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and 1-inactivation mosaics have been examined using histological, histochemical 

and electrophoretic techniques. 

The theoretical relationships between patch and clone sizes are considered 

in two dimensions using a computer program to analyse simulated arrays of two 

populations of hexagonal clones. The total number of patches in a two-

dimensional array is seen to be at a idnimum when the two cell types are present 

in equal proportions because aggregation of patches is then maximal. 

The theoretical relationship for one-dimensional arrays is applied in an 

analysis of the mean adult clone size in histological sections of the pigmented 

retinal- epithelium of mouse aggregation chimaeras and X-inactivation mosaics, 

and also in histochemical sections of mouse liver, chiinaeric for cells with 

high and low activities of the enzyme -glucuronidaae. In each case the mean 

adult clone size is surprisingly small: 5  or 6 nuclei per two-dimensional 

pigmented retinal epithelium clone and about 10 - 34 nuclei per three-dimensional 

liver clone. These results indicate considerable cell mixing quite late in 

development. Clonal analysis of the pigmented retinal epithelium in embryos 

suggests that the cells in 12.-day embryos of both mosaics and chimaeras are 

distributed nearly randomly, but that clonal growth occurs at later stages. 

Chimeras of one strain combination have clones of about twice the size found 

in other groups and it is suggested that cells of like genotype may show a 

tendency to remain together in this group of chimeras. 

A similar analysis is attempted in the adult neural retina, using mice 

ch(tnaeric for the gene retinal degeneration (rd), but the one-dimensional 

clonal analysis is inappropriate to this system as cell movement probably die-

torts the initial clonal distribution. 
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Comparisons of the proportions of the two cell populations, between 

chimeras of different strain ccbintions, using eleotrophoretic and pig-

ment markers, suggests the existence of organ'.specifio, strain-dependent 

selection pressures. Rectrophoretic analyses of blood sales taken at 

various time from the same ch4eras  show a temporal shift in the pro'. 

portions of the two red-cell populations in some groups of chimaeras. 

Differential mitotic rates are believed to contribute to the selection 

pressure seen in the ertbropoietio tissue of these chimeras. 

An unbalanced anterior-posterior pigment distribution is seen in at 

least one group of chimaeras but not in mosaics or other ch4eric groups. 

This imbalance can be explained if differences in the t!rl?g of the migration 

of the two melanooyte populations, from the neural crest, cause different 

anterior-posterior selection pressures. 

X-inactivationmosaics and cMaeras show broad phenotypic similarities 

In the two pigment systems studied. Differences between c}ilaaeraa of 

different strain combinations emphasise,  the complex interactions between the 

two genotypes which contribute to the cMerio  phenotype. These inveati. 

gations offer a promising approach to the study of genotype interactions in 
between 

vivQ, while mosaics and cM1teraa,  mode within random-bred or/congenie 

strains, provide useful tools for the study of clonal growth during development. 
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The distributions of two cell populations in mouse aggregation 

chimaeras and L..inactivation mosaics have been examined usinghisto-

logical, histochemical and electrophoretic techniques. 

The theoretical relationships between patch and clone sizes are 

considered in two diinerwione using a computer program to analyse 

sii1ated arrays of two populations of hexagonal clones. The total 

number of patches in a two-dimensional array is seen to be at a ___ 

when the two cell types are present in equal proportions because aggre-

gation of patches is then üs{mi1. 

The theoretical relationship for one-dimensional arrays is applied 

in an analysis of the mean adult clone size in histological sections of 

the pigmented retinal - epithelium of mouse aggregation chimeras and X-

inactivation mosaics, and also In histochemical sections of mouse liver, 

chimneric for cells with high and low activities of the enzyme - 

glucuronidase. In each case the mean adult clone size is surprisingly 

small:  5 or 6 nuclei per two-dimensional pigmented retinal epithelium 

clone and about 10 - 34 nuclei per three-dimensional liver clone • These 

results indicate considerable cell mixing quite late in development. 

Clonal analysis of the pigmented retinal epithelium in embryos suggests 

that the cells in 14-day embryos of both mosaics and chimeras are dis-

tributed nearly randomly, but that clonal growth occurs at later stages. 

Chimeras of one strain combination have clones of about twice the size 

found in other groups and it is suggested that cells of like genotype 

may show a tendency to remain together in this group of chimaeras. 

A similar analysis is attempted in the adult neural retina, using 



mice chimaerio for the gene retinal degeneration (a), but the one-

dimensional clonal analysis is inappropriate to this system as oe].l 

movement probably distorts the initial clonal distribution. 

Comparisons of the proportions of the two cell populations, between 

chimaeras of different strain combinations, using e].eotrophoretic and 

pigment markers, suggests the existence of organ-specific, strain-

dependent selection pressures. Eaectrophoretio analyses of blood 

samples taken at various times from the same chteras show a temporal 

shift in the proportions of the two red-cell populations in some groups 

of chiWiLeras • Differential mitotic rates are believed to contribute 

to the selection pressure seen in the erytbropoietic tissue of these 

chimaeras. 

.An unbalanced anterior-posterior pigment distribution is seen in at 

least one group of chimeras but not in mosaics or other chi msric 

groups • This imbalance can be explained it differences in the timing 

of the migration of the two melanocyte populations, from the neural 

crest, cause different anterior-posterior selection pressures. 

1-inactivation mosaics and chimeras  show broad phenotypic similar-

ities in the two pigment systems studied. Differences between chimaeras 

of different strain combinations emphasis* the complex interactions be-

tween the two genotypes which contribute to the chimaeric phenotype. 

These investigations offer a promising approach to the study of geno-

type interactions In vivo while mosaics and chimaeras, made within 
between 

random-bred or/c ongenic strains, provide useful tools for the study of 

clonal growth during development. 
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CHAPTER 1 

GENERAL INTRODUCTII 

1.1 Cell Marking  

The differential marking of cell populations is a well esta-

blished technique in developmental biology and the subject has been 

reviewed by Weston (1967). Early work using applied markers, for 

example vital dyes, produced the now familiar fate maps of many 

vertebrate blastulae, and intrinsic markers of many types, comprising 

naturally occurring cell characteristics, have been used to determine 

the end result of morphogenetic movements. Perhaps the most elegant 

form of intrinsic marking is obtained when genetic differences allow 

two populations of cells to be marked within a single anir's1. 

This was achieved by Blaokler and Fischberg (1961) who grafted 

mutant, anucleolate, germ cells into normal, binucleolate, lenopus 

neural stage embxyoa, producing, in effect, chimaeric toads. 

More recently Le Douarin (1973) has used interspecific grafts bet-

ween quail and chick embryos to exploit a natural difference in 

nuclear morphology. Chiaeras and mosaics are now used quite ex-

tensively by developmental biologists to exploit genetic markers. 

1.2 Genetic Mosaics and Chimaeras 

A genetic mosaic is a multicellular organism derived from a 

single zygote but comprising two or more populations of genetically 

distinct cells, other than those normally present in the germ line. 

A chimaera, although also comprising two or more genetically dis-

tinct cell populations, differs from a mosaic in being derived from 
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more than one zygote. This distinction is similar to that made 

by Anderson 	al. (191). 

The type of mosaic most familiar to students of developmental 

biology is probably the insect gynander, notably the Drosophila, 

gynander, and this field has been reviewed by Stern (1968) and by 

Hall pt al. (in press). Mosaicism also occurs in manw1 a, In- 

cluding man, and this is again discussed by Stern (1968), by 

Russell (1964) and Ford (1969). A mosaic may arise in a number 

of different ways including chromosome non-disjunction, somatic 

recombination, chromosome loss and mutation. The earliest event 

producing msaicimn is the mutation of a single chromatid in a 

germ cell, but mosaiciam can result if one of the afore-mentioned 

events occurs at any time during development. One difference bet- 

ween the definition of a chimaera given above and that given by 

Anderson at al.(1951) and used by Ford (1969) is that the present 

definition includes cell lineages from "more than one zygote" and 

that of Anderson at al. includes cells from "two or more distinct 

zygote lineages". Although this seems a trivial semantic difference, 

the retention of an unfertilized polar body produces chfieriam 

according to our present definition, and mosaiciem according to the 

definition given by Anderson and colleagues. However, using 

either definition, the retention of a fertilized polar body results 

in the formation of a chimaera. 

Functional genetic mosaicima can also occur at the phenotype 

level even if all cells are genotypically identical. For example, 

female mammals#  heterozygous for sex-linked genes, have mosaic 

phenotype.. This mosaioiem was interpreted by Lyon (1961) an 
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being "due to the Inactivation of one or other I-chromosome early 

In embryonic development" and it is now widely accepted that only 

one X-chromosome is fully active in normal U females (see Lyon 

1970, 1972, for reviews). 

Apart from  polar body retention, chimaeras may result from 

spontaneous aggregation of zygotes or very early embryos; Ford 

(1969) lists nine theoretical classes of chimeras. Chiniterien 

may be restricted to a few tissues as in blood ch4-eriam, caused 

either hy vascular snastomoses between twin embryos allowing a re-

ciprocal exchange of primordial haeaatopoietic tissues, or maternal-

fetal exchange. Erythrocyte chimasriem has been described in 

cattle (Owen, 1945; Lila, 1916)9  sheep (Storxaant at al*# 1953), 

chickens (Billinghaaa at,  ., 1953), marmosets (Benirachke and 

Uz'ownhill, 1962)1, punk (Rapacs and Shacklefords  1963) and humans 

(Race and Sanger, 1968). 

