifested as hypochromio anaemia 
during a period of rapid growth# and detectable through­
out life as persistence of siderocytes and failure on 
the part of the haem synthetic pathway to react adequately 
to stress. The intermediate degree of augmentation of 
A M D  activity by haemolysis in heterozygous (f/f) animals 

a higher potential for haem synthesis than is 
possessed by the homozygous (£/£) mice# and this higher 
potential la apparently adequate to prevent the appearance 
of haematological or morphological abnormalities in the 
heterozygous group.

The deficiency of A M D  activity in the adult £/f
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mouse is probably less than complete since it results 
in eomparitively minor morphological abnormalities in 
a system which is synthesizing haem in relatively large 
quantities. Since enough haem can be synthesized to 
support a normal haemoglobin concentration in the peripheral 
blood# it is not necessarily surprising that no apparent 
effect of the £ gene is obvious in other haem synthesizing 
systems.

The cause of the skeletal deformities is not a 
present clear. Anaemia precedes the earliest evidence 
of skeletal maldevelopment leading to the suggestion 
that abnormal differentiation of the intervertébral discs 
might be a consequence of anaemia (Kamenoff# 1935). This 
aspect is further discussed by Gruneberg (1952# 1963) 
who feels that It is unlikely to be the whole explanation# 
as skeletal anomalies are not present in the WW anaemias 
where the haemopoietic defect is apparent at about the 
same stage of development. Whether the degree of 
deficiency of ALAD in £/f mice can influence the develop­
ment of axial skeleton is not known at present. The 
explanation of the belly spot is also not clear.

(il) Inherited Microcytic Anaemia (Gene Symbol# mk; 
linkage group unknown).
Microcytic anaemia is inherited as an autosomal 

recessive and affected newborn (mk/mk) mice are recogniz­
able by their pallor and reduction in body weight.
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Viability 1b Impaired# only 50 per cent remaining 
alive at the time of weaning, but the fertility of 
of survivors is normal (Nash, Kent, Dickie and Russell,
1964).

Blood smears from anaemic mice show extreme 
miorocytosis, hypochromia and leptocytosle. The red 
cell count in newborn anaemic mice is only slightly 
lower than in their normal sibs, and during the first 
8 weeks of postnatal life it increases greatly, until 
It is 50 per cent higher than normal. Thus, there 
appears to be a compensatory increase in red cell pro­
duction in the anaemic mice and this is reflected in an 
increase in reticulocytes to 11-13 per cent compared 
with 3-4 per cent in control animals. The mean 
corpuscular volume and mean cell volume are decreased 
to about 6o per cent of normal (Russell and Bernstein,
1966). The metabolic disturbance producing this an&emla 
is as yet unlcnown.

d) Miscellaneous Anaemias

(i) Anaemia associated with "diminutive" (gene 
symbol, dm: linkage group# V).

The mutation dm is inherited as an autosomal 
recessive, and in the homozygous condition gives rise 
to retarded growth, multiple skeletal abnormalities and
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severe neonatal macrocytio anaemia, which Improves 
somewhat with increasing age (Stevens and Mackensen,
1958).

At birth the red cell count is reduced to about 
one third of normal in the anaemic (dm/dm) animals# 
while the mean cell volume is increased by up to 4o 
per cent, to 137.5-144.5 cu.ja. As the anaemia Improves, 
the differences between the dm/dm mice and the normal 
become less, but the macrocytic picture is still clearly 
present at 250 days of age. An increase in siderocytes 
is not present, unlike the anaemia of "flex-tailed", 
and some homozygous animals are fertile, in contrast to 
the W and steel series of anaemias.

The presence of severe anaemia at birth implies 
that the hepatic generation of erythrocytes is affected 
as well as the adult medullary and splenic phases of 
haemopoiesis but whether the earlier yolk aac generation 
is also involved is not at present Imown, and further 
investigation of the anaemia does not appear to have 
been undertaken.

The mechanism of the skeletal anomalies is also 
uncertain and Grvineberg's suggestion (1963) that they 
might be secondary to anaemia in foetal life, as in 
"Tail-short" (Deol, 196I), is unlikely to be the whole 
explanation since the original heterozygous carrier 
(dm/+) showed fusions of sacral and caudal vertebrae
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and hétérozygotes are not anaemic (Stevens and 
Mackensen# 1958)•

(ii) Anaemia associated with "Tail-short" (gene 
symbol Ts; linkage pgroup unknown)
The dominant gene for "Tall-short" (Ts) arose 

as a spontaneous mutation in a highly inbred colony of 
strain G mice. In the homozygous state it is lethal and 
in the heterozygous state produces multiple defects of 
the skull# and axial and limb skeleton, including 
vertebral fusions, fewer caudal vertebrae, extra thoracic 
vertebrae, ribs and sternebrae, and rib fusions (Morgan, 
1950, Deol, 1961).

Severe anaemia is seen in embryos between the 9th 
and l4th days of gestation and while this is still 
appreciable at I6 days, by birth the haematological 
findings are not significantly different from normal.
On the 8th day of gestation, there is clear reduction 
of the number of blood islands in the yolk sac (Deol,
1961). Delay in maturation of the cartllagenous skeleton 
is appreciable at 14-17 days, and it has been suggested 
that the primary defect in the development of the blood 
islands leads to anaemia which in turn leads to the 
retardation of growth and differentiation of the skeleton.

(iii) The anaemia of luxoid mice (laiena symbol, 1st; 
llnkaf%e gîroup untoown)
Several genes producing a syndrome of luxation
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Of the limbs and polydaotyly have been described (Carter, 
19515 Green, 19555 Strong and Hardy, 1956). "Strong's 
luxoid" (gene symbol, 1st) (Strong and Hardy, 1956) in 
which anaemia sometimes occurs, arose in a CBA/N/JK 
hybrid which was receiving methylcholanthrene» The 
nature of the anaemia was clarified by Forsthoefel and 
Kuharcik (Forsthoefel and Kuharcik, 196I5 Kuharcik and 
Forsthoefel, 1963) who found It to be present in about 
a third of newborn homozygous Ist/lst mice, but not in 
the heterozygous animals, nor in adults, nor in the 
foetal stage of development. The anaemia is normocytie 
in character and mild in degree, with normal hepatic 
and medullary hemopoiesis. Tearing of the abdominal wall 
between the umbilicus and genital tubercle of the newborn 
luxoid mice, and quite prolonged bleeding from this site 
in some instances, was noted. There was a significant 
correlation between the presence of such tears and the 
presence of anaemia. ThUs it appears that the transient 
normocytie neonatal anaemia of Strong's luxoid is not a 
primary gene effect, but a post-haemorrhagic complication 
of damage to the abdominal wall and umbilical vessels at the 
time of separation of the umbilical cord.

(iv) Foetal erythroblastic anaemia (no gene symbol 
allotted, inheritance uncertain)
Foetal ei*ythroblastic anaemia, described by 

Hertwlg (1956), occurs during embryonic life and is lethal
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between the l4th and 17th gestational days. It appears 
to differ from the other mouse anaemia, with which 
Hertwlg*s name is associated (1942a,b) and which has 
been discussed already.

The nature of the Inheritance is not clear, but It 
Is found in the offspring of matings which have produced 
mice with hydrops, microcephaly and other congenital 
malformations.

The peripheral blood in anaemic embryos shovm a 
virtual absence of non-nuclaated erythrocytes of the 
hepatic generation, and as the embryos mature, the 
nucleated erythrocytes show progressively less and lass 
haemoglobinization with the development of profound 
anaemia »

The association with hydrops has led Hertwlg (1956) 
to postulate that the explanation of the anaemia may lie 
in raaterno-foetal serological Incompatibility » The 
failure of hepatic haemopoiesis and haeraogloblnizatlon 
of the erythroblasts do not seem entirely consistent 
with this suggestion. The co-existence of hydrops and 
failure of haemogloblnization invites comparison with 
human d  -thalassaemia (Lie-Injo Luan Eng, 1962), It Is 
clear that further study is required before the true 
nature of this anaemia can be established,

e) Summary
This chapter has surveyed the variety of hereditary
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anaemias which have been described in mice, and 
summarized the main haematological features of the 
various syndromes»

Their study has already proved valuable towards 
the elucidation of the processes of control of cellular 
and tissue differentiation, as exemplified by the work 
on the W and steel series» The presence of apparently 
independent gene effects in a variety of tissues 
suggests that a common mechanism may exist for the 
control of their development. The response of the W 
and steel anaemias to erythropoietic factor implies 
that such a common mechanism involves both humoral and 
cellular components, identical In the various affected 
tissues »

Disturbance of red cell formation by single gene 
mutations, vjhich affect single steps in the whole chain 
of processes, allows analysis of the normal working of 
such steps and of their genetic control. Investigation 
of the congenital haemolytic anaemias of mice should 
yield further Information on the mecha,nisms for maintenance 
of red cell shape and functional integrity.

As models of human disease, the hereditary mouse 
anaemias already offer some useful analogies. Thus, the 
autoimmune disease of HZB/Bl mice provides an opportunity 
to study the failure of control of the immmiological 
mechanisms, and of "self-recognition" on the part of
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the immunologically competent cell. It further provides 
a model of human systemic lupus erythematosus for 
investigation of pathogenic mechanisms and treatment.
Many of the other syndromes require further investigation 
before their value as disease models can be assessed.
For example, several of those which so far have been 
little studied resemble the thalassaemias, a group of 
human diseases for which an animal model would be most 
useful 0
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CHAPTER 3

X-Linked Anaemia of Mice: Previously Reported Data

a) Origin and genetic assessment:
Sox-linked mouse anaemia (gene-symbol, sla) or, 

more properly, X-linked mouse anaemia, was discovered 
during experiments in the production of X-linked 
mutations by irradiation with x-rays. The mutant was 
first noted in the offspring of a daughter of a male 
mouse which had received 500 rads of x-rays. When 
mated with an unrelated wild-type male, she produced 
six anaemic and ten normal male offspring (Falconer 
and Isaacson, 1962),

Anaemic animals were so classified by inspection 
at or soon after birth, and pedigree studies clearly 
indicated an X-linked recessive pattern of inheritance. 
Four females from matings Which were not expected to 
produce homozygotes, were classified as anaemic. Two 
of these proved to be hétérozygotes on subsequent 
mating tests; the other two were apparently not tested. 
If all four were hétérozygotes then the penetrance of 
the Bla gene amounted to 6 per cent (4 out of 65 

expected heterozygotes). There was also a suggestion 
from linkage data, that occasional normal males might 
have been classified as anaemic and this could be taken
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to reflect the Inaccuracy of inspection of neonatal 
mice as a method of classification, and, further, throws 
doubt on the estimate of penetrance in the heterozygous 
females.

Falconer and Isaacson {1962) also performed three- 
point linkage studies of sla with "Tabby", (Ta), (Falconer, 
1952, 1953) and "Brindled" (Mo^^)(Fraser, Sobey and 
Spicer, 1953; Falconer, 1953); both these X-linked genes 
affect the coat colour of mice. Recombination 
frequencies of 4.2 per cent between Mo^^ and Ta and of 
3 .2 per cent between Ta and sla were found and the 
three-point linkage tests established the order of 
genes on the X-ohromosome as Mo^^ - Ta - sla. Other 
X-linked genes, the positions of which were known at 
that time, are "jlmpy" (jp), (Phillips, 1954) and 
"Bent-tail" (Bn)(Garber, 1952). The former lies about 
21 crossover unite from Ta on the aide remote from sla, 
and the latter about 13 units from Ta on the sanje side 
as sla. Thus, sla lies between Bn and Ta and Falconer 
and Isaacson (1962) gave the following linkage map of 
the X-chromosome of the mouse (figures represent the 
number of crossover units between each locus)t-

10 3 4 ^  17Bn ----- :-- — sla- Ta- — "Mo — --— — — ^
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A more recent a W  complete map of the X-chromosome 

of the mouse^ taken from Green (1966), Is given below, 
together with an explanation of the symbols,

4 4 17

Bn 8tr* sla Ta
Gs

Bio

To

23

sf

Bn
8tr
sla

Ge
Bio
Mo
To
ÂÊ.

sf

allelic

Name
"Bent-tall"
"Striated"
"sex-linked anaemia" 
"Tabby"
"Greasy"
"Blotchy"
"Mottled" ) allelic
"Tortoiseshell"
"jlmpy"
"scurfy"

* Precise location uncertain.
** Capital letters in the gene symbol and name 

Indicate dominance, and lower case, recessive 
inheritance.
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b) Haeiïiatological Investigations;

The first haematological assessment of the anaemia 
produced toy the sla gene was given toy Orewal (1962), 
who studied mainly newborn and young mice. The animals 
studied were the descendants of a single male from the 
colony of Fa.lconer and Isaacson (1962). This mouse was 
mated with first generation (F^) females from a cross 
between the inbred strains, CBA/Gr and G57B1/Gr, to 
produce animals for study.

The results obtained by Grewal (1962) for haemoglobin, 
concentration, haematoorlt, M.G.H.C., red cell count, 
mean cell volume (M.G.V.) and mean cell haemoglobin 
(M.G.H.) at various ages are given in Table 3 .I and 
the anaemic :normal ratios for each measurement or index 
In each age group are given in Table 3 .2 . As can be 
seen from the latter table, there was little difference 
in the extent of reduction of haemoglobin concentration, 
haematoorlt and red cell count and consequently oompari- 
tlvely little deviation from normal is evident in the 

M.G.V. and M.C.H. Thus, the degree of 
mlorocytosis and hypochromia appeared to be slight.
Little change in the anaemia was seen with age up to 
T2 days, but animals examined at 240 days of age were 
less anaemic than the younger mice. Since serial studies 
were not reported, it is not clear whether this 
represented a true improvement, or merely a differential
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survival of less anaemic mice. The extent of variation 
in the haematological findings within the various age 
groups studied is not stated,

Blood films showed mild anlsocytosls and polkiloeytosis 
and hypochromia; anisocytosls and mlorocytosis were 
reflected in the red cell diameter measurements, in which 
there was more variation In anaemic animals at all ages, 
with an appreciable "shift" in the direction of 
mlorocytosis. The extent of change seemed to decrease 
with increasing age. Anaemic animals had a slightly 
raised reticulocyte count, and during the first week of 
life, they are reported to have shown the presence of 
siderocytes in slightly greater than normal numbers. 
Insufficient data were made available for critical 
assessment of this. Red cell osmotic fragility in 
anaemic mice was found to lie in the same range as the 
normals. Examination of blood films showed no differences 
in the white cells suggesting that the sla gene does not 
affect the leucocyte series.

Ten heterozygous carrier females were examined, 
and compared with their normal brothers. Wo difference 
was found between the two groups and the gene was thus 
regarded by Grewal as being fully recessive.

The haemopoietic organs (liver, spleen and bone 
marrow) were examined histologically, after staining with 
haemal*oxylln and eosin. In the liver, anaemic mice
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showed fewer haemopoietic fool than the normals at 
birth, but more at age 7 days. No haemopoietic foci 
were found after 14 days in e^naemlcs or normals* No 
differences were found when the spleens were compared, but 
tibial bone marrow from anaemic mice showed defective 
erythropoiesis at ages up to 70 days. The extent of the 
iron stores was not examined.

Thus, the haematological picture which emerged was 
of a moderate anaemia with comparatively slight 
morphological changes and alterations in the red cell 
indices. The histological findings in the bone marrow 
implied that failure of erythropoiesis may have had a 
part to play in the pathogenesis of the anaemia, but 
otherwise there was little to indicate the possible 
mechanism of X-linked mouse anaemia.

The haemoglobin and plasma proteins were investigated 
electrophoretically by Cohen (1962) and did not show any 
differences from established normal patterns.

The X-linked inheritance of ala clearly demonstrated 
its non-identity with the other forms of heritable mouse 
anaemia described in Chapter 2, and also implied the 
presence on the X-chromosome of the normal mouse of a 
gene concerned, directly or indirectly, with the 
maintenance of normal haemopoiesis.

Grewal considered briefly a possible analogy 
between X-linked mouse anaemia and thalassaemla (Cooley*a



anaemia) in the human; this will be discussed in more 
detail in a subsequent chapter.

Bannerman and Cooper (1964) followed up Grewal*s 
(1962) suggestion of an analogy to thalassaemla.
Working with a mixed strain of mice descended from 
Falconer's original colony, they were able to confirm 
the hypochromic nature of the anaemia and the X-linked 
pattern of inheritance. They, too, were unable to 
demonstrate an abnormality on haemoglobin electrophoresis, 
nor could they demonstrate significant alterations in 
the absorption or utilization of Iron, They suggested 
a resemblance to the human X-linked hypochromic anaemia 
described by Cooley (1945) and Bundles and Falls (1946), 
a suggestion also put forward by McKusick (1964) and 
Ohno (1967)* However, unlike this human X-linked 
hypochromic anaemia (Bishop and Bethel, 1959  ̂ i960) 
the mouse anaemia proved unresponsive to pyridoxine.
The anaemia did, however, respond to parenteral iron 
dextran.

In a subsequent communication Bannerman and Cooper 
(1966) reported in more detail on their findings in 
X-linked anaemia. The anaemia was more severe in their 
colony than in Grewal's, with haemoglobin concentrations 
In the range of 4 - 8G/100 ml. at age 30-40 days. The 
reduction in haematoorlt was proportionately less than 
in haemoglobin and the M.C.H.G. was thus low. The
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reduction In red cell count was stated to be moderate 
and the mean cell volume to be normal or slightly 
reduced, This is somewhat at variance with their 
finding of hypochromia, mlorocytosis and red cell 
fragments in the peripheral blood smears, but could 
perhaps be explained by the presence of larger, 
polychromatophilic cells and large target cells. They 
also found minor morphological changes in blood smears 
in some heterozygous female carriers. This is 
consistent with Falconer and Isaacson's (1962) finding 
that Bla was incompletely recessive, but is in 
disagreement with Grewal*e (1962) statement that the 
heterozygotes are apparently normal haematologically.

Spontaneous improvement in the anaemia with age 
was noted and the previously reported response to 
Intraperitoneal Iron-dextran was confirmed.

Preliminary estimates of inorganic iron absorption 
and utilization for haemopoiesis did not show significant 
differences from normal controls.

Determinations of total body Iron gave similar 
results In normal and anaemic mice.

It was concluded that the anaemia was probably 
a consequence of an unusual primary defect in iron 
metabolism on the basis of the favourable response to 
iron dextran in the absence of apparent iron deficiency 
and in the presence of apparently normal iron absorption.
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It seems surprising, however, that the absorption 

and utilization of iron for haemopoiesis can both be 
normal in the presence of a hypochromic and microoytlc 
anaemia and clarification of this point seemed necessary.

The differences in the haematological findings in 
X-linked anaemia in the colonies investigated by 
Grewal (1962) and by Bannerman and Cooper (1964, 1966) 
may be a consequence of variable expressivity of the 
sla gene on different genetic backgrounds, or perhaps 
of variations in environmental factors such as diet, or, 
of course, environment and inheritance may both have a 
part to play.

In a very recent brief comment on X-linked mouse anaemia 
Ohno (1967) reports that the serum iron is apparently ele­
vated, but that siderocytosis and haemoohromatosis are 
not observed. Data supporting these statements are not 
presented,

G) Summary
The origin of X-linked mouse anaemia is described.

The mutant (ala)gene arose as a consequence of 
X-irradiation, and shows the typical X-linked pattern 
of inheritance. The position of this locus on the X 
chromosome of the mouse has been determined.

Data reported by others on the nature of the anaemia 
is presented. The earliest assessment showed a mild or 
moderate anaemia with slight alterations In the red cell
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indices in the direction of hypochromia and 
microoytosis0 Subsequent investigations suggested 
that the anaemia and the associated morphological 
changes were more severe than was at first thought, 
and several possible explanations for this discrepancy 
exist o

Preliminary studies with tracer doses of radio- 
iron, and chemical estimates of body iron content, have 
led to the suggestion that an unusual disturbance of 
iron metabolism underlies the anaemia.
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CHAPTER 4

Materials and Methods

a) The animals studied
The origin of the mutant gene, sla, has been 

described In Chapter 3« Through the generosity of 
Dr. D. So Falconer of the Institute of Animal Genetics 
in Edinburgh, Dr. Bannerman was able to obtain a small 
breeding stock of mice of the original mixed strain; it 
is from these that the animals studied here are 
descended.

In the convention that will be used for recording 
genotypes, "sla" represents the gene for anaemia carried 
on th© X-chromosome, is the normal, wild-type allele, 
and Indicates the absence of either gene on the 
Y-chromosome of the male. Thus, the normal female Is 
"t/f", the normal male *4-A", the heterozygous carrier 
female "sla A" 5 the hemlzygous anaemic male, "a la A " , and 
the homozygous anaemic female, "slaAla".

The breeding plan shown in Fig. 4,1 was followed 
at first, using brother x sister matings in an attempt to 
produce an inbred strain. The gene for "Brindled" 
which causes alterations in coat colour (Fraser, 8obey 
and Spicer, 1953) und is closely linked to sla (Falconer 
and Isaacson, 1962), was present in the original stock.



MATING PLAN  

ORIGINAL MIXED STOCK

s:.s

sIq +/—

s lo + /—  +Mo / —  

(lethal)

s la + /+ M o
br

s la + /+ M o  s lo+ /s la  +

Fig. 4,1: The mating plan used In breeding the original mixed
stock obtained from Edinburgh, The cross-hatched squares 
represent hemizygous anaemic males; the open squares, hemizygous 
Brindled males; the cross-hatched circle, a homozygous anaemic 
female, and the half open, half cross-hatched circles, doubly 
heterozygous females with the genes for X-linked anaemia (s^) 
and Brindled (Mo^^) in repulsion. (See text).
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carried in repulsion to sla. Thus the offspring of a 
brindled carrier for sla (4-Mô /̂sla4) would, in the 
absence of crossing-over, inherit a gene either for 
"Brindled" or for X-linked anaemia. When such a double 
heterozygote is mated to a non-Brindled anaemic male 
(sla4/— ), two types of daughters result - another double 
carrier (tMo^^/sla4) and a homozygous anaemic female 
(slat/slat). Carriers could be distinguished from 
homozygous anaemic females by coat colour alone, a 
feature of value In the early assessment of the anaemia 
before it had been clearly established that carriers show 
little or no change in the red cells. The ease of 
recognition of carriers for sla was also helpful in the 
continuation of the breeding programme.

"Brindled" (Mo^^) is usually lethal In the male
between birth and 2 weeks (Eraser, 8obey and Spicer, 1953)
and hemizygoua (Mo^^A) males do not survive to breed.
This has resulted in a severe shortage of normal non-
anaemic, male mice of the original mixed stock, and
accounts for the relatively small numbers of normal mice
available for comparison with anaemics in the haematological
assessment of X-linked anaemia in Chapter 5» Such normal
male animals as were available in the original mixed stock

brresulted from crossovers between Mo and sla in carriers, 
or were descendents of males and females resulting from 
such crossovers. However, and sla are closely linked,
and crossing over between them is a rare event.
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Since genetic differences between strains of 

mice may affect the haematological picture (Russell 
et al., 1951), the use of mice of other strains, or 
hybrids, as controls has been avoided as far as possibl© 
in the haematological assessment of X-linked anaemia.
However, preliminary observations suggested that there 
was no significant difference in the haematological 
findings in normal mice of the original mixed stock and 
first generation hybrids of the C57BI/6J strain and the 
original mixed stock (Bannerman, 1965a).

Since vie had been warned (Falconer, 1965) that 
attempts to in-breed a mixed stock with wild ancestry 
might well fall, an alternative breeding programme 
was also set up, to put the sla gene onto the background 
of the already Inbred strain 057 Black/6 Jax (Abbreviation - 
C57B1/6J) as supplied by the Jackson Laboratory, Bar 
Harbor, Maine. The 057 Black/6 Jax strain originated 
from a collection owned by a Massachusetts mouse fancier.
Miss Lathrop, from whom O.C. Little obtained a llttermate 
pair of mice in 1921. Progeny of this pair segregated 
for black and brown coat colour. These two lines were 
then Inbred to give, ultimately, the 057 Black and C57 

Brown strains. The C57BI strain was subsequently divided 
into the O57BI/6  and C57BI/IO substrains (Staats, 1966),
The Jackson Laboratory substrains are identified by the 
suffix "Jax" or "J".
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The breeding plan employed In transferring the 

gene for X-linked anaemia into the 05TB1/6J strain ie 
shown in Fig. 4,2. In the parental generation (P), an 
anaemic male of the original mixed stock was crossed 
with a C57B1/6J female. All daughters of this mating 
are heterozygous carriers of sla (slaA ) . These F.
(first generation hybrid) females were in turn bred to 
C5TB1/6J males, and the offspring (second generationI
hybrids, Fg) of this mating are of the following 
genotypes: normal male (4-/-), anaemic male (sla/-), 
carrier female (slaA) and normal female (4-/4-) ; since 
carrier and normal females cannot be clearly distinguished 
without breeding experiments, the animals of these 
genotypes from this mating were generally destroyed.
However, occasionally, a few females with low body 
weights of the Fg and F4 generations were selected for 
test matings with G5TB1/6J males, since it had been 
shown (see Chapter 5) that carrier females tended to 
be rather lighter than their normal counterparts. In 
consequence, occasional Fg and Fc normal and anaemic 
male animals have been available for study.

The degree of oongenelty of the hybrids of each 
generation with the G5TB1/6J strain is given below;
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MATING PLAN  

Original mixed stock x c 5 7  B i /6  Jax

P

F|

Fa f

F4

g------ — 0^

E é------- ------ o

€>

O

-O
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Fig. 4.2; The mating plan employed in transferring the gene for 
X-linked anaemia onto the inbred C5TB1/6J background. The arrows 
indicate C5TB1/6J animals and the anaemic male in the parental 
(?) generation is of the o.riglnal mixed stock. The closed squares 
indicate anaemic males; the open ones, normal males. The half 
closed circles represent heterozygous carrier females, the open 
ones, normal females.

The symbol indicates the first hybrid generation; Fg, the 
second (back-cross) generation; the third (back-cross) 
generation to G5TB1/6J; and so forth.
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^2 75%
^3 87.5%

93-75%
^5 96.88%

Th© animals were kept in a thermostatically 
controlled room, with a temperature of 70-72%, 
Polypropylene cages, 11|- % 7& % 5 inches, were used, 
and two to six mice kept in each. Clear material was 
employed except for the breeding cages, which were of 
white opaque polypropylene. The lids were made of zinc- 
plated steel, with wires 7 /1 6 inch apart, and containing 
a food hopper and separate water bottle compartment.
The cages were stored on large racks, containing up to 
40 cages each. The mice remained In the animal room 
at all times, except when removed to the laboratory for 
experimental procedures.

The bedding was commercially available dried, 
ground corn-cob ("San-i-Cel", ?axco, Paxton, 111*) and 
the feed, Rockland rat and mouse diet, the constitution 
of which is given in Table 4.1. Tap water was given ad 
libitum* Repeated attempts to estimate the iron content 
of this water revealed an undetectable concentration of 
iron.

Animals were identified by numbers according to 
a conventional earmarking method (Dickie, 1966) and cage
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identification cards of different colours were used 
for each hybrid generation, and for the original stock.
Each cage card showed the parentage, sex, date of birth 
and number of each animal In that cage. In addition, 
detailed records of each animal were kept on a separate 
card, filed in the laboratory (see Fig. 4.3) and containing 
details of the individual animal's parentage, date of 
birth, haematological findings, weight record, and an 
indication of other experiments carried out on that animal.
A detailed mating register was also kept and it has been 
possible to trace the ancestry of any mouse in the colony 
back to the original breeding stock obtained from 
Edinburgh.

b) Haematological methods
Haematological methods were, in general, similar 

to those used in human haematological practice and 
blood was obtained by severing a tail vein with a 
scalpel blade, or by cardiac puncture. Haemoglobin 
concentrations were estimated by a cyanmethaemoglobin 
method (Dacie & Lewis, I963) using a Coleman Junior 
Spectrophotometer at 540 mji. Packed cell volumes were 
measured on an International Equipment Company micro- 
capillary centrifuge, model M.B. Red cell counts were 
performed on a Coulter model B particle counter; the lower 
threshold was set at 19 and the reciprocals of the 
amplitude and aperture current at 1/8 and 2, respectively.
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Fig. 4*3: Photostat copy of a spooimen record card.
Incorporating data on parentage, date of birth, age, 
haematological findings, body weight, blood smear 
Identification numbers, and other experiments. Mouse 
number 517 of the original mixed stock.
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Red cell volume distribution was analysed on the Coulter 
Model J automatic partlole size analyser with the 
reciprocals of the amplitude and aperture current at 
1/2 and 4 respectively. Mean cell volumes were estimated 
from the red cell counts and packed cell volumes, or 
calculated from the red cell volume distribution 
histograms according to the procedure outlined in the 
next paragraph. Typical red cell volume histograms 
are given in Appendix A, which contains the detailed 
results of the haematological assessment of X-linked 
mouse anaemia, described in the next chapter.

The total area of the histogram drawn by the 
model J particle counter is calculated in arbitrary 
units and the vertical line dividing this area into two 
halves Is drawn. The location of this line on the 
threshold axis (abclssa, calibrated in units of red cell 
volume) Is referred to as the "mean threshold", i.e., 
the lower threshold setting on the instrument at which 
50^ of the cells will be detected and counted at the 
larger end of the distribution curve of red cell size.
This quantity had previously been related to the mean 
cell volume obtained from packed cell volume estimation 
and red cell counts in the laboratory mouse, and from 
this relationship the mean cell volume could be calculated 
from the red cell size plot. The mean cell volume/mean 
threshold ratio for the mouse obtained with the instrument 
used in this laboratory is 4.63, for the amplitude and
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aperture current settings described above. (Bishop,
1965). Two assumptions involved in this calculation 
are; a) that there is a linear relationship between 
cell volume and mean threshold and: b) that the red 
cells do not change size in the saline in which they 
are suspended during analysis; in order to minimize the 
risk of this change, red cell plots were performed on 
suspensions of cells within 5 minutes of obtaining the 
sample from each individual mouse under examination.

Estimates of the mean corpuscular haemoglobin 
were not made.

Red cell diameters were measured, using a Leltz 
eyepiece micrometer, in blood smears stained with 
Wright's stain. One hundred cells wore counted in 
each smear. A semi-quantItative estimate of the degree, 
of morphological abnormality in the rod cells in stained 
films was obtained by a visual scoring method. Five 
types of abnormality (hypochromia, microcytosls, 
anisocytosls, polkiloeytosis and target cells) were 
scored separately as absent (O), slight (l) moderate (2 ), 
severe (3) or very severe (4); thus the total film 
"score" ranged from 0 to 20. This method was found to 
give good agreement for a series of films scored 
independently by two observers (Dr. R. M. Bannerman 
and me) without foreknowledge of the genotype, the 
haematological findings, or the other's assessment.
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Only th© results obtained by me are included here, 
hoviever.

The percentage of polychromatophilic cells was 
estimated by counting and assessing 500 cells in each 
blood film. Reticulocytes were counted using brilliant 
Cresyl blue as described by Dacle and Lewis (1963). 
Siderocytes were sought in blood films after staining 
with the Prussian Blue reaction (Dacle and Lewis, 1963) 
and counterstaining with weak eosin. By this method, 
siderocytes were easily demonstrated in this laboratory 
in blood films from mice with flex-tailed anaemia 
(Gruneberg, 1942c) and from patients with thalassaemla 
and s plene c t omy.

White cell counts and platelet counts were 
performed by hand according to Dacle and Lewis (1963). 
.Differential white cell counts on blood films stained 
with Wright's stain were also performed.

Osmotic fragility curves were plotted and the 
mean corpuscular fragility estimated employing an Elron 
Electronic Industries "Fraglligraph" Model D2. This 
apparatus records continuously the extent of erythrocyte 
lysis as the salt concentration of their ambience is 
gradually decreased by dialysis against distilled water. 
The salt concentration of the medium Is also recorded. 
The details of this technique are given by Danon (1963>
1967).
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Body weights were reoorded at arbitrary time 

Intervals to the nearest O.IG.

c) Histological examination of the tissues. Including 
the cytological examination of the bone marrow 
Material taken for histological examination was 

immediately fixed in 10^ formol salin© and sections 
cut after embedding in paraffin wax. These were stained 
with haematoxylin and eosin and by the Prussian Blue 
reaction counterstained with Xfo neutral red. Smears 
of femoral bone marrow and Imprints of the cut surface 
of the spleen were stained by Wright's stain and by 
the Prussian Blue reaction. With each batch of 
histological sections stained for haemosiderin, a 
section of human spleen, containing plentiful stainable 
iron, was Included, and with each batch of splenic 
imprints or marrow smears, a blood film, oontainlng 
numerous siderocytes, from a man with ̂ -thalassaemla 
who had undergone splenectomy was included. On each 
occasion, the expected Prussian Blue positive material 
was seen in these "control" preparations.

At the time of sacrifice the total body weight, 
to the nearest 0 .IG., and the spleen weight, to the 
nearest mg, were recorded to obtain an estimate of 
splenic enlargement in anaemic animals. The proportion 
of splenic tissue occupied by red pulp was assessed by 
microscopic examination, and visually graded in 4
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arbitrary categories - less than 25^, 25-50̂ , 51-75^ 
and more than 75$ of the spleen. Where doubt existed 
as to which category was appropriate, the result was 
recorded In the lower percentage group.

The amount of stainable Iron In the spleen was 
recorded semi-quantItatlvely according to the following 
definitions s

Spleen iron "score" 0 Stainable iron absent
Spleen iron "score" 1 Less than one iron con­

taining cell in 5 high power 
fields (Field diameter 0.37 mm)

Spleen iron "score" 2 One iron containing cell in
1 - 5  high power fields

Spleen iron "score" 3 1 - 5  iron containing cellsin each high power field
Spleen iron "score" 4 More than 5 iron containingcells in each high power field

In assessing erythropoietic activity in the spleen 
imprints and bone marrow smears, the number of erythroblaste 
has been compared with the number of metamyelocytes and 
mature polymorphe; these celle are easily recognized by
their nuclear characteristics, whereas the more primitive

\\granulopoietic cells are difficult to identify with 
certainty on account of the lack of granules in the 
neutrophil series (Endicott and Gump, 1947)» In each 
smear, two hundred erythroblasts, metamyelocytes and 
mature polymorphs were counted, and 400 erythroblasts were 
examined for siderotic granules.
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Sections of sternal marrow were examined Ince

the available bone marrow space of the normal mouse is 
almost entirely occupied by haemopoietic tissue (Endicott 
and Gump, 194?)  ̂ and since no differences in oellularity 
of the marrow were appreciable when normal (4-/™) and 
anaemic (sla/- and sla/sla) mice were compared on 
simple microscopic examination, detailed measurements 
of bone marrow oellularity have not been made.

Stainable Iron in the epithelial cells of the 
duodenal villi was recorded according to the following 
definitions :

Epithelial iron "score" 
Epithelial iron "score"

Epithelial iron "score"

Epithelial iron "score" 

Epithelial iron "score"

0 Stainable iron absent
1 Scanty, small haemoaiderin 

granules
2 Obvious haemosiderln granules in occasional cells
3 Haemoslderin granules in 

many cells
4 Haemosiderln granules In 

all or nearly all cells

The quantity of sta/inable iron in other tissues 
proved to be extremely small, if present at all, and is 
merely recorded as present or absent.

d) Radio-isotopic Techniques ;
Investigations of the utilization of tracer doses 

of radio-iron for haemopoiesis have been carried out.
For the calculations involved in these determinations, a 
measure of the blood volume of the mice under investigation
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1b required, and this has been obtained by using 
 ̂̂'chromium-label led red cells and ^3 ̂iodine-labelled 
human serum albumin. The rate of clearance of tracer 
doses of 5%e from the plasma has been measured and a 
preliminary assessment of the excretion of iron over a 
prolonged period has also been made.

The Intestinal absorption of Iron at 3 dose 
levels has been determined by radlo-isotopio methods, 
and preliminary studies carried out of the absorption of 
Isotope-labelled fat, copper, zinc and cobalt,

Details of the isotope solutions used in each 
experiment and their source are included in Appendix 0 
and will not be repeated here.

In all presentations of data in Appendix C, and 
in all data used for the calculations of results of 
experiments involving radioisotopes, the background 
counts for the instruments used for radioactive counting 
have been previously subtracted by the use of an automatic 
"Background Subtract" mechanism built into these instruments.

i) Blood volume
This has been determined by two isotope dilution 

methods, employing ^^chromium (^^r)-tagged mouse red 
cells and I-labelled human serum albumin. Mouse 
erythrocytes from donors of the third and fourth backcross 
generations described above were tagged with Ha GrO^ 
using a dose containing 2 pg of chromium and 300 pc per
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millilitre of packed mouse red cells (Lajtha, 196l).
Nineteen normal and 9 anaemic recipient mice each received
0.1 ml of labelled red cells intravenously. Red cell
Incompatibility was not sought prior to these experiments,
since naturally-occurring iso-agglutinins are not found
in the mouse (McDonald & Hubbard, 1922), and none of the
animals used had received prior injections of foreign

131erythrocytes. I-labelled albumin was administered 
similarly to 7 normal and 5 anaemic mice, each animal 
receiving 0.1 ml of a 6 per cent solution, containing 
2 . Each animal was weighed prior to injection and
the weight recorded to the neaî est O.IG.

Injections of labelled red cells or albumin were 
made into a lateral tail vein, and,,10 minutes after 
injection, a 20 jil blood sample was obtained from the 
contralateral tall vein; this blood was diluted in 2 ml 
of water for counting, A 10 minute interval between 
injection and sampling was arbitrarily selected as 
sufficient to allow adequate mixing, but probably 
Insufficient to permit undue loss of label from the 
circulation, (Wish ©t al., 1950; Kaliss and Pressman,
1950)0 Counting standards were prepared by diluting 
0,1 ml of labelled red cells or albumin to 50 ml with 
water; duplicate 2 ml aliquots of the standards were 
counted. Counting was performed for one minute in an 
automatic gamma scintillation well counter (Nuclear
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Chicago^ Model IO85), The coants obtained for all 
samples were in excess of lO^OOO o.p.m* An additional 
blood sample v/as taken for mlcrohaematocrit determination, 
after the sample for radioactive counting had been 
secured.

The total blood volume was determined from the 
formula;

Blood volume (ml) s? c .p.m. of standard
0 .p.m. of sample % 2

The red cell and plasma volumes were derived from the
blood volume and haematocrit, using a correction factor
of 0 ,8 8 for conversion of venous to whole body haematocrit
(Wish et al,, 1950). Allowance has not been made for
trapped plasma, nor has correction been made for the
injected volume of labelled red cells or a3.bumin. All
results have been recorded as ml of blood, or plasma,
or red cells, and as ml of blood, plasma or red cells
per lOOa. of body weight.

il) The utilization of tracer doses of for
haemopoiesis ;

The appearance or reappearance of tracer doses of
radio-iron in the peripheral bleed of normal and anaemic
(slaA) mice has been studied at varying intervals
following Intraperitoneal or Intravenous injection of 
59Fe as ferrous citrate. The dose of radio-iron given 
has varied between O .065 and 0.14 pg, and 0 .6 and 1.7 pc.



112
the original Isotope solution, supplied commercially, 
being diluted where necessary with normal saline prepared 
from de-ionized water, to supply the desired dose of 

in a volume of 0.1 ml. Immediately following 
injection of the radio iron, the animals' whole body 
radioactivity was measured in a TOBOR (Huclear-Chicago) 
large volume gamma scintillât ion counter with 4 Inch 
crystals, and compared with a standard, prepared by 
adding the same amount of isotope solution as was given 
to each animal, to 25 ml of distilled water.

Blood samples of 20 |il, or occasionally 4o jilg 
were taken from a lateral tail vein after incision with 
a scalpel blade at varying periods after injection 
for determination of the proportion of the injected 
dose of radio-iron in the circulating blood. In some 
instances samples were taken serially for up to 11 
days. In others on the 5th day after injection only, 
and in others again on first and 5th days after Injection.
The whole blood sample was diluted to 25 ml with water 
and counted, together with the standard. In the TOBOR 
counter. The radioactivity in the whole blood sample 
was taken to represent the radioactivity in the 
circulating red cells, since preliminary experiments 
had shown that, on the first and subsequent days after 
injection, the radioactivity in the peripheral blood was 
entirely in the saline-washed red cells, with none
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detectable In the washings.

Hence, the proportion of the administered radio­
activity reappearing in the peripheral blood on any day 
is hereafter referred to as the utilization of iron for 
haemopoiesis on that day, or as the percentage uptake of 

by the peripheral blood on that day. This index is 
calculated as follows:

The utilization of iron for haemopoiesis on day n 
after injection.

C]3 X W X B.V. X Sq X 100 per cent,
.III—    Ji H uMi.uji

Where - counts per minute/ml blood on day n
W s! weight in gx*ams
B.¥. « blood volume in ml/gm body v/elght

ts counts per minute for the whole mouse 
on day of Injection (i.e. - the dose 
administered)

Sçj ss counts per minute for standard on the
day of injection 

«« counts per minute for standard on day n 
after Injection

Since it is difficult to administer the small 
volumes of isotope solution (o.l ml) used in this study 
accurately it has been considered inadvisable and 
inaccurate to use the standard isotope solution as a
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reference for expressing the utilization of Iron 
for haemopoiesis. The standard has therefore only been 
used to correct for radioactive decay and for the day- 
to-day vagaries of the TOBOR counter. Furthermore, 
since the mouse tends to lose a small, but appreciable, 
proportion of the injected radioactivity in the first 
few days after injection (Chappelle, Gabrio, Stevens 
and Finch, 1955), it was considered inappropriate to 
calculate the utilization of iron on any day after 
injection as a percentage of the retained radioactivity 
on that day, Hence, all estimates of iron utilization 
have been calculated as a percentage of the dose 
actually administered, as reflected by the counts per 
minute for the whole mouse immediately after injection.
In the case of animals used first for plasma iron 
clearance studies and then for iron utilization investi­
gations as part of the same experiment, the whole 
body radioactivity was assessed after removal of the samples 
for plasma iron clearance studiesj these latter investi­
gations are described in the next section.

When the blood volumes were determined as
described earlier, it was found, as will be reported
in detail in Chapter 7, that the '^^^lodlne-labelled
albumin method gave significantly higher results that 

51did the chromium-labelled red cell technique. In an 
attempt to determine which of these methods gave the
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more reliable estimate of blood volume, the utiliza­
tion of iron for haemopoiesis in each of 5 normal mice 
was calculated separately using the mean blood volume 
determined by the two methods. In each instance, the 

'iodine-labelled serum albumin method gave values 
for the utilization of iron in excess of the dose 
administered (see Table 4.2). It was therefore con­
cluded that the ^^chromium red cell method gave the 
more accurate estimate of the blood volume, and hence 
this estimate has been used for all calculations of 
the utilization of iron for haemopoiesis.

In principle, the method described above for 
the determination of the utilization of iron for 
haemopoiesis is standard, and similar to that described 
by Lajtha (I961) for investigations of Iron utilization 
for haemopoiesis In man.

(ill) Plasma iron clearance rate :
Again, the principles involved in assessing the 

plasma iron clearance rate are adapted from those 
commonly used In man (Lajtha, 1961). Groups of normal 
(-h/-“) and anaemic (bla/- ) male mice were given tracer 
doses of ^^iron as ferrous citrate Intravenously 
(0.05-0.14 1.05-1.9 1̂0) into a lateral tall vein.
As in the Investigations of utilization of tracer 
doses of for haemopoiesis, the commercially
supplied isotope solution was diluted with normal
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saline, prepared with de-lonized water, to supply 
the desired dose of iron in a volume of 0,1 ml.
Blood samples were taken from the contralateral tail 
vein (to avoid contamination with ^^iron from the 
injection site) Into heparinlzed mlcrohaematocrit tubes, 
at 10, 2 0 and 30 minutes after injection. These samples 
were then centrifuged, in a high speed centrifuge, and 
broken, in two on the plasma aide of the plasma-cell 
interface. The plasma was then blown out onto clean, 
sterile waxed paper, from which a 10 jul, sample of 
plasma was taken, placed In 2 ml of distilled water 
in a clean plastic disposable tube, and counted in an 
automatic gamma scintillation well counter (Huclear- 
Chicago, model IO85) for 5 minutes. Counts were 
corrected to counts per minute per 10 pi of plasma, and, 
for each mouse examined, the c,p,m, per 10 pi plasma 
were plotted against time on semi-logarithmic graph 
paper, with the c,p.m, on the logarithmic scale, For 
each animal the points fell on, or very close to, a 
straight line. The line most closely fitting the three 
points obtained was drawn and extrapolated back to zero 
time, The theoretical level of radioactivity at zero 
time in c.p.m. per 10 pi of plasma was read from the 
graph, and the time for the plasma radioactivity to 
decline to half this theoretical level estimated.
This value is described as the plasma iron clearance 
half-time or plasma T
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(îv) Iron excretion;

A small group of mice, oomposed of both normal 
and anaomic animals, was given tracer doses of ^^iron 
as ferrous citrate (0.074 ~ 0.25 pg, 1.6 - 2.5 uo) 
Intraperitoneally, the radioisotope solution having 
been previously diluted with normal saline prepared 
from de-ionized water, to supply the desired dose of 
^^iron in a volume of 0.1 mlj the retention of radioactivity 
was followed for varying periods up to 6 months. The 
radioactivity of each mouse was counted in a TOBOR 
(Nuclear-Chicago) large volume gamma scintillation 
counter, together with a standard, immediately after 
injection. The standard for each experiment was prepared 
by placing the same dose of isotope solution as was 
given to the mice in 25 ml of water. At arbitrary 
intervals the retained radioactivity in each animal was 
counted together with the standard, and the percentage 
retention of the administered trace dose of iron 
calculated from the formula;
Retention of iron on day n  ̂^  ^  100 per* centGo
where

G|̂  counts per minute of animal on day n.
Co counts per minute of animal on day of

injection,
Sq counts per minute of standard on day of 

injection.
- counts per minute of standard on day n.
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(v) Iron absorption;

The Intestinal absorption of iron was studied 
at three dose levels, viz. 0*1 ug, 1 p g  and 10 p g  of 
elemental Iron. The radioisotope solution was prepared 
for oral administration by dilution of commerolally 
supplied ^^ferrous sulphate with appropriate quantities 
of a solution of non-radioactive ferrous sulphate, to 
provide the chosen doses of elemental iron in 0,10 - 
0.l6 ml, with 0,5 - 1 ,6 pa of radioactivity. Each dose 
of iron contained 1 - 2 jug of ascorbic acid, which was 
present in the original isotope solution. The dose of 
^^iron-tagged ferrous sulphate was administered to each 
mouse stomach tube, fashioned from a fine plastic tube 
designed for use as an Intravenous catheter in man 
("Intraoath", Bardic), The mice were deprived of food 
and water for six hours prior to administration of the 
tagged dose of iron. The whole body radioactivity of 
each animal was counted immediately after dosing in 
the TOBOR large volume gamma scintillation counter, 
together with a standard, prepared by putting the same 
dose of ^^iron as was given to each mouse in 25 ml of 
water In a plastic container. As described in greater 
detail in Chapter 7, the retention of radioactivity was 
followed daily for 5 or 6 days in some animals, and 
was measured in others on the fifth day after 
administration only. The proportion of radioactivity.
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and hence of the oral dose of iron, retained on the 
fourth and fifth days after administration in one group 
of experiments, and on the fourth, fifth and sixth days 
in another group, was similar; faecal elimination of 
unabsorbed iron by the animal was therefore assumed to 
be virtually complete on the fifth day, and the 
proportion of iron retained on this day has been used 
as a measure of Iron absorption. The bedding in the 
cages was changed repeatedly during these experiments 
to reduce the risk of erroneous results arising from 
coprophagla. The percentage of the dose of iron 
retained, or absorbed, by each animal was calculated 
from the formulas

absorption - %  ^ %  % 10°
Where ® c.p.m. of whole mouse immediately after 

administration of iron.
 ̂c.p.m. of whole mouse in days after 
administration of iron.

Sq - c.p.m. of standard at commencement of 
experiment *

and S yx ^ c.p.m. of standard on day n of experiment.

(vi) Absorption of fats
The absorption of radio-ledinated triolein 

("l31j “ Trioleotope”, Squibb) was assessed by a faecal 
collection method.
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Ten mice, 3 normal (+/-) and 5 anaemic (ela/-) 

males, fasted for 6 hours, received 6 .2 5 mg of radio™ 
iodlnated triolein suspended in 0 ,1 ml of commercial 
margarine, administered in a similar manner to the oral 
doses of iron-labelled ferrous sulphate described in 
the previous section, and containing 1 pa.

The mice were then counted in the TOBOR large 
volume gamma scintillation counter to measure whole body 
radioactivity (i.e., the dose administered), and a 
standard was also counted following preparation by 
injecting 0 .1 ml of labelled margarine into a cotton 
wool swab which was then placed in a plastic container 
for counting. Each mouse was subsequently placed in a 
separate cage and the faeces were collected and the 
bedding changed daily for 5 days. The five day collec­
tion of faeces was then counted in the TOBOR counter 
and the retention or absorption of radiolodinated 
triolein calculated from the following formula; 
percentage absorption of triolein

= 100 - (£l X X 100)
'^m ^5

where C f c o.p.m. of 5 day collection of faeces.
Gm ” c.p.m. of whole mouse immediately after 

dosing with radloiodinated triolein.
Sq s c.p.m. standard on day of administration of 

radiolodInated triolein,
% 0 .p.m. standard 5 days after administration 
of rs.d loiod Inated triolein.
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(vil) Absorption of metals other than iron ;

The absorption of sine, cobalt and copper by 
normal and anaemic mice has been studied. For each 
element five normal (+A) and five anaemic (sla/-) 
mice, fasted for 6 hours, were used and the methods 
employed were similar to those for the investigations 
of iron absorption. The isotope solution In each 
instance was diluted with de-lonized water to give the 
smallest dose of elemental metal which would provide 
adequate whole body counts after faecal elimination of 
unabsorbed zinc, cobalt or copper was completed. For 
zinc and cobalt, whole body counting was performed 5 

days after administration of isotope, and in the ease 
of copper, 4 days after administration, since the half- 
life of copper is very short (19.8 hours; The Radio 
Chemical Manual, 1966) and the residual activity at 5 

days would be too low for adequate counting rates to be 
achieved. The doses of elemental zinc, cobalt and 
copper were 3*5 jug (2 pc), O.OO6 jug (2 p a ) and 10 /ig 
(100 po) respectively. The percentage absorption of 
these metals was calculated from the formula

Gji 80 Absorption « Cq ^ ^ 100

where s c.p.m. whole mouse on the 4th (copper) or 5th 
(zinc and cobalt) day after administration,

Cq » c.p.ra, whole mouse immediately after adminis­
tration of zinc, cobalt or copper.
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Sq ® Ctp.m, standard on day of administration.
S % o.p.m. standard on 4th (copper) or 5th (zinc 

and cobalt) day after administration.

e) Intestinal transit times
The time required for complete faecal elimination 

of an oral dose of carmine red has been measured in 4 
normal and 4 anaemic male mice* The animals received 
0*15 ml of carmine rad suspension orally, administered 
in a manner similar to that used for oral dosing with 
9̂ix*on in the investigations of iron absorption. They were 
then placed in separate cages and the faeces collected 
daily for 4 days for Inspection. Carmine red was 
recorded as being **obviously" present, present in 
"traces" or not present.

f) Chemical estimations of total body iron content, 
serum iron and serum total iron binding capacity (T.X.B.C)

The total body iron content of normal and anaemic 
mice has been estimated by a modification of an ashing 
method devised for the measurement of the iron content 
of urine (Padovietz, 1965) * Since this technique Is not 
generally available in the literature it will be 
described here In some detail. The previously weighed 
mouse carcass is ashed with concentrated sulphuric and 
nitric acids, following which the iron concentration is 
determined colormetrlcally in the decomposition solution
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With ortho-phenanthroline. The mouse carcass is 
placed In a 2 5O ml Kjeldahl flask; 50 ml each of 
concentrated sulphuric and nitric acids are added, and 
the flask placed on an Incineration stand. The mixture 
is heated gradually until the sulphuric acid boils and 
all the nitric oxides are removed; it is then allowed 
to cool and 1 ml of 30$̂ hydrogen peroxide is added; 
ashing Is continued until the mixture begins to smoke.
Further 1 ml aliquots of 30^ hydrogen peroxide are 
added until a clear and colourless solution is obtained.
This is allowed to cool and 2 ml of 20^ w/v sodium
pyrosulphite solution is added. The mixture is again
heated until all the water has evaporated, and then it
Is again allowed to cool. Deionized water is then
added to bring the mixture to 250 ml volume, and a
2 ,5  ml aliquot la removed, neutralized with 2C# ammonia
using para-nitrophenol as an indicator, and the resultant
yellow colour removed by adding, drop by drop, half
normal sulphuric acid. Hydroquinon® (4^ solution in
0 ,0 5 normal sulphuric acid) and ortho-phenanthroline
(1̂  solution in 0 ,0 5 normal sulphuric acid) are added
(0 .5 ml of each) and the mixture is left to stand for
one hour. The solution is transferred to a 20 ml flask, with
2 ml of alcohol and made up to the mark with de-ionized
water. After thorough mixing, the coloured solution is
read at 5IÛ xap against water in a 10 ram cell In a
Coleman Junior Spectrophotometer.
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The "blank" solution is prepared by processing 

25 ml of de-ionlzed water in the same manner as the 
mouse carcass and the reading for the blank against 
water deducted from the readings for the decomposed 
mouse carcasses. With every batch of mouse carcasses, 
a "blank" solution was prepared since the reagents used 
cannot be completely guaranteed to be free of tra.oes of 
iron.

Calibration curves are constructed from a standard 
solution of ferric oxide, 2.86mg, being dissolved in a 
few millilitres of concentrated hydrochloric acid, the 
mixture then being made up to 50 ml with da-ionized 
water. Of this solution, 0 ,5, 1,0, I.5 , 2,0 and 2.5 n̂l 
(corresponding to 0 ,0 2, 0.04, 0 ,06, 0 ,0 8 and 0 .1 0 mg of 
iron) are transferred into 20 ml measuring flasks, and, 
where necessary additional do-ionized water is added to 
bring the volume up to 2.5 ml. These aliquots of 
standard iron solution are then treated in the same 
manner, described above, as decomposition solution 
derived from the whole mouse carcasses. The calibration 
curve of iron concentration against photometer reading is 
linear within the range used.

From the readings obtained, the total body iron 
content was estimated, and the concentration of iron per 
100 a. body weight calculated. The total body iron 
content is equal to mg iron in the 2 .5  ml aliquot of
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decomposition solution (from calibration curve), times 
100, and the body iron concentration in mg/1000

s total body iron content x 100 body weight in Q
Serum iron concentration and total iron binding 

capacity (T.I.B.G.) have been determined on the serum 
from whole blood samples obtained by cardiac puncture 
under ether anesthesia, A measured volume (between 0,9 
and 0,6 ml) was placed in a test tube and diluted to 
2 ml with de-lonized water. Estimations of serum iron 
concentration and T.I.B.O, were then performed according 
to Caraway (1963) with appropriate correction for the 
dilution of the serum sample. Since differences between 
the results obtained from fasting and non-fasting 
animals were not found, results from both groups of 
animals have been analyzed together. Samples showing 
visible hemolysis were rejected, and all samples were 
taken between 11 AM and 12 Noon to avoid the well known 
variability in the serum iron due to diurnal fluctuation. 
Glassware was prepared according to Caraway (1963) and 
only very slight variation was seen from day to day In 
the absorbance readings of the standard. Readings of 
absorbance were made using a Coleman Junior Spectro­
photometer at 590 mjjL,

g) Free erythrocyte protoporphyrin concentration
Free erythrocyte protoporphyrin concentration 

was determined by the method of Grins te in and Wlntrobe
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(1948)* The quantity of packed red cells used was 
0.2 ml - 0.4 ml and appropriate corrections were made 
in the calculations.

h) Electrophoretic studies:
Qualitative examination of the haemoglobin 

type was performed by starch gel electrophoresis 
according to Hutchison, Pinkerton, Alton and Cassidy 
(1963), employing the continuous buffer system recommended 
by Huehns and Shooter (1965). Transferrin was examined 
qualitatively by vertical starch gel electrophoresis 
of serum followed by Amldo Black staining of the 
sliced starch gel strip. (Smithies, 1959), In some 
Instances, 100 jul of serum was incubated for 1 hour 
with 5 pi of a solution of ferric citrate labelled 
with prior to electrophoresis. After electrophoresis,
the stained starch gel strips were each cut into sections 
containing the various protein bands, and each piece of 
starch gel was counted individually either in the TOBOR 
large volume gamma scintillation counter for 10 minutes, 
or in the Nuclear-Chioago Model IO85 automatic well type 
gamma scintillation counter for 5 minutes.

i) Effects of treatment :
The effect of administration of various haematinic

agents was studied. These were administered by Intra­
peritoneal injection under light ether anaesthesia.
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Estimations of the haematocrit were made before, and 
at varying Intervals after, injection of the therapeutic 
agents, according to the method given earlier in this 
chapter.

j) Transplantation studies;
As part of a wider study (Bennett, M,, Pinkerton,

P, H., Cudkowicz, G*, Bannerman, R. M. in preparation) 
of the behaviour of haemopoietio cells transplanted 
from X-linked anaemic mice to normal, lethally- 
irradiated hosts, a number of the irradiated animals 
which had received transplants of normal and slaA  
haemopoietio tissue were preserved to see if such trans­
planted tissue from slaA donors could, in a normal 
(+A) environment from which endogenous haemopoietio 
tissue had been ablated, produce morphologically normal 
arythocytes. Preliminary experiments indicated that 
the dose of X-rays (see below) given to recipient 
mice was sufficient completely to destroy the endogenous 
haemopoietio tissue, and that the erythrocytes 
subsequently produced in the recipient stemmed from the 
grafted donor haemopoietio cells. In these preliminary 
experiments, donor haemopoietio cells from fourth 
generation backcroes donors (original mixed stock to 
C57B1/6 Jax strain), producing red cells with a "single" 
haemoglobin pattern on starch gel electrophoresis 
(Hb^/Ëb )̂ vjere grafted into irradiated BIO.129 (5M) and
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129 RH mice, selectively bred for the "diffuse",

o ohaemoglobin pattern (Hb'Alb ) (see chapter l), The
red cells subsequently produced exhibited a "single" 
haemoglobin electrophoretic pattern, showing that the 
erythrocytes produced In recipients after Irradiation 
were Indeed of donor, and not of endogenous (recipient), 
origin. The belief that the red cells In irradiated 
recipients were of donor, and not endogenous, origin 
received further confirmation from the demonstration 
that the electrophoretic pattern of red cell esterases 
in donor and recipient animals differs, and that the 
red cells produced in the irradiated recipients exhibited 
the enzyme pattern of the donor animals (Edwards, 1967).

In the experiments described here, donor male 
animals of normal (+/-) and anaemic (slaA) genotype 
from the fourth baolccross generation of the original 
mixed stock to C57B1/6 Jax mice were used. The 
recipients were 10-12 weeks old lethally irradiated 
C5TB1/10 Jax mice which had previously been shown to 
accept readily marrow and spleen grafts from such donors. 
(Bennett et al., in preparation).

Cell suspensions were prepared from donor mice 
bon® marrow by severing the ends of bones and flushing the 
bone marrow cavity with chilled Eagle's medium; spleen 
cells were harvested by piercing the capsule, and then 
expressing the cells by gently applying pressure with 
blunt forcepts while flushing the spleen with Eagle's
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medium. Particulate matter was removed by filtering 
cell suspensions through stainless steel gauze (2 00 
mesh/inch) » Nucleated cell countware performed 
with Coulter particle counter (model B) and the cell 
suspensions adjusted to the desired concentration by 
dilution with Eagle's medium.

Prospective recipient mice were exposed to 
750-780 R of X-rays. Within four hours they were 
grafted with marrow or spleen cells from normal or 
anaemic (sla/-) mice by Intravenous injection.
Four groups of 10 recipient mice received a) 7.2 x 10 
normal bone marrow cells, or b) 1,9 % 10̂  ahaemic 
(sla/-) bone marrow cells, or c) 8.96 x 10^ anaemic 
spleen cells, or d) 9-0 x 10^ normal spleen cells.
In group a) 5 animals survived, in group b) all 10 
survived, in group 0) 2 mice survived and in group
d) all 10 mice died. One hundred and sixteen days 
after grafting of bone marrow and spleen cells, 
haemoglobin and haematocrit estimations, and blood 
film examination were carried out, by methods described 
earlier in this chapter, on the 17 surviving recipients.

