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The X-linked ansemia of mice {gone symbol, gla) is hypochromlc and
microcytic in character. Typically, the mean corpwscular haemoglobin
concentration, the mean eell volume and the mean cell diameter are reduced.
Angenia is moderately severe in young hemizygous male and homozygous
female mice, and regresses spontanecusly with age, Heberozygous femnle
animals show little or no haemntologieal abnormality, and dvwality of the
red cell populatlon is not gsen.

The iron steres of énesemic mice, as determined hoth chemieally
and histechemieally, are depleted at all ages. The clearance of iron
from the plesma is rapid end the appearance of radio~iron in the red cells,
after parenteral injection, is both greater and more rapid than normel.

The serman iron concentration is low and the total serum iron bhinding capaie
eity is elevated, as is the free erythrocyle protoporphyrin concentration.
The ansemia responds well to parenteral iron dextran., Together, these
findings ave characteristic of iron deficlency.

In contragt to the uwsual situation in iron deficiency in man snd
other memmals, lutestinal iron shsorption is not increased in X-linked
angemie of mloej indesed o significantly lou level of absorption of inorzanic
iron at three dose levels (0,1, 1.0 and 10 ug) has been found, Histow
chemieal studies reveal abnormal acoumulation of stainable iron in thoe
micosal eplthelium 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 amall bowel, probobly ap a result of a
primary, genetically controlled, fault in the metabolic processes of iron
trangfer from the mucosal cell to the plasma. The histochemlcal findinga

in the mucosal epithelium of heberomypous carriers are consistent with,



althongh they do not conptltule proof of, the provisions of the Lyon
hypothesis of Xechronosome inactivation.

X-linked mouse anaemia does not, at present, seem to be a model
for any known form of heritable humen sneemia, but is potentially a useful
tonl in the investigation of the still mysterious processes whereby iron
lg transferred from the mucosal epithelium %o the plasma. A hypothetlcal
nodel exploining known features of iron absorption, and incorporating
possible sitee of action of the gla gene, is presonted and discussed. It
is postuleted that the glg gene controls the production either of en enzyme
(Miron transferase®) necessary for the transfer of irom to the plasma from
the mucosal epithelial cell of the amnll bowel, or of a carrier substance

{Meytoferrin®) to which iron must be bound for this transfer to be achieved.
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PREFACE

A variety of inherilted anaemias of mlce has been
described in the last {ifty years and sowme already {rom
valuable experimental teools for research ln haematology,
lmmunology and developmental bilology. Others are less
well known and have been as yet Little studied.

The exlstence of such a series of wmutants exhlbiting
anaemla through direct or Indirect interference wilth the
compllcated processes of red cell formation at different
points provides an opportunlity to identifly and analyse
single steps. IKach abnormal mutant gene wmust, perforce,
have a normal allele ag 1ts counterpart,; subserving a
gingle normal function, and comparigon of the expression
of the mutant and norwal genes may permit definltion of
the normal gene action. In such a way has the study of
the heredltary coagulation disorders in man led to better
understanding of the normal coagulatlon mechenlsm,

In gome of the Inherlted mouse anaemias, the
haematological changes represent but one of a group of
features, or plelotroplc effects, of the actlon of a
single gene, and detalled analysis of these different
features nay offer inslght into the control of developmental
procegsses. Some mouse anaemlas closely mimlc human

disorders and are exploited as models of human disease,
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It 1s the purpose of this thesis to describe in
detall the haematological and histopathologlcal findings
in the sex-linked or, preferably, X-linked anaemla of nmlce,
to present data Indlcating that the fundamental disturbance
concerns the Iintestinal absorptlion of iron, and to assess
the value of X-linked mouse anaemla as a model Lfor human
digease.

The thesls beglins with a2 degeription of the normal
haematological pleture in the laboratory mouse and a review
of the heritable wmouse anaemiasg; previous published work
on X-linked snacmia (gene symbol, gla) is considered in a
separate chapter. The lnvestigations forming the body of
the thesis are then reported, followed by discussion of
the mechanism of X-linked anaemia and its relationshlp to
the process of iron absorption, and comment on its
resemblance to superficially simllar human anaemias. In
presenting this thesls, the relevant literature up to the end
of 1967 has been consldered, except for a few references to
work, of which I had prior knowledge, published in 1968,
The detalled resulis of the verious Investlgations are
contained in the appendices which together with the tables
constitute volume 2.

Some of the work repoyted here hag been presented
at Annual Meetings of the Federation of American Societles
for Experimental Bilology (Pinkerton, Kreimer-Bilrnbaum and

Bannerman, 1966) and the American Society of Haematology
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(Pinkerton and Bannerman, 1966). A review of the heritable
mouge anaemlas (Pilnkerton and Bannerman, 1968), and
detailed reports of the haematologleal findings (Bannerman
and Pinkerton, 1967) and pathological appearances (Pinkerton,
1968) have been published, together with a preliminary
report of some Investlgations of lron metabolism in X-linked
mouse anaemia (Pinkerton and Bannerman, 1967).

The work was carrvied out between September 1965 and
August 1967 in the Department of Mediclne of the State
University of New York at Buffalo, in assoclation with
Dr. R. M., Bannerman, Assoclate Profegsor of Mediclne and
Head of Medilcal Genetilcs. I wish to record my debt of
gratitude to Dr., Bannerman for creating the opportunlity
for me to carry out this work, for his stimulating criticism
and adviece and for hig Kind hospltality during my stay in
Buffalo., I am further indebted to him and also to Dr. R, G.
Cooper, for encouraging me to incorporate 1lnto this thesils
some of the preliminary data on the haematological plcture
accumulated by them prilor to my arrival In Buffalo. I am
grateful to Drs. Michael Bennett, and Guagtavo Cudkowicz of
Roswell Park Memorial Institute, Buffalo, and to Dr. Bannerman
for permltting me to include the results of experiments
performed by me, ag part of & collaborative study; and to
Dr. Martha Kreimer-Blrnbaum, Research Asgsoclate in the
Department of Medicine, for her Interest, and for assistance
with estlimatlions of the free erythrocyte protoporphyrin

concentration,
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With the exceptlons stated above the practical
work described here wasg carried out by me, or by technlclans
in the Laboratories of the Divislon of Medical CGenetics,
worklng under wmy direct tultlon and supervislon.

Miss Margaret Porter rendered much painstaking
technical agsistance and her conclentlious care of the
colony of mice was invaluwable. Mrs. Betty Murphy and
Mrs. Margarete Peutsch also contributed valuvable technical
help. The colour prints 1llustrating Chapter 6 were made
by Kodak, Ltd., Rochester, N. ¥, Misgs Susan Kozmycz kindly
prepared the dlagrams which have been used tto illlustrate
the thesis. In most, Brltish spelling 1s used, hut in some
the American form has been employed. This 1s because some
of the diagrams were prepared with a view to publlcatlon in
Britlsh Journals and some in American Journals; I apologlze
for thig Inconglstency.

While in Buffalo, I held a Buswell Research Fellowshilp
from the State Unilverslty of New York at Buffalo wlth an
appointment as Vigiting Assistant Remearch Professor in the
Department of Medicine. The research work was supported by
grants from the Buswell Foundatlon, the United Health
Foundation of Western New York and the Natilonal Institutes
of Health and T am indebted to these orgenizatlons.

Finally, I would like to record wmy deep gratitude %o
my wife for her patience in typing and the final script of
this thesls, and for her encouragement and forbearance

during lts preparation.



CHAPTER 1

The Normal Haematologlcal Findings in the House Mouse

A coﬁﬁiderable volume of information has
accunulated over many years concerning the haematologlcal
picture in the normal mouse. Thls chapter reviews the
previous data, presenting the informatlion from the recent
literature in greater detall, and omltting much from
earlieﬁ'published work, which has been reviewed by Petri
(1933), Fekete (1941) and Gardner (1947). An extensive
and recent review by Russell and Bernsteln (1966) is found
in the second edition of "The Blology 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 anaemilas.

a) The red-cell indices and appearances.

The haemoglobin concentration, packed cell volume
and mean corpuscular haemoglobin concentration (M.C.H.C.)
in adult mlce generally resemble the values found for these
indices in the human (Table 1.1). The haemoglobin concen-
tratlion 1s 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



and Francis, 1940; Gruneberg, 1952; Ewing and Tauber,
1964) .

The haemoglobln concentratlion and haematocrit
may also be influenced significantly by genetic back-
ground, and thils 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 perlods of time and many
generations within the same inbred strain (Russell and
Bernsteiln, 1966).

In contrast to the similarity between human and
mouse haemoglobln concentrations and packed cell volumes,
the red cell count in mlce 1 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 1s 1llustrated in Table 1.2 where the straln
differences described for the haemogloblin 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 (Searborough, 19313 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 1a a non~nucleated biconcave dlsc



and numerous estimates of the mean cell dliameter have

been reported between 5.5 and 6 p.(Goodall, 1910;
Scarborough, 1931; Petri, 1933; Fekete, 1941; Albritton,
1952 ; Russell and Bernstein, 1966). Polychromasia 1s
often a feature of Romanowsky-stained blood £ilms (Simonds,
1925; Petri, 1933; Fekete, 1941); normoblasts are rare in
the peripheral blood (Searborough, 1931; Andrew, 1965)

but Howell-Jolly bodies may be found in normal wmice
(Pinkerton and Bannerman, 1968).

Studies of red cell osmotlc fragllity are few. The
first estimate was made by Kato (1941) who found lysis to
commence at 0.535 per cent NaCl and to be complete at
0.33 per cent NaCl. More recent estlmates of the median
corpuscular fragllity (M.C.F.) gave values of 0.40 4
0,02 per cent NaCl for C3H mice and 0.45 == 0.02 per cent
NaCl in AKR mice (Wiadrowski and Metcalf, 1963).

Antigenic differences in the red cells of various
strains of house mouse and various indlviduals of a wild
population have been demonstrated using heterolmmune
rabbit antisera (Gorer, 1936a; Singer, Foster, Petras,
Towling and Sloane, 1964) and human sera (Gorer, 1936bh).
However, I have been unable to find a report of naturally-
occurring isoagglutininsg in the house mouse, and McDowell
and Hubbard (1922) falled to demonstrate theilr presence

in several strains.



b) The leucoeytes.

The total leucocyte count shows wlde varlation
between and within different strains, (Table 1.3)3 and
at different times in the same animal (Parsons, 1936).

It 18 at least partly under genetic control (Tehakotine,
19383 Gowen and Calhoun, 1943; Russell et al, 1951;

Weir and Schlager 1962, a and b) and is influenced by

the sex of the animal, since granulocyte counts are
significantly higher in males (Russell et al, 1951).
Striking diurnal variation is seen 1n the total leucocytes,
lymphocytes and cosinophlls with peak values in the morning
(Panzenhagen and Speirs, 19%3; Halberg, Visscher and
Bittner, 1953; Brown and Dougherty, 1956). Tall vein
blood contalns many more leucocytes than blood taken by
cardiac puncture (Fekete, 1941). Thus, many and varled

are the factors whilich affect the leucocyte count,

in general, lymphocytes, predominantly small,
outnumber the granulocytes (Petrl, 1933; Fekete, 1941;
Gowen and Calhoun, 1943; Andrew, 1965; Permy, 1967). The
neutrophll granulocytes show wide varlation 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, 1910; Bunting, 1922; Endicott and Gump, 1947).



The granules of eosinophlls on the other hand are

prominent and easily stained; basophlls are extremely
scanty, (Russell and Bernstein, 1966; Permy, 1967). The
monoeyte is a large cell with a convoluted nucleus, closely
resembling its human counterpart. Representative values
for total and differentlal whlte cell counts are glven in

Table 1.3.

¢) Platelets and coagulation.

The range of platelet counts reported for the house
mouse is large as may be seen from Table 1.4, and wostly,
they lie between 150,000 and 600,000/cumm. The survival
of platelets in the peripheral circulation is 4-5 days
(0dell and McDonald, 1961). Age and sex apparently do not
affect the platelet count.

Meler and his assoclates (Meler, Hoag and Allen,
19613 Meier, Allen and Hoag, 1961; Meler, Allen and Hoag,
1962; Allen, Meler and Hoag, 1962) during an investigation
of an acquired, ethylene-oxide-~lnduced, haemorrhaglc
diathesis in thelr colony of mice, carried out extensive
teasts of the coagulation process in mice of various
strains. They describe the following normal valuess-
clotting time 2-10 mins.; partial thromboplastin time
55-100 secs.; prothrombin time T7-19 secs.; prothrombin
consumption - less than 10 per cent remains after 1/2

hour; Russell Viper Venom time 8-14 secs.; thromboplastin



generation test - subsampling tube at 6 minutes clots in
11-18 secs. No sex or straln differences were noted. The
various coagulation factors, whlch behave ln vitro in a
similar fashion to those in man, ailso showed a dlstrlbutlion
pattern in the plasma proteins simllar ¢o that seen in

man.

d) Mouse hacmoglobin.

The overall archltecture of haemoglobin molecules
in various vertebrates is remarkably alike (Ingram, 1963;
Lehmamn and Huntsman, 1966) and it appears that the
predominant adult haemoglobin of mammals, including the
mouge, 1s a tetramer made up of two palrs of chalns
resembling the o anéfﬁ chalns of human haemoglobin A.

Using paper electrophoresls; Ranney and Gluecksohn-
Waelach (1955) noted two different haemoglobin patterns
in different wmouse strains, whilch they called "single"
and "diffuse” on account of the appearances of the
haemoglobin band on the e¢lectrophoretle strip; these
characterlistic patterns were found to be inherited an
simple Mendelian autosomal characteristics. (Gluececksohn-
Waelsch, Ranney and Sisken, 1957). The use of more
refined technigues soon revealed that the dilffuse pattern
conslsted of several discrete bands (Popp and 5t. Amand,
1958; Rosa, Schapira, Dreyfus, de Grouchy, Mathé and
Bernard, 1958; Gluecksohn-Waelsch, 1960). One of these



bands was shown by ultracentrifugation studles to

result from polymerization (Gluecksohn-Waelsch, 1960)

and this was subsequently confirmed by the use of the
depolymerizing agent, lodacetamide (Riggs, 1965). The
polymer increases In quantlty wlth storage (Rosa et al.,
1958; Ranney, Marlow-Smlth and Gluecksohn-Waelsch, 1960),
It was suggented that gene reduplication @ighﬁ account
for the other bands; a situatlon similar éo that seen in
man in respect of haemoglobins A and Ay (Gluecksohn-
Waelsch, 1960).

The symbols Egl and QQ? were allotted to the
allelic palr of genes giving rise to "single" and "gilffuse"
patterns (Ranney, Marlow-Smith and Glueclksohn-Waelsch,
1960). Close linkage of the Hb locus to albinisa in
linkage group I has been demonstrated (Popp and St. Amand,
1958, 19603 Hutton, Bishop, Schweet and Russell, 1962a).
In wild mouse populations, both single and diffuse forms
are seen, with a predomlinance of the diffuse type
suggesting a selectvlve advantage for this genotype
(Heinecke and Wagner, 1964). In this connectlon 1t has
also been noted that more Inbred stralus show the diffuse
than the single type (Russell and Gerald, 1958).

Although the "single" haemoglobin patterns from
various strains of mice are indlstinguishable
electrophoretlcally, these haemoglobins show variablllty
in thelr solublllty in phosphate buffer, and at least four



degrees of such solubllity have been detected among
inbred mouse strains (Popp, 1963). Inheritance of this
characteristic alsco follows Mendelian principles (Popp
and St. Amand, 1960; Popp, 1962a) and 1t segregates
independently of Hb: 1t has been ldentified by the
symbol Scl. While the llnkage group for thls locus

has not yet been established, 1t has been shown not to
be sex-~linked (Popp, 1962b) and not to be in linkage
groups III, IV, XI, XIIT or XVI (Hubtton, Schweet, Wolfe
and Russell, 1964).

The independent assortment of the genes con-
trolling the electrophoretlc and solubllity character-
lstics of mouse haemoglobin suggested that the structure
of this molecule is controlled by two entlrely separate
locl (Popp, 1965). Using a "finger-print" technigue,
Hutton, Bishop, Schweet and Russell (1962b) compared
the separated polypeptlde chaing of the haemoglobin of
C5TB1/6J mice with the o and § chains of human
haemogloblin A, and found sufflcient points of simllarity
to allow them to ldentify the analogous O and;@ chains of
the mouse haemoglobln molecule. Alleles at the locus Sol
were found %o control ¢ ~chaln structure (Hutton et al,
19643 Rifkin, Rifkin and Konigsberg, 1965) and those at
the Hb locus %o controlﬁ%»chain structure (Hutton et al,
19622), confirming the earlier suggestions of Popp (1962¢;
1962d; Popp, Popp and Webb, 1963).



In all Inbred strainsg of mice so far examlned
with the Egl ("single") constitutlon, only one type of
non-¢-chain is found 96mchain) and although these/gwchaina
have similar electrophoretlc properties, differences 1in
tryptic peptide pattern can be shown between variousg
stralns (Hutton et al., 1962a). In mice with.ghg
("diffuse") constltution a wajor and a wminor fraction
can be distingulshed, besldes the polymer described above,
and these fractions have been shown to differ in thelr
non-gk-chalng. It hag been suggested (Russell, personal
communication) that the non-g~chain in greater concentra~
tion should be designated "ﬁf and that in lower concen-
tratlon, "$". Thus, adult mlce with the "single" pattern
have a single haemoglobin , ,, and those with the "giffuse"
pattern, two types of haemoglobingcxaﬁ; and ﬁgéé. The
allele controllilng %5 and S‘chain structure segregates as
a unit (Hutton et al., 1962b) indicating close linkage
between the respectlve structural genes, as lg seen wlth
the/g and O ehain genes 1n man (Weatherall, 1965). It
hag been shown for the AKR and FL stralns of mice that the
¢-chaing of both the major and minor components, although
different hetween strains, are the same wlthin each strailn
(Hutton et al., 1962b), a situation analogous to that for
human haemoglobins A and Ay, where the X -chains are
identical (Ingram and Stretton, 1961).

With the emergence of much new Information on the




structure of mouse haemoglobin, it is desirable to
revise the nomenclature of the locl controlling
haemoglebin structure and devlse a notation for the
various types of mouse haemeglobin. No definite system
of nomenclature has asp yet been arrived at, but the
suggestions of Russellv(1966) arve outlined in the
reviews of mouge anaemlag puplished by Russell and
Bernstein (1966) and Pinkerton and Bannerman (1968).
A simllar system has been proposed by Popp (1965).
Detalills of these notatlons are beyond the scope of
thls thesis. A statement of the features of the
haemoglobing in 48 inbred strains of mlce 1s glven by

Russell and Bernstein (1966).

Poetal Haemoglobins in the Mouse

A foetal haemoglobin component in the CBA mice
was first detected by electrophoresis (Barrowman and
Roberts, 1961). It was not apparent after the 16th
day of gestatlion and could not be distinguished from
adult wmouge haemoglobin by the alkall denaturatlon
technigue. Turther studies wlth the same straln revealed
two foetal haemoglobins, one dlsappearing on the 15th
pestational day and the other on the 16th day (Barrowman
and Cralg, 1961), and the presence of multiple foetal
haemogloblns in mice has subsequently been confirmed

(Cralg and Russell, 1963). A relationship to the presence
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of primitive nucleated erythroeytes of yolk sac origin
was suggested, and Cralg and Russell (1964) showed in
C57BL/6J mice, that the 3 Ffoetal haemoglobin components

disappeared pari pasgsu with the nucleated erythrocytes.

Further studies of foetal blood cells, separated by
differentlial centrifugation, have provided dlrect
demongtratlon that the primltlve nucleated yoll sac
erythrolid cells syntheslse foetal haewogloblnsg whlle the
liver erythrold cells synthesise adult haemoglobing only.
Thus at the 12th-13th day of gestation peripheral blood
contalns a mixbture of yolk sac cells synthesising foetal
haemoglobing and liver erythroid cells syntheslsing adult
haemoglobin (Kovach, Russell and Marks, 1966),

Structural studies on foetal mouse haemoglobin
have recently beeﬁ reported; three haemoglobins, made up
of X and 4 , & and X’and x and z chains, respectively,
are produced by the yolk sac cells; it should be noted
that none of the mouse foetal haemogloblins contaln ﬁ -
chains (FPantoni, de la Chappelle, Rifkind and Marks,
1967).

e) Serum irvon and Transferrin.