Blood chimaeras can be produced experimentally by repopulating 

the depleted hasmatopoistic and ]jsuphoid systems of an I-irradiated 

animal with healthy cells. The survival of the donor cells depends 

on the treatment of the host with X-rays or iemimoauppreesive drugs 

and such saINOs are termed "radiation chimeras". Mtokiem and 

Loutit (1966) list the following species in which radiation 

ohimaeriem has been successfully established: mouse, rat, rabbit, 

guinea pig, monkeys  pigeon and dog. Even xenogen.ic radiation 

chi*aezaa have been successfully produced in which the donor can 

population is not from the host species. Although most o'w'n1y 

these orise rat donor cells in a mouse host, several other donor 

strains have been used (see Shekar'chi and $&inodon,  1959). 
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Limited ohimeerism also results from transplanting differ-

entiated (or determined) tissue grafts into late stage embryos. 

Apart from the work on lenopus by Blackler and Fiachberg (1961), 

and on quail and chick by Le Douarin (1973), which have already 

been cited, this type of grafting experiment has been done with 

mouse (Billingham et al.0 1953) and chick (Z4artinoyitch, 1957). 

More complete chimasrism can also be achieved experimentally 

by aggregating two or more early embryos, or cells from early 

embryos. To date, this type of chizuaerism has been produced in 

mouse (Tarkowaki, 1961; Mints, 1962), chick (I4arzuflo, 1970), 

sheep (Tucker et al... 1974) rabbit (Gardner and Munro, 1974) and 

between mouse and rat (Gardner and Johnson, 1973). Almost inevit-

ably Drosophila chimaoras have also been produced by a similar 

method. Several workers (for examples  Zalokar, 1971; Ckada at 

al., 1974) have produced live chimeric adult Drosophila using a 

nuclear transplantation technique , first reported by Geyer-

Dusajuska (1967). 

The experimental work in this study concerns only mouse aggre-

gation chimaeras and I-inactivation mosaics, and these animals will 

now be discussed in more detail. 

1.3 Mouse Aggregation Chimaeras as kperiaental M1-1s 

Mouse aggregation chimaeraa have been described by Tarkowski 

(1961) and Nuts (1962) and have subsequently been produced by a 

number of workers. Although there is some debate as to the appro-

priate terminology for these experimentally produced in(a1  the 

term "aggregation chimaera" or "chimaera" will be used throughout 



this thesis. 

Aggregation chimaeras are normally produced by the in vitro 

aggregation of two eight-cell marulae after removal of the zonae 

pellucidae by pronase treatment. The aggregates are cultured to 

the blaatocyet stage and then transferred to a pseudo-pregnant 

foster mother. At this stage the b1aatooyt is twice the normal 

size but, as Buehr and MoLaren (1974) have shown, size regulation 

occurs before six days poet-coitum, and mice are normal size at 

birth. These mice will usually contain cells from each of the 

original eight-cell embryos as there is permanent immunological 

tolerance between the two component cell populations. However, 

not all pairs of genetically dissimilar embryos produce mice with 

two populations of cells, as one population may be excluded from 

the inner cell mass or the embryo primordium. Throughout this 

study the term "chimaera" will imply the presence of two or more 

genetically distinct populations within one mouse. 

Gardner (1968) has developed another technique for producing 

experimental chimaeras by injecting inner cell mass cells from a 

disaggregated donor blastocyst into the blastocoele cavity of a 

host blaatocyst. This technique is sbni1r, in principle, to the 

nuclear transplantation technictue used in Drosophila and described 

in the previous section. To avoid confusion, this type of chimaera 

will be referred to as an "injection cMmera" although in many ways 

it is very s4'4lr to the aggregation chimaera previously described. 

Both aggregation chimeras and injection chimaeras provide 

useful tools for the investigation of morphogenesis and cell Inter-

actions in vivo • The first genetic markers used to detect 



experimental obimaerian were the pigmentation patterns of the coat 
I. 

and eye (Tarkowski, 1964a), and since then these systems, particularly 

the former, have been extensively exploited, One of the most 

interesting suggestions was due to Mints (1967), who interpreted 

her data to suggest the origin of the coat melanocyt.ea from seven-

teen pairs of primordial melanoblaets, and this work is discussed 

further in Chapter 2 of this thesis. 

Isozime markers were first used by Mints and Bdker (1967) In 

an elegant experiment to demonstrate the differentiation of qu-. 

citia]. muscle fibres by cell fusion rather than by nuclear division 

without cytoplasmic cleavage. More recently, this technique has 

been used to provide evidence that the trophoblast giant cells 

(Chapman et al.# 1972; Gearhart and Mints, 1972) and decidual 

cells (Aneell et al., 1974) do not arise by cell fusion. 

Other genetic markers which have been used Include difference 

in morphology (NcLaren and Bowman, 1969), anator (e.g. the skeletal 

system, Gilneberg and MoLaren, 1972; Qr1eberg at a]., 1972; 

Moore and Mints, 1972), histology (e.g. the visual retina, Mints 

and Sanyul, 1970; Wegmnn et al-s, 1971a), and karyotpe (1stkoweka 

and Tarkowaki, 1968; Mints, 1968). 	Trno1o4ca1 markers 

(Mints and Silvers, 1967; Wegmsnn and Oilmen, 1970) and several 

biochemical markers, including i.ozyme markers (mentioned above), 

hasmoglobin variants (Mints and Piiji, 1969; Wegm&nn and G1Imiin, 

1970) and enzyme activity differences (Wepuin, 1970) have also 

been used to advantage. 

A combination of these systems has facilitated the study of a 

number of different tissues in chimeric mice. Apart from certain 
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tumour's, all the tissues so far studied appear to be ohiaaeric in 

at least some apiI  a# and atte3)t8 have been made to investigate 

cell lineage relationships and construct clonal histories for a 

mabor of these • Aside from studies on the clonal nature of dif-

ferentiation and the differentiation of binucleate and qncytial 

cells, mouse aggregation oh4vieras  have been used to investigate a 

variety of problem.. For ezle, several worker, have compared 

the phenotpe of c1eraa and ccarable X.4nactivation mosaics 

both in support of and to detract from the Lyon hypothesis in its 

present form (see Gr'th.berg, 1969; Gz'flneberg Lt al.# 1972; Dmn, 

1972; Gattanach at al-s,  1972; McLaren gj a,., 1913). Mouse ag-

gregation chimaeras have also been used in attempts to determine 

the time of 1-Inactivation. (Gardner and lyon, 1971; Deol and 

Whitten, 1972a,b), to demonstrate genetic Unkage of lethal genes 

(cher and iioppe, 1973), and in investigations of problems con.. 

OeIT4flg eex'determination, hermaphrodiem and cell interactions in 

U 	XI ol4aaeras (Terkoweki, 1964b, 1969; Mint., 1968; Mclaren, 

1972a; McLar'en lt. al.# 1972; Mints 	., 1972). The very 

existence of aggregation obiwAeras poses a challenge to lmunologiats 

#io have used these niw 1  to study 4ii!in1o4cal tolerance (Mints 

and 811vera, 1967; Wagwzm 	., 1971b) and various immunological 

diseases such as auto-ijawac disease (Barnes et al .9 1972), ]hoaae 

(Barnes 	, 1973) and leukaemia (Barnes, 1974). The aetiology 

of other diseases has also been studied. Condamine at a]. (1971) 

suggested that intercellular transmission of taonr information may 

be possible, and Petersen (1974) has recently provided evidence for 

the extrasezacular control of *usoular dystrophy. 



Clearly mouse aggregation ah4merae  provide a valuable tool 

for investigating a wide range of problem WA there mast be many 

more fields of research where chimaeras would be useful. For 

example, it is anticipated that Hotta and Benser's construction of 

behavioural fate maps using Drosophila mosaics (Hotta and Benzer, 

1912) will stimulate interest in the use of mouse ch(iiaeraa  in 

studies of behaviour. 

l.i& Mouse ;-inactivation mosaics as experimental animal. 

The mouse X..inaotivation mosaic is a potentially valuable but 

limited alternative to the mouse aggregation chimaera for many 

studies. Its value lieg in the ease with which mosaiciam can be 

achieved, simply by producing females heteroeygous for the required 

X.'3.inked genes, by selective mating. The limitation lies in the 

seall number of suitable X.m.1{nked markers at present available in 

the laboratory mouse. For example, as yet no 1.11-nired  iaor.me 

marker is known in mouse, whereas such ieozme variants are available 

In other mamaala. For example, isozyns variants of glucose-6-

phosphate debIrog.nase (a6-PD) are available in man (Boyer 

19621 Kirban and Hendrickson, 1963), mules (Trujillo at al, 196)9  

interspecific hybrids of wild hares (Cthno et al.,, 196) and inter.' 

specific bybrida of kangaroos (Richardson at al., 1971). leosyme 

variants of phosphog]ycerate fr4-n5e (PGK) are also available in 

interspecific bybrids of kangaroos and occur naturally in the 

eastern grey kangaroo (Cooper et al.,v 1971). Although there is 

an Xl inked biochemical marker (phoephorylaee b kinase dsficiencyj 

Iron and Porter, 19621 Iron  et al., 1967) available in the 
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laboratory mouse, this has not been widely exploited in 1-

inactivation mosaics, probably because the deficiency is quantita-

tive and seems to be confined to the muscles (Lyons  J.B., 1970; 

Huij ing, 1970). Over twenty I-linked genes are now known (Mouse 

News Letter No. 49, 1973), but relatively few of these have been 

used in mosaics other than to demonstrate Iliirfr*ge. I11red 

genes affecting the coat colour or pattern have been most oomcnly 

used in L-inactivation mosaics. These include genes affecting the 

pigmentation such as brindled, (Mo) br (Falooner and Iaaacson, 1972) 

and the hair structure such as tabby () (e.g • Greneberg, 1966) 

and &EMU () (Dunn, 1972). Other I-'linked genes, such as 

testicular feminization () (Ohno and Lyons 19701 Tettenborn 

., 1971) have also been used but, with the possible exception of 

tabby, the most widely exploited mouse IlinIcd marker is Cattanach's 

translocation (Cattanach, 1961). Cattanarh's translocatitm, 

T(7pX)0t1 involves the insertion of a large part of chromosome 7 

(linkage gr cup I), carrying the wild-type alleles for albino (a), 

pink.eye (i), ruby-eye-2 (ru-2) and hakeri1 (eli-i), into the I-

chromosome • Genetically albino Z1ea  heterozygous for this 

tranelocation, are designated flecked and have a variegated pattern 

of pigmentation in both the coat and eyes as well as a. distinct 

karyotype. 