In the experiments described above. Dr, Bennett 
was responsible for irradiation of the hosts and, 
together, we prepared and injected the donor cell 
suspensions. The haematological assessment of the 
surviving grafted recipient animals was performed by 
me 116 days after transplantation of haemopoietio tissue.
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k) Statistical analyses have been carried out 

according to Bradford Hill (1966).

l) Summary:
The methods and materials employed in the 

investigation of the X-linked anaemia of mice have 
been described. Where these methods have been standard 
and widely used, little detail is given, other than to 
describe any modlfloatlons which have been made to 
adapt them for use in mice. In other Instances, full 
descriptions of the techniques employed are included.

The origin of the animals investigated has also 
been described in detail.
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CHAPTER 5

The Peripheral Blood in X-Linked Mouse Anaemia

The haeraatological picture of X-linked mouse anaemia 
will now be described in detail. Measurements have been 
made of haemoglobin (Hb) concentration, packed cell 
volume (P.C.V.), mean corpuscular haemoglobin concentra­
tion (M.C.H.C.)j red cell count, mean cell volume (M.G.V*), 
extent of raorphological abnormality of the red cells in 
blood films, red cell diameter, reticulocyte and poly- 
chromâtophllie cell counts, and red cell osmotic fragility. 
Total £uid differential white cell counts and platelet 
counts have also been performed and body weights have been 
recorded. The individual measurementb used in assessing 
the anaemia are recorded in detail in Appendix A. As 
described more fully in the previous chapter, standard 
techniques in human haematology have been employed or 
adapted for use on mice.

Serial observations of Hb concentration,
M.C.H.G. and body weight have been ms.de at arbitrary 
intervals from 3-4 weeks of age onwards, until about 400 
days of age, in 64 anaemic male (slaA ) , 4b anaemic female 
(Bla/sla), 69 heterozygous female (slaA) and 28 normal 
(4̂ A) male mice of the original mixed stock. Approximately 
half of the observations of Hb concentration, F.C.V., 
M.G.H.Co and body weight were obtained by Drs. R, M.
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Bannerman and R. G. Cooper and they have kindly permitted 
me to analyse them in conjunction with the remaining 
data used in this chapter which have been accumulated by 
me. All the observations presented in this section with 
the exception of some of the red cell counts, and estimates 
of mean cell volume and median corpuscular fragility have 
been obtained on mice of the original mixed stock. These 
exceptions are indicated in appendix A. The necessity of 
using hybrid animale for some investigations, and the 
reasons for the small number of normal (+/-) animals of the 
original mixed stock available, have been explained in the 
preceding chapter.

For the purposes of presentation the results of 
measurements of Hb concentration, P.C.V., and M.C.H.C* have 
been summarized over 10 day periods for the first 100 days 
of life and for 50 or 100 day periods thereafter. The 
anaemia In young hemizygoue (sla/-) and homozygous animals 
is severe at 30-40 days of age; the Hb concentration usually 
lies between 5 and 8 G/lOO ml. Thereafter the Hb level 
tends to rise, so that by 300 days of age, the normal 
values are approached. In the normal animals by contrast, 
there is a gradual decline in the haemoglobin concentration 
over the same time; this has been observed by others in 
normal mice (Strong and Franc is, 1940; Ewing and Tauber, 
1964). Young heterozygous (slaA) females may show an 
Hb concentration rather lower than that of normal males.
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Fig, 5*1: Changes in haemoglobin concentration with age
in normal (+A) and anaemic male (slaA) mice (lower half) 
and heterogygous carrier (sla/4-) and anaemic (sla/ala) 
female mice. Each point represents the mean value ±-1 
standard error of the mean (S.E.)^ and the ratio of the 
anaemic/normal means for males Is given below each pair 
of results.
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Flgo 5 ;  Changes In packed cell volume (F.C.V.) with 
age In normal (+/-) and anaemic (sla/-) male mice (lower 
half) j, and heterozygous carrier (sla/-f) and anaemic 
(sla/sla) female mice. Each point represents the mean 
value dr 1. S,E* and the ratio of the anaemic/normal 
means for males Is given below each pair of resultso
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but this difference 1b not apparent after the age of 
40 days. These features are illustrated in Figure 5*1*
The Improvement In the anaemia with increasing age^ seen 
here for mice presented in groups, can, of course, be 
observed to occur In individual animals. This is 
typified in the record card illustrated in Chapter 4 
(Figure 4.3).

Parallel changes occur in the P.C*V. with age 
(Figure 54^). However, the reduction in the P.C.¥. Is 
proportionately less than that In the Hb concentration, 
as may be seen by comparing the ratios of these two 
parameters for anaemic and normal mice at various ages.
The values obtained for the M.C.H.C. are accordingly 
low (Table but these, too, tend to return to normal
with advancing age. Ho change In the M.C.H.C. has been 
detected In heterozygous female (sla/p) carriers.

The results of red cell counts, grouped over 100 day 
age periods, are given in Table 5.2; the reduction in 
young anaemic mice Is comparatively slight and is 
proportionately much less than that in the Hb concentration or 
in the P.G .¥. This, again, is reflected In ratios of the 
red cell counts of anaemic and normal mice. In older mice, 
over 200 days, no difference Is apparent between normal 
and anaemic mice. The mean cell volume is reduced In 
anaemic mice, but this index increased with age, Values 
for the M.G.Y. are Illustrated, again grouped over 100 day



138
periodsj in Figure 5<3® Carrier (sla/+) females show 
no detectable deviation from normal in respect of the 
red cell count or* M.C.V.

The results obtained for the red cell indices in 
anaemic male (slaA) and female ( s la/s la ) animals are 
typical of hypochromiej microcytic anaemia, with reduction 
in the M.C.H.C. and M.C.V.

Inspection of blood films reflects the changes 
described 8.bove, The red cells show hypochromla, 
mlcrocytosis, anlsocytosls, polkllocytosls, leptocytosis 
and fragmentation. These changes are illustrated In 
Figures 5.6 - 5*95 blood films from a young normal male 
and young carrier female are included for comparison 
(Figures 5*̂  and 5*5). An assessment of the degree of 
morphological change in the red cells is presented In 
Figures 5*10 and 5* II- The *’filra-score", derived as 
described in Chapter 4, is higher, the more abnormal the 
appearance of the erythrocytes. This index is plotted 
against age In Figure 5«10 and the trend of improvement 
with age is again seen; blood smears from older anaemic 
male and female mice may show little or no abnormality. 
Occasionally, young carrier female (sla/-̂-) mice show 
film scores above the upper limit of normal, but the 
changes are Inconstant, and diagnosis of the carrier 
state from blood films has not proved possible. The 
majority appear normal and the few which show minor



137

50-

□□
□□

40 -

■ sla /- 
□ +/_
•  sla/sla 
«sla/+
^ +/+

M.C.V
CUjJ

30 -

20
0-50 101-150 

Age in days
201-300 401-500

Fig. 5,3s Mean cell volumes (M.G.V.) in anaemic^ carrier 
and normal miceshowing reduction o f the in young
anaemic mice, with progressive increase towards normal with 
age. M.C.V.s were estimated from either a) red cell sise 
plots, or b) red cell counts and P.C.V. (see Chapter 4).
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Fig. 3.4: Blood film from a normal male mouse at age
33 days, showing uniform size and haemoglobinlzation of 
the red cells. Wrights stain x 1400.
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Pig. 3'5: Blood film from a female carrier (sla/f)
at age 33 days showing very mild anisocytosis and 
hypochromia with occasional small raishapen cells 
and poorly developed target cell formation. Wrights 
stain X l400.
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Plg. 5.6: Blood film from an anaemic male (slaA )
mouse at age 33 days, showing hypochromia, anisocytosis, 
target cells and small mishapen cells. The intensely 
staining cells are polychromatophilic. Wrights stain 
X 1400.
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Plg. 5 «7 S Blood film from an anaemic male (a la A )  mouse 
showing changes similar to those seen in Plg. 5.6. 
Wrights stain x l400.
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Fig. 5.8: Blood film from an anaemic male (slaA )  mouse,
aged 100 days, again showing similar changes to those 
seen in Pigs. 5*6 and 5*7. Wrights stain, x 1400.
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Plg. 5.9: Blood film from an anaemic male (sla/-) mouse
aged 300 days, showing only comparitively mild abnormalities. 
Wrights stain x 1400.
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Fig. 5.10: The effect of age on the degree of red cell abnormality
by film "score"i a trend of decreasing severity of morphological 
change is seen with increasing age.
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morphologic0,1 changea (Figure 5*5) are Indistinguishable 
from mildly affected (usually older) anaemic animals in 
respect of red cell morphology (Figure 5*9). In no 
instance did any carrier (sla/f) female mouse exhibit a 
clear duality of red cell population.

In general, there is good correlation between the 
severity of the anaemia and the degree of red cell 
abnormality in the blood film, as may be seen in Figure 5.11, 
where the film score has been plotted against the degree 
of anaemia as reflected by the Hb concentration. The 
details of the individual film scores are given in 
appendix A,

Measurements of the red cell diameters in anaemic 
male and female, carrier female and normal male mice is 
shown in Table 5*3, and the presence of mlcrooytosls is 
confirmed in anaemic a,nlmals. While occasional microcytes 
may be seen in heterozygous (sla/f) carriers, the distribu­
tion of the red cells generally conforms to that seen in 
normal animals and there is nothing to suggest a double, 
microcytic and normocytic, red cell population.

Typical examples of red cell volume distribution 
curves derived from red cell volume "plots" made with the 
Coulter model J particle size analyser are given in 
Figure 5*12, and a clear difference Is seen between normal 
and anaemic mice; mlcrocytosis is again demonstrated in 
the latter. Figure 5.13 shows curves obtained from a 
normal male ('+'/-) mouse, anaemic female (sla/sla) mouse
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Fig, 3«3.2; .Distribution of the red cell population In relation 
to the red cell volume. There is clear reduction in anaemic 
(slaA) mice, as compared with normal (4A) animals.
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normal (+/~) and heterozygous carrier female (sla/-f) mice are 
compared* No evidence to suggest a dual population of red cells 
in the heterozygous carriers is seen.
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and a heterozygous carrier female (sla/f) animal. The 
curve obtained for the heterozygote closely resembles 
that obtained for the normal animal and again evidence 
suggesting a dual population of red cells is not present. 
Photo-copies of representative examples of the original 
plots of red cell volume distribution obtained from the 
particle size analyser are Included at the end of 
Appendix A . These are taken from two normal male, two 
anaemic female and two carrier female mice, and from one 
old male mouse of anaemic genotype, in v/hich the anaemia 
had undergone spontaneous remission.

The results of reticulocyte counts in normal, 
carrier female, and anaemic mice are summarised in Table 5.4, 
and given in detail in Appendix A. The majority of anaemic 
mice give results within the normal range. However, a 
moderate reticulooytosis is quite common, and occasionally 
the increase in reticulocytes may be considerable, and 
accompanied in the blood film by a degree of polychromatophllla 
far exceeding that normally seen in mice. The counts of 
polychromatic erythrocytes frequently exceeded the number 
of reticulocytes counted in the same sample, but a general 
correlation (correlation coefficient, r ^ 4-0.66) was found 
between the numbers of reticulocytes and polychromatophilic 
cells (see Appendix A), There was also a significant 
correlation between the extent of the retlculocytosls in 
anaemic animals, and the degree of anaemia. This is 
reflected in the negative coefficient of correlation (r)
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Fig. 5 .14: Red cell osmotic fragility curves. Anaemic male
(slaA )  mice show a "shift" In the direction of Increased 
osmotic resistance. Curves for heterozygous carrier animals 
(slaA) conform to the normal pattern.
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"between the reticulocyte count and the packed cell volume 
in anaemic mice (r -0.48).

Slderocytes were sought by examining 1000 red cells 
in each of 20 anaemic (a la A  and sla/sla) j, 12 heterozygous 
carrier (sla/+) a a,nd 9 normal ( t/-) adult mice ; none was 
found.

Estimates of median corpuscular fragility (M.C.F.) 
were made in 9 normal (f/-), 7 anaemic (slaA) and 2 
heterozygous (slaA) carrier female mice. The range for 
normal mice was 0.34 *» 0,46^ NaCl with a mean vaJ-ue of 
0,41% NaClj, and a standard error of 0.013. In the anaemic 
animals the range was 0.14 - 0.38% NaCl with a mean of 
0.27$ N'aCl and a standard error of O.031, The difference 
of the means is significant (p < 0.005), The two 
heterozygous female mice gave values within the normal 
range. Representative osmotic fragility curves are 
presented in Figure 5*14. The shift to the side of 
increased osmotic resistance is clearly seen in the 
anaemic animals. The curves for heterozygous carrier 
femelles conform to the normal pattern and do not show a 
"tail" of osmotically resistant cells; thus^ by this 
criterion; evidence of heterogeneity of the red cell 
population in sla/4- mice 1b lacking. B’uller details of 
the estimates of osmotic fragility are given in appendix A,

Total and differential white cell counts were 
performed in 8 anaemic and 10 normal mice ; and platelet
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counts In 8 anaemic and 9 normal mice. Significant 
differences were not found when the two groups were compared 
(Table 5.5).

Weight gain and growth are retarded in anaemic male 
mice which are lighter than normal at all ages (see 
Figure 5*19)j! but no obvious correlation has been detected 
between the severity of the anaemia and the degree of 
growth retardation (r -0,157) ♦ Heterozygous (slaA) and 
homozygous (sla/sla.) female mice show little difference in 
their rate of weight gain (Figure 5*15); insufficient 
normal (f/-h) females of the same genetic background could 
be definitely identified for valid comparison with the 
sla/4-and sla/sla animale. Details of the recorded data■q««i ipiii'tiilo jii.i rrn i^m nii ii,p. iwwjwfciiw wirwjii

on body weight are available in appendix A .

SUMMARY 5
The haematological features of X-linked mouse anaemia 

are described. The findings are typically those of a 
microcytic ; hypochromic anaemia; with reduction in 
haemoglobin concentration proportionately greater than 
that In the packed cell volume; the red cell count is 
only slightly reduced In younger anaemic mice and is 
normal in older anaemic animals. The morphological appearances 
of the red cells are In keeping with the estimates of the 
red cell indices. Anaemia may occasionally be accompanied 
by a mild or moderate retlculocytosls and an Inct̂ ease in 
the number of polychromatophilic cells seen in blood films.
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Fig, 5 .15s Change in body weight with age in normal 
(•+/■»} and anaemic (slaA) male mice (lower half) ; and 
in carrier (slaA) and anaemic (sla/sla) female mice. 
Meansir 1 S.E, Anaemic male mice show retardation of 
growth in comparison with normal^ hut little difference 
1b seen when carrier and anaemic females are compared.
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Sidérocytes are not found and resistance to osmotic 
lysis Is increased in anaemic animals. Spontaneous 
improvement in the anaemia occurs with age.

Total and differential white cell counts and platelet 
counts are normal in anaemic mice.

While heterossygouB female ( sla/4-) animals may 
occasionally show minor morphological alterations in the 
red cells and may have a slightly lower than normal Hb 
concentration and packed cell volume early in life, in 
general the haematological findings in animals of this 
(slaA) genotype conform to the normal and evidence of 
a duality of red cell population has not been detected.

The anaemia is associated with retarded growth and 
weight gain. This feature is probably also present in the 
heterozygous female animal.
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CHAPTER 6

Pathological Appearances and the Stainable Iron Stores

HI8toehemica1 examination of the extent of the 
stainable tiesue Iron stores has been undertaken, and 
tissue changes which might indicate directly Or indirectly, 
the site of action of the primary, genetically controlled, 
defect in X-linked mouse anaemia have been sought.
Tissues were studied from 43 mice with X-linked anaemia 
(slaA  and sla/ala), from 14 heterozygous carriers (slaA) 
and from 4l genetically normal (-hA) control animals| spleen, 
liver, bone marrow, stomach, small bowel, pancreas, heart, 
lung, kidney and testes were examined, and smears of 
femoral bone marrow and imprints of the cut surface of 
the spleen were taken from some. The size of the spleen, 
as absolute weight, and as a percentage of body weight was 
recorded at the time of sacrifice in 66 mice. The proportion 
of splenic tissue occupied by red pulp, the extant of the splenic 
iron stores and the quantity of iron deposition In the 
duodenal mucosa have been recorded as defined In Chapter 4.
The amount of stainable iron in other tissues has proved 
to be small, if present at all, and it has simply been 
recorded as present or absent. Full details of the 
histological examination of the tissues from each of the 
98 mice examined are included in Appendix B.
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Splenomegaly la a frequent but inconstant finding 
in X-linked mouse and the enlargement of this organ may 
occasionally be oonsiderabl© (Fig, 6 ,1). The results 
of analysis of spleen weights are given in Table 6 .1, 
expressed both as a percentage of body weight and in 
absolute measurements5 detailed results for individual 
animals are given in Table 6 .2 , There is a good 
correlation between the degree of splenic enlargement 
and the severity of the anaemia as reflected by the 
haematocrit (r ® -0 .60) (Figure 6 .2 ), The increase in 
splenic size appears to result from hyperplasia of the 
red pulpI the proportions of red pulp in anaemic, carrier 
and normal mice are shown in Tables 6 ,3 and 6.4 and are 
plotted against the splenic weight, as a percentage of 
body weight, in Figure 6.3* There is a tendency towards 
an increasing proportion of red pulp with increasing 
spleen weight. No significant differences are seen when 
the spleen sizes of normal (f/-) and carrier female 
(slaA) mice are compared (Table 6 *1).

Histologically, the spleens of normal ("tA), carrier 
(slaA) and anaemic (slaA  and sla/sla) mice all show 
active erythropoiesis and granulopoiesis; megakaryocyteb 
are present and are sometimes numerous. Haemopoiesis is 
confined to the red pulp, which, as described above, 
is hyperplastic in the anaemic group. Differences in
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Anaemic

Normal
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2 c m .

Fig, 6.1: Splenomegaly in X"linked anaemia of mice. The
spleen from 4 male littermate mice are shown. The upper 
2 spleens are from anaemic (slaA) mice, and the lower 2 
from normal (4-A) animals.
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Fig. 6.2: Spleen weights of anaemic mice of genotype
sla/sla  ̂ or sXaA, expressed as percentage of total body 
weighty and related to the degree of anaemia as reflected 
by the haematocrit. There is a negative correlation 
(r ® -0.6o) between the level of the haematocrit and the 
sise of the spleen, and the line represents the regression 
of y (haematocrit) on x (spleen weight).
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Fig. 6.3s The proportion of splenic tissue in the form of red 
pulp, as assessed visually (see Chapter 4), related to the 
weight of the spleen as a percentage of total body weight, for 
normal male (HV-), carrier female (sla/+) and anaemic male 
(slaA) and female (sla/sla) mice. The open squares represent 
normal male mice, the closed ones anaemic male mice; the lia If- 
closed circles indicate heterozygous carrier females, and the 
closed circles, anaemic females.
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the white pulp could not be detected when normal and 
anaemic mice were compared.

Spleen imprints from 11 anaemic (Bla/-) and 22 normal 
(-t/-) mice were examined and the ratio of normoblasts to 
metamyelocytes and granulocytes estimated. In the anaemic 
mice the mean ratio was g.6 with a range of 1 - 17,2 
and a standard error of 1 .3 2; for normal animals, the 
mean ratio was 3 .3 with a range of 0 ,7 - 9 and a standard 
error of O.3 4. The difference of the means is significant 
at the 5% level. In none of these animals, anaemic or 
otherwise, were iron»containlng erythroblasts (slderoblasts) 
identified.

The stores of stainable iron in the spleen of anaemic 
(sla/- or sla/sla) mice are depleted (Table 6 .5), The 
majority show no stainable iron at all (Figure 6.4), and the 
remainder show only a very few reticulo-endotheliai 
cells containing haemosiderin. All the normal animals 
had abundant stainable iron in their spleens (Figure 6 .5), 
and no appreciable effect of age was seen. The iron in 
the spleens of normal mice was distributed in both the 
red pulp and the malpighian bodies; in 15 the former was 
more heavily laden, and in 6 the latter; in the remaining 
4, haemosiderin was equally concentrated in these two 
sites. In the anaemic mice, the stainable iron in the 
spleen, when present, was located in the red pulp in 2, 
in the malpighian bodies in 5 and in both sites in one.
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Fig. 6.4: Section of spleen from an anaemic male (ala/-)
mouse showing the absence of atainable iron. (Prussian Blue 
reaction, counterstained with 1% neutral red, x 1200).
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Pig. 6.5: Section of spleen from a normal (4-/-) mouse, showing
the presence of abundant stainable iron stores (Prussian Blue 
reaction, counterstained with 1̂  neutral red, x 1200).
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These differences in distribution of stainable Iron 
between the red and white pulp of both anaemic and normal 
mice are probably a consequence of genetic heterogeneity, 
(Dunn, 195A).

In view of the quite striking effect of age on the 
anaemia described In the previous chapter, an effect of 
age on the iron stores in the anaemic animals was sought. 
The presence or absence of stainable iron in the spleen 
of anaemic mice is shown in Table 6,6, along with the 
haematocrlt and age at the time of sacrifice. While 
those 8 anaemic animals which do show stainable Iron are 
all over 3OÛ days of age, there are 6 of similar age 
which show total absence of stainable iron. Furthermore, 
some anaemic mice with normal or near normal haematocrits 
(e.g. numbers 17, 46 & 729) still show an absence of 
stainable iron in the spleen, and the amount of iron 
present in any of the spleens from anaemic mice is minute 
compared with normal. Thus, although the anaemia tends to 
improve with age, there is only the most trivial effect 
on the hiat00hemically demonstrable splenic iron stores.

Bone marrow :
Sections of sternal marrow from 22 normal ('+'/»■),

10 heterozygous (sla/f) and 10 anaemic (slaA  and sla/sla) 
mice were examined. In all instances, the available 
medullary space was almost completely occupied by 
actively haemopoietic tissue In which erythroblasts.



164
polymorphonuclear leucocytes and megakaryocytes could 
fee easily identified. Vascular channels were similarly 
prominent in anaemic and normal or carrier mice, and 
evidence of hypoplasia was seen in neither group; fat 
spaces were found only in two carrier female mice.
Very scanty deposition of stainable iron was present 
in reticulo^endotheliai cells in the sternal marrow of 
two normal (+A) animals and none was seen In any anaemic 
or carrier animal.

Smears from the femoral marrow were examined in 
11 anaemic (slaA) and 23 normal (+A) mice, and the 
ratio of erythroblasts to metamyelocytes and granulocytes 
estimated. In anaemic animals, the mean ratio was 0.6o 
with a range of 0 .2 0 - 1 .39 and a standard error of 0.12; 
in the normal mice the mean ratio was 0.4], with a range 
of 0,15 “ 1.04 and a standard error of 0.04. While the 
mean erythropoietic activity in anaemic mice appears 
greater, the difference is not statistically significant 
(0.1> p > 0 ,05). Marrow smears were also stained by the 
Prussian Blue method in 20 normal mice and all 11 anaemic 
mice. Of the normal animals, 15 showed the presence 
in the femoral marrow, of scanty stainable iron either 
within reticuloendothelial cells or apparently lying 
free; none of the anaemic mice showed any stainable iron. 
Sideroblasts were not found In any of the 31 mice 
(20 anaemic, 11 normal) examined.
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Liver :

The liver was examined in 26 anaemic (slaA or 
a la/s la) mice, 14 heterozygotes (ala/-f) and l4 normal

KimanhMtMan Tiwm

(+A) mice. The appearance of the hepatic parenchymal 
cells was normal in all animals. Evidence of hepatic 
haemopoiesis was seen in 13 anaemic mice, varying in 
extent from a few small foci or scattered haemopoietic 
elements, to considerable numbers of well-defined 
aggregates of a dozen or more cells. Only one normal 
mouse and 3 carriers showed any evidence of hepatic 
haemopoiesis. When the incidence of haemopoietic foci 
in the livers of normal and of anaemic mice is compared, 
the difference is statistically significant (O.02 > p >0.01), 

Stainable Iron was absent from the livers of all 
anaemic animais; 3 carriers showed stainable iron in 
the parenchymal cells, and of these 2 also had stainable 
iron in the Kupffer cells. Five normal mice had 
stainable Iron In the parenchyma and a further 2 showed 
scanty deposition of iron in both hepatic epithelial 
and Kupffer cells,

Thus, there is an abnormally high frequency of 
hepatic haemopoiesis in the anaemic group, and total 
absence of stainable iron in the liver.

Stomachs
The secretory portion of the stomach was examined 

in 9 anaemic (slaA), 7 heterozygous (sla/4-) and 10 normal
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(+A) mice. No abnormality was noted In any of the 
stomachs examined, and in particular there was no 
apparent deficiency of chief or parietal cells, nor 
evidence of gastric atrophy in the anaemic mice. Only 
one mouse, of normal genotype showed any stainable iron, 
and this was confined to a few iron-containing macrophagee 
in lamina propria.

Small intestine ;
Duodenum
Sections of the duodenum were taken between at 

0 .5 cm. from the pylorus. Seventeen anaemic (slaA  and 
sla/sla), 6 heterozygous (a la A) and 22 normal mice were 
examined. On staining with haematoxylln and eosin, all 
three groups showed, without exception, the normal 
mucosal pattern of this area of the small bowel* No 
abnormality of the tall leaf-shaped villi, of the Paneth 
cells, of the crypts of Lleberkuhn, of the columnar 
epithelial cells or their striated "brush" border could 
be detected in the anaemic or carrier mice.

However, striking deposition of Prussian Blue 
positive, haemoslderin granules was found in the 
epithelial cells of the distal halves of the duodenal 
villi of anaemic animals. The iron deposits were 
located toward the luminal border of the cells and this 
Is illustrated in Figura 6.6. The appearance of a 
similarly treated section of normal duodenal mucosal
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epithelium Is shown In Figure 6*7; stainable iron is 
not seen in the epithelial cells. The results of 
semi-quantitatlve assessment of the epithelial iron 
deposition in animals of the various genotypes is 
shown in Table 6.7; the definitions of the grading 
categories, 0 - 4 ,  are given in Chapter 4. The majority 
of anaemic mice show obvious accumulations of iron whereas 
it is unusual for the normal animals to exhibit more than 
a few small granules. Carrier (sla/~f) females appear to 
occupy an intermediate position, with usually patchy, 
but quite distinct, iron granulation in the epithelial 
cells.

Eight normal and 3 carrier mice showed the presence 
of iron containing macrophages in the villous core. In 
none of the anaemic mice was this feature present.

Since the material from the small intestine thus 
far had been taken from non-fasting animals, an 
additional 6 normal (>/-), 5 carrier (sla/+) and 7 
anaemic (sla/-) animals were killed after 6 hours 
fasting and sections were taken from the duodenum at 
0.5 cm. from the pylorus* None of the normal mice 
showed the presence of any stainable iron in the epithelium 
of the duodenal mucosa, whereas haemosiderin could be 
demonstrated in varying amounts in all the anaemic mice 
(see Table 6 .7 ). Carriers again appeared intermediate 
between normal and anaemic mice and exhibited patchy
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Fig. 6.6: Epithelium of the villous tip from the duodenal
mucosa of a fasting anaemic (sla/-) mouse. Cytoplasmic 
haemosiderin deposits are present on the luminal side of the 
epithelial cells (Prussian Blue reaction, counterstained with 
1% neutral red, x 2500).
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Pig. 6.7: Epithelium of the villous tip from the duodenal mucosa
of a non-fasting normal (-t/-) mouse. Stainable iron is not seen. 
(Prussian Blue reaction, counterstained with neutral red,
X 2500).
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Iron granulation in the muoosal epithelium in 4 and 
widespread deposition of muoosal haemosiderin in the 
fifth.

Although the anaemic mice with lesser degrees 
of iron deposition in the mucosal epithelium tended 
to be older (e.g. Nos, 395  ̂and 453) this was by no 
means always the case (e.g. Nos, 729 and 8 8 7), and 
several quite old mice still showed heavy deposition 
of iron (e.g. Nos. 14, 345)# There is thus no clear- 
eut effect of age (see Table 6,8), There is, however, 
a correlation, although a rather poor one, between 
the degi'eo of anaemia as reflected by the haematocrlt 
and the amount of iron laid down in the mucosal 
epithelium; the correlation coefficient of the 
haematocrlt and the duodenal mucosal Iron "score" is 
«0,48, (Table 6.8,) Thus, while age has no obvious 
effect on the deposition of iron in the duodenal 
epithelium it appears that there may be some relation­
ship between the accumulation of iron in the mucosal 
epithelium and the severity of the anaemia.

The upper jejunum was examined in 11 normal mice.
Ho abnormality was detected on staining with haematoxylln 
and eosin and none showed the presence of stainable iron, 
either In the mucosal epithelium or in the lamina propria. 
Of 10 anaemic mice, 7 showed stainable iron in the
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jejunal mucosal epithelium, but none showed any In the 
lamina propria. Mucosal epithelial deposits of stainable 
iron were present In none of 7 carrier female mice, but 
3 showed macrophages containing stainable iron in the
lamina propria.

Pancreas :
This organ was examined histologically in 29 normal 

male (-f-A), 18 anaemic male (slaA ) . 1 anaemic female 
(sla/ala) and 10 heterozygous female (slaA) animals.
The appearances were normal in every instance and none 
showed the presence of stainable iron.

bmm*
Ten anaemic (slaA  and sla/sla), 8 carrier (sla/f) 

female and 11 normal (fA) mice were examined. Pathological 
changes were not seen in the bronchial tree, alveoli or 
blood vessels in anaemic or carrier mice.

Eight of the normal mice and all the carriers 
showed the presence of iron-containing macrophages in 
the peribronchial connective tissue. Such iron deposition 
was not seen in the connective tissue of the lungs of the 
anaemic mice. In 6 normal and 6 carrier female mice, 
iron-containing macrophages were found in the alveoli 
and bronchioles; six anaemic mice also showed such cells, 
and in one instance this feature was very obvious. No 
relationship to the severity of the anaemia could be
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discerned and their aignlficariee in normal, heterozygous 
and anaemic mice is not clear.

Kidney :
The kidney was examined in 13 anaemic (slaA, 

sla/sla) a 7 heterozygous (slaA) and 12 normal (f/-) 
mice. No histological abnormality of the glomeruli 
or renal tubules was found in any of these animals.
Of the 12 normal mice, 8 showed occasional small 
deposits of haemosiderin in the capsular connective 
tissue, 5 had stainable iron in the perivascular con­
nective tissue and 3 showed minute iron granules in 
the epithelial cells of the convoluted tubules. Four 
of the heterozygous females showed stainable iron in 
the capsular and perivascular connective tissue and in 
the epithelial cells of the convoluted tubules, and a 
further carrier had stainable iron in the capsule 
only. None of the 13 anaemic mice showed any stainable 
Iron in the kidney.

Testis :
This organ was examined in 4 anaemic (sla/-) and 

8 normal (-(-/-) mice. There was no detectable deficit 
of spermatogenesis or of interstitial cells in the 
anaemic group, Stainable iron was found in none of the 
12 animals examined,
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Summary;

Organs from anaemic, carrier and normal mice have 
been examined histologically. An increase In proportion 
of the red pulp of the spleen has been noted and this 
can be related to the degree of splenomegaly, which in 
turn 1© related to the severity of the anaemia. Increase 
in erythropoietic activity has been found in anaemic 
mice in both spleen and bone marrow, but only in the 
former is the increase clear cut. Excessive numbers of 
haemopoietic foci are present in the liver of anaemic 
mice. Other pathological tissue changes have not been 
detected in anaemic or carrier female mice by 
haematoxylln and eosin or Romanowsky staining,

Hlstochemioal studies of the iron stores have 
shown depletion in anaemic animals, most obvious in the 
spleen. By contrast, excessive deposition of haemosiderin 
in the epithelium of the mucosa of the small intestine 
has been detected in anaemic mica, even after 6 hours 
fasting. Carrier female mice have apparently normal 
tissue iron stores, although rather low amounts of 
haemosiderin have been found in the spleen in a few; 
the duodenal mucosal epithelium in these mice exhibits a 
degree of iron deposition, intermediate between the 
normal and anaemic groups.
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CHAPTER 7

Studies with Radio-isotopea

The findings described In Chapters 5 and 6 indicate
disordered iron metabolism in X-linked mouse anaemia, and
for this reason studies of the fate of oral and parenteral
doses of iron, labelled with ^^iron, have been carried
out in normal and anaemic mice.

The utilization of tracer doses of iron for erythro-
poiesis has been estimated after intra-peritonea1 and
intravenous Injection, The clearance rate of intravenously
administered tracer doses of ^^Iron has been studied and
the loss of parentorally administered tracer has been
followed in a small group of animals for up to 6 months.

The intestinal absorption of iron has been determined
following the oral administration of inorganic and organic
iron compounds labelled with ^^iron, and preliminary
observations on the absorption of ^^^iodlne-labelled 

64 6striolein, copper, -̂ zinc and -̂ 'cobalt are also included. 
Details of the methods employed are presented in Chapter 4,

The utilization of iron for erythropoiesls:
As explained in Chapter 4, the utilization of iron 

for erythropoiesls is taken to be that fraction of a 
parenterally administered dose of radio-iron which 
reappears in the circulating red cells. The calculations
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of the utilisation of iron for haemopoiesis depend on 
knowledge of the blood volume of the animals under investi­
gation, and estimates of the blood volume of anaemic and 
normal mice were made using two radio-isotope dilution

«51techniques, with chromium-labelled mouse erythrocytes
and with ^^^lodine-labelled human serum albumin (RISA). 
Nineteen normal and 9 anaemic mice were investigated 
with ^^chromlum, and 7 normal and 5 anaemic mice with 
the RISA technique. The results of the estimates of 
whole blood volume are given in Table 7*1 and shown 
diagrammatically In Figure 7.1j where it can be seen 
that the anaemic mice, by both methods, have a significantly 
Increased blood volume, and that in both normal and 
anaemic animals, the RISA method gives significantly 
higher estimates of blood volume than does the ^^chromium- 
labelled red cell technique.

The red cell mass and plasma volume have been 
calculated from the whole blood volume and the haematocrlt, 
using a correction factor of 0.88 to convert venous, to 
whole body, haematocrlt. (Wish et al., 1950). The 
results are given in Tables 7.2 and 7*3> respectively, 
and in Figure 7.1. The reduction in red cell mass in 
anaemic mice, although significant, is comparltively 
small, and the increase in plasma volume is correspond­
ingly greater in anaemic mice. It is clear that the 
anaemia produced by the ala gen© is, at least in part, 
a dilution phenomenon due to an absolute increase in 
plasma volume.
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Fig» T « 1: The blood volume, red cell mass and
plasma volume of normal (-lA) and anaemic (slaA) 
mice, by dilution techniques employing chromium 
labelled red cells (left) and ^iodine«labelled
albumin (right).
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As noted above, the RISA method gives significantly 

greater estimates of blood volume in the mouse than does 
the ^^ohromiura-labelled red cell method. In an attempt 
to assess which method provides the more reliable value, 
five normal animals were given an intravenous tracer dose 
of ^^iron, and its reappearance in the peripheral blood 
was measured 5 days later. The utilization of iron for 
haemopoiesis was estimated, using the mean blood volume 
(as a volume/weight percentage of total body weight) 
obtained by the two methods. The results are shown in 
Table 1 with the blood volume as measured by ^^chromium- 
labelled red cells, the utilization of ^^iron for 
haemopoiesis was in the range 63-75^ of the administered 
dose, whereas, with the EISA method, the apparent

CÀQutilization of iron for haemopoiesis exceeded the 
original dose given. Hence, for the calculations of 
the utilization of iron reported below, the estimate of 
blood volume obtained by the ^^chromium-labelled mouse 
red cell technique has been used. Full details of these 
experiments are given in Appendix C,

Utilization of iron for erythropoiesls has been 
studied both serially over several days, and on the first 
and fifth days, following intraperitoneal or intravenous 
injections of ^^iron. The results of serial studies of 
the appearance of radioiron in the peripheral blood for 
3 days following intraperitoneal injection of tracer
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doses of ^̂ :lron are depleted In Figure 7.2 and analyzed 
in Table 7-5- While the values for anaemic (sla/-) mice 
are higher on all 3 days, the differences are significant 
on the first day after injection only. However, in a 
further experiment, when a single estimate was made on 
the 5th day after injection of ^^iron, the utilization 
of iron was significantly greater in anaemic animals 
(Table 7-6). Further studies of iron utilization for 
erythropoiesls were performed following intravenous 
injection of tracer doses of ^^Iron. The reappearance 
of radio-iron in the peripheral blood 24 hours after 
injection is very much greater in anaemic than in normal 
mice (Table 7*7* Figure 7*3) &nd 5 days after injection, 
anaemic mice still showed significantly greater iron 
utilization. The differences between noriml and anaemic 
mice seen with the Intravenous method are similar in 
pattern to, but greater in extent than, those seen with 
the intraperitoneal method. Thus, the utilization of 
tracer doses of ^^Iron for haemopoiesis is both more 
rapid and greater than normal. Details of the data from 
which the results described above were obtained are 
presented in Appendix C .

The clearance of iron from the plasmas
The rate of clearance of intravenously injected 

tracer doses of ^^iron from the plasma is increased in 
anaemic mice (Figure 7*^)* The mean plasma iron clearance
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of tracer doses of '̂ îrou, given int rape r it onea lly to normal 
(4-/̂ ) and anaemic (a la A) mice. The open squares represent 
the means for normal mice, and the closed squares, the means 
for anaemic micei the vertical bars represent the limits o£'±:
1 standard error of the mean. (See also Table 7 ,5)»
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mice.
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half time (0?|- In normal mice la 46,1 minutes, and
In anaemic (sla/-) mice, 23-4 minutes. The difference 
of the means is highly significant (Table 7.8), The 
complete results of the experiments providing these con­
clusions are given in Appendix C.

The excretion of parenterally administered ^^Iron:
Following intraperitoneal injection of radio-Iron, 

the whole body radioactivity of normal and anaemic mice 
haa been followed over a period of approximately six 
months. The numbers of animals Involved is small, and 
full details are given in Appendix C, The decline in 
body radioactivity, after correction for decay. Is shown 
In Figure 7.5. The range of variability is wide, 
especially in anaemic animals, and, since the numbers of 
animals involved is so small, statistical analysis would 
not be valid. However, anaemic mice show a rate of iron 
loss similar to normal animals.

The absorption of iron :
The absorption of Iron in normal (4 -/-) mice has 

been assessed by measuring the retention of ^^iron-tagged 
oral doses of ferrous sulphate in doses containing 0,1 yug,
1.0 and 10 jig of elemental iron, and ^^Iron-tagged mouse 
haemoglobin containing 10 jig of elemental iron. Serial 
measurements of retained radioactivity have been made at 
dally Intervals for up to 6 days, with doses of 0.1 jig
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and 1.0 fJLg of elemental Iron. With the latter dose^ the 
amounts retained by normal mice on the 4th, 5th and 6th 
days are similar, and the same is true for anaemic mice 
(Figure 7.6). With the smaller dose, only the amounts 
retained on the 4th and 5th days after dosing have been 
measured, but a similar pattern is seen (Figure 7.7)»
These findings suggest that the period of 5 days is 
sufficient to permit elimination of all unabsorbed faecal 
radioactivity and in addition, to permit the faecal 
elimination of any radio-iron which may be absorbed into, 
and retained in, the intestinal muoosal cells, which are 
exfoliated from the villous tips within 48-72 hours of 
their formation in crypts of Lieberkuhn (Creamer, 1967). 
Thus, the retained proportion of radioactivity 5 days 
after oral dosing is taken to represent the proportion 
of iron absorbed through the intestinal mucosa.

The amount of inorganic iron absorbed at the three 
dose levels by normal (+/-) and anaemic (sla/-) mice is 
shovm diagrammatically in Figure 7*6 and the analysis of 
these data is given in Table 7.9* Anaemic mice absorb 
significantly less of oral doses of 0,1 yug, 1 and 10 p.g 
of elemental iron than do their normal counterparts. The 
proportion of iron absorbed falls as the dose administered 
is increased, although the absolute amount of iron 
absorbed is, of course, smaller, the smaller the dose 
administered (Table 7*10),
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Fig« 7.6: The retention of ^^Iron-tagged ferrous sulphate
in oral doses containing 1.0 jig of elemental ironj on each 
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bars represent ±rl standard error of the mean. (See text.)
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The Intestinal absorption of haemoglobin tagged 

with ^^iron. In a dose containing 10 pg of elemental 
Iron, was estimated in normal and anaemic mice, A 
significant difference in absorption was not seen 
(Table 7*11)* However, the low level of specific 
activity achieved in ^^iron-tagged haemoglobin, and an 
apparently low level of absorption combined to give vei*y 
low whole body counting rates 5 days after dosing. The 
errors involved in counting at such low levels of activity 
may have influenced the results, which must therefore 
be regarded as inconclusive.

Full details of the data from which these tables 
and diagram© have been prepared are given in Appendix C.

The intestinal transit time in normal and anaemic 
mice has been compared using carmine red as a faecal 
marker. The detailed results of the experiment are 
given in Table 7*13 where it can be seen that the rate 
of faecal excretion of an oral dose of carmine red is 
similar in normal (4-A) and anaemic (slaA) mice, In 
all 8 animals examined, carmine red was obviously present 
in the stools during the first 24 hours after adminis­
tration^ traces only were found in the faeces of 2 anaemic 
and 2 normal mice at 24-48 hour© and none was seen on 
the third and fourth days.

The absorption of fat, zinc, cobalt and copper?
In view of the demonstration of defective iron



189
absorption, preliminary observations of the absorption 
of other substances have been made, using radio-isotopes.
The absorption of 6,25 jug of radio-iodlnated triolein,
suspended in margarine, was similar in normal and anaemic 
mice (Figure 7*9 and Table 7.12), k dose of ^^zinc- 
tagged zinc chloride containing 3*5 of elemental 
zinc was given. Although normal mice tended to absorb 
more zinc than did anaemic mice, considerable overlap 
between the two groups was seen (Figure 7*9) and the 
differences are not statistically significant. Absorption 
of eobaltouB chloride, tagged with ^^cobalt, was tested, 
using a dose of 0,0006 ug of elemental cobalt. Normal 
and anaemic mice absorbed approximately the same amount 
of this element (Figure 7*9 and Table 7*12).

Absorption of copper as ^^cuprous nitrate was 
tested 4 days after oral administration, the shorter 
period being necessitated by the rapid rate of decay of 
^%opper (half-life, 12,8 hours; The Radio-Chemical 
Manual, 1966). A dose of 10 p g  of elemental copper was 
required to give sufficient counts for adequate assessment 
of the retention of this element. As in the case of zinc, 
anaemic (slaA) mice appeared to absorb rather less copper 
than normal mice, but again the overlap between the two 
groups was considerable (Figure 7*9) and the difference 
of the means was not statistically significant (Table 7,12),
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Individual values for normal and anaemic mice are 
indicated by open and closed squares, respectively
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SUMMARY s

The results of the experiments presented In this 
chapter have demonstrated that anaemic (slaA) mice have 
a significantly increased utilization of tracer doses 
of ^^iron for erythropoiesis, and tlmt the reappearance 
of the parenterally administered radio-iron in the 
peripheral blood is more rapid than normal. Further, 
the clearance of tracer doses of radio-iron from the 
plasma is also more rapid than normal. Clear evidence 
of excessive loss of iron by anaemic mice is lacking.

The intestinal absorption of iron at three dose 
levels is significantly reduced in anaemic mice. The 
absorption of fat and cobalt is apparently ûnaffected 
by the sla gene, while that of copper and zinc is reduced 
in the anaemic animals. However, the differences between 
normal and anaemic mice in respect of the absorption of 
copper and zinc are not statistically significant.

Anaemic (slaA) mice have Increased blood and 
plasma volumes, and decreased red cell mass.
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CHAPTER 8

Miscellaneous InvestlKatlonB

A variety of other investigation© designed to throw 
light on the disorder of iron metabolism in X-linked 
mouse anaemia have been carried out, and the result© of 
these are reported in this chapter. The serum iron, 
total iron binding capacity total body iron
content, and free erythrocyte protoporphyrin (P.E.F.) 
have been estimated. Haemoglobin electrophoresis in 
starch gel has been performed In an attempt to detect 
qualitative difference© between normal and anaemic mice, 
and electrophoresis of serum proteins has been carried 
out to demonstrate the presence of transferrin In anaemic 
mice, with and without prior labelling of the transferrin 
with ^^iron.

Haemopoietlc cells from the bone marrow and spleen 
of anaemic mice have been transplanted to lethally 
irradiated host mice, and the haematological picture in 
these host mice assessed ll6 days after transplantation, 
to determine whether slaA  haemopoietlc cells, transplanted 
to a normal environment are capable of producing normal 
haemoglobin concentrations and normal erythrocytes.

The methods employed in these experiments are 
described in Chapter 4.



193

Serum Iron concentration and total Iron blndinig capacity;
The serum iron has been measured in 27 normal mice 

and 25 anaemic mice. The mean serum iron concentration 
in normal mice is 254 ̂ g/100 ml; in anaemic mice the 
mean serum iron concentration is reduced to 142 jiig/100 ml 
and the difference of the means la statistically 
significant (Table 8.1). Individual values are illustrated 
in Figure 8.1.

The results of estimations of the T.I.B.C. are also 
given in Figure 8,1 and in Table 8.1. The mean T.Ï.B.C. 
is 420 jug/100 ml in normal mice and 612 jug/100 ml in 
anaemic (slaA) animals; the difference is statistically 
significant.

The mean percentage saturation of the T*I,B.C. is 
60.5 and 2 3 in normal and anaemic mice respectively. 

Detailed results on the animals studied are given 
in the Appendix D.
Total body iron contents

The total body iron content, in mg/100 0 of body 
weight, of mice at different ages is given in Table 8.2 
and Figure 8.2. At all ages the total body iron content 
of anaemic mice is reduced significantly when compared 
with normal mice, and this difference is most noticeable 
over 300 days of age, in spite of the fact that 6 of the 
8 mice of anaemic genotype in this age range had normal 
haemoglobin concentrations. As normal mice age there
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Fig» 8.1: Serum iron concentration and total Iron binding 
capacity in normal (4-/*-) mice (left) and anaemic (slaA) 
mice (right)» The oroashatched columns represent the mean 
serum iron concentrâtion^ and the total height of the 
columns^ the total Iron binding capacity. The points 
indicate individual estimations of serum iron concentration 
and total iron binding capacity, according to the key at 
the top of the diagram.



195

10-

9 -

7 -

Total body 
iron content 6 -  mg./IQGG.

5 -

4 -

2-

less than 100 101-200 201 -300 over 301

Fig* 8.2: The total body Iron content of normal
and anaemic mice, represented respectively by open 
and closed squares. Individual values are given 
for each of 53 animals, grouped according to age 
in days (abscissa).
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Is an increase in the total body content, and, while 
an increase is also seen in anaemic mica, it is 
comparatively slight. Further details of the animals 
used for this investigation are available in Appendix D.

Free erythrocyte protoporphyrin
Eleven estimation® of the free erythrocyte 

protoporphyrin (F.E.P.) have been made on normal mice, 
and 8 on anaemic (slaA )  animals. The results are 
presented in Figure 8.3 and detail® of the analysis of 
these results are given in Table 8 .3. There is a highly 
significant elevation of the F.E.F* concentration in the 
anaemic group. Individual estimations and details of 
the animals used are presented in Appendix D, The value® 
obtained for normal mice are slightly higher than those 
reported by Hakao, Wada, Taka.ku, Sassa, Ifano and Urata
(1967).
Haemoglobin e lec trophore sis:

The haemoglobin pattern in 8 anaemic (slaA  and 
sla/sla), 5 heterozygous carrier (slaA )  and 7 normal 
male ( + A )  mice has been examined by starch gel 
electrophoresis. Every animal, whether of the original 
mixed stock or a hybrid of the mixed stock and the C 57BI/ 
6 Jax strain, showed the same *’single" band pattern 
(see Figure 8.4).
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Fig. 8.4: Haemoglobin electrophoresis in starch gel at pH
8.8 (see Chapter 4). The origin is at the bottom of the 
photograph, and the bands, from left to right, are from 
a C5TB1/6 J mouse, a hybrid (P^) normal (+/-) mouse and 
its anaemic littermate brother. The gel has not been 
stained.
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Serum protein eleotrophoreBle:
Serum protein electrophoresis was carried out, 

without in vitro labelling of the transferrin with 
59iron, in 13 normal (+‘A), 4 heterozygous carrier 
(slaA) and 14 anaemic (slaA  and sla/sla) mice* All 
except one anaemic (slaA) and one heterozygous (slaA) 
mouse showed a single transferrin band in the position 
of transferrin b (Cohen and Shreff1er, 196l). The two 
exceptions were hétérozygotes for transferrins a and b.

The serum proteins from 5 anaemic (slaA  and sla/sla), 
3 heterozygous carrier (slaA) and 4 normal mica were 
electrophoreBed in starch gel after prior incubation at 
20®C with ^^iron. After electrophoresis, the starch gel 
was stained with amido-black and the strip cut into 
sections for radioactive counting. In each instance 
most of the radioactivity in the starch gel strip was 
located in the transferrin band, which was identified 
from a normal control specimen from a O57BI/6 Jax mouse, 
unlabelled and run concurrently. Figure 8.5 illustrates 
the patterns of radioactivity found in the electrophoretic 
strips from 2 normal and 2 anaemic mice. Details of the 
counts obtained in all animals examined are given in 
Appendix D.
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Fig. 8.5: The radioactivity associated with the
serum proteins after starch gel electrophoresis 
following labelling with -^iron in two normal and 
two anaemic mice. There is a distinct peak of 
radioactivity in the region of the transferrin 
band in all four animals.
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The ability of transplanted slaA haemopoietlc tissue 
to form normal red cells and maintain a normal haemoglobin 
concentration in lethally Irradiated hosts:

Suspensions of spleen and bone marrow cells from 
anaemic and normal male littermate mice of the fourth 
backcross generation of the original mixed stock and 
the C57B 1/6 Jax strain were Injected into male mice of 
10-12 weeks of age, of the C57B 1/10 Jax strain, in which 
endogenous bon© marrow had been ablated by X-irradiations 
preliminary experiments had shown these animals to 
accept such transplants. Fuller details of the methods 
employed are given in Chapter 4, Haemat©logical data 
on the donor animals are given In Table 8.4, Croups of 
12 mice received either normal or anaemic bone marrow, 
or normal or anaemic spleen, cell suspensions. Five 
mice receiving normal bone marrow, 10 receiving slaA  

bone marrow and 2 receiving slaA  spleen cells were still 
surviving ll6 days after injection and details of theif 
haematological assessment at that time are given in 
Table 8 ,5 , The progeny of injected bone marrow cells 
of normal and anaemic mice, and of spleen cells of 
anaemic mice are capable of maintaining normal haemoglobin 
concentrations and/or haematoorlts in the lethal3,y 
irradiated hosts. The M.C.H.C, in all Instances was 
over 30 per cent and the morphological appearance of 
the red cells produced in all hosts, irrespective of
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the source of grafted haemopoietlc cells, was normal 
(Figures 8.6 and 8.7).

Chemical estimates of the serum iron concentration 
show reduced levels in anaemic mice, whereas the total 
iron binding capacity is elevated. The total body iron 
content is reduced in X-linked anaemia, in keeping 
the histochemical evidence of decreased body iron stores 
reported in Chapter 6,

Elevated levels of free erythrocyte protoporphyrin 
are seen in anaemic mice.

Qualitative differences in haemoglobin and 
transferrin have not been demonstrated in normal and 
anaemic mice, by starch gel electrophoresis, and the 
transferrin of anaemic mice binds •'̂ iron in vitro In a 
manner similar to normal animals.

Transplanted bone marrow and spleen cells from an 
anaemic (slaA )  mouse. Injected into hosts whose own 
haemopoietlc tissue has been ablated by X-irradiation, 
are capable of producing in these hosts, morphologically 
normal erythrocytes, and of maintaining norma. 1 haemoglobin 
concentrations and haematoerlt levels.
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Fig. 8.6: Blood film of irradiated host, ll6 days
after grafting with normal (f/-) bone marrow cells. 
The red cells appear normal. Wrigjht’s stain,
X 1,000.
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Flg. 8.7: Blood film of irradiated host ll6 days
after grafting with bone marrow cells from an 
anaemic (sla/-) mouse. The red cells appear normal. 
Wright's stain, x 1,800.
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CHAPTER 9

The Effect of Treatment on X-Linked Mouse Anaemia

As part of the Investigation of the nature of 
X-llnked anaemia In mice, the effect of various therapeutic

V

agents on the course of the anaemia has been studied. 
Details of the results of these investigations are given 
In the Appendix E .

Irons
Iron dextran ("Iraferon"), In doses containing 

0 .5 mg of elemental iron, was given intraper11onea1ly to 
11 anaemic male (sla/-) and 6 anaemic female (sla/ala) 
mice. Of these 17 animals, 9 showed a rapid rise (within 
7 days) in haematoerlt to normal levels, which was 
sustained over periods varying from 15 to 57 weeks in 
6 mice; in the remaining 3 & fall in haemotoorlt was 
observed to occur between 7 and 32 weeks after treatment. 
Eight mice showed a response to this treatment which was 
delayed, or did not reach normal levels. The response of 
anaemic mice to 0 .5 mg doses of iron is illustrated in 
Figure 9 .1. The appearances of the blood film of a young 
anaemic mouse 3 weeks after treatment are shown in 
Figure 9.2. The red cells are uniform in size and shape, 
and show good haemoglobinization (c.f. Figs, 5.4, 5 .6 ,
5.7 and 5 .8).



5 0 -

4 5 -

4 0 -

RC.V.
3 5 -

3 0 -

2 5 -

20
Age in days

206

Fig. 9.1; The effect of treatment with 0.5 rag doses of iron, 
as "Imfei'on" parenterally, on X-linked mouse anaemia. Changes 
In packed cell volume (P.C.V.) are shown over a period of 
80 days after treatment In 9 young anaemic mice. The stippled 
area represents the range of packed cell volume for untreated 
anaemic mice between the ages of 40 and 120 days.
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Fig. 9.2: The appearances of the blood film of an anaemic
female (ala/ala) mouse 3 weeks after receiving 0.5 mg of 
elemental iron as "Imferon" intraperitoneally. The blood 
film is indistinguishable from normal (see Pig. 5.4) and 
the packed cell volume was 4 %. Wright's stain x 1400.
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Eight male anaemic mice were given 5 mg of 

elemental Iron^ as Iron dextran ("Imferon”)̂  intraperi­
toneally. In all> the haematoerlt rose to normal within 
7 days, and in all the response was sustained for 12 weeks 
at which time the animals were killed for histological 
examination.

Tissues were available for histological examination 
from 3 animals which received 0.5 mg of iron parenterally. 
In one the haematoerlt had fallen from 44.5% at 16 weeks 
after treatment to 29$ at 53 weeks after treatment, the 
initial response being good. Stalnable iron was not 
present in the spleen, heart or lungs, In another, the 
rise in haematoerlt was well sustained fo)? 3 weeks after 
treatment, at which time the animal died of an unknown 
cause I the spleen, liver and heart wore examined 
histologically and showed a complete absence of stalnable 
iron. The third mouse died 3 days after treatment, before 
any haematological investigations were carried out| 
stalnable iron was not present in the spleen or liver.

All 8 animals which received 5 mg of iron were 
sacrificed 12 weeks after treatment, when they were aged 
between 215 and 251 days. In all, the spleen iron stores 
were abundant (grade 4), and the spleen itself was of 
normal size with a normal proportion of red pulp. The 
liver parenchymal cells and Kupffer cells contained 
plentiful stalnable iron, and the sternal bone marrow
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(examined in 6 of the animals) showed an absence of 
stalnable Iron. The duodenal mucosal epithelium contained 
quantities of iron similar to those detected in the 
untreated mice (grade 2»4).

Four anaemic male mice received a single parenteral 
dose of 0.1 mg of this agent, without a significant im­
provement in haematoerlt. The mean haematoerlt before 
treatment was 27% and 1 week after treatment, 28% (p>0.l).
Four anaemic male mice also received 5 mg of pyridoxlne 
without significant improvement; In the anaemia. In this 
group the mean haematoerlt before treatment was 28% and 1 
week after treatment, 30% (p >0.1).

Vitamin Bip and folic acids
Six anaemic male mice received 100 ug of vitamin 

Bf2 in a single parenteral dose. Consistent improvement 
in the anaemia was not seen and the mean haematoerlt 7 
days after treatment (28%) did not differ significantly 
from that before treatment (29%) (p>0.1),

Folic acid In a single dose of 0,5 mg was given 
parenterally to 6 anaemic male mlcej again consistent 
improvement in the anaemia was not seen, and the mean 
haematoerlt 7 days after treatment (27%) did not differ 
significantly from that before treatment (26%) (p>0.1).
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Male hormone £

Six anaemic male mice received 20 mg of testosterone 
enanthate ("Belatestryl”, Squibb) intraperitoneally, 
without significant improvement In the haematoerlt. The 
mean haematoerlt both before and after treatment was

Summary:
The anaemia has been treated with parenteral iron 

(0 .5 mg and 5 mg), vitamin , folic acid, pyridoxlne 
hydrochloride and male hormone. None produced improvement 
except iron. With smaller doses the response was generally 
good, although sometimes less than maximal or poorly sus­
tained . With the larger dose the improvement in the 
anaemia was uniformly good, the haematoerlt rising to 
the normal range, where it remained for 3 months In all 
8 animals so treated. Stalnable iron was demonstrable 
in the tissues of these animals, but not In the tissues 
of 3 animals which had received the smaller (0,5 mg) dose.



211
CHAPTER 10

DlGOuaalon

Numerous facets of the problem of X-linked mouse 
anaemia require discussion, and these have been gathered 
under five main headings* The nature and causation of 
the anaemia are considered and its relevance to the Lyon 
hypothesis of X-chromosome inactivation is examined» The 
value of 8la as a model for human disease is assessed. 
Intestinal iron absorption, and, in particular, the role 
of mucosal epithelial cell in iron absorption, is 
reviewed, and a model proposed for the regulation of 
Intestinal iron absorption; within this model, possible 
sites of action of the sla gene are proposed. The chapter 
ends with a brief comment on the usefulness of the ala 
gene in experimental haematology.
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Th© nature of X*linked anaemia of mice

The X»linked anaemia of mica is hypochromic and 
microcytic with poikilocytoeis, and target cell formation, 
as is evident from blood films. The red cell Indices, which 
show reduction in the M.C.H.C» and the M.C.V. confirm the 
hypochromic microcytic nature of the anaemia, and the red 
cell diameter estimations and red cell size scans obtained 
with the Coulter Model J particle size analyser also 
indicate miorocytosis* The degree of anaemia reported 
here is similar to that found by Grewal (1962) but the 
severity of the changes in the red cells is greater in 
the Buffalo colony. This may be due to differences in 
genetic background, since the mice examined here in the 
assessment of the haematological picture were partially 
inbred from the original mixed stock supplied by 
Dr. Falconer, whereas 0rewal*s mice were descended from 
a single anaemic male of the original mixed stock, 
outorossed with CBA/Gr x G57Bl/0r hybrid females. Dietary 
differences may also have had an effect, but, since details 
of the diet used by Grewal are not available, assessment 
of this factor is not possible.

Red cell osmotic fragility is reduced in X-linked 
mouse anaemia (sla), and this may also be seen in 
hypochromic anaemias in man (Cassells, 19383 Valentine 
and Neel, 1944; Mooney, 1952; Dacie, 196O; Buchanan,
Kinloch, Hutchison, Pinkerton and Cassidy, 1963). Grewal
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(1962) found the osmotic fragility in his mice with sla 
to be normal; the reasons for this difference from my 
findings are not clear, but it may reflect the differences 
between the severity of changes in the red cells in 
Grewal*s and in the Buffalo colony, and have the same 
possible explanations. Differences in technique could 
also be responsible.

Elevated reticulocyte counts In some anaemic mice, 
and the accompanying polychromatophllia, indicate increased 
activity on the part of erythropoietic system. The 
possibility that the reticulooytosis Is a consequence of 
increased haemolysis has not been explored, but there is 
good evidence for decreased red cell survival in human 
hypochromic anaemia, including thalassaemia (Dacie, 196O1 

Bannerman, 196I; Weatherall, 1965) and chronic iron 
deficiency anaemia due to hookworm infestation (Loria,
Sanchez-Medal, Lisker, de Rodrigues, and Labardlni, 1967); 
decreased red cell survival has also been observed in 
baboons with chronic Iron deficiency anaemia (Huser,
Richer and Berman, 1966).