Estimates of serum or plasma iron concentratlion
in the mouse are few. During a study of "meat anaemia"
in wice, apparently a result of copper deflclency, Ilan,

Guggenheim and Ickawitz (1963) found a mean serum iron
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conecentration for 7 normal mice of 296‘pg/100 ml with

a standard error of 22 ng/l00 ml. The mean total iron
binding capseity (T.I.B.C.) was 427 pg/l00 ml. Baker
and Wilgson (1965) found simllar values for the serum
iron - 308 pg/100 ml with a range of 253 - 360‘pg/100 ml.
Studying the Swiss Webster strain of mlce, Brodsky,
Dennis, Kahn and Brady (1966) obtained a mean plasma
iron level of 24T7.4 ng/l00 ml. with a stendard deviatilon
of 107.2 pg/l00 ml. in 55 mice.

Thus, the serum iron in mice appears to be higher
than in the human and subject to conslderable variabllity
even within an inbred line. The degree of saturatlon of
the T.1.B.C. also appears rather higher than in the human.

The iron binding beta-globulln, transferrin, is
present in the mougse in two forms, Inherlted as co~dominant
alleles, %thus producing 3‘phenotype3 (Cohen, 19603
Shreffler, 1960). The alleles for the two types of
transferrin are deslgnated by the symbols gggﬁ and z;g?
and the three phenotypes by the notatlion Tri-a, Trf-ab
and Trf-b (Cohen and Shreffler, 1961). 'The locus con~
trolling trangferrin in the wmouse has been shown to be
in linkage group TX (Shreffler, 1963).

Mouge trangferrin has slower electrophoretic
mobllity lan starch gel than 1ts human counterpart; the

type a has the faster mobillty and is found in the CBA
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gtrain., Other lines so far examined, representing
the majority of the well-known mouse straling, showed
the slower, or b, transferrin type. Minor componenis
asgoclated wlth these alleles have also been demonstrated
(Cohen, 1960; Shreffler, 1960).

Plasma iron clearance rates were estimated by
Brodsky et al (1966) in 166 animals. The mean half-
time for dlsappearance of intravenously administered
tracer-doges of 591ron was 61,7 mins. with a standard

deviation of 17.7 mins.

£) Iron absorption and utilization for erythropoiesis

in the normal wmouse:

(1) Iron absorption.
Using 10 week old mice of the CF1 straln,

Krantz, Goldwasser and Jacobson (1959) measured the
abgorption of iron in norwal animals as part of a study
of the relationship of humoral stimulatlon of erythropolesls
and iron absorption. PFour groups of normal "control"
‘animals were given a low iron diet followed by 14 pg of
iron in the form of 59ferric chlorlde and retention of
iron studled at 4-7 days after administration. The

results are summarized belows



14

No. of mice Per cent absorptilon Days after dose
10 7.4 1.4 4
9 9.7+ 5.2 7
5 8.4+ 3.5 l
7.7+ 2.2 b

Mendel (1961) using mice of the same straln and
glmllar age, gave 7.3 pg of elemental lron in the form
of 2%frerrous sulphate. He obtained the followlng
estimates of iron absorption (means & 1 standard error
of the mean) at 3 days after dosing in 4 groups of 9,

10, 10 and 8 normal mice respectively - 28.8% & 5.03%,
15.3% 4 2 4%, 24.8% £ 2.22% and 15.5% = 3.98%.

Gitlin and Cruchaud (1962) investlgated the effect
of varlation In the dose of iron on absorptlon in the
Mouse . 59Iron~tagged ferrous sulphate was given orally
over a wlde range of doses and the proportlon of lron
retalned determined by counting the radiosctivity
remalning 1n the whole mouse at dally Intervals. With
doses of 0.6 pg of iron, approximately 18 percent of %the
dose was retalined by normal anlmals 5 days after adminis-
tratlion. About 11 per cent of 5 pg and 10 per cent of
10 ng were retained after 5 days. Little difference in
percentage retention (or absorption) 1s seen between the
3rd and 8%h days. Doses of 1000-3000 pg of ilron gave lron
absorption values of between 2-3 percent. Beutler, Kelly

and Beutler (1962) also measured iron absorption over a



wilde dose range using 59ferr0us sulphate in 0.01 N hydro-
chlorlic acld. The doses employed ranged from 0.08 )rg to
15 mg. The mean absorptlon of lron at the lowest dose
was 14,.18%; at 0.5 P 9.64%;: at 5 N5 10.47% and at

50 pgs T.41%. A group of 14 mice were also given 10 e
doses, and the range of variatlon In abscrpiion was

from 4.5-37 per cent.

Harriss (1962) studied iron absorption in normal
mice ag part of an Iinvestigation of Jron metabolism in
experimental pyridoxine deflclency. 59Ferric chloride
(10 N> 1 pc) was glven orally to fasting animsals, and
the absorption of the dose 3 days after administration
was estimated. Absorption was very varlable 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.
Thesge figures can only be approximate, since they are
based on dlagrams published by Harriss (1962), rather

than on precise data.

(11) Utilization of iron for haemopolesls.
Estinates of the utillization of parenterally
administered doses of lron for erythropolesils in the
mouse have been reported by several authors. Mendel (1961)
assumed a bhlood volume of 0.6 ml per 10C¢ body weight, and
obtained a mean value of 38.8 per cent with a standard

erpor of 2.5 per cent for 8 mice. Harriss (1962),

15
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assuming a blood velume of 0.7 ml per 10G body welght
found a wide range of wvariation in normal mice at 3 days
after administration of tracer doses of 591ron. The
mean value was about 50 per cent wlth a range of 17--80
per cent. Again these results are taken from dlagrams
and are regarded as approximations, Ronitzer and Michalke
(1965} found that the reappearance of tracer doses of
59ipon in the peripheral blood exceeded 50 per cent within
24 hours of intraperitoneal injJectlon into normal white
mlce.,

More recently, Brodsky et al. (1966) have
estimated the reappearance cf tracer doses of radioliron
in the peripheral blood on the {irst and second day
after adminlstratlon. A% 24 hours 62 .4 per cent of the
iron had been used for haemopolesis (standard deviatlon
18.1 per cent, results obtalned in 90 wmilce); at 48 hours

22 per cent had been so utilized (£17 per cent, B7 mice) .,

g) The boay 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 Widdowson (1950) who studied young
albino mice. Thirty~one animals aged 15 days (both sexes)
with a mean welght of 9.3G had a mean iron content of
4,63 mg/100G mouse, énd 39 mice aged 30 days (poth sexes)

with a mean welght of 210 had a wmean lron content of



17

4,89 mg/1006 mouse. The dietary iron content ls not
stated., Chappelle, Gabrlo, Stevens and Finch (1955)
found a mean total body iron of 9.4 mg/l0CG for a group
of nine white Swigs mlce. DMove recently, Blckholt and
White (1964) obtalned results in the range 4.7-6.3 mg/
100G of wmouse for six BUBC wlce, welghing 26-27G. The
results of Spray and Widdowson (1950) and of Elckholt
and White {196%) are thus in good agreement, but those
of Chappelle et al (1955) indicate a total body iron
content of approxlmately 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. oince details of the dietary content of iron
and cther factors are not avallable for the studles of
Spray and Widdowson (1950) and of Eickholt and White
(1964), no assessment of the influence of dlet on the

total body lron content can be made.

n) 'The blood volume of the mouse.

The earliest estimates of the blood volume of the
mouse were hased on determlnatlion of the total body
haemoglobin and 1ts concentration In the peripheral
blood (Dreyer and Ray, 1910). It was suggested that

the blood volume could be caleulated from the formula -
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blood volume in ml =W 2/3/1{ where W 1s the body welght
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 =

0.09 x w088

(1941) obtained values of 50.9 ~ 65.3 mi/Kg body welght.

. Also, employing this method Gruneberg

Taylor (1945) using an exsanguilnation method
found the blood volume for C5T7 mice to be 4.9+ 0.17
ml/100G, and for IBA mice to be 5.23 + 0.31 ml/100G.
Furth and Sobel (1946) using a similar technique
obtained a mean value of 5.2 ml/100G with a range of
3.5 - 6.6 m1/100G, for first generation AK x Rf hybrids;
higher values in the range 9 - 12.7 ml/100G (mean
10.9 m1/100G) were found when a dye dilution method
(71824 - Evans Blue) was used. Further estimates
using dilution techniques with T1824, 3Yiodine and
32phosphorus gave results in the range of 7.8 - 8.6
ml/100G, or 6.44 - 8,41 per cent of body weight (Wish,
Furth and Storey, 1950).

With radlo-lodinated protein, a range of 4.6 -
8.3 m1/100G was obtalned for the plasma volume of AKm
mice by Kaliss and Pressman (1950); the mean was 6.7 ml/
100G with a standard error of 0.4 ml/100G. The total
blood volume was estimated to be 12.1 £ 0.8 ml/100G.
Kelghley, Russell and Lowy (1962) found a blood volume
of 5.4 - 5,7 ml/100G for Pirst generation WBB6 hybrids



using 591 ron-labelled red cells.

The hlghest values seem to be cbtained wlth the
dye and radlo-iodinated protein dllutim techniques;
thils 1s presumably due, at least in part, to over-
egtimation consequent upon loss of tracer material
Into extravascular compartments. Exsanguination, on
the other hand, 1s liable to glve an underestimate since
aomplete removal of the blood and blood plgments 1s
difficult. However, the results with the exsanguination
techniques agree falrly well with those obtained with
radioclsotope~labelled erythroeytes, and the blooa.volume

of the mouse seems to lie in the reglon of 5 - 7 ml/100G.

1) Red cell survival,

Red cell survival has been determined by varlous
radlolgotopic methods and the estimates obtained by
varlous authors are llsted in Table 1.5. The absolute
survival ranges from 40-55 days with a pattern of random
cell deastruction (Burwell, Brickley and Finch, 1953).
Estimates of the radlochromium half-time show a wide

varlation, between 8,6 and 20.2 days.

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

with a diameter of about 12 m (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 per cent on

the 15th day; none are appacent on the 16%th day (Craig
and Ruasell, 1964; Kovach, Russell and Marks, 1966).
These primitive eprythrocytes at 11 days have many
polyrlbosomes and are blosynthetically hlghly active,
pﬁoducing foetal haemoglobin. By the 14th day, although
they retaln pyknotic nuclel, they have lost ribosomes

and have ceased syntheslsing haemoglobin (Kovach, Russell
and Marks, 1966),

The disappearance of the nucleated erythrocytes
occcurring about the 13th gestatlonal day, coincldes with
the appearance of smaller erythrocytes with a diameter of
about 8 p. Although these cells are non-nucleated in the
foetal blood; they retaln ribosomes, and synthesise adult
haemoglobin only (Kovach, Russell and Marks, 1966).
Shortly bvefore bilrth, erythrocytes charecteristic of
adult mice begin to be produced (Grineberg, 194283 1952).
Blood findings in ewbryonic mice are glven in Table 1.6.

In the newborn mouse the haemoglobin concentration
and haematocrit are somewhat lower than in the adult, but
the red cell count is much reduced, and erythrocytes are
subatantlally larger than in the adult. Durlng the first
few weeks of life, after an initial fall, the haemoglobin
concentratlion and haematoorit inecrease. The red cell

count increases relatlvely more than the other indleces,
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and the mean cell volume accordingly decreases. The

high mean cell volume at birth is reflected in an increase
in ved cell dlameter as compared with the adult (Guzman
and Brilones, 1946), and steady decrease in mean cell
volume to adult values is seen during the flrst few weeks
of 1ife (Gruneberg, 1939, 1942a; Grewal, 1962). The
reticulocyte count in neonatal and young mice 13 elevated
when compared with the adult; siderocytes are present,
forming up to 5 per cent of red cells at birth and
disappearing during the ensulng week (Gruneberg, 1952).
Representative data from the llterature illustrating these

changes i presented in Table 1.7.

k) Hoemopolesls, tilssue iron stores, and the histologleal
appearances of various organs.
Three stages of haemopolesis can be recognlzed in

the developing mouse embryo (Grineberg, 1952).

(1) The primitive, yolk sac stage

(11) Hepatic haemopolesis

(111) Definitive medullary and splenic haemopolesis

The primitive yolk sac generation of red cells is
large (12 p in diameter) and nucleated, and 1s produced
between the 8th and llth days of gestation. As these
cells disappear from the cilrculatlon, they are replaced

by smaller, non-nucleated red cells (about 8 p in diemeter)
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which are produced in the liver. Hepatic, or "inter-
medlate”" baemopolesls commences about the 12th gestatilonal
day and until the 16th day, this is the principle slte
of haemopolesis (Russell and Bernsteln, 1966). The
activity 1ls almost excluslvely erythropoletlc but
evidence of pgranulocyte production can also be found
(Borghese, 1959a).

Definltive splenic and medullary haemopolesis
oceur Jjust before or at the time of birth. Blood produc-
tlon in the spleen is evident at about the 15th gestatlonal
day and Increases greatly between the 17th dey and birth;
the spleen is the first mejor slte of myelopolesis, 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).
Haemopoletle actlvlity ln the spleen ig mainly locallzed
to the red pulp in which erythroblasts, granulocyte
precursgors and megakaryocytes can all be readlly identi-
fied (Dunn, 1954). In the adult, the spleen varles in
size dependlng on age and strain, but in general 1t welghs
between 60 and 100 mg, belng rather lighter in females
than in males (Hummell, Richardson and Fekete, 1966).
Stainable lron ls normally present ln the spleen of milce,
its distributlon In the whilte and red pulp varying from
strain to strain (Dunn, 1954), as do the relative pro-

portions of red and white pulp.



Medullary haemopoiesls commences on the 16th -
17Tth day of gestatlon and 1ls at flrst predominantly
granulopoietic. Over the next few days erythropoleile
cells appear in increasing numbers (Borghese, 1952a
and b, 1959%a). The bone marrow remains the wain post-
natal site of blood formatlon throughout iife and wmost
of the bony cavitles contaln red marrow (Russell and
Bernsteln, 1966). The bone marrow of the femur and
vertebral column normally cccupies between 90 and 96
per cent of the avallable medullary space (Endlcott and
Gump, 1947) and fat spaces are very seldom seen (Dunn,
1954). Few cytological examinations of the bone marrow
have been reported, perhaps at least partly on account
of difficulty in ldentlfying the various cell types.
Endlcott and Gump (1947) employed the peroxidase stain
to overcome this difficulty; they were able to recognilze
the maturatlon phases of promyelocyte, myelocyte and
metamyelocyte up to mature granulocyte formation.
Erythroblasts were ldentified by theilr nuclear character-
lstics. The results of thelr differential marrow counts
are presented in Table 1.8. Simllar values have been
ohtained by Petrl (1933) and Penny (1967).

The adult mouse liver is made up of typilcal cords
of parenchymal cells, whilch are only very indistinctly
divided in lobules, wlth portal tracts and central velns.

Kupffer cells are present. The liver in young mice is

Py
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frequently a site of extramedullary haemopolesls

(Hummel et al., 1966) and foci of haemopolesis may
occasionally persist into adult life (Dunn, 1954). In
DBA mice, minute amounts of stalnable iron are gsometimes
pregsent but freguently none is found (Morris, Dunn and
Wagner, 1954),

The histological appearances In the digestive
tract of the mouse have been extenslvely descrlbed by
Malewitz (1965) and Hummel et al., (1966). The glandular
gtomach and wpper small intestine only wlll be described.
In the fundic reglon of the stomach the "test-tube" glands
off the stomach are long,wlth mucus-secreting cells, chlef
or zymogenlc cells and the acld secreting parietal cells.
Towards the pylorus, the glands are shorier, and tend
more to muecus secretion, with less evidence of gymogenlce
and acid-secreting actilvity.

The duodenum, in 1ts upper part, shows the
presence of Brunner's glands. The villl of the duodenum
are tall and pyramldal, or leaf shaped, whereas those
of the Jejunum are more slender and cylindrical. Goblet
cells are comparatively Infredquent in the duocdenum and
Increase in number towards the more caudal part of the
small bowel; Paneth cells are found 1n both duodenum
and Jejunum but are more frequent in the latter. The
lamina propria of the villi 1s vascular, and contains

lacteals, lymphocytes and granulocytes. Stalnable iron




may be found in the ducdenal mucosal eplthellal cells
(Morris et al., 1954), but this is by no means a constant
feature (Hochhaus and Quincke, 1896; Cappell, 1930).

The heart conslsts of the three maln layers -
endocardium, myocardium and epicardium - the myocardium
showlng the usual syncytlal appearance of cardlac
muscle. I can find no report of examinatlon of the
heart for stainable 1lron ln the normal mouse.

The lungs exhibit small, fine-walled alveoli with
networks of fine capillaries. The bronchioles are lined
by low columnar eplthellum and the bronchl by columnar
clllated eplthellum, No report of stalnable lron in the
lungs of mice has been found.

The kldneys show the usual cortlcal zone of
glomerulil and convoluted tubules, encased in a fine

connectlve tlgsue capsule. The medulla 1s composed of
collecting tubules mainly supported by flne connectlve
tlgsue. Morris et al., (1954) were unable to find
stainable iron in the kildneys of IBA mice.

1) Summary.

The haematological flndings 1in embryonic, young
and adult mlce are described. The values for haemoglobin
concentration and haematocrit are similar to those for
humans., The red cell, llke the human, is a blconcave

discs 1t 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 1s algo briefly reviewed and is
seen Lo vesemble closely that in man.

The structure of the mouse haemogloblin molecule
and 1ts genetlc control is described.

Avallable data from the literature on the
metabolism of iron In the nmouse, iz summarised, together
with Information on blood volume and red cell survival,
The development of haemopolesis 1s traced from early
embryoniec to adult llife, and the hlstologlcal appearances

of the adult vigcera are brlefly descrlbed.
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CHAPTER 2

The Heritable Mouge Anaemias

These may be classified in three main groups - the
macrocytic anaemlas, the haemolyitlc anaemlas and the hypochromle
anaemias, A fourth, minor, group of miscellansous and, in
the maln, poorly understood anaemlasg ls discussed brilefly
at the end of the chapter (see Table 2.1).

In the macrocytlc anaemlas, anaemia 1s only one feature
in a group of syndromes wherein the underlying. genetlcally-
controlled defect lles 1In the processes of cell differenti-
ation both at an intra-uterine stage of development and
subsequently, and recent work on these anaemlas has ylelded
information on the mechanism of the erythropoietic
stlimulus,

The second maln group of heritable mouse anaemias
congists of two forms of congenltal spherocytosis, one in
the Deer mouse (Peromyscus maniculatus) and the other 1in
the house mouse, and two non-spherocytic haemolytlc disorders
which both cause neonatal Jaundice. The precise nature of
the metabolic disturbance in these anasemias is not known,

A £ifth form of haemolytic anaemia, of an apparently
heritable nature is the well-known auto-lmmune haemolytic

anaemia of the NZB/BLl mice which bears many resemblances
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to human auvto-immune haemolytic anaemla and systemlc lupus
erythematosus,

The best known of the hypochromlc anaemlag is that
found in "flex-tailled" wmice which, typically, show a
transient hypochromic anaemla in foetal and early postnatal
1ife. The characteristic morphological feature is the
presence of glderocytes, which persists throughout life In
spite of the absence of anaemla., A dlsturbance in the
enzymic control of haem synthesls 1s belleved to bhe
responsible. Sex-linked anaemla also falls into thils
category, but will be descrilibed in more detall in the
following chapters. A third anaemla ("inherited microcytic
anaemia') of this type has been recently described, but no
detalled information ls yet available about the nature of
the basic defect,

The followling sections review these varlous genetically

determlined anaemlas:
a) The macrocytic anaemlas

(1) Anaemla agsocilated with dominant spotting (Gene

gymbol, W; linkage group XVIL).