A combination of naturally occurring and translooated I-linked 

zna*era have encouraged research into the validity of the Lyon 

Hypothesis (Lyons  1961), the nature of I-Inactivation and problems 

of the numerology of development. It was the variegated phenotype 



of female mice, heterozygous for various coat colour markers, to-

gether with the normal phenotype of X0 female ndoe, which prompted 

lyon (1961) to postulate the theory of the single active X-

chromosome (Lyon Hypothesis). Since then 1-inactivation mosaics 

have been used to support arguments both for and against the Lyon 

Hypothesis. Most of the evidence favours the hypothesis in 

principle (see I*rcgi 1970, 1972 for reviews), although in the case 

of taby1  Gr1neberg (1966, 1967s  19690  1971) has argued strongly 

against the lyon Hypothesis as an e1anation for the regular alter-

nating stripes of normal and tabby hair in the heterozygote. The 

existence of auto somal mimic a gives strength to Grtneberg 'a argument, 

and it may be that the complex variegation seen in tabby hetero-

zygotes is due to an interaction of several effects* 

aide from the question of general validity of the Lyon Hypo.. 

thesis, X.'.inactivation mosaics have been used extensively to study 

the nature of the 1-inactivation process itself, including the time 

at which it occurs (Nesbitt, 1971; Deol and Whitten, 1972a,b; Qhno 

et ., 1974), the spread of inactivation along the X-chromosome 

(Cattanach and ieaaoson, 196.), and its control (Cattanach and 

Isaacson,, 19671 Cattanach and Willlms, 1972; Ohno et al.j, 1973). 

I-inactivation mosaics have also been used to study the aetiology  

of an abnormality In the visual pathway (Guillery et alos 1973), 

the action of the shaker-1 gene (Deo]. and Green, 1969), to estimate 

the number of melanocyte clones (Cattanach, 1974)9  and to estimate 

the primordial pool size for different tissues (Nesbitt.. 1971; 

Tettenborn et al.jp  1971). 

The application of mouse 1-inactivation mosaics to a wider 
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range of developmental problems awaits the discovery of more suit. 

able X-.linked merkers. 

1.5 	U. of mouse aggregation oMeras and X.inactivat i on mosaics 
In st*Iies of devel2pmte - 

Chimeras and mosaics have been used as tools for the investi-

gation of a wide range of developmental problems. It is beyond the 

scope of this thesis to consider many of these problems, and this 

discussion will be United to a few topics including cell selection, 

oU lineage relationebips, cellwAx4%g and clonal growth. in many 

cases the data available for mouse I.4neotivaticn mosaics is limited 

and, where appropriate, reference will be made to other mammalian 

X'.inactiyetion mosaics. 

(a) Celle1ecttor 

Both Mintz (1967) aM )stkowaka and Tarkov*i (1968) realised 

that can selection could play an iortant role in determining the 

phenotype of mouse aggregation chlmaerae. The latter authors also 

suggested that cbimaeras macie between congenic strains, differing 

only at one Locus, would not show any marked cell selection, where. 

an  for other genetic ecbinationa "even a slight difference in pro. 

literativ. capacities of the two types of cells can change original 

quantitative proportions and result in dominance of one component". 

Mullen and Whitten (1971) considered the coat colour and sex ratios 

In a number of different strain combinations and divided them into 

"balanced" and "unbalanced" oombiniLticna. 	nbalanoed genotype 

combinations were defined as, "those in witch one of the genotypes 

predited in most of the 4eniNa3s" and these provide circumstantial 



evidence for oel]. selection. Mints (1970) has produced a 

"statistical allophenic mouse" for olthnaerae of a. single strain 

combination and suggested that selection pressure varies between 

tissues. 

Rapidly dividing tissues would be expected to show the effects 

of cell selection most clearly, and unbalanced phenotypes have 

been dnstrated in the haematopoietic system of aggregation 

chimeras (Mintz and Pala, 1969; Nesbitt and Gartler, 1971; 

Tuffrey et al.j, 1973). Mints and Palm also show a tendency for 

a quantitative shift in the relative proportions of the erythrocyte 

population with time, as predicted by ratkowaka and Tarkowski 

(1968). However, the iummologioa1 techniques used were not very 

sensitive and a study on a s1mi1r unbalanced strain combination, 

using different techniques, suggested that the proportions "usually 

remain constant over time" (Wegmenn and (ilasm, 1970). Data from 

human I4nactiva.tion mosaics show that blood cells may comprise a 

single population, whereas other tissues are demonstrably mosaic 

(Ntian at al"s 1970). In this cane the presumptive selection 

pressure is against cells in which the active I-chromosom carry a 

bypoxanthine guanine phosphoribosyl transferaee (HGPRT) deficiency. 

Mints (1968) showed a shift in proportions of progeny from 

male chimaeras with successive litters sired, and explained this 

by germ cell selection. However, Burgoyne (1973), using a similar 

strain combination, Linde no change in proportions of sperm with 

time, and suggests that selection occurs in utero in favour of the 

heterozous fetuses. He also postulates that the selection 

pressure is linked to the parity of the mother. 
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Unbalanced mosaicimn has been reported in the pancreas of 

mules (Hook and Bruatman, 1971) and there is evidence of In vitro 

cell, selection of cultured ni1e fibroblasts over a period of nine 

months (Rattazzi and Cohen, 1972) • Several authors have established 

lines of mouse X-inactivation mosaics, unbalanced for coat colour 

(e.g. Cattanach and Isaacson, 196; Palccner and Ieaacson, 1972).. 

However, the selection may be at the level of chromosome inactivation 

rather than the cell as these and other authors point out 

(Cattanach and Williams 1972; Obmo et al-j, 191.3; Drewe  at 41.0 

1971.i). 

Moore nd Mints (1972) have demonstrated an unbalanced anterior-

posterior distribution of skeletal cononenti in sOme chimaeras, and 

suggest a selective advantage in parts of the vertebral coiwn which 

can be correlated with differences in developmental timing of the 

two strains. 

Although nnich of the evidence is circtunstantial, it is clear 

that cell selection can, in some eases, conaidorab]y modify the 

phenotype of a chimaera or mosaic, and this not be taken into 

account when interpreting data from these animals. 

(b) Cell liueag and developmental clones 

It is obvious that all tissues of anon-chimeric an1i3 

ultimetely share a un pool of cells, but it seems likely that 

some tissues share such a sn pool =Ail relatively late in 

development whereas others diverge '.aoh earlier. Mints (1971a) 

showed a positive correlation between red and white blood cells 

In the proportions of the two cell types in ohisz'as, and in a 
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similar survey Goz'niuli at 11. (197) suggested a comm origin for 
mitotic cells of spleen,bone marrow and thynus. Rar3 ter studies 

on himicti X-izv.otivation mosaics a10 prompted the conclusion of a 

oon*on on -gin of erythrocytes, granulocytes and perhaps lymphocytes 

(CMrvini a ia.1, 1968; Gandini and Gartler, 1969). Clearly, how-

avers  correlations of this type could originate either as a result 

of shared p0018 of cells or could be due to 	selection pres- 

sure producing a situation analogous to convergent evolution, and, 

as pointed out earlier, blood cells are most likely to show the 

effects of cell, selection. Gartler at al. (1971) argue more 

reasonably for a con origin for the outer sheath and bulb of 

single hairs in human 1-inactivation mosaics. 

Several methods have been elayed to estimate the number of 

cells and clones at various stages of development in different 

tissues tron patterns in adult chimaeras and mosaics. It is clear 

that cell selection will again moctL4 these patterns, and so the 

data should be interpreted with caution. Two main approaches have 

been used. The first uses the binomial theorem to estimate the 

number of 'tissue progenitor cells" from the proportion of individuals 

which show a uniform, non-variegated, phenotype (see Table 1.1). 

It is argued that if there are only three progenitor cells then, 

on average, assmid.ng no cell selection, 1/4 would be non-variegated 

(1/8 uniform for each cell type), and n progenitor cells would in 

turn produce 2 1/2" non-variegated individuals. 	Laren (1972b) 

and lewis et, . (1972) have discussed this approach on theoretical 

grounds and conclude: (1) if no cell udd.ng  occurs during 
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development the estimate relates to the "stage at which cell 

heterogeneity arises". (2) If, as is likely, cell mixing occurs 

during development the estimate relates to the coil generation at 

which mixing between cell lineages of different tissues becomes 

i4nlmal, in other words the time when a number of cells are 

"sampled", all of which contribute some descendants to the tissue. 