The total white cell count, the white cell differ­
ential proportions and the platelet count are within 
normal limits in anaemic mice, and these findings 
together with the reticulooytosis, suggest that the 
proliferative and differentiating capacity of the 
haemopoietic system in mice with sla is unimpaired.
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This suggestion is supported by the transplantation 
studies of Bennett, Pinkerton, Cudkowiez and Bannerman 
(in preparation) who have shown that the haemopoietic 
progenitor cells of mice with sla are as capable as their 
normal counterparts of repopulating the haemopoietic 
system of normal, lethally irradiated, host animals and of 
producing normal red cells In these hosts. It may also be 
noted here that the anaemias which result from disorders 
of differentiation and proliferation are macrocytic (see 
Chapter 2), whereas sla is hypochromic and microcytic*

Hypochromic anaemias are a consequence of inadequate 
haemoglobin formation within the red cell. Failure either 
of globln synthesis or of haem synthesis may be Involved; 
the latter process may be defective either in the synthetic 
pathway for the formation of protoporphyrin IX, or in the 
supply of Iron, or in the union of these two moieties in 
forming haem under the influence of haem synthetase 
(Goldberg, àshenbruker, Cartwright and Wintrobe, 1956;
Schwartz, Cartwright, Smith and Mintrobe, 1959)« Further 
investigation of the mechanism of sla was therefore turned 
towards aspects of haemoglobin formation. The structure 
of the globln moiety of mouse haemoglobin is by autosomal 
genes (Popp and St, Amand, 196O; Popp, 1962b) whereas the 
anaemia described here is X-linked. In man, genes affecting 
quantitative globln chain synthesis seem to be closely linked 
to the structural genes; for example, the gene for the
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hereditary persistence of haemoglobin F is closely 
linked to the structura-1 genes for ̂  - and S -» chain 
synthesis (Weatherall, 1969), and the thalassaemia genes,
^ and |6 > which disturb the rates of (X- and |3 -chain 
manufacture, are also closely linked to, or are allelic with.
the structural genes for (Â - and p-chain synthesis 
respectively (Weatherall, 1965). While the conclusions 
of human genetics cannot be directly applied to mice, it 
seems unlikely that a gene on the X-chromosome, (and thus 
remote from autosomal structural gene or genes) would 
directly influence the quantitative synthesis of globln 
in the mouse.

The qualitative characters of the haemoglobin of 
mice with X-linked anaemia was found not to differ from 
that of normal or heterozygous animals on starch gel 
electrophoresis, all animals examined showing the single 
band pattern (Ranney and Gluecksohn-Waelseh, 1955).

Estimations of the free erythrocyte protoporphyrin 
concentration in anaemic and normal mice revealed con­
siderable elevation in the former. It was therefore 
considered improbable that X-linked mouse anaemia was 
a consequence of a defective step in the haem synthetic 
pathway up to the stage of protoporphyrin IX. Furthermore, 
closer examination of the possibility of iron deprivation 
of the erythron seemed likely to be rewarding, since 
raised free erythrocyte protoporphyrin concentrations are 
found in iron deficiency states in man (Pagliardi, Prato,
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Glangmndl and Fiorina, 19591 Dagg, Goldberg and Loohhead, 
1966). The evidence accumulated by histochemioal and chemical 
studies of iron, and by investigations with radio-iron, 
in X-linked mouse anaemia support the hypothesis that iron 
deficiency is the cause of the anaemia. This evidence will 
now be summarized.

(i) Histochemioal Studies. Gells containing 
haemosiderln granules ware found in all the tissues of 
the normal mouse which were examined, except the testes 
and the pancreas. The principal iron storage site in the 
normal mouse is the spleen (Dunn, 1954) and the present 
study beaj?s this out. The liver shows variable desposits 
of stainable iron in normal mice. Other organe have been 
found to show only scanty haemosiderln containing cells, 
in agreement with the observations of others (Morris et al, 
1954). In sla, the tissue deposits of stainable iron 
(other than those in the duodenal mucosal epithelium, 
which will be considered more fully below) are virtually 
absent. Of 35 anaemic mice, only 8 ahovjed any stainable 
iron whatever in the spleen and this amounted only to the 
merest traces; by contrast, all 25 normal mice examined 
had abundant haemosiderln in the spleen. Stainable iron 
was also found in some normal mice in the liver, bone 
marrow, kidney and heart, and in the mesenchymal tissue 
of the lungs, stomach and small bowel; such traces of 
stainable iron were not found in any anaemic mouse. Thus, 
the hlstoehemically-demonstrable stores of iron are
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clearly depleted in X-linked mouse anaemia,

Haemosiderin-containing erythroblasts were sought 
in the bone marrow smears of normal and anaemic mice; 
such cells (sideroblasts) were not found. The absence 
of sideroblasts in mice with sla is regarded a,s indirect 
support for the hypothesis that haem synthesis is not 
primarily affected, since disorders of the haem synthetic 
pathway characteristically give rise to a sideroblastic type 
of anaemia in man (Goldberg, 19^55 Morrow and Goldberg,
1965) and experimental animals (Harriss. MeGibbon and 
Mollin, 1985). The absence of sideroblasts in anaemic 
mice is consistent with iron deprivation but cannot be 
interpreted as direct support for a diagnosis of iron 
deficiency, since sideroblasts are also absent in normal 
mice with abundant stores of haemosiderln elsewhere.

The presence of haemosiderln“containing macrophages 
in the pulmonary alveoli and bronchioles of some of the 
anaemic mice would not invalidate the suggestion of iron 
deprivation of the erythron and other tissues since this 
iron is probably not available for haemopoiesis (Bothwell 
and Finch, 19^2).

(li) Estimates of total body Iron content*
Chemical estimates of total body iron content give low 
results in sla, providing further support the contention 
that mice with X-linked anaemia are iron-depleted.

(ill) Serum iron concentration and total Iron 
binding capacity* Lowering of the serum iron concentration
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with elevation of the total serum iron binding capacity, 
which 1b also present In ala, is characteristic of Iron 
deficiency in man (Bothwell and finch, 1962). In spite 
of the fact that the serum iron concentration is 
generally low in mice with X-linked anaemia, whether 
fasting or not, occasional very high values have been 
obtained. These are not due to the presence of haemoglobin 
iron in the serum upon which estimations of serum iron 
ware made, since samples showing any trace of haemolysis 
were rejected. Contamination with extraneous iron 
cannot be excluded.

(iv) Radio-isotope studies. The clearance of Iron 
from the plasma of anaemic mice is significantly faster 
than that in normal animals, and its reappearance in the 
circulation of anaemic mice is.both more complete and 
more rapid than noxmial. These results are fully consistent 
with iron deficiency (Bothwell and Finch, 1962), although 
increased haemolysis can produce similar changes; and, 
indeed, an @lement of increased red cell destruction has 
not been excluded in sla.

In previous reports of preliminary studies of X-linked 
anaemia, Bannerman and Cooper (1964, 1966), and Pinkerton 
and Bannerman (1966) concluded that the utilization of 
59ix>on for haemopoiesis was similar in normal and anaemic 
mice. The calculations upon which this conclusion was 
based involved the assumption of a blood volume of T ml/lOQG
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mouse (Bannerman, 1965a). It was oonsldered important 
to ascertain if the blood volumes of normal and anaemic 
mice were indeed the same, on a volume/weight basis, in 
order that the calculations of utilization of iron for 
haemopoiesis might be as accurate as possible * The need 
for an assessment of blood volume in normal and anaemic 
mice was further increased by the Imowledge that 
splenomegaly in man (also a feature of X-linked mouse 
anaemia), is associated with considerable increases in 
blood and plasma volume (McFadsean, Todd and Tsang, 1958; 
Bowdler, 1967; Richmond, Donaldson, Williams, Hamilton and 
Hutt, 1967)1 and by a.n impression gained during the 
taking of blood samples by ca.rdlac puncture for serum 
iron and other estimations, that the quantities of blood 
obtained from anaemic mice were as large as these from 
normal mice, in spite of the smaller size of a.naemic 
mice (see Chapter 5). As it transpired, anaemic mice 
proved to have a significantly incx^eased blood volume, 
as compared with my estimations, and the estimations 
of others (see Chapter l), of the blood volume of normal 
mice.

When the values for the total blood volume, obtained 
by the 51chromium red cell dilution technique, were 
applied to the calculations of the utilization of iron 
for erythropoiesis, the clear difference between normal 
and anaemic (sla/-) mice was obtained. It is obvious
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from the blood volume, red cell mass and plasma volume 
data presented in Chapter T that the anaemia produced 
by the sla/- gene Is in part a haemodllution effect,

(v) Effect of treatment. The favourable response 
of anaemic mice to intraperltoneal Iron therapy, 
previously reported (Bannerman and Cooper, 1966) and 
confirmed here, suggests iron deficiency, Five mg of 
elemental iron produced an immediate rise in haematoorit 
which was well sustained for 3 months; the treated 
animals were then sacrificed for histochemica1 studies 
of the stores of iron, which proved to be abundant in 
the spleen and liver. It is of interest in this connec­
tion that adequate treatment with Iron not only cures 
the anaemia and fills the iron stores, but also restores 
to normal, increases In proliferative activity in the 
erythropoietic tissues of slaA  mice, (Bennett et al, 
in preparation). The anaemia has also been found to 
respond favourably to smaller (0 ,5 mg) parenteral doses 
of iron. However, the response is sometimes incomplete 
or ill-sustained and, at autopsy, no iron is found In 
the stores, histoehemically. It therefore seems likely 
that a dose of 0 ,5 mg of iron is Inadequate to restore 
and maintain the haemoglobin concentration within normal 
limits, and to restock the iron stores; and that, in 
those animals where the improvement in haematoorit was 
poorly sustained, continuing negative iron balance was
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responsible for the reappearance of the anaemia. In 
those animals in which the response to parenteral iron 
was very poor, no explanation is fully satisfactory.
The possibility that the "intraperltoneal" injection 
of iron was, in fact, made into the bowel or bladder 
with subsequent excretion of some or all of the dose 
cannot be discounted.

Treatment with a variety of therapeutic agents 
(pyridoxine, vitamin folic acid, and testosterone
derivatives) has been tried without benefit. Pyridoxine 
was given since X«linked human hypochromic anaemia may 
sometimes respond to that agent (Bishop and Bethe11,
1959).

Intestinal absorption in sla.
The first direct evidence of a fault in iron 

absorption came to light during studies of the histochemioal 
deposits of iron in the tissues. It was observed that the 
anaemic animals (with one exception) showed the presence of 
iron deposition in the mucosal epithelium of the duodenum, 
even after 6 hours fasting, whereas the majority of 
normal animals did not have any iron in the duodenal 
mucosal epithelium, and when present, only small amounts 
were seen; fasting normal mice showed total absence of 
such iron deposition. These observations are in sharp 
contrast to the presence or absence of stainable iron
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in other tissues in normal and anaemic mice, respectively. 

Studies of the intestinal absorption of iron using 
iron-tagged ferrous sulphate in doses containing 0.1 

1 jxg and 10 jag of elemental iron revealed reduction of 
iron absorption by anaemic mice at all three dose 
levels, compared with normal animals. The differences 
between normal and anaemic mice were significant in spite 
of the wide range of variation in iron absorption in the 
mouse. The reduction In absorption of "iron-tagged 
ferrous sulphate is all the more striking when it is 
considered that iron deficient mammals, including man, 
tend to absorb more iron than normal (Bothwell, Firzio- 
Biroli and Finch, 1958; Bannerman, 0*Brien and Witts, 1962; 
Conrad and Crosby, I9631 Hallberg and Solvell, 196?)*

Mo significant difference in iron absorption, 
between normal and anaemic mice, was found when 10 jxg 
doses of iron, as ^^iron-tagged haemoglobin wore given. 
However, the specific activity of the labelled haemoglobin 
was very low, a small dose was given and only a very 
small fraction of it was absorbed; thus, the residual 
levels of radio-activity retained by the animals 5 days 
after dosing was extremely lov/, scarcely above background, 
and errors in counting could well have obscured small 
differences between normal and anaemic mice. The results 
of this experiment are therefore regarded as inconclusive. 

The X-linked anaemia of mice exhibits many of the
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characteristicS of iron deficiency in man, and seems to 
be a conséquence of the failure adequately to absorb 
iron from the gastro-intestinal tract. The findings 
leading to this conclusion are summarised diagramtm tic a Ily­
in Figure 10,1.

It is, of course, clear that the impairment of iron 
absorption in X-linked anaemia of mice must be less than 
complete, as total failure of iron absorption would be 
incompatible with life. The degree of Impairment of iron 
absorption produced by the sla gene appears to vary, as 
there is negative correlation between the amount of iron 
deposited in the duodenal epithelial cells of anaemic 
mice, and the haematoorit, Animals with a less severe 
defect in iron absorption thus tend to show less iron 
deposition in the mucosal epithelium and less severe 
anaemia.

The possibility that the malabsorption of iron is 
not an Isolated defect led to investigation of absorption 
of other substances - fat (in the form of ^iodine- 
labelled triolein), ^^cobalt, ^^zino and ^^copper* The 
absorption of fat was, if anything greater in anaemic 
mice, but the difference from normal animals was not 
significant, and the absorption of tracer doses of cobalt 
was similar in normal and anaemic mice. The absorption of 
both copper and zinc was rather less than normal in 
anaemic mice, but again the differences were not
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Fig. 10,1s Summary of the results of Investigations leading 
to the conclusion that X-linked mouse anaemia is due to iron 
deficiency and intestinal malabsorption of iron.
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statistically significant. The number of animals 
studied was small and the evidence that copper of zinc 
absorption is not abnormal In anaemic mice requires 
confirmation for certainty. Although copper deficiency 
may give rise to hypochromic anaemic, hypoferraemia, 
elevated total plasma iron-binding capacity (Lahey, 
Gubler, Chase, Cartwright and Wintrobe, 1952) and 
defective iron absorption (Cub1er, Lahey, Chase, 
Cartwright and Wintrobe, 1952) in swine, the anaemia 
Is not cured by the administration of Iron (Cartwright, 
dub1er, Bush and Wintrobe, 1956) and the utilization of 
iron for haemopoiesis is defective (Gubler at al, 1952). 
Hence, it is unlikely that, even if copper were poorly 
absorbed in X-linked mouse anaemia, the anaemia is 
primarily a consequence of copper deficiency, since 
X-linked mouse anaemia responds to iron therapy and shows 
an increased utilization of tracer doses of Iron for 
erythropoiesis.

Experimental zinc deficiency in rats leads to 
elevation of the haematoorit, testicular atrophy, sparse 
hair growth and splenic atrophy (Macapitilac, Pearson and 
Darby, 1966); none of these features is seen in mice with 
X-linked anaemia. In man, zinc deficiency has been seen 
in combination with other deficiencies, notably of iron, 
and the effect of zinc supplements in such persons has 
not included a rise in haematoorit, which only followed
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treatment with iron (Prasad, 1966). Thus, it is unlikely 
that zinc deficiency alone caused the anaemia, A syndrome 
resembling hypopituitarism with delayed puberty is also 
seen in man in zinc deficiency (Sandstead, Prasad, Farid, 
Sohulert, Miale, Bassllly and Darby, 1966); mice with 
X”linked anaemia show no evidence of delayed puberty, being 
as fecund as their normal counterparts.

It thus seems highly unlikely that zinc deficiency 
could be playing any significant role in sla.

The relationship of the sla gene to the process 
of intestinal iron absorption is discussed further in a 
subsequent section.

It should be emphasised that the results obtained 
here for the haematological assessment of norma1 control 
animals, the appearances noted in the normal mouse 
tissues, and the values for the serum iron concentration, 
tota-l body iron content, plasma iron clearance rate. Iron 
Utilization for haemopoiesis, blood volume (by the 
6^ohromium and RISA techniques) and iron absorption in 
normal mice, agree well with previous reports in the 
literature, summarised in Chapter 1.

A number of miscellaneous findings, not directly 
related to the nature of X»linked mouse anaemia, merit 
discussion. Splenomegaly was frequently noted in 
anaemic mice and was generally related in degree to the 
severity of the anaemia; the increase in size was due 
to hyperplasia of the red pulp, and splenomegaly could
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be attributed to increased haemopoietic activity, evidence 
of which was also seen in the abnormal persistence of 
haemopoietic foci in the livers of anaemic mice. The 
presence of increased erythropoietic activity In the 
spleen, as measured by the relatively greater numbers of 
erythrold precursors in anaemic mice, is consistent with 
the finding of increased numbers of erythropoietic 
ancestor cells in the spleens of anaemic mice by trans­
plantation techniques (Bennett et al, in preparation).
By contrast, there is no evidence to suggest hyperplasia 
of bone marrow in anaemic mice; significant alteration 
from normal in the erythroblast /granulocyte ratio in 
anaemic mouse bone marrow was not found and increase in 
the proportion of haemopoietic tissue in the medullary 
cavity at the expense of the vascular channels was also 
not seen in anaemic mice. Furthermore, there was no 
absolute increase in erythroblastic activity in the 
bone marrow of anaemic mice when bone marrow cells were 
transplanted Into lethally irradiated hosts (Bennett 
et al, in preparation).

Part of the explanation for the presence of obvious 
erythrold hyperplasia in the spleen of anaemic mice, and 
the apparent absence of such hyperplasia from the bone 
marrow, may lie in recently demonstrated differences in 
the haemopoietic processes in the spleen and bone marrow 
of the mouse. When haemopoietic precursor cells from
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mouse bon© marrow are transplanted to lethally Irradiated 
hosts and form colonies of haemic cells in the bon© 
marrow and spleen of those hosts, the colonies in the 
bone marrow are predominantly granulopoietic and those 
in the spleen mainly erythropoietic (Curry and Trentin, 
19673 Curry, Trentin and Wolf, 19671 Wolf and TrentIn, 
1968). Situations leading to erythrold hyperplasia, 
such as hypoxia, are known to affect the spleen of the 
mouse more dramatically than the bone marrow (Bruce and 
McGullooh, 1964) and a. variant of Friend murine leulcaemla 
virus, which causes a disease resembling polyoythaemia 
vera, appears to affect predominantly the spleen (Mirand, 
19673 Pinkerton, unpublished), Thus, it may be that in 
the mouse, the "soil" of the spleen is particularly 
conducive to erythrold proliferation, whereas th@,t of 
marrow is not, and that, as a result, all or most of the 
hyperplasia of the erythrold series in mice with X-linked 
anaemia occurs in the spleen, rather than in bone marrow.

The blood volume determinations seem worthy of 
comment.

Mice with X-linked anaemia, in spite of reduction 
in the red cell mass, show an increase in plasma volume.
In seeking an explanation for the Increased blood volume 
in X”linked anaemia, the influence of splenomegaly requires 
consideration. Excessive and extremely rapid sequestration 
of the ^^Gr~labelled red cells in the enlarged spleens of 
anaemic mice could explain the high result with this
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technique, but could not be the explanation for the 
difference using radlo-iodinated serum albumin (EISA).
The fact that two different labelling techniqueb gave 
very similar differences between normal and X-linked 
anaemic mice is Interpreted as suggesting that there is 
indeed a true increase in blood volume in the anaemic 
animals *

An increase in blood volume has been found in 
man with chronic anaemia and splenomegaly, due to 
expansion of the plasma compartment (Keith, 19231 Berlin, 
Lawrence & Gartland, 1950; McFadzean et al, 1958; Bowdler, 
19671 Richmond at al, 1967; Pryor, 1967)0 It has been 
suggested (Bowdler, 1967) that the increased blood and 
plasma volume is due to an expansion of the vascular 
space as a consequence of splenomegaly, but the study 
of Richmond et al (1967) indicates that the increase in 
plasma volume is too great to be accounted for merely by 
the plasma in the spleen pool. The mean increase in total 
blood volume in mice with sla is 3.08 ml/lOOG by the 
^^chromium red cell method, and 2.53 ml/lOOG by the RISA 
method, while the mean increase in spleen size is only 
0.59 Û/100G body weight, and the greatest increase is 
less than 2 G/IOOG. The increase in spleen size alone is 
thus Insufficient to accommodate the expansion of the 
blood volume. Both man and mouse with splenomegaly have 
an increase in blood volume which cannot be attributed 
merely to the Increased size of the vascular pool. Further
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detailed investigation of this aspect of the X-linked
anaemia of mice may throw light on the mechanism by which 
enlargement of the spleen influences the plasma volume 
and causes a "dilution" type of anaemia. The effect of 
splenectomy on the plasma and blood volume in sla has not 
been studied, although, in man with splenomegaly the blood 
and plasma volumes are reduced by removal of the spleen 
(Richmond et al, 1967).

One of the early observations on X-linked mouse 
anaemia was its spontaneous improvement with age (Bannerman 
and Cooper, 1964, 1966) and the present study has confirmed 
this. Not only does the haemoglobin concentration rise, 
but the degree of morphological abnormality in blood films 
lessens, and the M.C.K.C., mean cell volume, and red cell 
volume distribution curves, tend to become normal.
However, in spite of restoration of the haemoglobin concen­
tration to normal, the total body iron stores, as measured 
both chemically and hlstoohemloally, remain deficient, and 
histochemioal evidence of Iron deposition in the duodenal 
mucosal epithelium persists. Thus, the hlstochemical 
evidence Indicates that the fundamental metabolic defect 
in sla persists as the animal ages, in spite of the 
apparent improvement as reflected by the peripheral blood 
findings. The improvement in the anaemia with age is 
probably a manifestation of more favourable iron balance 
resulting from decreased iron requirements as the growth
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rate slackens; thus, the defective Iron absorption mechanism 
becomes relatively better able to meet the demands for iron 
erythropoiesis.

X-linked mouse anaemia and the hypothesis of X-chromosome 
inactivation

The hypothesis concerning inactivation of the 
X-chronicsome In mammals was put forward by Lyon (1961) 
and, independently, by Russell (196I), on the basis of 
observations on mice. The normal phenotype of female mice 
of chromosome constitution XO implied that only one 
X-chromosome is necessary for normal development in the 
mouse. Also, female mice heterozygous for various X-linked 
genes affecting coat colour (e.g. Mottled, Mo, and 
Tabby, Ta) show patches of normal and mutant colour. To 
explain these observations, the hypothesis of X-chromoaome 
inactivation (icnown as the "Lyon hypothesis") was drawn up. 
Briefly, the hypothesis states that, in each somatic 
cell of the female, only one of the two X~chromosomes is 
functioning and that Inactivation of one of the two 
X-chromosomes occurs early in embryological development. 
Whether the paternal or maternal X-chromosome becomes 
inactive in a matter of chance, and once an X-chromosome 
is inactivated in any developing cell, all the progeny 
of that cell maintain the same X-ohromosome inactive.
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whether it Is paternal or maternal. Thus, approximately 
half the cells of the female have the paternal %-chromosome 
active, and in the other half the maternal X-chromosome 
is functioning; and the female heterozygote for any two 
allelic genes at the same locus on the X-chromosome must, 
by implication, appear as a "mosaic" of cells (half of 
which exhibit the paternal, and half the maternal, gene 
effect) in the tissues in which the allelic genes are 
capable of expression.

The "Lyon hypothesis" has been extensively and 
frequently reviewed (Lancet, 1963; British Medical 
Journal, 1963; McKusick, 1964; .Davidson, 1964; Teplitz 
and Beat1er, 1966; Lyon, 1966) and appears to have met with 
general acceptance, although Gruneberg (1966, 1967 a and b) 
remains highly critical, A detailed discussion of the 
rapidly accumulating evidence favouring the validity of 
the Lyon hypothesis in various species would not be 
appropriate here, but a few examples of the phenomenon 
as observed in the human female heterozygous for X-linked 
mutations may be cited. In women heterozygous for 
glueose-6-phosphate dehydrogenase (G-6-PD) deficiency, 
clones of cultured fibroblasts are divisible Into two 
distinct populations, one with normal G-6-PD activity and 
one with much reduced ü-6-PD activity. None of the clones 
examined showed intermediate activity (Davidson, Nltowsky 
and Childs, 1963). Furthermore, clones of fibroblasts grown 
from negro women, heterozygous for the A and B electrophoretic
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variants of Q-6-PD, showed either the A (fast) or B (slow) 
pattern, hut in no clone was a double (A plus B) pattern 
found. A mosaic pattern of erythrocytes in heterozygotes 
for G-6-PD deficiency has also been demonstrated - one 
population normal, the other with reduced enzyme activity 
(Beutler and Baluda, 1964).

In X-linked hypochromie anaemia of man a duality 
of red cell population may sometimea be seen in blood 
smears from female "carriers", with approximately half 
the cells hypochromic and microcytic and half norniocytlo 
and normochromic (Pinkerton, 1967). Recently, evidence 
tending to confirm the duality of red cell population in 
this disease has been provided. A woman and two daughters 
exhibited a blood picture with striking duality of red 
cell morphology, similar to that described above. Xg^ 
blood groups were determined in all family members. The 
mother, the two affected daughters and two normal 
daughters were Xg^ positive and the father, Xg^ negative.
In the mother and one affected daughter, the two red cell 
populations were separated by differential centrifugation, 
and Xg^ blood groups determined; in the mother both 
populations were Xg^ positive; in the daughter the microcytic 
population of red cells was Xg^ positive (paternal 
X-chromosome inactive) and the normal-looking cells were 
Xg^ negative (maternal X -chromosome inactive) (MacDiarmld, 
Lee, Cartwright and Wintrobe, 1967).
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The question of X-chromosome inactivation In 

carriers of the sla gene will now be considered. It was 
soon observed that heterozygotes (sla/f) showed little 
or no haematological abnormality (Falconer and Isaacson,
1962 ; Grewal, 1962) and the latter considered them 
sufficiently normal to employ as normal controls for 
comparison purposes. In general, the results obtained 
in the Buffalo colony are in agreement with Grewal's 
observations. However, in young heterozygous (sla/Q-) 
mice, the haemoglobin and haematoorit estimations 
occasionally gave rather low results and minor abnormal­
ities have occasionally been seen in blood films (see 
Chapter 5) * However, attempts to distinguish hétérozygotes 
on the grounds of red cell morphology failed, as most could 
not be differentiated from the normal, and those with minor 
abnormalities could not be told apart from older anaemic 
mice in which spontaneous recovery was nearly complete. 
Certainly, no heterozygote demonstrated a duality of red 
cell popula11on.

Furthermore, evidence of a dual population of red 
cells was not detected In red cell diameter or volume 
distribution curves, nor was a "tail" of abnormally 
resistant cells found during osmotic fragility determin­
ations . Thus, if the provisions of the Lyon hypothesis 
hold true, the primary gene effect of the sla mutant, and 
therefore of its normal allele, was unlikely to be one
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controlling a function within the erythron, but could 
only be affecting the red cells indirectly. These obser­
vations are consistent with absence of interference with 
protoporphyrin and globln synthesis, which have been 
discussed earlier, and they are also In keeping with the 
ability of haemopoietic cells of anaemic male mice to 
produce morphologically normal red cells when transplanted 
into a host environment normal at the sla locus. They are 
further consistent with the suggestion put forward above 
that X-linked anaemia is due to iron deprivation of the 
haemopoietic system.

The histochemioal stores of iron in the heterozygous 
females showed a distribution similar to that seen in the 
normal mouse, but in some the quantity of stainable iron 
in the spleen was less than normal, There was no evidence 
of haemopoietic hyperplasia. Deposits of stainable iron 
were present in the duodenal epithelium of all hétérozygotes 
examined, even after 6 hours fasting. Iron deposition 
was intermediate between the normal and anaemic mice, and 
tended to be patchy in distribution. This finding may be 
considered in the light of CIriineberg's (1967a) criteria 
for acceptance of an X-linked recessive trait in a human 
heterozygote as fitting the Lyon hypothesis. The follow­
ing criteria are relevant to X-linked mouse anaemia;

1) Both Iiemizgous phenotypes must be known;
2) The contrasted patches of heterozygote must be 

arranged at random;
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3) The patches of the heterozygote must correspond 

to the phenotypes of the hemisygotes^
4) Large areas of uniformly intermediate phenotype 

must not be present 5
5) The contrasted patches should; on average, 

cover equal areas in the heterozygote.
Criteria 1, 2 and 4 are satisfied. In respect of 
criterion 3, there is overlap In the appearances between 
normal and heterozygous mice on the one hand^ and between 
heterozygous and anaemic mice on the other, especially 
in the non-fasting group, Also it has not been possible 
to assess accurately in histological sections whether 
the contrasted patches occupy equal areas. Clearly, 
detailed examination of this problem by more refined 
techniques is required before an accurate assessment can 
be made of the relationship of the haemosiderln deposits 
in the small bowel epithelial cells of the heterozygotes for 
the 8la gene to the Lyon hypothesis. It can safely be 
stated; however, that none of the findings in the small 
bowel; so far, are Inconsistent with the X-chromosome 
inactivation theory.

X-linked mouse anaemia and the inherited hypochromic 
anaemias of man

It is part of the purpose of this thesis to assess 
the value of X»linked mouse anaemia as a model for human



237
disease, and other authors have already suggested a 
resemblance to -thalassaemia (Cooley’s anaemia) and to 
the X-linked hypochromic anaemia also described by Cooley 
(l9'̂l-5}̂  and by Bundle a and Falls (1946),

Grewal (1962) first pointed out a resemblance to 
the thalassaemias in man, which are disturbances in the 
quantitative synthesis of the constituent globin chains 
of the haemoglobin molecule (Weatherall, 1967)• Unlike 
thalassaeraia, the mouse disorder responds to iron therapy 
and improves spontaneously with age. In addition, on 
genetic grounds discussed previously in this chapter, 
the analogy is unlikely to be valid. Further evidence 
against any close resemblance between sla and thalassaemla 
Is supplied by comparison of the iron status in the two 
disorders. In human |6 -thalassaemla, the serum iron is 
elevated with a high level of saturation of the iron binding 
capacity of the plasma (Smith, Sisson, Floyd and Slegal,
1990; Bannerman, 1961), and the histochemlcally 
demonstrable iron stores are almost always increased 
(Whipple and Bradford, 1932, 1936; Ellis, Schnlman and 
Smith, 1994; Dade, 196O; Banner man, 1961), No evidence 
of a qualitative defect in haemoglobin synthesis has been 
discovered in sla, whereas abnormal persistence of 
haemoglobin F is a well recognized and characteristic 
feature of human j6 -thalassaemla (Dacie, 196O; Huehiis 
and Shooter, I965; Lehmann and Huntsman, 1966), and the
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presence of the variant haemoglobin H (jSlj.) a frequent 
finding In human (X"thalassaemla (Huehns and Shooter,
19651 Weatherall, 1965). Thus, the evidence presented 
here excludes a fundamental similarity between the human 
thalassaemias e,nd X-linked mouse anaemia.

A closer analogy to the X-linked hypochromic 
anaemia of man has been postulated (Bannerman and Cooper,
1964; McICuslck, 1964; Ohno, 196?), and the attractiveness 
of this suggestion is increased by the knowledge that 
certain analagous genes in divers species are known all 
to be X"linked, e.g., those for antl-haemophlllo globin 
man, the dog (Graham, Buckwalter, Hartley and Brlnkhous,
1949) and, probably, the horse (Mossel, Archer and Macfarlane,
1962), factor IX In man and the dog (Mustard, Howse11,
Robinson, Hocksenia and Bovmie, i960), and glue ose-6 « 
phosphate dehydrogenase in man, the horse and the donkey 
(Trljlllo, Walden, O'Mell and Anstrall, 1965; Mathal,
Ohno and Beutler, 1966).

The X“linked hypochromic anaemia of man (Cooley,
19435 Hundles and Falls, 1946) characteristically shows 
the presence of iron-containing erythroblasts in the bone 
marrow (Lukl, Wlederman and Barovik, 1958; Bourne, Elves 
and Israels, I9655 Losowsky and Hall, 19655 Hall and 
Losowaky, 1966). These cells ("slderoblasts") are not 
seen in sla, and the reduction in iron stores and serum Iron 
concentration In these animals is in sharp contra-distlnotion 
to the increase usually seen in the human disorder
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(Gelpi and Ende, 1958; Daole, 196O; Byrd and Cooper,
1961; Morrow and Goldberg, 1965). ^ response to large doses
of pyridoxlne is sometimes seen in X-linked anaemia of man
(Bishop and Bethell, 1959) but the murine anaemia is
unaffected by this agent.

Thus It seems that the suggestion of an analogy
between the X -linked hypochromic anaemia of man and the
mouse is merely superfIcia1.

Both thalassaemla and X-linkecl hypochromic
(sideroblastic) anaemia of man are consequences of
intrinsic defects in the red cell (Weatherall; 196:;
Morrow and Goldberg, 1965), As discussed earlier, X-linked
anaemia appears to have an extra-erythrooytlc mechanism
and thus could not represent a model for thalassaemla or
for X-linked sideroblastic anaemia of m a n .

Atransferrinaemla in the human, an autosomally
transmitted disorder, produces severe hypochromic anaemia
with iron overload in the tissues (Heilrneyer, Keller,
Vlvell, Keiderling, Betke, Woehier and Schultz, 196I).
This disorder has been excluded by the demonstration, both
here and previously (Cohen, 1962), that transferrin is
present in X-linked mouse anaemia and I have also shown
that the transferrin of mice with X»linked anaemia i s

gocapable of binding ■̂ '̂ iron in vitro in a manner comparable 
to that of normal animals. A resemblance to the 
syndrome of congenital hypochromic anaemia with iron
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overload described by Shahid1, Nathan and Diamond (1964) 
might also be auggeeted, but sla clearly differs from 
this in responding to Iron therapy and In the absence 
of increased deposition of iron in the tissues.

Two other human disorders, of doubtful aetiology, 
bear some similarity to sla. Idiopathic pulmonary 
haemosiderosls in man is characterized by deposition of 
large quantities of iron in the lungs, and anaemia due 
to iron deficiency (Bothwell and Finch, 1962). While 
X-linked mouse anaemia shows many of the characteristics 
of human iron deficiency, the lungs of animals with sla 
do not contain large deposits of stalnable iron. A few 
anaemic animals showed the presence of liaemosiderin- 
containing macrophages in the alveoli, and so, too, did 
some of the normal mice; the appearances did not, 
however, resemble the massive deposition of iron seen in 
the lungs in human Idiopathic pulmonary haemosiderosis 
(Bothwell and Finch, 1962; Cappell, 1964), The presence 
of malabsorption of iron indicated the necessity to 
exclude a form of "idiopathic steatorrhoea" in mice with 
X-linked anaemia. The appearance of the small bowel 
mucosa of anaemic mice did not show any alteration from 
the normal villous pattern, and conformed to the 
descriptions given by Malewitz (1965) and Hummell et al 
(1966); the only abnormality detected has been the 
presence of excessive iron In the mucosal epithelium.
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In addition, there Is no clear evidence of malabsorption 
cf fat, cobalt, copper or zinc in anaemic mice. X-linked 
anaemia of mice cannot therefore be regarded as analagous 
to human coeliac disease or idiopathic steatorrhea, 
which, typically, exhibit stunting or flattening of the 
villi of the small intestinal mucosa (Paulley, 1954; 
Badencch, 1960; Jeffries, heser and Slelsenger, 1964; 
Lancet, 1967) and increased faecal excretion cf fat.

Thus, a clear resemblance between X-linked mouse 
anaemia and an inherited human anaemia has not emerged 
during this study; however, it is quite possible that an 
analagous human disease will, in due course, come under 
observation.

X-linked mouse anaemia and iron deficiency in man

X-linked anaemia of mice appears to resemble 
acquired human iron deficiency anaemia more closely than 
any of the heritable hypochromic anaemias of man, and 
provides a model for study of the effects of iron 
deficiency on growth and metabolism in general, and on 
iron containing enzymes and other proteins in particular. 
Preliminary studies of the cytochrome enzymes in the 
tissues of mice with sla have already been carried out 
and reduction of their activity in some organs has been 
demonstrated (Doeblin, 1967).
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X-linked mouse anaemia and iron absorption

Before discasslng the relationship of X-linked 
mouse anaemia to iron absorption, the literature concerning 
this process will be reviewed. Since McCance and 
Wlddowson (1937), in their classic review of iron balance 
which preceded the use of radio-isotopes, concluded that 
the control of the iron stores depended on iron absorption 
and not on regulated iron excretion (as had been widely- 
held up until that; time) much work, ingenuity and thought 
have been devoted to elucidating mechanisms whereby iron 
absorption can be influenced. While many aspects have 
been clarified mainly by the use of radioisotopes, we are 
still far from a full understanding of iron absorption.

A wide range of factors influence iron absorption 
and these have been summarized in Tables 10,1 and 10,2; 
some factors which, apparently, do no^ influence iron 
absorption, although they might reasonably have been 
expected to do so, are shown in Table 10.3. Iron absorption 
can occur throughout the length of the small bowel, but 
is maximal in the upper small intestine (Beutler,
Fairbanks and Fahey/ 1963; Brown, 1963; Wheby, Jones and 
Crosby, 1964) and the form in which iron is presented to 
the intestina1 tract 1s of some importance. Iron is 
apparently more easily absorbed when given in the ferrous 
than in the ferric form (Furth and Scholl, 1936; Moore,
Dubach, Minnich and Roberts, 1944; Hahn, Jones, Lowe, Meneely
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and Peacock, 1945; Brise and Hallberg, I962) In man, and
rabbits, whereas little difference in absorption is seen 
when ferrous and ferric iron are compared in dogs, rats 
and mice (Underwood, 1938; Austoni and Greenberg, 1940;
Moore et al, 1944); species differences may be important.
It has been suggested that iron can only be taken up by 
the small bowel mucosa in the ferrous form (Bargeim and 
Kirch, 1949; Ventkatachalam, Brading, George and Walsh,
1956) and that ferric is converted to ferrous iron in 
the lumen of the small bowel; this is in keeping with 
the well known enhancement of iron absorption produced 
by the addition of reducing agents such as ascorbic acid 
(Moore and Dubach, 1951; Williams, 1959; Sorensen, 1965;
Haliberg and Solve11, 1967). In contrast, the addition 
of certain substances, forming insoluble complexes with 
Inorganic iron. Inhibits absorption. Phytate decreases 
the absorption of inorganic iron (McCance, Edgecombe and 
Widdowson, 1943; Sharpe, Peacock, Cooke and Harris, 1950;
Haliberg and Solve11, 1967) as does the presence of phosphate 
(Hegsted, Finch and Kinney, 194-9) = However, phytate does 
not reduce, nor does ascorbic acid clearly enhance, the 
absorption of haemoglobin iron (Haliberg and Solve 11,
1967). Alcohol enhances the absorption of ferric iron 
(Charlton, Jacobs, Seftel and Bothwell, 1964), probably 
by stimulating the secretion cf gastric acid. The adminis­
tration of chelating agents (E.D.T.A, and desferricxamine)
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with doses of oral iron decreases the absorption of 
inorganic iron (Larsen, Bidwe11 and Hawkins, 1960| Hwang 
and Brown, 1963, 1965; Bannerman and Malpas, 1965)« A 
wide variety of organic substances including fructose, 
lactate, pyruvate, cysteine (Pollack, Kaufman and Crosby,
1964b), and other organic acids (Groen, van den Broek and 
Veldman, 1947) have been shown to increase iron absorption, 
and it has recently been suggested by Saltman and his 
co-workers that iron is taken up by the mucosal epithelium 
as a chelate, in combination with low molecular weight 
organic compounds such as fructose and citrate (Saltman,
1965; Saltman and Helbock, 196̂ ), There la, however, 
no clear evidence at present as to whether iron Is required 
to be so chelated for uptake into the mucosal epithelium 
of the small bowel.

The iron derived from, iron salts is more readily 
absorbed than ia food iron or iron in the form of 
haemoglobin (Chodos, Ross, Apt, Pollycove and Halkett,
1957; Callender, Mallett and Smith, 19“̂71 Schulz and 
Smith, 19S8a, 1958b; Bannerman, 1965b; Haliberg and 
Solve11, 1967)  ̂ and species differ in their relative 
ability to absorb organic and inorganic iron (Bannerman,
1965b), The process of absorption of haemoglobin iron 
is probably different from that of inorganic iron 
absorption, since the uptake of iron from haemoglobin 
is not influenced by desferrlo.xamine (Hwang and Brown,
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1963.9 1965; Bannerman and Malpas, 196̂ ), or phytate 
Haliberg and Solve11, 196?) and Is little affected by 
ascorbic acid (Halberg and Solve 11, I967)■ The rate of 
absorption of haemoglobin iron is slower than that of 
iron from inorganic sources (Callender, et al, 19571 
Hallberg and Solvell, 1967) • Haemoglobin iron Is 
probably taken up by the mucosal epithelium as haem 
(Callender et al, 1957; Conrad, Heintraub, Gears and 
Crosby, 1966), which may explain the absence of an effect 
cf desferricxamine, which requires iron to be ionized for 
b Ind in g..

The importance of the stomach and its secretions 
have not yet been fully clarified in siJito of extensive 
investigation. Partial gastrectfjmy in man has been 
shown to impair the absorption cf both crganlc and 
inorganic Iron (Stevens, Pirzio-Bircli, Harkins, Hyhus 
and Finch, 1939; Turnberg, 1966) although other workers 
have found no differences in iron absorption before and 
after partial gastrectomy (Smith and Mallett, 1957)• In 
rats, total gastrectomy abolishes the ability of the 
animal to Increase its iron absorption in response to 
iron deficiency, or blood less (Whitehead and Bannerman,
1964; Murray and Stein, 1967b) and in man after partial 
gastrectomy, the administration of whole hog stomach 
enhances uptake from inorganic sources (Turnberg, 1966); 
absorption is Impaired in achlorhydric iron-deficient 
subjects, when Inorganic iron salts are used (Goldberg,
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Lochhead and Dagg^ 1963; Jacobs, Rhodes, Peters, Campbell 
and Eaklns, 1966) but gastric acidity does not seen to 
affect the absorption of haemoglobin iron (Callender et al, 
1957; Biggs, Bannerman and Callender, I96l). Jacobs,
Rhodes and Eaklns (1967) found that the addition of 
gastric juice from an anaemic. Iron-deficient, patient 
increased iron absorption In achlorhydric Individuals*
However, hydrochloric acid alone produced a similar 
enhancement of iron absorption and thus it was concluded 
that gastric juice from an anaemic individual with iron 
deficiency exhibited an enhancing effect that could be 
ascribed simply to hydrochloric acid. This is at variance 
with the findings of Koepke and Stewart (1964), where iron 
absorption In normal dogs was found to be Increased when 
an oral dose of iron was given with gastric Juice from 
an iron deficient animal, A further claim has been put 
forward that a constituent of gastric juice other than 
hydrochoric acid influences Iron absorption. Waxman,
Pratt, Cuttner and Herbert (1966) found that hog intrinsic 
factor enhances iron absorption In both organic and in­
organic forms; the previous addition of vitamin did 
not Inhibit this effect but exposure to anti-intrinsic 
factor antibody prevented enhancement of Iron absorption, 

Boiler and his colleagues (Luke, Davis and Deller,
1967) have suggested that gastric Juice may contain a 
substance, named by them "gastroferrin", which, hypothetically
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binds iron and prevents its absorption. This substance 
is said to be present in reduced quantity in the gastric 
juice of iron deficient subjects, presumably thereby 
permitting a greater level of absorption. This hypothesis 
remains to be confirmed and a serious drawback is the 
absence of enhancement of iron absorption by removal of 
the stomach, and therefore of the postulated source of 
gastroferrin.

It is clear that the stomach and Its secretions 
have an influence on iron absorption, especially where 
inorganic iron is concerned, but the precise mechanism 
or mechanisms by which this Influence Is mediated remain 
to be fully elucidated.

In 1935, it was noticed that ligation of the 
pancreatic duct led to slderosls in cats (Taylor,
Stiven and Reid, 1935) and shortly afterwards Andersen 
(1938) observed a high Incidence of slderosls among 
children with cystic fibrosis of the pancreas. Experi­
mental pancreatic damage in animals, whether Induced by 
ethlonine or by a low protein diet, leads to excessive 
iron absorption (Kinney, Kaufman and Klavlns, 19551 

Kaufman, Klavlns and Kinney, 1958). This has again been 
demonstrated by Brozovio, Popovlc, Obradovic and Fendlc 
(1966) who also showed that pancreatln would decrease 
iron absorption to near normal levels In animals previously 
treated vflth ethionlne. Iron absorption in humans with
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ûhronio pancreatitis is increased in a substantial 
proportion of cases (Davis and Badenoch, I962) and Iron 
absorption can be inhibited by the administration of 
pancreatln and pancreatic extract (Biggs and Davis,
1963; Smith, 1964; Davis and Biggs, I967)* In children 
with cystic fibrosis, an increase in iron absorption 
was detected when Inorganic iron absorption was tested, 
but not when an organic tracer was used (Tdnz, Weiss,
Stmhm and Rossi, 1965). Baloerzak and colleagues, on 
the other hand, found no increase in iron absorption, 
which could not ba ascribed to iron deficiency, in 11 
patients with chronic pancreatitis. Balcerzak, Peternel 
and Heinle, (1967), and Murray and Stein (1967a) did not obtain 
a reduction in iron absorption with crude powdered pancreas.

Davis and Biggs (1967) feel that it is unlikely 
that the mere lowering of pH in the duodenal contents 
by the absence of alkaline pancreatic secretion is enough 
to account for the increased iron absorption of pancreatic 
disease. However, the absorption of haemoglobin iron 
(as metalloporphyrin) is much inhibited by raising the pH, 
which has a polymerizing effect on haem, and hence, 
pancreatic secretions may be Important In the regulation 
of the absorption of iron in organic form (Conrad, Corteil, 
Williams and Foy, 1966). A constituent of pancreatic 
extract, probably a polypeptide, and duodenal secretions 
from normal persons, can inhibit iron uptake by rat jejunum.
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(Davis and Biggs, 1967)* The mechanism whereby the 
pancreas influences Iron absorption requires further 
clarification, and multiple factors may prove to be 
involved.

Iron absorption is also increased in cirrhosis of the 
liver (Callender and Malpas, I9Ô3 ; Friedman, Schaefer and 
Sohiff, 19665 Williams, Williams, Scheuer, Pitcher,
Lolseau and Sherlock, 1967) and this enhancement is seen 
with both organic and inorganic iron tracers. Reduction 
in the level of iron absorption in these patients is 
produced by crude hog pancreas (Callender and Malpas,
1963). The cause of the increase in iron absorption in 
cirrhosis of the liver is not clear, but it is not due to 
iron deficiency (Williams et al, 1967). Since pancreatic 
damage Is frequently associated with cirrhosis of the 
liver, especially that of alcoholic etiology (Sobel 
and Waye, 1963)  ̂ it may be that increased iron absorption 
in hepatic cirrhosis is a consequence of concomitant 
pancreatic damage, rather than of cirrhosis per se.

Decreased iron absorption Is seen in idiopathic 
steatorrhoea (Badenoch and Callender, 1954; Bonnet,
Hagedorn and Owen, i960) presumably as a result of the 
loss of absorptive surface area. An experimental syndrome 
in which various substances, including iron, are poorly 
absorbed from the Intestine has also been described with 
the use of neomycin (Jacobson, Chodos and Faloon, i960).
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In the next few pages, various aspects of Iron 

absorption in relation to the mucosal epithelial cell will 
be considered. Following the realisation that iron 
absorption is a major controlling factor in maintaining 
normal iron balance, attention focussed on the role of 
the small bowel, and Hahn and his collaborators (Hahn,
Bale, Boss, Balfour and Whipple, 194-3) and Graniok (1946a, 
1946b) put forward their classical theory of "mucosa block*', 
in which the epithelial cell of the small Intestinal 
mucosa played a key part. Since that time there has been 
considerable controversy over the "mucosa block" hypothesis; 
it seems now to be generally accepted that the mucosal 
cell of the small bowel does exert some control over the 
absorption of iron, although in a rather more complicated 
manner than was originally suggested by Granick (1946a,
1946b). This subject has been reviewed several times in 
recent years (Callender, 1959  ̂ 1967; Brown, 1963; Crosby,
1964, 1966; Wheby, 1966).

Hahn et al (1943) observed that the anaemia of 
chronic blood loss in dogs was associated with a 5 to 15 

fold Increase in iron absorption* Acute blood loss, on 
the other hand, did not produce an increase in iron 
absorption until several days had elapsed, Furthermore, 
if a large dose of iron was given 1 to 6 hours prior to 
testing with radioiron, absorption of tagged iron was 
found to be suppressed. On the basis of these findings.
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the idea emerged of a "mucoaa block" to iron absorption, 
which depended on alternate saturation and dosaturation 
of an acceptor system in the mucosal cell. Desaturation 
was a Blow process occurring over a period of days, 
whereas saturation could occur rapidly, within hours, 
Granick (1946a, 1946b) postulated a more specific 
mechanism for controlling iron uptake from the gut. He 
demonstrated a great increase In the amount of ferritin 
in the guinea-pig small bowel mucosa after oral adminis­
tration of iron. The ferritin content of the mucosa was 
maximal 7 hours after administration and gradually 
decreased over 3-6 days. Granlck suggested that, after 
iron is taken up by the epithelial cell, it is bound to 
an acceptor protein (apoferritin), forming ferritin, 
in which form the iron remains in the mucosal cell until 
required by the body, when the ferritin dissociates into 
iron (which is then transferred to the plasma) and 
apoferritin in the mucosal cells, and suggested that 
apoferritin formation was stimulated by the presence of 
iron in an unbound form (Granick, 1949, 1954).

It subsequently became clear that any such "mucosa 
block" was far from perfect. The absorptive mechanism 
apparently cannot be saturated with iron. Smith and 
Fanacciuli (1958) demonstrated in man that, by increasing 
the dose of iron given orally, the absolute amount of 
iron absorbed can also be increased, although the propor­
tion of the dose absorbed falls. Similar findings have
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been reported in mice (Beutler, Kelly and Beutler, 1962; 
Gitlin and Cruchaud, 1962) and rats, in respect both of 
inorganic iron (Bannerman, O'Brien and Witts, 1962) and 
haemoglobin iron (Bannerman, 1965b). These findings do 
not negate the hypothesis of a mucosal block, but they 
clearly demonstrate that such a block is incomplete at 
any dose level of iron. Soma of the observations in these 
experiments support the theory that iron absorption is 
influenced by the body's requirements. Iron-deficient 
persons, at all dose levels, absorb more iron than iron- 
replete individuals (Smith and Pannacciuli, 1958) and the 
same is true in rats (Bannerman, O'Brien and Witts, I962).

Both Git 1 in and C rue baud ( 1962 ) and Bannerman, 
O'Brien and Witts (I962) found a curvilinear relationship 
between the size of the dose of iron given, and the 
amount absorbed. In higher dose ranges the relationship 
is linear, and, in the lower, it is curvilinear. These 
results are interpreted as indicating two absorptive 
mechanisms, one in which an enzymic, or "carrier", process 
is involved, and which is limited in capacity, and the 
other a process with first-order kinetics where the 
concentration of iron in the gut lumen is the limiting 
factor, and the maximum amount that can be absorbed 
depends on the size of the lethal dose, Both mechanisms 
appear to be facilitated by iron deficiency and inhibited, 
regardless of the size of the dose, by iron-loading
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(aitlin and Cruohaud, 1962), Thus, although "mucosa 
block" as postu3.ated by Hahn et al, (194-3) and Granick 
(1946a and b) is far from perfect, there is still some 
control of iron absorption even when near lethal doses 
of Iron are given.

The experiments of Gitlln and Cruchaud (1962) and 
Bannerman, O'Brien and Witts (1962) suggest that a 
specific, controlling mechanism exists for iron absorption 
at the lower, more physiological, range of iron dosage, 
and that It is quite precise, adjusting rapidly as 
requirements change. The latter authors tested iron 
absorption in iron deficient rats on a low Iron diet, then 
changed the diet to an iron-supplemented one and re-examined 
iron absorption* A rapid fall in iron absorption, to normal 
levels, was observed before the haemoglobin concentration 
had risen to normal. In the reverse experiment, rats 
changed from an iron-supplemented, to an iron-poor diet 
exhibited a rise in iron absorption before any effect was 
seen on the haemoglobin concentration. It was concluded 
that local factors, such as the amount of iron in the 
intestinal mucosa, were of greater importance than the 
haemoglobin concentration or the body stores of iron.
Similar observations have been made by Pollack, Kaufman, 
and Crosby (1964a) and Charlton, Jacobs, Torrance and 
Bothwell (1965).

Autoradiographic studies of the small bowel
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epithelium of rats ha,ve been carried out following oral 
and parenteral administration of radioiron (Conrad and 
Crosby, 1963)* In normal rats, sections were made from 
the duodenum and jejunum at intervals up to 48 hours 
after oral dosing with iron. Two to 8 hours after the 
test dose, most of the villous epithelium showed radio­
activity. At 12-24 hours, labelling was confined to the 
epithelium of the distal half of the villus, and at 36- 
40 hours, only the tips of the villi showed activity.
Thus, iron from the bowel lumen taken up by the epithelial 
cell in the normally iron replete state is held there, at 
least in part, until the cell le shed. Sections from iron- 
deficient and iron-loaded rats shovied little activity at 
any of these times, Normal and Iron-loaded rats vie re 
killed 16 hours after parenteral injection of ^^iron and 
autoradiographs made of the upper small boviel. Radio­
activity was principally located in the epithelial cells 
of the proximal half of the villi* Iron deficient rats 
showed little activity in the epithelium. These findings 
suggest that iron is incorporated into the mucosal 
epithelium as the cell is formed and remains there until 
the cell is shed, unless it is required for other purposes, 
such as in iron deficiency.

On the basis of these experiments, a hypothesis 
was elaborated for the regulation of iron absorption 
through the epithelium of the small bowel (Conrad and 
Crosby, I963). It was suggested that, in the normally 
iron replete state, the quantity of iron in the body
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stores regulates, to some extent, the acceptance of Iron 
from the intestinal lumen, by the mucosal cell, through 
the amount of iron laid down In the cell at the time of 
its formation - the more iron laid down, the less can be 
"accepted". After entering the mucosal cell, dietary iron 
can be passed to the plasma, or lost when the cell is shed. 
(Fig. 10.2, left). In iron deficiency, the amount of iron 
incorporated in the cell is reduced and the acceptance of 
iron facilitated 0 More iron Is absorbed than normal and 
little is lost in the exfoliated mucosal cell. (Fig. 10.2, 
centre). In the iron-loaded state, the quantity of iron 
laid down in the epithelial cell during its formation Is 
excessive, and iron uptake from the intestinal lumen is 
obstructed; increased amounts of iron are lost as the mucosal 
cells are shed (Fig. 10.2, right).

Fux^ther experiments by these, and other workers, 
outlined below, are in keeping with this hypothesis.
Conrad, Weintraub and Crosby '(1964) observed that the 
maximal concentration of intravenously administered iron 
in the mucosal epithelium of rats occurs 16 to 24 hours 
after injection; suppression of iron absorption from an 
oral dose of tagged Iron clearly followed 24 hours after 
a parenteral injection of 0.23 mg of iron, at which time 
there was a significant excess of iron in the mucosa, as 
measured chemically, Charlton et al (1963) noted 
depression in iron absorption which was detected as early 
as 6 hours after parent era, 1 injection of iron and which
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Fig. 10.2: A hypothesis for the regulation of iron
absorption by the intestinal mucosal epithelium, under 
the influence of the body iron stores. After Conrad and 
Crosby (1963)0 See text.
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reached a maximum at 18 hours. By 48 hours absorption 
of Iron had risen again to near normal levels.

The possibility that iron is "held" in the small 
bowel epithelium in the normal individual until the 
mucosal cell Is shed, and passed through the cell rapidly 
in the iron-deficient subject, has received indirect 
support from experiments in man using radio-iron and a 
faecal marker. Conrad and Crosby (1963) gave radio-iron 
and carmin© red to normal and iron deficient subjects.
In both groups, the carmine red was entirely evacuated 
within 3 days; faecal excretion of iron was complete at 
3 to 7 days In iron deficient subjects, and 6 to I5 days 
in normal persons, Similar results have been obtained 
by Boender, Mulder, Floom, da Wael and Verloop (1967) 
using ^barium sulphate as the faecal marker. The lapse 
of time in completion of the faecal elimination of radio- 
iron in normal as compared with iron-deficient individuals 
la similar in length to the turnover time of duodenal 
epithelial cells in man, i.e. 5 to 6 days (MacDonald,
Trier and Everett, 1964; Creamer, 1967). The fact that 
delay in Intestinal transit may occur in iron-deficient 
rats (Copp and Greenberg, 1946; Bannerman, O'Brien and 
Witte, 1962) and doge (Austoni and Greenberg, 194-0) does 
not necessarily negate the conclusions of Conrad and 
Crosby (1963) and Boender et al (1967) based on investiga­
tions in man.
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A negative correlation between the Iron content of 

the bowel and iron absorption has been found in rats by 
ChiraBlri and Izak (1966) and Pearson, Reich, Frank and 
Salamat (I967)» Allgood and Brovm (1967) estimated the 
non-haem iron concentration In duodenal biopsies in normal, 
iron-deficient and iron-overloaded human subjects and found 
no significant correlation of iron concentration with iron 
absorption. No obvious explanation emerged for the 
discrepancy between this and the studies in animals.
Difficulty in ascertaining whether the iron measured 
was epithelial or non-epithelial, differences between 
the human and the experimental situation, and species and 
technical differences may all have played a part. More 
detailed investigations in man are clearly called for.

Extensive studies of the transport of iron by the 
small bowel mucosa of the rat, using everted gut sacs or 
loops of small bowel, have been carried out by Schachter 
and hie colleagues (Dowdle, Schachter and Sohenker, I96O;
Manis and Schachter, 1962a, 1962b, 1964, 1963), Brown and co­
workers (Brown and Justus, 1958; Brown and Bother, I963) 
and by Jacobs, Bothwell and Charlton (1966). While caution 
is required in interpreting data obtained by such to vitro 
studies, where the conditions are quite unphysiological, 
the evidence which has emerged from these experiments is 
of considerable interest.

Brown and Justus (1956) found that iron transfer 
from lumen to serosa was similar in segments of email bowel



from all levels and suggested that the maximum absorption 
found in the duodenum to vivo was a consequence of Its 
anatomical position. Transfer of iron in their experi­
mental system was apparently a passive process, unaffected 
by changes in pH or the presence of metabolic inhibitors. 
However, under somewhat different experimental conditione, 
Dowdle et al (i960) demonstrated that iron could be 
transported from the mucosa to the serosa against a con­
centration gradient by a system of limited capacity. The 
transport mechanism apparently depended upon oxidative 
metabolism and the generation of phosphate bond energy, 
These findings were confined to the duodenum and were not 
demonstrable lower down the intestinal tract. Further 
investigations in the mouse, rat and golden hamster con­
firmed the observations of Dowdle et al (i960), and showed 
that mucosal uptake was similar throughout the length of 
the small bowel, whereas the capacity for active transfer 
from mucosa to serosa was sharply localized to the 
duodenum (Mania and Schachter, 1969a). Mucosal uptake of 
iron is faster than serosal transfer and the latter is the 
rate limiting step to the movement of iron from the lumen 
to the serosal surface in everted gut sacs; mucosal uptake 
increases in proportion to the concentration of iron in the 
ambient medium, to a range of concentrations where serosal 
transfer remains constant, Oxygen and hexose are required 
for serosal transfer, which is more liable than mucosal
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uptake to Inhibition by metabolio poisons such as cyanide.
An oral dose of Iron given to an experimental animal prior 
to construction of an everted gut sac inhibits both the 
mucosal uptake and the serosal transfer of iron (Manis 
and Schachter, 1962b) and a similar effect of high 
dietary iron concentration is also seen. Pregnancy 
increases the transfer of iron from the luminal to the 
serosal side of an everted gut sac. Manis and Schachter
(1964) further demonstrated that iron was taken up by 
the mucosa as ferrous iron, entering a rapidly turning- 
over pool, whence it passed either to the serosal surface, 
or to a slowly turning-over protein-bound ferric iron 
pool, of which ferritin apparently formed a very small 
proportion, about 8^. Prior treatment of experimental 
animals with oral iron enlarged both the rapidly and the 
slowly turning-over pools, decreased the net uptake of 
Iron by the mucosal epithelium and decreased the net 
transfer to the serosa. The decrease in serosal transfer 
from the mucosal cell Is apparently a primary effect, 
since the mucosal ferrous Iron pool is Increased in 
size. Reduced iron transport from the mucosal cell to 
the serosa results in a secondary increase in size of the 
ferric iron pool, Ma,nls and Schachter (1964) conclude 
that the inhibition of the transport mechanism for 
transfer of iron from the mucosa to the serosal surface 
occurs through an unknown mechanism vihich can be inhibited 
by iron itself.
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The work of Schachter and hlB colleagues, 

demonstrating a rapid and a slow transit mechanism for 
Iron uptake from the duodenal mucosa is In agreement with 
other observations. Ferroklnetie studies in man have 
shown two phases of iron absorption, one rapid, commencing 
about 10 minutes after oral dosing and continuing for 
3 to 4 hours, and the other slow, probably from iron 
stored in the mucosa (Hallberg and Solvell, i960).
Wakisaka, Tomlta, Earlyone, Takahashl, Yamaba, and Takagl
(1965) have confirmed these findings and also noted that 
the increase in Iron absorption associated with iron 
deficiency occurs mainly in the rapid phase| significant 
correlation with the serum iron level and the plasma iron 
disappearance rate was found. Similar conclusions have 
been reached by Stewart and Oambino (I961), employing dogs.