The W series of genes, in the homozygous state, produce
a triad of plelotropic effects - macgrocytic anaemla, failure
of plgmentation of the coat, and defective gonadal develop-

ment (Russell, 1954).
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The W allele, first described by Little, is lethal
in the homozygote, and in the heterozygous state, a white
spotting effect, "dominant spotting", 1s seen in the coat
(Little, 1915, 1917). Anaemla in homozygotes was noted by
Detlefsen (1923), and these animals died within 3 days of
bilrth. However, in a few instances, they have survived
Into adult life, developlng into black-eyed white milce,
devold of coat pigment (Russell and Fondal, 1951). Animals
kept alive by intra-peritoneal transfusion of whole bhlood
(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 deacribed. was EY, origlnally called ﬂ;
(Little and Cloudman, 1937), which was also studied by
Gruneberg (19395 who used the notatlon g?. Homozygous
WYMV animals survive into adult 1life and hence the symbol,
WY, was subsequently adopted, the superscript, "v'" standing
for "viable". A further mutation, WJ, results in anaemia
in the homozygote, similar in severlty to that produced
by W, but the extent of white spotting in the heterozygote
is greater (Russell, Lawson and Schabtach, 1957). A further
mutation, ﬂp, in the heterozygous state produces still more
extensive spotting, together wilth a marked decrease in
pigment granules at the base of the shaft of coloured
hairs. Detalled assessment of the anasemla has not been

reported (Ballantyne, Beck, Strong and Quevedo, 1962),
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W9, causes anaemla, lethal before birth in the homozygous
animal, and a whilte 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 desceribed mutants have heen reported but it is
not clear whether they are in fact alleles of W (Keeler,

1931; Fortuyn, 1939).

The Anaemla

While the severity of the anaemlsa produced by the
homozygous and doubly heterozygous states for the varilous
mutant alleles at the W-locus varles, the anaemia in each
case 1s of the same macrocytic type. The filrst assessment
of the anaemia was carried out by deAberle (1924, 1925,
1927a, 1927b) who described the haematological findings
in embryonic and newborn mice of constitution WAI. Anaemic
embryos are c¢learly recognizable at the 16th day of
gestation by thelr pallor and small size (deAberle, 1924,
1925). In the 16-17 day old foetus, the red cell count is
reduced to less than one-fifth and the haemoglobln to less
than one-third of normal; at birth these dlfferences are
even more obvious (see Table 2.3). The red cells are
larger than normal and the colour index 1s elevated
(deAberle, 1927a). The white cell count 1s also strikingly
reduced, but the platelet count is simllar In anaemlc and
non-anaemic animals. A high proportlon of polychromatophilic

and reticulated erythrocytes persists In anaemic foetal and
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newborn mice, inversely related to the haemoglobin
concentration (deAberle, 1927b). However, in spite of
thls, the absolute retlculoeyte count 1la reduced in anaemlc
mice, implying an underproduction of new erythrocytes
(Grﬁneberg, 1939). Anaemla was postulated as the cause of
death and of fallure of growth in these animals and the
demonstration that whole blood, injected intraperitoneally,
prolonged life, supports thils suggestion (Gowen and Gay,
1932).

The haematologlcal changes in WM anaemia have been
compared with those in the milder, viable form WAV, and
wlth those In the hybrild EZEY (Gruneberg, 1939; Russell and
Fondal, 1951). WYAY showed a less severe anaemia than
WA, with EZEV occupying an intermedlate position (see
Table 2.3). These three genotypes show & similar relation-
ship 1in respect of viablllity and growth. The macrocytle nature
of the anaemia wasg alsgo conflirmed in these genotypes, the
colour index belng ralsed and the Price-dones curves for
anaemic animals showlng a clear increase in mean cell
diameter. Although the heterozygote W/w appears indistingulsh-
able from the normal w/w haematologically, WY/w mice show
significant macrocytosls and a reductlion in the red cell
count (Grimeberg, 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 directlion was noted for erythrocytes of W/u
animals which were smaller than those of normal W/Aw animals
(Attfield, 1951).

While most haematologlcal investigations of the WA
series of anaémias have been carrisd out on embryos or
young mice, it has been shown (Grineberg, 1939; Russell
and Fondal, 1951) that the macrocytosls assoclated with
the WAY and WAV types of anaemlas persists into adult
1ife. Table 2.4 presents the red cell counts and mean cell
volumes of 28 day old mlce and Table 2.5 shows the
haematological findings in young snd adult mice. The
results of red cell counts and packed and mean cell volume
determinations confirm the presence of macrocytosls in
adult WAV mice (Bernstein, 1962a). The low white cell
count seen in anaemlic newborn mice persists into aduld
1ife (Gruneberg, 19393 Fekete, Little and Cloudman, 1941).

Haemopdlesls

The primlitive generation of red cells derived from
the yolk sac are not affected in homozygous W/MW mice, since
they are morphologlcally normal and the anaemia does not
appear until their production ceases (Gruneberg, 1952).

Attention has, therefore, been focused on the hepatic
and definitive (splénie and medullary) phases of haemopclesis.
Borghese (1959a) found notlceably less erythropoletic
activity in the llvers of WA e&bryos at the 13th and 1l4th
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days of gestation and thils 13 in keeping with the earlier
obaservation that the first indlcation of abnormal haemopolesis
in W and WY homozygotes is appreciable in the liver of 12
1/2-day embryos (Mirsky, 1949). Histologlcal examination
of the liver of 15-~-day anaemlc embryos shows severely
deflicient haemopolesis (Borghese, 1951) and smears contain
a relative excess of hepatlc parenchymal cells (Borghese,
1952¢). All members of the erythropoietic serles are
reduced 1n number and the eoslnophllle erythroblasts are
unduly large (Borghese, 1954 Gorini, Rondanelli and
Ferrata, 1957). These changes are even wmore consplcuous
by the 17th gestational day (Borghese, 1952¢). Granulopoiesis
is also reduced in the livers of anaemlic embryos, but
‘megakaryocytes are apparently present 1in normal numbers
(Borghese, 1959a).

Splenic haemopolesis in the mouse normally commences
at the 14-15%h day of gestation; in W-anaemlc embryos 1t
commences at the same gestatlional age, but erythroblasts are
fewer In number and show delay in maturation; this difference
persists throughout the rest of embryonic development.
Leucopoliesls 1s later 1n appearing and very much reduced
in anaewles, but megakaryocytes are present in simllar
numbers in normal and anaemic embiryos (Borghege, 1959a,,
1959b). In newborn mice, erythropoletic focl are fewer

and smaller than normal in the anaemic group (Gelmetti, 1952).
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Bone marrow haemopolesls, which normally commences |
1n the mouse on the 16th-17th day of gestation, is at first
primerily leucopoletic. At this time, in the anaemlc
embryo, whlle ossiflcation has proceeded normally and the
medullary cavity 1s well defined, only scanty leucopoletic
elements can be found in a fine mesenchymal stroma.
Erythropoletic cells make thelr appearance over the next
few days, but, in anaemlc animals, these remailn extremely
small in number (Borghese, 1952a, 1952b, 1959a). Sections
of bone marrow, from WM anlmals kept alive by injectlons of
whole blood, show wlde sinusolds and severe reductlon in
the amount of haemopoietic tissue (Russell and Fondal,

19513 Russell, Snow, Murray and Cornler, 1953). Signifi-
cant delay in maturation in the erythrold serles in the
anaemic mice, prior to the pyknotic normoblast stage hes
also been demonstrated (Russell, Snow, Mufray and Cornler,
1953). Some evidence of arrest in the myeloid serles was
algo found, and the absence of alteratlion in the wmyelold/
erythrold ratlo is iIin keeping with the suggestlon that both
elements are affected in the WA anaemlas.

The clanges in the bone marrow are less severe in the
WY and WYY genotypes than in WA mice, as in the
peripheral blood, and in the adult individusals of the
former two genotypes the cellularity of the marrow is
more or less normal (Russell, 1963).

Erythropoletic focl are normally found in the adrenals



of about 80 per cent of normal mice at a late stage of
intra-uterine life (Borghese, 1952d), but these are absent

in homozygous anaemic embryos (Borghese, 1959a).

The effect of therapeutic agentg:

A varilety of therapeutic agents has been used without
guccess. ILron ammonium citrate (Gowen and Gay, 1932),
liver extract (Gruneberg, 1939; Blanchi, 1951), and folic
acid (Bianchl, 1951) all failed to produce aany significant
improvement. A slight rise In red cell count and haemoglobin
concentration wasg reported following the adminlgtration of
anterior piltultary extract (Bianchi, 1951), but the number
of anlmals treated was small, and the signlficance of thils
observation doubtful.

As mentloned previously, whole blood InjJjections keep
anaemic animals alive (Gowen and Gay, 1932), and it has
been shown that this effect is a function of the injJected

red cells, and not the plasma (Searle, 1952).

Haemopoletle transplahtaticn studles

Russell and her assoclates (Russell, Smith and Lawson,
19563 Russell, Bernstein, Lawson and Smith, 1959) showed
that w/w and WY haemopoietic cells, transplanted into
lrradiated host animals behave according to thelr original
genotype, and have found that w/w cells can colonize non-
irradiated ﬂlﬂi hogts to produce a normal blood pleture
(Bernstein and Russell, 1959). The ability of haemopoietic
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cells from ansemic WY

st moeteaan

mice to form spleen colonies in
lrradiated host animals is reduced two hundred-fold as
compared with cells from normal w/w mice (McCulloch,
Siminoviteh and Till, 1964). This confirms that the
defect in the W/ anaemias 1s Inherent in the haemopoletic
tissue and suggests a defect of stem~cell function. Severe
depression of the development of red cell forming colonles
derived from haemopoletie cells from ﬂgﬂz mice has been
reported (Lewils, O'Grady, Bernsteiln, Russell and Trobaugh,
1965), The rate of differentiation and growth of the
granulocyte gserles and megakaryocytes are also reduced.
Thus, the anaemla caused by mutations at the W-locus
appears to result at least in part from a fallure of differenti-
atlon in the early stages of haemopoletic maturation, and

this affects the erythrold, myeloid and platelet elements.

The effect of erythropnoletin

Gruneberg (1939) exposed anaemic mice to hypoxla and
obtained a rlige in red cell count and haemoglobin, to
about 75 per cent of the levels found In normal control
animals. Rapld reversion to pre-hypoxle levels followed
return to normal oxygen tension, Thls has been amply
confirmed by other workers (Kelghley, Russell and Lowy,
19623 Mirand and Guitman, 19633 Mirand and Prentice, 1964),
and has led to extensive lnvestigation of the effect of

erythropoletin in the W serles of anaemlas.
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The effect of exogenous erythropoletlin from anaemlce
human, rabbli and mouse sources, and from hypoxlc rabbliis
and mice has been investigated (Kelghley et al, 19623 Niece,
MeFarland and Russell, 1963; Thowmpson, Russell and
MeFarland, 1963; Mirand and Gutman, 19633 Mirand and Prentice,
1964), Even with quite large doses, no response, or a
negliglble lncrease In erythropoletic activity in W-anaemic
mice has usually been found, although normal (ﬂéﬁ) hyper-
transfused mlce respond well, and untreated normal mice
show a definlte response to these preparations. Even plasma
from hypoxic isologous w/w mice has been wilthout apparent
effect in anaemic animals. Recently, however, 1t has
been shown conclusively that ﬂlﬂ? mice are capable of
responding to exogenous erythropoletin in masslve doses
(Keighley, Lowy, Russell and Thompson, 1966), 150 times as
much erysvhropoietin being required by ﬂlﬂz animals ag by
w/w animals to produce the same response. The observation
that WMWY mice can also respond to erythropoletin from
animals of the same genotype (Mirand, personal communications
Mirand and Prentice, 1964) has also been confilrmed
(Keighley et al, 1966), although the response is less than
that obtalned by erythropoletin from ﬂ[ﬁ! mice 1ln normal (gﬁg)
reciplenta.

The defective capaclty to respond to erythropoletin is
an inherent characteristic of ﬂzﬂz blood forming tissues,

since w/wiW MY chimeras (produced by transplantation of
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ELE bone marrow into ﬂlﬂz animals), regpond well to the
aduninistration of this factor (Keighley et al, 1962).

The effects of hypoxla and erythropoletic activity
in W/’ mice have been compared (Kelghley et al, 1966) and
the former is clearly more effective, in keeping with the
early observation of Gruneberg (1939) who found 2 substantial
haemopoletic regponse to hypoxla. On this basls, 1t has
been suggested that hypoxia may, In some circumstances at
least, have a more direct effect on erythropolesis in
addition to that medlated through erythropoietin (Kelghley
et al, 1966).

The effect of X-lrradlation

Differences in X-ray senslitlvity of mice of different
genotype at the W-locus were reported by Bernstein (1962,
1963a), who also showed by transplantatlon techniques, that
these differences are a property of the haemopoietlc
tigsue 1ltself and not of the host environment. Anaemlc
animals of the genotype WMWY are extremely sensitive to
irradiation when compared to w/w mice, and even a single
dose of the W or WY genes produces an lncrease in radio-
gensitivity. The increased susceptibility to X-irradlation
in Elﬂz anlmals is related to a slow rate of regeneration of
haemopoietic timsue in the post-irradiation phase (Russell,

Bernstein, McFarland and Modeen, 1963).
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Haemoglobin blogynthesgls

A disturbance in the process of haem synthesis has
been demonstrated by Altman and co-workers (Altman, Russell,
Saloman and Scott, 1953; Altman and Russell, 1964). Following
admninistration of 140~glycine, 140mde1ta~am1nolaevulinic
acid (ALA) or lacmporphobilinogen (PBG) to groups of w/wW,

W/w and WYw, WA and WY mice, they measured the

labelling of globin and the protoporphyrin of haem at
Intervals up to 33 days. In homozygous anaemic mlce there
was a marked delay 1In the appearance of the label from
glycine, ALA or PBG in the haem, whereas the 1*C label of
glyclne appeared promptly in the globin. Furthermore, the
haem specific actlvity was 1oweé 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. Thelr results could also be
interpreted as indleating accumulation of a pool of
precursors (e.g. of PBG) diluting the label. From this

pool, the pathway must be maintalpned such that haem is avall-
able to attach to the normally-labelled globin, as tends to
be confirmed by the findings that the rate of 59Fe incorporsa.-
tion into haem was within normal limits. (Altman and
Russell, 1964). There is as yet no direct evidence of
altered engyme actlvity and ALA dehydratase actlvity, for

instance, 1s probably normal (Rusgell and Coleman, 1963).
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Sterility

A germ cell defect in W' AV animals was reported by
Felete and associates (Fekete, Russell and Cloudman, 1941) who
found abgence of oogenesis and virtual aspermla. Slmllar
changes are present in ﬂflﬂ_and WA mice (Russell, Coulombre
and Fekete, 19%52; Coulombre and Russell, 19543 Russell,
1954). Sterility is an inherent property of the gonad
itself. Ovaries from isologous w/w mice, were transplanted
to the ovarian capsule of EEZEX mice whoge own ovarles had
been removed; these anaemic mice were then able to support
the functlon of the transplanted ovarles and successfully
conec luded pregnancles. The offspring showed the genetic
characters of the donor of the ovaries (Russell and Russell,
1948) . Gonads %transplanted from 12~16 day ewmbryos to the
spleens of adult castrate mice develop germ cells according
to thelr orlglinal genotype at all embryonlc ages, thus
suggesting the presence of defectlve gonadogenesis prlor
%0 the development of the first manifestatlion of dlsordered
haemopoiesis (Russell, Murray, Small and Silvers, 1956) .,
Thie suggestion was confirmed by Borghese who wasg able to
distinguish between fertlle and sterile gonads from 12 day
embryos in culture (Borghese, 195%, 1956, 1957). Further
confirmatlion of defectlve germ cell development, preceding
anaemia in time, was provided by Mintz and Russell (Mintz
and Russell, 1955, 1957; Mintz, 19573 Russell, 1963). They
showed that in WA, WMV, WAV and wdAd embeyos, the




number and locatlion of primordial germ cells was abnormal.
They demonstrated defective multiplication during migration
of these cells from the yolk sac to the germinal rldges at
the 8th day of gestation. Thus, there 1is clear evidence of
disordered germ cell behaviour at least 4 days before any
slegn of discordered haemopolesis, and 1t ls improbable

therefore that sterllity 1s a consequence of anaemla per ge.

Pipment Changes

The changes in coat pigment in the anaemlas assoclated
with dominant spotting have been summarized in Table 2.2.
All surviving mice homozygous for one of the wmutant 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 whlte apotting, with
or without dilution.

Deficiency in numbers of melanoblasts underlies the
lack of pigment, and this abnormality 1ls evident at the
10th day of gestation (Russell, 1963), that is, prior to
the development of anaemia. 1t is, therefore, unllikely
%0 be secondary to ansemla, and is taken to represent a

further fallure of cell development.

Digcussion

"The physlologleal basls of the W-serles of anaemias
is stlll obscure". This statement of Grﬁneberg's made in

1952 is 8411l largely true 16 years later, desplte intensive

41
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study, and the nature of the primary gene action of the
W alleles remalns an enlgma.

The mutants which in single dose produce minor effects,
in double dose profoundly, and sometimes fatally, dlsturb
the function of at leagt three tlssues, It is now
generally accepted that the various effects of the
homozygous or doubly heterozygous state on different
tigsues are independent. Sterlility and fallure of pigmenta-
tion are unlikely to be the result of anaemia since evidence
of dysfunction of gerwm cells and melanoblagts precedes the
development of anaemia in the WA embryo. Furthermore,
transfusion does not prevent the development of aterlility
or the fallure of plgmentatlon. The defects seem to be an
inherent property of the individuwal cells, since they
behave according to their original genotype when trang-
planted into normal congenic hosts. The tilssue effects
in the W serles of mutants may be more wildespread than has
been appreclated hitherto, since defective function of
antibody-forming cells has recently been observed
(Cudkowicz, 19673 Shearer and Cudkowlez, 1967).

While the precise mechanism of the anaemia ls not
clear, disturbance of primitive cell maturation and
differentiation is involved, as borne out by haemopoletic
transplantation studies (MeCulloch et al, 1964; Lewlsg et
al, 1965)., This 1s consistent with the anomalous responge

to erythropoletin, as 1t 1ls known that stem cell behaviour
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1s at least partially controlled by this agent (Erslev,
19593 Gurney, Lajtha and Oliver, 1962; Lange and Pavlovic-
Kentera, 1964). The relative inabllity of W-anaemlc mice
to respond to varlous erythropoletin preparations 1ls a
functlion of the haemopoletic cell ltselfl, and leads to

the speculatlon that a defect exists in the cell receptor
mechanlsm for the stimulus to differentiation. Such a
receptor mechanlism might be similar In the primitive cells

¢

of several tlssues and mlight require a common metabolilc
pathway which is defectlve in the W-mutanis.

Further detalled study of the haemopoletic disturbance
in the W anaemias may be expected to throw light upon the

control of tissue differventiation in general.

(i1) Steel serles of ansemias (Gene symbol, Sl

linkage group IV)

The dominant mutation "steel” (81) arose spontaneously
in the C3H straln of mice and since 1ts first descripiion
in 1956 (Sarvella and Russell, 1965) a considerable number
of further mutations at this locus have been observed,
both spontaneously occurring and followlng X-lrradlation
(Russell and Bernsteln, 1966).

Hetorozygotes are characterized by dilution of coat
colour, moderate anasemla and reduvcitlon in gonad size. The
81/81 homozygotes die at, or, more usually before birth,

and show gevere anaemls, deflclency of germ cells and
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defective plgment production (Bennett, 1956). The triad
of plelotrophlc effects thus closely resembles that
produced by the W-serles of genes; however, the §) and
W genes assort independently (savella and Russell, 1956)
and theilr loci lie within different linkage groups
(Green, 1966).

The anaemia

The firast account of the anaemla of steel was published
by Bennett (1956). It ig evident in embryos ot the 13 -
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 wilth
a wmean red cell dlameter of 9.84 P as compared with 7.#519
In normal embryos. Persistence of a high proporitlion of
nucleated (primitive) erythroeytes durlng the development
of anaemla suggests a failure of production of the inter-
mediate and definitlive generations of red cells; this is
confirmed by histological examinatlion of the liver and
bone marrow which show very marked reduction in haemopoletic
activivy.

The embryonic heterozygote (§;/4) shows moderate
reductlon in the red cell count (to 61-82% of normal) and
the erythrocytes are slightly, but significantly larger
than normal. These differences persist throughout llfe

(Russell and Bernstein, 1966).



For haematologlcal investigatlions in young and adult
mice, extensive use has been made of the allellic mutant,
steel-Dickie (519). Homozygous §;§/§;d mice have a
survival of about 20-25 per cent at 30 days of age. Such
mice develop into sterile black-eyed whites (Russell and
Bernateln, 1966),

Russell and Bernstein (1966) have recently reviewsd
the steel anaemias and include much hitherto unpubllshed
data. The anaemla is macrocybtlic at all ages {rom birth
to adult life, the MCY 4in $1/51% animals belng about 70
per cent greater than normal., The white cells are apparently
unaffected. Retleulocyte counts, both totally and propor-
tionally, are raised, in splte of normal red cell survival
timeg and evidence of bone marrow hypoplasia. Thus, it
seems that reticulocytes in anaemlc mice must have a
prolonged survival in the peripheral clrculation, bug it
is not clear whether this 1s due %o disturbed maturation
or premature release, or both.