This will be referred to as the time of tissue foundation, although 

It may not be recognisable by biochemical or histological methods. 

(3) If mixing prior to this tissue foundation process has been in-

complete and the cells are arranged in clones rather than at ran&mi, 

the estimate will measure the mean number of clones sampled and not 

the number of cells sampled. 

The second approach is based on the number of patches or the 

size of the patches seen in the tissue under study. The estimated 

mean number of patches is of little value alone for most develop-

mental studies, as a patch may crise several adjacent clones of 

like phenotype. Estimates based on the maximum number of patches 

or the smallest patches seen are most cznnon, and are probably 

fairly close to the clone number. Few published studies have 

axjqined patches at the cellular level and most have been based on 

the macroscopic patch size in an effort to remove effects of local 

coil migration and mixing. If coil mixing during tissue growth is 

relatively limited, these estimates of "macroscopic clone number" 

are probably roughly equivalent to the estimates of the number of 

clones sampled at the time of tissue foundation. If cell mixing 

during growth is extensive, then the macroscopic estimate will lie 

swbere between the number of clones sampled at tissue foundation 

and the uier of clones in the adult tissue. 



Table 1.1 Developmental Clones in Mouse Aggregation Chimaeras x X-inactivation Mosaics : CHIMAERAS 

CLONE TYPE* TISSUE 
No. of MARKER METHOD REFERENCE 
CLONES 

Cells at tissue Germ Mirrrnm=2 because germ cell 
foundation (n2) Cells 2-10 (See method) ch.imaerism occurs. Maximum=lO by Mintz, 1968 

direct observation of 10 cells in 
8-day embryo  

Clones at Embryo 3 Coat colour, iso- Frequency of non- 
tissue zymes & irnirmmo— chimaeras after Mintz,, 1971a 
foundation  logical aggregation  
(N2) Liver 2 MDH isozyme Frequency of non- by bi- 

variegated livers nomial Mintz, 1971a 
in chimaeras. expansion  

Somite 2-5 GPI isozyme Frequency of non- 
variegated eye Gearhart and 
muscles in chimaeras Mintz, 1972 

Clones at or Vertebral 120 skeletal Smallest patch = 1/4 vertebra Moore and Mintz, 
after tissue column morphology 30 vertebrae + b lineages per 1972 
foundation  vertebra.  
(N2) Melano- 

blasts: coat pigmenta- Maximum number of stripes Mintz, 1967, 
head 6) tion. (patches) 1970a, 1971a. 
body 12)34 
tail 16)  

Hair fol- 
licles Hair structure Maximum number of stripes Mintz, 1970b 
(coat + 170 fuzzy (fz) (patches) 
tail) 
Visual LO per retinal degener- "Basic plan" of 10 radiating sec- Mintz and Sanyal, • 
retina eye ation (rd) tors per eye. (Assumed to be 1970 

maximum, number of sectors)  
Adult patches Liver 340 3-gl1curonidase Variation in p between samples. Wegmann, 1970 

(Gus ) (claims to measure adult clone 
size and variance a clone size)  

Other Pigmented - pigmentation Patches seen but not measured Nystkowska and 
retinal Tarkowski, 1968; 

________________ epitheliurn Mintz., 1971b 

CONTINUED/ 



Table 1.1 (Continued) 
	

MOSAICS 

m'rrr* 
JA)1\I!J 	J,.LX 

No. of 
CLONES MARKER METHOD REFERENCE 

Clones at tissue kidney Tfm and Gusti Frequency of non-variegation Tettenborn et 
foundation proximal 	4 or  5 in mosaics al., 1971 
(N2) tubule  

melano- 	
> 10 

coat Frequency of non-variegation 
blasts pigmentation in mosaics Lyons  1972 
melano- 	22 
blasts karyotype and Statistical analysis based on 
Spleen 	21 

labelling variance of relative proportions 
Thymus 	23 patterns by (p) of the two cell types Nesbitt, 1971 
Right 41 autoradiograpby 
lung 
Left lung 	)i.3 
Abdominal 	8 
fascia 

Clones at or Melano- 
after tissue blasts: 
foundation Head 	6 Coat pigmentation Maximum number of stripes Cattanach, 
(N2) Body 	14 1974. 

Other Epicli- Tf 	sxr and Drews and 
dymis 	- histology Patches seen but not measured Alonso-Lazano, 

1974 

* See text and Table 1.1 for explanation of Clone Type. 



Fig. 1.1 Cell Lineages and Clonal Development 

Schematic representation of development of 
1-dimensional tissue 
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Numerology of Development 	I 	Comments 

At cell marking: Cell marking 
Chimaera 	Mosaic 

Overall Chimaeras : at aggregation 

proportion of X: 	P = 0.5 	p = 0.5 Mosaics : at X-inactivation 
Cell number: 16 	n1 	? x and o represent "marked 

cells'J 
Clone number: N1  = 2 

*ff little cell mixing 
occurs N 	is smaller in 
chimaeras than mosaics but 

At tissue foundation for simplicity the scheme 
Overall proportion of X in embryo shows equal numbers of clones 

P = 0.5 in both chimaeras and 
mosaics at tissue foundation. 

Tissue: T1 	T2 If cell mixing is incomplete 
p(in tissues) p = 0 	p = 0.8 then limited clonal growth 
cell number n2  = 2 	n2  = 5 occurs and cell number will 

probably exceed clone 
clone number N2  = 2 	N2 number. 	(n 	N2). (See 

McLaren, 19 2b; 	Lewis et 
al. 1972). 

In adult tissue, T 	 Resultant adult clone pattern 

Proportion of x, 	p = 0.75 	I Slight selection to o cells. 
Cell number 	 n3  =,24 	Some local cell mixing has 

occurred, and the single o 
Adult clone number 	N3  8 	cell at tissue foundation has 
(N = 8 if adjacent cell lineages 	I produced two clones but these 
(e.g. j + k) are all descended from I are not widely separated. 
different clones at tissue founda- 
tion (e.g. c + d)). 	 I 

Adult patch number 	= 4 
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Fig. 1.1 shows a simplified schematic representation of a 

possible sequence of events during development. Three stages 

have been selected for study: (1) the time of differential cell 

marking, (2) the time of tissue foundation, and (3) the mature 

adult tissue. In each case the number of cells (n) and the 

number of clones (N) are considered. A clone is defined as a 

group of cells descended from a common ancestral cell which have 

remained as a coherent group throughout development, such that 

each cell in a clone is always adjacent to at least one other 

member of the same clone. (Several clones of the same phenotype 

may come to lie adjacent at various times during development and 

thus torn a large patch of one cell population). If cell mixing 

occurs the size of clones will vary, and the mean clone size may 

also vary- at different times during development and between differ-

ent tissues. This topic is dealt with in more detail by Lewis 

(1973). Table 1.1 lists estimates of clone numbers at various 

stages of development. The classification of clones is based on 

the scheme shown in Fig. 1.1 and is sometimes at variance with that 

proposed by the original author. For example, estimates based on 

the frequency of non-variegation were originally claimed as eati.. 

mates of the cell number at tissue foundation (n2), whereas Lewis 

et al. (1972) convincingly argue that this should be the clone 

number at tissue foundation (N2). 

The pattern of patches in chimaeras has been compared with 

that in X-inactivation mosaics, and several authors have suggested 

a smaller average patch size in mosaics (Deol and Whitten, 1972a; 

?4Laren at al.. 1973). - - - 
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Surprisingly, little has been done to investigate the number 

or size of clones in the adult tissue of mouse chimeras and 

mosaics. Gartler at al. (1971) have used human X-inactivtion 

mosaics to investigate clones in the epidermis of the scalp, using 

a mathematical relationship between the proportion of mixed samples 

and the sample size to clone size ratio, reported in more detail by 

Hutchison (1973). The authors interpret their data to suggest a 

random distribution of cells for the first 10 - 11 cell doublings 

In the scalp epidermis, followed by a period of coherent clonal 

growth from the time of hair follicle initiation, at about the 

third week of foetal life, to maturit. 

The size of the clones and patches in adult tissues has some 

significance In other types of experiments involving chimaeras. 

It has already been shown that by electrophoretic methods, using 

isozyme markers, two cell populations can be distinguished from 

each other and from a hybrid cell such as a muscle fibre (Mintz and 

Baker, 1967). If the patches of two different cell populations 

were very large and discrete, then the formation of tdnucloate cells 

by cell fusion may go wideteoted. The proportion of fusions bet-

ween unlike cells would be mnall due to the low surface area to 

volume ratio of a patch. Thus, until the pattern of patches is 

known, the evidence against cell fusion In trophoblast giant cells 

(Chamn at al., 1972j Gearhart and )9.ntz, 1972) and decidual 

cells (Ansell at al., 19714) could theoretically be due to the low 

proportion of fusions between unlike cells and aubaeiuent failure 

to detect these. A similar argument could be made for the origin 

of binucleate liver cells, although a large number of chimeric 



livers have been investigated using isozme markers and no hatero.. 

poimer has ever been reported. 

Despite the lack of evidence from leozyme studies, the possi.. 

bility of intercellular transfer of macromolecules or genetic 

information remains a possibility. This phenomenon is suggested 

by the in vitro experiments of Subak.Sharpe at al. (1969), and by 

some observations on blood chimeras in cattle (Stone et a].., 19642  

1968; Lingerova, 1967). Some recent work by Munro at a]. (19714) 

suggests this may also occur in mouse aggregation chimaeras, and, 

of course, the restrictions of patch size do not appiy to mature 

blood cells. 