Using a loop of small bowel with an artificial 
circulation, Jacobs, Bothwell and Charlton {1966) found 
evidence to support Manie and Schaohter's (1962a) suggestion 
of an active metabolic process involved in iron transfer 
across the small bowel mucosa. This process is inhibited 
by anoxia, aside, cyanide and lodacetamlde, and enhanced 
by cX “keto-glutaric acid, citrate and methylene blue, 
previous iron deprivation, venesection and phenyIhydraaine- 
Induced haemolysis.

Wheby and Crosby (1963), and Wheby, Jones and Crosby 
(1964) studied the differential proportions of an orally
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administered dose of radio-iron in the gut of rats, and 
in the remainder of the carcass at various times after 
dosing. Their results Indicate that iron is absorbed in 
two stages, the first from the gut lumen to the mucosa 
and the second from the mucosal cell to the other tissues; 
the former step occurs more rapidly, implying a storage 
mechanism for iron in the mucosal cell. Both steps vary 
quantitatively with the state of the iron stores, more 
iron being transferred, the smaller the iron stores; the 
transfer of iron from the mucosal cell to other tissues 
was more affected by the state of the iron stores and the 
prior oral administration of iron, than was the uptake of 
iron by the mucosal cells. Sixty to 8o per cent of the 
total absorption of iron occurred within two hours and the 
rest more slowly over 12 to 20 hours. The kinetics of 
the early phase of absorption were consistent with an 
enzyme dependent system, when the dose of iron was 50 jxfr 
or less in normal rats or 500 p.g or less in iron deficient 
animals. The larger the oral dose of iron given the more 
iron, relatively, is put into the stable, slowly absorbed 
form, and the less, relatively, is passed through the 
rapid transport mechanism. Conversely, the smaller the 
dose of iron, the greater the proportion absorbed via the 
rapid transport mechanisms and the smaller the proportion 
passing to the stable form.

The nature of the Iron as it passes through these
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two phases In the mucosal cell is not clear. The stable 
form is protein bound and Charlton et al (1965), Identified 
this iron-protein complex as ferritin. Furthermore,
Hartman, Conrad, Hartman, Joy and Crosby (1963) have 
demonstrated ferritin "tetrads" by electron microscopy 
near the apex of duodenal epithelial cells, and these are 
less frequent in Iron deficiency (Crosby, 1963, 1964).
However, Brown and Rother (1963) were unable to show that 
the Iron-»protein complexes in their preparations of rat 
small bowel ware ferritin by immuno-chemical and electrophore­
tic techniques, and Manis and Sohachter (1964) could only show 
about 8 per cent of the protein-bound iron to be in the 
form of ferritin. The nature of the slowly turning-over 
protein-bound pool of iron in the small bowel mucosa 
requires further investigation to explain these discrepancies.

The nature of the iron in the rapid transit pool 
is also unclear. It is apparently in the ferrous state 
(Manis and Sohachter, 1964). Brown and Rother (1963) 
claimed that this iron was associated with glycine and 
serine I however, this conclusion may be erroneous, based 
on an experimental artefact resulting from the inclusion 
of versene in solutions used for washing the small bowel 
tissue (Charlton et al, 19653 Manis and Sohachter, I965).

It was Indicated above that haemoglobin iron was 
apparently absorbed in a different fashion from inorganic 
iron. Both are primarily absorbed in the duodenum. Haemoglobin 
is split enzymatically into metalloporphyrln and globin



degradation products in the bowel lumen; the haem is taken 
up by the mucosal epithelium where it can be demonstrated 
histochemlcally. Some of the iron is then released from 
haem in an inorganic form, but, in the guinea-pig, this 
quantity Is too small to account for all the iron absorbed 
from haemoglobin, and most of the iron which passes 
through the mucosal call to the plasma is transported 
thence as haem (Conrad, Weintraub, Sears and Crosby, 1966). 
In man, on the other hand, the passage of haem from the gut 
to the plasma has not been detected (Turnbull, G leton and 
Finch, 1962) . This may be due to species differences, such 
as more rapid breakdown of haem passed to the plasma in man, 
or more complete reduction of metalloporphyrln to inorganic 
iron in the gut lumen or mucosal epithelial cell of man.

The iron of purified haem is less well absorbed than 
that of haemoglobin and it appears that the globin 
degradation products may "protect" the haemoglobin-derived 
haem from the polymerising effects of the allcallne 
secretions in the duodenal lumen (Conrad, Corteil, V/illlams 
and Foy, 1966).

The studies of Halberg and Solvell (1967) in man, 
using inorganic and haemoglobin iron differentially 
labelled with two Isotopes of iron - ^^iron and ^^iron - 
demonstrated that inorganic iron Is more rapidly absorbed 
than haemoglobin iron, consistent with delay either in 
freeing iron from the metalloporphyrln or in transfer of
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haemoglobin iron into the raucosal cell, or both, A dose 
of un labelled ferrous Iron given with tagged
haemoglobin decreased the absorption of haemoglobin iron; 
organic iron and inorganic Iron containing the same dose 
of elemental iron given prior to a tagged oral dose of 
Inorganic iron inhibited the absorption of the radio- 
iron to a similar extent.

Mutual interference with absorption of iron in the 
forms of haemoglobin and ferrous sulphate has also been 
demonstrated in the guinea pig (Conrad, Weintraub, Sears 
and Crosby, 1966). Unlabelled ferrous sulphate decreased 
the absorption of haemoglobin ^^iron significantly, 
whereas the decrease in ferrous ^^iron absorption produced 
by unlabelled haemoglobin iron was not statistically 
significant, and it was suggested that the slower rate 
of absorption of haemoglobin iron decreases its capacity 
for inhibiting the absorption of inorganic iron. The 
effects of unlabelled haemoglobin iron on inorganic ^^iron 
absorption, and of unlabelled inorganic iron on haemoglobin 
^^iron absorption, are less in the guinea pig than the 
effects of un labelled inorganic iron on inorganic 693̂ 5̂ 011 
absorption and of unlabelled haemoglobin iron on 
haemaglobln ^^Iron absorption, when equivalent doses are 
used. Conrad and his associates also provided evidence to 
indicate that ferrous sulphate inhibits haemoglobin iron 
absorption by decreasing transfer into the plasma of
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intracellular* iron released from haem rather than by
affecting uptake from the lumen of the cell.

It may be that man is more capable of splitting
the iron from haem in the mucosal epithelial cell than
1b the guinea pig, and that man utilizes a common path­
way for most of his iron absorption from both inorganic 
and haem sources, whereas the guinea pig appears to 
have two separate pathways for iron absorption, one 
for inorganic iron, the other for haem, and perhaps 
other forms of organically bound, iron.

A wide variety of factors active on ths systemic 
side, as opposed to the luminal side, of the mucosa also 
affect iron absorption. An increase in iron absorption 
Is produced by blood loss, increased erythropoiesia, 
administration of erythropoietic hormone, hypoxia, iron 
deficiency and pregnancy (see Table 10.l), and a decrease 
is seen with bacterial infection, bone marrow suppression, 
copper deficiency. Iron overload, blood transfusion and 
sterile abscess (see Table 10.2).

The mechanism of Increased iron absorption in 
association with most of the conditions listed above may 
well be mediated through a high rate of removal of iron from 
the plasma (Bothwell and Pinch, 1962), It has been shown 
that iron absorption is inversely related to the degree of 
transferrin saturation (Taylor and Gatenby, 1967) and 
transferrin given intravenously enhances iron absorption
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(Solvell, i960). Weintraub, Conrad and Crosby (1964) 
demonstrated in rata that, following blood loss, a 4 to 
5 day period elapsed before the serum iron fell and the 
plasma iron olearanee rate Increased. Associated with 
these changes, the absorption of Iron from the intestinal 
tract increased and the amount of iron in the small bowel 
decreased. They postulated that the iron content of the 
bowel, controlling (see Fig. 10.2) iron absorption, was 
in turn controlled by the rate of plasma iron turnover. 
Further experiments in which the rate of erythropoiesis 
was varied by altering the environmental oxygen tension 
tended to confirm this suggestion (Weintraub, Conrad and 
Crosby, 1965).

Beutler and Buttenwelser (i960) attempted to detect 
a humoral regulator of iron absorption. They Injected 
plasma and crude tissue extracts from normal and iron- 
deficient rats or mice into animals of the same species, 
without producing any alteration in iron absorption. 
Fischer and Price (1963), on the other hand, were able to 
enhance iron absorption in rats by the transfusion of 
iron-deficient plasma; the possibility that this was an 
effect of transfusing unsaturated transferrin cannot be 
excluded. There is, at present, insufficient evidence 
for adequate assessment of the possible existence of a 
specific humoral factor affecting iron absorption.

The assumption that iron in the plasma and the
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mucosal epithelium does not exchange with that in the 
lumen of the bowel has been confirmed by Crosby and his 
associates (Pollack, Kaufman and Crosby, 1964c).

In summary, iron can be absorbed from the small 
intestine either as inorganic iron, probably in the ferrous 
state, or in combination with organic compounds, such as 
in haem. The gastric and pancreatic secretions can affect 
iron absorption in ways which are not yet fully understood, 
and various substances given orally with iron may also 
influence its intestinal e,bsorption, The mucosa of the 
proximal small intestine exerts some control over the 
uptake of iron from the luminal contents, through the 
interplay of several factors; firstly, the iron content of 
the raucosal epithelial cell at the time of its formation, 
and this Is dependent on the body Iron stores; secondly, 
the amount of iron taken up and retained by the mucosal 
cell from the food; and thirdly, the requirement of the 
body for iron as reflected by the rate of removal of iron 
from the plasma.

Iron taken into the mucosal cell from the gut lumen 
apparently enters one of two pools of iron, a divalent, 
non-protein bound rapidly turning-over pool, or a slowly 
turning-over protein bound Iron pool, with iron In the 
trivaient form.

Iron entering the rapidly turning-over pool in the 
raucosal epithelial cell is quickly transferred from the 
cell to the plasma, and constitutes most of the iron
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absorbed, whereas that entering the prota in-bound pool 
can be absorbed only very slowly, and in small amount, 
with most of the iron in this form being shed as the 
epithelial cell exfoliates. Whether the protein-bound 
iron is in the form of ferritin is not at present clear, 
and the conflicting findings of various workers have been 
mentioned above. It seems likely that iron is transferred 
from the mucosal cell to the plasma by a mechanism which 
is capable of working against a concentration gradient, 
which involves an energy-consuming enzyme-mediated step, 
and which is in some way limited by the amount of iron 
in the mucosal cell, and the amount of iron required to 
be uplifted by the plasma to meet demands elsewhere.

While it is generally agreed that the intestinal 
mucosa exerts some control over iron absorption, it Is 
equally agreed that this control is far from perfect and 
the mechanism cannot fully regulate the passage of iron 
through the intestinal mucosa when the concentration of 
iron in the intestinal lumen Is high.

The situation in the X-linked anaemia of mice, 
where there is decreased iron absorption, and iron 
deficiency is in sharp contrast to that in iron deficient 
animals and humans, where it is usual to find Increased 
Iron absorption (Hahn et al, 19433 Bothwell et al, I958; 
Bannerman, OiBrlen and Witts, 1962; Conrad and Crosby, 
19633 and others),



270
Dietary factors cannot be Involved, since both 

normal and anaemic mice received identical food and water. 
It Is unlikely that gastric or pancreatic factors are 
involved although the possibility cannot be entirely 
excluded. The stomach appears histologically normal and 
acid-secreting cells are present in similar numbers in 
normal and anaemic mice, A disorder involving the 
hypothetical geistrlc few tor, "gastrof errin", (Luke et al, 
1967) and leading to iron malabsorption, would necessitate 
the overseoretion of "gastroferrin" by the mutant, and 
this is an improbable event on genetic grounds. A 
pancreatic disorder producing malabsorption of iron vfould 
also require a postulate of excessive secretion. The 
pancreas, in anaemic mice, also appears histologically 
normal. The influence of factors operating in the lumen 
of the small bowel (i.e., dietary factors, and exocrine 
secretions) is apparently to facilitate, or inhibit, 
uptake of iron by the epithelial cells of the small bowel. 
It therefore seems unlikely that a factor or factors, 
operating within the bowel lumen alone, would inhibit iron 
absorption and yet permit excessive deposition of iron 
within the mucosal epithelium. Yet it seems Inescapable 
that the iron deposited in the small bowel epithelium in 
mice with 3la is derived from the diet. The alternative 
source, the body iron stores, is improbable in view of the 
lack of evidence of excessively rapid iron loss in anaemic 
animals, and the high rate and level of Iron utilization
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for haemopoiesis implies that coraparitively little would 
be left for incorporation as "unwanted" iron in the small 
bowel. The conditions on the serosal, or systemic, side 
of the small bowel epithelium are highly conducive to 
iron transfer from the mucosa to the plasma, and the 
metabolic defect leading to X-linked mouse anaemia appears 
to be Inherent in the epithelial cells of the small bowel.

The proportions of an oral dose of retained
by normal and anaemic mice at 24 hours after administration 
are similar"*'', and the clear-cut differences only emerge 
from the second day after dosing onwards. Of the Iron retained 
by the normal mouse from a 1 jAg oral dose on the first day 
after administration, 64 per cent remains on the 5th day, 
when, as discussed earlier, faecal elimination and mucosal 
exfoliation of are complete; it is probable that
some of the iron remaining in the body at 24 hours after 
dosing and which is eliminated over the next day or two, 
is present in the mucosal epithelial cells (Conrad and 
Crosby, 1963)• In anaemic mice, by contrast, only 32 per 
cent of the iron retained on the first day after dosing 
still remains on the 5th day. If rejection of dietary 
iron by the mucosal epithelial cell were the mechanism 
of malabsorption of iron in anaemic mice, in the presence

See Table 7 «9 and Figs. 7-6 and 7 - 7 - Ho significant 
difference is seen in the proportions of iron retained 
from 0,1 )2g and 1.0 jug doses of 59iron in anaemic and 
normal mice (p>0.l), 24 hours after administrât ion.
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of a normal rate of faeoal elimination, then the relative 
proportions of iron retaiined on the first and fifth days 
after dosing in anaemic mice would necessarily be more 
similar to the normal, and signifleant differences In iron 
retention between normal and anaemic mice would probably 
have emerged on the first day after dosing. It seems more 
likely that iron can be taken up in more or less normal 
quantities by the small bowel epithelium of anaemic mice, 
but that the mucosal cells are incapable of transferring 
the iron further, to the plasma auid tissues, in adequate 
amounts; the untransferred iron would then be shed from 
the villous tip in the mucosal epithelial cells, with the 
resultant delay in the appearance of significant 
differences In the retention of iron in normal and anaemic 
mice. The rapid fall in retained radioactivity in anaemic 
mice during the second day, with a slower fall off during 
the third da,y, is in keeping with the known turnover time 
of 2 days for duodenal epithelial cells in the mouse 
(Creamer, I967).

Since iron can apparently enter the small bowel 
epithelial cells of mice with X-linked anaemia, and the 
available evidence indicates that the source of such iron 
is the diet, it must be supposed that the obstruction to 
iron absorption lies in the transfer of iron from the 
mucosal cell to the plasma and tissues ~ a defect at the 
"back-door" of the mucosal cell, so to speak.
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111 assessing the role of the sla gene In the mucosal 

epithelial cell, only the process of Inorganic Iron 
absorption can be considered In detail, since the ability 
of mice with to absorb haemoglobin iron has not yet 
been adequately investigated; furthermore, it is not clear 
whether the same or different pathways of iron transport 
are Involved in the absorption of haem and inorganic iron 
in the mouse, and species differences are probably important 
(Conrad, Weintraub, Sears and Crosby, I966).

Figures 10.3 and 10.4 present a hypothetical scheme 
for Iron transfer by the mucosal epithelial cell to the 
plasma and the control of iron absorption, and within this 
scheme possible sites of action of the sla gene will be 
Indicated,

The movement of Iron from the lumen of the bowel to 
the epithelial cell will be referred to as "uptake", and the 
movement of the iron through the mucosal cell to the 
plasma as "transfer"; the sum of these is iron "absorption".

The absorption of Inorganic iron from low 
("physiological") concentrations in the lumen of the small 
Intestine will be considered first. It is uncertain in 
what form, or forms inorganic iron can be taken up by the 
mucosal cell (step a, Fig. 10.3). However, once iron has 
entered the cell (step b). It either passes rapidly through 
the cell(pathway c and e-g) or is converted into a trivalent 
form, entering a protein-bound, slowly turning over pool
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Figo 10.32 A hypothesis for the Intestinal absorption 
of iron and Its control by the intestinal mucosal epithelium, 

 ̂ ferrous iron; Cf, "cytoferrin"j ATP, adenosine 
triphosphate; ADP, adenosine diphosphate; energy-*rich
phosphate; Tf, transferrin; PBFe, protein-bound iron; Cf-Fe, 
"cytoferrin"-bound iron; Tf-Fe, transferrin-bound iron.
See text.
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(step d) (Manis and Sohachter, 1964) from which little iron 
is subsequently transferred to the plasma and most of 
which is lost with the exfoliated mucosal epithelial cell 
(Conrad and Crosby, 1963)« Ag discussed previously, the 
nature of this protein-bound iron is uncertain; however, the 
iron seen in the epithelial cells of the duodenum of sla 
and normal mice appears as haeraoslderin, which is believed 
contain ferritin (Richter, 1957a, 1957b). It is probable 
that such transfer of iron to the plasma from the protein- 
bound pool as does occur. Involves the passage of Iron 
back through the divalent iron pool (Manis and Sohachter, 
1962a, 1964).

The details of the mechanism whereby iron transfer to 
the plasma is inhibited by adequate body iron stores, or 
previous exposure to iron either from the intestinal lumen 
or from the systemic side of the mucosal epithelium are not 
at present known. Manis and Sohachter (1964) have suggested 
that the inhibition may be a primary effect of iron itself, 
active at the stage of transfer of iron from the mucosal 
cell to the plasma. It has also been demonstrated by 
in vitro experiments that iron transfer is enzyme-mediated 
and consumes phosphate bond energy (Dowdle et al, i960;
Manis and Sohachter, 1962a; Jacobs et al, 1965). In 
Figure 10.3; steps (e) and (f) incorporate these observa­
tions . "Cytoferrin" (Cf) is a hypothetical iron-binding 
substance, formed within the miicopialepithelial cell; it is
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suggested that; the amount Is limited in the individual 
cell and that its presence is required for the transfer 
of iron through the cell membrane to the plasma. The 
regulation of the cellular content of “cytoferrin’’ could 
be mediated through the quantity of iron laid down in the 
mucosal cell at the time of its formation and this is 
considered further below, Once ’Icytoferrin” has bem 
formed and consumed in taking Iron across the cell membrane, 
it would no longer be available to transfer iron by this 
pathway.

"Gytoferrln"-bound iron Is, according to the 
hypothesis, transferred to the plasma vlai the energy- 
consuming step, indicated by (f). The enzyme involved, 
for which the evidence has been discussed above, is 
tentatively described as "iron transferase". It is 
suggested that "iron transferase" expedites the movement 
of "cytoferrln"-bound iron to the plasma vjhere the iron is 
taken up by transferrin (step g) for delivery to the 
various cells synthesizing iron compounds. Two other 
possibilities could be put forward - firstly, that 
"cyt of errin'* and "iron-transferase" are identical, which 
would require "iron-transferase" to be a self-consuming 
enzyme; and secondly, that "iron transferase** unites 
"cytoferrin** and iron, making a compound capable of 
transferring iron from the mucosal cell to the plasma.

The defect in intestinal iron transport induced by 
the inhibition of protein synthesis by cyclohexlmide
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(Greenberger and Ruppert, I966) and tetracycline 
(Greenberger, Ruppert and Cuppage, 1967) could be explained 
by defective manufacture either of "cytoferrin" or of 
"iron transferase". Indeed, Greenberger and Ruppert (1966) 
suggest that "the interference in iron transport" (induced 
by cyolohexiniide) "may be due to a deficiency of an 
unidentified carrier substance". They also suggest that 
such a carrier might be involved in the uptake of iron by 
the mucosal epithelial cell, since decreased mucosal Iron 
uptake was found in cyclohexlmlde treated animals. Their 
findings ecu Id equally well be explained by a "bac Icing-up" 
of iron in the mucosal cell consequent upon "cytoferrin" 
or "iron-transferase" deficiency, with an alteration in 
the. luminal-mucosal cell iron concentration gradient, 
inhibiting entry of iron into the epithelial cell from 
the intestina1 contents.

In Figure 10,4, a hypothetic3,1 model is laid out, 
whereby the state of the body iron stores could determine 
the capability of the intestinal epithelial cell for iron 
absorption, through the "cytoferrin" mechanism. In the 
normal Individual, iron is incorporated into the cell in 
excess of "essential" requirements; the excess, it is 
postulated, is taken up by "cytoferrin" manufactured in a 
set quantity within the developing epithelial cell; the 
iron so taken up would then tend to be resorbed, leaving 
some "cytoferrin" behind to participate in the subsequent 
absorption of iron from the intestinal lumen (Fig, 10,4, 
left), In iron deficient states, the quantity of iron laid
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down in the developing cell Is barely sufficient to meet 
essential requirements^ and little or none is left to 
attach to "cytoferrin" and be resorbed ; thus abundant 
"cytoferrin" is aval3,able to facilitate the transfer of 
iron, from cell to plasma (Fig. 10.4; centre). In the 
case of Iron overload large quantities of iron are 
incorporated into the epithelial cell during its formation; 
"cytoferrin" would then be completely bound and consumed, 
and the remaining excess of iron over essential requirements 
("spare" iron) would then remain to be lost as the mucosal 
cell is exfoliated (Fig. 10.4, right). The consumption of 
"cytoferrin" and the presence of "spare" iron would serve to 
Inhibit the mucosal uptake of iron, by providing a gicadlent 
in iron concentration which is hard to overcome. These 
suggestions represent a modification and extension of 
the hypothesis of Conrad and Crosby (1963) outlined 
earlier in this chapter.

Exposure of the small bowel mucosa to high, 
unphysiologlcal, doses of iron. increases the absorption 
of iron, by a process with kinetic characteristics which 
do not suggest an enzyme-mediated process (step h, Fig.
10,3), and it is postulated that the "cytoferrin"-"iron 
transferase" mechanism would only be relevault to low and 
physiological doses of iron.

Since haem iron is apparently handled differently 
by the small bowel mucosa of guinea-pigs and man 
(Turnbul1, Glet on and F inc h, 1962 ; C onrad, W e int raub,
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Sears and Crosby, I966) with, apparently, the former showing 
the presence of haem in the plasma and the latter not, it 
seems reasonable to suppose that two pathways of absorption 
from the intestinal lumen meiy be involved. It is 
suggested that haem is taken up by the mucosal cell (step 1, 
Fig. 10,3) and either transferred as such to the plasma.
(step j) or split into iron and tetrapyrrole (or the 
products of its catabolism), with the iron passing into 
the ferrous iron pool (step k). Species variation might 
v/ell give ?rise to a difference in the relative importance 
of the two pathways involved with, for example, step (j) 
predominating in the guinea pig and step (k) predominating 
in man. The relative delay in absorption of haem iron as 
compared with inorganic iron in man (Hallberg and Solvell, 
1967) may be due in part, at least, to the extra step (k) 
required to convert haem to inorganic iron during transfer*

The malabsorption of iron in X-linked mouse anaemia 
could equally be a consequence of genetically controlled 
deficiency of "cytoferrin" or of "iron transferase". A 
shortage of "cytoferrin" would produce an inadequate 
supply of bound iron suitable for passage through the "iron 
transferase" controlled pathway, and would obstruct the 
movement of iron from the ferrous pool to the plasma. Iron 
would then be diverted to the protein-bound pool where it 
could be represented by the haemoelderin seen in the anaemic 
animals. Alternatively, obstruction of the pathway by
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bound iron being transferred to the plasma, with resultant 
build-up of iron in the ferrous and protein-bound pathways* 
Comment cannot at present be made on the relationship of 
the sla gene to the proposed scheme of haem iron absorption 
shovm in Fig. 10.3*

The future of X-linked anaemia of m.ice as a tool in 
experimenta1 haematology

The field of study to which the sla. mutant is most 
applicable is obviously that of iron absorption. It is 
extremely likely, as discussed earlier, that the inherited 
defect operates within the mucosal epithelial cell of the 
small bowel. Hovjever, it is still necessary completely 
to exclude ciny possibility that gastric or pancreatic 
factors, affecting the form of iron taken up by the mucosal 
cell and its consequent handling by that cell, are involved, 
this could well be done by the use of in vitro preparations 
of loops of small bovjel, which would permit experimental 
variation in the form in which iron Is presented to the 
mucosa of the small bowel. Such loops could also be used 
to study the effect of varying the medium surrounding the 
serosa and thus exclude a possible defect acting outside 
the epithelial cell, but influencing the transfer of iron 
from the mucosa to the unsaturated transferrin.

Further studies of the excretion of iron by, and of
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the transfer of Iron from body stores to, the mucosal 
epithelium are required to confirm the results of the 
preliminary experiments on iron excretion reported here, 
which indicate that the source of mucosal iron is the diet.

These steps are necessary to establish further that 
the metabolic defect induced by the sla mutant is intrinsic 
to the intestinal epithelial cell and involves the process 
of transfer of iron from the mucosal cell to the plasma.

Attention could then be turned to the mucosal cell 
itself, perhaps with the models outlined in Fig. 10.3 and 
10.4 as a working hypothesis. The precise nature of iron 
transfer from mucosal cell to plasma has remained obscure 
in spite of study by many techniques. However, a specific 
defect in a single step in the metabolic pathway of iron 
absorption has not hitherto been discovered, and previous 
experiments have involved the use of normal tissues 
exposed to a wide variety of experimental conditions.
These conditions can now be applied to the normal ("f/-) and 
abnormal (slaA) small bowel mucosa in parallel.

Autoradiographic studies using oral and parenteral 
radioiron can reveal movement of iron into and out of the 
mucosal cells at various intervals following isotope 
administration and use of the electron microscope may 
indicate the intra-cellular organelles in which iron 
accumulation is occurring. Inferences about sites of 
hold-up and delay in iron transfer in anaemic and normal 
mice may then be possible.
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The influence of previous exposure of duodenal 

mucosa to iron orally and parenterally in various doses 
can be studied, and the effect of curing the anaemia on 
iron absorption could also be recorded.

A search for the hypothetical "cytoferrin" might 
be attempted by homogenation and fractionation techniques, 
and studies with gut loops similar to those of Dowdle et al, 
(i960), and Manis and Sohachter (1962a, 1964) on the 
kinetics of the rapidly and slowly turning-over pools of 
iron in the mucosal epithelial cell should also be under­
taken. At the present time it is not clear how the 
fundamental metabolic abnormality in X-linked mouse anaemia 
can be best identified. However, attempts to clarify 
further its nature should also throw light on the mysteries 
of intestinal iron absorption.

X-linked mouse anaemia should prove a useful tool 
in the investigation of the tissue effects of iron 
deficiency. The anaemia can be induced in sla mutants while 
they are receiving the same diet as normal "control" animals, 
and thus the environmental conditions of experiments involv­
ing normal and anaemic mice can be made identical. 
Furthermore, animal management is easier if all mice are 
on the same diet, rather than on two different diets, 
when mistakes may easily arise to invalidate experiments.

Deficiency of cytochrome enzymes has already been 
detected (Doeblin, 1967) and the effect of prolonged iron
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deficiency on haemopoletic stem cell behaviour is at 
present under investigation (Bennett et al, in preparation). 
The unbalancing effect of chronic iron deficiency on haem 
and globin synthesis could also be studied in X-linked 
mouse anaemia.
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CHAPTER 11

Summary

The X-linked anaemia of mice (gene symbol, sla)
Is hypochromie and microcytic in character. Typically, 
the mean corpuscular haemoglobin concentration, the mean 
cell volume, and the mean cell diameter are reduced. 
Anaemia 1b moderately severe in young hemiaygous male and 
homozygous female mice, and regresses spontaneously with 
age. Heterozygous female animals show little or no 
haematological abnormality, and duality of the red cell 
population is not seen.

The iron stores of anaemic mice, as determined 
both chemically, and histoohemically, are depleted at all 
ages. The clearance of iron from the plasma is rapid and 
the appearance of radio-iron In the red cells, after 
parenteral injection, is both greater and more rapid than 
normal. The serum iron concentration is low and the total 
serum iron binding capacity is elevated, as is the free 
erythrocyte protoporphyrin concentration. The anaemia 
responds well to parenteral iron dextran. Together, these 
findings are characteristic of iron deficiency.

In contrast to the usual situation in iron 
deficiency In man and other mammals, intestinal iron 
absorption is not increased in X-linked anaemia of mice;
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Indeed a significantly low level of absorption of inorganic 
iron at three dose levels (O.l, 1.0 and 10 jxg) has been 
found. Hlstoohemical studies reveal abnormal accumulation 
of stalnable iron in the mucosal epithelium of the small 
bowel of anaemic and heterozygous mice.

These findings imply that the deficiency of iron 
is a consequence of malabsorption of iron by the small bowel, 
probably as a result of a primary, genetically controlled, 
fault in the metabolic processes of iron transfer from the 
mucosal coll to the plasma. The hlstoohemical findings in 
the mucosal epithelium of heterozygous carriers are 
consistent with, although they do not constitute proof of, 
the provisions of the Lyon hypothesis of X-chromosome 
inactivation.

X-linked mouse anaemia does not, at present, seem 
to be a model for any known form of heritable human anaemia, 
but is potentially a useful tool in the investigation of 
the still mysterious processes whereby iron is transferred 
from the mucosal epithelium to the plasma. A hypothetical 
model explaining imovm features of iron absorption, and 
incorporating possible sites of action of the sla gene, is 
presented and discussed. It is postulated that the sla 
gene controls the production either of an enzyme ("iron 
transferase") necessary for the transfer of iron to the 
plasma from the mucosal epithelial cell of the small bowel, 
or of a carrier substance ("cytoferrln") to which iron must 
be bound for this transfer to be achieved.
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Table 1.8 

THE miiOGRAM OF THE HORmL MOUSE

Call Type C57 Brown Strain GFW Strain

Segmented neutrophils and 20.7 24.4me t amye1ocy10 s
Neutrophil myelocytes and

premyelocytes 12.4 15-9
Eosinophils 10 7.5
Total granulocytes 42.9 47.8
Normoblasts 21.9 22,6
Pronormoblast3 8,6 4.6
Total erythropoietic cells 30*4 2 7 .1
Blast cells 0 .3 0 .8

Lymphocytes 24.2 22.7
Miscellaneous cells 1.9 1 .6

Mean percentages of each cell type In 20 C57 Br, and 40 GFW mice
After Endioott and Gump (1947)
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Table 2.4

PIWDIWOS IM 28 m y  OLD W-AWflEMIC MICE 
(after Bussell and Fondai, 1951)

Red Cell Count Mean Cell Volume
Genotype x 10“/cu ram. eu p

m  8,44 ±  0.23 (13) 4 9 .4 ±  1.3 (13)

Ww 8 .96 ± 0 .28 (13) 4 7 .4 ±  1 .1 (13)

W^w 7 . 4 3 ^ 0 . 2 5 ( 1 1 )  53.5 ± 2 .l(ll)

5.13,± 0.13 (10) 61 .7 ± 1.5 (10)

W %  4.88 ± 0.25 (10) 6 5 .6 ± 2 . 1 (10)

Figures in parentheses indicate the number of mice in each group.
Means ^ 1 standard error of thé mean.
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Table 2 . 6

BLOOD FXNDIHGS1 m  ESER MOUSE SPHEROCYTOSIS
(after Anderson et al. y i960)

S phe rocyto s1s (sp/sp) Normal
(4-/4-)

Haemoglobin 1 3,1a/ICO ml 1 3.60 /100 ml
Haematoorit 4 3.4# 48.3#
M.G.H.G. 3 0.6# 2 8 .1#
Red cell count 11.1 m/cu mm 13 «2 m/cu mm
M.CoV. 40.2 cu p. 3 6 ,8 cu p
M.C.H, 12 .1 p p g 10.6 jAjulg
Reticulocytes llfo

1 .6 m/cu mm 1#
0.2 m/cu ram

Median corpuscular 
fragility

0.594# NaCl 0.427# NaCl

Red cell survival Ti 51cr 4 ,1 days 8 .8 days
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Table 4.1

THE CONSTITUTION OP ROCKLAND 
RAT CHOW

373

Ingredient Stated content per cent

Protein 24.27
Fat 4.15
Fibre 4.86
Carbohydrate 56.23

Iron 0.019

Zinc 0.002
Copper 0.0012
Cobalt 0.000035

Manganese 0.0084
Other minerals 5.47

Pyridoxine 209-275 pg/100 0

Vitamin C 3 .6 mg/100 G.
Amino-acids 10.73

Calories 1193/lb.



Table 4.2

REAPPEARANCE OP RftDlO-lROM IN THE PERIPHERAL BLOOD 
5 DAYS AFTER ADMINISTRATION, CALCUXATED FROM 

BLOOD VOLUME DETERMINATIONS WITH 51çp 
LABELLED RED CELLS AND RADIOIODINATED 

SERUM AIÆUMIM (RISA)

Mouse Reappearance”of In the peripheral blood
number (per cent) Blood volume determined by

 ̂Cr-labelled red cells R I S A
1 74.5 122 .4
2 66.2 108.6

3 64.4 105.8

4 66 .0 108.4
5 63 .3 104.2
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zf ***»*, rH CO iH b-rH VD fH iH CM fH iHzf“ Sŵ A <h rH ztLA CM CMfH "wf on CM rH Zi* VO enk- -tt CD zj- b- 00 «w* 0 b-• A 0 0 * • z± * ArH 0 (h 0 0 0 rH Ch A rH d A 04 •4 CD 4 4 4 4 tH d 44 4 d H
en zT 4i CO rH vo VD 4 4 VO CO 4 VD
en zt zt A VO A Â VD 00 b" r=I A COCM CM CM CM CM CM CM CM CM CM en CM CM

en A en on *o enVD rH rH rH CM CM CM CM CMrH fH 00 COChvo b- A VO 00 fH CO Chzt 0 en Ch rH VO la b- b^ VD» * r-1 on , • 00 rH Ch 00 rH 0 Zt rH d 0 d d d
41 4 d d 4 4 rH 4 -H 4 4 4 4CO zt 4 4) A CO 4 VD zt t- B- vo 0
CM on m m zî" zl* VD on VD 00 b" Ch ChCM CM CM CM CM CM CM CM CM CM CM CM CM
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Table 6,2

SPÎÆEN WEIGHTS

382

Mouse
number Stock Genotype

Body
Weight

G.
Spleen
Weight

Spleen 
Weight 
# of
BodyWeigcht

5 ' O.M.S. +/- 12.2 48.3 0.40

7 O.M.S. sla/“ 41.7 146 0.35
11 O.M.S. sla/- 35.1 91.6 0.26
12 O.M.S. ala/sla 29.1 208 0.71
14 O.M.S. sla/sla 30.0 380 1.27
17 O.M.S. sla/- 39.1 107.5 0.27
23 O.M.S. sla/- 28.5 314 1.10

26 O.M.S. sla/- 30.7 58.5 0.19
27 O.M.S. ±/_ 14.2 42 0.30
2 7" O.M.S. sla/~ 17.4 115 0.66

38 O.M.S. sla/— 31.0 80 0.26
43 O.M.S. sla/- 13.9 160 1.15
46" O.M.S. sla/- 35.5 183 0.51
64 O.M.S. 3la/ 28.8 196 0.68

65 O.M.S. sla/" 23.0 344 1.49
66 O.M.S. s la/a la 36.0 257 0.71
68 O.M.S. sla/sla 18.0 105 0.58
73 O.M.S. sla/- 23 .8 197 0.83
79 O.M.S. +/" 15.1 32 0.21

125 O.M.S. sla/- 21.1 283 1.34



Table 6,2 (continued)
SPLEEN WEIGHTS

383

Mouse
number Stock Genotype

Boc3y 
Weight 

0.
Spleen
Weight

mg.

Spleen 
Weight 
fo of 
Bo(3y 

Weight
193 O.M.S. sla/- 22 .6 132 0.59
194 O.M.S. sla/sla 20.4 151 0.74
196 O.M.S. sla/sla 19.3 115 0.59
101 C57B 1 f/4- 19.2 66 0.35
102 C57B 1 -h/-i 19.9 62 0.31
103 C57B 1 +/h- 18.3 55 0.30
104 C57B 1 4/h- 21.3 79 0.37
105 G5TB1 4/i' 18.5 34 0.18
106 C57B 1 +/-4 19.0 64 0.34
lOT C37B 1 19.7 61 0.31
108 C37B1 V f 19.9 59 0.29
203 Fi f/" 37*9 104 0.27
209 Pi “t/“ 30.0 91 0-30

211 Pi 4-/— 30.7 76 0.25
231 Pi 4*/ - 34 0 4 72 0.21

235 Pi -f/» 38.7 82 0.21

237 Pi f/- 39.2 87 0.22

239 Pi f/- 39.0 81 0.21

241 Pi 4"/« 36.6 77 0.21

243 Pi f /“ 40.9 63 0.15
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Table 6.2 

SPLEEN
(continued)
WEIGHTS

Mouse
number Stock Genotype

BodyWeight
Q.

Spleen
Weight

mg.

Spleen 
Weight 
# of 
Body 
Weight

245 Pi ■+/- 34.7 90 0.25
250 Pi sla At 27.2 78 0.29
252 ' Pi sla/i" 29.6 80 0.27
2 5 4' p'l 8 la/-t' 27.1 84 0.31
256 Pi sla/4- 26.2 54 0,21
258 Pi sla/-f 28.5 , 62 0.22
269 Pi t/- 39.8 48 0.12
277 Pi ±/« 39.4 81 0.21
287 Pi +/- 30.2 67 0.22
289 Pi +/” 34.9 79 0.23
299 Pi 7/- 36.6 82 0.23
303 Pi t/" 39.0 85 0.22
305 Pi +/- 38.0 84 0.22
307 Pi +/~ 32.0 62 0.19
309 Pi ±/“ 35.0 68 0.19
351 Pi ■+/“ 29.5 233 0.79

457 P2 sla/— 15.6 154 0.99
491 Pa sla/— 22 .5 461 2 .05
499 Pa sla/- 16.5 147 0,82
522 O.M.S. 8 la/± 10.5 30 0.29



Table 6,2 (continued)
SPLEEN WEIGHTS

385

Body Spleen
Spleen Weight 
^ ofMousenumber Stook Genotype

Weight
G.

Weight Body
Weight

T29 Bla/- 24.5 59 0.24
735 f/- 35.5 84 0.24

737 4y«, 32.3 83 0.26
805 ^2 sla/- 24,8 438 1.77
809 ^2 sla/L 21.2 388 1.83
811 ^2 sla/“- 22.3 232 1,54

Abbreviations : O.M.S. *» original mixed stock,
C57B1 - C57 Blaok/ 6  Ja%.
F. - hybrid of original mixed stock crossed with C5TBi/oJ strain,
Fg - F t backercased with C5TB1/6J strain.



386

Table 6,3

PROPORTION OF SPIÆIKIC TISSUE OCCUPIED BY RED PULP
IN RELATION TO SPLEEN SIZE

Mouse
number Genotype

spleen weight 
_(^ body weight)

Wed pulp as fo of 
splenic tissue

7 sla/“ 0.35 23 “ 50
11 sla/- 0.26 25 - 50
12 ala/sla 0.71 51 - 75
14 3 la/s la 1.27 over 75
17 slaA 0.27 less than 25

23 sla/- 1.10 over 75
26 slaA 0.19 25 “ 50
64 sla/4- 0 .68 25 - 50
73 slaA 0,83 51 - 75

231 ~tA 0.21 25 - 50
250 Bla/i- 0,29 leas than 25

252 * Bla/t 0,27 25 - 50
2 5 4 * sla/4- 0.31 25 - 50
256 Bla/-+ 0.21 25 - 50
258 sla/f 0.22 25 " 50
269 4 A 0.12 25 “ 50
277 •tA 0.21 25 - 50
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Table 6.3 (continued)

PROPORTION OP SPLENIC TISSUE OCCUPIED BY BED PULP 
IN RELATION TO SPLEEN SIZE

Mouse
number Genotype

^Spleen wèiÿit 
($ body weight)

Red puip as ^ of 
splenic tissue

287 -f/- 0.22 25 “ 50
289 4-/» 0.23 25 - 50
457 sla/"* 0.99 over 75
491 sla/“ 2.05 over 75
499 sla/“ 0.82 51 ~ 75
522 sla/4- 0,29 25 - 50
729 sla/** 0.24 51 " 75
735 V - 0.24 less than 25
737 4-/“ 0.26 25 - 50
805 slaA 1.77 over 75
809 slaA 1.83 over 75
811 sXa A 1.04 over 75
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Table 6.4

PROPORTION OF SPLENIC TISSUE OCCUPIED BY RED PULP 
IN ANAEMIC . CARRIER AND NORMAL MICE

Genotype
Proportion of 
spleen oonsisting 
of red pulp

Anaemic slaA ji a la/s la Carrier 
a la /•"f'

Normi
"f/”

Less than 25^ 3# 23# 20#
25 " 50ĝ 29# 69# 68#
51 “ 75# 34# Bfo 12#
over 75# 34# ™
Number examined 35 13 as
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Table 6,6

SPLEEN IRON STORES IN RELATION TO AGE
AND HAEMATOCRIT IN ANAEMIC MICE

Mouse
number

Haematocrit 
(per cent) ,4ge(days)

Spleen Irot 
"score”

7 21 381 1

1 0' ' 17 41 0

11 31 439 0

12 20.5 159 0

14 30 518 0

15' 15 38 0

17 42 382 0

23 22 337 1

25 34 100 0

26 40 319 1

27' 28.5 147 0

32 35 27 0

46 44 319 0

49 15 280 0

53" 18,5 511 1

71 19.5 4l 0

73 32 21 0

75 16.5 4l 0

823 19 25 0



Table 5.6 (continued)

SPLEEN IRON STORES IN RELATION TO AGE 
AND HAEMATOCRIT IN ANAEMIC MICE

Mouse
number

Haematocrit 
(per Gent)

Age
(days)

Spleen
"sGOj

345 22 545 0
391 25.5 320 1
395 31.5 545 1
401 34 467 1
431 31.5 336 0
453 40.5 407 1
457 22 42 0
483 21.5 52 0
487 15.5 47 0
489 20 47 0
491 13.5 162 0
499 16.5 116 0
729 42 68 0
805 26 142 0
809 20 142 0
811 23 142 0



Table 6 .7

IRON DEPOSITION IN THE DUODENAL MUCOSAL EPITHELIUM

392

Genotype
Wo, of animals whose grade of iron 

deposition was
No, of 
animals

0 1 2 3 4

slaA and sla/sla 
(non-fasting)

17 1 2 1 3 10

sla/-H (non-fasting) 6 0 1 5 0 0

'V-' ( non- fast Ing ) 22 15 6 1 0 0

BlaA' (fasting) 7 0 1 0 2 4

sla/i- (fasting) 5 0 0 4 1 0

-tA (fasting) 6 6 0 0 0 0

Grading based on visual assessment of section stained 
with Prussian Bluej see Chapter 4.



Table 6.8

DUODENAL MUCOSAL IRON "SCORE" IN RELATION TO HAEMATOCRIT
AND AGE IN ANAEMIC MICE

Mouse
number

Haematocrit 
(per cent)

Age
(days)

Duodenal iron 
"score''

14 30 518 4
53" 18.5 511 4
345 22 545 4
391 25.5 320 4

395 31.5 545 1
401 34 467 2
431 31.5 336 3
453 40.5 407 1
483 21.5 52 3
487 15.5 47 4
489 20 47 4
491 13.5 162 4

499 16.5 116 4
729 42 68 0
805 26 142 3
809 20 142 4
811 23 142 4
853* 31 163 4
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Table 6 ,8 (c ont inued)

DUODENAL MUCOSAL IRON "SCORE” IN RELATION TO IIAEMATOCRIT
AND AGE IN ANAEMIC MICE

Mouse
number

Haematocrit 
(per cent)

Age
(days)

Duodenal iron 
"score”

855* 29 163 3
833* 30 123 4
887* 28.5 127 1

911* 19.5 86 3
917* 34.5 84 4
919* 25,5 84 4

’’"■Fasting for 6 hours prior to sacrifice



Table T a

BLOOD VOLUME OF NORMAL AND ANAEMIC MICE 
(ml/lOOG - means Jr 1, Sa,)

N orma1 Anaamic
Method (4-A) (slaA) p

5̂ 'Cï*.-labelled 5.85*0.0? 8.93±0.17 < 0 .001
red cells (19) (9)

^31i„iabelled 9.61*0.24 12.14±0.52 < 0 .001
albumin (?) (5)

p < 0 .0 01 <.0 .001 --

Numbers of animals In each group are given In
parenthesis.

395



Table 7.2

RED CELL MASS IN NORMAL AND ANAEMIC MICE 
ml/lOOG “ mean±l, S,E

Normal Anaemic
Method (+/'“) (sla/-) p

5^Cr-labelled 2.69^0,06 2,384^0,13 0.02
red cells (19) (9)

I3I1»labelled 4.14 0,13 3o22 4=0.22 0,003
albumin (7 ) (5)

p < 0 ,001 < 0,003

Numbers of animals in each group are given in
parenthesis.
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Table T . 3

PLASMA VOLUME OF NORMAL AND ANAEMIC MICE 
ml/I GOG - mean ± 1, S.E,

Norma1 AnaemicMethod (slaA) p

labelled 3 .1 5 ± 0 .0 5 6 .5 6 * 0 ,4 5 <- 0 .001
red cells (19) (9)

^^^I-Xabelled 5.47 * 0.17 8.92 *  0.59 < 0 .001albumin (?) (5)

< 0.001 < 0,002

Numbers of animals in each group are given in 
parenthesis.
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Table 7.4

REAPPEARANCE OF RADIO-IRON IN THE PERIPHERAL BLOOD 
5 DAYS AFTER ADMINISTRATION, CALCULATED FROM BLOOD 

VOLUME DETERMINATIONS WITH LABELLED RED CELLS AND ALBUMIN

Mouse Reappearance of ^°lron in the peripheral bloodnumber (per cent) Blood volume determined by

labelled red cells 131' I •“ lab a 1 led a lb umin

1 74.5 122 .4

2 66,2 108.6

3 64.4 105.8

4 6 6 .0 108.4

5 63.3 104.2
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Table 7.6

THE UTILIZATION OF TRACER DOSES OF ^^xrqn FOR ERYTHROPOIESIS 
5 DAYS AFTER INTRAPERITONEAL INJECTION

Utilization of Iron (per cent
Genotype Means± 1 .  8 .E.

Normal*
(9)

Anaemic*(12)

36.43:2.5

53.9*5.^
/ 0.02

* Numbers of animals in each group are given in
parenthesis.
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Table 7.7

THE •UTILIZATION OF TRACER DOSES ÜP FOR ERYTHROPOIESIS
1 DAY AND 5 DAYS AFTER INTRAVENOUS INJECTION

Genotype

N ormal* 
(11)

Anaemic
(9)

Normal*(16)

Anaemic*(14)

Utilization of iron at 1 day after injection (per cent) 
Means ill, 8.E.

P

2 9 .0 1:1.43

72 ,2 ± 6.27

<  0.001

utilization of iron at 5 days after injection (per cent) 
Means il. S.E,

5 8,6 i 2 .23

< 0.005

76.li4.70

* Numbers of animals in each group are given in 
parenthesis.



Table 7.8

PLASMA IRON CLEARANCE HALF-TIME (T* ^ % e )  
IN NORMAL AND ANAEMIC MICE
Means il, S.E. and range

Genotype T̂ -  ̂Fe (min. ) P

Normal* 46.li 2 .55
(17) (31 - 65) < 0.001

Anaemic* 23.4 i 4 ,66
(8) (12 - 46)

* Numbers of animals in each group are given 
in parenthesis.
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Table 7,10

SAN ABSOLUTE AMOUNTS OF IRON ABSORBED AT 
THE THREE ORAL DOSE LEVELS

Dose Genotype Mean absorption in ug.
  _________

0,1 Normal 0 .023

Anaemic 0 .0096

Normal 0 ,167

1 0

Anaemic 0 .056

Normal O .970

Anaemic 0. 5OO



Table 7.11

THE ABSORPTION OF '̂ x̂Roij-iji.BEI.LED HAEMOGLOBIN IRON
Meanszkl, S,E,

Genotype.

Normal* (7) 

Anaemic* (8)

Absorption of ^%e per cent p

2 .5i 0.67 

2 .34:0.51
> 0.1



Table 7.12

THE ABSORPTION OF RADIO-IÜDÏNATED TRIOLEIN, “^ZINC 
CHLORIDE, 57cobaLTOUS CHLORIDE AMD ^4 uPR0US NITRATE

Means .4 1. S.E.

*Genotype Per cent retention cf p

V -  . 88.8 ±2.69
slaA  triolein 93,4 4 1.46

+/~ 12.9 i 1.98
sla/- 8 .0 ±1.30

1.5 ± 0.64

s la /*“ 3» o 8 4 0 ,64

-t/- 15.1 ±1.39
sla 11.2 ± 1.24

* 5 male animals in each group.

> 0.1

>0.05

>  0.4

> 0.05
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Table 8.1

SERUM IRON CONCENTRATION AND TOTAL IRON BINDING CAPACITY 
(IM.B.O.) IM NORMAL AMD ANAEMIC MICE 

Means 3:1, S.E.

Genotype
Serum iron 

concentration 
^g/100 ml

T.I.B.C. 
jUg/lOO ml

Normal 254dr8.3
(27)

420± 13.1 
(8)

Anaemic 142 ±26.2 
(25)

633 ±-30.3 
(9)

P < 0.001 < 0.001

* Number of animals In each group are 
given in parenthesis.



Table 8.2

409

TOTAL BODY IRON CONTENT OF NORMAL AMD ANAEMIC 
MICE AT DIFFERENT AGES

Means ± 1. 8.E.

,Age
(days) Genotype

Number
of

mice
Total body 
iron content 
(mg/lOOG) P

less
than
100

Morm©.! 9 5.21±0.43 .. y n m
Anaemic 4 2.97^0.36

^ U * U JL

101- a 00
Normal T 4.954: 0.12 .. T, >r\ rm c
Anaemic 5 4.20^0.64

201-300 Normal 7 4.86^0.26
—  <0.001

Anaemic 9 3*614:0.22

over
300

Normal 5 7.634:0.76 . y n nm
Anaemic 7 3.954:0.55

V fl UU JL



Table 8.3

ESTIMATIONS OF THE FREE ERYTHROCYTE PROTOPORPHYIN 
(P.E.P.) IN NORMAL AND ANAEMIC MICE 

IN u k/100 ml RED CELLS 
Means ±1. S.E.