Merrow cells from anaemic (§g/§id and §;§/§;§) mice
form spleen colonles in X-irradiated host mice with the
gsame faclility as cells from normal mice (McCulloch, Siminoviteh,
T11l, Russell and Bernstein, 1965), implying that the defect
in the steel anaemiaszs 1s not lnherent in the haemopoietic
cells themselves, but 1s rather a functlion of their
environment. This thesis 1s supported by the relatilve

failure of proliferation of normal (%/+) isologous



haemopoietlce tilssue to cure the anasemia, and by the

success of parablosls in producing a normal haematological
pleture in both animals (Bernsteln, 1966)., Thus, the
anasmia of steel appears %o result, at least in part,

from & defect which 1s extringle to the erythron, but
which interferes with differentlatlion and/or proliferation,
and thls 1s in sharp contrast to the W anaemias.

The possibility of deflclency of the commonly used
haematinic agents is excluded by thelr fallure to produce
remigssion of the anaemla. Vitamin Bl2, folic, folinlc and
ascorble acid, pyridoxal phosphate, lron, testosterone
and vitamin E have all proved ineffective (Russell and
Bernstein, 1966).

The regponse %o erythropoletin, even in large and
repeated doses, 1s poor (Russell and Bernstein, 1966; Kales,
Fried and Gurney, 1966), but some improvement can be
obtained with exposure to hypoxia (Keighley, 19663 Kales
et al, 1966), However haemopoletic %tlsauve from steel
anaemlc mice, transplanted Into W anaemle mice, responds
normally %o erythropoietin (Bernstein and Newberger, 1966),
confirming the impression of an extra-erythrold defect in
steel anasemla, which affects the ablility of homozygous
81 cells to respond to erythropoietin. Blood loss may also
malke a contribution; Kales and assoclates (Kales et al,
1965) rveport 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 (S1™/81™), but the source of
bleeding has not yet been found. Its quantitative
sipnlficance in the causation of the anaemia also remains
uncertaln, particularly in view of {he report of normal

red cell survival in §§§/§;@ homozygotes (Russell and

Bernstein, 1966).

Sterlllty:

The gonads of male and female §;/§; 1415 day embryos
are totally lacking in germ cells (Bennett, 1956). The
heterozygotes show actlve cogenesls and spermatogenesls
although the testes and ovarles are smaller than normal.
In 8-9 day 81/31 embryos, there is defective migration of
primordial germ cells, and a progressive deflciency in
numbers with age 1s seen. Lt 1s not clear whether this
is the resuli of generation of cells with poor migrating

abillty or a fallure of division or both (Bennett, 1956).

Pipmentationt

Skin grafts from 10 day and 14-15 day S1/51 embryos
to isologous animals fall to produce plgment and Bennett
(1956) has suggested that the basic disturbance s a
fatlure of migratlon of primitive melanoblasts from the
neural crest area. An abnormallty of the biochemical
pathway for plgment synthesls 1s unlikely as ateel-anaemilc
adult mice (e.g. $19/81%) are capable of forming eye

plgment. Interference wlth germ cell and pligment cell
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function is evident 3~-5H days prlor to the firat sign of
anaemia, and hence 1%t is unlikely that these phenomena

are secondary to the haemopoietlc effects of the 31 gene.

Discusgion

The cloge simllarity in the phenotyple effects of
the 51 and W genes 1ls strilking. However, these genes are
not allelic (Sarvellia and Russell, 1956) and Russell (1963)
hag suggested that they produce thelr effects by acting on
different slites in the same metabollc pathway. Thls
metabolle pathway would probably inveolve some agpect of
erythropoletin functlion as both S1 and W anaemic mlce show
abnormal responses to this factor. In steel anaemia, the
anomalous response appears to be a function of the environ-
ment of the haemopoletic cells, whereas in W anaemla, 1%
geemg to result from an intringic 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
grythropoletin and that the W-ansemias are a consequence of
a defective or relatively insensitive "receptor' mechanism
ffor the hasmopoletle stimulus.

Too 11ttle is known of gerw cells and pigment cell
production to postulate where the defect in thelr control

may lie in W and S1 anasemia.
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(111) Hertwip's Ansemla (Gene symbol, anj linkage

group, VIII)

Hertwig's anaemla was discovered in the descendants
of a heavlily X-irradiated male mouse. Inheritance 1ls as
an autosomal recessive (Hertwlg, 1942a).

The homozygote (gg/gg) showsg severe embryonic and
neonatal anaemla usually fatal within a few days or weeks
of birth. Occasional animals live for some months and
survival appears to be Influenced by modlifying pgenetic
factors (Russell and Bernsteln, 1966)., Sterllity and
fallure of gonadal development are seen in an/an wmice
reaching adult 1life, but there Lls no effect on coat colour
(Hertwilg, 1942a). Affected mice weigh less than thelr
littermates a2t 2ll ages and are recognizable from the 1ith
gestatlonal day by their pallor.

The anaemla 1s of varliable severity with reduction
in the red cell count, usually to between 30 and 50 per
cent of normal. The effect on the hagmoglobin concentration
is less striking. Macrocytosis and anisocytosls are seen
in blood smears (Hertwig, 1942b). Polychromasia is
conspleuongly absent and the retlculocyie count ls reduced,
both relatively and absolutely (Xunze, 1954), supgesting
defectlive red cell output. The white cell count is also
low (Kunze, 1954),

Erythropoiegis lsg quantitatively decreased in the

livers of anaemlc mlce, and thils 1s appreciable as early
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as the 12th gestatlonal day. Complete regression of
hepatic haemopolesis 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 erythroid serles, with "megaloblastic”" forms, is
seen (Thoms, 1951). The spleen ls very small in young
anaemlc mice, but becomes larger than normal 1n animals
which survive into adult 1ife (Hertwlg, 1942a; Kunze,
1954) .

Therapy with liver extract has proved lneffective

(Kunze, 1954).

Discussgion

The presence of macrocytosis and sterility in Hertwig's
anaemla lg reminlscent of the W and steel serles of anaemias,
However, 1t is clearly different from the other two types
of macrocytle anaemla gince its linkege group is different
and there is no effect on coat colour.

Decreased hasmopoletilc actlviiy in the bone marrow
and liver, and the low reticulocyte count have led Kunze
(1954) to suggest that Hertwig's anaemia should be regarded
as "aplastic" or "aregenerative". Clearly, there is inter-
ference with maturation of the red cell series; and some
effect 18 algo seen on the white cells. The presence of

an unduly small spleen In young animals 1s in keeping
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with a hypoplastle type of anaemia, but the enlargemnent

of this organ in older animals 1s hard to explain, and i¢
has been suggested that it represents an attempt at
compensation for the anaemia (Kunze, 1954)., Alter-
natively, 1t mey result from an accumulation of haemopoletic
cells at an arrested stage of development, insufflclently
mature for release Into the peripheral clrculation.

The simlilarlty to the W-series of anaemlas is borne
out by the recent observations of Thompson and co-workers
(Thompson, McCulloch, Siminovitch and Till, 1966a). When
spleen or marrow cells fron an/an donors were transplanted
into lethally lrradlated hosts, the spleen colonles
formed in these hosts were small In size and deficlent 1in
erythropoiesls particularly, but also In granulopolesis and
atem cell renewal. Evidence toc suggest 1ncreaaed red cell
destruction was also found. Althoﬁgh an is clearly
dlfferent from the W and steel serles of anaemlas,
sufficlent points of similarity exlst to permlt the
speculation that the same, or a closely related, metabolic
pathway is affected in all three macrocytlic anaemlas.
Cross-transplantation experiments wilith haemopoietic tissue
Into and from W-anaemic, steel-anaemic and an/an mice

would also he of interest.
b) The Haemolytic Ansemias

(1) Intrinsic red cell defects
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The four mutants to be described here produce
congenital haemolytlc disease and show thelr maln effects
in the neonatal perlod. All are the result of Intrinsic
red cell defects. In two the characteristic feature is
gpherocytogis; thesge syndromes rvesemble human heredliary
apherocytosls except In thelr mode of inheritance which
is autosomal recesslve 1n the mouse and dominant in man,
However, some human pedlgrees have been reported which
do not conform to thls pattern, and the human disease 1s

probably heterogeneous.

Hereditary Spherocytosis in the Deer Mouse (gene

gymbol, sp)

The dlsease was first described as a form of neonatal
jaundice (Huestis and Anderson, 1954). Examination of the
blood revealed the typlcal findings of spherocytosis and
Increased haemolysils as the basls for Jaundlce and the
haematological and pathologlcal findings have been
reported in detail by Motulsky and associates (Motulsky,
Huestis and Anderaon, 1956; Huestls, Anderson and Motulsky,
19563 Anderson, ﬁuestim and Motulsky, 1960). The perilpheral
blood findlngs in normal control mlce of this specles and
mice with spherocytosis are glven in Table 2.6, |

Anagemla, 1f present, is slight; the M.C.H.C. is a little
hlgher In the animals wilth spherocytosis than in the

controls, and this hags also been noted in man (Dacle, 1960).



The slightly ralsed M.C.V. in the gp/sp animals is
probably a consequence of retleulocytosis. The blood
£ilm shows sgpherocytosis wlth reduced red cell diameter,
and rouleaux formation ls poor. Characteristically,
osmotic fragility 1s increased. The type of hasmoglobin
is gualitatively simllar in normal and abnormal animals.
Red cell survival, as measured by a 510r technigue, is
reduced; crogs transfusion experiments show normal
survival of normal cells in animals with spherocytosis,
and reduced survival of apherocytes in nofm&l animals,
confirming the Intrinslc nature of the defect.

There is gross splenic enlargement, the pulp belng
stuffed with erythrocytes; splenectomy is effective in
reducing the reticuloecyte count and lengthening the red
cell survival time. The bone marrow shows gross red cell
hyperplasia. M1ld hepatomegaly is frequently present and
the incidence of gallstones in the animals with spherocytosls
is four times that 1n normal animals.

The neonatal Jaundlce 1s evanescent, and although
Jaundice is not present in the adult mouse, a well
compensated haemolytic state persists. Fertllity and
viability appear to be normal (Anderson et aig 1960) .

Inheritance 1s as a Mendellan autosomal recessive
(Huestis and Anderson, 1954) and the heterozygous state
for this gene (sp/+) 1s indistinguishable from the normal.

The mutation arose spontaneously and its linkage group



has not been esgtablished, but linkasge to albinism,
pink-eye, flex~talled and sillver pelage has been
exc luded.

This condition very closely resembles hereditary
spherocytosls in the human In almopt every haematologlcal
and pathological aspect (Table 2.7).

The principal difference is In the mode of inheri-
tance, and this has been discussed at some length by
Anderson et al (1960). They have suggested that, if
the underlying blochemical defect 1ls ddentical in the
dominant hevedltary spherocytosis of man, and In the
recessive form in the mouse, wmodifylng genes, brought
out by the pressures of natural selection in the mouse,
might be responsible for the different mode of inheritance.
For instance, it 1s known that elevation of the amblent
temperature to 35°C leads to an increased severity of
anaemlia and increased mortality in gp/sp mice (Anderson
and Motulsky, 1966), and this might be an example of a
selective pressure, influencing the mode of inheritance
of an analagous mutation in different species. However,
humen spherocytosizs is probably a heterogeneous condlition,
on both genetic and blochemical grounds. Pedigrees
have been reported in which both parents (and other

relatives) of affected propositi were haematologlcally
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normal (Young, 1955). Furthermore, metabollc
differences between different cases of hereditvary
spherocytosis have been cbserved: for example,
diffevences in sodium ion transport in red cells have
been found between the "typlcal' cagses with a clearly
dominant pattern of inheritance, and the cases wilth
neither parent affected (Bertles, 1957). Thus,
spherocytosils probably represents the phenotypic
expression of a number of different disorders of the
same metabolic pathway, and comparison of Degr mouse
gpherocytosis with the less usual, possibly recesgsive,

forms of the humen disease might be more approprlate.

Heredltary Spherocytosis (mene symbol sphi linkage

group unlmown)

The other form of heredltary spherocytoglis arose
spontaneously in the C3H straln of the house mouse
(Joe, Teasdale and Miller, 1962). Inheritance 1ls also
an auvtopomal recessive.

The homozygous state ls lethal within 24 hours of
birth, The newborn wmlice are pale and acqulre a Jaundiced
tint within a few hours of birth. The hasuoglobin and

haematocrit values are reduced to about one-fourth of
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normal, and the reticulocyte count varies between 60
and 80 per cent (mormals 10-35 per cent). The plasma
bllirubin concentration is ralsed to between 3 and

5.9 mg/l00 ml compared with the normal range of 0.5-0.9
ng/100 ml. The blood £ilm shows marked microspherocytosis
wlth poikilocytosls and occasional elliptocytes,
Nucleated red cells are frequent in anaemic animals,
which aléo show erythrophagocytosls and faulty roulesaux
formation. The mean cell dlameter 1ls much reduced.
Howell~Jolly bodies and glderocytes are numerous in
both control and anaemle mice, but Helnz bodles are
found in neither group.

The most striking pathologleal changes apre seen
in the llver, which 1ls enlarged and dark, and shows
actlve erythropolesls, congestlon, and dilatlon of the
sinusoldss the blle canaliculi are plugged with bright
yellow plgment, which 1s also present in the intestines.
The spleen 1s not enlarged. The brain is pale but
kernlcterus 1s not seen.

This disorder differs from deer mouse spherocytosls
in being lethal, and in not showing splenomegaly. As
in deer mouse spherocytosis the heterozygote is
indlstinguishable from the normal and the wmode of
inheritance differs from the usual humen form of the

dlsease.
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"Jaundiced" (gene symbol, ja, linkage group unknown)

Another mutation causlng neonatal Jaundice in the
houge wmouge was described by Stevens, Mackensen and
Bernatein (1959). Inheritance ls as a Mendellan autosomal
recesgive. The homozygotes, which are anaemlc atv blrtih,
rapidly become Jaundiced and die, usually within 24 hours.
The anaemia is severe, the red cell count being about
half normal in the newborn anaemlic animals. The mean cell
volume is also much reduced, to 40-70 cu4p, compared with
100~120 cu/p in thelr normal sibs. The blood film shows
hypochromla, anisopoikiloeytosis, schistocytes, leuco-
erythroblastosls and polychromatophilla. The reticulocyte
count is increased, and basophillc stlppling is also a
feature. Target cells or spherocytes are not present
and no increase in gilderocytes has been peen.

Studies with 2Cr-labelled red cells have demonstrated
very severe reduction in survival of cells from homozygous
(Ja/ja) wmice in normal (+/4+) reciplents and cross trans-
fugion experiments with labelled cells confirm that the
abnormallty is intracorpuscular (Russell and Bernstein,
1966) .

Heﬁerozygoteé are viable and fertlle, and although
orlginally belleved to be unaffected are now known %o
show a mlld, well compensated form of the disorder,
manlfest as a moderate shortening of red cell survival,

which 1s not apparent when labelled Jja/t red cells are
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transfused into splenectomized reciplents (Russell and
Bernstein, 1966). However, splenectomy does not cure the
gsevere anaemia of the homozygote, or increase viabllity.
Homozygous Q@/ﬁ@ mice show hyperplagsla of the haemopoletic
gystem, icterus and hepatogplenomegaly.

The nature of the uwnderlylng defect is unknown, No
evidence of gualitative alteration 1ln the haemoglobin
molecule has been found, and there ls nothing to suvggest
a materno-foetal immunologlical basis. Metabolic
abnormalitles in the red cells of ja/Ja mlce have not yet

been demonstrated (Russell and Bernsteln, 1966).

"Haemolytic aneemla" (gene symbol, ha; linkage group

unknown )

Bernstein (1963b) has described a similar condition
in the house mouspe, called "haemolytic anaemla',
Inheritance,;, agaln, is as an autosomal recessive, and
the homozygotes (ha/ha) resemble those for neonatal
Jaundice (Ja/Ja) in almost every detall except viabilility.
Genetic evidence, however, shows ha and Ja to be non-allellc
(Bernsteln, 1963).

Affected individuals are recognizable before blrth
by thelr anaemia and become Jjaundiced within a few hours
of birth. The wmajority of ha/ba homozygotes die within a
week of blrth. Red cell survival lsg severely reduced

and, as In Ja/Ja, cross-transfuslon experiments show the
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defect to be intracorpuscular. There i agaln no
pogitive evidence to suggest an abnormal haemoglobln or
an immunological dilsturbance as the cause, and the red
cell enzymes glucose-b-phosphate dehydrogenase and
phosphokinase are not deflcient (Rugsell and Bermsteln,
1966). Heterozygous carriers (ha/A) show a mild and
well compensated form of the disorder with woderate
reduction in red cell survival.

The aetlological basils of these nonspherocytlc
neonatal haemolytic anaemlas iz unlnmown. While both
show some gimllarities to human erythroblastosls foetalls,
the absence of any posltive evidence of an lmmuanologlcal
disorder reduces the valldity of this snalogy. The
possibllity of a purely quantitative abnormallty of
haemoglobin gsynthesls has not yet been excluded, and the
resemblance %o the thalaassaemlas requires [further 1investl-
gation. The genetlc linkage of Jja and ha is unknown,
and further study of this in relation to haemoglobin
loci in mice might help to clarify the posslbillity of

a thalassaemia-like syndrome.

(11) Autoimmune Haemolytlc Anaemia of NZB/BL mice

This form of herltable haemolytlc anaemia arose,
apparently spontaneously, ln the 1lth generatlon of an
inbred line derived from a mixed strain, and 1s charac-

terlzed by Jaundice and splenomegaly. A detalled report



on the findings 1ln this disease was published by Helyer
and Howle (1.963a) following the first description gilven
by Bilelschowsky, Helyer and Howle, (1959).

In the early stages of the disease, the affected
animals show a hunched posture wlth narrowed palpebral
fimsures and sparse coat; peri-~orbital and urinary
Infections are common. Jaundice is usuwally wmild and
Intermittent, although in the later stages, it is often
gsevere, While the onset is coummmonly between 6 and 12
monthsg, in a small proportion it may be delayed as long
as 15 monthss in the end, however, all anlimals in the
stralin manifest the syndrome. Progressive anaemla
develops, with a sudden onset in some mlce, and more
insidiously in others. The former oceurs more commonly
in males at about 6-9 months age, with moderate anacmla
and gross reficulocytosis and splenomegaly. Cradual
onset is found largely among vether older female wmlce
(at about 12 months), in which the anaemla 1s usually
profound, but splenomegaly 1s slipght or absent and
reticulocytosis 1is moderate. DBlood £1ilmg show anisocytosls
and polychromasla, and the Coombs test always becomes
positive as discussed below. Osmotlc fragility is
varlable, some animals being normal, some showlng increased
resistvance and others increased fragillity. Consistent
changes in the white cell counts, total and differential,
are not found, and platelet counts are wlthin the normal

range.
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Lindsey, Donaldson and Woodruff (1966) determined red
cell survival using 51Crmlabelled autologous erythrocytes.
In a group of severely affected animals the mean T 51Cr
wag 2.1 days, as compared wlth as yet uwnaffected anlmals
in whileh the mean value was 13.3 days; In a further group,
of intermediate severlty, the T3 5lcy was 8.2 days. The
reduction in red cell survival is relatéd %o the degree
of posltlivity of the Coombs Yest and the magnitude of
%%e r@ticulocytoslso

When isogenelc cells are used in cross transfusion
. experiments, cellsy from normal mice are rapldly destroyed
by affected reclpients, and cells from alffected donors
survive normally In unaffected mlce. This finding,
paralleled to some extent In auto-lmmune haemolytilc
anaemla of wman (Dacile, 1962), iwmplles either that wmere
coating of the red cell with aubtoantibody is not In itselfl
gufficlent to lead to shortened red dell survival, or that
elution of the coating antibody wmay occur in the normal
circulation; theve 1ls some evidence o support the latter
suggestion (Selwyn and Hackett, 1949; Dacle, 1962). The
destructlon of red cells in N2B/B1 mice occurs both in

the liver and the spleen (Barnes and Tuffrey, 1966).