Clearly, the clonal arrangement of the two cell populations in 

adult tissues, coupled with data from earlier stages of development, 

could provide an indication of the degree of cell mixing and clonal 

growth within a tissue and may also help with the interpretation of 

other types of experiments using chimaeras .),nd mosaics. 

1.6 Jporimenta1 Approach 

The pattern of clones and patches has been studied together 

with eell selection in chimeras of various strain combinations and 

where appropriate, 1-inactivation mosaics. The study on clones 

and patches is divided into tour parts. The first part deals with 

a theoretical approach to the relationship between the size of 

simple hexagonal clones and patches in a model two-dimensional 

tissue. Some generalisations derived from this study are used to 

analyse the mean clone size in the pigmented epithelium of the 

retina of both adult and embryonic mice. This system is particularly 

well suited to this typo of analysis, as the pigment marker is eel]. 
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autonomous, clearly distinguishable early in development by 

simple histological techniques and the epithelium forms a two-

dimensional tissue • The following sections deal with eimflr, 

although less extensive, studies on adult clone sizes in the 

neural retina and the liver using retinal degeneration (rd) and 

3-lwuronidaae (h)  markers respectively. 

The studies on cell selection use comparisons between 

chimaeras of different strain combinations and, for pigmented 

tissues, L.inactivation mosaics in an attempt to demonstrate the 

importance at strain combination (and hence genotype) in cell 

selection in cMmaeras. The studies are all based on comparisons 

of the relative proportions of the two cell populations as estimated 

by electrophoretic, hiatochexnical and histological techniues. 
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CHAPTER 2 

THE0RICAL RZLkTIONSHIP BE'IWEI2I PATCH AND CL(ILi SIZES  
-. 

2.1 

A simple model is used to investigate the relationship between 

clone number and patch number for each of two cell types in one and 

two-dimensional arrays. Considering the two cell types separately, 

this relationship is shown to vary with the relative proportions of 

the two cell types. If both cell types are considered, the total 

number of patches in a one-dimensional array reaches a maximum when 

the two cell types are present in equal proportions. Over the 

range considered for a two-dimensional array, the total number of 

patches is at a minimum when the two cell types are present in 

equal proportions because aggregation of patches is then Ifl4ial. 

The significance of these results is discussed in the light 

of previous interpretations of work with mouse aggregation chimaeras. 

2.2 Introduction 

In recent studies with mouse aggregation chimaeras, several 

authors have estimated the number of patches in various tissues. 

These ohimLeras are norumily formed by the aggregation of two eight-

cell embryos as described by TarkowaJd (1961) and Mints (1962) and 

thus consist of two populations of cells which may be phenotypical]y 

distinguishable. Many tissues in these atk1i1e are patchy with 

respect to the distribution of the two cell types. It has been 

suggested that little effective sizing occurs during the later 

stages of growth of these tissues, and so growth is largely clonal 

In the sense that each cell present at the time when can odying i.e 
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reduced to a nd.nlmum can, by subsequent division, produce a coherent 

alone of descendant cells. 

It the chimaera is composed of two distinguishable eel]. types, 

A and B, a clone of A cells may be completely surrounded by B cells 

and isolated from all other A cells, in which case the clone will be 

seen as a patch. liowever, since several adjacent clones may be of 

the sane cell tpe,a patch may consist of seteral clones. Curtis 

(1967) has pointed out that "the majority of cells of one type in a 

randomly packed aggregate composed of equal numbers of cells of two 

types are in contact with cells of the same type through a network 

structure". 

Several authors have failed to distinguish between patches and 

clones in this context, and further failed to consider that the ret. 

lationship between clone and patch numbers may vary with the ratio of 

A to B cells. For example, both Nesbitt and Gartler (1971) and 

Wegmei" (1970) refer to Wegwtnr'a conclusions that the liver of 

cM!iaeric nice is patoby, as evidence for clonal growth, and equate 

the estimated patch number with clone number. Wegmanu estimates 

17.2 1.12 patches per sample of liver, and as each sample was ap-

proximately one twentieth part of the whole liver, Nesbitt and Gartler 

infer that "the mouse liver contains about 340 coherent clones" • The 

appropriate Inference would be that the liver contains about 340 

patchea, 

The present study has been undertaken in an attempt to demonstrate 

a relationship between the proportions of the two cell populations and 

the patch size (defined here as the number of clones per patch). This 
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relationship Is considered In 'The Theory of Random C]aing" 

(Roach, 3963), and the me-dimensional case has been discussed with 

respect to chimeras by Wolpez't and Gingell (1970). While an ex 

plioit ulgebraic solution is possible for a one-dimensional array, 

no such eo3,ution is possible for a two-dimensional array. 

The problem has been further considered by Ransom, [aoser and 

Hill (in pzeptration, 197) in an an3yde based an algebraic and 

ccutatioma1 approaches. The present study makes use of the pro'. 

gram devised by the above authors. 

2.3 Method. 

£ model has been constructed which represents a two-dimensional 

array of hexagonal cells arranged to torn a square tissue at the time 

at which cell mSx4ng is reduced to a 	 At this time the 

array consists of a random arrangement of the two cell type. A and 

3, and each clone Is represented by one cell. Each patch is re'. 

presented by a group of clones which is completely isolated from all 

other clones of like type. although the model represents a tissue 

when cell "itxing Is reduced to a ______ it could also represent an 

adult tissue if olonal growth was uniform such that no differential 

growth occurred, and all clones expended equally to form an identical 

umber of larger, malticeUu1ar clones of the same shape. 

The model has been programed such that the number of clones in 

the two-dimensional array and the proportions of A and B clones may 

be varied. 	A and B clones are distributed over the array randomly 

and the average number of clones per patch (i.e. the patch use) com-

puted, Purthez' analds, such as the distribution of various sized 
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patches with different proportions of A and B, is also possible. 

Information about one-dimensional arrays was obtained manually from 

the ccztputer print-out of the two-dimensional array. Horizontal 

lines were drawn across each 100 x 100 print-out at lines 1, 50 and 

100 and the patch sizes measured for each 1 x 100 array. The one-

dimensional values were obtained )r  averaging values from these three 

lines. It was unnecessary to choose the lines randomly as the 

clones were distributed at random over the whole array. 

2.4 Results 

Table 2.1 shows that variation in array size over the range 20 

x 30 to 100 x 100 has little effect on the values for average patch 

size of A clones when these represent up to 0% of the total. For 

higher proportions, patch size increases with array size, until by  

90% the limit is reached when all the A clones are linked in a net-

work and so constitute one "background patch". 



Table 2.]. 

Pro- 
portion 
of 

c101e8  
(p) 

Array$ e 

20 x 20 140 X 140 60 x 60 80 x 80 100 x 100 

0.1 1.29 0,13 1.314 0.02 1.43. 0.014 1-35 1  0.02 1.36 0.02 

0.2 1.60 0.143 2.05 0.05 2.02 0.03 2.07 0.01 2.03 0.05 

0.3 3.05 0.33 3.39 0.10 3.35 0.08 3.147 0.02 3.147 0.05 

0.14 5.69 0.37 6.140 0.36 6.90 0.35 6.6 0.06 7.00 0,07 

0.5 16.214 3.214 17.55 0.57 20.27 1.11 21.73 0.82 214.90 0.52 

0.6 32.00 14.16 62.79 6.76 77.01 5.146 1114 11 128 3 

0.7 163 62 311 31 5141 163 1430 145 670 110 

0.8 213 53 253 213 1920 1480 2276 284 4337 1602 

0.9 3600 3140  32400 57600 90000 

Average patch sizes in simulated two-dimensional arrays (patch size 

niher of A clones per patch). In all tables the mean and standard 

error of three observations are given. 
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For two-dimensional 100 x 100 arrays this relationship between 

the average size of A patches and the proportion of A clones is 

shown in Fig. 2.1, using the following empirical transformation 

which gives a linear relationship over most of the range. 

3jiog10  Average patch also - 1.48p + 0.3708 

The relationship is true for values of p between 0.1 and 0.8, but 

when p a 0.9 all the clones of A cells are linked together and so 

the number of clones available 1iin4ta  the size of the patch. Similar 

relationships can be derived for other two-dimensional array sizes. 

For one-dimensional arrays the algebraic solution gives the 

average patch size as (117 (see Appendix 2.1 and Roach, 1968). 

Table 2.2 shows values calculated using this equation compared with 

values determined from lines drawn across a computer sln1tion  of 

a 100 x 100 array as described in the Methods Section. 

The increase in patch size with p, in two dimensions, will 

partly reflect the increase in number of A clones in the array but 

the increase will be exaggerated by aggregation of patches. Above 

a critical p value the insertion of a single additional A clone bet-

ween two A patches will aggregate those patches and thus greatly 

increase the average patch size • This aggregation effect is dencn 

strated in Fig. 2.2. Aggregation is minlavLl at low p values when A 

clones are isolated from each other br the majority, B component. 

Fig. 2.2 shows the decrease in proportion of small  A patches as p in'. 

creases, (The increase in proportion of single-clone A patches 

between p value, of 0.14 and 0.7 reflects significant aggregation of 

large A patches which reduces their proportion). 



Table 2.2 

Pro.. 
portion 
of A 

Average patch size ( 	e.e.) 
1-dimension 

Average number 	A patches 
in array 	- 5.e.) 