Number ofGenotype Estimations F.E.P. p

Normal 11 49.7± 7.3
  < 0.001
Anaemlo B 272.1^57.2
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Table 8.4 

HAEimTOLOaiCAL FIMDIHGS IN DONOR MICE

Hb. conc. P.G.V. M.G.H.C. Red cell
Genotype 0/100 ml fo fo appearance

4 /~ 13*5 41.5 33*0 Homochromie
and
nomocyt ic

sla/“ 6*7 24,0 28,0 Hypochromic ̂
microcytic, 
with target 
cells and 
poikilocytosis
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Table 8.5

MEmTOLOGICAL FINDINGS IN IRRAPm'ED RECIPIENT 
C57B 1/10 JAX MICE 116 DAYS AFTER GRAFTING WITH
NORMAL OR ANAEMIC (_s.MA) HAEMOPQIETIC TISSUE

Genotype
of

Donor
Tissue
grafted

Dose
(cells
X 10&)

Recipi­
ent

number
Hb

a/lOOml POV^ MGHC#

+ A Bone
marrow

7.2 1 17.2 51.5 33.4

It It 2 16.0 51.0 31.4
u 11 ft 3 13.3 44.5 30.3
II II ft 4 14.7 45.0 32.0
11 ft 11 5 14.7 45.0 32.7

sla/^ It 1.9 6 15.6 52.0 30.0
It It tt 7 14.3 43.5 32.9
11 II If 8 15.6 50.0 31.2
It It 11 9 15.2 46.5 32.7
tt ft ft 10 15.6 49.0 31.8
tt ft ft 11 14.7 49.0 30.0
tt If tt 12 47.0 “
tt ft ;i 13 15.2 48.0 31.7
tt ft If 14 15.6 47.5 32.8
tt tt tt 15 16.0 50.5 31.7
It Spleen 8.96 16 52 .0 e.
If fi It 17 tea* 45.5 «

The red cells in all recipients appeared morphologically 
normal a The white cells also appeared normal in number, 
form and proportion in all recipient animals.
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Abbreviations used;

419

"Y" " normal genotype (male)
V+ - normal genotype (female) 
sla/-h “ heterozygous female 
sla A  - anaemic male 
sla/sla - anaemic female 
O.M.S. » original mixed stock 
F2 hybrid - cross of original mixed stock and 

G5TB1/6J strain
Fg hybrid 
F2 hybrid 
F^ hybrid 

hybrid

- backcross of and G5TB1/6J strain
backcross of Fg and 05TB1/6J strain
backcross of and G5TB1/6J strain
backoross of and G5TB1/6J strain



420

APPENDIX A

HAEMATOLOOICAD INVESTIGATIONS



o0

1
m
§•H4?
«H43
CQ
m

s
■§
M
iI
H

4̂
m
9ÏI
rH
g
w
§

4a
%.)O
0
a
8

UC)
'O

I
04a
«
S0
CQ4a
r-i
§
G

rH
<

93
S G93 O

4» &fî 
CO

■a SG «H «î -P
'S .gcü >4»COa

œt
J

£-P
G

!Dv vo m 00 VO m b- ro CM CAm o ir\ CM 04 1 iH en iHi “o o O d O d 1 o O o O O

f mos 5 ë ÎK î 5 m CAIS-
(H
b— m

I t1 o O M O rH O 1 r~I o O O o

1 oo LA o\ rH CTs 1 b» o CA CO (O
t m VO 1 LTV CO (O CO1 rH tH iH tH 1—1 rH 1 I—I r~l rH tH rH

O
eniH

uv CO 00 CO
-rt LA (O COH H H rH
«% n

CO CM 00 00 CM 00
C'O zf 00 CO CO COH iH H H H H0 COG F» «», rH n «% nO H zt tA CM O H«H 043 CVl vo jd* CO Zj" VO LA (O COcd H H 1—1 0 H H tH H> VD lAG rH *> «% H n «%0 O CO CM b- VO b- zj- 00 zj-m.Q U-\ b- lA LA UA CM LA z4- LA (O COO tH H H H H H H H H HLA«* c, H =\ p» rtrH VO H H VO b- LA CO COtH

b- VO LA LA CM zj- LTV zj" en COiH H H H H H H H H
b- ur\r» n c» H (H «t «t

CM -G' CO vo 00 b- 00 CO LAt «i 1l LA VO CV*) ro zt ur\ 1 CO Zt CO CM CM1 rH rH rH r—i H H 1 rH tH H H rH

o O O O O OO O O O O O O o LA O LA O OCQ en LA vo f>- 00 as H r-4 CM CM CO Zî*0  ba 1 1 1 1 1 » 1 1 t 1 1 l 1rH tH 1-4 iH H H H H rH H iH tH r-i<  93 CM CO ITS VO b- 00 OS O LA O LA aH H CM CM CO



%td ̂493 o G Ucd U 
-p  pr-1 en

? ,
O
«ri

td 43 Os
93 al A Zi*a H » o
cd > O rH
43
CO Q

§É

EQ
g

«H
-p

I
0
m

O

CQ

&&
<  93

Pibs4a
0

1

O CM O vo m Z t CM CM
01 z r m z^ b VD VD O zj*

o O o o o O O rH O

22

VO

b -

vo
b^
C\zj'

CO
00
b-

0\
VD

VO

OfO
I

tH

CM
VO

en
zi-
os
A

*i
A

VD

e>
CM

bl
CM
t -

<Sk

r*}

zj-
A

CO

r*1
cô

O
zj-

I
r-t
en

o

8  0 " ^0 iH (d

b-
vo
00

CM
A

O

t—I

b -

VO

c»
CM

CM

b-

OO

VD

n
t-~

VD
<r*

b -

VD
%DV

A

f*00
A

CM
A

O
A
(rHzt

H

00

A

VD
C'

b -

rH

00
VO

CM

b
«t
OS
A

<ï>r**i
OV
•»
Os

zj-
VO

e*
(H

VO

OvoI
rH
A

CM

CM

00
b

en
o
rH

rH

(J\
«k

CM
CD

<r»
CM
CO

CM

b

O

b

CO

zj*

CM
zf

O
b!
rH
VD

iH
M

A
rH A CM A

CM r“» CM CM

zj- Zj" 00 VD

CD Os VO 00

«k CM
CM

A A
VD 00 e A

0 00 Pkas Pl t—1 CO
tH •k rH

o b z r
00 Os CO Pl

* o A r~io o «k rH btH rH VO Pk
« O «k Zj-

«k *k b- (H VO
LA A # «k
0 0 «s Pl O d

b rH VD O rH
(H o rH A«V 00 b «kVD & n, A <k
O VD p» O 00

00 r-1 CM rH CO
p» rH d*k *k A b «k T—j

d d o VO Pk
o e o «k CM ®k

b CO 1—1 CD os COp d
*k •* vo Pk rH d

CM A A CM zj- iH
«k

b iH VO A A o\ O «kr—1 tH b«k «kO «k fH zj* VO (H *k CVlA 0 o O ?H
VO 0 os b zj* os rH

00 Pl
*k «k «k «k Ck b

CO n VD CM d A fH
» fH • o 0 0 H

r"i o \ z5* zj" 00 CO H

O oo O O A
CO DV rH rH

i~3 r i r-j fH
b 00 oi O

rH



cd G
§ S
cd g 43 M 
CO

93 G Fh h cd -p 93 Cd G «H cd > •P fl) 
CO p

i

ra
W w< 93

M»43
o
g

vod
o

vo

rH

b
rH
rH

Zf“A
d

r~vj

b
O

o
b
d

VD
CM

o\
CM

rH

d

or-S

CO
rH
rH

d, ® 01 Ck
CM B b*VD f"! rH «k0 rH

à
Hd «k rH Ck r"ir"4 0 CM d Ck k

0 «k vo a VO «k Ck 00n
Zt” a 0

rH b rH
0 A d• rH 01 d r“i

0 «k «k «k «k rHr*l 0 CM VO CM d «k «k *k Aa « a CM rH «k vo a«k CM A 01 zt d B d 0 VO0 rH r-i rH rH rH A B 01 HEQ D «k 1—1 r-H 0G 0 Sk «k zi- *k Ck rH Ck0 rH A CO CD Ch *k Ck VD CM
«ïH * 01 e B (H as Ck
A3 «k rH Zj* d 0 rH 0 A ACd 0 r“'i rH «k rH r-| Zt tH r-i tH
> e CM Ck rH

0 ®k Ck Ck A Ck Ck Ck
Q) r“l A A 01 Ch 0

0
B «k 01 CM CM

m 0 A 6
rO «k rH d Ck rH d B rH 01 A A0 00 r-l r“l CM rH rH A

«k
zf Ck (H iH

cd p» *k 01 Ck «k Ck CM Ck Zj* Ck
0 d CM zt CM rH CM * VO vo«k Ck 01 COvo iH d A rH d rH Zj- A zh CM» iH rH * rH ri r-i 1—i r-i Ck iH rH

o\ A Ch CM«k *k Ck Ck Ck
«k 0 01 «k vo CM A Ck CO VO Ü"— Zî' CMzf ® * b a a b ® 0 •
0 rH B 0 rH 3

0 d d Ck zj- ACh fH zt rH rH d iH rH VO rH t—i

O
'V
H
AH

O«H I
B 0 ^0 rH cd 0  cd tHG B «acsaj v-<

O
A
7rH
o
CM

O
dt
rH
A
CM

O
O
# Ir-lOd

423



■s
cd R.) A d zJ- 0 01 fH 01
g  0 zt zj- Ch 00 zi- VO CO 0
G G * B 0 *
cd g 0 0 0 0 d d d 1—i43 M  
en

093 O  F-i «H «J 43«îG «H Cd >

(d

09
g«Hl43(d
U0m,DO

0Ot
43
G
ë

424

o ^
sm g «(
G 0 M<c; Q-i'w

vod
d

Ch
00 as 0 vo 0 b A d 0
0 H d H CM CM CM CM CM

A b CVJ CM CM VO A VO CM
CO VD CD b O l CO 0 0 rH

H H H

«k H
cvi vo 99 00 Ch p* «k

CM b— CO B vo (n •k
Ch *k p B A Pk

b - «k «k VO 01 VD CMVO CM Bk 0 LA d HBk « vo Ch Pk «k H
b'" b b * CM d Pk01 «k A CMVO «k H CO d VO H

b CD Pk r*i 0 H
«k • B vo p> iH GS Pk

A 0 d 0 •k VO *k VOB r"4 H ON H d Pk
VO « b d 00 VO H*k *k Ch CM H*k A 00 A zi" H Ch Ch
01 B « e b H «k

9 H CM CO H Pk «k A
A H H H vo Pk 00 0 ACk zb 0 H

«k Bk «k A «k p ir \ (H rH Ch rH
H LCV CM VD VO 9 H VD CM r”î 1—5

e B ù d H (H CO «k01 --4- b - b b VO Pk Pk pH Zb
®k *v Pk «k A d a

«k B» Pk *k 0 b Pk LA 0 a 01 H
VO zb CO CM Zb VO B A H d H0 B B 9 • A 0 9 0 01 r-| H Pk
b Zj- d b b 00 H VO H A «k

«k Pk «V Pk A«k Sk «k Bk «k 0 ®k «k «k H A d CO
VO zî* H A b CM CM 9 Zb A Ch « 0 d0 9 B 0 * H 9 * 9 Ch H CM «k H
b CO VO .4* tb- 00 H 0 Zb Ch r—[ H d

H Pk »k
=k «k ®k ®k «k «k =k pk Pk Pk A 0 m vo A

VO H b b CM VO LA CO ®k 0 VO 0 d COB 9 Q B * « B 0 B B tH r-j Pk das zb b VO Zb b zj* b H d Ch H vo fH vo A H

0 0 0 00 0 0 0 0 0 A
EQ d Zb A VD b

1
CO 0 1

1
r~j H

m pit { J 1 1 1 1 1
feO cd H H H r*4 H rH rH H H

<  'V CM d zb A VO b CO Ch 0
f“ l



rQ
U ^ vo
«î 5m 01
tg 0 a
G U 0
cd U43 fxi
CQ

« §H  cîj 43 "O Cd
Scd >  43 w w P

G

§
43

t0mfié
O

m
8»&< 'O

©

I
S

425

O
CM

OAH1rHOM

O rH«H 0  CQ8  r-i b0 W 0cd 8 fH
Q o m<< <Mw

A
O

01A A-4'
d

AVD
d

LTV
00

01
CM

A
CM

°.fO

CM Ch Ch CO CO
r»irH dfH pi Pi fHrH

9k
VO

OS «kVO iH CM«k Pk rH tHw CO A r—1 b9k H «k 9k fHd «k zi" d zb *k 00 CM 00 0 CMr-4 d r—1 zJ* iH 9 9k VO 9 9k
0 • zb CM d A zb rH VO rHd «k d «k rH r*i tH rH rH r“l tH00 rH rH rH CO A r4 A0 « « 9k rH «k «k 9k (H 9ka «k

CO AiH 9|
CM Pi CM ®k ®k

A CO VD d A «k d
B zi* VD 9 d zb d 01 00 zi*CM CM *k rH rH rH iH r-i rHm rH 01 rH Ch VO rH «k zb» a » rH Ck d rH «kPi cd ' b Pi VO t—1 rH CM A

«krH vo VO CM 9k CM
9 rH 9 Zi* d rH d 4̂* zb VO rH«k d rH d n rH * 01 rH rH r-l (Hd H CM r-H A d 6k rH zb«k «k rH «k iH «k *k ®k tH 9k

CM VO b rH CO d rH VO CM r-1 Zi* os drH d • 01 rH * 9k 9 0 9 9k9 r“î C\ d 0 zb 9k d zb zi" zb «k VO CD
CM rH d rH Pk rH rH rH 0 tH tH rH t-l b"” rHb rH • tH 0 rH dvo rH 9k 0\ «k «k k’k 9k 6k b" r-l *kr-i «k CM «k VO CM 0 9k d Os A d tHrH Ch 9» b «k 9 0 as 0 9 9 9k 9k 99 (H Zb d d A A CM d d zb b— d zb«k Ch rH 9 Ch a rH fH rH «k (H rH rH rH 0 iH rH

04 A VO vo brH <k «k «k 9k *k *k 9k *k 9k00 A Pk CM 9k CM 01 0 b d 00 OS 00 «k OS A«k 9 9 d Ch 9 B 9 0 9 0 CQ 0
CM d d 9 zb 9 (Y) zi" VO «k CM d A zj* rHrH rH A iH zb r-i rH r*l •it rH rH rH iH zb t—i H

Oo
r—I 
A  rH

O
LA
?
rHO
CM

O0  en1r-iA
CM

OO
zi*I
rH001



13(5-)
(d U

1 Pvâ ̂43 M
cû

V  o
M «H cd 43
'8.3
cd > 43 m  
CO A

cd

tQg
•4*3

i
0
ta
fi
O

p,

i

426
00zb
o

I voJ 0
I r-J

A

Si

VO

00
Ch

c\j
rH
VO
si
00
si
CO

mr"l

O O
m d zb

0  b 1 1
feû cd rH r~4

C  'fi CM d

U ta-T'
Jî-s ed cd|  ̂8 f~î| 
(d 0  

o  < H w

zi-

d(H

zbrH

Zb
Zj'
rH

CO

rH
r i

VD

r’I 
r—I

â;
o

CMCM
i—1

A

zj-r-4

ArH

CM
lo 'rH

O l

a

m

lArH
“k

A
ArH

«k
r-l
VOrH

OAtrH
zb

O l

Zb

dtH

ZbCM
d

A
A

d

3 ;

CO 00

a

cy
tnrH

zb

Ar4
«k

CM
ArH

#»
00

dr*)

O
A

I
H
A

diH
00 00

zb
r"i

«k
VD

ArH

Ar-i
*k

CO

9

VO
d
rH

AtH

rH
VDr-i

«kVO
d
r-4

VD
zb

rH

A

Zi*r-1

VD

zb

H

CM

Ar-1

VDr-1

O
b

I
HVD

*k
CM

a
CO VD

VOr-1

VO

00 VD A  00

drH

00

5
00 VD

zb
H

(Msi
b
z j'
r—1

A
rH

Od

db

drH

Ar-1

CO

zbr—I

a

Bk
VO

AfH

00
zj-iH

O
CO

1rH
b

A
CM

O O

rH00
O o

b  zb
Ar*4

d  CM
zbr-1

CM CM
Ar-i
9k

b
AiH

d  00
ArH

VDr-!
rH

Pi

O
A

IrH00

zb

zbrH

CM
At—I

ArH

O

Ar-1

COrH
O

A
CM
d

o
VDrH

CV1 CM b
AiH

CM
VOiH

O
0r-1I
rH01



fi
u
ai P OS 0 b A 0
fi o M en A en CM
G U 9 a •
cd U 0 0 0 0 <D
•P M
tn

GT3 oG «ri zb b en OJ Z i'Cd 43 0 0 A 0 b
fi (d 9 9 a aG 'H fH fH iH rH 0cd >43 0
OQ A

G b 00 rn CM 00cd 9 9 9 aA A A Zb zbS: r-1 tH tH rH tH

CM«k «kVO OJ CO ArH * (HlA 00tr, rH Pk «k «k 9k Ol Pk «k «k
CM en CM b CM b 0 A VO• ^vq CM ÇVl vo zj* b en en Lfl ArH 9 (H iH fH r-1 rH (H tH tHA m®k tH rH «k «k «k 9j «k «k
Os VO VO VO as b A b iH

a 9k
VD b b A A A b zb CVI zb AtH 9 r"i iH r-1 rH iH rH iH iHta LTVG *k (H fH «k «k p» Pk «k «k «k 9k0 A zb tn CM r-1 OS CM CM A en•H • «k,p vo t- VO en b A CO Zb LfV A Zb zbcd rH 9 rH tH rH r-1 rH rH rH tH tH fH

> A
u «k tH «k «k «k «k «k «k «k «k0 CM 00 b CM CM b VO VO b en 00m
,Q b  b A VO A en VO zb A CM zb zb zj-0 (H 9 tH rH • r~l r-1 rH tH rH fH iH tHA An iH «k «k rH Pk «k «k «k 01 «k Pk «kVO CM CM b 00 CM VO en CM CYj zb Zb9 9k 9 9,

b  CM A VO A A zb A LT'\ cvj A zb en AtH 9 iH rH rH tH fH «H rH rH fH r-1 tH (—1VO*k tH *k 9k «k «k *k «k «k =k
OS CM CM VO vo VO r-1 00 b CM CM 00 VO COa «k
O- vo A A en b VO VO A Z b en A en A A(H H rH r~\ [—1 t—l rH rH rH rH tH tH rH 1—1

0 0 iH 0 0/-k A 0 A 0 0
m tH CM CM en zbQ> Kl 1 \ l J 1W  cd iH iH r-4 r-’! t—'!<  no 0 A 0 A 0

VoX« H rH CM CM 01

0
A G CQ'B--k
Kl 0  0  "h fi43 fH b .0 G (d cd 43G G Ë  r-1 G
0 Cd 0  0 0

0 0 0

427



428

G0Os
i«H
'M8u043
A
g
(H
>
r4r-100
fi
,§
1P-i
CV!

gJ g CO b VO A
"O 0 l rH vo eo 00 b 00 ! Zj* 00 en zb b
P  U 1 1 0
cd G i rH rH r4 0 0 0 f rH rH rH tH 0
43 M
en

G
ü T3 0
0 Gi «H
43 Cd 43 1 en r-i 0 A 0 A 1 CM 0 CM A «H
03 t0  oj 1 1

G *rl ! CO (̂ 1 zb rH CM rH 1 Zb Zb en A CM
n cd î>
0 43 m
X en A

c(H
8
r-1
G G A A CM CM CM CM A zb A A
G cd 1 1

«ri 0 1 A z j' 00 1—! CO rH l 00 VO b vo zb
w g: 1 H ' A zb A zj- A i zf* z j- zb zb Z j'

G
0

0 vo
si zb
43

«k
fj-,j A Zb
0 A «k zj"

A
0 0 Ck
0 r-1 b A
«H If l Zb zb
m 00 A

9k zi- Ck «k
B A A A A A
0 • 9* zb «
u m A VD b 06 A
ü-) G zb A «k Zb Z l'

0 A A VO
■•o tj-i • n zb «k zb *k
0 43 A b A 0 CO A A A
G aî 9| A Zb A •k zb zb «k zb
«H î> CD 0 A rH
Cd G zb V» Pk A Ck Ck A «k
43 0 A b VO A A b A
p m 9| * zb zb *k e » z j' «k •
0 fi A b A b A A (D

0 • A 9» 0 zj* zb z i' z!'
0 b A A rH en

.zt Q zb A A Ck A «k
0 A en vo VO zb A

«k « A Ck n ZÎ’ zb Ck zb a
A CM A 0 A A A A

03 » LTV A • Ck « Ck 0 zb
,p VO A A A rH vo CD m A A
r~l H* A Ck A A Ok A zb z i' lO zb Zb «k
d A A A
m 1 n «k «k *k 1 Ck Ck Ck "k
0 1 zj" VO 0 Zl' rH VO i—l 1 rH CM rH en A rH
g 1 zb Zl- A zb A zb A 1 zb A Zb z l' Zb Zb

rH
r-i
<

0 0 0 0 0 0
0  0 0 0 0 0 0 0 A 0 A 0 0

ta A  Zb A vo b D A rH rH CM CM A zb
0  b 1 1 I 1 1 1 I 1 1 1 1 1 1
W  cd r—J r"4 r-1 r~l r-j rH fH rH fH rH rH f—J rH

<  fi CM en zb A VO b 00 A 0 A 0 A 0
rH tH CM CM A

£ rH
.p (Ü0 P  0.^1
G M rH b .
0 0 (d f0



"CîGcd F-i«g 0 01P  f-i e
(d U rH43 Men

P•0 0g «ri
Cd 43 b
'*S 0 *
G  *H Acd >43 0en A

§
s

CO

8“H
' cd
t0ta43o

ta
< fi

I
oG0

rH
OS
OJ

o 3-̂ 
'H  I B ta\ 0 0 «î cd (H H P G m

A
(H

OJ
i~J

O
H

CO
r*l

as
H

A
A

VO
A

b
A

CM
A

OS
VO

00
E>-

vo

b

CM
06
CM

A
CO
CM

A
bCM

A
Ch
CM

b

%

ozj"
«k «k «k fkA b A rH Lf\ A« rH Bk a A •kA A A 0 Ib oî 0 bA • CM Bk A CM •k CM rr>

CO A CM zb«k CM «k 'k A zb «k «kA CM CO A CM 01 CO AA A A * A <k *k CM A AA Ol b A«k CM «k CM «k CM a *k «k «kA A CO r-1 0 A VO zb AA «k 9 A CM n A a A A AA 0 b A A CVJ9k CM A n CM a «k a 9k CM «kA Ir— VO A A 0 A A AA «k «k CM A * CM zb *k A A zbli'S A A b OS«k B • a CM CM 1—1 «k Ok0 0 r—1 01 !>- A A A zb A tHA CM CM CM CM *k A <k a A 9k A AA 0 Zj' A CM«k «k CM "k A CM «k a «k A 0̂A A b A A A ul A A A« rH A a * e «k «k A r-1 AVO CM VO zb tH Ak zj- rH zbCM «k CM CM CM A a CM «k *k A CMA LTA 00 LCl 01 CM«k «V B» 9k CM A AA
CM

A
r-1 % zb

CM
VO
CM

A rHA *k 01
CM

rH
CM

zbA «k Bk 0A COCMA b" Zj* r-1 H«k «k n «k *k CM «k CM <k «k Bk H* A *k zb «kA A A Lf\ A A A A A A A A«k 'k nLOr“| A
CM

VO
CM % r-j

CM
iH
CM

0
CM

0A A
CM

Ch
CM 00H % â î

0A SI (—1
Zi*

00
rH

0 0 0 0 0 0 0 8A zj- A VO b CX) as I—1
rH rH rH r-1 rH iH rH

1
rHCM A zb A VO b 00 Ch

429
CM
A

VO
b

o\CM



T3
P
Cd R-I rH 0
fi O 01 A A 0 0
p  p « 0
cd 0 0 rH CM CM43 M
m

G
fi o
cd 4-3 0 A 0 CO CM
fi tu 0 6 a 0
p  «i H VO CM VO vo 01
tU >
•p  0
tn A

G CM Lf\ CVl 1—( zb
cU
G) z i' 0 CQ 0 0

S A Zj* A zb -■-U*
«k

A
«k A

A zb G\ 0 CM b
CM A A zb Zb «k A zb A

A A A A«1 a» A A
A  zb 01 o\ A 0 CM 0 a\ A CM A

0 A A A zb zj" Zi* Zb A zj* A zi* zb
zb b
CM 9* a» 9k «k A A A

zj" fH O l A 0 CM CO 0 A A H 0
Bl A A A zb Zj" Zb A zb a zb A zb Zj*

zb CM CM
CM ♦k *k «k «k Zb A Zb A A

A A CO zi" Ch CM Ch 0 CM A CM A
n A a A z j' A Zb A zj* A A H

m A 0 b A b A
G en 9* «k «k «k «k A A A A A -zb
O (Y> lCI b CM o\ A A CO A 0 b«H CM “ A Zb A • a A A a Zl* A A A

-P i—i A rH CM A A A A b
cU n A a e\ *\ *v Zb zj- A 0 CM A A a zb
j> A VO b CM Ch A O l LTV L f l 00
g CM ^ CM A Zb A 91 «k a CM A A *1 A A A0 0 A 01 VO A A A
m ■k CY) «k “X Bk «k a A A A a Pl A,o A A b rH CO rH 0 VO A CO A A bO 0 «s A A zb A Zi" «k A A A a zb A lA .%b

0  A 0 VO A
CM ♦i «k «k fk A A A A A A A A

CO CO b 0 CD A A CO CO A A A
CM CM A zb A a a* Zb A zj' Ain 0 A A H Ch CMA  Bl ♦k *k ♦k «k z(* Zi' a A A A A zb zb
b A b- 0 CO A Z b r") b 0 0

91 CM tn A zl* A ♦k A z b A Z b A A A A
A A A A A Aa. «k A A A

VD b A VD 0 ib 0 CM Z b rH t>- b lA Ch A OD (H
A  CM A OTj Zj- A zi* Z b CM Z b A CM Z |- A CM zb A

0 0 0 0 0
K-»» A 0 A 0 0

m rH CM CM A zb
0  >a 1 1 1 î 1
b.O cU r-i rH rH rH r-1

<  ’O 0 A 0 !A 0
i*H rH CM CM A

m0i 0
t>» ♦fH 143 S —
0 0  0  cU 43
G (U rH 1—10
m a  «i m 0
0 0



fiucd P CMfi o 01 O l0 G acd U ïH o iH43cn

c
f i  op «f icd “P vo CO Ofi cd • 0 9P *H zb zbcd >
p  CO
u i A

G A VO Acd a a0 rH VO zb
A CM CM

zi- r—1
O' CM Ok CM «kOl A A

A Ok a Ok a
CM VD A O l
CM CM • CM

O l O lCM O' «k r*HH A A CO»' CM a a n CM
CQ O VO CO COG A «k CM CM r—1 Oko CM O o

•H A •k CM 0» «k «k A
-P fH A A A
Cd A » a a «k> A CO VO Zi- A Au CM O' r—1 CM CM H f̂l0 Lflm «kD b VO A A CO A zbo A rH a a CM a Ao A VO

«k A CM k t-i Okzl' A A AA A Ok a Ok A
VO A b VO

Ok *k CM a CM iH «kzb o zb VOA A 0» CM Ok CMA A A
Ok 9|

CO OO Ol zl" b— A ACM CM CM CM CM r—1 CM

o o om A zj" AOJ i 1 1W  cd rH t“ l i~*i
<  fi CM A Zb

0 cdPr a M 1—1hr o.H 0H Q
-p d
O 0 Cd CdG cd d tH
QJ 0 0  03O <C 0~t

431

rnA
A
VO(M
A00

CM

CM

A

OS
CO

CM
OA

Si
AA

zbA
A

fvl
CM

zb
z b

bA
A
CM

Ar-1

0 vo1rHU'l

O
iH

b
A

A
VO
A

I—1
z b

O l
A

CO
A

CO
A

AA

zl'A

A
AA

rH
A

obIrHVD

A
O l
CM

A
Zb
A

CD
A

Ozb
VO
A

A
z b

CO

z b

b

O
z bA

%

I—I
A

O
A

Ol
CM

A
00
OJ

OSrH

b
A

<§I
r"ib

A
O lA

L f lA

VD
Z b

z |-
A

A
A
CM

A

fH
Z b

A
A
A

CM
CM

O

CO
vo
A

O
A

b
z b

g
r-1
Z b

fH
z b

OlA

A

O
A

A
A
CM

001 IrH00

r—Izj'

A
Zb

00
dfH

rH

A
bA

COCM

bA

VOA

Ozb
zb
A

8rHI
rH



fi
G0

u «fHtd4J ATJ Cd »
G Acd >43en S

ï-f(d P 
T) Oc; u0 G 43 M 
CO

ed
0

m
W cd< fi

0Plj>anPOGOJe

Ch00
o

b

G\rn

OJ
OJ

rH
Ch

O (D
b
rH

VO

c6
OJ
A

<n
A

A

CO

b CO
A
Zl'

b

A
zb

b

i

A

O
A
r")

1
rH
Oi-l

td
ü  03 rH«H 0 W B* rHb.0 çd Cd 
(d ë  ""M G m p

Oo
(T
<H
ArH

O
A

S ’rH
O
CVl

oo
A
l

rH
A
CM

8zf
IrH

O
A

fi
.p

g
O

432

A‘k «k n # Ol 0
rH A CM CM A CM A fl
Zb zb zb zb a Ok zb zbrH A 00 A VD»k 'k 'k «k A 0 zf- “k zb OkrH A A CM zb A A rH CM Aipn zj- zb Zb zb Ok zb 9k Zb ®k A A Ok »

vo A b CM A Ch
A n « •k -b «k «k zb

A A A 00 Zb Zl* A A Ch 00 rH* « H ’ A -zb Zb «k A «k zb A A *k
VO 0 CM CO CM rH Ch
A zb zb «k Ok «k zj- Ok zb A Ok A

ca zb b Lfl A b- A A A AG =k n zb A Zi' zb Pk zb Ok zl- «k
0 A 0 CM b rH b 00 b VO CO«H A z l' Z ‘ *i Ok Ok «k Zj* Zb p% zb Zb A zb zb43 CM b A A A zbtd 01 «k “k •Z” A (T> zl- o« 0 Ok n «k V\ Ok
> A 0 CM b VD 0 A zb zb A A
G A zb Ok *k «k Z|- zj- z l- * zb A Zb
0 A A . -%b U'I -:Lb VD zbca zj- «k Zb zb zb «k
,Q
0

zb 0 A OS L(1 Ch Ch Ih- b as zb zb vo
A -j' * CM 0 CM Ok A zb Zb A Ok zb A n zbrH 0 VD zl" VD zb«k •k zb 9| zb Ok zb Ok Ok zb zb Ok z l' 0|
(H Ch t-- vo A VD zb CO A A A
A en «k Zj- ‘k CM A en n .:± Ok A

A A vo A A vo 01 zb9» a Ok «k z|- 0 «k «k Ok e zb Ok CVl zb «k
0 CO A VO ■=t 0 A A z!" Lfl A Ch A
A A zb «k CM Ok Zb A zb z l' A zb zb *k «k A

A A A A A «k
0 b rH zb iH 0 Ch A H A A iSS A LTV Lf\ CM CM ChCM A Zb zb A CM zb zb CM Zl' zj" rH zb zb zb CVJ zb zb



0(3
GCd U fi O
d  u cd ^ 43 M en

bCM
O

CM
rH

A CM
r*H

A

r~l

bZf‘ A
CO

O  o

433

sfi O G 'H Cd 43 
fi cd G H 
cd > 43 m  en A

vozJ-
O

Ch CM
zj-

01
zi*

00
-zb

Ch VO
r-1 04

G
Cd

M

m
g

CJ-]
43
cdr,Ci)
m

,0o

W0 >> tîOcd < fi

b
zbA â!

A
Lflzb b

zb

zi* iH9» zi- LflU'I «k
» «k 0

A en A A 00zb ZÎ* Bk 0 -Zj-
A zb

«k * zb
A VD VD CMzb A .zt zi-zbzj-
Lfl A A vo

0 A 0 ■=t0 rH LflZt* «k A
rH 0 VD"k zb 9k Zb Lfl01 LT\

A a «kzj' CM a\ bn en zj* zj- zb
A

«k
b— r-i zb 01 Lfl
A A zb zb »

Ol 01e> «k zj- -zbA A CO zl* AA e Zj" zb ®kVO 01 Ch CO
•' A Bk z|- -zj- zj-zb b 01 0

A 9» zJ* -=j* zb 9k «k «kA A Lfl A<k BkA CM zi* b b A A AA Zb Zb A Zb A Zb

0 0 0 0
A zj- A VO
iH rH F—1 rH
CM A Zb A

00
A

vo 01 A
VO b A
zi- zj* -=̂

6k
Zb
-%b Ok

CO
«k zb

iH
A Ok

h -«k zb
LTVa Ok
0.) A
un

0«k A
0 A
A 0 Ok

b
Lfl Z b A

0 0
Lfl A <k

:d* vo 0
zj- A

01 «k
zb A A «k

01 01Ok D1 -G" Z j*
Lfl z j-
Z b A«k CO

"k z j* H * zj-A A «k«k CO A*k CM zb zb
A Z b

«kA 00 0 AA zb A zt

ObI
r-1
VD

O
00
t

Htb-

O
C h

l
H
CO

VD
ZÎ*

%
Pi
-p
O
G
©

G  Wa— kQ> ©d"«H r-1 G  Cd Cdu 8 M 
cd ©  Mo  Cj-jw



434
■S
«J Vt A CM VOg 9 b A 0 b A b
G U 9 «
ai P43 prj 
CO

0 0 r-1 0 1—1 0

sfi o‘H 
«j 43 
fi^  CÎÎ
gt;
g g

Ü
Ê

Pi

G
O

CVl
rH

o\
(VI

rH
Z Î '

A
CVJ

A  A
zb
zb 5:

CO
. - t

COzb

A

O
A

O

oî
zb

A

03
zb

t*—
A

tn
o
A

O

bzb
Lfl
Zbzb

zb
zl*

A

COzt

r-î
LTV

A
A

A
A

zbLTi
CO
z l'

A

cî
zb

rH
A

b
06
zb

A
A

O
A

O
LTV

A  A

O
A

A
zb

CO

A

A  O l VO

U EQr-'k0 0A- fi
tjH rH
G cd Cd 4 3

G B rH G
Cd 0  CQ 0

Q 0

A

A

zi*
zj-

rH

zbzi-

01

CVJ

A

CVI VO

VO
zi*

A

VO
zb

vo
zb

m Bk A «k «k ®\ « zb A zb «k
G VO 00 A CVÎ Ib- CM
0 zb zb “ zb zb «k «k zb«H 0 VQ CQ rH A

«k A Bk z|- n zi* A n
Cd VD !>- CVS 01 VD A
> Zb 9k zb «k zb z t Cl «k .f zb
G A A vo A0 zbra Zb VD 01 0 0 (H 0 VO 00 A
FP zb zb zb A A A A «k Zb zb
0 A A

«k Bk «k •k «k zb *k zb
VD A 01 VO VO CVl Zb 01 A
Zl* zb zb zj- zb LTl ZÎ* «k zb zb Bk

A A
«k «k a» Bk «k Ok

A Z|- CO r"*i .f CV! CM A A A Zb
z t zb zb A Zb A zj* zi* zt- A zl*

0 0 0 0 0 0
0 A 0 A 0 0

CQ 1—1 rH S’ S’ C l zb
0  >!> l 1 1 1
W  Cd rH rH rH rH rH rH<C ■'O 01 0 A 0 A 0r-1 r~l CM CM A

A

01
zb

A

rHZb
CO
zb

zl*

CO
zl-

A

IF

A

06zb
00
zb

O
zb



I
o

a

§II
i

o

-§

II
01
0Üs
%
CO

§
•H1
0)4S
a

CO

§
•p09
'OI
I•H
h

-p

y
(D

a
13I
«Ï
P

€
S
i
tQ
P
M

g
s
r4
rH

IQ

dfQ ÛII
i^a

mIpIGOg

m

§ .§ •< no

I
OCOIiH
CM

M

CM

H

m
CM

0

1iHCO

m
m

d

o
r4 o  o

rH
rH

CM

CM

00
d

CO
CM

00 00 o  0 \
a\
CM

rHCO m
CM

$
d

in
CM

CTi
CM

in
dfO

inCO in

o  o

o\

a\ \o
oCO oCO

o
in
itH
sIrHin

o
O 'I IrH pH CO {>»

t>= JZj-
in  in  
o  o

!>•

rH

CD
rH

CM CO 

OCO CO

vqCO
**

oCO
*%rHCO

n •>
%

OSCM
ftrHCO

•»rHCO
e\

0-CM
«VrHCO 00CM

ft
oCO

n rHCO mCM >-CM CM
ftinCO

ArHCO aCO %
n •trHCO

ftCACM

%
•VrHCO

n «%
o\CM

nrHCO cy\CM
f»rHCO

ft
%

COCM
n

oCO
*»

0-CM
n

COCM COCO %
<fvCOCO

f>
OSCM

n
oCO

00CM %

nVD cr>CM
<TiCOCM

*\rHCO -=tCO 00CM
n

G\CM
rHCO COCO

ftrHCO
4

oCO
**

iHCO
«V

oCO
*\COCM

n
oCO oCO

nCOCM
«%

G\CM COCM
P»<y\CM oCO inCO

ft
oCO

ftrHCO
«1rHCO

«%
oCO

niHCO
*%

oCO oCO
n
% chCM

1 •*
I rH 1 CO rHCO

«V
%

e*CT\CM
ft

o00
ft

oCO
«t

GsCM

O O o o O o
O O in o n O o
CA1iH

iH1rH
rH CM (y fO ■=t
rH rH tH rH rH

CO OS OrH inpH O
CM

in
CM

o00

435

OCO



§ p«3 ̂  
*P  Mm

VO rH cn 8\ VO VO
o o \ 00 oo VO rH VO

o M o o rH O o rH o

6

d
no O f-r *i-i 
td *P  TJ td d 'H 
td >  4-3 cyCO A

§

GOa
o
.p

g
Q̂mAO

M
& & C TJ

rH o n to - 0 0 O CV! o n

r—j ; n 0 0 CM o o 0 0 0 0 0 0 0 0

0 0 Z f o o w\ CO o VO z f

OJ m 0 0 0 0 •d - Z j" VD o n VÛ
CM CM CM CM CM CM CM CM CM

n
CM o o o rH 1—1
CM CM CM 0 0 CM

n •t
0 0 z t O 0 0 -zl' 0 3 o n
CM OJ CM CM CM CVJ CM

ft ft
o \ D - 0 0 u o 0 0 rH 0 0 -Zl*
I—1 CM CM CM CM CM CM CM

«t ■30 «t *t «t «t rH
r o Is - CO CM CO OO CO b - CO o n
CM CM CM CM r “l CM CM CVI CM

*t «t 9\ n Ct VO
CM o n o O o 0 0 zj" CM CO CM
CM CM OJ CM 0 3 CM CM OJ CM <M

CO
n CM

:d" -zj- CM 0 0 VO OO C'J b - o n CM 0 3
CM CM CVi CM CM CM CM CM CM CM CM b "

CM
fY*l CT\ LO rH O ' b ~ r - | VO o z j ' 0 3
CM CM CM OJ CM CM CM CM o n CM CM CM

*t C\ f> r» •t
z j ' 0 0 LH r-J n o b - CM z t CM LO CM VO u o
CM CM CM CM CM CM o n CM CM CM CM CM CM

*t c* m n ft ®t
rH CT\ O b -- VO 0 0 rH 1—J zd' m i o C ^
CM CM CM rH CM CM CM CM oO CM o n o n

O o
O O O O O O O O n
c n -%!-1

;jT\ VO b ~ 0 0 o v rH rH

rH rH rH rH r~i A 1—i rH pH
OJ CO -z t m VO b " 0 0 0 3 O

rH

03
P
§
ë

o
8 ta\ 0 ) 0) d
(d rH fH  p td racaj



TĴ
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o 4->

g«Ho 0d ï/3.ij 0 a) bd % b.O 00
B mCD p
ta rH
0) P
ta CQ
m Q) Q)< U P,b-ï-a
0 [H Ovo < d

eu 8 dM  O  H ü 
Pc, CO

mEt*

U 
0> (U 
K3 X )

q p %: ̂

o  ro rH rH
f “ 1 t™5 rH

01
zt

03 A  r-l 03 03 CM A  A  b  O
I—i r—î r"i rH r*l

A 0 3  r-l CM O o (A O A Üx A A OD C53

VO A  CO Lf3 O
i—î

X3
^H

O  
1—1

z t VD
r-i 1—i

CM b

(H
A
A

1.0m')
CM

03b' VQ
COI—I

Ovo
CM

Acrj A b-A
A

b-
A
A

b b b b
0 0 0 0 0rH 1— J rH
03 m EO 03 CQ

.g
-g
02

rH A  A  A  b ArH 1X3 VO tH ri 00 OOJ

o
CD

fH
CM

rH
CM

t t î 1 "f" + 1 tb b b b b b b b
0 0 0 0 0 0

tH
0 0

r-l l—l iH P r~l rH rH
m m CQ 02 ca 03 02 02

CMCM

445

A  CM CM I CM CM I (M -=t A  iH rH zt A

rH A  A  ( CM mn I CM -zt CM I I zf iH

H  OJ r-l I OJ CM 1 iH A  CM I t A  rH

A  zt A  I CM A  I CM zt A  rH rH zt cy

CM CM CM >~’î rH A  rH CM zt Ol A  rH CM A



(D 8 d '-I O•ri Orar e GQ
CM CM '~1 O  A  A  rH m3 A  A  ÇM r-l mi A  A  r\l W
r-l rH r-H i—l

CM CM I I r~l r-l i r-i r-l C\j I I H  A  I I

iH A  zt I S I rH I i ! r-l i t l A  CM I I

O

CM ï I ! rH 1 J S fH t I I CM CM I i

O (A m3 I i r-i iH l rH rH CM r—! 1 rH A  mi r-l t

EH CM CM I r-J «H rH r-i r-l CM rH iH r-l A  A  r-l rH

r-l0
rO O  ix.,: oiH

m i r—! CO :H A ' t !—î CVI )—i 1 03 CM CD VO vo 00 CO
b b A Zf -zf VO A -zf zt rH b U3 z f b 03 zl* zf1—i 1—! 1—1 r-i rH 1—i rH r-l 1—1 pH 1—1 rH 1—1

03 O O A CM zf VO rH VO vo Zf 03 A 03 rH
A A b 1—i zf Zj- VC; A o J t ' b  CO A rH

OJ A A rH rH rH CM A
03
Lf3

CQb

Sibi-p
od<Üo

. 1 1 4-
b b b
Cd cd 0sH r-j rH
m ta m >

0rH
b
ca f

t
(ica i

B
b
B
m 4- 4^

4- ! 1 i -
b b b b
0 0 0 0
rH r~l rH r-l
ta m t/3 W

t
B03

d  
m xa 
§1 A

CM
A
CM

Zf-
OJ

A
CM

VD
CM A rH

A A
m\

z fA AA AA VOm3 vA bA AA COA

446



447
B 0rH d 
♦ri O  ïit, O = 01

A  OJ o  z f CM VD b- o  rH A  -d- o  A  b- O  04 *0*iH rH t—i fH rH iH rH rH rH

II 1 I I I I r H ç v i m ' I O J A z f A o J A A z i ’ A

fxi I rH rH OJ zt CM CM Zf CM

Ph I—( I rH t—I rH CM CM CM CM rH A  CM CM CM

❖ r-i r-l rH rH OJ *“ 1 H  A  z f  A  CM I zj* CM CM zi-

EH

iH
B ^

X3 Orx, ot—I
CD

w0 b bü 0
<  TJ

s*p
dQ)O

U m 0
CQ ,Ûd 8 o d ÏSi

rH r-l 1 rH 1—1 r-l CM on CM CM on CM r—1 A CM CM I—1

VD o\ vo OO CM O VO LCV CM zf u3 CM CM VD b O as
A A A zf A z f O -zf (J\ A vo 03 Zf 00 vo CO zi'iH r-l r-l rH r-l iH 1— I 1—1 1—(

O Zj" r—1 O b b ” zj- CO o\ A o A b 03 A CM vo
b- OO CO b- O CM zf b A A CO lXV zf d"\ b 03 zi-rH CM A f“l CM CM CM CM rH CM CM r-l CM rH

0 0 0 0 0
t

rH
m + rH

CQ f 1 i 1
(H
CQ t 1 + 1 rHCQ 1 rHCQb b b b b b b b b b b b b b b b b

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0r"i rH r-l rH r""i 1—1 iH 1— î rH 1—1 1—1 rH 1— 1 1—1 r-l iHCQ CQ Uà CQ CQ m CQ CQ (Q m CQ CQ ta CQ CO CQ CQ

A O rH CM A A A A VO o\ rH i-i CM A A "ôn zfA zf z f Zf b zj- -H- zj- zf zj* A A A A A A A



448
B mrH d v-1 O

P.i

;îî
<

CQ
W 0 < T3

d 
(D © 
CQ X2d B O d

z t  en z f  z t  (M f'r-l r*H (—1

m

Lf3LT3

OJCM
CM

m  o 03 b  .0'i—i b  A  CM en CM z tr~l

A  I A  ÇVl fH CM CM yH CM *~"J CVJ r-1 CM f“H

(Y) ! A  A  I r-l I CM CM f"l t f-1 I f A  I I

CM I CM CM I rH î r*4 cvî fH I r-i rH I CM I I

A  f-l A  A  rH t-j rH A  A  CM r*”l rH rH I ("O rH ÇVJ

A  CM A  z t  î CM fH OJ rH iH CM CM CM fH CO |

z t mi CM t -  OV KO KO r-H b - CM CM

rH
B• Zt mi CM,o C * 0 *tu O CO zJ- CDf—1 r-'lbo

-j r-i f-

CM CM CM
lA VO CM ir\ri 1—i (H ri

b  VO A

zj- oj

03
LC\

VOunt-H
o Aü3

CM

VO
CM r—i

Zj-
b S r"t sr4

03
VO
CM

03b-
CM

©A 0 0 Cd 0b tH rH rH H
4̂ 1 W m ra 1O b b b b b b
Ci 0 0 0 0 cd 0
(D rH 1— 1 rH rH r-{ iH
& CQ m CQ (Q m CQ

vt
0tHïQ

VO
LfV

CO
A

00
A

CO
A

tH
VO M3 A

VO
A
VO

A
VO

zt
VO

Lf3
VO

VO
VO

'A
VO

rH
b

COO
A

0 0 0
4-

rH r-'l rH, J , 1 1 m m ta tb b b b b b b b b
Cd 0 0 cd 0 0 0 0 CdrH r-l fH tH tH r-i f"i rH rHW CQ [Q ùOt m CQ «a tn [Q

I—I
t''"

zt
rH

ZTCO

+b
•t



.0* un CM CM en CO ztrH i—I A  CM S fH rH A  CM CM Zf

449

CM zt CM CM fH z t A  iH i r-l rH CVI

pr*i A  A (—1 (H A en 1 t

p., A  rH I } r-i r'H rH I t tH r-! 1 I t | | |

zt zt . r-l r-i CM CM f~H CM fH CM CM t t—i I—! I fH

ti CM A  rH rH m> CM r*l r-l CM CM I—i I—t I—i fH t—i

rH
B

P O rxî o
bo

00 m3 CM I.-- CO CO CM t- A O LC3 z t A A A

vo vo A iH CM A A CM VO on r-l VD A zj- VO en Zj*
f—1 fH t—1 :—1 1—! fH fH I—i rH rH rH rH rH iH

m
pùo cd «aC Tî b

U3VO i-"iiH
CM

O
bCM

AA A
VO ACM

'A
i . f \

CO VDVO
ovcfH

z tCO
CM

VO ACO VD
z tr~*i b

CM
CMCMCM

&
■Jan.?o
a
Q)o

0 0 0 0 0rHm rHKl 4" 4- 1 +■ f
iHKl Hm Hm i" +b b b b b ,. b b b b b b b b0 0 0 0 0 0 0 0 0 0 0 0 0 01—1 fH r-l r-i fH r-i r—l rH i—i fH r—t > iHca m m m W M ca CQ 0 ta m ta Ü'J CQ

4-b4-

s
•b
sm

d  ©  ©  CQ xa
g|^ 'fS;

Ab ztb U3
b VO

b -
CO COt- Ab O

CO
o
CO s a S' z tA un

CO oA



B ©r-i•H O pq Oz 01

Si

î'îCe,

r-lS
,a  O
K  o
<
CJ

mR ̂  aO 0< T3

©

d© <Dm ,û0 eo ©

OJ p  b  H  b  A  VD zt A  tD H  «H zt O  VD iH mr-l r-î r-l rH pH

« CVI

VOVD 00A

H I H  I CV\ CVI f H A  J I S OJ M  | rH

0,1 rH î r-l OI -j" b  î A  ) (H A  ( I t

1 M  H  I rH fH A  CM H  OJ i | f H  ,H | (

H  CM CM I Cvf

H  A  CM (H CM

rt H" CM C'3 t 8 r—i CM ÇVf I rH

A  CM r-i CM H  <-l CM ÇM CM rH |

VO VD CM CM 00 CM A CM r-l vo b b A VO* *
ztiH 00 Ar-i Af—!

r-ltH b  VO vo
M

zt
r—! 5 OfH

CM
'i

VD
VO &

CM

VOvo &mi
o
ArH

VO

zt
vovo

Qibp 4“ 4“ 4* 4” 4- .g' COo b b b b b bfi 0 0 0 0 0 0© r-j r-l rH r-l îH r—1O m m m ra m m

a
a
m

0 0 0rH ,H r—1
m £Q mb b b
0 0 0r-l rHm m 0.

b4- 44-

zt
A

A
A

VOA VO
A

CO
A

zt 00
H

b b b0 0 01—t 1—t Hm 0 m

r-l r-l en A b A
O O o O O OH rH H H (H rH

m3rH

zt A zl- 1X3 X3 VD Or-'l A H CO A VO A
CM CM CV! H CM fH

A
SI

450



8  Q) 
r H  f*)
«.'■■i O ÎA Oz 00

iH  A  f"î A  on rH rH r-j CM O  r-l b  OJ CM A
r-l H  rH rH rH

451

iri I rH I 'H  CM CM I -î ! i rn  on r - i i a

ix, I I 1 ! t 03  CM I I t 1 i CM -Z ' 1 (H çvj

îîî
P-, i I CM CM s H  A CM

îî«
< rH î r-l H  03  A rH r-l CM z f r-l A

❖Eh J rH r-j iH  sH A  CM I I I I I 03 03 r~j I A

M
B'

rO O  1X1 o
o

b CD CM CM b - VC: A ,H A CC3 z j' 'S\ CO
Z f A A A rH O'") VO A A Z f A VO b .r t z j' of~l rH ,H r-l rH r-l i""i t—i tH rH rH 1—1 H r-l iH

m
W 0< '■a

voA
rH

z f O VO A b A VO A b VO O U -, A  A Or-l z f 03 l; ï VJ t-- A VO b 03 03 b - VO b
CM CM 1—1 CM r-l CM fY) CM CM r-l H

a
.pofi
CDO

,4 v4 4 4- b
aCQb b b b "‘'s0 0 0 0 0 0r—î rH r4 rH 1-i rH

cû m rn 0 m m H i  $
<
0
rH
W

■b

S0
0
m +

'b
s
0

u  
©  ©  ra xa
g|m: %

A % zf VO VO b O A A A A A A b™ r-l rH CO
A mn zf zj' A A A A A A VO VO b b* br"j rH rH rH rH (H rH rH fH iH rH r-i rH rH fH rH



B ©r-l ?.) T“t O Oz ü1

Si

❖

a

ti

.—^rHc3
D o 
Ixi o
o

m © b b,0 0 
<  TJ

©

dm m
s#o 0

452
m3 rH rH VO A  O) A  O (A M CO O LCl rH A  O
r H  I—1 1—I I—I I—1 r~ i r H  i—! r—I rH iH

A C M < ^ Z f r H c v i C M  I r H A z j ' A A r H Q j A A

zi- OJ CM A  î CM CM 1 zH OJ 0“ A  r-( I Cvl A  CM

OJ OJ A  I CM I I rH m3 rH HI  I CM CM ^H

on en on zj- rH a  cm t ih a  a  on a  cm m3 z f oj

b CM CM CM rH CM 01 ' : CM -f zf (M OJ CM A  CM

A  A  VO VO CO VO Z^‘ A  CM CM CM A  r-l Lf3 A  rH
03 b- A  VO A  A  A  A  A  b  b- CO b- VO VO A  Ar~l t—I l —I I—I

CM A A A  VD A O zl' VD CM VO Z f
b f - O b  r-i b r H zl- r H A J3 O
r H ( H CM i H ( H CM r H

% VD U \ % VD z f  
A  OI—I

a 0 0 0rH rH rH 4.p 1̂ \
b

0 m 1 1 I i 0 1 1 1
o b b b b b b •'-s* b b "b b b bfi 0 0 0 0

4
0 0 1 0 0 0 0 0 0 0 0© rH r-l r-l r-i rH rH b > 1—1 rH rH r-l i— 1 rH rH r-im m 0 CQ m m V m 0 m 0 W 0 ra GQ

rH A A zf A VD VO b b b b- b CO O rH tH rHA A A A A C73 A A A O O O O rH r-l rH 1—!rH r-l t—J rH rH rH r-H rH rH ü3 A un LT\ A A A A



8 ©rH F-t »H O a Oz to

❖

a

fX,

EH

rH
X) o 
K  O

r*i
'"-S,to

0
& 0< T3

a
bp
o0©CO

c., © © m ,Q
g|

A  CM CM A  zt c\| A  b  ArH r-j r-j r”îr-l

rH I ! r-j OJ A  z f zf A

r-l j 1 CM on CM A  zf A

* I I rH (OJ CM CM CM

CM r-l rH CM zJ- A  zf A

rH  t~l rH CM A  CM A  m3 CM

CO VO A CM A VO un b- O

rHrH un
1—i

mir~l b- A b A OS

CM VOA  XI OA r-ln'1 03
b

r-i
A onb- A

on
b

4 t 4 t 1 ] 1 1 1
\ b b b b b b b b
0 0 0 0 0 0 0 0 01— ! f— 1 1—1 r-j r —1 r~.j r—1 rHCQ CQ ra m m m 0 m m

CM \o b b H r-l A ArH r-l rH r"l CM CM CM CMX3 ir\ A A A A A A A

453

0 I—1 I—1 ©
0
*o©p
0

1
g
fX(
I
P=4
0♦rlm
op
b
ooI—1
3•H
Oa
t

m
'H
0
0p
b
8
0♦fH
0
<
1

<

xn Q
iH 0rH ♦H© 8O o

uP rC© o60 o5̂1 Pt0E'J

EH J-l-l



T * Reticulocyte Counts 
All results obtained from the original mixed stock

Eo Normal (4A) mice:

454

Mouse
Number

Age
(days)

Hb
(a/100 ml) P.C.V. Réticulocytes

(%)

10" 305 16.5 50 1
33 39 15.0 53 5
35 31 — •» 47 9
101 142 15.6 46 1
101 295 14.7 45 1
109 206 14.8 49 2
141 228 14.7 46 4
143 218 13.6 48 1
157 235 14,3 46 2
159 236 13.0 48 1
l6l 219 13.4 51 2

195 80 14.5 48 4

197 80 14.8 46 5

b . Carrier ( sla.X") female mice
36 57 49 10
38 44 — "" 40 1
78 31 12.7 8
78 39 13.7 43 5
91 31 5
92 374 15.8 48 2
94 31 M «m 37 11



b. Carrier (sla/+) female mice (continued)

455

Mouse
Number

Age
(days)

Hb(G/lOO ml) P.C.V.
Reticulocytes

($)
94 38 — — 48 5
112 142 16.3 50 1
146 139 15.0 46 2

146 150 15.3 51 2

164 235 14.7 50 1

166 235 16.5 54 1

0. Anaemic female (ala/sla) mice
4' 284 16 46 2

4' 347 13.4 42 3
12 51 4.2 18 6
17' 265 13.8 44 I
26' 294 14.1 49 1
30 304 14.1 45 2
40' 284 13.9 45 2
40' 299 15.6 1
66 ' 236 15 46 1
66' 298 15.2 47 4
68 304 13.6 43 2
68' 352 13.8 45 3
69 305 13.6 44 1
69 352 14.4 44 2
74 52 25 4
82' 236 15.6 47 1
96 395 9.2 34 7



Anaemic female mice (continued)
456

Mouse
Number 1

Age Hb
) (0/100 ml) P.C.V.

Reticulocytes
(/S)

150 139 11.7 42 2

194 75 6.6 29 6

194 122 “•» 1
194 127 “ •=> 31 3
196 75 8.6 36 3
196 117 32 3
196 122 4

d . Anaemic male (sla/-) raioe
3* 349 14.5 50 1
5* 219 13.8 43 2
16 48 25 17
21* 372 15.2 55 1
33 215 4.7 24 1
37 275 9 33 8
37 347 10.8 37 3
43' 321 15.2 52 1
45' 244 10.6 38 3
46' 347 9.9 30 5
51' 295 9.0 34 3
53 57 25 6
53" 262 2.9 18 2
53" 328 8.1 38 5
63 59 23



457
d . Anaemic mal© (olaA) mice
Mouse
Number

Age
(days)

Hb
(G/lOO ml) P.C.V.

Reticulo
(fo)

67 140 5.7 31 1

7 1' 277 13.6 42 1

7 1' 343 15.2 48 1

73 57 22 12

7 5' 357 16,5 46 3
103 142 10.8 33 1
103 220 12 .5 38 1

105 149 7.6 32 1
107 143 11.7 37 4
107 149 12.7 4
107 206 2

125 108 10.3 25 8
129 215 9.7 37 4

129 266 11.6 36 4
131 215 5.5 24 2

131 266 3.7 28 4
133 265 •”*“ “•*" 2
147 225 9 .7 4l 3
147 275 —-* 39 4

155 267 38 4
165 206 6.8 28 6
167 101 5.3 27 16
167 116 4.8 24 19
167 206 5.0 28 20
173 150 49 1



d. Anaemic Male (sla/-) mice (continued) . ^ ---------- —   —  458

Mouse Age Hb Reticulocytes
Number (days) (0/100 ml) P.C.V, (%)

191 186 —  37 5
193 75 7.3 21
193 89 9.6 40 17
193 117 35 5
193 122 —  —  2

The coefficient of correlation between the reticulocyte 
count and the packed cell volume in anaemic mice 
(r) - -0.48,
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8. Counts of Folychromatophillc Cells 

and Reticulocytes (per cent)
All results obtained from mice of the original mixed stock

Mouse
Number Genotype

Polychromatophllio
Cells Reticulo

3' sla/- 8 1
4' sla/sla 1 2

21' slaA 1 1
26' sla/sla 1 1
37 sla/- 3 8
37 sla/- 4 3
38 sla/+- 1 1
40' sla/sla 1 1
43' sla/- 1 1
45* sla/- 1 3
51* sla/- 4 3
53" sla/- 5 2
63 s la /“ 20 23
66 * sla/sla 1 1
68* sla/sla 3 3
69 sla/sla 1 1
71* sla/- 2 1
73 sla/- 10 12
74 sla/sla 30 4
75* sla/- 2 3
78 sla/f- 2 5



460
Mouse
Number Genotype

P0lychromatophilIc 
Cells R0tlculo<

94 sla/-t 2 5
96 sla/sla 10 7
96 Bla/sla 2 2
103 s la/"» 1 1
105 B la /"• 1 1
107 sla/- 1 2
109 4/« 1 2
112 sla/“t 1 1
146 8 la/-f 1 2
147 sla/sla 1 3
150 8 la/s la 1 2
155 sla/- 1 4
159 1 1
165 sla/” 11 6
167 s la/— 45 19
173 s la/— 1 1
191 sla/- 3 5
193 sla/- 5 21

193 s la /- 2 5
194 sla/sla 3 6
196 sla/sla 5 3

The correlation coefficient of the reticulocyte count 
and count of polychroinatophlllc cells (r) -4-0.660
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13* Representative examples of red cell size 
distribution curves obtained with the 

Coulter model J particle size analyser

1. Normal male mouse. No. 159> +/- 
Mean cell volume, 4%.8 cu.

2. Normal male mouse. No. 715; V “
Mean cell volume, 45.2 cu. jx.

3 Young anaemic female mouse. No. 5^5; sla/sla 
Mean cell volume, 2 8 .3 cu. jx,

4.*'̂ Young anaemic female mouse. No. 524, sla/sla 
Mean cell volume, 28,3 cu,

5 .'"“ Young heterozygous female mouse. No. 530, sla/n- 
Mean cell volume, 45.9 cu.

6 .*̂'' Young heterozygous female mouse No. 528, sla/n- 
Mean cell volume-, 40.3 cu. ji.

7 0 Old "anaemic’* male mouse after spontaneous recovery 
from anaemia (P.C.Y., 44^), No. 173, genotype sla/~ 
Mean cell volume, 4-7.3 cu. jx,

* Littermates
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APPENDIX B

PATHOLOGICAL EXAMINATIONS



s
A . Normal mice

Mous© number 331 genotype -+/-; age 5^6 days^ Hb, 
concentrait ion 13 , W /100 ml. ; stock » O.M.S,

Spleens The malpighian bodies appear normal and the
red pulp occupies less than 25 per cent of the splenic 
tissue 0 Red cell precursorsj granulocytes and 
megakaryocytes are present. Stainable Iron is plentiful 
(grade 4)^ and is present In greater concentration in 
the malpighian bodies than in the red pulp.

Livers The parenchyma is normal. One small 
haemopoletic focus is present. Stainable iron is not 
seen in Kupffer or parenchymal cells.

Mouse number 5 0; genotype age 502 days;
haematocrit 31«5 per cent; stock » O.M.S.

Spleens The malpighian bodies appear normal. The
red pulp occupies 51-75 per cent of the splenic tissue. 
Red cell precursors3 granulocytes and megakaryocytes 
are present. Stainable iron is plentiful (grade 4) and 
distributed predominantly in the malpighian bodies.

Livers The parenchyma is normal. Haemopoletic 
foci are not seen and stainable iron is absent.

Mous© number 231; genotype ■+/-; age 593 days; Hb. 
concentration 1 5.lG/1 0 0 ml.; haematocrit - 52 per cent; 
stock “ hybrid;body weight 34.40.
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: Weight 72 mg. or 0.21^ of body weight.

The malpighian bodies are normal. The red pulp occupies 
between 25 and ^0% of the splenic tissue; red cell 
precursors, granulocytes and megakaryocytes are present. 
Abundant stainable iron (Grade 4) is present, located 
mainly in the malpighian bodies.

Livers The parenchymal cells are normal. Foci 
of haemopoiesis are not seen, Stainable iron is 
present in a few liver parenchymal cells, but not in 
Kupffer cells.

Bone marrow; The sternal marrow is actively 
haemopoletic and cells of the red cell, granulocytic 
and megakaryooytic series are easily identified.
Vascular spaces are moderately prominent, but fat spaces 
are not seen. Traces of stainable Iron are seen in 
reticuloendothelial cells. A normoblast/granulocyte 
ratio of 0.47si i8 found on examination of a smear of 
femoral marrow. Sideroblasts were not sought.

Stomachs The secretory gastric mucosa is normal 
and stainable iron is not seen.

Duodénums This shows no abnormality on staining 
with haematoxylin and eosin (H & E). Occasional iron- 
containing cells are seen in the lamina propria, but 
stainable iron is not present in the epithelial cells.

Jejunum; No abnormality is seen. Stainable iron 
is not present.
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Pancreas S The pancreas Is nomal and stalnable iron 

Is not seen.
Hearts The myocardium is normal. Occasional iron- 

containing macrophages are present in the interstltital 
connective tissue.

Lungs : The bronchi, alveoli and blood vessels are 
normal. Scanty iron-containing macrophages are seen In 
the alveolar walls and in the peribronchial connective 
tissue,

Kidneys The glomeruli and tubules are normal.
Traces of atalnable Iron are present in the perivascular 
connective tissue and in the capsule.

Testiss The interstitial cells are normal and active 
spermatogenesis is seen. Stainable Iron is not present.

Mouse number 2 6 9 ; genotype age - 540 days;
haematocrit 52^; stock - hybrid; body weight 3 9.8G.

Spleen: Weight - 48 mg. or 0.12^ of body weight.
The malplghian foodies are normal and the red pulp occupies 
between 25 and 50^ of the splenic tissue. Red cell 
precursors, granulocytes and megakaryocytes are present. 
Stainable iron is abundant (Grade 4) and is present in 
slightly greater proportion in the malplghian bodies 
than in the red pulp.

Liver! The parenchymal cells are normal and 
haemopoietic foci are not seen. Traces of stainable iron 
are seen in parencymal cells, and moderate amounts are 
present in Kupffer cells.
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Bone marrow; Sections of sternal marrow show 

active erythropoiesis, and granulopoiesis, and 
megakaryocytes are present. Vascular spaces are 
moderately prominent, but fat spaces are not seen.
Stainable iron is absent.

A normoblast/granulocyte ratio of 0.64;1 Is found 
in femoral smears. Sideroblasts are not present.

Stomach: The secretory gastric mucosa is normal 
and stainable iron is not seen.

Duodenum: This shows no abnormality on staining 
with H. & E. Small amounts of stainable iron are 
present in the epithelial cells of the villous tips 
(Grade 2), Stainable iron Is not seen elsewhere.

Jejunum: This shows no abnormality and stainable iron 
is not seen.

Pancreas ; The pancreas appears normal and stainable 
iron is not seen.

Heart ; The myocardium appears normal. Occasional 
iron containing macrophages are seen in the interstitial and 
perivascular connective tissue.

Lungs : The bronchi, alveoli and blood vessels are 
normal. Scanty iron containing cells are visible in 
the alveolar walls and peribronchial connective tissue.

Kidney ; The glomeruli and tubules appear normal.
Scanty stainable iron is seen in the perivascular and 
connective tissue.
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Mouse number 2771 genotype + A; age - 540 days;

Hb. concentration 13.40/100 ml.; haematocrit^ 46^; stock - 
hybrid; body weight - 39*40.
Spleen: Weight 8l mg. or 0,21^ of body weight.

The malplghian bodies are normal and the red pulp 
occupies between 25 and 50^ of the splenic tissue. 
Erythropoiesis and granulopoiesis are active and 
megakaryocytes are present. Plentiful stainable iron 
(Grade 4) is present and is located predominantly in 
the red pulp.

Liver-: The parenchymal cells are normal and 
haemopoetic foci are not seen. Occasional parenchymal 
cells show a trace of stainable iron but none is seen 
In Kupffer cells.

Bone marrow: The sternal marrow is actively haemo­
poietic and cells of the erythroid, granulocytic and 
megakaryocytio series are readily identifiable.
Vascular spaces are moderately prominent, but fat spaces 
are not seen. Stainable iron is not present. In femoral 
marrow smears, the normoblast/granulocyte ratio is 0.54:1. 
Sideroblasts were not sought.

Stomachs The secretory gastric mucosa is normal 
and stainable iron is not present.

Duodenum: This shows no abnormality on staining with 
H. & E. A very faint ha^e of Prussian blue positive 
material is seen in a few of the mucosal cells of the 
tips of the villi (Grade l). Scanty Iron-containing 
macrophages are present in the lamina propria.
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Jejunum: Mo abnormality is seen and stainable iron 

is absent,
Pancreas s The pancreas appears normal and stainable 

iron is not seen.
Heart : The myocardium is normal and iron deposition 

is not seen.
L$ng8 : The bronchi, alveoli and blood vessels are 

normal. Occasional iron-containing macrophages are 
present in the peribronchial connective tissue.

Kidney £ The glomeruli and tubules are normal.
Scanty iron-containing cells are seen in the perivascular 
and capsular connective tissue, and a few minute haemoslderln 
granules are present in the cells of the convoluted tubules.

Testis % Spermatogenesis is active and the 
interstitial cells appear normal. Stainable iron is 
absent.

Mouse number 2 8 7; genotype - 4*/-; age - 533 days;
Hb. c oncentrat ion 14.70/100 ml.| haematocrit 50.5^; 
stock - hybrid; body weight - 3 0.2G.

Spleen: Weight 67 mg. or 0 .22^ of body weight. The 
malplghian bodies are normal and the red pulp occupies 
between 25 & 50̂  ̂of the splenic tissue. Erythropoietic 
and granulocytic elements are easily Identified, but 
megakaryocyteB are rather scanty. Stainable iron is 
abundant (Grade 4), and is located predominantly in the 
white pulp.
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Liver: The parenchymal cells are normal and fool of 

haemopoiesis are not seen. Small amounts of stainable 
iron are present in the parenchymal cells, but none is 
seen in Kupffer cells.

Bone marrow: The sternal marrow is actively haemopoietic. 
Vascular spaces are moderately prominent, but fat spaces 
are not seen. Stainable Iron is not present. In femoral 
marrow smears, the normoblast/granulocyte ratio is 
0.42:1. Sideroblasts were not sought.

Stomach: The secretory gastric mucosa is normal.
Scanty iron-containing macrophages are seen in the lamina 
propria.

Duodenum: This shows no abnormality on staining with 
H. & E. A very faint haze of Prussian blue positive 
material (Grade l) is seen in the epithelial cells of 
the duodenal villi. Scanty iron-containing macrophages 
are present in the lamina propria.