Serolozical findings

Incomplete red call agglutinating antibodies active

at 37°C are demonsirable in red cell eluates and free in



the gerum., The titre varies from just detectable levels
to about 1/2000. The higher titres tend to be found in
the mlce showlng sudden onset of the syndrome, and the
lower titres in those in which onset 1s more insidlous.
Chronologically, the appearance of such antlbodles
precedes the appearance of anaemia or reticulocytosls
(Blelschowslky, Helyer and Howle, 1959). The antibody

is also demonstrable by enzyme and albumin technlques,
and in 50 per cent a weak "complete" antibody can be
detected. Activity is present over a wide thermal range,
belng constant between 18 and 37°C and wealk at 41°c. The
free and eluted antibody have the same characteristics
and nelther is complement dependent. Antibody appears
carlier in females than in males (Helyer and Howle, 1963a).
It has slso been shown that the antibody coats the red
cells of other strains of mice and glves a very wealk
pogitive indirect Coombs test with rat erythrocytes;
negative reactlons were found with human, sheep, rabblt,
gulnes plg and chicken red cells (Long, Holmes and
Burnet, 1963). The antlbody coating the red cells 1s a
73 gamma~globulin as demonstrated by immunoelectrophoresis
(Norins and Holmes, 1964a). A further antibody has
recently been detected in the NZB/BIL mice (Holborrow,
Barnes and Tuffrey, 1965)., It 1s complement-£ixing and
agglutinates both mouse and human red cells., It also

appears before the incomplete antlbody described above.
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Both antlbodles are transmissable to neonatal and
3-5 week old NZB/B1 mice by intraperitoneal injection
of spleen cells from NZB/B1 mice with a positive Coombs
test (Holmes, Gorrie and Burnet, 1961; Holborrow et al,
1965), but not by cells from lymph notes, thymus, bone
marrow and buffy coat (Holmes, 1965); this is consistent
with the suggestion that the spleen is the maln site of
antibody production in this disease (Mellors, 1965).

Pogitive lupus erythematosus (L.E,) tests were found
in 41.2 per cent of female and 13.06 per cent of male mlce;
7O per cent of the posltive testls were in females and
30 per cent in males (Helyer and Howle, 1961). A 7S5 gamma
globulin with nucleoprotein speciflcity (antinuelear factor,
AN.F.) 1z present in 30-45 per cent of NZB/BL uice after
2 months of age. It is detectable at a younger age in
females than in males, but the ultimate incldence does
not differ significantly when the sexes are compared
(Norins and Holmes, 1964b), The presmence of AN.F. in
NZB/B1 wmice 1s aésoci&ted with severe renal dlsease. A.N.F.
hag also been found in normal CSH and C57 wmlce with an
incidence of leas than 15 per cent: in normal HI wmice,
the frequency of AN.F. increases steadlily with age to
85 per cent but 111 effects are not seen and the Coombs
and L.E. tests remain negative.

Antlbodies to renal glomeruli have also been

demonstrated in NZB/Bl mice. Iumune globulin extracted
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from renal tlssue, shows affinlty for glomerular tufts
but not for red cells or cell nuclel, and a clrculating
antibody with simllar characterigtics can also be
detected (Mellors, 1965). Deposition of these lmmune
globuling commences at birth and increasges until 1t is
pregent in almost all glomerull at 12 months of age
(Sagel, Treser, Ty, Wachsteln and Lange, 1965). The
deposits contain albumin, d- and ﬁ>~ globulin, in
addltion %o X'mglobulin as thelr main constituent (Nairn,

MeGiven, Ironside and Norins, 1966).

Pathological changes

These have been descrlbed by Helyer and Howie (19632)
and Miyasato, Manaligod and Pollak (1967). The bone
marrow shows gross hyperplasia, or, occaslonally, marrow
fallure. There is myelold metaplagia in the lymph nodes,
and frequent plasma cells are seen; a few show "neoplastic
features" (Helyer and Howle, 1963a). Hemosiderosls is
pregent in the liver, which is enlarged, and patcheg of
focal necrosis may be found; especlally in assoclation
with Jaundice. Single cell necrosls and regeneration,
with inflammatory changes resembling those of human lupold
hepatitis have been described (Horowitz, Dubois and
Channing, 1965). Gall stones are frequent. Splenomegaly
is largely due to'extramedullary haemopoiesls, and 1s
nost marked In male mice and least obvious in breeder

females (Helyer and Howie, 1963a). Abundant haemosiderin
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1s present and, in some Iinstances, perivascular {ibrosils
and hyaline changes 1n the arterlolar walls (Horowitz
et al, 19653 Miyasato et al, 1967).

The renal leslons in NZB/B1 mice and hybrld crosses
wlth other stralng have been extensively studled, on
account of thelr close resemblance to those of human
systemic lupus erythematosus (S.L.E.) (Helyer and Howie,
196323 Miyasato et al, 1967). The changes are more
obvious and appear earlier in females. After 6 months
of age, thickening of the capillary basement wmembrane and
"wire~looping" of the capillaries appesrs followed by
Increased lobulatlon of the tufts and fibrinocld necrosis
(Aarons, 1964; Horowltz et al, 1965). Fusion of the
"foot processes" 1s seen on electron microscopy
(Horowitz et al, 1965). In an outbred stock Wigley and
Couchman (1966) found lesions in the kldneys resembling

those of human polyarterlitls nodosa.

Effect of therapy

a) Splenectomy: Splenectomy before 3 months of age
results in lower antibody tltres and retlculocyte counts,
and morbid anatomical changes are less severe (Helyer
and Howile, 1963a). However, an increased frequency of lethal
nephritis follows thils procedure (Holmes and Burnet, 1963a).
Late splenectomy (after 6-8 months) has 1ittle effect,
except In severely alfected animals, In which death rapldly

ensues.,
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1) Steroids: Administration of A.C.T.H. iz rfollowed
by gain In weight, rise in haematocrit, fall in retlculocyte
count; regressilon of splenomegaly and haemosiderosis,
and a fall in antibody titre. Remlsslon is never complete
and relapse conglstently follows the cessation of treat-
ment (Helyer and Howle, 1963a).

Cortisone acetate In doses of 2 mg/wk per mous
produces reversion of the Coombs test Lo negative, and,
in yvounger anlmals, prevents the development of a
positive Coombsg test. The retlculocyte count falls but no
effect lg geen In the haemoglobin concentratlion or
haematocrit, as compared with untreated controlg. Relapse
occurs when treatment lg stopped, but the Coombs test
becomes negative agaln following further sterold adminis-
tration. An unduly hlgh incidence of infection 1s found
in the treated group (Giltinan, Holmes and Burnet, 1965).
Beta~-methagone phosphate produces lmprovement in anaemla,
weakenlng or reverslon to negative of the Coombs test and
diminution in splenomezaly (Casey and Howle, 1965). It
hag been pointed out that NZB/B1l wmice would form a useful
model for the trisl of drugs for treatument of human
antolmmune dilsease (Casey and Howle, 1965).

¢) Immunosuppressive drugs: Purnet and his colleagues
(Russell, Hicks and Burnet, 1966) have reported a favorable
effect of cyclophogphamide 1In haltlng or preventing the
pathological changes in the kldneys of NZB/MN2W Fy hybrild

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 flbrosis, interpreted as healing. They
suggest that the NZB NIW ¥, hybrid may prove to be a
vgeful gystem for testing the value of immunosuppressive
drugs prior o thelr use in man; and that further studies
wlth cyelophosphamlide may help to elvecidate the nature
and mechanism of the diseage process ltsell. Alteration
in the course of the dlsease does not follow the use of
azothloprine or actlinomyein C, as reflected by the Coombs
test, reticuloeyte count and haemotoerlt (Stilckel and

Woodruff, 1966).

increased lliability to neoplasila

While the presence of neoplastic changes in the
lymphold tissue of NZB/Bl mlce has been regarded by some
ag coincidental, other evldence does not support this
contention. NZB mice have an increased 1labllity to
develop lymphoma, compared with controls, when glven
carcinogenic agents (Bielschowsky and Bilelschowsky, 1962),
and a high 1ncidénc@ of malignant retlculosis in NZB mlce
has been reported. Out of 20 mlce aged between 9 and 11
monthe, 2 developed reticulosarcoma and 2 malignant lymphoma.
All showed evlidence of the lmmunologilcal disturbance before

they developed lymphoma (Mellors, 1966).

Effect of differences in genetic backeground

Considerable differences in the incldence of the

various autoimmune manlifestationsg in NZB mice can be



produced by crosging NZB with other strains. Helyer and

Howle (1961, 1963b) demonstrated that Fq and Fy hybride,
erived by crossing NZB/B1 with NZ2¥/Bl, showed a highev
Incidence of renal lesions and a lower incldence of

anaemia than the original NZB/B1 strain, and thils effect
1s even more marked in crosses with NZW., Hybrids from

matings of NZB with CBH show a delayed onset of poslitivivy
of the Coombs test (Holmes and Burnet, 1964); effects

of crossing wlth other stralns are described by Burnet

and Holmes (1965) and Wigley and Couchman {1966).

Differences between male and female wmice may be
genetic in origin, or wmay be humoral. There ls at present
no evidence to confirm or refute either possibillity.

An antogomal dominent pattern of inherltance for the
auntolmmune disease of NZB mice has been suggested
(Bielschowsky and Bilelschowsky, 1964), but the inevitable
development of autoimmine leslons in the P2 back-cross
generatlions of NZB/B1 with NZY/B1 mice (Helyer and Howle,
1963a and b) implies a wmore complex form of inherltance.
The recent discovery of virus-like particles in the organs
of NZB/BLl mouse tissuaes, together with the pattern of
inheritance, ralses the posslblility of vertical viral
transmigslon of the disease from generatlon to generatlon

through the sperm and ovum (Mellors and Huang, 1966),
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Resemblance of the autolumune disturbance in NZB /ML mice,

o human S,L.E, wlth haemolytic anaemls

The points of similarity and difference between
human auvtoclmmune disease with S.L,E. and haemolytilc
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,
1963h; Channing, Kasuga, Horowitz, Dubols and Demopoulos,

1965; Dubols, Horowitz, Demopoulos and Teplitz, 1966).

¢) 'The Hypochromic Anaemias ;

(L) The anaemia of flex-talled mice (gene symbol, f3

linkage group XIV)

"Plex-talled" arose as a spontaneous mutant with
an autosomal recessive pattern of inheriltance (Hunt and
Permar, 1928). The first feature to be reported was
defformlity of the axial skeleton, manlfested as kinks in
the tall; %he severlty of the conditlon appeared to depend
on modifying genetile factors, since segregation for
degree of deformity was apparent (Hunt, Mixter and Permar,
1933). The presence of a whlte belly spot in the
homozygous (£/£) mice was also noted (Clark, 1934). The
first assessment of the translent anaemlia In flex-talled
(Mixter and Hunt, 1933) showed slgnificantly low haemoglobin
concentrations in affected mice at birth and one week of
ages these differences disappeared by 2 weelts. No haemato-

logical abnormality was found in heterozygous animels.



The patholopgy of the deformitlies in the axial
skeleton was deseribed by Kamenoff (1935), who found
defective development of the annulus fibircsug of the
vertebral column commencing about the 14-15th gestational
days thls resulted in unilateral or bhllateral fuslon of
the vertebrae. Where unllateral fusion had ocecurred,
differential growth of the two sides of the vertebral
colunn produced deformity.

Anaemia was also shown to be established by the
14%h day of gestatlon, thus preceding the earliest
evidence of dlsordered development of the Intervertebral
discs. The posslbillty that the skeletal abnormalitles,
helly spot and anaemla might be due to different genes
hag been extensively investigated and discussed elsewhere
(Mixter and Hunt, 19333 Clark, 1934; Kamenoff, 1935;
Gruneberg, 1952) and 1t has been concluded that this
triad of features results from the action of a single
gene .

In embryo there iz marked reductlion of the red cell
count, which 1s about 50 per cent of normal at 14 days

gestation (Kamenoff, 1935), assocliated with significant

reductlon in hepatic haemopolesls., Earlier haematologilcal

findings (Mixter and Hunt, 1933; Kamenoff, 1935) were
confirmed and extended by Gruneberg (1942a), who found

a moderately severe reduction In haemoglobin at birth,
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with the packed cell volume and red cell count less affected.
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The hacmogloblin concentration was normal after U weelts
and the red cell counﬁ by 1 week of age. The resulting
reduction in the M.C.HU.C. had disappeared by 14 dayg of
age, but that in the mean corpuscular haewmoglobln was
5t11l apparent at 28 days. The effect on the mean cell
volume was surprisingly slight. A mlld Increase in
retlculocytes was seen In anaemic mice up to 2 weeks
after blrth, and osmotle reslatance was describhed as
"at least normal"” (Gruneberg, 1952). The disappearance
of the anaemia colnclded, more or less, with the
disappearance of hepatlce erythropolesin. and 1tz replace-

ment by intra-medullary blood formation,

Siderocytes

In a further study, using the Prusslan Blue reaction,
Gruneberg (1942c¢) demonstrated the presence of excessive
numbers of erythroeytes contalnling stainable lron granules
(siderocytes) 1n flex-tailed ansemia (Fig. 2.1).

In the primitive erythropoletic cells (yolk sac
generation) of both normal and homozygous £/f embryos,
slderotic granules were present In large numbers.

Although this feature was slightly more marked In the
anaemle mice, thelr primitive erythrocytes showed
abundant haemoglobinizatlion, and significant anaemla was
not present at this stage of development. Thus, 1t seems

unlikely that the f gene has much effect on the yolk sac



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 erythropolesis. However, with the emergence,

on or about the 13th-14th gestational day, of the
intermediate (hepatic) generatlon of red cells, a clear
and significant excess of slderocytes was seen in the
anasmic mice, colnciding with the development of anaemla.
The frequency of siderocytes was related to the severlity
of the anaemla, and the decline in thelr numbers cccurred

pari passu wlth lts spontaneous regression. At bhirth

T0-92 pew cent of erythrocytes In anaemic milce contalned
slderotic granules, as opposed to 2-6 per cent in normal
control animals. Slderocytes could not be found in normal
mice after flrst week of life; In flex-talled anaemla
they declined In number to 1-8 per cent, at which level
they perslsted throughout 1ife in splte of the normal
haematologlcal Indlces; thils suggests the persistence of
the undeelying abnormallty.

Gruneberg concluded that the slderotic granules
represented "unused" iron. Their presence certalnly
excludes 1ron‘deficiency asg a causge of the anaemla, and
suggests the presence of an Intrinsic abnormallty of the
red cell series, concerned with the synthesis of

haemoglobin.

Nature of the defect

Thompson and her assoclates (Thompson, MeCulloch,

Siminovich and T1ll, 1966b) have shown that cells from
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embryonic liver and from the bone marrow of 8 week and
7 month o0ld homozygous f£/f mice, transplanted into
irradiated hosts form smaller gpleen colonies than do
cells from normal mice. This finding confirms that the
defect 1s inherent 1In the erythroid cells and that 1t
does persist in latent form in adult life, as Gruneberg
(1942¢) had suggested. The spleen colonies of £/f origin
were also found to incorporate 591ron poorly at 6-10
days after InjJectlon. By 30 days, however, no difference
in 2?1ron incorporation exlsted between f/f and normal
cell colonies, indiecating that the defect 1s only
manifested under conditlons of rapid proliferation.
Accumulation of iron within the abnormal red cell
suggests a defect in globin and haem synthesls. A dilrect
effect on the structure of globin 1is rendered unlikely
by studles of linkage. "Flex-talled”" is not linked to
the structural gene for (! ~chaln synthesls (Hutton,
Bishop, Schweet and Russell, 1962a), and the structural
gene for Fg-chain synthesis 1s known to be closely linked
to albinism (Popp and St. Amand, 1960), whereas that for
flex-tailed anaemia 1s not (Huny, Mixter and Permar, 1933).
There 18 more posltive evidence of 1nterference with
haem synthesis, since impalred activity of the enzyme
Eﬁ—aminolaevullnate dehydratase (ALAD) has been demonstrated
(Margolis, 1965; Margolis and Russell, 1965). This enzyme

catalyses the condensatlon of two molecules of 5;-am1no~
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laevulinic acld to form porphobilinogen (Granick and
Levere, 1964). Its level of activity in mouse liver
varles from strain to straln and 1s under genetic control,
probably by a single factor, Lv (Russell and Coleman,
1963). In adult mice, both homozygous £/f and heterozygous
£/4, ALAD levels in liver and spleen are reduced to
about one third of normal (Margolls, 1965). Phenyl-
hydrazine induced haemolysls leads to a conslderable
increase 1n ALAD activity>1n normal mouse hsemopoletic
tissue, but has only a slight effect in homozygous £/f
animals; the £/+ heterozygotes show an Intermediate
lncrease, and thus the genotypes can be dlstinguished
(Margolis and Russell, 1965).

The metabollc abnormality concérns the early stages
off haem synthesls, manifested as hypochromic anaemis
during a period of rapld growth, and detectable through-
out 1life as persistence of siderocytes and faillure on
the part of the haenm éynthetie pathway to react adequately
to stress. The intermedlate degree of augmentatilon of
ALAD activity by haemolysis in heterozygous (£/+) animals
suggests a higher potentlal for haem synthesls than 1s
possessed by the homozygous (g/g) mlce, and this higher
potential 1s apparently adequate to prevent the appearance
of haematologlcal or morphological abnormallties in the
heterozygous group.

The deflclency of ALAD activity in the adult £/f
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mouge 1is probably less than complete since 1t results
in comparitively minor morphological abnermalitles in
a system which 1ls synthesizing haem in relatively large
guantities. Since enough haem can be syntheslezed to
gsupport a normal haemogloblin concentration in the peripheral
blood, it is not necessarily surprising that no apparent
effect of the f gene ls obvious in other haem synthesizing
systems.

The cause of the skeletal deformlities is not a
present clear. Anaemla precedes the earliest evidence
of skeletal maldevelopment leading to the suggestion
that abnormal differentlation of the Intervertébral discs
might be a consequence of snaemla (Kamenoff, 1935). This
appect is further discussed by Gruneberg (1952, 1963)
who feels that it ls unlikely to be the whole explanation,
ag skeletal anomalles are not present In the WW anaemias
where the haemopoletlc defect 1s apparent at about the
same stage of development. Whether the degree of
deficiency of ALAD in £/f mlce can influence the develop-
ment of axlal skeleton is not known at present. The

explanation of the belly spot ls also not clear.

(11) Inherited Microcytic Anaemia (Gene Symbol, mk;

linkage group unknown).

Microcytlic anaemla 1s inherited as an autosomal
recessive and affected newborn (mk/mk) mice are recogniz-

able by thelr pallor and reductlon in body welght.
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Viabllity is impaired, only 50 per cent remalning
alive at the time of weaning, but the fertililty of
of survivors is normal (Nash, Kent, Dickie and Russell,
1964 ) .

Blood smears from anzemlc wmlce show extreme
‘mlerocytosls, hypochromla and leptocytosis. The red
cell count in newborn anaemic mice is only slightly
lower than in thelr normal slbs, and during the first
8 weeks of postnatal life 1t increases greatly, until
1% 18 50 per cent higher than normal. Thus, there
appears to be a compensatory lncrease In red cell pro-
duction in the anaemle mice and thls ls reflected in an
increase in reticulocytes to 11-13 per cent compared
with 3-4 per cent in conirol animals. The mean
corpuscular volume and wmean cell volume are decreased
to about 60 per cent of normal (Russell and Bernstein,
1966). The metabollc disturbance producing this andemia

ilg as yet unknown.

d) Miscellaneous Anaemias

(1) Anaemla associated with "diminutive" (gene

gymbol, dm: linkage group, V).

The mutation dm 1s inherited as an autosomal
recessive, and in the homozygous condltlion glves rise

to retarded growth, multlple skeletal abnormalities and
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severe neonatal macrocytlc anaemla, which lmproves
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 1s increased by up to 40
per cent, to 137.5-144.5 cu.p. As the ansemla improves,
the differences between the dm/dm mice and the normal
become less, but the macrocytlc pleture 1is stlll clearly
present at 250 days of age. An lncreasse in slderocytes
1s not present, unlike the anaemia of "flex-taillead",
and some homozygous animals are fertlle, in contrast to
the W and steel serles of anaemias.

The presence of gevere anaemia at bilrth implies
that the hepatic generatlon of erythrocytes ls affected
as well as the adult medullary and splenic phases of
haemopolesls but whether the earlier yolk sac generatlon
1s also involved 1sg not at present known, and further
invegtigation of the anaemla does not appear to have
been undertaken.