Calculated Simulated 1-dimension -dimensions 
clones 1/1_p (1 x 100 array) calculated* simulated 

(i,) (1 x 100 array) (100 x 100 array) 

0.1 1.11 1.18 	0.01 9 735 - 9 

0.2 1.25 1.19 	0.02 16 988 	26 

0.3 1.43 1.45 	0.02 21 864 	13 

0.4 1.67 1.72 	0.09 24 571 	6 

0.5 2.00 2.05 	0.08 25 202 1  5 
0.6 2.50 2.50 	0.12 24 47 	1 

0.7 3.33 3.37 	0.13 21 II 	2 

0.8 5.00 5.00 	0.39 16 2 	1 

0.9 10.00 9.01 	1.38 9 1 	0 

Variation in average patch size and number for 1 x 100 one-

dimensional arrays and similated, 100 x 100 two-dimensional arrays. 

* Number of A patches in array - Np(1-p) where N number of clones 

in array. 



Fig. 2.1 Variation of 3J10910  average patch size with 

proportion of A clones (p) in 100 x 100 two-

dimensional arrays. For values of p between 

0.1 and 0. 8, 

3J1og10  average patch size 1-48P + 0.3708 

Each value is a mean of three observations, and 

the standard error of the mean is shown as a 

vertical bar. 
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Fig. 2.2 Variation in patch size distribution with p 

in 100 x 100 two-dimensional arrays. 

.-. 1 clone per patch; o-o 2 clones per patch; 

- 3 clones per patch; M-0  14 clones per patch; 

S or more clones per patch. 
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Eventually, even the few remaining single-clone A patches are in-

corporated into a single, large background patch of A clones. 

However, aggregation plays a relatively am4U part in one-

dimensional arrays and a large irregularly-shaped two-dimensional 

patch may be represented as several mnfler patches by a one-

dimensional section. 

In the one-dimensional (1 x 100) arrays the total number of 

patches (A plus B) increases to a maximum when both A and B clones 

are present in actual proportion, although of course, the total 

clone number remains constant at 100. However, over the range 

studied for the two-dimensional (100 c 100) arrays, although the 

total niaber of patches increases until p - 0.28  it begins to fall, 

due to the aggregation effects previously cxn1ned, to a minimum when 

both A and B clones are present in equal proportions  (Table 2.3). 

Table 2.3 

Ratio of A 
and B clones 

Calculated 
Average patch number 

1-d1jnsion 
(1 x 100) 

Simulated 
Average patch number 

2-dimensions 
(100 x 100) 

10:90 18 7369 

20:80 32 99027 

30:70 142 87l3 

40:60 48 6186 

50:0 
1 	50 433l2 

Variation in overall average patch number (A and B patches 

considered together) for 1 x 100 one-dimensional arrays and ti4mulated 

100 x 100 two-dimensional arrays. 
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2 . 	Discussion 

Our model shows that the relationship between clone number and 

patch number for each cell type varies with the proportions of the 

two cell types in the array. When A and B are present in equal pro-

portions, the total number of patches (A and B patches) is maximal 

In a one-dimensional array, whereas, over the range studied., it is 

minimal for a two-dimensional array, due to aggregation effects. 

In the case of a three-dimensional tissue primordium the relation- 

ship will be more complex than those described here • For example, 

a three-dimensional system would clearly show greater patch-aggregation 

effects and so the limiting situation where all clones form a network 

of one "background patch" would be reached below a p value of 0.9. 

Whitten (personal communication) has shown that this limiting situation 

is reached in three-dimensions when p is 0.6. 

The average patch size is most predictable when considering a cell 

population which constitutes a small proportion of the tissue, as 

shown by the small standard errors for low values of p in Table 2.1. 

Under these circumstances, the array size also makes least difference 

to estimates of patch size • In studios on clonal development in 

aggregation chimaeras, any attempt to infer clone size from patch size 

will be most reliable when the ratio of the two cell populations de-

parts 

e

parts markedly from equality, and low values of p can be used. 

In some studies on mouse aggregation c)iiweras, clone numbers 

have been estimated from a "standard pattern" of patches. For 

example, data concerning coat colour malanob].asts (Mints, 19679  1971) 

and visual retina (Mints and Sanyal, 1970) have been treated in this 

way. However, there is some confusion as to whether a "standard 
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pattern" is defined as the most common pattern or the pattern showing 

the maximum number of patches. In an early paper, Mints (1967) 

states, "The basic type, obtained most frequently, will be referred 

to as the standard pattern". This referred to a standard pattern of 

the coat melanocytes which consisted of "17 successive bands down 

each aide of an animal". Her conclusion was that "Color distribution 

in the al].ophenios1  occurs as if all melanocytes in the adult are 

derived from 34 primordial melanobla ate arranged In two 

1ongitudir'il mid-dorsal chains of 17 each". On the evidence of the 

present study, it would seem that each of the 17 stripes refer to 

patches and the true clone number is larger. 

If, as is likely when patch aggregation is m1ntml,  the one-

dimensional patch size estimates are good for any array size, then 

the number of clones required to produce 17 patches can be calculated. 

For arrays containing equal proportions of each cell type the patch 

size would be 2.0 (see Table 2,3). Therefore, the number of randomly 

arranged clones (primordial melanocytes) required to produce 17 

patches (stripes) would be 34. Wolpert and Ginge].l (1970) also 

criticised Mints's conclusions and showed that 32 randomly arranged 

melanoblasts could produce 17 stripes. Our figure. of 34 is in good 

agreement with that of Wolpert and Gingell. 

However, Mints later refers to the standard coat-colour pattern 

in different terms (Mints, 1971): 'There are. seventeen inelanoblast 

clones on each side (the maximum seen in single individuals)". 

1 The term aUopheflio  is one of several in current use for 

aggregation chimaera. 
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If the standard pattern is now redefined as the pattern showing the 

maximum number of patches, then it is likely that this number 

approaches the true clone number. If sos  the results of the present 

study and the criticisms of Wolpert and Gingell are not relevant to 

these data. 

The above discussion illustrates two of the methods which can be 

used to calculate clone size and number. Firstly, the whole population 

of patches can be used to estimate the alone size, if the proportions 

of A and B are known. This approach has been e1j'fIted with the 

present computer study. Secondly, the maximum number of patches 

observed can be assumed to be a good estimate of the total number of 

clones. This rationale is similar to that used by Stern (19140) in 

analysing Drosophila mosaics by assuming that the smallest patch was 

equivalent to a clone. 

It is not clear which method should be applied to the data of 

Mintz and Sanyal (1970) for mouse retina patches. The authors state., 

"The basic plan consists of 10 radiating sectors per retina; each 

sector is apparently a clone". Since "bade plan" is not defined, 

it is Impossible to say whether the 10 patches are derived from 10 

clones or more than 10 clones. 



CHAP 3 

MZTNAL PATCHES PIGKMTED EPITHELIUI4 

3.1 8tuii7 

The mean nuliher of ==lei per clone has been estimated in the 

pigmented retinal epithelium from histological sections of eyes of 

mosaic and chimeric mice. There appears to be a basic similarity 

in the clone nuaber and pattern of olonal deve1opm'nt between mosaics 

and chimeras. The cells of the pigmented epithelium in a l*'day 

embryo are distributed nearly randomly, but clonal growth occurs at 

later stages. The clones in the adult are, nevertheless, surpris4- 1y 

small (usviany5 or 6 nuclei per clone), and considerable cell movement 

and mixing seems probable. Chimeras of one strain combination had 

clones of about twice the size found in other groups, and it is suggested 

that cells of like phenotype may show a tendency to pim4n together in 

this group of chimeras. 

The basic e{i1az'ity in clone size between mosaics and chimaeras 

is compatible with the difference in mean patch size reported by other 

authors, but is at variance with some interpretations of this work. 

3.2 Introduction 

The pigmented epithelium of the retina was one of the first tissues 

used to detect experimental oh1ieriem in the mouse (Tarkowiki, 1964a). 

This tissue forms a monolayer of cells between the neural retina and 

the choroid of the eye. In normal mice each cell of the pigmented 

epithelita produces mslMn granules which remain localised within 

the cell, whereas certain mutants such as albino (E/2) or pii*'eye 

(p/i) fail to produce normal pigmentation. The combination of pig- 
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mentod and unpigm.nt.d cells in this tissue provides a two-dimensional 

system with a convenient cell-autonomous marker for the analysis of 

clonal growth by routine histological methods. 

Several authors, including Tarkoviki (19614a), Mystkowska and 

Tarkowaki. (1968), Mints and Sanyal (1970) and Mints (1973a) have used 

this system to detect clliwariem, but few detailed studies hve been 

reported concerning the pattern of pigmentation in mouse obimaeras or 

mosaics. Ta.rkowski (19614a) examined histological sections of eyes 

from chSeras  and demonstrated a patchwork of pigmented and none' 

pigmented cells. Mints (1971a) used flat preparations of the entire 

retinal epithelium and showed regions where the two cell populations 

were ordered in stripes. The stripes were orientated in such a way 

to suggest radiating sectors and were "interpreted as clones, which 

have apparently proliferated radiaUy from a email ring of clonal ini-

tiator cells at the centre" • On the basis of the classification scheme 

used in Chapter 1 and shown in Table 1.19  these "clones" are "macro-

scopic clones" • Such clones do not accurately represent the clones 

in the adult tissue; they more nearly reflect the clones at tissue 

foundation, as effects of local can migration and mixing have been 

removed. 