Jejunum: Wo abnormality is seen and stainable iron 
is absent.

Pancreas ; The pancreas appears normal and stainable 
iron is not seen.

Heart : The myocardium is normal. Occasional 
haemosidorin-containing phagocytes are present in the 
interstitial and perivascular connective tissue.

Lungs : The bronchi, alveoli, and blood vessels are 
normal. Macrophages containing stainable Iron are 
fairly frequent in the alveoli.



Kidney : The glomeruli and tubules are normal.
Scanty haemosiderin-contalnlng phagocytes are present 
in the sub-capsular connective tissue, and occasional 
granules can be seen in the epithelium of the convoluted 
tubules.

Testis : Spermatogenesis is active and the interstitial 
cells appear normal. Stainable iron is absent.

Mouse number 289; genotype -f A; age - 533 days;
Hb, concentrat ion l4.30 /lOO ml.; haemat ocrit 47,5%; 
stock Fi hybrid I body weight - 34.9G.

Spleen; Weight 79 mg, or 0,23^ of body weight.
The malplghian bodies appear normal and the red pulp 
occupies 25 - 50^ of the splenic tissue. Erythropolesia 
and granulopoiesis are active and occasional megalcaryocytes 
are seen. Stainable iron is plentiful (Grade 4) and is 
located in the red and white pulp in more or less equal 
c oneentrât ion,

Liver; The hepatic epithelium is normal and foci 
of haemopoiesis are not seen. Occasional parenchymal 
cells contain a trace of stainable iron, but none is 
seen in the Kupffer cells.

Bone Marrow ; The sternal marrow is actively 
haemopoietic and cells of the erythroid, granulocyte 
and megakaryocyte series are readily identifiable.
Vascular spaces are a prominent feature, but stainable 
iron is not present.



stomachs The gastric secretory epithelium is normal 
and stainable iron Is not seen.

Duodénums This appears normal on staining with 
H. & E. Occasional fine granules of haemosiderln are 
seen in the epithelium of the duodenal villi (Grade l) 
and macrophages containing iron are present In the 
lamina propria.

Jejunum; This shows no histological abnormality and 
stainable iron is not present.

Pancreas : The pancreas appears normal and stainable 
iron is not seen.

Hearts The myocardium shows no abnormality.
Iron containing cells are present in the perivascular 
and interstitial connective tissue.

Lungss The bronchi, alveoli and blood vessels are 
normal. Scanty iron-containing macrophages are seen in 
the alveoli and in the peribronchial connective tissue.

Kidney: The glomeruli and tubules are normal. Very 
scanty deposits of Iron are present in the perivascular 
connective tissue.

Testis : Spermatogenesis and the interstitial cells 
are normal. Stainable iron is not seen.

House number 347; genotype •+*/-; age 478 days;
Hb. concentration 14.3G/100 ml.; haematocrit 43.5^; 
stock - ?2 hybrid.
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Spleen ; The malplghian bodies are normal. The red 

pulp is small in amount (less than 25% of the splenic 
tissue) but shows active erythropoiesis and granulopoi­
esis, and me galea ryoey tes are present. Stainable iron 
is abundant (Grade 4) and is located mainly in the 
red pulp. The ratio of normoblasts to granulocytes in 
the splenic imprint is 3.5:1* Sideroblasts are not 
present.

Bone marrow; The sternal marrow is actively haemo­
poietic and cells of the erythrold, granulocytic and 
megakaryocytio series are present. Vascular spaces are 
moderately prominent, but fat spaces are not seen. 
Stainable Iron is absent,

In femoral marrow smears the ratio of normoblasts 
to granulocytes in 0.34:1. Scanty Iron-containing 
reticulo-endotheliai cells are present, and granules of 
haemoslderln are seen lying free. Sideroblasts are not 
identified.

Duodenum; This shows no histological abnormality. 
Stainable iron is not seen In the epithelium or in the 
lamina propria.

Pancreas ; This organ appears normal and sta.lnable 
iron is not seen.

Mouse number 359 * I genotype +/-; age 503 days; 
haematocrit 46%; stock - Fg hybrid.



spleen! Imprints only were examined. The ratio 
of normoblasts to granulocytes is 3.3:1; sideroblasts 
are not present.

Bone marrow: Femoral marrow smears were examined. 
The ratio of normoblasts to granulocytes Is 0.44:1, 
Occasional iron-containing macrophages are seen, 
together with iron granules lying free in the smear, 
but sideroblasts are not present.

Mouse number 3673 genotype d'A; age 504 days, 
haematocrit 45*5%; stock ™ Fg hybrid.

Spleen: Imprints only were examined and the ratio 
of normoblasts to granulocytes is 2.4:1. Sideroblasts 
are not present.

Bone marrow: Femoral marrow smears show a 
normoblast/granulocyte ratio of 0.17:1. Stainable 
iron is not seen and sideroblasts are not present.

Mouse number 373; genotype f/-; age 519 days;
haematocrit 44%; stock - Fg hybrid.

Spleen: Imprints only were examined. The ratio 
of normoblasts to granulocytes is 9.0:1. Sideroblasts 
are not seen.

Bone marrow; In femoral marrow smears, the ratio 
of normoblasts to granulocytes is 0.45:1, Stainable 
iron is not seen and sideroblasts are not idmtifled,



Mouse number 377; genotype-f-AI age 507 days ; 
haemat OCX’it 47%; stock - Pg hybrid.

Spleens Imprints only were examined. The ratio 
of normoblasts to granulocytes is 3.4:1; sideroblasts are 
not present.

Bone marrows In femoral marrow smears, the 
normoblast/granulocyte ratio is 0 .2 0 :1 . Traces of 
stainable iron are seen, but sideroblasts are absent.

Mouse number 397; genotype -f/-; age 493 days; 
haematocrit 44%; stock - Pg hybrid.

Spleens The malplghian bodies are normal. The 
red pulp occupies 25 - 50% of the splenic tissue and 
shows active erythropoiesis and frequent granulocytes; 
occasional megalmryocytes are seen. Stainable iron 
is plentiful (Grade 4) and ia equally distributed in 
the red pulp and malplghian bodies. The ratio of 
normoblasts to granulocytes in the splenic Imprints is 
5 0 0 :1 , Sideroblasts are not present.

Bone marrow: Sections of sternal marrow show 
active red cell and granulocyte formation and 
megakaryocytes are present. Vasculaa? spaces are 
moderately prominent but fat spaces are not seen. 
Stainable iron is absent. Femoral marrow smears have 
a normoblast/granulocyte ratio of 0.2 5 :1; traces of 
stainable iron are seen but sideroblasts are not 
identified.
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Pancreas : This organ appears normal and stainable 

Iron is not seen.

Mouse number 479; genotype + A ;  age 8l days, 
haematocrit 4^; stock - hybrid.

Spleen; The malplghian bodies are norma,! and the 
red pulp occupies 25 - 50% of the splenic tissue.
Active erythropoiesis and granulopoiesis are present, 
but megakaryocytes are rather scanty, Stainable iron 
is plentiful (Grade 4) and is situated predominantly 
in the red pulp.

Liver; The parenchyma appears normal and haemopoietic 
foci are not seen. Scanty stainable Iron is seen In 
the hepatic epithelial cells.

Bone marrow: Sections of sternal marrow show 
active erythropoiesis and granulopoiesis, and megakaryocytes 
are present. The vascular spaces are not very prominent 
and no fat spaces are present. Traces of stainable iron 
are seen in reticulo-endothelial cells,

5In smears of femoral marrow^ the erythroid/ 
granulocyte ratio is 1.04:1, Traces of stainable iron 
are also present^ but sideroblasts are not identified.

Stomach: The secretory gastric mucosa is normal and 
stainable iron ia not seen.

Duodenum: This shows no abnormality and stainable 
Iron is not seen in the epithelium or elsewhere.
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Jejunurn: This is normal and stainable iron is not

seen.
Pancreas ; This organ appears normal and stainable 

iron is not seen.
Lungs ; The bronchi^ alveoli and blood vessels are 

normal and stainable iron is absent.
Kidney : The glomeruli and tubules appear normal. 

Stainable iron is not seen.

Mouse number 481; genotype 4-A  ; age 8l days; 
haematocrit 49.5%! stock » Fg,

Spleens The malplghian bodies are normal and the 
red pulp occupies less than 25% of the splenic tissue.
Active erythropoiesis and granulopoiesis are seen and 
megakaryocytes are present in moderate numbers.
Stainable iron is plentiful (Grade 4) and is situated 
predominantly in the red pulp. The normoblast/ 
granulocyte ratio in splenic Imprints is 4.1:1; and 
sideroblasts are not seen.

Liver: The hepatic epithelial cells are normal and 
haemopoietic foci are not seen, Stainable iron Is not 
present.

Bone marrow: Sections of sterna,! marrow show active 
erythropoiesis and granulopoiesis and megalcaryocytes 
are present. Vascular spaces are not a prominent 
feature and fat spaces are not seen. Stainable iron
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1.3 not present. In femoral, marrow smears ; the 
normobla.st/granulocyte ratio is 0.46:1. Scanty 
stainable iz’on Is seen^ but sideroblasts are not 
present,

Stomach: The gastric secretory mucosa is normal and 
no stainable Iron is present.

Duodenum: This appears normal and stainable iron 
is seen neither in the epithelium of the villi nor in 
the lamina propria,

Jejunum; This is normal and stainable iron is 
absent.

Pancreas : The pancreas appears normal and stainable 
iron is not seen.

Kidney : The glomeruli and tubules are normal. Scanty 
stainable iron is present in the connective tissue of 
the capsule.

Mouse number TOI; genotype4-/-; age 110 days ; 
haematocrit 33%l stock - Fg hybrid.

Spleen: The malplghian bodies are normal and the 
red pulp occupies between 25 - 50% of the splenic 
tissue, Erythropoiesis and granulopoiesis are active 
and moderate number of megalcaryocytes are present.
Stainable iron is plentiful (Grade 4) and is located 
mainly in the red pulp.

Liver; Ths parenchyma is normal and no haemopoietic 
foci are seen, Stainable Iron is absent.
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Bone marrow; The sternal marrow shows active 

erythropoiesis and granulopoiesis and megakaryocytes 
are present. Vascular spaces are prominent but fat 
spaces are not seen. Stainable iron is absent.

Duodenum: This shows no abnormality and stainable 
iron is not seen in the epithelium or in the lamina 
propria.

Jejunum; The jejunum appears normal and stainable 
iron la absent,

Pancreas : The pancreas appears normal and stainalbe 
iron Is not seen.

Lungs ; The bronchi, alveoli and blood vessels 
are normal. Scanty iron-containing macrophages are present 
in the alveoli and in the peribronchial connective 
tissue.

Kidney : The glomeruli and tubules are normal.
Stainable iron Is not present.

Mouse number 703; genotype 4-A; age 110 days; 
haematocrit 34%| stock - hybrid.

Spleens The malplghian bodies appear normal and 
the red pulp occupies 2 5 - 50% of the splenic tissue. 
Erythropoiesis and granulopoiesis are active and a few 
megakaryocytes are seen. Stainable iron is plentiful 
(Grade 4) and Is concentrated equally in the white and 
red pulp.
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Liver : The parenchyma is normal and haemopoietic 

foci are not seen. Stainable iron is not present.
Stomach : The secretory gastric mucosa is normal 

and stainable iron is not present.
Duodenum; This shows no abnormality and stainable 

iron is not seen in the epithelium or in the lamina 
propria.

Pancreas : This organ appears normal and stainable 
iron is not present.

Heart ; The myocardium is normal and stainable iron 
is not present.

Lungs ! The bronchi, alveoli and blood vessels 
are normal. Scanty iron containing cells are seen in 
the peribronchial connective tissue.

Kidney : The glomeruli and tubules are normal.
Occasional haemosiderln deposits are present in the 
fibrous tissue of the capsule.

Testis : Spermatogenesis Is active and the interstitial 
cells are normal. Stainable iron is not seen.

Mouse number 7051 genotype-4 AI age 110 days; haema­
tocrit 38,5% f stock hybrid,

Spleen: The malplghian bodies are normal. The 
red pulp occupies 51 - 75% of the splenic tissue and 
shows active erythropoiesis and granulopoiesis,
Megakarooytes are prefsent but rather scanty, Stainable 
iron is abundant (Grade 4) and is equally distributed 
between the red and white pulp.
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Liver: The parenchyma ia normal and haemopoietic 

elements are not seen. Stainable iron is not present.
Bone marrow; Sections of sternal marrow show 

active erythropoiesis and granulopoiesis and megakaryocytes 
are present. Vascular spaces are not very prominent and 
fat spaces are absent. Stainable iron is not seen.

Stomach : The secretory gastric mucosa is normal 
and stainable Iron is not seen.

Jejunum! There is no abnormality of this tissue 
and stainable iron is not present in either the lamina 
propria or the mucosal epithelium.

Pancreas ; The pancreas appears normal and stainable 
iron is not seen.

Heart ; The myocardium is normal. Scanty iron- 
containing cells are seen in the Interstitial connective 
tissue.

Iiunga: The bronchi, alveoli and blood vessels 
are normal and stainable iron is not seen.

Kidney : The glomeruli and tubules are normal and 
scanty deposits of haemoslderln are seen in the capsular 
connective tissue.

Testis ! Spermatogenesis is active and the Interstitial 
cells appear normal. Stainable iron is not present.

Mouse number TOT3 genotype 4-/-; age 3l8 days; 
haematocrit 45.5%g stock - F]_ hybrid .

Spleen: Imprints only are av3J.lable, The ratio of 
erythroblast8 to granulocytes ia 4.3:1, and sideroblasts 
are not present.



.Duodenum: This organ shows no abnormality,
Stainable iron Is not present In the epithelium or 
in the lamina propria.

Pancreas : This organ appears normal and stainable 
iron is not present.

Mouse number 709; genotype-f A; age 318; haematocrit 
46.5%; stock - hybrid.

Spleen: Only spleen Imprints are available. The 
erythroblast/granulocyte ratio is 2.2:1, Sideroblasts 
are not identified.

Bone marrow: Femoral marrow smears are available.
The erythroblast /granulocyte ratio is 0.77:1, Stainable 
iron is present, as free granules and in reticulo­
endothelial cells, but sideroblasts are net seen.

Mouse number 711I genotype f/-; age 318 days; 
haematocrit 39%l stock - hybrid,

Spleen; The malplghian bodies are normal. The red 
pulp is relatively scanty, forming less than 2 5% of 
the splenic tissue. Erythropoietic and granulopoietic 
activity is present, and scanty megakaryocytes are seen, 
Stainable iron is plentiful (Grade 4) and is more 
concentrated in the red, than in the white pulp. In 
splenic imprints, the ratio of erythroblasts to granulo­
cytes is 2,3:1* Sideroblasts are not seen.
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Bone marrow : Sections of eternal marrow show active 

erythropoiesis and granulopoiesis, and megalcaryocytes 
are present. Vascular spaces are not prominent and fat 
spaces are absent. Stainable iron is not seen.

Duodenum: This shows no histological abnormality. 
Stainable izxm is not seen in the mucosal epithelium 
or in the lamina propria.

Pancreas ; This shows no abnormality and stainable 
iron is not present.

Mouse number 713; genotype 4-A  ; age 318 days; 
haematocrit 4l%; stock - hybrid.

Spleen : The malplghian bodies are normal. The red 
pulp occupies 25 - 50% of the splenic tissue. Active 
erythropoiesis and granulopoiesis are present, together 
with moderate numbers of megalcaryocytes, Stainable 
iron is plentiful (Grade 4) and is predominantly located 
in the red pulp. The erythroblast/granulocyte ratio 
is splenic imprints is 2 .4:1. Sideroblasts are not present.

Bone marrow; Sections of sternal marrow show active 
erythropoiesis and granulopoiesis and megakaryocytes are 
present. Vascular spaces are moderately prominent, but 
fat spaces are not seen. Stainable iron is absent.

FenioraJ. marrow smears show an erythroblast/ 
granulocyte ratio of 0,44/1, Traces of stainable iron 
are present but sideroblasts were not identified.
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Duodenum; This presents no histological 

abnormality, Stainable iron is not seen in the mucosal 
epithelium or in the lamina propria.

Pancreas ; This organ appears normal and stainable 
iron is not present.

Mouse number 719; genotype -hA*; age 318 clays; 
haematocrit 42%; stock - hybrid.

Spleen : Only imprints have been examined. The 
ratio of erythroblast8/granulocytes is 2.5:1. Sivero- 
blasts are not present.

Bone marrow; Femoral marrow smears have been 
examined. The erythroblast/granulocyte ratio is 
0,58:1. Traces of stainable iron are present, but 
sideroblasts could not be identified.

Mouse number 721; genotype + A-; age 318 days; 
haematocrit 42%; stock - F-j hybrid.

Spleen; The malplghian bodies appear normal. The 
red pulp occupies between 25 and 50% of the splenic 
tissue and shows active erythropoiesis and granulopoiesis; 
small numbers of megakaryocytes are present. Stainable 
iron is plentiful (Grade 4) and is a little more heavily 
deposited in the red pulp than in the white pulp.

Imprints show an erythroblast/granulocyte ratio 
of 3.1:1. Sideroblasts are not present.
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Bone marrow: Sections of sternal marrow show active 

erythropoiesis and granulopoiesis and megakaryocytes 
are present. Vascular apaces are moderately preminent 
but fat spaces are not seen. Stainable iron is absent.

In femoral marrow smears the erythroblast/granulocyte 
ratio is 0,36:1. Traces of stainable iron are seen, but 
sideroblasts could not be Identified,

Duodenum: This shows no histological abnormality, 
Stainable iron is not seen In the mucosal epithelium 
or in the lamina propria,

Pancreas ; This organ shows no abnormality and stainable 
iron is not present.

Mouse number 723: genotype-p/-; age 318 days; 
hae ma tocri t 4 6% ; s t oc k - F -j hybr id .

Spleen: The malplghian bodies are normcil. The 
red pulp occupies 2 5 - 50% of the splenic tissue and 
shows active erythropoiesis and granulopoiesis. Small 
numbers of megakaryocytes are present, Stainable iron 
is abundant (Grade 4)^ and is predominantly located 
in the red pulp.

Imprints show an erythroblast/ granulocyte ratio 
or 2,9:1* Sideroblasts are not present.

Bone marrow: Sections of sternal marrow show active 
erythropoiesis and granulopoiesis^ and megakaryocytes 
are present. Vascular spaces are not prlniinent and fat 
spaces are not seen, Stainable iron Is absent.
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Duodenum: Mo abnormality is seen on staining with H,

& E. A very faint haze of Prussian Blue positive 
material is seen in the mucosal epithelium (Grade l)̂  
and occasional iron containing cells are seen in the 
lamina propria.

Pancreas : This organ appears normal and starinable 
iron is not seen.

Mouse number J9.3; genotype+/•**; age 330 days; 
haematocrit 45%; stock - Pg hybr̂ id.

Spleen: The malplghian bodies are normal. There 
is active erythropoiesis and granulopoiesis and small 
number of megakaryocytes are present. The red pulp 
occupies 25 - 50% of the splevzic structure. Stainable 
iron is plentiful (Grade 4), distributed mainly in 
the red pulp.

The ratio of erythroblasts/granulocytes in splenic 
imprints is 3.3:1* Sideroblasts are not seen.

Bone marrow: Sections of sternal marrow show 
active granulopoiesis and erythropoiesis and megakaryocytes 
are present. Vascular spaces are moderately prominent, 
but fat spaces are absent. Stainable iron is not seen.

In femoral marrow smears the ratio of erythroblasts/ 
granulocytes is 0.44:1, and sideroblasts are not seen.

Duodenum! This shows no abnormality. Stainable iron 
is not seen either in the mucosal epithelium or in the 
lamina propria.
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Pancreas ; This organ appears normal and stainable 

iron is not present.

Mouse number 7S7; genotype+/••*; age 298 days; 
haematocrit 46%; stock - Fp hybrid.

Spleen: Only imprints were available. The erythroblast/ 
granulocyte ratio is 0*7:1 and sideroblasts are not seen.

Mouse number 735; genotype -+/™; age 220 days; haemato­
crit 4-6,5%; stock - hybrid. Body weight 35,5G,

Spleen; VJeight 84 rag or 0,24% of body weight. The 
malplghian bodies are normal. The red pulp is rather 
inconspicuous, forming less than 25% of the splenic 
tissue. However, active erythropoiesis and granulopoiesis 
are seen and megakaryocytes are present. Stainable iron 
is plentiful (Grade 4), and is distributed in slightly 
greater concentration in the white pulp than in the red 
pulp.

Liver: The hepatic parenchyma is normal. Haemopoietic 
foci are not seen. Scanty stainable iron is seen in 
both parenchymal and Kupffer cells.

Bone marrow: Sections of sternal marrow show 
active haemopoiesis and megalcaryocytes are present.
Vascular spaces are moderately prominent but fat spaces 
are not seen. Stainable iron is absent.

Stomach: The secretory gastric mucosa is normal,
Stainable Iron is not seen.
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■Duodenum: The duodenal mucosa Is normal In 

H. & E . stained sections. Scanty small haemosiderln 
granules are present in the mucosal epithelium 
(Grade l), and occasional iron-containing macrophages 
are seen in the lamina propria.

Je j un urn : 0?his appears normal and stainable iron 
is not seen.

Pancreas ; The pancreas appears normal and stainable 
iron Is not seen.

Heart ; The myocardium appears normal. Occasional 
haemosiderin-containing calls are seen in the interstitial 
connective tissue.

Lungs: The bronchi^ alveoli and blood vessels are 
normal. Macrophages containing iron are present in 
moderate numbers in the alveoli and peribronchial 
connec11ve tiesue.

Kidney: The glomeruli and tubules are normal.
Scanty haemosiderln g^ranules are present in the epithelium 
of the convoluted tubules^ and occasional iron-containing 
macrophages are seen in the capsule.

Testis : Spermatogenesis is active and the interstitial 
cells are not remarkable, Sta-inable Iron is not seen.

Mouse number 7371 genotype 4--A  ; ag;e 220 days; 
haematocrit 44%; stock - hybrid stock and body weight 
32 ,2G.
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Spleens Weight 83 mg or 0.26% of body weight. The 

malplghian hodles are normal. The red pulp occupies 
25 “ 50% of the splenic tissue and shows active 
haemopoiesis. Stainable iron is abundant (Grade 4)  ̂
and is distributed mainly in the red pulp.

Liver; The hepatic parenchyma is normal and haemopoietic 
foci are not seen, Stainable iron is absent.

Bone marrow; Sections of sternal marrow show active
erythropoiesis and granulopoiesis and megakaryocytes 
are present. Vascular spaces are moderately prominent;, 
but fat spaces are not seen. Stainable iron is absent.

Stomach : The secretory gastric mucosa is normal and 
stainable iron is not seen.

Duodenum; Mo abnormality is seen In sections
stained with H. & E, A faint haze of Prussian blue
positive material is seen in the mucosal epithelium 
(Grade l), Scanty haemoslderln containing macrophages 
are seen in the lamina propria,

J e J unurn; Wo abnormality is present and stainable iron 
is not seen.

Pancreas : The pancreas appears normal and stainable 
iron is not present.

Heart ; The myocardium is normal. Scanty haemosiderln 
containing phagocytes are found in the interstitial 
connec11ve tissue.

Lungs ! The bronchi; alveoli and blood vessels are 
normal. Occasional iron-containing cells are seen in 
the peribronchial connective tissue.
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Kidney: The glomeruli and tubules are normal and 

stainable iron is not seen.
Testis ! Spermatogenesis is active and the 

Interstitial cells appear normal* Stainable iron is 
not seen.

Mouse number 7391 genotype 4-/-; age 292 days; 
haematocrit 40*5%; stock - hybrid.

Spleen: Only imprints are available. The 
erythroblast/granulocyte ratio is 2.4:1 and sidero­
blasts are not seen.

Bone marrow: Only femoral marrow smears are 
available. The erythroblast/granulocyte ratio is 
0*51:1« Traces of stainable iron are seen lying free 
and in reticulo-endothelial cells# but sideroblasts 
are not present,

Mouse number 775; genotype4/-; age 214 days; 
haematocrit 48%; stock - hybrid.

Spleen: The malplghian bodies are normal. The 
red pulp occupies 25 - 50% of the splenic tissue and 
shows active haemopoiesis. Stainable iron is plentiful 
(Grade 4), with a slightly greater concentration in the 
red than in the white pulp. In splenic imprints the 
erythroblast/granulocyte ratio is 3 *3 :1 and sideroblasti 
are not seen.
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Bone marrow; Sections of sternal marrow show active 

haemopoiesis and megakaryocytes are present. Vascular 
spaces are not prominent and fat spaces are absent.
Stalnable iron is not present.

In femoral marrow smears# the erythroblast/ 
granulocyte ratio is 0 ,2 2 ;1. Slderoblasts are not present 
but traces of stalnable iron are seen lying free and In 
retieulo^endothelial cells.

Duodenum: This shows no histological abnormality and 
stalnable iron Is seen in neither the mucosal 
epithelium nor in the lamina propria.

Pancreas s This organ appears normal and stalnable 
iron is not present.

Mouse number 781; genotype-p/-; age 193 days; 
haeraatocrlt 41,5^; stock - hybrid.

Spleen: The malpighian bodies are normal. The 
red pulp is unusually prominent, occupying between 
51 and 75^ of the splenic tissue. Haemopoiesis is 
active and considerable amounts of stalnable iron are 
present (Grade 4), mainly in the red pulp. In splenic 
Imprints, the erythroblast: granulocyte ratio is 1.9:1 
and slderoblasts are not seen.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis. Fat spaces are not seen and 
vascular spaces are not very prominent. Stalnable iron 
is not present.
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In femoral marrow smears the ratio of erythroblasts/ 

granulocytes is 0 .1 5:1. Stalnable iron and slderoblasts 
are not seen.

Duodenum: This appears normal and stalnable iron 
is not seen in the mucosal epithelium. Occasional iron 
containing macrophages are seen in the lamina propria.

Pancreas s This organ appears normal and stalnable 
iron is not seen,

Mouse number 787; genotype age 193 days;
haematocrit 52$; stock - hybrid.

Spleen; Imprints only are available. The 
erythroblast/granulocyte ratio is 1.8 :1 and slderoblasts 
are not seen.

Bone marrow; Femoral marrow smears only were 
examined. The erythroblast/granulocyte ratio is 0,42:1, 
Stalnable iron is present in traces in reticulo­
endothelial cells and lying free, but slderoblasts 
are not present.

Mouse number 789; genotype+  /-; age 180 days; 
haematocrit 46$; stock - hybrid.

Spleen: The malpighian bodies are normal. The 
red pulp occupies 25 - 50$ of the splenic tissue and 
shows active haemopoiesis, Stalnable iron is plentiful 
(Grade 4) and Is located principally in the red pulp.
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The ratio of erythroblasts to granulooytes is 3*0sl 
and slderoblasts are not seen.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present.
Fat spaces are not seen and vascular channels are 
moderately prominent. Stalnable iron is absent.

Smears of femoral marrow have an erythroblast/ 
granulocyte ratio of 0,34:1. Traces of stalnable iron 
are present but slderoblasts are not seen.

Duodenum: This shows no abnormality and stalnable 
iron is not seen, either In the mucosal epithelium or 
In the lamina propria.

Pancreas : The pancreas appears normal and stalnable 
iron is not seen.

Mouse number 835; genotype -}-/•«; age 111 days; 
haematocrit 49$; stock - hybrid.

Spleens The malpighian bodies are normal. The 
red pulp occupies 25 - 50$ of the splenic tissue and 
active haemopoiesis is seen. Stalnable iron is abundant 
(Grade 4) and is located mainly in the red pulp.

Splenic imprints show an erythroblast/granulocyte 
ratio of 4,9:1 and slderoblasts are not seen.

Bone marrow : Sections of sternal marrow show 
active haemopoiesis. Fat spaces are not present 
and vascular spaces are not very prominent. Stalnable 
iron is absent.
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In femoral marrow smears the ©rythroblast/ 

granulocyte ratio is 0.36:1. Traces of stalnable Iron 
are seen lying free and in retioulo-endothellal cells 
but slderoblasts are not seen.

.Duodenum; The duodenum appears normal. Stalnable 
iron is not present either in the mucosal epithelium 
or in the lamina propria.

Pancreas: This organ appears normal and stalnable
iron is not present.

Mouse number 845s genotype ™f/-| age 173 days; 
haematocrit 4^; stock - Fĵ  hybrid. Fasting for 6 hours 
prior to sacrifice.

Duodenum: Mo abnormality Is seen. Stalnable iron 
is not present, either In the mucosal epithelium or in 
the lamina propria,

Pancreas : The pancreas appears normal and stalnable 
iron is not seen.

Mouse number 863: genotype +/■=; age I50 days; 
haematocrit 44,5$; stock - hybrid. Fasting for 
6 hours prior to sacrifice.

Duodenum; Mo abnormality is seen, Stalnable iron 
is not present, either in the mucosal epithelium or in 
the lamina propria.
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Mouse number 865; genotype-f-/-; ag© 150 days; 

haematocrit 45$; stock - hybrid. Fasting for 6 hours 
prior to s8.crif lee .

Duodenum; The duodenum appears normal. Stalnable 
iron is not seen, either in the mucosal epithelium or in the 
lamina propria.

Pancreas ; The pancreas appears normal and stalnable 
iron 1b not seen.

Mouse number 877; genotype 4-/-; age 131 days; 
haematocrit 47$; stock - F3 hybrid. Fasting for 
6 hours prior to sacrifice,

Duodenum; The duodenum appears normal. Stalnable 
iron is not present, either in the mucosal epithelium 
or in the lamina propria*

Pancreas: The pancreas appears normal and stalnable 
iron Is not seen.

Mouse number 879; genotype 4-/-; age I3I days; 
haematocrit 49.5$; stock - hybrid. Fasting for 
6 hours prior to sacrifice.

Duodenum: This appears normal. Stalnable iron Is 
not seen either in the mucosal epithelium or in the 
lamina propria.

Pancreas ; The pancreas appears normal and stalnable 
iron is not seen.



515
Mouse number 881 g genotype "P/»; ag© 131 days; 

haematocrit 42$; stock - F3 hybrid. Fasting for 
6 hours prior to sacrifice.

Duodenum; This appears normal. Stalnable iron is 
not seen, either in the mucosal epithelium or in the 
lamina propria.

Pancreas ; The pancreas appears normal and stalnable 
iron is not present.

B . ANAEMIC MICE

Mouse number 7; genotype slaA; age 38I days; 
haematocrit 21$; stock - O.M.S.; body weight 41.7G.

Spleen: Weight 146 mg or 0.35$ of body weight.
The malpighian bodies are normal. The red pulp occupies 
between 25 and 50$ of the splenic tissue, and shows 
active erythropoiesls and granulopoiesis, with moderate 
numbers of megakaryocytes. Stalnable iron is present 
in the red pulp, but is very scanty (Grade 1),

Liver: The parenchymal cells show no abnormality.
Scanty small haemopoietlc foci are present, but 
stalnable iron is not seen either in the epithelial 
or in the ICupffer cells.

Mouse number 1 0*; genotype 3la/a las age 4l days,
Hb. concentration 4.2G/100 ml; haematocrit 17$; stock - 
O.M.S.
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Spleens The malpighian foodies are normal. The 

red pulp is prominent, occupying between 51 & 75$ of 
the splenic tissue. Active erythropoiesls a,nd granu­
lopoiesis are evident a-nd moderate numbers of 
megakaryocytes are seen. Stalnable iron is absent.

Liveri The hepatic epithelium la normal and 
haemopoietlc foci are not present. Stalnable iron Is 
not seen.

Mouse number 11$ genotype sla/-; age 439 days; 
haematocrit 31$; stock » O.M.S.; body weight 35.IG.

Spleen; Weight 91*6 mg or 0.26$ of body weight.
The malpighian bodies are normal. The red pulp occupies 
between 25 and 50$ of the splenic tissue and shows 
active erythropoiesls and granulopoiesis with moderate 
numbers of megakaryocytes. Stalnable Iron is not present.

Liver: The parenchymal cells appear normal and 
haemopoietlc foci are not seen. Stalnable iron is not 
present.

Mouse number 12 ; genotype sla/sla; age 159 days;
Hfo, concentration 5.70/100 ml; haeraatocrlt 20.5$; 
stock - O.M.S.; body weight 29.IG.

Spleen: Weight 208 mg or 0.71$ of body weIglit.
The malpighian bodies are normal. The red pulp is 
prominent, occupying 51-75$ of the splenic tissue, 
and shows active erythropoiesls and granulopoiesis;
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megakaryocytes are vexy frequent. Stalnable iron 
is absent.

Liver; The parenchymal cells are normal. Moderate 
numbers of haemopoietlc foci are seen, but stalnable 
iron is not present.

Heart : The myocardium is histologically normal, 
and stalnable iron Is not seen.

Lungs : The bronchi, alveoli and blood vessels 
are normal and stalnable iron is not seen.

Kidney; The glomeruli and tubules are normal and 
stalnable iron is not seen.

Mouse number 14; genotype sla/sla; age 518 days;
Hb. concentration 6 .7G/IOO ml; haematocrit 3C$; stock » 
O.M.S.; body weight 30.0G.

Spleen; Weight 380 mg or 1,27$ of body weight.
The malpighian bodies are normal, but the pulp is 
hyperplastic, forming more than 75$ of the splenic 
tissue. Erythropoiesls is very active, and granulopoiesis 
and megakaryocytes are also very prominent. Stalnable 
iron is absent.

Liver ; The parenchyma is normal and haemopoietlc 
foci are not seen. Stalnable iron is absent.

Duodenum; This shows no abnormality on staining 
with H. & E. However, stalnable iron is plentiful in 
the mucosal epithelial cells of the villi (Grade 4),
Hone is seen in the lamina propria.
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Jéjunum; No abnormality is seen in sections 

stained with H. & E. Stalnable iron is plentiful 
in the mucosal epithelial cells of the villi, but none 
is seen in the lamina propria.

Pancreas : This appears normal and stalnable iron 
is not seen.

Mouse number 15 ' i genotype slaA; age 38 days;
Hb. concentration 4.30/100 ml; haematocrit 15$; 
stock - O.M.S.

Spleen: The malpighian bodies are normal. The 
red pulp occupies 25 ~ 50$ of the splenic tissue and 
shows active erythropoiesls. Granulopoietic elements 
and occasional megakaryocytes are also seen. Stalnable 
iron is absent,

Livers The parenchymal cells are normal and haemopoietlc 
foci are not seen. Stalnable iron is absent.

Bon© marrow; The sternal marrow is actively 
haemopoietlc, and cells of the red cell, granulocyte 
and megakaryocyte series are readily identifiable.
Vascular spaces are not prominent and fat spaces are 
not seen. Stalnable iron is absent.

Mouse number 171 genotype 3la/ - 1 ag© 382 days; 
haemat00r11 42$; stock - O.M.S,; body weight 39.IG.

Spleen: Weight 107,5 mg or 0.27$ of body weight.
The malpighian bodies appear normal and the red pulp
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occupies less than 25$ of the splenic tissue. Fool 
of erythropoiesls and granulopoiesis are present, 
together with occasional megakaryocytes. Stalnable 
iron is absent.

Liver : The parenchyma shows no abnormality and 
haemopoietlc foci are not seen. Stalnable iron is 
absent.

Mouse number 231 genotype slaA j age 337 days;
Hb. concentration 3 .90/100 ml; haematocrit 22$; 
stock « O.M.S,; body vjelght 28.5G.

Spleen; Weight 314 mg or 1.10$ of body weight.
The malpigl'ilan bodies are normal but the red pulp is very 
prominent, occupying more than 75$ of the splenic 
tissue. Haemopoiesis is very active and frequent 
megakaryocytes are seen. Traces of stalnable iron 
(Grade l) are seen in the malpighian bodies but none 
is seen in the red pulp.

Mouse number 25; genotype sla/-; a,ge 100 days;
Hb. concentration IO.3G/IOO ml; haeroatocrit 34$; 
stock - 0 .M .8 .

Spleen; The malpighian bodies are normal. The 
red pulp occupies 51 - 75$ of the splenic tissue and 
shows active erythropoiesls and granulopoiesis with 
frequent megakaryocytes, Stalnable iron is absent.
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Liver ; The parenchymal cells are normal and 

scanty. Small haemopoietlc foci can foe found.
Stalnable Iron la absent.

Mous© number 2 6; genotype slaA; age 319 days; 
haeraatocrlt 4c^| stock ™ O.M.S.; foody weight 30.7G.

Spleen: Weight 58*5 mg or 0.19$ of body vjelgiit.
The malpighian bodies are normal and the red pulp 
occupies between 25 & 50$ of the splenic tissue.
Active haemopoiesis and occasional megakaryocytes 
are seen. Scanty deposits of stalnable iron (Grade 1) 
are seen in the malpighian bodies.

Liver: The parenchyma appears normal and haemopoietlc 
foci are not present. Stalnable iron is not seen in 
the epithelial or Kupffer cells.

Mouse number 27 * ; genotype a la As age l47 days;
Hb. concentration 7*6Q/100 ml; haematocrit 2 8 ,5$; 
stock - O.M.S.; body weight 17.40.

Spleen: Weight 115 mg or 0,66fo of body weight.
The malpighian bodies appear normal. The red pulp 
is prominent, occupying between 51 & 75$ of the 
splenic tissue, and shows very active erythropoiesls 
and granulopoiesis with frequent megakaryocytes.
Stalnable iron is absent.

Heart : The myocardium appears normal and stalnable 
iron is not seen.
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gs: The bronchi, alveoli and blood vessels 

appear normal. Fairly frequent iron-containing macrophages 
are present in the alveoli and bronchioles. None are 
seen in the peribronchial connective tissue.

Kidney : The glomeruli and tubules appear normal 
and stalnable iron is not seen.

Mouse numb ex'* 32 ; genotype sla/-; age 27 days;
Hb. concentration 8.4G/100 ml; haeraatocrlt 35$; 
strain - O.M.S,

Spleen; The malpighian bodies are normal. The 
red pulp occupies between 51 and 75$ of the splenic 
tissue, and shows active haemopoiesis and moderate 
numbers of megakaryocytes. Stalnable iron is not 
present.

Liver; The parenchyma appears normal and haemopoietlc 
foci are not seen. Stalnable iron is absent.

Bon© marrow ; Sections of sternal marrow show 
active erythropoiesls and granulopoiesis, and 
frequent megakaryocytes. Vascular spaces are not 
prominent and fat spaces are absent. Stalnable Iron 
Is not seen.

Mouse number 43; genotype sla/-; age 109 days; 
haematocrit 22.5$; stock - O.M.S.; body weight 13.9G.

Spleen; Weight l60 mg or 1,15$ of body weight.
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Liver: The parenchyma la normal and haemopoietlc 

foci are not seen. Stalnable iron is absent.
Heart ; The myocardium shows no histological 

abnormality and stalnable iron Is absent.
Lungs : The bronchi, alveoli and blood vessels 

appear normal. Scanty iron-containing macrophages 
are seen in the alveoli but none in the peribronchial 
connective tissue.

Kidney: The glomeruli and tubules show no abnormality. 
Stalnable iron is not seen.

Mouse number 46; genotype sla/sla; age 319 days;
haematocrit 44$; stock - O.M.S,

Spleen: The malpighian bodies are normal. The 
red pulp occupies between 25 and 50$ of the splenic 
tissue. Foci of haemopoiesis are frequent are frequent 
and moderate numbers of megakaryocytes are also seen. 
Stalnable iron is absent,

Liver ; The parenchyma is normal and foci of 
haemopoiesis are not seen, Stalnable iron is absent.

Kidney ; The glomeruli and tubules are normal and 
stalnable iron Is not seen.

Mouse number 49; genotype sla/sla; age 280 days;
Hb. concentration 4G/100 ml; haematocrit 15$; stock- 
O.M.S.
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Spleen; The malpighian bodies are normal. The red 

pulp is very prominent and occupies over 75$ of the 
splenic tid sue. Haemopoiesis is very active and 
megakaryocytes are frequent, Stalnable iron is absent.

Liver; The hepatic parenchymal cells are normal. 
Frequent haemopoietlc foci are seen, together with 
scattered haemopoietlc elements. Stalnable iron is 
absent,

Heart : The myocardium is normal. Stalnable iron 
is not present.

Mous© number 53*̂ 1 genotype sla/-; age 511 days; 
haeraatocrlt 18.5$; stock - O.M.S.

Spleen: The malpighian bodies are normal. The 
red pulp is prominent occupying more than 75$ of the 
splenic tissue, and haemopoiesis is very active. 
Megakaryocytes are numerous. A very minute (Grade l) 
amount of stalnable iron is present in the red pulp.

Liver; The parenchymal cells show no abnormality. 
Scattered haemopoietlc elements are seen but stalnable 
iron Is absent.

Bone marrow; Sections of steimal marrow show 
active erythropoiesls and granulopoiesis and 
megakaryocytes are plentiful. Vascular spaces are not 
prominent and fat spaces are absent. Stalnable iron is 
not seen.



52
Stomach: The secretory gastric mucoea is normal 

and stalnable iron is not seen.
Duodenum: Ho abnormality is seen on staining with 

H. & E , Stalnable iron Is plentiful (Grade 4) in the 
epithelium of the duodenal mucosa but none is seen in the 
lamina propria,

Jejunum; No histological abnormality is seen in 
sections stained with H . & E . A moderate amount of 
stalnable iron Is seen in the mucosal epithelial cells, 
but none is present In the lamina propria.

Pancreas : The pancreas appears normal and stalnable 
iron is not present.

Lungs Î The bronchi, blood vessels and alveoli show 
no abnormality. Moderate numbers of iron-containing 
macrophages are present in the alveoli and bronchioles.

Kidney: A few glomeruli show early fibrosis and 
hyaline thickening of the capillary tufts but otherwise 
the glomeruli and tubules are not remarlcable. Stalnable 
iron is absent,

Mouse number 71; genotype sla/sla; age 4l days;
Hb concentration 4.7G/100 ml; haematocrit 19*5$l stock - 
O.M.S.

Spleens The malpighian bodies are normal. The red 
pulp occupies between 51 and 75$ of the splenic tissue 
and shows active haemopoiesis and moderate numbers of 
megakaryocytes. Stalnable iron Is absent.
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Livers The parenchyma appears normal and haemopoietlc 

.foce are not seen. Stalnable Iron is absent.

Mouse number 73.; genotype slaAj age 21 days;
Hb. concentration 6.80/100 ml; haematocrit 32$; stock - 
O.M.S,; body wéight 23.8G.

Spleen; Weight 197 mg. or 0.83$ body weight. The 
malpighian bodies are normal. The red pulp occupies 
between 51 and 75$ of the splenic tissue, and shows 
active erythropoleBis and granulopoiesis. Megakaryocytes 
are numerous, Stalnable iron is absent.

Liver: The parenchymal cells are not remarkable 
and very scanty haemopoietlc foci are present. Stalnable 
iron la not seen.

Jejunum; This shows no abnormality on staining with 
H. & E, Stalnable Iron is not seen in the mucosa or 
in the lamina propria,. The level In the jejunum at 
which this section was taken is not known.

Pancreas : This organ appears normal and stalnable 
Iron is not seen.

Heart : The myocardium shows no histological 
abnormality. Ho stalnable Iron is seen.

Mouse number 75;'genotype sla/sla; age 41 days;
Hb, c one entrâtion 4.10/100 ml; haemat oc rit l6.5$; 
stock “ O.M.S.
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Spleen; The malpighian bodies appear normal. The 

red pulp occupies between 25 and 50$ of the splenic 
tissue and shows active haemopoiesis and moderate 
number of megakaryocytes. There is no stalnable iron. 

Liver; The parenchymal cells appear normal, and 
haemopoietlc foci are not seen, Stalnable iron Is 
absent,

Mouse number 823j genotype slaA-; age 25 days;
Hb, concentration 4,40/100 ml; haematocrit 19$I 
stock ™ O.M.S,

Spleen! The malpighian bodies appear normal.
The red pulp is very prominent and occupies more than 
75$ of the splenic tissue. Erythropoiesls is very 
active and granulopoiesis and moderate number of 
megakaryocytes are also seen, Stalnable iron is 
absent,

Liver : The parenchymal cells appear normal and 
scanty small haemopoietlc foci are present,
Stalnable iron is not seen.

Bone marrow : Sections of sternal marrow show 
active erythropoiesls^ granulopoiesis and plentiful 
megakaryocytes. Vascular spaces are not a prominent 
feature and fat spaces are absent. Stalnable iron 
is not seen.
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Stomach! The secretory gastric mucosa, appears 

normal, Stalnable Iron Is not present.
Heart : The myocardium appears histologically 

normal, Stalnable iron is not present.
Kidney ; The glomeruli and tubules are normal^ 

and stalnable iron is not seen.

Mouse number 345 s genotype sla A; age 54-5 days; 
haeraatocrlt 22$; stock - Fg hybrid.

Spleen! The malpighian bodies are normal. The 
red pulp occupies between 2 5 and 5^  of the splenic 
tissue, Erythropoiesls is active and granulopoietic 
elements and occasional megakaryocytes are also seen, 
Stalnable iron is absent. Examination of splenic 
imprints shows a normoblast/granulocyte ratio of 
3*8:1. S id eroblast s are not pre sent,

Bone marrow; Smears only were examined from the 
femoral marrow. The erythrold/mature granulocyte 
ratio is 0.45:1 and stalnable Iron and slderoblasts 
are not seen,

■Duodénum.: Sections stained with H, & E . show no 
abnormality, Stalnable Iron is present in the cytoplasm 
of the mucosal epithelial cells (Grade 4), but none 
is seen in the lamina propria.

Pancreas : The pancreas appears normal and 
stalnable iron is not present.
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Meuse number 391 â genotype sla/-1 age 320 days; 

haemat CCI’It 2 5 * 5$ j stock - F2 hybx*‘ld .
Spleen; The malpighian bodies are normal. The 

red pulp is prominent ̂ occupying more than 75$ of 
the splenic tissue. Erythropoiesls and granulopoiesis
are active with moderate numbers of me gakaryoc yte s

I
present. Traces of stalnable iron (Grade l) areï seen

!
in both the white and red pulp. The ratio of 
normoblasts to granulocytes In splenic imprints is 1:1 
and slderoblasts are not seen.

Bone marrow; Sections of sternal marrow show 
active erythropoiesls and granulopoiesis and frequent 
megakaryocytes. Vascular spaces are not prominent 
and fat spaces are not seen. Stalnable Iron is absent. 
Smears of femoral marrow have a normoblast/granulocyte 
ratio of 0.2;1. Slderoblasts are not seen and stalnable 
iron is absent.

Duodenum: Sections stained with H, & E , show no 
abnormality. Stalnable iron is abundant in the duodenal 
mucosal epithelium (Grade 4) but none is seen in the 
lamina propria.

Pancreas : The pancreas appears normal and stalnable 
iron la not seen.

Mouse number 395; genotype sla/-; age 545 days; 
haemat oc r it 31 * 5$ s b 100 k - Fg hybrid,



spleen: The malpighian bodies are normal. The 
red pulp occupies between 5*1 und 75$ of the splenic 
tissue and shows active haemopoiesis and moderate 
numbers of megakaryocytes. Minute amounts of stalnable 
iron (Grade l) are seen in the vfhite pulp. The ratio 
of normoblasts/granulocyte 8 in splenic impx’lnts is 
3.4:1, Slderoblasts are not seen.

Bone marrow : Sections of sternal marrow show 
active haemopoiesis and niegakapyocytes are present. 
Vascular spaces are moderately prominent but fat spaces 
are not seen. Stalnable Iron is absent. Smears of 
femoral marrow show a ratio of normoblasts/granulocytes 
of 0.47:1. Slderoblasts are not seen and stalnable 
iron is not present.

Duodenum: No abnormality is seen In sections 
stained by K. & E . stalnable Iron is present but is 
rather scanty (Grade l) in the duodenal epithelial 
cells. None is seen in the lamina propria.

Mouse number 401; genotype sla/- ; age 467 days ; 
haematocrit 34$; stock - Fp hybrid.

Spleen: The white pulp appears normal. The red 
pulp occupies 25 - 50$ of the splenic tissue. 
Erythropoiesls and granulopoiesis are active and 
moderate numbers of megateiryocytes are present. 
Stalnable iron is present in traces (Grade l) in the 
white pulp. In splenic Imprints the normoblast/
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granulocyte ratio is 4:1, Slderoblasts are not seen.

Bone marrow : Sections of sternal marrow show 
active haemopoiesis and megalcaryocytas are present 
in normal numbers. Vascular spaces are not prominent 
and fat spaces are not seen. Sta,lnable iron Is 
absent. Smears of femoral marrow show a normoblast/ 
granulocyte ratio of 0.39:1. Slderoblasts and stains-ble 
iron are absent.

Duodenum: Sections stained with H. & E . show no 
abnormality. Moderate amounts of stalnable Iron are 
seen in the duodenal epithelium (Grade 2) but none 
is seen in the lamina propria.

Pancreas : The pancreas appears normal and 
stalnable iron is not seen.

Mouse number 431; genotype ala/-; age 336 days; 
haematocrit 31.5$| stock - Fp hybrid.

Spleen; The malpighian bodies are normal. The 
red pulp occupies between 51 and 75$ of the splenic 
tissue and shows active haemopoiesis and frequent 
megalcaryocytes, Stalnable iron is not present.

Liver: The parenchyma is normal and haemopoietlc 
foci are not seen. Stalnable iron is not present.

Bone marrow; Sections of sternal marrow show 
active erythropoiesis and granulopoiesis and megalcaryocytes 
are present. Vascular spaces are moderately prominent but 
fat spaces are not seen. Stalnable iron Is absent.
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St ornaoh: The gastric secretory mucosa Is normal 

and stalnable iron is not seen.
Duodenum: Sections stained with H. & E, show no 

abnormality. Moderate quantities of stalnable iron 
(Grade 3) are seen in the duodenal epithelium but 
none is present in the lamina propria.

Jejunum: No abnormality is apparent in sections 
stained with H. & E . Moderate amounts of stalnable 
iron are seen in the mucosal epithelium^ but none in 
the lamina proprla.

Pancreas : The,,, pancreas appears normal and 
stalnable iron is not present.

Heart : The myocardium shows no histological 
abnormality. Stalnable iron is not seen.

Lungs: The bronchi^ alveoli and blood vessels 
are normal. Scanty iron-containing macrophages are 
seen in the alveoli but none are present in the 
peribronchial tissues.

Kidney ; The glomeruli and tubules appear normal 
and stalnable iron is not present.

Testis : Spermatogenesis and the interstitial cells 
appear normal and stalnable iron is absent.

Mouse number 453 ; genotype - sla A; age 407 
days; haematocrit 40.5$; stock - hybrid,

Spleen: The malpighian bodies appear no3?raal. The 
red pulp occupies betvjeen 51 and 75$ of the splenic
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tissue 3 and shows active erythropoiesls and 
granulopoiesisj with moderate numbers of raegalmryooytes,
A minute amount of stalnable iron (Grade I) is seen 
In the white pu3p. In spleen imprints the ratio of 
normoblasts to granulocytes is 3*9:1; slderoblasts 
are not seen.

Bone marrow: Sections of sternal marrow shovi 
active erythropoiesis and granulopoiesis^ and 
megakaryocytes are present. Vascular spaces are not 
very prominent and fat spaces are absent, Stalnable 
Iron is not seen. Smears of femoral marrow show a 
normoblast/granuloc^^te ratio of 0,68:1 and slderoblasts 
and stalnable iron are not present.

Duodenum: There Is no abnormality in sections 
stained with H. & E. Stalnable Iron is present^ but 
scanty (Grade I) in the mucosal epithelium^ but nohe 
is seen In the lamina propria.

Pancreas : This organ appears normal and stalnable 
Î3?on is not present.

Mouse number 457; genotype slaAI age 42 days;
Hb, concentration 5,3G/1G9 ml; haematocrit 22$; 
stock - ?2 hybrid; body weight 15.60.

Spleens Weight 154 mg or 0.99$ of body weight.
The malpighian bodies appear normal. The red pulp is 
very•prominentj occupying more than 75$ of the splenic 
tissue. Erythropoiesis is highly active, and granulopoiesis 
and frequent megalmryocytes are also seen. Stalnable 
Iron is absent.
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Liver: The parenchymal cells are normal and 

occasional haemopoietlc foci are present. Stalnable 
iron is not seen.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular apaces are not very prominent fat spaces 
are absent. Stalnable iron is not seen,

Mouse number 483; genotype sla/-; age 52 days;
Hb. c one entrat ion 4,30/100 ml; haemat oo rit 21.3$; 
stock - Fp hybrid.

Spleen; The malpighian bodies are normal. The 
red pulp is very prominent and occupies more than 
75$ of the splenic tissue. Erythropoiesis is very 
active, and granulopoiesis and numerous megakaryocytes 
are also seen. Stalnable iron is not present. The 
ratio of normoblasts to granulocytes is 5.9:1 in 
splenic imprints; slderoblasts are not present.

Liver; The parenchymal cells are normal and scanty 
haemopoietlc foci are present. Stalnable iron is not 
seen.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces are moderately prominent but fat 
spaces are not seen. Stalnable iron is absent.
Femoral marrow smears show a normoblast/granulocyte 
ratio of 0.65:1. Slderoblasts and stalnable Iron 
are not seen.
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Stomach: The secretory gastric mucosa is normal 

and stalnable iron Is not seen.
Duodenum: Sections stained with H. & E , show a 

normal appearance. Stalnable Iron Is moderately 
pleniful (Grade 3) In the mucosal epithelium, but 
none Is seen in the lamina propria.

Je;]unum ; No abnormality Is seen in sections 
stained with H. & E . Small amounts of stalnable 
iron are seen in the mucosal epithelium,

' fanereas ; This organ appears normal and no 
stalnable iron is seen.

Heart : The myocardium shows no histological 
abnormality. Stalnable iron is not seen.

Lung! This contains a single very small 
fibrous focus containing a few macrophages, some of 
which contain traces of stalnable iron. The appeara-nce 
is consistent with a healed granulomatous focus, but 
its causation is uncertain. Otherwise, stalnable 
iron is absent, and the alveoli, bronchi and blood 
vessels are not remarkable.

Kidney ; The glomeruli and tubules appear normal, 
Stalnable iron is net present.

Mouse number 487; genotype sla/-; age 4% days;
Hb. concentration 3.70/100 ml; haeraatocrlt 15.5$> 
stock - hybrid.
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Spleen : The malplghlan bodies appear normal.

The red pulp occupies 21 - 50̂  of the splenic
tissue, and shows active erythropoiesls and granulopoiesis
and moderate numbers of megakaryocytes. Stainable
iron is absent. In spleen imprints, the normoblast/
granulocyte ratio is 5.7:1 and sideroblasta are not
seen.

Liver; The parenchymal cells appear normal.
Scanty small foci of haemopoiesis are present but 
stainable Iron Is not seen «

Bone marrow; Sections were not examined. Smears 
of femoral marrow show a normoblast/granulocyte ratio 
of 0.53:1. Slderoblasts are not seen and stainable 
iron is absent.

Stomach ; The secretory gastric mucosa is norma1. 
Stainable iron is not present.

Duodenum; The duodenum shows no abnormality in 
sections stained with H, & E . Stainable iron 
is abundant (Grade 4) In the mucosal epithelial 
cells but none is seen in the lamina propria.

Jejunum: The jejunum appears normal in sections 
stained with H. & E . Moderate amounts of stainable 
Iron are seen in the mucosal epithelium, but none is 
present in the lamina propria.

Pancreas : This organ appears normal and stainable 
Iron is not seen.
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Heart: The myocardium shows no histological 

abnormality and stainable iron is not seen.
Lungs ; The bronchi, alveoli and blood vessels

are normal and stainable Iron is not present.
Kidneys ; The glomeruli and tubules appear normal 

and stainable iron is not seen.

Mouse number 48g; genotype ,^laAj age 47 daysj 
haematocrit 2 0̂ | stock - hybrid.

Spleen; The malplghlan bodies are normal. The 
red pulp is moderately prominent occupying between 51 and
75$ of the splenic tissue. There is active erythropoiesis
and leucopolesis and megakaryocytes are frequent. 
Stainable iron is not present. In splenic imprints, 
the normoblast/granulocyte ratio is 3 «3:1 and 
sideroblasts are not seen.

Liver ; The parenchymal cells are normal. -Scanty, 
small iiaemopoletic foci are present. Stainable iron 
is absent.

Sternal marrow: Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces are prominent, but fat spaces are not 
seen, Stainable iron is not present. In smears of 
femoral marrow the normoblast/granulocyte ratio is 
0.6l;l. Sideroblasts and stainable iron are not seen.

Stomach; The secretory gastric mucosa appears 
normal, Stainable iron le not seen.
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Duoclermni; Sections stained with H. & E , show 

no abnormality. Stainable Iron is plentiful (Grade 4) 
in the mucosal epithelium but none is present in the 
lamirici propria.

Jejunum: There is no histclogical abnormality 
apparent and stainable iron is not seen.

Kidney: The glomeruli and tubules appear normal 
and stainable iron is not seen.

Mouse number 491; genotype slaA; age 162 days : 
haematocrit 13*5$; stock - hybrid; body weight 
22 .5G.

Spleen; Weight 461 mg or 2.05$ of body weight.
The malplghlan bodies are normal. The red pulp is 
very prominent and occupies more than 75$ of the 
splenic tissue. Haemopoiesis is very active but 
m.egakaryocytes are rather Infrequent, Stainable 
iron is absent.

Liver : The parenchymal cells are normal. Scanty 
haemopoietie fc^i and occasional megakaryocytes are 
present. Stainable iron is not seen.

Bone marrow: Sections of sternal marrow show 
active haemopoiesis and megakaryocytes. Vascular 
spaces are not prominent and fat spaces are absent. 
Stainable iron is not present.

Stomach; The secretory gastric mucosa is normal 
and stainable iron is not seen.
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Duodenum; Sections stained with H. & E , reveal 

no abnormality. Stainable iron is plentiful (Grade 4) 
in the mucosal epithelium, but none Is seen in the 
lamina propria.

Je;iimum; Sections stained with H, & E. reveal 
no abnorraality. Small amounts of stainable iron are 
present in the mucosal epithelium but none is seen 
in the lamina propria.

Heart; The myocardium shows no histological 
abnormality and stainable iron is not seen.

Lungs : The bronchi, alveoli and blood vessels 
show no abnormality, A few alveoli contain large 
iron-ccntaining; macrophages, but stainable iron is 
not seen In the mesenchymal tissue of the lung.

Kidney : The glomeruli and tubules are normal 
and stainable iron Is not seen.

Testis ; The interstitial cells appear normal and 
active spermatogenesis Is seen, Stainable Iron is 
not present.

Mouse number 499; genotype slaA ; age ll6 days; 
haematocrit 16.5$; stock - Fg hybrid; body weight 
18.OG.

Spleen; Weight 147 mg or 0,82$ of total body 
weight. The malplghlan corpuscles appear normal; 
the red pulp is moderately prominent occupying between 
51 and 75$ of the splenic tissue, Erythropoiesis
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and granulopoiesis are active and megakaryocytes 
are numerous. Stainable iron is not present.

Liver; The parenchymal cells appear normal and 
fairly frequent small haemopoietie foci are seen,
Stainable iron Is not present.

Bone marrow; Sections of sternal marrov? show 
active haemopoiesis and megakaryocytes are present.
Vascular spaces are moderately prominent but fat 
spaces are not seen and stainable iron is absent.

Stomach; The secretory gastric mucosa appears 
normal, and stainable iron, is net present.

Duodenum.; Sections stained with H. & E . show no 
abnormality. There is moderately heavy deposition 
of stainable iron (Grade 4) in the mucosal epithelium, 
but none is seen in the lamina propria.

J e j un urn : Sections stained with H. & Xi, show no 
abnormality; moderate amounts of stainable iron are 
seen in the mucosal epithelium, but none is present In 
the lamina propria.

Heart ; The myocardium shows no histological 
abnormality/, and stainable iron is not present.

Lungs : The bronclii, alveoli and blood vessels 
are normal. Stainable iron Is not seen in the mesenchymal 
tissues or in the alveoli or bronchi.

Kidney : The glom.eruli and tubules are normal and 
stainable iron is not present.
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Testis: The interstitial cells and spermatogenesis 

appear normal. Stainable iron is not seen.

Mouse number 729j Genotype alaA j age 68 days; 
haematocrit 42$; stock - hybrid; body weight 24.5G.

Spleen: Weight 59*4 mg or 0.24$ of body weight.
The jtialpighian bodies are normal and the red pulp 
occupies between 2 5 and 50$ of the splenic tissue.
There is active haemopoiesis and moderately numerous 
megakaryocytes are seen. Stainable iron is not seen.