The mechanlsm of the skeletal anomalles 1s also
uncertain and Gruneberg's suggestlon (1963) that they
might be secondary to ansemla In foetal life, as in
"Tall-ghort" (Deol, 1961), is unlikely to be the whole
explanation since the original heterozygous carrier

(dm/+) showed fusions of macral and caudal vertebrae



and heterozygotes are not anaemic (Stevens and

Mackensen, 1958).

(11) Anaemia associlated with "Taill-short" (gene

gymbol T3 linkage group unknown)

The dominant gene for "Tail-short" (Tg) arose
as a spontaneous mutation in a highly inbred colony of
strain C mice. In the homozygous state 1t 1s lethal and
in the heterozygous state produces multiple defects of
the skull, and axial and llmb skeleton, lncluding
vertebral fusions, fewer caudal vertebrae, extra thoracilc
vertebrae, ribs and sternebrae, and rib fuslons (Morgan,
1950, Deol, 1961).

Severe anaemia ls seen in enbryos between the 9th
and 14th days of gestation and while this is still
appreciable at 16 days, by birth the haecmatologlcal
findings are not slignificantly different {from normal.

On the 8th day of gestation, there ls clear reduction

of the number of blood islands in the yolk sac (Deol,
1961). Delay in waturation of the cartllagenous skeleton
is appreclable at 14-17 days, and it hag been suggested
that the primary defect in the development of the blood
lslands leads to anaemia whlch in turn leads to the

retardation of growth and differentlation of the skeleton.

(111) The anaemia of luxold mice (gmene symbol, lat:

linkage group unknown)

Several genes produclng a syndrome of luxation

79



80

of the limbs and polydactyly have been deseribed (Carter,
1951; Oreen, 1955; Strong and Hardy, 1956). "Strong's
luxold" (gene symbol, l1st) (Strong and Hardy, 1956) in
which anaemla sometimes oceurs, arose in a CBAMN/IK
hybrlid which was recelving methylcholanthrene. The
nature of the anaemla wag clarlfled by Forsthoefel and
Kuharcik (Forsthoefel and Kuharclk, 1961; Kuharcik and
Porsthoefel, 1963) who found it to be present in about

a third of newborn homozygous lst/lst mice, but not in
the heterozygous animals, nor in adulisg, nor in the
foetal stage of developmeni. The anaemla s normocytilc
in character and wild in degree, with normal hepatlc

and medullary hemopoiesis, Tearing‘of the abdominal wall
between the umbllicus and genltal tubercle of the newborn
luzold wmlce, and qulte prolonged bleeding from thls site
in some instances, was noted. There was a signiflicant
gorrelation between the presence of such tears and the
presence of anaemia. Thus 1t appears that the transient
normocytic neonatal anaemls of Strong's luxold is not a
primary pgene offect, but a pdstnhaemorrhagic compllcatglion
of damage to the abdominal wall and umbilical vessels at the

tine of separatlon of the umbllical cord.

(iv) Foetal erythroblastic ansemis (no gene symbol

allotted, inheritance uncertain)

Foetal erythroblastic anaemla, described by
Hertwig (1956), occcurs durlng embryonic 1life and is lethal



between the 14th and 17th gestational days. It appears
to dlffer from the other mouse anaemla, wlth which
Hertwig's name 1ls associated (1942a,b) and which has
been discussed already.

The nature of the Ilnherltance 1s not clear; but 1t
is found in the offspring of matings which have produced
mice wlth hydrops, mlcrocephaly and other congenltal
malformations.,

The peripheral blood In anaemic embryos shows a
virtual absence of non-nucleated erythrocytes of the
hepatic generation, and as the embryos mature, the
nucleated erythrocytes show progressively less and less
haemoglobinization with the development of profound
anaemia., |

The assoclation with hydrops has led Hertwig (1956)
to postulate that the explanatlon of the anaemia may lle
in maternco-foetal serocloglcal incompatiblility. The
fallure of hepatlc haemopolesis and haemogloblnilization
of the erythroblasts do not seem entlrely conslstent
with thisvsuggestion. Tﬁe co~exlistence of hydrops and
fallure of heemogloblinization invites comparison wlth
human o -thalassaemia (Lie-InJjo Luan Eng, 1962). It is
clear that further study ls redqulred before the true

nature of thls anaemia can be established.

e) Summary

Thls chapter has surveyed the variety of heredltary
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anaemlas which have been described in mice, and
summarlzed the main haematologlcal features of the
various syndrowes.

Thelr study has already proved valuable Lowards
the ¢lucidation of the procesgses of control of cellular
and tissue differentlation, as exempllifled by the work
on the W and steel geries. The presence of apparently
independent gene effects in é varlety of tlissues
suggests that a common mechanism way exlst for the
control of thelr development. The response of the W
and steel anaemlas to erythropoletlc factor lmplies
that such a common mechanism involves both humoral and
cellular coumponenis, ldentlcal in the various affected
tissues.

Digturbance of yed cell formatlon by single gene
mutations, which affect single steps in the whole chailn
of processes, allows analysis of the normal working of
such steps and of thelr genetlc control., Investlgatlion
of the congenltal haemolytle anaemlas of mice should
yield further lnformatlion on the mechanisms for malntenance
of red cell shape and functlonal Ilntegritvy.

Ag models of human dlsease, the hereditary mouse
anaemias already offer some useful analogles. Thus, the
autolmmune dlsease of NZB/B1 mlce provides an opportunity
to study the fallure of control of the immunocloglcal

mechanlems, and of "self-recognition" on the part of
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the imnunologically competent cell. It further providey
a model of human systemle lupus erythematosus for
lnvestlgation of pathogenlc mechanisms and treatment.
Many of the other syndromes requlre further investlgation
before thelr value as disease models can be agsessed.

For example, several of those which go far have been
little studied resemble the thalasgsaemlas, & group of
human diseases for which an animal model would be wmost

ugeful,



CHAPTER 3

X-Linked Anaemla of Mice: Previously Reported Data

a) Origin and genetic assessment:

Sex-linked mouse anaemia (gene-symbol, gsla) or,
more properly, X-linked mouse anaemla, was discovered
during experiments in the production of X-linked
mutations by irradlation wlth x-rays. The mutant was
first noted in the off'spring of a daughter of a male
mouse which had recelved 500 rads of x-rays. When
mated with an unrelated wild-type male, she produced
gix anaemlc and ten normal male offspring (Falconer
and Isaacson, 1962).

Anaemic animals were so classified by inspection
at or soon after birth, and pedlgree studles clearly
indlcated an ¥-linked recessive pattern of inheritance.
Four females from matings whileh were not expected to
produce homozygotes, were classlfied as anaemle. Two
of these proved to be heterozygotes on subsequent
mating tests; the other two were apparently not tested.
If all four were heterozygotes then the penetrance of
the sla 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 anaemlic and this could be taken
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to reflect the 1Inaccuracy of inspection of neonatal
mice ap a method of classiflecation, and, further, throws
doubt on the estimate of penetrance 1In the heterozygous
females,

Falconer and Isaascson (1962) also performed three-

point linkage studies of gla with "Tabby", (Ta), (Falconer,

1952, 1953) and "Brindled" (MoPY)(Fraser, Sobey and
Spicer, 1953; Falconer, 1953); both these X-linked genes
affect the coat colour of mlce., Recombination

frequencies of 4.2 per cent between Eng

and Ta and of
3.2 per cent between Ta and g;g were found and the
three-point linkapge tesﬁs established the order of
genes on the X-chromosome as MoP” - Ta - sla, Other
X-linked genes, the positlions of which were known at
that time, are "Jimpy" (Jp), (Phillips, 1954) and
"Bent-tail" (Bn)(Garber, 1952). The former lies about
21 crossover unlts from Ta on the slde remote from gla,
and the latter about 13 units from Ta on thé‘same glde
ag sla. Thus, sla lles 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)i-

10 3 4 17
Bn 1 510 T 0P 1p
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A more vecent and complete mep of the X-chromosome

of the mouse, taken from Green (1966), is given below,

together with an explanation of the symbols.

T 4 17 23
Bn Str* pla Ta_ Blo ap gf
gs Mo
o
Symbol¥#* Name
Bn "Bent-tall"
Str "Striated"
sla "sex-linked anacmia"
Ta "Tabby"
allelic

Ga "Greasy"
Blo "Blotchy"
Mo "Mottled" allelic
To "Tortoiseshell"
Jp " J1mpy"
sf "scurfy"

*  Precise location uncertain.

*% Capltal letters in the gene symbol and name

indicate dominence, and lower case, recessive

inheritance.
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b) Haematologlcal investigations: |

The flrst haematologlcal asgsessment of the anaemla
produced by the gla gene was glven by CGrewal (1962),
who studled mainly newborn and young mice. The animals
gtudied were the descendants of a single male from the
colony of Falconer and Isaacson (1962). This mouse was
mated with first generation (F;) females from a cross
between the inbred strains, CBA/Gr and C5TB1l/Gr, to
produce animals for study.

The results obtained by Grewal (1962) for haemoglobin,
concentration, haematocriv, M.C.H.C., red cell count,
mean cell volume (M.C.V.) and mean cell haemoglobin
(M.C.H.) at varlous ages are given in Table 3.1 and
the anaemic:normal ratlos for each measurement or index
in each ape group are given 1n Table 3.2. As can be
geen from the latter table, there was little difference
in the extent of reduction of haemoglobin concentration,
haematocrit and red cell count and consequently compari-
tilvely 1lttle deviation from normal 1s evident 1in the
M.C.,H.C., M.C.V. and M.C.H. Thus, the degree of
mlcroeytosls and hypochromia appeared to bhe slight.
Little change in the anaemla was seen with age up to
72 days, but animals examined at 240 days of age were
less anaemic than the younger mlice. Since serial studles
were not reported, 1t is not clear whether this

represented a true lmprovement, or merely a differential
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survival of less anaemlc mlce. The extent of variation
in the haematologlcal findings wlthin the various age
groups studied is not stated,

Blood f1lms showed milld anlsocytosis and polkileceytosls
and hypochromia; anlsocytosls and microcytosls were
reflected in the red cell dlameter meaéurements, in which
there wasg more varlatlon in anaemlc anlmals at all ages,
with an appreciable "shift" in the direction of
mlcerocytoslis. The extent of change seemed to decrease
with increasing age. Anaemlc animals had a slightly
raised reticulocyte count, and during the flirst week of
life, they are reported to have shown the presence of
siderocyters in slightly greater than normal numbers.
Insufficlent data were wmade avallable for critical
assessment of thils. Red cell osmotlce fraglility Iin
anaemlc mlce-was found to lie iIn the same range ag the
normals. Examination of blood films showed no differences
in the white cells suggesting that the s8la gene does not
affect the leucocyte series.

Ten heterozygous carrier females were examined,
and compared with thelr normel brothers. No difference
wag found between the two groups and the gene was thus
regarded by Grewal as belng fully recesslve.

The haemopoietic organs (liver, spleen and bone
narvow) were examined histologleally, after staining with

haematoxylin and eosin. In the liver, anaemic mlce
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ghowed fewer haemopoletic focl than the normals at

birth, but more at age 7 days. No haemopoletic focil

were found after 14 days in anaemles or normals. No
differences were found when the spleensg were compared, but
tibial bone marrow from anaemic mice showed defective
erythropolesgis 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 wlth comparatively alight
morphologlical changes and alterations in the red cell
indices. The hlstological findings in the bone marrow
implied that fallure of erythropolesis may have had a
part to play in the pathogenesis of the anaemla, but
otherwlse there was little to indlcate the possible
mechanism of X-linked mouse anaemlsa.

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

The X~-linked inherltance of sls clearly demonstrated
1ts non-ldentity with the other forms of heriltable mouse
anaemia desecribed in Chapter 2, and also lmplied the
presence on the X-chromogome of the normal mouse of a
gene concerned, directly or Indirectly, with the
maintenance of normal haemopoiesls.

Grewal consldered briefly a possible analogy

between X-linked mouse anaemla and thalassaemia (Cooley's
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anaemia) in the human; this wlll be discussed in more
detall in a subsequent chapter.

Bannerman and Cooper (1964) followed up Grewal's
(1962) suggestlon of an analogy to thalassacmla.
Worlkdng with & mixed strain of mice descended from
Falconer's original colony, they were able to confirm
the hypochromic nature of the anaemla and the X-linked
pattern of Iinherltance. They, too, were unable to
demonstrate an abnormallty on haemoglobin electrophoresis,
nor could they demonstrate significant alteratlons in
the absorptlon or utillization of lron., They suggested
a resemblance to the hunan X-linked hypochromic anaemia
described by Cooley (1945) and Rundles and Falls (1946),
a suggestlon also put forward by McKusick (1964) and
Ohno (1967). However, unlike this human X-linked
hypochromic anaemia (Bishop and Bethel, 1959, 1960)
the wmouse anaemla proved unresponsive to pyridoxine.

The anaemla did, however, respond to parenteral iron
dextran.,

In a subsequent communication Bannerman and Cooper
(1966) reported in more detall on thelr findings in
X~-linked anaemia. The ansemla wag more severe in their
colony than 1in Grewal's, with haemoglobin concentrations
in the range of 4 - 8G/100 ml. at age 30-40 days. The
reduction in haematocrit was proportionately less than

in haemoglobin and the M.C.H.C. wasg thus low. The



reduction in red cell count was stated Uo be moderate
and the mean cell volume to be normal or slightly
reduced, This is somewhat at varlance with their
finding of hypochromla, microcytosis and red cell
fragments in the perlpheral 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 1ls q
consistvent with Faleconer and Isaacson's (1962) finding
that sla was lncompletely recessive, but is in
disagreement with Grewal's (1962) statement that the
heterozygoters are apparently normal haematvologlecally.

Spontaneoug improvement in the anaemia with age
was noted and the previously reported responsge to
intraperitoneal lron-dextran was conflrmed.

Prelimlnary estlmates of inorganlc iron absorption
and uwitllization for haemopolesls did not show significant
differences from normal controls,

Detverminations of total body iron gave similar
resulis in normal and anaemic milce.

It was concluded that the anaemla wasg probably
a consequence of an unugual prilmary defect in iron
metabolism on the basls of the favourable response to
lron dextran in the absence of apparent iron deéflclency

and in the presence of apparently normal iron absorptlon.
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I% seems surprising, however, that the absorptlion
and utilization of iron for haemopolesls can both be
normal in the presence of a hypochromic and microcytic
anasemia and clavificatlon of thils polnt seemed necessary.

The differences In the haematologlcal flndings in
X-linked anaemia in the colonies investlgated by
Grewal {(1962) and by Bannerman and Cooper (1964, 1966)
may be a conseguence of varilable expressivity of the
gla gene on different genetle backgrounds, or perhaps
of variations in environmental factors such as diet, or,
of course, environment and inheritance may both have a
part'%o 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 slderocytosis and haemochromatosis are

not observed. Data supporting these statements are not

preaented.
¢) Summary

The origlin of X-linked mouse anaemia ls described.
The mutant (gla)gene arose as a consequence of
X-irradiation, and shows the typlcal X-linked pattern
of inbheritance. 'The position of this locus on the X
chromogome of the mouse has been determined.

Data reported by others on the nature of the anaemia
ig presented. The earliest assessment showed & mild or

moderate anaemia with slight alteratlions in the red cell



indices In the dilrectlon of hypochromis and
mlcrocytoslias, Subsequent Investilgatlons suggested
that the anaemia and the assoclated morphological
changes were morg severe than was at flrst thought,
and several posslble explanations for thls dilscrepancy
exist,

Preliminary studles wlth tracer doses&of radio-
iron, and chemlcal estimates of body iron content, have
led to the suggestlon that an uvnusuwal disturbance of

iron metabollsm underlies the anaemia.
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CHAPTER U4

Materials and Methods

a) The animals studled

The origin of the mutant gene, sla, has been
described in Chapter 3. Through the generoslty of
Dr, D. 8. Falconer of the Instltute of Animal Genetics
in Edinburgh, Dr. Bannerman was able to obtain & small
breeding stock of mice of the original mixed strain; 1t
is from these that the anlmals studled here are
descended.

In the convention that will be used for recording
genotypes, "gla" represents the gene for anaemla carried
on the X-chromosome, "+" 1s the normal, wild-type allele,
and "-" indicates the absence of either gene on the
Y-chromosome of the male, Thus, the normal female is
"+/+", the normal male ™+ /-", the heterozygous carrier
female "gla/4", the hemizygous ansemic wale, "gla/-", and
the homozygous anaemlc female, "gla/sla’.

The breeding plan shown in Flg. 4.1 was followed
at ©irst, using brother x slster matings in an attempt to
produce an inbred strain., The gene for "Brindled" (ﬂgpr),
which causes alterations in coat colour (Fraser, Sobey
and Spicer, 1953) and is closely linked to sla (Falconer

and Igaacson, 1962), was present in the original stock,



MATING PLAN
ORIGINAL MIXED STOCK

Z D

sla+/-- slag+/+ Mobr

2 © @

sla+/—- +Mobr/—— sla+/+Mo sla+/ sla+
(lethal)

Fig. 4.1: The mating plan used in breeding %the orilginal mixed
stock obtained from Edinburgh. The cross-hatched squares
represent hemizygous anaewmlc males; the open squares, hemlzygous
Brindled wales; the cross-hatched circle, & homozygous anaemlc
female, and the half open, hali cross-hatched clrcles, doubly
heterozygous females with the genes for X-linked anaemila (g;g)

and Brindled (Mo®®) in repulsion. (See text).
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carried 1n repulsion to gla. Thus the offspring of a
brindled carrier for sla (HMoP%/sla+) would, in the
absence of crossing-over, lnherlt a gene elther for
"Brindled" or for X-linked anaemia. When such a double
heterozygote 1s mated to a non-Brindled anaemlc male
(sla+/--), two types of daughters result - another double
carrier (+MoP¥/sla+) and a homozygous anaemlc female
(slat/slat). Carriers could be distinguished from
homozygous anasemic females by coat colour alone, a
feature of value In the early assessment of the anaemla
before 1t had been clearly establighed that carrlers show
l1ittle or no change in the red cells., The ease of
recognition of carrlers for gla was also helpful in the
continuation of the breeding programme.

"Brindled" (MoPT) is usually lethal in the male
between birth and 2 weeks (Fraser, Sobey and Spicer, 1953)
and hemizygous (MoP¥/-) males do not survive %o breed,
This has resulted ln a severe shortage of normel non-
anaemlc, male mice of the original mixed stock; and
accounts for the relatively small numbers of normal mice
availlable for comparison with anaemlcs In the haematologlcal
assessment of X-linked anaemia in Chapter 5. Such normal
male animals as were avallable in the orlginal mixed stock
resulted from crossovers between Mg?r and sla in carriers,
or were descendents of males and females resulting from
such crossovers. However, mgPP and gla are closely linked,

and crosaing over between them 1s a rare event.
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Since genetlc differences between strains of
mice may affect the haematologleal pleture (Russell
et al., 1951), the use of mice of other strains, or
hybrids, as controls has been avolded as far as possible
in the haematological assessment of X-linked anaemia.
Howaver, preliminary observations suggested thai there
was no significant difference in the haematological
findings in normal mice of the original wixed stock and
first generation hybrids of the C57B1/6J straln and the
original mixed stock (Bannerman, 1965a).

Sinece we had been warned (Falconer, 1965) that
attenpts to in-breed & mixed stock with wild ancestry
might well fall, an alternatlve breeding programme
was also set up, te put the gla gene onto the background
of the already inbred strain C57 Black/6 Jax (Abbreviation -
C5TBL/6J) as supplied by the Jackson Laboratory, Bar
Harbor, Meine. The C57 Black/6 Jax straln originated
from a collection owned by a Masgsachusetis wouse fancier,
Miss Lethrop, from whom C.C. Little obtained a littermate
pair of micé in 1921. Progeny of this palr segregated
for black and brown coat colour. These two lines were
then inbred to give, ultimately, the C57 Black and C57
Brown straing. The CHTB1 strain was subsequently divided
into the C87B1/6 and C57TBL/10 substrains (Staats, 1966).
The Jackson Laboratory substrains are identified by the
guffix "Jax" or "JI".
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The breeding plan employed in transferring the
gene for X-linked anaemia into the CH57TBL/6J strain is
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 (sla/+). These Fy
(first generation hybrid) females were in turn bred %o
C57BL/6J males, and the offspring (second generation
hybrids, Fo) of this mating are of the following
genotypes: normal male (-+/-), anaemic male (sla/-),
carrier female (gla/t) and normal female (+/4); since
carrier and normal females cannot be clearly distingulshed
without breeding experiments, the animals of these
genotypes from this wmating were generally destroyed.
However, occagsionally, & few females with low body
welghts of the F, and Fj generatlons were selected for
test matings with C57B1/6J males, sinee it had been
shown (see Chapter 5) that carrier females tended %o
be rather lighter than their normal counterparts. In
conseqguence, occasional FS and F5 normal and anaemic
male animals have been avallable for study.