Deol and Whitten (1972a) examined histological sections of eyes 

from adult oh4eras,  made between the C7BWl(Mt and the SJMft strains  

of sic., and I-inactivation mosaics heterozygoua for Cattenach's trans. 
location. The chimeras showed a lees uniform distribution of the 

two cell populations over the pigmented epithelium, and a greater 

variation in the proportion of pigmented cells per retina. Counts 

of cue-dimensional patches showed that mosaics had, on average, three 
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times the ch4eric patch number, which suggested a nine-fold differ* 

once in mean patch number or size in two tthnen.dons. From these 

observations Deol and Whitten argue that X*inactivation occurs late 

in development, assuming the results are not peculiar to the mouse 

strains used. Their argument runs that if I*inactiyation occurred 

early in development, as is widely believed, the distribution of the 

two cell populations in X-inactivation mosaics would be. expected to 

be more similar to that found in chimeras. Nesbitt (1974) ci AjMM 

that "these aitferenoee can readily be reconciled to early I-inacti 

vation if one considers the 'very likely possibility of limited coherent 

olanal growth in the developing mouse embryo". 

The theoretical relationship between clone and patch sizes, died. 

cussed in Chapter 2, is used to investigate clonal development in the 

Pigmented epithelium of mouse aggregation chimaeras and 1-inactivation 

mosaics. 

3.3 Materials and Methods 
Mew 

(a) Mice 

Chiauaeric mice, produced by Drs Ame &Laren, Patricia Bowman and 

Mrs Janet Carter, were kindly made available for this study. Eight,.

cell morulae from pigmented and unpignted stocks were aggregated 

(NOLaren and Bowman, 1969). The pigmented stocks of mice used in-

cluded C7BW46L, C30/Bi&L, (C573tL9 x C3WBIMcId)71, (CBA/Fa9 x 

C31VBi14Id)F1, and pigmented individuals from a closed, random...bred 

stock at Qstrain mice. Mice with unpiginented eyes were either albino 

(il2,) members of the Q strain or from a multiple recessive strain 

produced by )ftchie (19$), homozygous for nou.'.aouti (i), brown (), 

te (i), 	() chinchilla () 	(wa-2)9  short-ear 
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), veatgal tail 	, supernatan NADPjsoojtrate deb drogenaee 

Ina a (Id) and glucose phopphLtesomeraee kW a (Gpiia). This 

multiple recessive stock is designated "Recessive" throughout this 

thesis • Chinaerien is indicated by the j 01 n(r.g of the sVzbols for 

the two ccament genotypes or stocks with a double-headed arrow. 

For example, a chimaera made by aggregating a C7BWMcL embryo with 

a Recessive embryo is written C7B]/&L Recessive (or Recessive + 

C73T/McL). The convention adopted in this chapter is to write the 

pigmented strain firsts pigmented -* unpigmented. 

The I-inactivation mosaics used were flecked mice, heterosygous 

for Cattanach's tranalocation (Cattanach, 1961). Cattanach's trans. 

location, T(7X)Ct involves the insertion of a large part of chrono.. 

some 7 (linkage group I), carrying the wild-type aUeles for albino 

(c), pink-eye (2)' rby-eye-2 (ruri.2) and shaker-i (ah-l), into the X-

chrcmsoae. The stock of flecked mice used in this study was derived 

from six mice obtained in November 1972  from Dr Bruce Cattanach at 

Harwell. These mice are of the unbalanced, duplication (type II) form 

and have a cletely normal set of autosones with no known deletions 

In chz'cmosoae 7, and are designated Dp(7iX)Ct. The original six 

females came from Dr Cattanach's "High line" and had about 7% JU-

strain genetic background. The stock was maintained by crossing 

flecked females to albino melee; to retain fertility JU/'a and albino 

Q-strain males were used to sire alternate generations. The mosaics 

(Dp(7;X)Ct) used in this stixy, therefore, have a complex genetic back-

ground which could affect the relative proportions of pigmented and 

unpigwnted cells. 
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(b) Histological methods 

Standard histological methods were used throughout this study. 

Adult eyes were removed for histological examinations, but the eyes of 

embryos and newborn mice were sectioned & situ. Each adult eye was 

fixed in Bouin'e fluid1  overnight, an incision made in the cornea and 

the lens removed with watchmaker's forceps, under a dissecting micro-

scope. &bryoa and newborn mice were decapitated, the heads fixed 

overnight in a fixative based on Sanfelice'. fluid (Sanfelice, 1918; 

appendix 3.1) and rinsed in running tap water for at least eight 

hours. Specimens from newborn mice were decalcified in 1% nitric 

acid for three or four days to soften the skull before sectioning. 

All specimen s were dehydrated in graded alcohols, cleared in toluene, 

embedded In wax and sectioned at 4zm using either a Leitz or Cambridge 

rotary micz'otcsne. The sections were stained with u-li(3h's haema-

toxylin and sodu and mounted with D.P.I. 

If the We of an adult mouse is ccared to a globe with the cornea 

in the north pole position, the two planes of section used are equivalent 

to "latitudinal" sections, parallel to the equator, and "longitudinAl" 

sections, perpendicular to the equator. Both of the eyes from each 

mouae were sectioned in the same plane • Byes from embryos and newborn 

mice were all sectioned in a plane para-sagittal, with respect to the 

body. 

1 	
fluid was obtained from Searle Dicg!1oetjo. 
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W Clonal anaJysia 

The pigmented epithelium of adult eyes was examined in three 

sections: the mid section, and one section about 500 .&m each side of 

the middle. The two longitudinal sections either aide of the mid. 

line were arbitrarily designated mid-500  and mid+OO, whereas the 

latitudinal section nearest the cornea was designated mid+500 and the 

section nearest the posterior pole (or "south" pole) was termed mid-

500 (Fig. 3.1). The pigmented epithelium of a fixed adult eye normally 

has. a diameter of about 2.5 to 3ima. 

The pigmented epithelium of chimerae and mosaics is patchy and 

appears in sections as a one-dimensional string of pigmented and un-

pigmented cells. The length of each patch was measured using a micro-

scope fitted with a calibrated eyepiece micrometer. From these measure-

ments the relative proportion of pigmented and unpigmented cells in the 

section was calculated, together with the mean patch length for each 

cell type. The mean one-dimensional patch length for each cell 

population varies with the relative proportion (p) of that population 

In the section, while the number of clones per patch expected for a 

random string of clones, can be estimated as 1/(1p), as shown in 

Chapter 2. The average "clone" length for each cell type was calculated 

as the observed mean patch length divided by the expected number of 

clones per patch (See Figure 3.2). The average clone area was taken 

to be the square of the clone length, and the number of cells per 

clone was estimated from the calculated cell area. The cell area 

was calculated from measurements of mean 1gth of mpig!'in ted tissue 

per nucleus and nuclear diameter, taking into account the section 



Fig. 3.]. 

Diagrammatic representation of the regions of adult eye 

sampled by histological sections in two planes. The double 

line in the "southern hemisphere" of the eye represents the 

cup-shaped pigmented epithelium and the three parallel lines 

represent sections, 500 pan apart. The extent of the pigmented 

epithelium sampled by the two planes of section are shown in 

the right hand column. (Normally the latitudinal Mid + 500 

section does not contain any pigmented epithelium). 
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thickness (6 un) and using a. slight modification of the Zorimila deft 

rived by Abercrombie (19I.6), described in appendix 32. 

The mean clone size, estimated in this way, represents the mean 

size of groups of cells which would produce the observed mean patch 

size by a random distribution. 

An Olivetti Programa 101 was used for all statistical analysis 

in this and other chapters. 

.3.4 Results 

(a) PreUm4nry piriyj 

Plate 3.1 shows patches of pigmented and unpigmented retinal epi 

thelitsu in both mosaics and chimaeras. The aabbokchddpp genotype of 

the Recessive stock results in anunpigmented retinal epithelium and 

provides good contrast to the pigmented strains. 

Three sections were examined in each plane (latitudinal and longiw 

tu44mI) for each adult eye, as shown in Fig. 3.1 and explained in the 

Materials and Methods section. Of these, the latitudinal section 

nearest the cornea was con1y entirely iris, so only data from the 

remaining two latitudinal sections are considered. 

Data were collected from mosaics and several groups of adult 

ohimaerae, but as three of these groups comprised only one or two mice, 

the prel1Sn17 statistical analysis involves emily four groups of vari-

egated mice. These four groups are: (a) mosaics, (b) pigmented-Q *-

unpigm'nted.'Q cMaerae, (C) pigmemted-Q 4-0 Recessive c)i'iaeras, and 

(d) (C57BL x C3R)71  4-+ Recessive chimaeras, Statistical analyses of 

the three longitudinal sections by analysis of variances  and the two 

latitudinal sections using Student's t'test, showed no significant 



Legends : Plate 3.3. 

Histological sections showingthe pigmented epithelium (PE). 

of adult eyes. In each case the horizontal bar represents 50 

Pao 

(C7BL x C3H)F1  : fully pigmented retina]. epithelium. 

Recessive : impigmented retinal epithelium. 

(o) (C7BL x C3H)F1  x Recessive : uniformly pigmented 

retinal epithelium. 

(d) 	(057BL x C3H)F1  €4 Recessive chimaera 	patches of pig- 

mented and unpigmented retinal epithelium. 

(a) 	pigmented-Q i unpigmented.Q chimaera 	patches. 

(f) Mosaic : patches. 

Al]. photomicrographs were taken with a Zeiss RA38 microscope 

using a 13.6 objective and Ilford Pan.'.F film. Photomicrographs 

3.1(d) and (f) were kindly taken by Dr M.H.L. Snow. 
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difference in the moan clone lengths, between section., for axr of 

the four groups of mice. The mid sections are chosen as represent.. 

ative saples of the eye for subsequent olonal ana],yaie, and data from 

other sections are presented in Appendix 3.3. 