Liver: The hapatio parenchyma is notmal and haemopoietie 
foci are not seen. Stainable iron is not present.

Bone marrow : Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present.
Vascular spaces are not prominent and fat spaces are 
not seen. Stainable iron is absent.

Stomach; The secretory gastric mucosa is normal 
and stainable iron is not seen,

■Duodenum: Sections stained with H, & show a 
normal appearance, and stainable iron is not present 
either In the mucosal epithelium or in the lamina 
propria.

Je j unum: This shows no histological abnormality 
and stainable iron is not seen either In the mucosal 
epithelium or in the lamina propria.

Pancreas : This appears normal and stainable iron 
is not seen.
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Heart % The myocardium la hlatologically normal 

and atalnable Iron la not seen.
LungsI The bronchi, blood vessels and alveoli are 

normal and stainable iron la absent.
s The glomeruli and tubules are normal and

stainable Iron is not seen.
Testla; The interstitial cells are normal and 

spermatogenesis is active. Stainable iron is absent.

Mouse number 805; genotype slaAi age 142 days; 
haematocrit 26$; stock - Fg hybrid ; body weight 24,80,

Spleen; Weight 436 mg or 1,77$ of body weight. The 
malplghlan bodies are normal. The red pulp is very 
prominent, occupying more than 75$ of the splenic tissue 
Erythropoiesis Is very active, and granulopoleal® and 
numerous megakaryocytes are also present. Stainable 
Iron is not seen.

In the splenic imprints the normoblast/granulocyte 
ratio is 9.5:1 and slderoblasts are not seen.

Bono marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces are Impromlnent and fat spaces are 
absent. Stainable iron Is not seen. Smears of femoral 
marrow show a normoblast/granulocyte ratio of 1.63:1 
and sideroblasts and stainable Iron are not seen.

Duodenum; Sections stained with H. & E . appear 
normal. Moderate amounts of stainable iron (Grade 3)
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are seen in the muoosal epithelium hut none is present 
in the lamina propria.

Mouse number 8091 genotype slaA; age 142 days ; 
haematocrit 20$; stock - Fg hybrid; body weight 2 1 .2 0 .

Spleens Weight 388 mg or 1.63$ of body weight.
The malplghlan bodies appear normal; the red pulp 
is very prominent occupying more than 75$ of the 
splenic tissue and shows extremely active erythropoiesis; 
granulopoiesis and fairly numerous megakaryocytes are 
also present. Stainable iron Is absent. In splenic 
imprinta, the normoblast/granulocyte ratio is 1 7*2 :1  

a,nd sideroblasts are not seen.
Bone marrow; Sections of sternal marrow show active 

erythropoiesis and granulopoiesis, and megakaryocytes 
are present. Vascular spaces are moderately prominent, 
s,nd fat spaces are not seen. Stainable iron is absent. 
Smears of femoral marrow show a normoblast/granulocyte 
ratio of 0 .6 0:1, and aideroblasts and stainable iron 
are not present.

Duodenum: Sections stained with H. & E, show 
no abnormality. Prominent deposits of stainable 
iron (Grade 4) are seen in the mucosal epithelium, 
but none is seen in the lamina propria.

Pancreas ; This organ appears normal and stainable 
iron is not present.
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Mouse number 83.13 genotype BlaA; age 142 days; 

haematocrit 23$; stock - hybrid; body weight 2 2 ,3 0.
Spleen: Weight 232 mg or 1.04$ of body weight.

The malplghlan bodies are normal; the red pulp Is 
prominent, occupying more than 75$ of the splenic 
tissue, and shows active haemopoiesis and very numerous 
megakaryocytes. Stainable iron is not seen. In 
splenic imprints the normoblast/granulocyte ratio 1b 
3 .2 :1  and slderoblasts are not seen.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryoeyte»s are nor present. 
Vascular spaces are moderately prominent but fat 
spaces are not seen. Stainable Iron is absent. In 
femoral marrow smears the ratio of normoblasts to 
granulocytes is 0.44:1, Sideroblasts are not seen,
Stainable iron is absent.

Duodenum: Sections stained with H. & E. show no 
abnormality. Plentiful stainable iron (Grade 4) is 
present in the mucosal epithelium but none is seen in 
the lamina propria.

Pancreas : This organ appears normal and stainable 
iron is not seen.

Mouse number 853: genotype sla/-; age 163 days; 
haematocrit 31$; stock  ̂ hybrid. Fasting for 6 

hours prior to sacrifice.
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Duodenum: No abnormality Is seen In sections 

stained with H, & E. Stainable iron is plentiful 
(Grade 4) in the mucosal epithelium but none is seen 
in the lamina propria.

Pancreas: The pancreas appears normal and stainable 
iron is not seen.

Mouse number 855: genotype slaA ; age 163 days; 
haematocrit 29$; stock « Fg hybrid. Fasting for 6 

hours prior to sacrifice.
Duodenum: Sections stained with H. & E . show 

no abnormality. Moderate amounts of stainable iron 
(Grade 3) are seen in the mucosal epithelium but none 
is seen in the lamina propria.

Pancreas : This organ appears normal and stainable 
iron is not seen.

Mouse number 883; genotype slaA i  age 123 days; 
haeRiatocrit 30$; stock - hybrid. Fasting for 6 hours 
prior to sacrifice.

Duodenum; This shows no abnormality on staining 
with H, & E. The mucosal epithelium shows the presence 
of stainable iron in considerable quantities (Grade 4), 
but none is seen in the lamina propria.

Pancreas: This organ appears normal and stainable 
iron la not seen.
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Mouse number 887; genotype slaA; age 127 days; 

haematocrit 28,5$; stock - hybrid. Fasting for 
6 hours prior to sacrifice.

Duodenum: Sections stained with H, & E, show no 
abnormality, Small amounts of stainable iron (Grade 1) 
are seen in the mucosal epithelium but none Is present 
in the lamina propria.

Pancreas % This organ appears normal stainable 
iron is not seen.

Mouse number 919; genotype slaA; age 84 days; 
haematocrit 25*5$; stock - Fĵ  ̂hybrid. Fasting for 
6 hours prior to sacrifice.

Duodenum; Sections stained with H. & E, show 
no abnormality, Stainable iron is plentiful 
(Grade 4) in the mucosal epithelium but none is seen 
in the lamina propria.

Pancreas: This organ appears normal and stainable 
iron is not seen,

C, Heterozygous carrier female mice :

Mouse number 2 0 1 genotype - slaAH age 862 days;
Hb, concentration ]12,7G/100 ml; haematocrit 40,5$; 
stock •» 0 .M.S,

Spleen; The malplghlan bodies are norînal. The 
red pulp occupies 25 - 5C$ of the splenic tissue and
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shows foci of haefflopoiesis and frequent megakaryocytes, 
Stainable Iron Is plentiful (Grade 4) and is concan» 
trated equally in the malplghlan bodies and in the 
red pulp.

Liver; The parenchyma is normal and foci of 
haemopoiesis are not seen. Stainable iron is present 
in small amounts in parenchymal and ICupffer cells.

Bon© marrow; Sections of sternal marrow show active 
haemopoiesis and megakaryocytes are present, Vascular 
spaces are not prominent and fat spaces are absent, 
Stainable iron is not seen.

Stomach; The secretory gastric mucosa is normal 
and stainable iron Is not seen.

Jejunum; Sections stained with H, & E, show no 
abnormality, Stainable Iron is not seen inthe mucosal 
epithelium^ but occasional iron-containing macrophages 
are present in the lamina propria.

Heart ; The myocardium shows no histological 
abnormality J, and stainable iron is not seen.

; The alveoli^ bronchi and blood vessels
are normal. Occasional iron-containing macrophages 
are seen in the alveoli and in the peribronchial 
connective tissue.

Mouse number 48; genotype sla/4-l age 37 days; 
haematocrit 51$i stock - O.M.S.
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Liver; The parenchyma appears normal and there is 

no evidence of hepatic haemopoiesis, Stainable iron 
is not present.

Mous© number 64; genotype slaAi age 710 days ;
Hb, concentration 14.40/100 ml; haematocrit 48$; 
stock - O.M.S.I body weight 28.8G.

Spleen; Weight 196 mg or 0.68$ of body weight.
The malplghlan bodies are normal. The red pulp 
occupies between 25 and 50$ and shows foci of active 
haemopoiesis and occasional megakaryocytes. A 
moderate amount of stainable iron (Grade 2) is present ; 
lying mainly in the malplghlan bodies.

Liver; The parenchymal cells are normal and no 
foci of haemopoiesis are present. Scanty deposits 
of stainable iron are seen in occasional parenchymal 
and Kupffer cells.

Bon© marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces are not prominent and fat spaces are 
not seen, Stainable iron is absent.

Heart ; The myocardium shows no histological 
abnormality. Occasional cells in the interstitial 
connective tissue shows the presence of stainable 
iron.

Lungs ; The bronchi^ alveoli and blood vessels 
show no abnormality. Scanty iron-containing macrophages
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are present in the alveoli and in the peribronchial 
connective tissue.

Kidney; The glomeruli and tubules show no 
abnormality. Stainable iron is not present.

Mouse number 250; genotype sla/4-i age 555 days; 
haematocrit 56$; stock - hybrid ; body weight 
27*20.

Spleen! Weight « 78 mg or 0.29$ of total body 
weight. The malplghlan bodies appear normal. The 
red pulp is not conspicuous oc cupylng less than 25$ 
of the splenic tissue^ and shows foci of haemopoiesis 
and scanty megakaryocytes. Stainable iron is 
plentiful (Grade 4) and Is equally concentrated in 
the red pulp and malplghlan bodies.

Liver : The parenchyma is normal and haemopoietie 
foci are not seen. Faint tracts of stainable iron 
are seen in the parenchymal cells^ but none Is present 
in the Kupffer cells.

Bone marrow: Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present.
Vascular spaces are moderately prominent and fat 
spaces are not seen, Stainable iron Is absent.

Stomachs The secretory gastric mucosa is normal. Stain* 
able iron 1b not seen.

Duodenum: Sections stained with H. & E. appear 
normal. Small amounts of stainable iron (Grade 2)
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are seen in patches in the mucosal epithelium 

but none 1b seen In the lamina propria.
Jejunum; This appears normal and stainable iron is not

seen.
Pancreas ; The pancreas Is normal and stainable 

iron is not seen.
Heart : The myocardium appears histologically 

normal. Occasional cells containing stainable iron 
are present in the perivascular and Intersyncytial 
connective tissue of the heart.

Lungs : Thebronchi, alveoli and blood vessels 
are normal. Frequent iron“containing macrophages 
are seen in the peribronchial connective tissue and 
a few are also seen In the alveoli.

Kidney; The glomeruli and tubules are normal.
Scanty deposits of stainable iron are seen in the 
capsular connective tissue.

Mouse number 2 52 ; genotype sla/fj age 572 days; 
haematocrit 5 2.5$; stock - hybrid; body weight 
29*60.

Spleen; Weight 80 mg or 0.27$ of body weight.
The malplghlan bodies appear normal and the red pulp 
occupies between 25 and 5(% of the splenic tissue.
Foci of active haemopoiesis are seen and scanty mega­
karyocytes. Stainable iron is abundant (Grade 4) 
and is equally distributed in the malplghlan bodies 
and red pulp.
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Liver : The parenohyim appears normal and haemo- 
poietlc foci are not seen. Traces of stainable iron are 
seen in the parenchymal cells by none is present in the 
Kupffer cells.

Stomach; The secretory gastric mucosa shows no 
abnormality and stainable iron Is not seen.

Duodenum; This shows no abnormality on staining 
with H, & E. Scanty granules of stainable iron 
(Grade 1) are present In the mucosal epithelium but 
one is seen in the lamina propria.

Jejunum: This appears normal and stainable iron 
is not seen,

Pancrea^: The pancreas appears normal and stainable 
iron is not seen.

Heart : The myocardium is normal histologically. 
Occasional iron-containing macrophages are present in 
the perivascular and intersyncytial connective tissue.

Lungs ; The bronchi^ alveoli and blood vessels 
are normal. Moderate numbers of iron-containing 
macrophages are seen in the peribronchial connective 
tissue and in the alveoli.

Kidney : The glomeruli and tubules are norms,!,
Traces of stainable Iron are seen in the cells of the 
convoluted tubules and in the capsular connective 
tissue,
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Mouse number 254 * g genotype sla/f; age 572 days; 

haematocrit 52$; stock - hybrid ; body weight 2 7 ,1 0,
Spleens Weight 84 mgj, or 0,31$ of body weight.

The malplghlan bodies are normal. The red pulp 
occupies between 25 and 50$ of the splenic tissue and 
shows foci of haemopoiesis and occasional megakaryocytes. 
Stainable iron Is plentiful (Grade 4) and is equally 
concentrated in the red pulp and malplghlan bodies.

Liver; The parenchyma appears normal and foci of 
haemopoiesis are not present. Stainable iron Is absent.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces a.re moderately prominent and 
occasional fat spaces are also seen, Stainable iron 
is not present.

Stomach; The secretory gastric mucosa Is normal and 
stainable iron is not seen.

Duodenum; Sections stained with H. & E. appear 
normal. Patchy but distinct granules of stainable 
iron (Grade 2) are seen in the mucosal epithelial 
cells but none are seen in the lamina propria.

Jejunum: This shows no abnormality and stainable 
iron is not present.

Pancreas ; The pancreas appears normal and 
stainable iron is not seen.

Heart : This appears normal hlstologlcally. Scanty 
iron-containing cells are seen in the perivascular 
connective tissu©.
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Lung; The bronchi^ alveoli5 and blood vessels 

are noriïial. Stainable Iron is seen In small amounts 
in the peribronchial connective tissue but none is 
present in the alveoli.

Kidney ; The glomeruli and tubules are normal.
Traces of stainable iron are seen In the epithelial 
cells of the convoluted tubules and in the capsular 
connec11ve tissue.

Mouse number 236; genotype sla/-n age 572 days; 
haematocrit 50 * 3$ ; stock - hybrid ; body weight 2 6 ,2 0 .

Spleen; Weight 54 mg or 0,21$ of body weight.
The malplghlan bodies are normal. The red pulp occupies 
betvToen 25 and 50$ of the splenic tissue and shows 
foci of haemopoiesis and occasional megakaryocytes, 
Stainable Iron is plentiful (Grade 4) and is evenly 
distributed between the malplghlan bodies and the red 
pulp,

Liver: The parenchyma appears normal and haemo- 
poletic foci are not seen. Stainable Iron is not 
present.

Bone marrow: Sections of sternal marrow show
 ---------1—

active haemopoiesis and megakaryocytes are present.
Vascular spaces are prominent and a few fat spaces 
are also seen, Stainable Iron is not present.

Stomach; The secretory gastric mucosa appears 
normal and stainable iron Is not seen.
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Duodénum: There Is no abnormality In sections 

stained with H. & E. Patchy^ but distinct^ granules of 
stainable iron are seen in the mucosal epithelium 
(Grade 2)^ and occasional iron containing macrophages 
are present in the lamina propria.

Jejunum; This shows no abnormality and stainable 
iron is not seen.

Pancreas ; This appears normal and stainable iron 
is not seen.

Heart s The myocardium shows no histological 
abnormality. Occasional iron-containing cells are 
present In the interstitial and perivascular 
connective tissue.

Lung; The bronchi^ alveoli and blood vessels appear 
normal. Frequent iron-containing macrophages are seen 
in the peribronchial connective tissue and a few are 
also seen In the alveoli and bronchioles.

Kidney ; The glomeruli and tubules are normal.
Stainable iron is clea.rly present in the epithelial 
cells of the convoluted tubules, and scanty iron 
containing mcrophages are also seen in the capsular 
connec11v© tissue.

Mouse number 256; genotype - sla/j-; age 572 days; 
haematocrit 53$l stock - F^ hybrid; body weight 28.50.

Spleen; Weight 62 mg, or 0.22$ of body weight.
The malplghlan bodies are normal. The red pulp occupies
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between 25 and 50$ of the splenic tissue. Foci of 
haemopoiesis and occasional megakaryocytes are seen, 
Stainable iron is plentiful (Grade 4) and Is equally 
concentrated in the malplghlan bodies and red pulp.

Liver; The parenchyma appears normal and foci of 
haemopoiesis are not seen. Stainable iron is not 
present.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and vascular spaces are moderately 
prominent. Fat spaces are not seen and stainable iron 
is not seen,

Stomach; The secretcry gastric mucosa is normal 
and stainable iron is absent.

Duodenum; No abnormality 1b seen in sections 
stained with H. & E. Patches of distinct iron 
granule,!ion (Grade 2) are seen in the epithelial cells 
of the mucosa, and occasional iron containing macrophages 
are seen in the lamina propria.

Jejunum; This shows no abnormality. Stainable 
iron is not seen in the mucosal epithelium but scanty 
iron-containing macrophages are seen In the lamina 
propria.

Pancreas : This organ appears normal and stainable 
iron is not seen.

Heart : The myocardium shows no histological 
abnormality. Occasional macrophages containing 
staina-ble iron are present in the subendocardial, 
interstitial and perivascular connective tissue.
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Lungs : The bronchi, alveoli and blood vessels 

are normal. A moderate number of iron-oontalntng 
cells are present In the peribronchial connective 
tissue and a few are also seen in the alveoli.

Kidney : The glomeruli and tubules are normal. 
Traces of stainable iron are seen in the cells of 
the convoluted tubules, and in the capsular connective 
tissue,

Mouse number 292 j genotype ela/f; age 4%1 days; 
haematocrit 37$; stock - hybrid.

Spleen; The malplghlan bodies are normal; the 
red pulp is fairly prominent occupying between 51 and 
75$ of the splenic tissue. There is a,ctive 
erythropoiesis and granulopoiesis and megakaryocytes 
are frequent. Stainable iron is much reduced in 
quantity (Grade l) and is situated mainly in the 
malplghlan bodies.

Liver; The parenchyma appears normal and foci 
of haemopoiesis are not seen. Stainable iron is 
not present.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces are not prominent, and fat spaces 
are not seen. Stainable iron is absent.

Stomach; The secretory gastric mucosa appears 
normal and stainable iron is not seen.
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Duodenum; Sections stained with H. & E. appear 

normal. A small amount (Grade 2) of stainable iron 
is present in the mucosal epithelium and scanty iron- 
containing macrophages are seen in the lamina propria. 

Jejunum; This shows no abnormality, Stainable 
iron is not seen in the mucosal epithelium but traces 
are present in macrophages in the lamina propria.

Pancreas ; This organ shows no abnormality and 
stainable iron is not seen.

Heart ; The myocardium appears histologically 
normal and stainable iron is not seen.

Lung; The bronchi, alveoli and blood vessels are 
not remarlcable, Moderate numbers of iron-containing 
cells are seen in the peribronchial connective tissue 
and a few are also present in the alveoli.

Kidney; The glomeruli and tubules appear normal 
and stainable iron is not seen.

Mouse number 768; genotype sla/4-; age 339 days; 
haematocrit 48$; stock - hybrid. Fasting for 6 
hours prior to sacrifice.

Spleens The malplghlan bodies are normal; the 
red pulp is fairly prominent, occupying between 25 
and 50$ of the splenic tissue. There is active 
erythropoiesis and granulopoiesis, and megakaryocytes 
are frequent, Stainable iron is plentiful (Grade 4) 
and is situated mainly In the red pulp.
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Livers The parenchyma appears normal and haemopoietie 

foci are not seen, Stainable iron is not seen.
Bone marrow: Sections of sternal mar̂ row show 

active haemopoiesis and megakaryocytes are present. 
Vascular spaces are not prominent and fat spaces 
are not seen. Stainable iron is absent.

Duodenum: Sections stained with H. & E. appear 
normal. Stainable iron is widespread in the mucosal 
epithelial cells in moderate amounts (Grade 3)̂  but 
none is seen in the lamina propria.

Pancreas : This shows no abnormality and stainable 
iron is not seen.

Mouse number 772 ; genotype sla age 336 days ; 
haematocrit 38$; stock - hybrid. Fasting for 
6 hours prior to sacrifice.

Spleens The malplghlan bodies are normal; the 
red pulp occupies less than 25$ of the splenic tissue. 
There is active erythropoiesis and granulopiesis and 
megakaryocytes are quite numerous. Stainable iron is 
plentiful (Grade 4) and is situated mainly in the red 
pulp.

Liver : The hepatic epithelium is not remarkable^ 
but occasional very small foci of haemopoiesis are 
present. Stainable Iron is not seen.

Bone marrow: Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present.
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Vascular spaces are not prominent and fat spaces 
are not seen. Stainable Iron Is absent.

Duodenum; Sections stained with H. & S. appear 
normal. Stainable iron is present in patches in 
the duodenal mucosal epithelium (Grade 2)  ̂but none 
is seen in the lamina propria.

Pancreas : This organ shows no abnormality and 
stainable iron la not seen.

Mouse number 774; genotype sla/-j-; age 336 days; 
haematocrit 36$; stock - hybrid. Fasting for 6 
hours prior to sacrifice.

Spleens The malplghlan bodies are normal; the 
red pulp occupies between 25 and 50$ of the splenic 
tissue; and shows active erythropoiesis and granulopoiesis; 
and megakaryocytes are fairly numerous. Stainable iron 
ir plentiful (Grade 4) and is situated mainly in the 
red pulp.

Liver: The liver parenchyma contains scanty 
small fool of haemopoiesis; but is otherwise 
unremarkable, Stainable iron is not present.

Bone marrow: Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present.
Vascular spaces are moderately prominent; but fat 
spaces are not seen. Stainable iron is absent.

Duodenum; Sections stained with H. & E. are 
normal, Stainable iron is present in patches in
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the duodenal mucosal epithelium (Grade 2), 
but none Is seen in the lamina propria.

Pane re 8, s : The pancreas appears normal and stainable 
iron is not present.

Mouse number 776; genotype sla/f-; age 336 days;
haematocrit 41$; stock- F hybrid. Fasting for 63
hours prior to sacrifice,

Spleens The malplghlan bodies are normal. The 
red pulp occupies less than 25$ of the splenic tissue 
and shows active h8,emopoiesis, Stainable iron is 
plentiful (Grade 4) and is located mainly in the 
red pulp.

Liver: The hepatic parenchymal cells are normal; 
occasional small foci of haemopoiesis are seen. Faint 
traces of stainable iron are present in the parenchymal 
cells, but none is seen in the Kupffer cells.

Bone marrow : Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces are moderately prominent but fat 
spaces are not seen. Stainable iron is absent.

.Duodenum: Sections stained with H, & Ë. are 
normal. Stainable iron is present in patches in the 
duodenal mucosal epithelium (Grade 2) but none is 
seen in the lamina propria.

Pancreas ; The pancreas appears normal and 
stainable iron is not present.
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Mouse number 824j genotype sla/+5 age 279 days; 

haematocrlt 41̂ ; stock - hybrid. Pasting for 6 
hours prior to sacrifice.

Spleen; The malpighian foodies are normal. The 
red pulp occupies between 25 and 50̂  of the splenic 
tissue; and shows active haemopoiesis, Stainafole 
Iron Is plentiful (Gëade 4) and is situated mainly 
In the red pulp.

Liver; The parenchyma shows no abnormality and 
haemopoletic foci are not seen. Stainafole iron Is 
absent.

Bone marrow; Sections of sternal marrow show 
active haemopoiesis and megakaryocytes are present. 
Vascular spaces are moderately prominent; but fat 
spaces are not seen. Stainafole iron is absent. 

Duodenum; Sections stained with H, & B. are 
normal. Stainafole iron is seen in the duodenal 
mucosal epithelium in patches (Grade 2), but none la 
seen in the lamina propria.
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A, Blood Volume Determinations 

Experiment B.V.l
Isotope I 465643 CJS IP, Sodium Ghromate (^^Cr) solution, 
B.F. Radioohemloal Centre, Amer sham. Activity »= 1 me/ml. 
Chromium content 5,5 yug/ml.

Donor red cells from mice 1271 and 1285 (F4, '*”/-) I 0.1 ml 
of red colls was given intravenously.

Recipient mice Standard “ 66,594 c.p.m.
c .p.m. 20 jul of

Number Age Weight Genotype Haematoorlt blood at 10 m.
(days) (0J & strain (per cent) after injection

1239* 119 2 5 .5 'H-/» 55 2 3 ,88 8

1277 95 21 5 3 .5 26,429
1279 95 24.6 -(-/*» ,F4 55 23 ,057

1281 95 22 .3 4- / " ,F 4 51 23,461
Received 0.11 ml red cells.

Blood volume Plasma volume Red cell volume
Number ml ml/lOOG ml ml/lOOG ml ml/lOOG

1239 1.5 6.0 0 .8 3.1 0,7 2.9
1277 l.S 6ft0 0 .7 3.2 O06 2 .8
1279 1.4 5.9 0.7 3.1 0.7 2.8
1281 1.4 6.4 0.8 3.5 0.6 2.9



Experiment B.V.2

Isotope I 465643 CJS IP. As for experiment B,V,1

Donor red cells from mice 1253 and 1317 slaA)
0.1 ml of red cells was given intravenously.

Recipient mice Standard - 55,716

Number
c .p.m. 20 jal of 

Age Weight Genotype Haematoorlt blood at 10 m.
(days) (G) & strain (per cent) after injection

1347 82 2 5 .0 + A ,  F4 52 18,050

1353 80 24.6 +/-' 49.5 17,822
1355 80 2 5 .1 + A ,  Fi^ 52 18,611

1357 80 24.4 +/-» F 4 53 19,372

1359 80 23.8 +/-, F4 50 19,351

Blood volume Plasma volume Red cell volume
Number ml ml/lOGG ml ml/lOOG ml ml/lOOG

1347 1.5 6.2 0.8 3 .0 0 .7 3.2

1353 1.6 6 .3 0.9 3 .5 0.7 2.7
1355 1.5 6.0 0.8 3 .3 0.7 2 .7

1357 1.4 5.9 0 .7 3.2 0.7 2.7
1359 1.4 6.1 0.8 3 .4 0.6 2 .7
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Isotop© I 468437 CJS IF. Sodium Ghromate (^^Gr) solution, 
B.P. Radiochemical Centre, Amersham. Activity ™ 1.03 
rao/ml. Chromium content 9*3 jig/ml.

Donor red cells from mice 1237, 1375 (F4, ■A/»)# 0.1 ml of 
red cells was given intravenously.

Recipient mice Standard - 49,198 c.p.m.

Number Age
(days)

Weight
(G)

Genotype 
& strain

Haematoorlt 
(per cent)

0 .p.m. 20 /jlI of 
blood at 10 m. 
after injection

1377 91 21.4 BlaA ,F4 2 8 .5 14,274
1273 113 18 .8 ^ A , F 4 28 13,026
1275 111 18.4 s la /" ;F 4 27.5 14,852
1283 111 18.4 s la /- >F 4 29 14,274

Blood volume Plasma volume Red cell volume
Number ml ml/lOOG ml ml/lOOG ml ml/lOOG

1377 1.7 7.9 1,3 5 .9  0 .4 2.0
1273 1.9 10.0 1.4 7.5 0.5 2 .5

1275 1.7 9.0 1,3 6.8 0.4 2.2
1283 1.6 8,9 1.2 6.6 ' 0.4 2 .3
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Experiment B.V.4
Isotope I 472405 CJS IP. Sodium chromate (^^Cr) solution, 
B.F. Radiochemical Centre, Amersham. Activity I.07 me/ml. 
Chromium content 4.3 jag/ml.

Donor red cells from mice 1349 and 1351 (F4, sla/-) j
0.1 ml of red Icells was given Intravenously.

Recipient mice Standard - 70,296 c.p.m.

Number
Age
(days)

Weight(a) Genotype 
& strain

c .p.m. 20 yUl of 
Haematoorlt blood at 10 m. 
(per cent) after injection

1101 197 21.8 sla/-,Fj| 34 23,496
1083 202 29,3 40.5 15,020
1497 97 14.5 sla/-,F4 28 19,683
1647 76 15.2 8 la/- ,F4 28 24,848
1649* 76 15.2 sla/- ;F4 29.5 16,050

Received 0.06 ml red cells.

Blood volume Plasma volume Red cell volume
Number ml mi/iooa ml ml/lOOG ml ml/lOOG

1101 1-5 6.9 1.0 4.8 0.5 2.1
1083 2 .4 8.1 1.3 5.2 0.9 2.9
1497 1,8 12 .4 1,4 9.3 0.4 3,1
1647 1.4 9-4 1.0 7.1 0.4 2.3
1649 1.2 7.8 0.9 5.8 0.3 2.0
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Experiment B.V.5
Isotope I 472405 CJS IP. As for experiment B,V,4 

Donor red cells from mice 1455 and 1469 -p/-)

Recipient mice Standard 45,466 c.p.m.

umber
Age
(days)

Weight
(G)

Genotype 
& strain

Haematocrit 
(per cent)

Vol. of donor 
cells injected 

(ml)

1451 93 24.0 F3 53 0.09
1453 93 27-0 F3 52 0.08
1457 96 28.0 F3 52 0.09
1459 96 28.5 ^3 54.5 0.08
l46l 95 28.2 ^3 51.5 0.08
1463 95 26.0 i'A, ^3 53 0.08
1465 95 26.5 ~tA, ’̂3 53 0.05
1467 95 28.5 ■+A, ^3 48.5 0.08
1571 75 22 .5 4-A, ^3 53.5 0.07
1573 75 23-0 ■+A, F3 50 0.08



Co p.m. 20 pi of 
blood at 10 nio 

Number after Injection
Blood volume

Plasma
Volume

Red cell 
volume

ml nil/lÔOG ml ml/lOOG ml ml/lOOG

1451 19,339 1.3 5.6 0.7 3.0 0.6 2.6

1453 13,290 1,6 5.9 0.9 3,2 0.7 2.7
1457 16,194 1.6 5.7 0,9 3.1 0.7 2 .6

1459 12,453 1.7 5.9 0.9 3.1 0.8 2.8
1461 15,562 1.5 5.4 0.8 3.0 0.7 2 .4
1463 18,135 1.3 5.0 0.7 2.7 0.6 2.3
1465 8,606 1.6 6.0 0.9 3.2 0.7 2.8
1467 14,177 I06 5.6 0.9 3.2 0.7 2 .4
1571 14,383 1.3 5.8 0.7 3.1 0.6 2.7
1573 16,169 1.3 5.7 0,7 3.2 0.6 2.5
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Experiment B.V.6
Isotope Albumotope - x^3I (Squibb)! 
human serum albumin, 20 po/ml.

131I - labelled

0.1 ml of 131.

intravenously. 

Recipient mice

labelled albumin solution was given

Standard = 55,930 c.p.m.

Humber
Age
(days)

Weight
(G)

Genotype 
& strain

G .p.m. 20 jul of 
Haematocrit blood at 10 m. 
(p3r cent ) after injection

1473 102 26.0 4'A, F2 54 10,866
3.475 102 25.0 4-A, 1̂*3 45 12,199
1515 92 25.5 +A, F3 51.5 13,001
1519 92 26.5 4-A, 47.5 11,794
1521* 92 26.0 +A, F3 46 9,778
1567 73 24.5 +A ,  F 3 48 10,210
1569» 73 21.5 4A, F3 50 11,581

*0.09 ml of ^31x-labelled albumin solution Injected.

Blood volume Plasma volume Red cell volume
Number ml ml/lOOG ml ml/lOOG ml ml/IODD

1473 2,6 10,0 1.4 5-3 1.2 4.7
1475 2.3 9-2 1.4 5.6 0.9 3.6
1515 2 .2 8.6 1.2 4.6 1.0 4.0
1519 2 • 4 9.1 1.4 5-3 1.0 3.8
1521 2 .6 10.0 1.5 5-9 1.1 4.1
1567 2.5 10.2 1.4 5.9 1,1 4.3
1569 2 ,2 10.2 1.2 5.7 1,0 4.5
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Experiment B.V.7
Isotope Albumotope »■ I^^^ as for experiment B.V.6.

0,1 ml of ^^^I”labelled albumin solution was given 
intravenously.

Recipient mice Standard - 74,473 c.p.m.
c ,p.m, 20 }xl of 

Age Weight Genotype Haematocrit blood at 10 m,
Humber (days) (G) & strain (per cent) after Injection
1329 130 23-0 alaX-jPg 37.5 15,876
1339 130 23-0 3 l£t/“ jB'p 25.5 12,553
1625 60 17.5 8la A  jFg 33.5 16,707
1629 53 21,5 am/- 32.0 13,499
1637 63 17.5 slaA 23.5 16,281

Blood volume Plasma volume Red cell volume
Number ml ml/1000 ml ml/lOOG ml ml/1000

1329 2 ,4 10.2 1-5 6.8 0.9 3.4
1339 3-0 11.9 2 .2 9-2 0.8 2.7
1625 2 ,2 12.7 1-5 9-0 0.7 3.7
1629 2.8 12 .8 1.7 9-2 0.9 3.6
1637 2.3 13.1 1.8 10.4 0.5 2 .7
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B. Utilisation of iron for haemopoiesis 

1, Intraperitoneal administration of radioiron 

Experiment MU7
Isotope FG - 4-24-1, Abbott Laboratories ^%errous citrate, 
specific activity (S.A,) « 7-5 p.Q/jXg. Elemental iron 
content 4,3 pg/mlo

Each animal received intraperitoneally 0.025 ml of 
isotope solution, diluted to 0.25 ml with aline. Iron 
content 0.1 radioactivity 0.75 -

Animals were sacrificed at day 5 and blood samples taken 
for counting.

Counts on day 5 were obtained on another Nuclear Chicago 
"TOBOR” by courtesy of Dr. R. 8. Smith, Children’s 
Hospital, Buffalo, since the instrument in my laboratory 
was temporarily out of order.
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Experiment MIJ8

Isotope Fa-424-1, Abbott Laboratories ^%errous citrate, 
S.A. - 7 jxo/jxg. Elemental iron content 4.3 ̂ g/ml.

The dose was prepared and given as for TO7 » each animal 
received 0.1 ng of iron, radioactivity, 0.7 juc,

Animals were sacrificed at day 5 and blood samples taken 
for counting.
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Experiment M09

Isotope Fc""463-17  ̂Abbott Laboratories ^^Ferrous citrate, 
S.A, «• 10.3 Elemental iron content - 1.3

Each animal received intraperitoneally O.05 ml of isotope 
solution diluted to 0,2 ml with saline. Iron content == 
0.065 ̂ g, radioactivity 0.75 )Ac.

Animals were sacrificed at day 5 after injection and blood 
samples taken for radioactive counting.
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Experiment MU10

Isotope FC“463-”3-74 Abbott Laboratories '^%8rrous citrate,
S.A. “ 9.2 pc/jbXg. Elemental iron content ® 1.3 pg/ml.

Each animal received intraperitoneally 0,05 ml isotope 
solution diluted to o.2 ml with saline. Iron content O.065 yug 
radioactivity, 0.6 jao.

Animais were sacrificed at day 5 and blood samples taken 
for radioactive counting.
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Experiment MU11

Isotope FC~463“17; Abbott Laboratories ^%errous 
citrate, S.A. - 8.7 jAC/̂ Ag. Elemental Iron content =
1.3 jug/ml.

Each animal received 0,1 ml of undiluted isotope solution 
Intraperitoneally. Iron content 0,13 jAg, radioactivity,
1,1 ÂC ,

Serial blood samples of 20 ul were taken dally for 11 days 
(except for days 4 and 9) for counting.
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Mouse
number
and
genotype Stock

Age Blood
(days) Weight Volume PCV
sex (grams) (ml) fo

Fe dose 
c.p.m. 
day 0

257 Fl 291 M 39.3 2.30 43 45,516

259 +/- 291 M 37.0 2 .16 47 45,294

349 -L/- 263 M 30.9 1.81 45.5 44,038

357 +/- 263 M 31.3 1.83 47 58,837

Standard “ day 0 tu 51 ,784 C.p.m. ÈgAt
Standard - day 1 ss 50,758  c .p .m . 1.020
Standard - day 2 w 50,502 c .p .m . 1.025
Standard - day 3 cs 50,335 c.p.m. 1.029
Standard ™ da.y —Wo results on day 4 —
Standard - day 5 ta 50,330 c.p.m. 1.029
Standard - day 6 48,874 c .p .m . 1.060
Standard ~ day 7 C3 48,986 c .p .m . 1.057
Standard - day 8 48 ,670 c .p .m . 1.064
Standard - day 9 —Wo results on day 9
Standard - day 10 - 48,572 c .p .m . 1.066
Standard » day 11 48,014 c .p .m . 1.079



Ious@
lumber E&y

0 .p.m.
In

blood
Total 
0 .p.m. 
In blood

Utilization 
of Iron for 
haemopoiesis 
(per cent)

257 1 139 15,985 35.1
259 1 137 14,796 33.3
349 1 234 21,177 49.0
357 1 240 21,960 38,1
257 2 217 24,955 54.9
259 2 198 21,384 48.4
349 2 290 26,245 61.1

357 2 293 26,886 46.8
257 3 170 19,550 4 3 .2
259 3 163 17,507 39.8
349 3 315 28,507 66.6
357 3 238 21,777 38.1
257 5 139 15,985 35.4
259 5 143 16,445 37.4
349 5 263 23,801 55.6
357 5 273 24,980 43.7
257 6 134 15,410 35.1
259 6 146 15,768 36.9
349 6 185 16,743 40.3
357 6 226 20,679 37.3
257 7 132 15,180 34.5
259 7 138 14,904 34.8
349 7 230 20,815 50.0
357 7 215 19,673 35.3
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Bouse
lumber Day

0 .p.m.
In

blood
Total 
0 .p.m. 
In blood

Utilisation 
of Iron for 
haemopoiesis 
(per cent)

257 8 156 17,940 41.0
259 8 146 15,768 3 7 .0

349 8 239 2 1 ,62 9 52.2

357 8 272 24,888 4 5 .0

257 10 137 15,755 36 .1

259 10 127 13,716 32 .3

349 10 214 19,367 46.9
357 10 220 20 ,130 36 .5

257 11 145 16,675 38 .7

259 11 121 13,068 31 .1

349 11 158 14,299 3 5 .0

357 11 199 18,208 33 .4

* Based on 15 min, counts of 20 ^1 samples of blood
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Experiment MÜX2

Isotope FG-475-1, Abbott Laboratories ^%errous 
citrate, 8,A, - 21.0 jko/jxg. Elemental iron content 
1.5 ug/ml.

Each animal received intraperitoneally O.05 ml of isotope 
solution, diluted to 0.1 ml with saline. Iron content 
0.075 radioactivity 1.6 jx q  .

Serial blood samples of 20 jxl were taken daily for 10 days 
for counting.
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Mouse

T09 t/"

707 105 M 32 o6 1.91 51

105 M 32.9 1,92 47

59̂number Age Blood close
and (days) Weight Volume PCV o.p.m.
genotype Stock sex (grams) (ml) % day 0

48,991

53,869

711 + A  F] 105 M 34.8 2.04 48

713 f/' F 105 M 35.3

48,047

2,07 48.5 49,184

Standard » day 0 58,503 c.p.m.
Standard - day 1 ® 56,947 c.p.m.
Standard - day 2 50,727 c.p.m.
Standard - day 3 - 55,426 c.p.m.
Standard - day 4 54,307 c.p.m.
Standard - day 5 ̂ 53,647 c.p.m.
Standard - day 6 - 53,275 c.p.m.
Standard - day 7 ”= 53,268 c.p.m.
Standard - day 8 52 , 066 c.p.nu
Standard - day 9 51,802 c.p.m.
Standard - day 10 - 51,152 o.p.m.

Sp/St

0.992
0.996
1.019
1.040
1.053
1.061
1.061 
1.085 
1.089 
1.105
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Mouse
number Day

0 .p.m.
In

blood
Total 
c.p.m. 
In blood

Utilization 
of Iron for 
haemopoiesis 
(per cent)

707 1 114 10,887 22.0

709 1 121 11,616 21.4

711 1 158 16,116 33.3

713 1 108 11,178 22.5

707 2 130 12,415 25.2

709 2 217 20,83a 38.5

711 2 162 16,524 34.3

713 a 196 20,286 41.0

707 3 160 15,280 31.8

709 3 250 24,000 45.3

711 3 194 19,788 42.0

713 3 220 2 2 ,770 47.2

707 4 157 14,993 31.8

709 4 250 24,000 46.3

711 4 199 20,298 43.6

713 4 220 22,770 48.1

707 5 152 14,516 31.2

709 5 234 22,464 43.9

711 5 183 18,666 41.8

713 5 213 22,045 47.2

707 5 143 13,656 29.6

709 6 a l l 20,256 39.9

711 6 174 17,748 40.0



585

Mouse
number Bay

c ,p.m. 
In 

blood
Total
c.p.m.In blood

Utilization 
of Iron for 
haemopoiesis (per cent)

713 6 197 20 ,3 8 9 44.0
707 7 142 13,561 2 9 .4

709 7 219 21,024 41.4
711 7 165 16,830 37.9
713 7 180 18,630 40.2
707 8 127 12,329 2 6 .9

709 8 195 18,720 37 .7

711 8 162 16,524 3 8 .1

713 8 175 18,113 40.0
707 9 122 11,651 2 5 .9

709 9 194 18,624 37.6
711 9 160 16,320 3 7 .0

713 9 159 16,457 3 6 .4

707 10 109 10,410 2 3 .5

709 10 175 16,800 34 .5

711 10 117 11,934 2 7 .5

713 10 128 13,248 2 9 .8

* Based on 15 mln, counts of 20 ul samples*
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Experiment MB13

Isotope FC-475'“lj Abbott Laboratories -^^'errons 
citrate, S,A. 17 jac/̂ g. Elemental iron content «=
1*5 jÆg/ml,

Each animal received intraperitoneally O.067 ml of isotope 
solution made up to 0«1 ml with saline. Iron content 
0.1 radioactivity, 1.7 ̂ 10 .

Serial blood samples of 20 jdX were taken daily for 10 days 
for counting.
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Mouse
number
and
genotype Stock

Age
(days)
sex

Weight
(grams)

Blood
volume
(ml)

FCV
%

dose 
Û.p.m. 
day 0

527 slaA Ü.M.8 . 103 M 24.3 2.17 36 74,531

529 SlaA 0 *M.8 . 103 M 2 5 .2 2.25 34,5 61,645

533 sla/- O.M.S. 103 M 24,6 2 .20 24 53,760

™ -f/~ C57B1 200 M 2 5 .0 1.46 64,755

Standard “ day 0 iia 64,957 0 -p.m. ^o/^t
Standard - day 1 ï?îî 66,821 c .p.m. 0.972

Standard - day 2 ts 64,918 c.p.m. 1.001

Standard - day 3 65,016 c.p.m. 0.999

Standard » day 4 s 66,714 G.p.m, 0 .974

Standard day 5 66 ,699 c .p.m. 0.973

Standard - day 6 67,836 c .p.m. 0 .958

Standard - day 7 66,086 c .p.m. 0.983

Standard - day 8 66,989 c .p.m. 0.970

Standard - day 9 66,944 0 .p.m. 0.970

Standard - day 10 67,744 c.p.m. 0.959
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Mouse
number Day

c,p,m, 
in 

blood
Total 
0 .p.m. 

in blood

Utilization 
of iron for 
haemopoiesis 
(per cent)

527 I 269 29,187 38.1
529 1 172 19,350 30.9
533 1 232 25,520 4 6 .1

C 57B 1 1 198 14,454 21.7
527 2 325 35,263 47,4
529 2 207 23,288 37.8

533 2 201 22,110 41.2

C 57B 1 2 303 22,119 34.2
527 3 272 29,512 39.6
529 3 187 21,038 34.1
533 3 169 19,690 36.6
C 57B 1 3 288 21 ,02 4 3 2 .4

527 4 276 29 ,94 6 39.1
529 4 188 21,150 33.4
533 4 181 19,910 36.1
C 57B 1 4 215 15,695 2 3 .6

527 5 2^9 89 ,187 38.1
529 5 190 2 1 ,3 7 5 33.7
533 5 194 21,340 38.6
C 57B 1 5 169 12,337 18.5
527 6 219 23,762 30.5
529 6 178 20,025 31.1
533 6 172 18,920 33.7
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Mouse
number Day

c.p.m.
in

blood
Total 
c.p.m. 

In blood

Utilization
of iron for 
haemopoiesis 
(per cent)

C 57B 1 6 190 13,870 20.5
527 7 248 26,908 35.5
529 7 166 18,675 29.8

533 7 156 17,160 31.4
C 57B 1 7 162 11,826 18.0

527 8 231 25 ,064 32.6

529 8 172 19,350 30.4

533 8 152 16,720 30.2
C 57B 1 8 166 12,118 18.2

527 9 198 21 ,48 3 28.0

529 9 171 19,238 30.3
533 9 141 15,510 28.0
C 57B 1 9 166 12,118 18.2

527 10 216 23,436 3 0 .2

529 10 173 19,462 30.3
533 10 138 15,180 27.1
C 57B 1 10 154 11,242 16.6

* Based on 15 mln. counts of 20 ul of blood.



Experiment MU14

59Isotope FC-489*“11, Abbott Laboratories Ferrous citrate, 
S.Ao ss 21 jic/jig. Elemental iron content ® 1.3 jiig/ml.

Each animal received intraperitoneally O.05 ml of isotope 
solution made up to 0.1 ml with saline. Iron content 
0,065 jig, radioactivity 1.4 jiG,

Serial blood samples of 2 0 jil were taken daily for 10 days 
for radioactive counting.
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Mousenumber
and
genotype Stock

Age  ̂(days)sex
Weight 
(grama)

Blood
volume(ml)

^%e dose c.p.m. 
day 0

371 4-/- ^2 350 M 34.0 1 .99 62,187

409 4“/” F2 316 M 33.0 1.93 51,937

4ll “t/” Fg 316 M 33.2 1.94 61,243

443 H-A F2 319 M 4 0 .0 2.34 64,525

369 S l a A 350 M 33.5 2.99 64,090

445 SlaA 243 M 26,0 2 .32 64,255

Standard - day 0 = 58,799 c.p.m. Sp/St

Standard - day 1 - 57,844 0 .p.m. 1.017
Standard - day 2 = 58,307 G.p.m. 1.008
Standard day 3 = 57,764 c .p.m. 1.018
Standard - day 4 “ 57,007 c.p.m. 1.031
Standard - day 5 “ 55,917 G.p.m. 1.052

Standard ** day 6 “ 55,891 c.p.m. 1.052

Standard - day 7 “ 54,806 G tt p * ni « 1.087
Standard - day 8 - 52,790 G.p.m. 1.114
Standard - day 9 “ 55,235 c.p.m. 1.065
Standard - day 10 “ 53,931 0.p.m. 1.090
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Mouse
number Bay

0.p.m.
in

blood
Total 
0,p,m. 
in blood

Utilization 
of iron for 
haemopoiesis 
(per cent)

371 1 79 7,861 12 ,9
409 1 102 9,843 19.3
411 1 119 11,543 19.2
443 1 112 13,104 20.7
369 1 109 16,296 25.9
445 1 146 16,936 26.8

371 2 122 13,139 19.7
409 2 146 14,089 27.3
411 2 168 16,296 26,8

433 2 156 18,252 28.5
369 2 218 32,591 51.3
445 2 326 37,816 59.3
371 3 132 13,134 21.5
405 3 165 15,923 31.2
411 3 204 19,788 32.9
433 3 210 2 4 ,5 7 0 4 0 .8

369 3 238 35,581 56.5
445 3 340 39,440 62.5
371 4 125 12,438 2 0 .6

409 4 153 14,765 29.3
411 4 175 16,975 2 8 .1

433 4 159 18,603 29.7
369 4 164 24,518 3 9 .4
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Mouse
number* Day

0 .p.m.
in

blood
Total 
c.p.m. 
in blood

Utilization 
of Iron for 
haemopoiesis 
(per cent)

445 4 238 27,608 44.3
371 5 135 12,438 2 1 .0

409 5 146 14,089 28.5
411 5 149 15,423 26.5

443 5 155 18,135 29.6

369 5 139 20,781 34.1
445 3 216 25,056 4 1 .0

371 6 128 12,736 21.5
409 6 161 15,537 31.5
441 6 176 17,072 29.3
443 6 168 19,656 32.0

369 6 161 2 4 ,0 7 0 39.5
445 6 217 25,172 41.2

371 7 102 10,149 17.7
409 7 113 10,905 2 2 .8

411 7 158 15,326 27.2
443 7 177 20,709 34.9
369 7 159 23,771 4 0 .3

445 7 191 22,156 37.5
371 8 109 10,846 19.4

409 8 113 10,906 23.4
411 8 140 13,580 2 4 .7

443 8 120 14,040 2 4 .2



Mouse
number Day

0 .p.m.
in

blood
Total 
c.p.m. 
In blood

Utilization of Iron for 
haemopoiesis 
(per cent)

369 8 137 20,482 35 .6

445 8 177 20,532 3 5 .6

371 9 134 13,333 22 .8
409 9 116 11,194 2 2 .9

411 9 147 14,259 24.8
443 9 141 16,497 2 7 .2

369 9 102 15,249 2 5 .3

445 9 178 20,648 34.2

371 10 144 14,328 2 5 .1

409 10 156 15,054 31.5
411 10 127 12,319 2 1 .9

443 10 138 16,008 2 7 .0

369 10 126 18,837 3 2 .0

445 10 175 2 0 ,3 0 0 3 4 .4

® Based on 15 mln. counts of 20  ̂ 1 blood sample,
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Experiment MU15

Isotope Abbott Laboratories Ferrous citrate,
S.A, - 21 j.ic/jAgj Elemental iron content, 1.1 jiAg/ml.

Each animal received intraperitoneally 0 ,067 ml of 
isotope solution diluted to 0.1 ml with saline. Iron 
c ont en t 0 ,0 7 4 jig, rad 1 oac tivity 1 ,6 jutc .

Serial blood samples of 20 jil were taken daily for 6 days 
for counting.
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Mouse
number
and
genotype Stock

Age
(days)sex Weight 

(grama)
Blood
volume
(ml)

dose G .p.m. day 0

837 +/- P3 152 M 35.2 2 .06 31 ,921

807 +/” P;i 166 M 3 6 .0 2 .1 0 2 7 .687

839 +/~ ^'3 132 M 2 8 .8 1 ,6 8 32 ,344

843 +/“ ^3 148 M 2 8 ,5 1 .67 37 ,363

813 H7- ^1 166 M 2 7 .2 1.59 31,529

815 ala/- ^1 166 M 2 3 .1 2 .06 30,287

873 ala/- ^3 114 M 24,5 2 .1 9 29,460

875 ala/- ^3 114 M 2 3 ,8 2 .1 3 31,594

Standard - day 0 = 33 ,361 G.p.m* ^0 At;
Standard - day 1 ° 34,546 c.p.m. 0 .966

Standard - day 2 = 31 ,499 c,p.m. 1.059

Standard - day 3 2 9 ,8 3 4 c.p.m. 1.118

Standard - day 4 ■» 2 8 ,8 3 0 0 0 p nil. 1.157

Standard - day 5 ™ 28,272 c.p.m. 1.180

Standard - day 6 -•> 30 ,730 c«p.m. 1.086
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Mouse
number Day

c.p.m.
In

blood
Total 
c.p.m. 
In blood

Utilization 
of iron for 
haemopoiesis (per cent)

837 1 122 12,566 38.0
807 1 113 11,865 4 1 .4

839 1 154 12,936 38.6

843 1 187 15,614 4 0 .4

813 1 166 13,197 4 0 .4

815 1 87 8,961 28,6

873 1 244 26,718 87.6

875 1 217 23,111 70.7
837 2 135 13,905 4 6 .1

807 2 137 14,385 55.0

839 2 171 14,193 4 6 .5

843 2 229 19,038 54.0

813 2 225 17,808 59.8

815 2 108 11,124 39.0

873 2 122 13,359 4 8 .0

675 2 190 20,235 67.8

837 3 149 15,244 53.3
807 3 140 14,700 59.3
839 3 170 14,280 49.3
843 3 188 14,863 44.5
813 3 214 17,013 60.3

815 3 139 14,317 52 .8

873 3 102 11,169 42 .4
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Mouse
number Day

e.p.m.in
blood

Total 
0 .p.m. 
In blood

Utilisation
of iron for 
haemopoiesis (per cent)

875 3 196 20 ,87 4 73.9
837 4 92 9,476 3 4 .3

807 4 93 9 ,765 40.8
839 4 132 11,088 39 .7

843 4 177 15,576 48.2
813 4 164 13,038 4 7 .8

815 4 115 11,845 45.2

873 4 137 15,070 59.2

875 4 176 18,744 6 8 .8

837 5 111 11,433 42 .2
807 5 119 12,495 53.2

839 5 172 14,448 52 ,7

843 5 203 17,560 55 .5

813 5 194 15,423 57 .7

815 5 133 13,699 53 .4

873 5 156 17,082 68.4
875 5 185 19,703 7 3 .6

837 6 110 11,330 38 .5

807 6 113 11,865 46.5
839 6 155 13,020 43 .7

843 6 218 18,203 57 .4

813 6 185 14,707 50 .6

815 6 98 10,094 36.2

873 6 114 12,483 46.0
875 6 180 19,170 6 5 .9
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2, Intravenous administration of radio-iron

Experiment MÜI6

Isotope FC-550^16, Abbott Laboratories ^%errous citrate,
S.A.  ̂15 jua/jiag. Elemental iron content  ̂ 1,4 jag/ml.

Each animal received 0 .0 5 ml of isotope solution,
diluted to Q.l ml with normal saline prepared with de-ionlzed
water. Iron content O .07 jiig, radioactivity, 1 .05  ̂ c .

Whole body radioactivity on the day of administration 
was measured after the removal of samples for experiment 
P.I.e. 5 , (Appendix C, Section C),

A blood sample of 20 jil was taken on the 5th day after 
administration, for counting.
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Experiment MU17

Isotope FC-550-16, Abbott Laboratories ^%*errous citrate, 
8,A. % 11.7 jivic/jug. Elemental iron content  ̂1.4 jug/ml.

Each animal received 0.1 ml of the undiluted isotope 
solution. Iron content 0.l4 ug, radioactivity, 1.6 ̂ c.

Whole body radioactivity on the day of administration was 
measured after the removal of samples for experiment P.l.G.6 
(Appendix C, Section G).

A blood sample of 20 j,il was taken on the 5th day after 
administration, for counting.
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Experiment MÜ18

Isotope FG-575“4, Abbott Laboratories ^^Ferrous citrate, S. A.™ 
2 1 .5 jao /jfag. E lementa 1 Iron c ontent, 1.3 1.

Each animal received intravenously O .05 ml of isotope 
solution diluted to 0*1 ml with normal saline prepared from 
de-ioni^ed water. Iron content O.O65 yug, radioactivity 
1A  juc.

Blood samples of 40 jxl ware taken on the 1st and 5th days 
after injection for counting.



Mouse
numberand
genotype Stock

Age
(days)

Weight
(G)

Blood
volume(ml)

PCV
W

1049 ala/- ^2 243 2 8 ,7 2 .56 . 31

1039 slaA Fg 243 25.2 2 .3 4 2 5 .5

995 +/- Fg 250 34 .6 2 .02 49

991 +/- 250 35 .3 2 .07 51

989 +/- ^2 ' 255 42 .7 2 .5 0 4 7 .5

1005 t/- ^2 2 44 40.8 2 ,3 9 4 4 .5

987 ala/- Fg 255 2 7 .4 2 .4 5 30

997 3la/~ Fg 250 2 8 .4 ' 2 ,54 30

1003 ala/- ^2 244 32.4 2 .8 9 3 5 .5

1035 ala/- Pg 243 24.9 2 .22 31

1563 +/- 118 27.3 1 .6 0 42.5
1495 ala/- ^4 132 18.5 1 ,6 5 20

1043 t/- F4 243 3 3 .3 1 .95 48.5
1053 t/- Fg 237 2 6 .5 1 .5 5 4 4 .5

1037 Fit 243 3 5 .3 2 .07 50

1557 ala/- ^4 118 18.9 1 .69 2 3 .5

1041 t/- Fit 243 34 .6 2 .02 46.5
1051 3la/~ Fg 237 2 3 .2 2 .07 22 .5
1493 V - Fit 132 2 9 .4 1.72 45

1559 +/- Fit 118 25,5 1 .55 47
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Mouse
number

and
genotype

8% e
dose

c .p .m .
on 

day 0

c .p .m . In  
b lo o d *

T o ta l co u n ts  
In  b lo o d

U t i l i z a t i o n  
o f  i r o n  

(p e r  c e n t)

day 1 day 5 day 1 day 5 day 1 day 5

1049 s la A 43 ,253 451 688 28,864 44,032 68a 8 5 .5

1039 S la A 45,167 368 526 21 ,52 8 30 ,771 48.7 57.2

995 - f A 40 ,491 243 602 12,272 30,401 2 8 .0 57.1

9 9 1 -+ A 45 ,256 262 496 13,559 2 5 ,6 6 8 30 .6 4 7 .6

989 -+A 43,917 203 529 12,688 33,063 2 9 .5 63.2

1005 t A 44 ,115 229 565 13,683 33,759 31 .7 64.3

987 a la  A 45 ,967 507 703 31 ,050 43 ,059 6 9 .0 7 8 .7

997 a la A 48,425 430 832 27 ,30 5 52,832 57 .6 91 .6

1003 S la A 46,580 664 845 47,808 60 ,979 107.1 112.3

1035 a la A 45 ,703 482 744 26 ,75 1 41,292 59 .8 7 5 .9

1563 + A 42 ,976 353 899 14,120 35 ,960 3 2 .1 67.2

1495 a la A 45,867 865 1000 35,723 44 ,550 7 9 .5 8 1 .6

1043 -LA 40,805 183 464 8 ,921 2 2 ,6 2 0 2 2 .3 46.6

1053 + A 45 ,521 129 608 9 ,998 2 3 ,5 6 0 2 2 .4 4 3 .5

1037 t A 42,575 281 544 14,542 28 ,152 34 .9 55 .5

1557 S la A 44 ,087 658 693 27 ,80 1 2 9 ,2 7 9 64.4 5 5 .8

1041 + A 42,991 206 524 10,403 26,462 24 .7 51 .7

1051 S la A 41,601 754 916 39,020 47 ,403 95 .8 95 .7

1493 + A 46 ,165 280 623 12,040 2 6 ,7 8 9 2 6 .6 48.7

1559 f A 44 ,922 416 795 16,120 30 ,806 3 6 .6 5 7 .5



standard day 0 " 46,158 o.p.m

SStandard day 1  ̂45,213 c.p.m. 12 - 1.021
Si

standard day 5 ® 54,957 c.p.m. £jO
S5

0.84c

Based on 15 mln, counts (day 1) or 5 mln. oomits 
(day 5) on 40 jul blood samples.

I 20 jul sample only.
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c. Plasma iron cleamnce determinations

Experiment P.l.G.1

Isotope FC-536-10, Abbott Laboratories -^^Ferrous citrate 
specific activity (S.A.) s Vf A  jxo/jxg. Elemental iron 
content - 1 .8  ̂ g/ml.

Each animal received 0.06 ml of isotope solution diluted to 
0 .1 ml with normal saline prepared with de-ionized water. 
Iron content 0.11 jag, radioactivity 1.9 jac.

10 jul samples of plasma were taken for counting at 10, 20  

and 30 minutes after Intravenous injection.

Counts in 5 min.
Genotype 10 ul plasma at P .1.0Mouse Age and Haematocrit ^

number (days) strain (per cent) 10 m 20 m 30 m mins.

895 156 ■+/“, Fg 51 .5 2781 2471 - 46
897 156 4-/-, F3 50 ,5 2971 2711 2237 44
899 156 -f/-, F3 51 1731 1650 13.2 52

901 143 +/-, F3 49 2324 2076 1672 40

■I'■ Plasma Iron clearance. half time.
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Experiment F.1.G.2

Isotope FC-536-10, Abbott Laboratories ^%errous citrate 
Prepared as for experiment F.1.0.1. Samples of plasma 
taken as for experiment P.1.0.1.

Mouse
number

Age
(days)

Genotype
andstrain

Haeniatoerlt 
(per «ent)

Counts in 5 mln. 
10 ul plasma at
10 m 20 ra 30 m

P.I.e. 
T& 

mlns.

907 111 49 2881 2379 2003 36
909 111 +/-, F3 49 2652 2376 2040 60

913 116 -t/-. F3 48 2590 2043 1696 36
1007 96 +/-, F3 51 2455 2136 2014 63
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Kxp©riment P,1,G.3

Isotope FG“545-2, Abbott Laboratories ^%erx*ous citrate - 
8 ,A. - 25 jae/̂ ig. Elemental Iron content - 1.2 jig/ml.