The degree of congeneliy of the hybrids of sach
generation with the C57B1l/6J strain is glven below:
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MATING PLAN
Original mixed stock x ¢57 Bl/6 Jax.

\\

Pig. 4.2: The mating plan employed in transferring the gene for
X~linked anaemia onto the inbred C57BL/6J background. The arrows
indlcate CH7TBL/6J animals and the anaemic male in the parental
(P) generation is of the original mixed stock. The closed squares
indlcate anaemlc males; the open ones, normal males. The half
¢loged circles represent heterozygous carrier females, the open
ones, normal females.

The symbol ¥, indlcates the first hybrid generation; F,y, the
second (back-cross) generatlon; Fg, the third (back-cross)

generation to C57B1L/6J3 and so forth.
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The animals were kept in a thermostatically
controlled room, with a . temperature of TO-72°F.
Polypropylene cages, 114 x 7% x 5V1nches, were used,
and two to slx mice kept in each. Clear material was
employed except for the breedling cages, which were of
white opadgue polypropylene. The llds were made of zinc-
plated steel, with wires T/16 inch apart, and containing
a food hopper and separate water bottle compartment.

The cages were stored on large racks, containing up to
4O cages each. The mice remained in the anlmal room

at all times, except when removed to the laboratory for
experimental procedures.

The bedding was commerclally available drled,
ground corn-cob ("San-1-Cel", Paxco, Paxton, I11,) and
the feed, Roockland rat and mouse diet, the constitution
of which 18 given in Table 4.1. Tap water was glven ad
Libitum. Repeated attempts to estimate the lron content
of this water revealed an undetectable concentration of
iron.

Animals were ldentified by numbers according to

a conventilonal earmarking method (Dickle, 1966) and cage

160
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ldentification cards of different colours were used

for each hybrld 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,
detalled records of each animal were kept on a geparate
card, flled in the laboratory (see Fig. 4.3) and contailning
detalls of the Individual aniwmal's parentage, date of
birth, haematological findings, welght record, and an
indicatlion of other experiments carrled cut on that animal.
A detailed mating reglster was also kept and 1t has been
possgilble to trace the ancestry of any mouse In the colony
baclkt to the original breedling stock obtained from
Edinburgh.

b) Haematologlcal wmethods

Haematological methods were, in general, similar
to thosge used 1n human haemavologlcal practlce and
blood was obtained by severing a tall veln with a
scalpel blade, or by cardiac puncture. Haemoglobin
concentrations were estimated by a cyanmethaemoglobin
method (Daclie & Lewls, 1963) using a Coleman.Junior
Spectrophotometer at S40 mp. Packed cell volumes were
measured on an International Edquipment Company mlero-
caplllary centrifuge, model M.B. Red cell counts were
performed on a Coulter model B partlecle counteri the lower
threshold was set at 19 and the reciprocals of fthe

amplitude and aperture current at 1/8 and 2, respectively.
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Red cell volume distribution was analysed on the Coulter
Model J automatic partlicle size analyser with the
reciprocals of the amplitude and aperture current at
1/2 ang 4 raspectivély. 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. Typlcal fed cell volume histograms
are given in Appendix A, which contalns the detalled
results of the haematological asasessment of X-linked
mouse énaemia, deascribed in the next chapter.

The total area of the histogram drawn by the
model J particle counter ls 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 (abcissa, calibrated in units of red cell
volume) is referred to as the "wean threshold", i.e.,
the lower threshold setiing on the Instrument at which
504 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
caell volume obtalned from packed cell volume estimatlion
and red cell counts in the laboratory wmouse, and from
this relatlonshlip the mean cell volume could be calculated
from the red cell size plot. The mean cell volume/mean
threshold ratio for the mouse obtained wlth the instrument

used in thils laboratory ls 4.63, for the amplitude and
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aperture current settings described above. (Bishop,
1965). Two assumptions involved in thls calculation
are: a) that there is a linear relatlonshlp between
cell volume and mean threshold and: b) that the red
cells do not change size in the saline in which they
are suspended durlng analysis; in ovder to minlmlze the
rigsk of this change, red cell plots were performed on
suspensions of cells within 5 minutes of obtaining the
gample from each individual mouse under examination.

Egtimates of the mean corpuscular hasmoglobin
were not made.

Red cell dlameters were measured, using a Leiltz
eyepliece mlcrometer, in blood smears stalned wlth
Wright's stain, One hundred cells woere counted in
each smear. A seml-quantitative estlmate of the degree.
of morphologlecal abnormallty in the red cells in stalned
f1lms was obtalned by a wvilswal scoring method. Five
types of abnormality (hypochromla, microcytosis,
anisocytosls, polkilqcytosig and target cells) were
scored separately as absent (0), slight (1) moderate (2),
severe (3) or very severe (4); thus the total film
"score" ranged from O to 20. This method was found to
glve good agreement for a series of fllms scorved
independently by two observers (Dr. R. M. Bannerman
and me) without foreknowledge of the genotype, the

haematological findlngs, or the other's asgsessment.
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Only the results obtained by me are Included here,
however.

The percentage of polychromatophllic cells was
eatimated by counting and assessing 500 cells in each
blood £ilm. Reticulocytes were counted using brilllant
Cresyl blue as described by Dacie and Lewls (1963).
Slderocytes were sought in blood films after staining
with the Prussian Blue reaction (Dacle and Lewls, 1963)
and counterstaining with weak eosin. By this method,
slderocytes were easlly demonstrated in this laboratory
in blood films from mlice with flex-tailed anaemia
(Grineberg, 1942c) and from patlents with thalassaemia
and splenectomy. |

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

Ogmotic fragllity curves were plotted and the
mean corpuscular fragllity estimated employing an Elron
Electronic Industries "Fraglligraph" Model DR. This
apparatus records continuously the extent of erythrocyte
lysis as the salt concentratlon of thelr amblence 1s
gradually decreaged by dielysis against dilstilled water.
The salt concentratlion of the medlum 1s also recowvded.
The details of this technique are glven by Danon (1963,
1967) .
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Body welghts were vecorded at arbitrary time

intervals to the nearest 0.10.

¢) Histologlcal examination of the tissues, including

the cytological examination of the bone marrow

Materlal taken for histologlical examination was
lmmediately fixed in 10% formol saline and sections
cut af'ter embedding in paraffin wax. These were stalined
with heematoxylin and eosin and by the Prusslan Blue
reaction counterstained wlth 1% neutral red. Smears
of femoral bone marrow and imprints of the cut surface
of the spleen were stalned by Wright's staln and by
the Prussian Blue reactlion. Wlith each batch of
histologlcal sectlons stained for haemoslderin, a
gsectlon of human gpleen, contalning plentiful stainable
iron, was Included, and wilth each batch of splenic
lmprints or marrow smears, a blocd film, contalning
numerous slderocytes, from a man with.@nthalassaemia
who had undergone splenectomy was included. On each
occaslion, the expected Prussian Blue vrosltive materlal
was seen in these "control' preparations.

At the time of sacrifice the total body weight,
to the nearest 0.1G., and the spleen welght, to the
nearest mg, were recorded to obtain an estimate of
splenle enlargement in anaemic animals. The proportion
of splenic {lssue occupled by red pulp was assessed by

microscoplc examination, and viswally graded in 4

tam
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arbitrary categories - less than 25%, 25-50%, 51-75%
and more than T75% of the spleen. Where doubt existed
ag to which category wag appropriate, the result was
recorded in the lower percentage group.

The amount of stalinable iron In the spleen was

recorded semli-quantitatively according to the following

definitions:
Spleen iron "score" 0  Stainable ilron absent
Spleen iron "score” 1 Less than one iron con-
taining cell In 5 high power
fields (Fleld diameter 0.37 mm)
Spleen iron "score" 2 One iron containing cell in
1 - 5 high power flelds
Spleen lron "score” 3 1= 5 iron contalning cells
in each high power field
Spleen iron "score" L More than % iron containing

cells in each high power fleld

In assessing erythropoietlc activity in the spleen
imprints and bone marrow smears, the number of erythroblasts
has been compared with the number of metamyelocybes and
mature polymorphs; these cells are easlly recognized by
thelr nuclear characteristics, wheresas the more primitive
graﬁ&lopmietic cells are difficult to ldentify with '
certalnty on account of the lack of granules in the
neutrophil series (Bndicott and Gump, 1947). In each
smear, two hundred erythroblasts, metamyelocytes and
mature polymorphs were counted, and 400 erythroblasts were

examined for slderotic granules.
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Sectlons of sternal marrow were examined. Since
the avallable bone marrow space of the normal mouse is
almost entirely occupled by haemopoletlc tilssue (Endicott
and Gump, 1947), and since no differences in cellularity
of the marrow were appreclable when normal (+/-) and
anaemic (gla/- and gla/sla) mice were compared on
gimple mlcrogscople examination, detalled measurements
of bone marrow cellularlty have not been made.

Stalnable iron in the eplthellal cells of the
duodenal villi was recorded according to the following

definitlong:

Epithelial i1ron "score" 0 Stalnable iron absent
Epithelial iron "score"” 1 Seanty, small haemosiderin
granules
Epithelilal iron "score" 2 Obvious hasmosiderin
~ granules In occasional
cells

Epithelial iron "score" Haemoslderin granules in

many cells

W

Eplthelial iron "score" 4  Haemosiderin granules in
all or nearly all cells

The quantity of stainable lron In other tissues
proved to be extremely small, 1f present at 2l1ll, and ls

merely recorded as present or absent.

d) Radilo-isotopic Techniques:?

Investigations of the utllization of tracer doses
of radlio-iron for haemopolesis have been carried out.
For the calculatliong involved in these determinatlions, a

measure of the blood volume of the mlece under investigation
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is reguired, and this has been obtained by using
51ehr0miummlab@llad red cells and 13l1icdine-labelled
human serun albumin. The rate of clearance of tracer
doses of e from the plasma has been measured and a
preliminary assesgsment of the excretion of lron over a
prolonged perlod has also been made.

The intestinal absorption of lron at 3 dose
levels has been determined by radio-lsotople wmethods,
and preliminary studles carried out of the absorption of
ilgsotope-labelled fat, copper, zinc and cobaly.

Detalls of the lsocotope solutlions used in each
gxperiment and thelr source are Included in Appendix C
and wlll not be repeated here.

) In all presentations of data in Appendix C, and
in all data used for the calculations of results of
experiments invelving radlolsotopes, the background
counts for the instruments used for radioactive counting
have been previously subtracted by the use of an automatic

"Background Subtract” wechanism bullt into these instruments.

1) Blood volume

This has been determined by two lsotope dilutlon
methods, employing 5lenronitum (510r)wtagged mouse red
cells and *3' I-labelled humen serum albumin. Mouse
erythrocytes from donors of the third and fourth baclkcross
generations described above were tagged with Na 510r0g

uslng a dose contalining 2 pug of chromium and 300 pc per
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milllilitre of packed mouge red cells (Lajtha, 1961).
Nineteen normal and 9 anaemic reclplent mice each recelved
0.1 ml of labelled red cells intravenously. Red cell
incompatibility was not sought prior to these experiments,
since naturally-occurring iSOmagglutinins are not found

in the mouse (McDonald & Hubbard, 1922), and none of the
animals used had received prior Injectlons of forelgn
erythrocytes. laliulabelled albumin was admninistered
gimllarly to 7 normal and 5 anaemic mlce, each animal
receiving 0.1 ml of a 6 per cent solutlon, containing

2 pe. Fach anlmal was welghed prior to Injection and

the welght recorded %to the nearest 0.16.

Injections of labelled red cells or albumin were
made Into a lateral tail veln, and,.l0 minutes after
InjJection, a 20 pl blood sample was obtained from the
contralateral tall vein; thls blood was diluted in 2 wml
of water for counting. A 10 minute lnterval between
Injection and sampling was arblirarlly selected as
gufficlent to allow adequate mixing, but probably
insufficlent to permit undue loss of label from the
circulation, (Wish et al., 1950; Kaliss and Pressman,
1950). Counting standards were prepared by diluting
0.1 ml of labelled red cells or albumin to 50 wml with
water; duplicate 2 ml allguots 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 1085), The counts obtained for all
samples were 1ln excess of 10,000 c.p.m. An additional
blood sample was taken for mlcrohaematocrlt determination,
after the sample for radloactlve counting had bheen
secured.

The total blood volume was determined from the

formulas

Blood volume (ml) = c.p.m. of standard
¢.p.m. of sample x 2

The red cell and plasma volumes were derived from the
blood volume and hasmatocrit, using a correction factor

of 0.88 for conversion of venous tc 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 albumin. All
regults have bheen recorded as ml of blood, or plasma,

or red c¢lls, and as ml of blood, plasma or red cells

per 100G. of body welght.

11) The utilization of tracer doses of “IFe for

haemopolegis:

The appearance or reappearance of tracer doges of
radio~iron in the peripheral bload of normal and anaemlc
(sla/-) mice has been studied at varying intervals
following intraperitoneal or intravenous injection of
59F@ ap ferrous ciltrate. The dose of radlo-iron given

has varled between 0.065 and 0.14 pg, and 0.6 and 1.7 pe,
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the orliglinal lsotope solutlion, supplied commercially,
belng diluted where necessary wilth normal saline prepared
frowm de-lonlzed water, %o supply the deslred dose of

59Fﬁ in a volume of 0.1 ml. Immediately following
injection of the radio iron, the animals' whole body
radloactivity was measured in a TOBOR (Nuclear-Chicago)
large volume gamma scintilillation counter wilth 4 inch
erystals, and compared with a standard, prepared by
adding the same amount of isctope solution as was gilven
to each animal, to 25 ml of distilled water.

Blood samples of 20 pl, or occaslionally &O‘pl,
were taken from & lateral tall veln after inclision with
a scalpel blade at varylng perlods after injection
for determination of the proportion of the inJected
doge of radlo~iron in the cireulating blood., 1In sowme
instances samples were taken serially for up to 11
days, in others on the 5th day after inJectlon only,
and in others again on first and 5th days after Injectlon.
The whole blood sample wasg diluted to 25 ml with water
and counted, together with the standard, in the TOBOR
counter. The radioactlivity in the whole blood sample
was taken to represent the radiocactivity in the
circulating red cells; since preliminary experiments
had shown that, on the first and subsequent days after
injection, the radiocactivity in the perilpheral blcood was

entirely In the saline-washed red cells, with none
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detectable in the washings.

Hence, the proportion of the adminlstered radlo-
activity reappearling in the peripheral blood on any day
1s hereafter referred to as the utlllzatlon of 1lron for
haemopolesis on that day, or as the percentage uptake of
BQFe by the peripheral blood on that day. This Index is
calculated as follows:

The utilizatlon of lron for haemopoiesls on day n
after Injection.

= Cp x W x BV, X §g % 100 per cent.
Ca Spy

]

Where Cy counts per wminute/ml blood on day n
W = Welght in grams

B.V. « blood volume in ml/gm body weight

Cq = counts per wminute for the whole mouse

on day of injectlon (Ll.e. - the dose

administered)

Se = counts per minute for standard on the
day of inJection

S =~ counts per wminute for standard on day n

after injection

Since it ig difficult to administer the swmall
volumes of isotope solution (0.1 ml) used in this study
accurately 1t has been consldered inadvisable and

inaccurate to use the standard isotope solutlion as a
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reference for expressing the utilizatlion of iron
for haemopoiesis. The standard has therefore only been
used to correct for radlcactive decay and for the day~
to-day vagaries of the TOBOR counter. PFurthermore,
since the mouse tends to loge a small, but appreclable;
proportion of the inJected vradiocactivity in the first
few days after injection (Chappelle, Gabrio, Stevens
and Finch, 1955), it was congldered inapproprilate %o
calceculate the utilizatlon of iron on any day after
inJectlion as a percentage of the retalned radioactlvity
on that day. Hence, all estimates of lron utilization
have been calculated as a percentage of the dosge
actually admlinistered, as reflected by the counts pex
mlnute for the whole mouse immedlately after injJection.
In the case of animals usged first for plasma iron
clearance studies and then for lron wtilization investi-
gatlons as part of the same experlment, the whole
body radloactlvity was assessed after removal of the samples
for plasma lron clearance studles; these latter investl-
gations are descrilbed In the next section.

When the blood volumes were determined as
described earlisr, 1t was found, ag will be reported
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in detall in Chapter T, that the jodine~labelled

albunin method gave significantly hnigher results that

5

did the 1chrom1umwlabelled red cell technique. In an

attempt to determine which of these methods gave the



nore reliable estimate of blood volume, the vtiliza-
tion of iron for haemopolesls in each of 5 normal wmice
was calculated separately using the mean blood volume
determined by the two methods. In each instance, the
13119dine«1abe11ed gerum albumin method gave values
for the utillization of iron in excess of Tthe dose
adminlistered (see Table 4.2). It was therefore con-
cluded that the 51chromium red cell method gave the
more accurate egtimate of the blood wolume, and hence
thils estlmate has been used for all calculations of
the utilization of lron for hsemopolesls.

In principle; the method degcribed above for
the determination of the utllization of iron for
haemopolesis is gtandard, and simllar to that described
by Lajtha (1961) for investigations of iron utilization

for haemopolesls 1in man.

(111) 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
{(+/-) and anaemic (gla/~) male mice were glven tracer
doses of 591ron ag ferrous clirate intravenously
(0.05-0.14 pg, 1.05-1.9 pe) into a lateral tail vein,
Ag in the investigationg of utllizatlon of tracer
dogeg of 59Fe for hasmopolesis, the commercially

supplied lsotope solution was dlluted with normal
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salline, prepared wlth de-~lonized water, to supply

T 591r0n in a volume of 0.1 ml.

the desglired dose o
Blood samples were taken from the contralateral tall
vein (%o avoild contamination with 591 ron from the
injeetlon site) intc heparinized wlcrohaematocrit tubes,
at 10, 20 and 30 minutes after inJection. These samples
were then centrifuged, in a high speed centrifuge, and
bhroken in two on the plasma side of the plasma-cell
interface. The plasma was then blown out onto clean,
sterlle waxed papewr, Lfrom whlch a 10 pl, sample of
plasma was taken, placed in 2 ml of distillled water

in & clean plastic disposable tube, and counted in an
automatic gamma scintlillation well counter (Nuclear-
Chicago, model 1085) for 5 minutes. Counts were
corrected to counts per minute per 10 pl off plasma, and,
for each mouge examined, the c.p.m. per 10 pl plasma
were plotted against time on seml-logarithmlc graph
paper, with the ¢.p.m. on the logarlthmic scale. TFor
each animal the polnts fell on, or very close to, a
stralght line. The line moat clogely fitting the three
points obtained wasg drawn and extrapolated back to gero
time. The theoretical level of radiosctlivity at zero
time in c.p.m. per 10 pl of plasma wag read from the
graph;, and the time for the plasma radloactivity to
decline %o half this theoretical level estlimated.

This value is described ag the plasma lron clearance

half-time or plasma T 3} 5%e.
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(iv) Ivon excretion:

A small group of mice, composed of both normal
and anaemlc animals, was gilven tracer doses of Sgiron
as ferrous citrate (0.074 - 0.25 pg, 1.6 - 2.5 pe)
intraperitonsally, the radlolsotope solution having
been previcusly diluted with normal galine prepared
from de-ionized water, to supply the desired dose of
59 ron in a volume of 0.1 ml; the retention of radloactlvity
was followed for varying perilods up to 6 months. The
radicactivity of each mouse was counted in a TOBOR
(Nuc lear-Chicage) large volume gamma scintilllation
counter, together with a standard, lumedlately aflter
Injectlon. The standard for each experiment was prepared
by placing the same dose of isotope solution as was
given to the mlce in 25 wml of water. At arbitrary
Intervals the retalned radiocactivity In each animal was
counted together with the standard, and the percentage
retentlon of the administered trace dose of iron

caleculated from the formula:

K o e Cn }{ SQ K £
Retentlion of iron on day n =~ 22 7 X 100 per cent
Co o 0
where
Cp = counts per winute of anlmal on day n.
Co = counts per minuge of animal on day of
injectlon.
8o = counts per minute of standard on day of

injection.

counts per mlnute of standard on day n.