Each animal received 0.04 ml isotope solution diluted to 
0 ,1 ml with normal saline prepared with de-ionized water. 
Iron content 0.05 radioactivity 1.25 jic.

Samples of plasma taken as for experiment P. 1,0.1.

Genotype Counts in 5 min.
Mouse Age and Haematocrit 2̂.-
number (days) strain (per cent) 10 m 20 m 30 m mlns.
1011
1013
1115
1201

92
92
61

+/- ,F4 
“h/~ jFi|
SlaA ,F4

ji
5 0 .5 2174 1758 1504 38

54 1449 1307 1079 42
46 l4ll 1233 1124 55

17 .5 1077 658 426 14



Experiment P .4

Isotope f Abbott Laboratories ^%errous citrate -
S.A. 22 jic/jxg. Elemental iron content 1.2 Âg/mX.

Each animal received 0.03 ml of Isotope solution, diluted 
to 0 .1 ml with normal saline prepared with de-ionlzed water 
Iron c ontent 0 .6  ̂ ig, radioact Ivity 1.3 yuc .

10 juil samples of plasma taken as for P.l.G.l.

Counts in 3 min« Genotype 10 ul plasma at P.1,0
Mouse Age and Haematocrit T |-
number (days) strain (per cent) 10 m 20 m 30 m mini

433 592 slaA,Fg 2 3 .5  1779 1515 1333 46
435 592 H-A, Fg 43 2807 252 5 2340 65

1009 112 slaA,IA 26 1368 1163 934 35
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Experiment F.1,G.5

59,Isotope FC“550»-16, Abbott Laboratories Ferrous citrate 
8.A. s 15 Elemental iron content  ̂ 1.4 jAg/ml.

Each animal received O.O5 ml of isotope solution, diluted 
to 0*1 ml with normal saline prepared with de-lonlsad 
water. Iron content O^^OJ jxg9 radioactivity 1 .05 ̂ c .

10 samples of plasma taken as for P.l.G.l*

Genotype
Counts In 5 
10 jul plasmamins. , a.t IM.CMouse

number Age
(days)

andstrain
Haematocrit 
(per cent) 10 m 20 m 30 ra

Tj
mlns

1111 100 sla A,Fg 2 8 .5 1265 659 420 12

112 T 104 ■+A, Fg 51 1192 1108 946 55
1129 107 -f-A, F2̂ 48 1655 1351 1067 31

1131 107 B la/—, F 2|. 15,5 1713 801 559 12

1203 88 s^laA^Fg 2 2 .5 l64o 1150 863 21
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Experiment F. 1 . 6

Isotope FG“550“16, Abbott Laboratories ^%errous citrate 
S.A,  ̂11.7 y\o/jxgo Elemental iron content » 1.4 jag/ml.

Each animal received 0.1 ml of the undiluted isotope 
solution. Iron content 0.l4 pg, radioactivity, 1.6 jig

10 ful samples of plasma taken as for F.l.G.l.

Mouse
number .Age , (days)

Genotype
and
strain

Haematocrit 
(per cent)

Counts in 1C 10 jAl plasma
10 m 20 m

I min. 
L at
JOja-

P.I.e.IJ 1.
mins.

1153 114 -fAj 48 3592 3005 - 40
1155 114 slaA jFo 28 5870 4680 3981 34

1171 106 fA, 47 3896 3202 2647 34

1187 102 +A, F^ 48 4446 3888 3324 46
1245 116 slaAjF^ 29 1720 910 619 13
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D. Excretion or Iron.

Experiment M.I.E.l,

Isotope FG“496»5, Abbott Laboratories ^<Ferrous citrate, 
specific activity, S.A. ™ 10 ĵ c/ug. Elemental iron 
content ^ 25 jig/ml.

Each animal received Intraperitoneally 0.1 ml of isotope 
solution containing 0 .25 of elemental Iron, radio­
activity 2 .5  o

Counts of the retained radioactivity were obtained on days 
1, 3 and 6 after Injection of ^%7e.

Mouse number 
and genotype Stock

Age
(days)

P.C.V.
(0)

^%e dosQ 
c.p.m. 
day 0

367 ■+/- 421 4 5 .5 75 ,293

371 -f/- 421 4 3 .5 84,877
373 -f/- 421 44 65,501

375 +/- Pi 421 54 84,522
749 f/- Pi 178 42.5 61,402
755 +/- Pi 167 40.5 86,668
763 +/~ Pi 178 4 4 .5 96,195

765 +/“ Pi 178 42,5 85,277
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Mousenumber
c.p.m. 
day 1

%retention 
of 59Fo

c.p.m. 
day 3

retention of 59fo c.p.m. 
day 6

retentionof

367 73,143 100 67,736 98 60 ,398 93
371 80,040 97 76,612 98 71,432 97
373 61,779 97 54,958 91 49 ,725 88
375 84,173 102 74 ,934 97 68,712 94

749 65,314 109 57,206 101 56,001 105

755 86 ,540 102 78 ,966 99 71 ,251 95
763 95,469 102 87,921 99 75,020 90

765 8 2,846 100 75 ,91 9 97 69,027 94

Standard day 0 61,701 e.p.m.

Standard day 1 58,348 e.p.m. Sg/S^ ” I.O57

Standard day 3 5^,515 c.p.m. Sq/S^ " 1.092

Standard day 6 53,235 0 .p.m. ” 1*159
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Experiment M . I.E.2

59Isotope PC-520-4, Abbott Laboratories Ferrous citrate,
8.A. *=21 jAo/jAg, elemental iron content - I d  jxg/mlc

The isotope solution was diluted 2:1 with iron-free isotonic 
saline and 0.1 ml of diluted Isotope solution given 
intraperitoneally, containing 0.074 of elemental iron, 
rad inactivity 1.6 jm .

Counts of retained radioactivity were obtained on days 1, 3^
5, 11, 15, 2 3, 50, 147 and 178 after injection 59of

Mouse number 
and genotype Stock

Age
(days)

P.C.V,
i%)

dose
G.p.m,
day 0

837 -ty- ^3 152 47 31,921
807 +/“ Fl 166 44.5 27,687
839 -+/- ^3 132 44.5 32,344
843 4"/- Fj 148 45.5 37,363
813 4/- :'i 166 46,5 31,529
815 sla/- >̂ i 166 17 30,287
873 sla/- ^3 114 20 29,460
875 sla/- ^3 114 33.5 31,594
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%Mouse

number
0.p.m. 
day 1

retention
of

c .p.m. 
day 3

retention of 59pe
0.p.m, 
day 6

retention 
of 59b'q

837 33,394 101 27,645 97 25,798 88

807 33,059 115 26,426 107 a4,436 96
839 32,727 98 28,281 98 29,343 98
843 40,173 104 32,430 97 31,710 92
813 39,147 119 27,641 98 25,394 87
815 36,953 118 29,607 109 23,591 85
873 34,263 112 27,323 104 25,382 94
875 36,162 110 30,649 108 27,198 94

% fo %Mouse
number

0 .p.m.
day 11

retention
of

c.p.m.
day 15

retention
of 59l?e G.p.m. day 23 retentionof 59^6

837 18,828 80 18,290 85 14,623 78
807 18,003 89 16,472 88 12,967 80
839 20,286 85 19,229 88 15,273 81

843 24,270 88 22,668 89 17,778 81
813 19,006 82 17,708 83 14,234 77
815 14,734 66 12,909 63 8,642 49
873 18,958 87 16,908 85 11,874 69
875 22,342 96 21,846 102 16,234 88
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^  ^  ^  

Mouse o.p.m, retention c.p.m. retention o.p.m. retention
number day 50 of 59Fe day 147 of 59Fe day 178 of 69pe

837 7,491 69 ** —
807 7,020 75 1,935 27 782 27

839 8,280 76 - .... -
843 9,524 76 — “■ « —
813 7,401 69 2 ,462 30 989 30
815 3,435 34 814 10 347 11

873 5,805 59 1,377 18 627 21

875 9,113 86 2,729 33 1,094 34

Standard day 0 33,361 G.p.m.
Standard day 1 34,546 c.p.m. Sq/S]_ » 0.966
Standard day 3 2 9,834 c.p.m. 80/83 » 1.118
Standard day 6 30,730 c.p.m. So/Sg =» 1.085
Standard day 11 24,592 c.p.m. Sg/Sii = 1.356
Standard day 15 22,599 c.p.m. So/813 = 1.476
Standard day 19,538 c.p.m. 80/823 “ 1.707
Standard day 50 11,222 0.p.m. 8 0 / 8 5 0  = 2,973
Standard day 147 8,732 c.p.m. ^0/^147 3.821
Standard day 178 3,384 c.p.m. 80/8178 = 9.858
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Experiment M .I.E.3

Isotope B'C-550-l6y Abbott Laboratories ^%errous citrate, 
S.A, - 11,7 ^o/^g. Elemental Iron content - 1.4 ̂ .g/ml.

Each animal received 0.1 ml of undiluted Isotope solution 
intravenously, containing 0.l4 jig of elemental iron, 
radioactIvIty, 1.6 .

Counts of retained radioactivity were obtained on days 50 
and 69 after injection of .

Mouse number 
and genotype Stock

Age 
(days)

P.C.V.
($)

^%e dose 
c.p.m. 
day 0

1129 -+A F4 107 46 29.643
1131 ^la/“ 107 15.5 30,130
1111 8 la /“• F4 100 28.5 30,278
1203 sla/-' ^4 88 22.5 27,900

Mouse 0.p.m. retention c.p.m. ^ retention
number day 50 of day 69 of 59f6

1129 10,405 70 6,950 59
1131 7,330 49 4,542 38
1111 8,753 58 6,288 53
1203 6,325 46 4,089 37

Standard day 0 = 31,126 c.p.m.
Standard day 50 = 15,450 0.p.m. S0/S50 = 2.015
Standard day 69 - 12,287 0.p.m. So/Sgq = 2.533
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E. Intestinal Iron absorption determinations,

(i) Ferrous sulphate, 10 ug of elemental iron.

Experiment M,A.12

Isotope FS-266-5, Abbott Laboratories ^%errous sulphate - 
specific activity (S„A,) - 3.4 jxo/jxg. Elemental Iron 
content - 1,9 jig/ml.

Carrier* - Fe SO4, 7X^0, 248 mg in 500 ml, distilled water,
(10 Âg elemental iron in 0,1 ml).

Dose - 0,1 ml carrier 10 yag elemental iron,
0,04 ml Isotope 0.08 yig elemental iron (1,1 yuo),

Total dose per mouse ” 10,08 yAg iron in 0,l4 ml dosing 
solution.
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Mouse
number

Genotype 
& strain

,Age
(days)

Counts 
(per 

mouse)Haematocrit on 
(per cent) day 0

Counts per 
minute 
(c.p.m.)

mlns. on day 0

Standard - .0 47,785 2 23,893

805 F 3 8 JLa /•“ 141 26 54y486 2 27,243

807 F 3̂, ~t“/™ 141 45 56,203 2 28,102
809 F X, s Xa /" 141 20 51,379 2 25,689
811 F 3̂, sla A l4l 23 51,218 2 25,609
813 F f A 141 46 53,022 2 26,511
815 F1  ̂sXaA 141 24.5 52,763 2 26,382
873 Fo jSlaA 50 25 41,462 2 20,731
875

II I#nnipi in.. .

50 23.5 53,706 2 26,353

Mouse
number

C ount 8 
(per mouse) on day 5 mins 0

c.p.m. 
on (3ay 5

fo
retention 
of 59^8 
on da.y 5

Standard 42,408 2 21,204 ™

805 3.533 5 707 2 .9

807 7,601 5 1,520 6.1
809 4,381 5 876 3.8
811 3,569 5 714 3.1
813 2,304 5 461 2.0
815 3,946 5 789 3*4

873 5,793 5 1,159 6.3

875 12,894 5 2,579 11.0
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Experiment M.A. 16

Isotope FS-205-3-4, Abbott Laboratorles^%errous sulphate 
S.A. 17.4 jxo/jxĝ  Elemental Iron content 1.5

Cai^rler - FeSÔ ,̂ 7%0, 620.5 mg in 1000 ml distilled
water. (lO jig e3.emental iron in O.08 ml).

Dose - 0.08 ml carrier 10 ug elemental iron.
0.02 ml isotope O.03 ml isotope 0.03 JUg elemental 

(0.5 yixc ).Iron

Total dose per mouse - 10.03 yug elemental iron in 0,1 ml 
dosing solution.



6̂ ■\j (tj

Mouse
number Genotype& strain Age

(daysJ
P.C.V.

?0

C ount 3 (per mouse) 
on day 0 Mins.

0 .p.m.on day 0
Standâ rd “ “* - 31,479 2 15,740
1213 Fo, s la /•* 73 23 24,400 2 12,200
1203 Fgt, s la A 81 26.5 27,076 2 13,538
1111 .ySla A 93 32 28,177 2 14,084

1225 F i| j sla A 78 20.5 28,284 2 14,142
3243 Fi|.yBlaA 73 17.5 26,643 2 13,322
1131 F4,.8laA 100 22 ,5 25,768 2 12,884
1155 F  2 g s la A 91 20 29,919 2 14,960
1245 y sla A 93 20 30,099 2 15,050
3247 F cüj y s la /“ 93 18.5 29,431 2 14,716
1215 F2 y "V A 73 47 *5 25,488 2 12,744
1207 F g ,  + A 73 45 23,782 2 11,891
1113 F g y  3-A 93 45.5 23,136 2 11,568
1299 Fg, -^A 44 42 26,984 2 13,492

1241 F4, -hA 73 43 25,241 2 12,621
1129 F4  ̂V - 100 46 28,213 2 14,107
1153 F ^ y  A  A 91 45.5 27,909 2 13,954
1185 F3, A A 80 33 24,366 2 12,183
1187 P3, A A 80 43 26,698 2 13,349
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Mouse
number

Counts 
(per mouse, 
on day 5

fo

Mlns
0 op«m
on 

day 5
retention of 59ii'e 
on day 5

standard 29,928 2 14,964 -
1213 2 ,206 3 735 5*0
1203 2,653 3 884 5 o8
1111 3,133 3 1,044 7.0

1225 2,292 3 764 4.6
1243 2,060 3 687 4.2
1131 1,767 3 589 3.6
1155 2,019 3 673 3*7
1245 3,410 3 1,137 6.9
1247 2,153 3 718 4.0
1215 2,314 3 771 5.1
1207 5,465 3 1,822 14.9
1113 2,367 3 789 5.8
1299 9,132 3 3,044 22 .8

3241 1,541 3 514 3*0
1129 2,758 3 919 5*7
1153 3,870 3 1,290 8.6
1185 9,035 3 3,012 25*0
1187 3,226 3 1,075 7*3
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(il) Ferrous sulphate, 1 yug of elemental iron 

S xp e r ime nt M , A . 13

Isotope FS-2 66-5, Abbott Laboratories ^%errous sulphate 
S .A. - 11.4 Elemental iron content '= 1,9 yig/ml.

Carrier - FeSOip THgO, 22.5 mg in 500 ml distiller] water 
(0,9 Ug of elemental iron in 0.1 ml).

Dose - 0.1 ml carrier 0,9 elemental iron.
0,05 ml isotope 0.095 yJig elemental iron (l.lyAc),

Total dose per mouse - 0,995 yg iron in 0,15 ml dosing 
solution0



Flou se 
number

Genotype 
& strain Age

(days)
P.C.V.

%

Counts (per mouse) 
on day 0 Mins.

G .poRlo on 
day 0

Standard — — - 74,167 3 24,722
853. ,slaA 104 28 56,424 2 28,212
853 F slaA 104 31 55,383 2 27,692
855 F3, slaA 104 29 52,486 2 26,243
859 F 2, A  A 109 42 57,388 2 28,694
861 F3, A A 109 42 .5 67,555 2 33,778
863 Fy, A  A 92 44.5 57,846 2 28,923
865 A A 91 45 51,524 2 25,762
867 Fg, A  A 104 45.5 58,% 5 2 29,413
869 L ' + / - 104 44.5 59,3.02 2 29,551
877 F , 4—/" 73 47 74,008 3 24,669
879 F3, A  A 73 49.5 55,417 2 27,709
881 F 3, A  /- 73 42 42,244 2 21,122
883 F3,slaA 66 30 53,937 2 26,969
885 P3, +/- 69 48 55,165 2 27,583
887 ly, slaA 69 28.5 50,717 2 25,359



Mouse
number

C ount s 
(per mouse) on day 1 Mins.

c.p.m.
on day 1

re tent of 59i?(
on day :

Standard 68,031 3 22,677 —
851 6,839 2 3,420 13.2
853 8,688 2 4,344 17.1
855 9,814 2 4,907 20.4
855 9,814 2 4,907 20.4
859 9,777 2 4,889 18.6
861 14,863 3 4,954 16.0
863 4,015 2 2,008 7.6
865 6,831 2 3,416 14.5
867 22,413 3 7,471 27.7
869 7,980 2 3,990 14.7
877 6,014 2 3,007 13.3
879 14,217 2 7,109 27.6
881 12,725 2 6,363 32.8
883 9,676 2 4,838 19.6
885 30,233 2 15,117 59.7
887 15,720 2 7,860 33.8
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Experiment M,A .l4

Isotope FS-268“9j Abbott Laboratories ^%errous sulphate - 
22 jao/jig. Elemental iron content = 1

Carrier - Fe SO^. 24 mg in 500 ml distilled water
(0.96 î,g of elemental iron 0.1 ml).

Dose “ 0,1 ml carrier 0.96 jAg elemental iron.
0.06 ml isotope O.06 jxg elemental iron (1*3 jio)

Total dose per mouse “ 1.02 jag iron in 0,l6 ml dosing 
solution.
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Mouse Strain & Age
clays)

P.C.V.
.%

C ount s 
(per mouse) 
on day 0 Mins.

0.p.m.
on 

day 0
Sta-ndarcl 51,693 2 25.847
775 F3, + A 202 48 99,988 2 29,794
781 F3, +/- 180 41.5 91,965 2 25,983
787 F Q -f- /-“ 180 52 67,912 2 33,956
789 F3, -+/■- 180 46 63,789 2 31,893
835 -h/" 98 49 96,963 2 28,282
345 Fg ; s la /■" 497 22 65,665 2 32,833
3̂ 1-7 Pg, 4-A 497 43.5 97,348 2 28,674
359 Fg ; 4" /- 492 46 98,479 2 29,238
367 Fg , 4- A 493 45*9 66,396 2 33,198
X >3 FgyslaA 424 40.5 69,276 2 34,638
373 Fg, +/- 507 44 82,600 2 41,300
377 Fg, +/- 482 47 66,546 2 33,273
391 Fg 48laA 514 25.9 62,765 2 31,383
395 Fg ;s laA 485 31.9 99,913 2 29,957
397 Pg y 4- A 482 44 70,603 2 35,302
401 Fg 3 a la. A 455 34 56,749 2 28,375
405 Fg 4" A 452 4-3 65,772 2 32,886
497 Fg, 4-A 390 49 60,876 2 30,438
725 Fg, 4-A 319 45 66,457 2 33,229
727 Fg , 4- A 287 46 64,731 2 32,366
731 Fg , -t" A 302 40.5 95,219 2 27,610



9 9 ù  (C

%
Mousenumber

C ount 3 
(per raouss) 
on day 1 Mlns.

C.p.m.
on day 1

retentiG 
o£ 59p e  
on day

Standard 50,242 2 25,121 «

775 21,207 2 10,604 36.6
781 13,510 2 6,755 26.8
787 16,768 2 8,384 25.4
789 15,100 2 7,550 24.4
835 3,827 2 1,914 7.0
345 15,193 2 7,596 23.8
347 20,934 2 10,467 37.6
359 3,561 2 1,781 6.3
367 22,363 2 11,182 33.7
453 4,563 2 2,282 6.8
373 35,259 2 17,630 43.9
377 8,516 2 4,258 13.2
391 12,206 2 6,103 20.0
395 7,609 2 3,804 13.1
397 11,463 2 5,732 15.7
401 4,955 2 2,478 9.0
405 3,363 2 1,682 5.3
497 11,576 2 5,788 19.6
725 7,795 2 3,898 12.1
729 5,044 2 2,522 8.0
731 7,329 2 3,665 13.7
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T
Mouse
number

Counts 
(per mouse) on day 2 Mins.

G.p.m.
on 

day 2
retention 
of 59pe 
on day 2

Standard 42,006 2 21,003 -
775 15,173 2 7,386 30.3
781 7,565 2 3,783 17*4
787 11,904 2 5,952 20.9
789 10,956 2 5,478 20.3
835 3,015 2 1,508 6.4
345 8,700 2 4,350 15.8
347 2,776 2 1,388 5.9
359 2,081 2 1,041 4.4
367 15,508 2 7,754 25.9
453 2,185 2 1,092 3.7
373 27,901 2 13,950 40.4
377 6,18B 2 3,094 11.1
391 6,551 2 3,275 12 .4
395 4,228 2 2,114 8.4
397 9,514 2 4,757 16.1
401 2,110 2 1,055 4.4
405 1,590 2 795 2.9
497 8,364 2 4,182 16.4
725 6,379 2 3,189 11.5
729 2,993 2 1,497 5.2
731 5,874 2 2,937 12.7
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Mouse
number

C ount B 
(per mouse) 
on day 3 Mins 0

e *p.m, 
on 

day 3
retenti of 59Fi 
on day

Standard 47.968 a 23.984
775 15.432 2 7 .7 2 6 27.9
781 3.688 2 2.844 11.8
787 22 ,427 2 6.2X4 19.7
789 11.353 2 5.678 19.2
835 3.140 2 1.570 6.0
343 7.365 2 3.682 12 .1
347 4,081 3 1,360 3*1
359 2.083 2 1.042 3.9
367 17.563 2 3.783 28.3
433 2.213 2 1.107 3.4
373 43.690 3 14.363 38.0
377 6 .0 8 7 2 3.044 9.9
391 3.494 2 2,747 9*4
393 3.530 2 1.775 6.4
397 9.973 2 4.988 15*2
401 2.033 2 1,018 3*9
403 2.037 3 686 2,3
497 9 .6 6 6 2 4.833 17.1
723 7.278 2 3.639 11.8
727 3.290 2 1,643 5*5
731 6.138 2 3.079 12 .0
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Mouse
number

C ount 8 
(per mouse) 
on day 4 Mins 0

o.p.m, 
on 

day 4

---fo-----
retention of 59pe 
on day 4

Standard 47,912 2 23,956 -

775 21,634 3 7,211 26.1
781 7,937 3 2 ,646 11.0
787 17,754 3 5,918 18,8
789 16,778 3 5,593 18.9
835 4,760 3 1,587 6.1
345 9,141 3 3,047 10.0
3 4 7 3,490 3 1,163 4.5
359 3,011 3 1,004 3.7
367 26,703 3 8,901 28.9
453 2,958 3 986 3.1
373 39,556 3 13,185 34.4
377 8,602 3 2,867 9.3
391 7,054 3 2,351 8.1
395 5,142 3 1,714 6.1
397 13,889 3 4,630 14.2
401 2,814 3 938 3.6
405 2,008 3 65g 2 .2
497 13,960 3 4,653 16.5
725 10,126 3 3,375 11.0
727 4,221 3 1,407 4.7
731 9,315 3 3,105 12 .1
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Mous©
number

Counts 
(per mouse) 
on day 5 Mins.

c opotiio
on day 5

fo
retention
of
on day 5

Standard 48,511 2 24^256 «
775 17,972 3 5,991 21.4
781 7,276 3 2,425 10.0
787 22,200 3 7,400 23.2
789 16,439 3 5,480 18.3
835 4,705 3 1,568 5.9
345 9,337 3 3,112 10.0
347 3,336 3 1,112 4.1
359 2,897 3 996 3.5
367 25,681 3 8,560 27.5
453 2,893 3 964 2.9
373 38,132 3 12,711 32.8
377 7,685 3 2,561 8.2
391 6,807 3 2,269 7.7
395 5,149 3 1,716 6.1

397 13,085 3 4,361 13.2

401 2,668 3 889 3.3

405 1,891 3 630 2,1
497 12,839 3 4,280 15.0
725 9,178 3 3,059 9.8
727 4,477 3 1,492 4.9
731 8,109 3 2,703 10.4
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Mouse
number*

Counta 
(per mouse) on day 6 Mins,

G . p 0 m 0on 
day 6

%retent 1< of 59P( 
on day

Standard 45,091 2 22 y 546 -

775 £\ VI “1 müa 1 ÎVI 4 <7F *7* *1 VI fV II. 1- ■■1 * * t ,1*1*tJ.

781 5,891 3 1,964 8.7
787 18,772 3 6,257 21.1
789 13,809 3 4,603 16.5
835 4,050 3 1,350 5.5
345 8,022 3 2,674 9.3
347 2,989 3 996 4.0
359 2 ,736 3 912 3.6
367 23,821 3 7,940 27,4
453 2,610 3 870 2.9
373 30,822 3 10,274 28.5
377 6,950 3 2,317 8.0
391 6,373 3 2,124 7.8
395 4,596 3 1,532 5.9
397 11,981 3 3,994 13.0
401 2,499 3 833 3.4
405 1,765 3 588 2.1
497 9,770 3 3,257 12,3
725 7,979 3 2,650 9.2
727 3,940 3 1,313 4.6
731 7,241 3 2,4l4 10.0
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(ill) Ferrous sulphate, 0.1 jxg of elemental iron.

Experiment M.A.13

Isotope FS”279"'lj Abbott Laboratories ^%er*rous sulpha,te - 
8.A. - l6 jAc/j,ig. Elemental iron content = 1.8 jig/ml.

Carrier - none,

Dose - 0,055 ml isotope 0,1 jUg, Elemental iron (1.6 jic). 
0.045 ml deionized water.

Total dose per mouse " 0,1 iron in 0,10 ml dosing solution
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Mouse
number

S tra in  -& Age 
-.genotype _ (days) ^

P .C .V .
%

Counts 
(per mouse) 
on day 0 Mins.

c.p .m .
on 

day 0

Standard -- - 267,144 2 133,572

891 149 44 .5 245 ,985 2 122,992

893 -t-A 149 42 .5 2274240 2 113,620

92 3. -HA 119 49 .5 251 ,711 2 125,855

923 F)| ,3 la A 113 33 236,262 2 118,131

925 119 47 .5 235 ,451 2 117,725

927 F 4 fSlaA 113 2 8 .5 275,008 2 137,504

929 F4 . M a / " 83 20 272,629 2 136,314

933- F4, + A 83 44- 231 ,069 2 115,534

935 Fu,slaA 83 2 4 .5 234 ,485 2 117,242

941  ̂4 83 20 279 ,674 2 139,837

943 F4;8laA 83 13 302,770 2 151,385

945 F4j slaA 83 18 320,683 2 160,341

947 F/|, s la A 83 14.5 194,870 2 97,243

955 Fip -+/- 88 46 .5 283,272 2 141,636

957 F4J -(-A 88 49 .5 247,271 2 123,635

959 -|~A 88 48 282 ,741 2 141,370

961 F4, -f A 88 48 22 0,546 2 110,273

963 F4, -4A 88 46 254,907 2 127,453

969 FA(.,slaA 84 2 2 .5 244 ,595 2 122,297

975 F4 jSla/- 84 25 274,275 2 137,137
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Mousenumber
Counts 

(per mouse) 
on day 1 Mins 0

G»p,m.
on 

day 1
retention 
of 59Fe on day 1

Standard 276,605 2 138,302 «
891 84,072 2 43,036 33.0
893 22,048 2 11,024 9.4
921 16,999 2 8,499 6.5
923 89,382 2 44,691 36.5
925 125,718 2 62,859 51.6
927 18,232 2 9,116 6.4
929 42,203 2 21,101 15.0
931 63,416 2 31,708 26.5
935 26,687 2 13,343 11.0
941 188,796 2 94,398 65.2
943 85,872 2 42,913 27.4
945 88,218 2 44,109 26.6
947 47,902 2 23,951 23.8
955 102,825 2 51,412 35.1
957 164,031 ' 2 82,015 64.1
959 132,127 2 66,063 45.1
961 154,110 2 77,055 67.5
963 46,002 2 23,001 17.4
969 157,286 2 78,543 62 .1
975 49,717 2 34,858 17.5



%

Mouse
number

C om it s 
(p e r  mouse) 

on day 2 M ins.

o.p.m.
(in 

day 1

r e te n t i '  
of 59p, 
on day

Standard 279,915 2 138,857

891 67,627 2 33,813 2 6 ,4

893 19,439 2 9 ,719 8 .2

921 12,582 2 6,291 4 .8

923 54,624 2 27,312 22 .2

925 102,828 2 51,414 42 .0

927 9,442 2 421 3 .3

929 19,120 2 9 ,560 6 .7

931 49,567 2 2 4 ,7 8 8 2 0 .6

935 14,940 2 7 ,470 6 .1

941 112,984 2 56,492 38 ,9

943 45 ,040 2 2 2 ,5 2 0 14.3

945 41 ,911 2 2 0 ,9 5 8 12 .6

947 2 9 ,38 0 2 14,590 14 .5

955 83,060 2 41 ,530 26 .2

957 147,482 2 73 ,741 57 .4

959 107,999 2 53,999 36 .7

961 139,964 2 69,972 6 1 .0

963 40,387 2 2 0 ,19 3 15.2

969 110,416 2 55,208 43 .4

975 33,291 2 16,645 11.7
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fo

Mouse
number

C ount s 
(per mouse) 
on day 3 Mins.

o.p.m.
on 

day 3
retenti of 59Pi 
on day

Standard 273,934 2 136,967 ”

891 63,603 2 31,802 25.2
893 17,005 2 8,50a 7.3
921 11/216 2 5,608 4.4
923 41,243 2 20,521 17.0
925 100,254 2 50,127 41.5
927 6,919 2 3,459 2 .5
929 14,664 2 7,332 5.2
931 46,765 2 23,382 19.7
935 12,404 2 6,202 5.1
941 82,508 2 41,254 28.7
943 38,878 2 19,439 12 .5
945 35,086 2 17,543 10.7
947 21,203 2 10,601 10.6
955 86,829 2 43,414 29.9
957 141,420 2 70,710 55.8
959 100,353 2 50,176 34.6
961 120,522 2 60,261 53.3
963 39,283 2 19,641 15.0
969 75,308 2 37,654 30.0
975 17,717 2 8,858 6.3



4 2i

c ount s p
retention

Mouse
number

(p er mouse) 
on day 4 Mins .

on 
day 4

of
on day

Standard 236,705 2 118,353

891 47 ,460 2 2 3 ,7 3 0 2 1 ,8

893 13,709 2 6,855 6 .8

921 8 ,771 2 4,386 3 .9

923 28 ,59 0 2 14,295 13.6

925 74 ,000 2 37 ,000 35 .5

927 5 ,346 2 2 ,6 7 3 2 .2

929 10,195 2 5 ,098 4.2

931 32,597 2 16,299 15 .9

935 8,23a 2 4,116 4 .0

941 57,219 2 2 8 ,6 1 0 2 3 .1

943 26 ,67 0 2 13,335 9 .9

945 24 ,90 6 2 12,453 8 .8

947 15,983 2 7,992 9 .3

955 64 ,571 2 32,286 2 5 .7

957 94,698 2 47 ,349 43.2

959 69,752 2 34 ,876 2 7 .9

961 98,718 2 49 ,359 50 .5

963 2 6 ,1 3 8 2 13,069 11 .6

969 50,031 2 2 5 ,0 1 6 2 3 .1

975 17,716 2 5,858 4 .8
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Mouse
number

Count s 
(per mouse) on day 5 Mins.

o.p.m.on 
day 5

retention of 59?e
on day 5

Standard 240,610 2 120,305

891 44,483 2 22,242 2 0 .1

893 16,132 2 5,377 5 .3

921 8 ,403 2 4,202 3 .7

923 28,564 2 14,282 13.4
925 72,131 2 36,066 34.0
927 4,429 2 2,215 1 .8

929 11,549 2 5,775 4 .7

931 30,421 2 15,211 14 .6

935 7 ,7 83 2 3,792 3 .6

941 52,054 2 26,027 2 0 .5

943 23,388 2 11,694 8 .6

945 23,015 2 11,508 8 .0

947 14,508 2 7,254 8 .3

955 59,748 2 29,874 2 3 .4

957 93,631 2 46,816 42 .0
959 69,970 2 34,985 2 7 .5

96:1 91,543 2 45,774 46.1
963 26,973 2 13,487 11.7

969 48,280 2 24,140 2 1 .8

975 11,788 2 5,894 4 .8
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(iv) Haemoglobin, 10 yug of elemental Iron.

Experiment M.A.10

C57B1/6J mouse given 0,9 ml of ^^Ferrous citrate FG-489-11 
(Abbott Laboratories), containing 1.17 of iron and 
17.6 jio of radioactivity.

Haeniolysate of strength 5GHb/lOO ml, was prepared 5 days 
later. Iron content 170 Fe/ml. 10 of elemental iron 
is thus contained in O.O6 ml of haemolysate.

Dose given per mouse - 0„06 ml haemolysate diluted with an equal 
quantity of saline, i.e. 0.12 ml.
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Mous©
number

Strain & 
genotype

Age P.C.V.
(days) f>

Counts 
(per mouse) 
on day 0 Mins.

c.p.m.
on 

day 0
Standard - 4,659 5 932
397 F g , i-A 363 44 5,512 5 1,102
405 Fg , 'tA 333 43 4,722 5 944

423 + A 320 45 5,318 5 1,064
393 F g .8laA 366 25.5 4,997 5 999
395 Fg ,sXaA 366 32 5,278 5 1,056
401 F g , s l a A 336 34 5,931 5 1,186
345 F2 , B la 378 22 5,712 5 1,142

Mouse
number

G ounts 
(per mouse) 
on day 5 Mins 0

o.p.m.
on day 5

%
retention
of
on day 5

Standard 8,531 10 853 —

397 261 20 13 1.3
405 298 20 15 1.7
423 297 20 15 1*5
393 317 20 16 1*7
395 221 20 11 1 .1

401 263 20 13 1.2

345 275 2 0 14- 1*3
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Experiment M,A.Il

C57BI/6J mouse given ^^%errous citrate, EG-496-5, (Abbott 
Laboratories). No further details available,

Haemolysate prepared on the 5th clay after injection, 
haemoglobin content 15.6G/IOO ml. Thus, 10 jig elemental 
iron is contained 0.02 ml of haemolysate.

The haemolysate was then diluted with 4 parts of de-ionlzed 
water and a total dose of 0,1 ml given to each mouse, 
containing 10 jig elemental iron as haemoglobin.
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Mouse
number

Strain & 
genotype

Age 
(days)

P.C.V.
....^ ____

C ount s 
(per mouse) 
on day 0 Mins.

o.p.m,
on

ciay._0._
Standard 9,615 2 4,808
415 Fg, +/" 380 47.5 23,048 4 5,762
417 F2. -f/-* 380 46 12,103 2 6,052
435 Fg, i-A 381 50 13,558 2 6,779
451 Fp , ~f A 317 48.5 10,486 2 5,243
391 F2 3 s Xa /" 407 25.5 10,948 2 5,474
413 F2, s Xa /-' 380 31.5 18,978 4 4,745
433 F p ,8laA 380 33 21,279 5 4,256
453 Fp ; s laA 317 40.5 31,456 5 5,291

Mouse
number

Counts ' 
(per mouse)
on day 5 Mins,

G.p.m.
on day 5

retention 
of 59Fs 
on day 5

Standard 9,184 2 4,592
415 3,129 10 313 5*7
417 1,455 10 146 2,5
435 1,594 10 159 2.5
451 1,099 10 110 2,2
391 1,565 10 157 3*0
413 1,023 10 102 2.3
433 2,219 10 222 5.5
453 1,349 10 135 2.2



F, Determinations of the absorption of radioiodlnated 
triolein 0

Experiraent M .A,17

Isotope K89R96 ''Trloleotope*’, Squibb.

0,50 radloiodinated triolein, activity 80 ̂ c, was 
suspended in 8 ml commercial margarine.

Dose - 0.1 ml margarine containing 1 jiq of radioactivity and 
6.25 mg triolein.
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Mouse
number
Standard
1281
1283
1289
1305
1321
1323
1357

1359
1377

197
197
197
192
182
182
179
179

177

Genotype
ni

't'A, F4 
s la A
slaZ-.Pij. 
sla/-,Fg 
+/-, Fg
+/-,F2
+/-, Fij,
~t" /" > F^ 
3.1a-/- ,F )j 
8la/-,F),

Haematoorlt 
(peg pent)

o.p.m. day 0 
whole mouae

51
29
27
20
41

41

53

50
2 8 .5

___

34,559
46 ,714

33,547
53,897
45,379
29,362
44 ,955

51,459
43,310
46 ,357

46 ,401

Mouse
number

o.p.m. faeces*
(5 day collection)

$ o.p.m. In 
faeces

radio-iodinated 
triolein retained 

on day 5

Standard 12,744 -
1281 1,527 8.7 9 1 .3

1283 635 5.1 94.9
1289 1.115 5.5 94.4

1305 1,293 7.7 92.3
1381 447 4 .1 95.9
1323 2,636 15.9 8 4 .1

1351 3,567 18.8 81.2
1359 1,343 8 .4 9 1 .6

1377 1,985 11 .6 8 8 .4

W __________ .. ....... _ 5JS . .. -3. ._0 __ ___________________ 2 7 .0

*Based on 5 mln. counts.

__ ® o *712Standard day 5
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Go Determinations of the absorption of zinc, cobalt and 
copper.

ExperIment M,A,l8a ZInc

Isotope 48l4‘70, Z.A.S.l, Elnc Chloride Radiochemical
Centre, Amersham, England, Specific activity, 0,56 juo/ug. 
Elemental zinc content 1,6 mg/ml.

0.1 ml of isotope solution was diluted to 4 ml with 
distilled water*.

Dose - 0.1 ml of diluted isotope containing 3*3 ̂ g of 
elemental zinc and 2 jio of radioactivity.
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Experiment M.A .18b, C oba11

Isotope I 481468, C.T.S.l, Cobaltous chloride .
The Radiochemical Centre, Amersham, England. Specific 
activity 3*3 mc/^g. Elemental cobalt content 0,28

Ool ml of isotope solution was diluted to 6 ml with distilled 
water.

Dose - 0,1 ml of diluted Isotope solution containing 
0.0006 jug of elemental cobalt and 2 jXG of radioactivity.



654
(3 mo o
o o\ .:d" o\ A as CM VO 00 00^  S3in 'O 1 « 0 0 • 0 0

m r4 P«| 0 on 0 0 0 r4 r”I43 a05 o o
%4

m 05{% M
gS î3T3 Q vo O! rH M VO OS (H! 0 VO0 fc- 0 ao r4 A 0 VO (X 0\ CM* fS- LA CVJ evi as C3N 0 A on HS 05 n es es es* r4 o\ r-j tH CVI en iH rH
Qi O 00• ÆD  SB

O 05k) çg03 d*o g ■st rl on A en 0 CM VO t- 0 0
, ^ m 0 00 A VO m A ÎS- zt CM rHen m r"! # A on 0 M VO rn o\0 05 ®4 «f» n *» n es n r,0 r**J 03 en 0 M c- VO A A Os 0P, O b\ CD o\ 00 0- CO 0 î>” 0 X GS« fl r~i Mo  ^

43 ^«M 43
U 00  05 LA LA A A A A0 0 • * 9 0

i 00 -st A A en O- A VO VOC\îg (D J=j- zd- zrf- zf CM CM CM CJ CM
05 A

05 Ü zt zj' zt ztPt*H -# Zîî* PCf Pza r®î0 Pm Ph l̂j «% es43 ^ t t t 10 43 1 es X.. X X X X0  m 1̂ i cdt cdj ed cdt (d|05 > > (—Il r="l| r—1 M Ml
-+ 4 t 4 \ oaj m| m tsj m|

mm  ^ 00 b— *>- t>-“ en VO VO IX VO XW  0 I A A A z;)' 00 on CM A CM<  T) 1—1 tH H rH 1—1 f*4 fH (H (H r4tHX

r0
Ucdm 05 «o

m  ̂ 0 a\ A a\ t- r”l 00 A A A Xg i 8 Oi zd- zt 00 A A CO X0 1 43 ts. Ĵ*w» t*«» b- ĴMwa IX X vq X^  0 m I™t f—1 M (~=J f—l f“3 r—î fH r4 f—1
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Experiment M.A .l8c, 0 opper

Isotope 435, 1967 Cuprous nitrate (^Cu), Nuclear 
Science and Engineering Company. Specific activity,
9.89 /^g. Elemental copper content - 1.53 mg/ml,

0.1 ml Isotope solution was diluted to I5.5 ml with 
distilled water.

Dose - Ool ml of diluted isotope solution containing 
10jpg of elemental copper and 100jxg of radioactivity
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APPENDIX D

RESULTS OP MISCELLANEOUS INVESTIGATIONS



1. Déterminâtions of serum iron concentration 
a ) N omal mic e ( genotype, 4- A  )

53

Mouse
number

Age
(daya) Stock

Haematoorlt 
per cent

volume
of serum 
used (ml)

Serum iron 
(ug/lOO ml)

347 478 Fg 43.5 0 .4 1 284

359 503 Fa 46 0.52 217
367 504 Fa 45.5 0.50 154
373 518 Fg 44 0.62 217
377 507 Fg 47 0.37 271
397 493 Fg 44 0.37 305

711/719 318 F% 39/42 0.60 246

713/723 318 Fl 4 1 /46 0.90 223

721/739 318/% 92 Fl 42/40 .5 0.70 247

725 330 Fl 45 0 .4 1 278
775 214 F3 48 0 .4 0 231
781 193 F3 4 1 .5 0.34 251
787 192 ^3 52 0.36 257

789/835 180/111 F3 46 /49 0,47 260
841 173 Fg 46 0 .1 9 272
845 173 F3 48 0.27 254
847 172 F3 4 0 .5 0.34 280
859 109 F3 42 0 .4 0 210

861 109 ^3 4 2 .5 0.30 190
863 92 F3 44.5 0.32 249

865 91 ^3 45 0.15 298



Volume
Mouse Age Haematoorlt of serum
number (days) Stock per cent used (m;

Serum iron 
m:

867 150 ^3 45.5 0,20 345
869 104 P3 44.5 0.21 272

877 131 ^3
47 0.38 269

879 131 F3 49.5 0 .2 1 322
881 131 F3 42 0.50 170
885 123 F3 48 0 .2 1 281



Td) Anaemic mice (genotype^ a la/-)
Volume

Mouse
number

Age
Stock

Haeraatoorlt 
per cent

of serum 
used (ml)

Serum Iron 
(;cg/1 0 0 ml)

5 3 ' 511 O.M.S. 18.5 0,80 223
345 545 ^2 22 0.42 73

391 320 ^2 25.5 0.79 491
395 545. ^2 31.5 0.52 73

401 467 Fg 34 0 .4 0 80

453 407 F2 4 0 .5 0 .4 8 111

491 162 Pg 13.5 0.60 215
805 142 ?2 26 0.37 80
811 142 Fg 23 0.50 564

855 104 ^3 29 0.56 220

883 123 P3 30 0.49 97

887 69 ^3 28.5 0.52 69
911 86 ®3 19.5 0 .4 6 43
917 84 ^3 34.5 0.60 132
919 84 F3 25.5 0 .4 8 76
987 269 1̂ 2 30 0 .4 4 72
997 264 ^2 30 0.42 171

1003 258 ^2 35.5 0.34 240

1035 257 ^2 31 0.27 101

1039 257 1̂ 2 2 5 .5 0 .4 8 48

1049 257 Fa 31 0 .4 4 62
1051 251 F4 22 .5 0.38 64

1329 161 Fg 37.5 0.29 64

1495 146 ?4 20 0.32 31
1557 132 F4 23.5 0.60 143
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Determinations of total serum Iron binding capacity 
a) Normal mice (genotype, + A )

Mouse
number

Age
(days) Stock

Haematocrlt 
(^)......

Volume 
of serum 
used (ml)

T.I.B.C.
ug /100 ml 

serum

1007 197 "3 4 8 .0 0.45 432

1015 173 ^3 50.0 0.34 426

1087 108 F3 45.5 0 .2 5 480

1115 140 ^3 4 4 .0 0 .4 0 385
1241 149 F4 43.0 0.30 432

1279 134 F4 55-0 0.28 360
1307 115 ^3 4 2 .0 0.29 399

1347 109 52.0 0.30 442

b) Anaemic mice (genotype, sla/-)

Mouse
number Age , 

(days) Stock
Haematocrlt

($)
Volume 
of serum 
used (ml)

T.r.B.c.
ug/100 ml 

serum
1009 197 F3 2 4 .5 0.52 566
1017 173 F3 19.0 0 .4 0 549
1085 108 F3 22.5 0.32 603
1117 140 P3 29.0 0 .4 4 541

1201 146 ^3 29.0 0.38 606
1243 134 Fa 17.5 0.58 488

1259 133 Fg 32.0 0.25 691

1275 134 F4 27.5 0 .4 6 678

1345 109 F4 23.5 0 .4 8 786
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4. Free erythrocyte protoporphyrin concentration
Free erythrocyte 
protoporphyrin

Mouse Age 
number (days)

Genotype 
and stock

Haematocrlt
. ü )  ..............................

jUg/100
red ce

- 300 ■+/-, C57B1/6J 39.5 63.7
300 +/-, C 5TB1/6J 40.5 70.4
300 3-/-, C57B1/6J 46 54.9

701 110 -+■/“, F ̂ 45 102.7
703 110 +/-, 42 .5 42.4
705 110 +/-•, P^ 49 49.5
292 471 -+/-, P^ 37 37.5
53" 511 sla/-. O.M.S. 18.5 200.0

729 68 sla/-, FoWnH'̂WPÉh.Hf  ̂ Cm. 42 •112.7
491 162 s laA y Fg 13.5 211.7
499 116 16.5 421.5
335 434 t/", Fi 40 14.0
337 431 +/-, Pi 37.5 35.3
339 431 +/-, Pi 38 21.9
805 141 s la. A  s Fg 26 182.4
809 141 slaA y Fg 20 336.6
811 I4l slaA y ?2 23 128.6
479/481* 8l -+A, Fg 45 54.4
483/487/ 8l sla/-y Pg 19 583.5

Samples pooled.
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5. Haemoglobin and transferrin electrophoresis

Mouse
number

Age
(days)

Genotype 
and stock

Haemoglobin
pattern

Transferrin
type

20 800 slaA, O.M.S. single band
32 ' 375 sla/|-, O.M.S. single band b
33 476 H - / - ,  O.M.S. single band -
4 6 ' 387 ala/-j O.M.S. single band a/b
82 ' 531 ala/ala, O.M.S. - b
9 0 ' 490 ala/sla, O.M.S. - b

193 123 ala/-, O.M.S. » b
237 294 •+/-, Pi “ b
245 287 3 7-, Pi b
405 246 3-/-, Fa - b
446 253 - b
510 176 SlaA-. O.M.S. single band b
527 131 slaA a O.M.S. - b
528 89 sla A-. O.M.S. single band a/b
529 103 slaAj O.M.S. - b
530 89 sla/H-, O.M.S. single band b
533 89 slaA> O.M.S. single band b
537 80 3 la /•** J O.M.S. - b
823 196 H7 -, P3 - b
825 196 3-/-, P3 » b
827 196 ~f"Ay F g b
829 197 -f/~, P3 b



5. 0 ontInued

68

Mouse
number

. Age (days)
Genotype 
and stock

Haemoglobin
pattern

Transfe
type

831 195 37"°, P 3 *= b
833 195 P3 — b
1101 247 sla/-, Ph single band b
1103 247 +/“, P4 single band b
1685 111 a la A  Pjj single band b
1729 98 '+/“, P4 single band b
1731 98 -I/-, P4 single band -
1745 112 77-, P4 single band b
1747 112 ■+/-, P4 single band -
1749 112 7/., P^ single band —
1753 91 sla/- P single band b
1755 91 a la/-y Fĵ single band b
1775 82 8 la/-y P2(. single band b
1777 82 G la /- y Pjtj. single band b



6, Electrophoresis of - labelled transferrin in
starch gel. The section of gel containing the transferrin 
band is marked with an asterisk.

Mouse numbery 32 '| age, 375 days; genotype. sla/-f-| st(
O.M.S,Î haematocrlt , 49,4%; transferrin type b .

Section number c.p.m. Section number c.p.m.
1 49 5 81
2 191 6 54
3 ^ 641 7 61
4 317 Total 1394

Mouse numbery 46'; age, 387 days; genotype, a la A; st<
O.M.S,; haematocrlt 22%; transferrin type. ab 0

Section number c .p.m. Section number c .p.m.
1 9 6 53
2 11 7 8
3̂ 138 8 13
4*Jt 187 9 4

5 102 Total 516

Mouse numberf 82*; age, 536 days; genotype. sla/sla;
stock, O.M.S,; haematocrlt. 45%; transferrin type, b ,

Section number G .p.m. Section number c.p.m.
1 337 7 53

2 867 8 47
3 766 9 42

4-ÎÎ* 3948 10 30

5 828 11 23
6 H R Total 70R6
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Mouse number 90'; age, 494 days; genotype, 3la/a la; stock
O.M.S.; haemat ocrlt , 47%; transferrin type, b.

Section number c.p.m. Section number c.p.m.
1 45 7 35
2 80 8 43
3 1X0 9 23
4̂^ 1268 10 33
5 972 11 32
6 68 Total 2699

Mouse number, 193; age, 123 days; genotype, ala/-; stock.
O.M.S.; haematocrlt , 39%; transferrin type, b.

Section number c.p.m. Section number c.p.m.
1 27 6 9
2 53 7 12
3̂ 580 8 17
4 175 9 4
5 26 Total 860

Mouse number, 237; age, 294 days; genotype, -f-A“I stock, F
hybrid of O.M.S. and C57BI/6J strain; haematocrlt, 50.5%,
transferrin type b .

Section number c.p.m. Section number 0.p.m.
1 8 6 4
2 9 7 13
3* 349 8 4
4 92 9 3
5 25 Total 446



671
Mouse number, 245; age, 28? days; genotype, +•/•»; stock.
hybrid of O.M.S. and C57B1/6J strain; haematocrlt, 42%,
transferrin type. b .

Section number c .p.m. Section number c.p.m.
1 70 6 13
2 78 7 12
3̂ 636 8 13
4 159 9 14
5 45 Total 1007

Mouse number, 405; age, 254 days; genotype, A  A ■; stock
hybrid of O.M.S. and G57B1/6J strain; haematocrlt 44%;
transferrin type. b P
Section number c.p.m. Section number c.p.m.

1 23 7 33
2 4o 8 22
3 180 9 33
4 1967 10 27
5 620 11 23
6 52 Total 3020

Mouse number, 446; age, 26l days; genotype, stock
hybrid of O.M.S. and G57BI/6J strain; haematocrlt, 45.;
transferrin type. b.
Section number c.p.m. Section number c.p.m.

1 142 7 33
2 547 8 33
3 1896 9 27
4% 5612 10 28

5 1858 11 20
6 125 Total 10,321
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Mouse number, 510| age, 176 days; genotype, sla A- ; stock,
O.M.S.; haematocrlt, 52%; transferrin type, b .

Section number c.p.m. Section number c.p.m.
1 66 5 96
2 196 6 48
3'̂ 625 7 60
4 354 Total 1445

Mouse number, 530# age, 70 days; genotype, sla/-p ; stock 
O.M.S.; haematocrlt, 4^ ;  transferrin type, b.

Section number c .p.m. Section number c.p.m.
1 37 5 49
2 158 6 33
3-"* 291 7 54
4 123 Total 745

Mouse number 533S age, 70 
O.M.S.; haemat ocrIt, 2 7%1

days; genotype, slaA 
transferrin type, b .

“1 stock.

Section number c.p.m. Section number c.p.m.
1 131 5 52
2 272 6 20
3 *̂ 548 7 37
4 121 Total 1161
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APPENDIX E

EFFECT OF THERAPY



674
A. Parenteral Iron dextran (’’ïmferon") in a single 

dose
(i) Dose of elemental iron, 0.5 mg

MouBe number, 1'; genotype, sla/-; stock, O.M.S.; 
age, 41 days.

Haematocrlt before treatment: 30%
Haematocrlt 1 week after treatment: 51%
Haematocrlt 2 weeks after treatment: 46%
Haematocrlt 3 weeks after treatment: 4^
Haematocrlt 7 weeks after treatment: 37%
Haematocrlt 15 weeks after treatment: 44%

Mouse number, l6'; genotype, sla/-I stock, O.M.S.; 
age 4l days.

Haematocrlt before treatment; 29*5%
Haematocrlt 1 week after treatment! 50.5% 
Haematocrlt 2 weeks after treatment! 45%
Haematocrlt 3 weeks after treatment: 44%
Haematocrlt 13 weeks after treatments 43% 
Haematocrlt 15 weeks after treatments 44% 

Mouse number, 25; genotype, sla/-.; stock, O.M.S*; 
age 40 days.

Haematocrlt before treatments 23%
Haematocrlt 1 week after treatment: 47%
Haematocrlt 2 weeks after treatments 44.5%
Haematocrlt 3 weeks after treatment! 43%
Ha,ematocrit 7 weeks after treatments 34%



675
! number, 281 genotype, sla/slaj stock. O.M.S
age 39 days '

Haematocrlt before treatment: 29^
Haematocrlt 1 week after treatment:
Haematocrlt 3 weeks after treatment : 5C^
Haematocrlt 6 weeks after treatment ; W
Haematocrlt 19 weeks after treatment : 57^

number 32 *;  genotype, sla/slag stock. O.M.S
age 103 days.

Haematocrlt before treatment s 27%
Haematocrlt 1 week after treatments 5O5S
Haematocrlt 3 weeks after treatment: 42#
Haematocrlt 20 weeks after treatments 480

number, 65I genotype, sla/-;  stock, 0.M.S.J
age 41 days

Haematocrlt before treatment : 270

Haematocrlt 1 week after treatment : 470

Haematocrlt 3 weeks after treatment : 490

Haematocrlt 6 weeks after treatment i 420

Haematocrlt 16 weeks after treatment s 44.50

Haematocrlt 32 weeks after treatment! 36.50
Haematocrlt 36 weeks after treatment : 26.50
Haematocrlt 53 weeks after treatment: 290
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Mouse number, 68; genotype, sla/sla; stock, O.M.S*; 

age 4l days.

Haematocrlt before treatments 28%
Haematocrlt 1 week after treatments 29% 
Haematocrlt 3 weeks after treatment; 4l%

Mouse number, 88; genotype, sla/sla; stock, O.M.S * ; 
age 39 days.
Haematocrlt before treatments 29%
Haematocrlt 1 week after treatment: 42%
Haematocrlt 3 weeks after treatment: 46%
Haematocrlt 6 weeks after treatment: 4l%
Haematocrlt 21 weeks after treatments 49°5%
Haematocrlt 32 weeks after treatment: 43%
Haematocrlt 36 weeks after treatment: 45%
Haematocrlt 43 weeks after treatment: 45*5%

Mouse number, 98; genotype, sla/sla; stock, O.M.S.; 
age 38 days.
Haematocrlt before treatment : 24.5%
Haematocrlt 1 week after treatment: 43%
Haematocrlt 2 weeks after treatment: 4l%
Haematocrlt 8 weeks after treatment! 28%
Haematocrlt 15 weeks after treatment : 27*5%
Haematocrlt 19 weeks after treatment: 15%
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Moue e number, 5 6; genotype, sla/s las stock, O.M.S.; 

age 112 days.

Haematocrlt before treatment :
Haematocrlt 3 weeks after treatment; 48%
Haematocrlt 5 weeks after treatment: 43%
Haematocrlt 6 weeks after treatment: 37%
Haematocrlt l6 weeks after treatment g 47% 
Haematocrlt 32 weeks after treatment; 50% 
Haematocrlt 57 weeks after treatment: 42,5%
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B. Parenteral pyrldoxine hydrochloride In a single 

dose.
(1) 0,1 mg

Per cent haematocrlt at
Mouse
number"'̂

Before
treatment

1
week

2
week 3week

4
week

543 28 29.5 25 27 22
545 26.5 30 28.5 26.5 25.5
547 29 29 29 22 24.5
549 23 23.5 21.5 22 14

*A11 animals of genotype sla/», of the original 
mixed stock aged 75 days,

(li) 5 rag

Per cent haematocrlt at
Mousenumber* Genotype Beforetreatment

1
week 2week 3week

4
week

23 sla/- 27 33.5 - 28 33
50' sla/sla 30 29 30.5 “*

ala/sla 25 25 29 31
3* sla/- 30 31 25

*All animals of original mixed stock, aged between 
43 and 55 days.
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C* Parenteral vitamin in a single dose of 100

er ce
1 week

Mouse
number

Age
(days)

Genotype
and strain

Before
treatment

after
treatment

393 356 sla/—, Fg . 16 25
401 326 sla/T', Fp 39 34
431 329 sla/-, F2 31 31.5
52T 117 sla/-, O.M.S. 32 26.5
529 117 sla/-, 0,Mc 3 . 32.5 27
533 117 sla/-, O.M.S. 24 23

D. Parenteral folic acid in a single dose of 0,5 mg

Mouse
number

Age Genotype 
and strain

Haemat oc rit (per c @nt 
1 week 

Before after 
treatment treatment

345 368 s la /—, 28 22
395 356 s la /—, F1 32 31.5
527 131 sla /", O.M.S. 26.5 35
529 131 B la /"", O.M.S. 27 32
531 131 8 la /*“*, O.M.S. 20.5 18.5
533 131 Bla/-, O.M.S. 23 23
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E, Parenteral ’’delatestryl" (Squibb) ~ Testosterone 

enanthate In a single dose of 20

Mouse 
numbe r*

Age
..(day_sj

Haematocrlt (per cent)
Before
treatment

1 week 
after 

treatment
55' 4̂7 31.5 35
165 497 32.5 29.5
527 180 22 29.5
529 180 31.5 32.5
531 180 24 18
533 180 26.5 24

*A11 animais of genotype sla/-, of the original 
mixed stock.

F. Histochemical demonstration of Iron stores 
following treatment with Iron dextran.

(l) 0.5 mg dose of elemental iron.

Mouse number, 65; genotype, slaA ; original mixed stock; 
time lapse between treatment and sacrifice, 4̂ 0 days; 
age at death, 491 days, haematocrlt, 29%•
Spleen; Stainable iron is not present. The red pulp 

is hyperplastic (occupying 50-75% of the 
splenic tissue) and shows very active haemopoiesis 

Heart : Stainable iron is not present.
Lung: Stainable iron is not present.
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Mouse number, 68; genotype, sla/sla; original mixed 
stock; time lapse between treatment and death, 23 
days; age at death, 64 days; haematocrlt, 4l%.
Spleen; Stainable iron is not present. The red pulp

shows moderate hyperplasia occupying 
25-50% of the splenic tissue. Active 
haemopoiesis is seen.

Liver ! Stainable iron is not present. Haemopoletic
elements are not seen.

Heart : Stainable iron is not present.
Kidneys Stainable Iron is not seen.

Mouse number, I63; genotype, sla/-; original mixed 
stock; time lapse between treatment and death,
3 days; age at death, II8 days; haematocrlt, I8 .5%. 
Spleen! Stainable iron is not present ; there is

hyperplasia of the red pulp which occupies 
50-75% of the spleen. Very active 
haemopoiesis is seen.

Liver ; Stainable iron is not present, Haemopoletic
foci are not seen.

(li) 5 mg dose of elemental iron.

All mice studied were F/| hybrids of genotype 
sla/-, sacrificed 84 days after treatment. Age at 
time of death is given below.



68:

Mouse
number

Age
(days)

Haematocrlt
. % _

Spleen
iron
stores Red pulp (% of spleen)

923 251 43 Grade 4 25
927 251 42 ■ Grade 4 25
929 2.15 40.5 Grade 4 25-50
935 216 43 Grade 4 25
941 216 41.5 Grade 4 25
943 216 45 Grade 4 25
945 216 45 Grade 4 25-50
947 216 44 Grade 4 25

Liver iron stores Bone marrow 
(sternum)

Mouse
number Parenchyma Kupffer

celle Appearanc
Duodenal mucosa 

e Iron Iron
923 % *)!■ 'îî’ ** Normal 0 3
927 ### •Îï-U* no tissue taken 3
929 Normal 0 3
935 Normal 0 3

941 ### Normal 0 2
943 •'ik i:' Normal 0 2
945 ■îî-îî* •îHî- Normal 0 2
947 •tri:- no tissue taken 4

•Vï-vî- % stainable iron present In all or nearly all
parenchyma1 cells.

'«■ SÎ Kupffer cells contain abundant stainable Iron