&N
S
®
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(v) Iron absorption:

The intestinal absorption of iron was studled
at three dose levels, viz. 2.1 P&, 1 pg and 10 mg of
elemental ilron. The radiolsotope solution wasg prepared
for oral adminlstration by dllutlion of commercially
supplied 29Perrous sulphate with appropriate quantities
of a golution of non-radloactive ferrous sulphate, %o
provide the chosen doses of elemental iron In 0.10 -
0,16 ml, with 0.5 - 1.6 pe of radloactivity. Bach dose
of iron contalined 1 ~ 2 pe of ascorble acid, which was
present In the original lsotope solution. The dose of
591ron-tagged ferrous sulphate was administered to each
mouge stomach tube, fashioned from a fine plastic tube
deslgned for use as an intravenous catheter in man
("Intracath", Bardic). The mlce were deprived of food
and water for six hours prlor to administration of the
tagged dose of iron. The whole body radloactivity of
each animal was counted immediately after dosing in
the TOBOR large volume gemma scintillation counter,
together with a standard, prepared by putting the same
dose of 591ron as was glven to each mouse in 25 ml of
water in a plastic container. As described 1n greater
detall in Chapter T, the retention of radiocactivity was
followed daily for 5 or 6 days in some animals, and
wag measured In others on the fifth day after

administration only. The proportlion of radiocactivity,
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and hence of the oral dosge of lron, retalned on the
fourth and £ifth days after administration In one group
of experiments, and on the fourth, fifth and sixth days
in another group, was slmllar; faecal elimination of
unabsorbed iron by the animal wag therefore assumed to
be virtually complete on the fifth day, and the
proportion of iron retained on thls day has been used
as a measure of lron absorption. The bedding in the
cages was changed repeatedly during these experiments
to reduce the risk of erroneous results arlsing from
coprophagla. The percentage of the dose of iron
retained, or absorbed; by each anlmal was calculated
from the formula:

Chn . 8o .
absorption = T, &£ S x 100 per cent

where C, = c.p.m. of whole mouse lmmedlately after
administration of 29 irom.

Cp = c.p.m. of whole mouse 1ln days after

adminisgtratlion of 59 iron.

8¢ = c.p.m, of standard at commencement of
experiment.
and Sp = ¢.p.m., of standard on day n of experiment.

(vi) Absorption of fat:

The absorption of radlo-lodinated triolein
("131¢ - Trioleotope", Squibb) was assessed by a faecal

collection method.
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Ten mice, 5 normal (+/-) and 5 anaemic (pla/-)
wales, fasted for 6 hours, recelved 6.25 mg of radio-
lodinated trlolein suspended In 0.1 ml of commerclal
margarine, administered in a slmilar manner to the oral
dosgses of 59 lron-labelled ferrous sulphate described in
the previous section, and contalning 1 pe.

The mlce were then counted in the TOBOR large
volume gamma scintillatlion counter to measure whole body
radioactivity (1.e., the dose administéred), 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 dally for 5 days. The five day collec~-
tion of faeces was then counted in the TOBOR counter
and the retention or absorption of radlolodinated
triolein calculated from the following formula:

percentage absorptlion of trioleln

= 100 - (S x So x 100)
Ci 5

where Cp = c.p.m. of 5 day collectlon of faecesn.
Cp = c.p.m. of whole mouse lmmedlately after

dosing with radilolodinated triolein.

8o = ¢.p.m. s8tandard on day of adminlstration of
radliolodinated trliolein.
35 = ¢c.p.m. standard 5 days after administration

of radloclodinated triolein.



(vil) Absorption of metals other than iron

The absorption of zinc, cobalt and copper by
normal and anaemic mice has been studled. For each
element f£ive normal (-+/-) and five ansemic (sla/-)
mice, fasted for 6 hours, were used and the methods
employed were slmilar to those for the investlgations
of lron absorption. The isotope solution in each
Instance wasg dlluted wilth de~lonlzed water to give the
smallest dose of elemental metal which would provide
adequate whole body counts after faecal ellmination of
unabsorbed zlinc, cobalt or copper wasg completed. For
zinc and cobalt, whole body counting was performed 5
days after administration of isotope, and In the case
of copper, i days after administration, since the half-
1ife of 6l copper is very short (12.8 hours: The Radilo
Chemical Manual, 1966) and the residual activity at 5
days would be too low for adedquate counting rates to be
achleved. The doses of elemental zine, cobalt and
copper were 3.5 ug (2 pe), 0.006 pug (2 pe) and 10 pg
(100 pc) respectively. The percentage absorption of

these metals was calculated from the formula

. ‘n , 5o
Abgorption = g * g, * 100

where C, = c¢.p.m. whole mouse on the 4th (copper) or S5th

(zinc and cobalt) day after administration.

Co = c.p.m. whole mouse immedlately after adminls-

tration of zinc, cobalt or copper.
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8¢ = ¢.p.m, standard on day of admlnlsgtratlon.

S a c.p.m., standard on 4th (copper) or 5th (zinc

and cobalt) day after administration.

e¢) Intestinal transit time:

The time required for complete faecal elimination
of an oral dose of carmine red has been measured in 4
normal and ﬂnanaemie male mice. The animals recelved
0.15 ml of carmine red suspension orally, administered
in a manner simllar to that used for oral dosing with
594 pon in the investigations of iron absorption. They were
then placed ln separate cages and the faeces collected
daily for 4 days for inspection. Carmine ped was
recorded as being "obviously" present, present in

"graces" or not present.

£) Chemical estimations of %total body iron content,

gerum iron and serum total iron binding capaclty (7.1.B.C)

The total body iron content of normal and anaemic
mlce has been estimated by a modlflcatlion of an ashing
method devised for the measurement of the 1iron content
of urine (Padowetz, 1965). Since thls technique is not
generally available In the llterature 1t wlll bhe
described here in some detall. The previously weighed
mouse carcass 1ls ashed with concentrated sulphurlc and
nitric acilds, following which the 1lron concentration is

determined colormetrically in the decomposition soclution
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with ortho»phenanthroliné. The mouse carcass 1s
placed in a 250 ml Kjeldahl flask; 50 ml each of
concentrated sulphuric and nitric acids are added, and
the flask placed on an Inclneratlion stand. The mixture
1s heated gradually untll the sulphuric acid bolls and
all the nitrlc oxldes are removed; 1t 1s then allowed
to ecool and 1 wml of 30% hydrogen peroxlde is added;
ashing is contlinued untll the mixture begins to smoke.
Further 1 ml aliquots of 30% hydrogen peroxlde are
added until a clear and colourless solutlon is obtalned.
This is allowed to cool and 2 ml of 20% w/v sodium
pyrosulphite solufion 1s added. The mixture 1s agaln
heated until all the water has evaporated, and then it
is agalin allowed %o cool. Delonized water is then
added to bring the mlixture to 250 ml volume, and a
2.5 ml aliquot is removed, neutralized with 20% ammonia
using para-nitrophenol as an indlcator, and the resgulitant
vyellow colour removed by adding, drop by drop, halfl
normal sulphuric acid. Hydrogquinone (4% solution in
0.05 normal sulphuric acid) and ortho-phenanthroline
(1% solution in 0.05 normal sulphuric acld) are added
(0.5 ml of eaeg) and the mixture is left to stand for
one hour. The solution 1ls transferred to a 20 ml flask, with
2 ml of aleohol and made up to the mark with de-ionlzed
water. After thorough mixing, the coloured solutlon is
read at 510 mua againgt water In a 10 mm cell in a

Coleman Junlor Spectrophotometer.

.
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The "blank" solution is prepared by processing
25 ml of de-~lonized water in the same manner asg the
mouse carcass and the reading for the blank against
water deducted from the readings for the decomposed
mouge carcasses, With every bhatoh of mouse carcasses,

a "blank" solutlon was prepared since the reagents used
cannot be completely guaranteed to bhe free of traces of
iron,

Calibration curves are constructed from a standard
solution of ferric oxide, 2.86mg. being dilssolved in a
faw millilitres of concentrated hydrochloric acid, the
mixture then being made up to 50 ml with de-lonized
water., Of this solution, 0.5, 1.0, 1.5, 2.0 and 2.5 nl
(corresponding to 0.02, 0.04, 0.06, 0.08 and 0.10 mg of
iron) are transferred into 20 ml wmeasuring flasks, and,
where necessary additional de-ionlzed water 1s added to
bring the volume up to 2.5 ml. These alliguots of
atandard iron golution are then treated In the same
manner, descrlbed above, as decomposition solution
derived from the whole mouse carcasses., The calibration
curve of lron concentration agalnst photometer reading is
linear within the range used.

From the readings obtained, the total body lron
content wag estimated, and the concentratlon of lron per
100 G. body weight calculated. The total body lron
content is equal to wmg iron in the 2.5 ml allquot of
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decomposition solution (from calibration curve), times
100, and the body iron concentration in wmg/l00G

« Ltotal body iron content x 100
body welght In G

Serum ilron coneentration and total iron binding
capacity (T.2.8.C.,) have been determined on the serum
from whole blood samples obtalned by cardiac punctiure
under ether anesthesia., A measured volume (between 0.2
and 0.6 ml) was placed in & test tube and diluted to
2 ml with de-lonized water. Xstimations of serum lron
concentration and T.I.B.C. were then performed according
to Caraway (1963) with appropriate correction for the
dilution of the serum sample. Since differences between
the results obtailned from fasting and non-fasting
animals were not found, results from both groups of
animals have been analyzed together. Samples showing
vigible hemolysis were rejected, and all samples were
taken between 11 AM and 12 Noon to avold 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 mP.

g} Free erythrocyte protoporphyrin concentration

Free érythrocyte protoporphyrin concentration

“was determined by the method of Grinstein and Wintrobe
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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 caleulatlons.

h) Blectrophoretic studies:

Qualitative examinatlion of the haemoglobin
type was performed by sterch gel electrophoresls
according to Hutchison, Plnkerton, Alton and Cagsidy
(1963), employiﬁg the contlinucus buffer system recommended
by Huehns and Shooter (1965). Traﬁsferrin was examined
qualitatively by vertical starch gel electrophoresis
of serum followed by Amido Black stalining of the
sliced starch gel strip. (Smithies, 1959). In sowme
ingtances, 100 pl of serum was incubated for 1 hour
with 5 pl of a solutlon of ferric cltrate labelled
with 59?@, prior to electrophoresis. After electrophoresis,
the stained starch gel strips were each cut into sectlons
containing the various proteln bands, and cach plece of
stareh gel was counted individually either in the TOBOR
large volume gamma scintillation counter for 10 minutes,
or in the Nuclear-Chicago Model 1085 automatic well type

gamma scintlllatlion counter for 5 minutes.

1) Effects of treatment:

The effect of administration of various haematinic
agents was studied. These were adminigtered by intra-

peritoneal injectlon under light ether anaesthesia.
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Estimations of the haematocrlt were made before, and
at varying Intervals after, injection of the therapeutilc
agents, according to the wmethod glven earlier in this

chapter.

Jj) ‘Trensplantation studies:

Ag part of a wider study (Bennett, M., Pinkerton,
P. H., Cudkowlcz, G., Bannerman, R. M. in preparation)
of the behavliour of haemopoietic cells transplanted
from X~linked anaemic mice to normal, lethally-
lrradiated hosts, a number of the irradlated anlmals
which had recelved transplants of normal and §;§/~
haemopoletic tlssue were preserved to see i1f such trans-
planted tissue from gla/- donors could, in a normal
(+/~) envivonment from which endogenous haemopolietlc
tissue had been ablated, produce morphologically normal
erythocytes. Prelimlnary experiments indlcated that
the dose of X-rays (see below) given to recipient
mice was sufficlent completely to destroy the endogenous
haemopoietic tlssue, and that the erythrocytes
subsequently produced in the reclplent stemmed from the
grafted donor haemopoletic cells., In these preliminary
experiments, donor haemopoietic cells from {fourth
generation backeross donors (orilginal mixed stock to
C57B1/6 Jax strain), producing red cells with a "single"
haemoglobin patiern on starch gel electrophoresls

(#b'/db>) were grafied into irradiated B10.129 (5M) and
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129 RR nice, selectively bred for the "diffuse",
haemoglobin pattern (g@?/ﬁg?) (see chapter 1). The

red cells subsequently produced exhibilted a "single"
haemoglobin electrophoretic pattern, showing that the
erythrocytes produced In reclpisnts after irradiatlion
were indeed of donor, and not of endogenous (recipient),
origin. The belief that the red cells in irradiated
recliplents were of donor, and not endogenous, origln
recelved further conflirmation from the demonstration
that the electrophoretic pattern of red cell esteraases
in donor and reclplent animals differs, and that the

red cellsg produced in the irradlated recipients exhibited
the enzyme pattern of the donor animals (Edwards, 1967).

In the experiments éascvibed here, donor male
animals of normal (+/-) and anaemic (g;g/#) genotype
from the fourth backeross generation of the original
mixed stock to CH7BL/6 Jax wmlce were used. The
reciplents were 10-12 weelkks 0ld lethally irradlated
C5TBL/10 Jax mice which had previously been shown %o
accept readlily marrow and spleen grafts from such donors.
(Bennett et al., in preparation).

Cell suspensions were prepared from donor wmice
bone marrow by severing the ends of bones and flushing the
bone marrow cavity wlth chililled Fagle's medium; spleen
cells were harvested by plercing the capsule, and then
expressing the cells by gently applying preassure with
blunt forcepts whlile flushing the spleen with Fagle's



medlumn. Particulate matter was removed by flltering
cell suspensions through stainless steel gauze (200
mesh/inch). Nucleated cell counts were perforued
with Coulter particle counter (model B) and the cell
suspenslons adjusted to the desired concenivration by
dilution with Fagle's medium.

Prospective reclplent mlce were exposed to
750-780 R of X-rays. Within four hours they were
grafted with mavrow or spleen cells from normal or
anaemic (sla/-) mice by intravenous injection.

Four groupes of 10 reciplent mice recelived a) 7.2 x 106
normal bone marrow cells, or b) 1.9 x 106 gnaemnilc
(sla/-) bone wmarrow cells, or ¢) 8.96 x 106 anaemic
spleen cells, or d) 9.0 x 108 normal aspleen cells.

In group a) 5 animalg survived, in group b) all 10
survived, in group c¢) 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 carrled 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 c¢ell
suspenslons. The haematologlcal assessment of the
surviving grafted reciplent animals was performed by

me 116 days after transplantation of haemopoletic tissue.
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k) Statistlical analyses have been carried out

according to Bradford H11l (1966).

1) Summary:
The methods and materlals employed in the

investigatlion of the X-linked anasemla of wmice have
been described. Where these methods have been standard
and widely used, little detall is glven,; other than to
describe any modiflcations whleh have been made to
adapt them for use in mlce. In other instances, full
descriptions of the technlques employed are included.
The origin of the animals investigated has also

been described in detaill.



CHAPTER 5

The Pevipheral Blood in X-Linked Mouse Anaemla

The haematological picture of A-linked nmouge anaemla
willl now bhe described in detall. Measurements have been
made of haemoglobin (Hb) concentration, paclked cell
volume (P.C.V.), mean corpuscular haemoglobin concsntra-~
tion (M.C.H.C.), red cell count, mean cell volume (M.C.V.),
extent of morphological abnorwallty of the red cells in
blocd £films, red cell dlameter, reticulocyte and poly-
chromatophllic cell counts, and red cell osmotic fragllity.
Total and differentlial white cell counts and platelet
counts have algo been performed and body welghts have been
recorded. The individual measurements used in assessing
the anaemla are recorded in detall in Appendix A. As
described more fully in the previous chapier, standard
technidues in human haematology have been employed or
adapted for use on mlce.

Serlal ctheservations of Hb concentrasion, +.C.V.,
M.C.H.C. and body welght have been wmade at arbitrary
Intervals from 3-4 weeks of age onwards, until about 400
days of age, in 64 anaemic male (gla/-), 45 anaemic female
(sla/sla), 69 heterozygous female (sla/M) and 28 normal
(+/-) male wice of the original mixed stock. Approximately
half of the obgervations of Hb concentration, P.C.V.,

M.C.H.C. and body welight were obtalned by Drs. R. M.
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Bamerman and R. G. Cooper and they have kindly permitted
me to analyse thewm in conjunctlion with the remalning

data used in this chapter which have been accumulated by
me. All the obgervations pregented in this section with
the exceptlon of some of the red cell counts, and estimates
of mean cell volume and medlan corpuscular fragllity havg
been obtained on mlce of the origlnal mixed stock. These
exceptlione are Indlecated in appendix A. The necessity of
using hybrid animals for some investlgations, and the
reasons for the small number of normal (+/-) animals of the
original mixed stock avallable, 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 perilods for the firast 100 days
of 1life and for 50 or 100 day periods thereafter. The
anaemia in young hemizygous (gi%/«) and homozygous animals
lg mevere at 30-40 days of age; the Hb concentration usually
lies between 5 and 8 G/100 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 1ls a gradual decline in the haemoglobin concentratlon
over the same timey this has been observed by others in
normal mice (Strong and Francils, 1940; Ewing and Tauber,
1964) . Voung heterozygous (sla/+) females may show an

Hb concentration rather lower than that of normal males,
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Fig. 5.2: Changes in packed cell volume (P.C.V.) with
age in normal (+/-) and anaemic (sla/-) male mice (lower
half), and heterozygous carrier (gla/+) and anaemlc
(sla/pla) female mice. Each polnt represents the mean
value+ 1. S.E. and the ratio of the anaemlc/morwal

means for males is glven below each palr of results.
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but this difference is not apparent after the age of
40 days. These features are illustrated in Figure 5.lL.
The improvement in the anaemla wlth lncreasing apge, seen
here for mlce presented in groups, can, of course, be
observed o occur in indlviduval animals. This is
typifled in the vecord card illustrated in Chapter 4
(Figure 4.3).

Parallel changes occur in the P.C.V. wlth age
(Figure 5.2). However, the reduction in the P.C.V. is
proportionately less than that in the Hb concentration,
as may be seen by comparing the ratlos of these two
parameters for ansemlic and normal mice at various ages.

The values obtalned for the M.C.H.C. are accordingly

low (Table 5.1), but these, too, tend to return to normal
with advancing age. No change in the M.C.H.C. has been
detected in heterozygous female (gla/+) carriers.

The results of red cell counts, grouped over 100 day
age perlods, are glven in Table 5.2; the reduction in
young anaemic mice ls comparatively slight and is
proportionately much less than that in the Hb concentration or
in the P.C.V. Thls, again, is refleeted In ratios of tﬁ@
red cell counts of anaemic and normal mice. In older mice,
over 200 days, no difference ls apparent between normal
and anaemic mlice. The mean cell volume 18 reduced in
anaemic mice, but this Iindex Increased with age. Values

for the M.C.V. are 1llustrated, again grouped over 100 day



136

periods, in Figure 5.3. Carrier (sla/+) females show
no detectable deviatlon from normal in respect of the
rad cell count or M.C.V,

The resulits obtalned for the red cell indices in
anaemlc wmale (sla/-) and female (sla/sle) animals are
typical of hypochromic, microcytic anaemia, wlth reduction
in the M.C.H.C. and M.C.V.

Inspection of blood £1lms reflects the changes
described above. The red cells show hypochromia,
mlcrocytosis, anlsocytosis, polkllocytosis, leptocytosils
and fragmentatlon, These changes are lllustrated in
Figures 5.6 - 5,93 blood films from & young normal male
and young carrier female are included for comparigon
(Figures 5.4 and 5.5)., An assessment of the degree of
morphological change In the red cells 1s presenﬁed in
Figures 5.10 and 5.11. The "film-score", derived as
deseribed in Chapter 4, 1s higher, the wmore abnormal the
appearance of the evrythrocytes. This index is plotted
agalnst age in Flgure 5.10 and the trend of lmprovement
with age 1lg again geenj; blood smears from older anaemic
male and female mice may show 1ittle or no abnormality.
Occasionally, young carrier female (gla/t) mice show
film scores above the upper limit of normal, but the
changes are inconstant, and diagnosls of the carrier
state from blood fllms has nét proved possible. The

me jorlty appear normal and the few which show minor



137

' [
50- » -
u (H’g g(l ng
O RS
] O oo 900 o
Ho oo D.H o ] >
Bk T
400 , = s, b
o u SiQ/-
M.C.V. T R 04/
cuu . olig . : esla/sla
. - . . a Osla/+
° : - . O+/+
300 . . ° !
]
[ J
20 T I ! T 1 T L
0-50 [O1-150 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>