The number of cells per clone in two dimension. (clone size) is 

estimated a (mean clone lenth)2 	The estimation of the mean clone mean call lemngth ' 
length for each cell population is explained in the Materials and 

Methods section, and these estimates are averaged to provide one esti-

mate of mean clone length per eye • The mean clone lengths for the 

two cell populations are not independent observations, and the hypo-

thetical arrays 0 and H in Fig. 3.2 show that even it the two cell 

populations had widely differing mean clone lengths, this would not be 

detected. The estimation of mean cell length is discussed in 

Appendix 3.2 

Ccsar&son between longitudinal and latitudinal mid-sections using 

Student's t-test, shows no significant difference in the mean number at 

cells per clone • This suggests that, on average, the clones are sym-

metrical, so the data from the two planes are pooled. Data from left 

and right eyes are treated separately, however, because there is a 

significant negative correlation for clone size between left and right 

eyes for pigmanted..Q 	unpigmented-Q chimaeras (r -0.8982 P < 0.01). 

The biological basis for this negative correlation in one group is un-

clear, and probably results from sampling error. 

Statistical analysis by Student's t-test shows a significant 

difference in the proportion of pigmentation between longitudinal and 

latitudinal sections for mosaics in both left (t 3.79; P < 0.01) 



Fig. 3.2 

Schematic representation of hypothetical linear arrays of X and 0 cells, 

showing independence of p and the estimateznean clone length. 

Arrays A. - C show increase in patch length with p. 

Arrays D - F show increase in patch length with clone length. 

Arrays G - H show inaccurate clone length estimations when I and 0 

clones differ in length. 



Fiiwe 3.2 Hypothetical linear arrays of X and 0 cells, showing independence of p and estixnatalclone length. 

- 
Proportion 

of X 
(p) 

Expected 
mean patch 
length(for 

random 
array) 

l/(1-p) 
Linear Array 

Observed 
mean patch 

length 

Mean estimated 
clone length 

robserved patch 
length 	j 

lexpected patch j 
L 	length 	J 

actual 
clone 
length 

A 0.5 2.0 X 0 0 X X 	X 0 	X X 0 0 0 2.0 1.0 1 

B 0.75 4.0 x x x x x 	x a 	x x x 0 0 4.5 1.1 1 

C 0.25 1.3 00 0000 X 	000 XX 1.5.. 1.2 1 

0.5 2.0 X 0 0 X X 	X 0 	X X 0 0 0 2.0 1.0 1 

B 0.5 2.0 XX 00 00 XX XX XX 00 	XX XX 00 00 00 	- 4.0 2.0 2 

F 0.5 2.0 XXX 000 000 XXX XXX XXX 000 XXX XXX 000 000 000 6.0 3.0 3 

G 0.75 4.0 XXX 0 0 XXX XXX XXX 0 XXX XXX 0 0 0 6.0 1.5 3 
H 0.25 1.3 X 000 000 X X 	X 000 X X 000 000 000 2.0 1,5 1 
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and right (t 3-58; P < 0.01) eyes, but not in any of the three 

chimeric groups. This difference between the two planes of section 

In mosaics is clearly shown in Figure 3.3, and could be due to sampling 

error or reflect a non-random distribution of pigmented and unpigmented 

clones in mosaic eyes. No significant difference in proportion of 

pigmentation between the two planes was found in a further sample of 

eight mosaic eyes, each of which was sectioned in both planes (see 

appendix 3.4). This suggests that the most likely cause for the 

difference observed in the first group of mosaic eyes is sampling error. 

(b) 	Estimation of clone size in the developing pigmented epithelium 

Pl&ste 3.2 shows that patches in the pigmented epithelium of mosaic 

Was can be detected as early as 121 days post Qoitum and mosaics can 

be clearly distinguished from fully pigmented or unpigmented individuals 

of the same age. The mean clone size is estimated in mosaics and pig- 

mented-.Q 	unpigmented.Q chimaeras at various stages of development, 

and the results are suarised in Table 3.1. Statistical and graphical 

comparisons are shown in Table 3.2 and Fig. 3.3 respectively. The 

results suggest that at i2 days the mean clone size in both the 

mosaic and ch(nierio samples is close to one cell, so the cells of the 

two populations are distributed almost randomly in the pigmented epi-

thelium. The marked predominance of the pigmented population is most 

probably a sampling error due to the RMiall number of 12 day chimaeras 

studied, and is considered more fully in the Discussion section below. 

The clone size increases during development to an average of just under 

three cells in mosaics one day after birth, and nearly five cells in 

the mature adult. Corresponding stages of development in the chimeras 

suggest a slightly larger clone size, although this difference is only 



Plate 3.2 

Histological sections showing the pigmented epithelium 

(PE) of embryonic eyes. In each case the horizontal bar 

represents 25 in. 

(a) - (c) Show the pigmented retinal epithelium from a 

mosaic embryo (c), a fully pigmeited littermate (a) 

and an unpigmented control (b), 12j days post coitum. 

Mosaic embryo 151 days post coitum. 

Mosaic mouse 20 days post coitum (1 day after birth). 

Al]. photcnicrographs were taken with a Zeiss RA38 microscope 

using Ilford Pan-F film. (a) - (c) were taken using a 1140 

objective and (d) and (e) taken using a 116 objectives 
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AGE LEFT EYES RIGHT EYES 

'I-A2 0.35 1.22 
20 4.79 0.78 

ADULTS 0.88 5.31 / 

*3* PC 0.01 
Others P) 0.05 

Table 3 • 1 	Ninber of cells per two-dimensional clone (mean 

standard error of mean) for mosaic and pigmented-Q 

unpigmented-.Q chimaeric eyes at various stages of 

development. 

Pigmented-Q i- unpigmented-'Q 
AGE MOSAICS CHIMk1tAS 

(Days after 
plug) LEFT EYES RIGHT EYES LEFT EYES RIGHT EYES 

1.32 0.15 108 0.07 1.22 	0.27 1.39 0.24 
l2 (n-6) (n6) (n4) (n6) 

131 2.12 0.47 1.144 0.17 - - 
2  (5) (5) 

1.82 0.39 1.25 0.08 1.96 1.69 
(n-5) (n5) (n1) (n'l) 

2.12 0.29 2.36 	0.24 4-3? 5.06 
2 (ni.5) (n5) (n-l) (n1) 

2.16 0.45 2.19 0.18 - - 
(n's) (n'S) 

BIRTH 

2.77 0.17 2.81 0.11 5.32 0.50 3.35 0.69 
(n"S) (n5) (n"4) (n''L&) 

ADULT 5.01 0.45 4.23 0.27 5.81 0.79 6.34 0.2 	- 
(n-b) (n10) (n"6) 

Table 3.2 t-values for comparison of number of cells per two-

dimensional clone from mid sections of Mosaic and pigmented-Q 

-- unpigmented..Q chiinaeric eyes by Student's t-test. 



Fig. 3.3 

Estimated two-dimensional clone sizes from mid sections of mosaic and chimeric 

eyes, showing independence of clone size and p. Both left and right eyes are shown 

in each graph. 

Eyes from mosaic embryos, 12* days post coitum. 

Eyes from pigmented-.Q 	unpigmented-Q chimaeras., 12* days post coitum. 

Eyes from adult mosaics. 

Eyes from adult pigmented-.Q -' umpigmented-Q chimaeras. 

In (c) and (d) • represents longitudinal mid sections and x represents latitudinal 

mid sections. 
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about one cell, and only statistically significant in one of the two 

groups of eyes compared at each stage after birth. It is nnlikely 

that any difference in the age structure between the two groups of 

adults influences the clone size, as there is no correlation between 

clone size in either eye with the age of the adult for either mosaics 

or pigmented-.Q 3 unpigmented-Q chimaeras. 

Table 3.3 gives a comparison of the various parameters in the 

adult pigmented epithelium between mosaics and the cbiaaerss, and 

shows approximate increases in size between 121 days and maturity. 

The comparison is based on crude estimates of retina area and should 

be treated with caution. It seems clear, however, that the retina 

area increases by both oell expansion and cell multiplication. The 

increase in clone size does not keep pace with the increase in eell 

number, and there is an increase in alone number indicating cell mtcing 

during development. 

(c) Carison of adult clone size between different dult 

chimeras 

The mean clone size estimated from adult chimeras of various 

strain combinations is shown in Table 3J4. Statistical ana4sis of the 

four main grow s of animals, using Student's t'test, showed no aigni.-

ficant difference in clone size between left and right eyes within each 

group, but a significantly larger clone size for (C57BL x C3H)Ph1 

Recessive chimaeras than for most other groups. The mean clone sizes 

for the left and right eyes of this group is 8.37 and 12.6 respectively. 

The mean for the right eyes includes an estimate of 42.77 cells per 

clone for ohimaera X18, which is almost three times the next largest 



Table 3.3 Approximate dimensions of adults and comparison of 

growth between mosaic and c1iimaeric pigmented epithelia, 

Adult pigmented epithelium Growth: 	1212  days 
to adult 

Pig-Q <-p4 un- Pi-Q-- 
Mosaics pig-Q Mosaics unpig -Q 

chimaeras. chiznaeraa 

Cells per clone 4.6 6.1 3.8X 

Clones per retina* 10,000 9,200 3.5X 3.51 

Cells per retina* 422000 55,000 12,4X 1..31 

Cell area 207 tim2  208 &m' 2.61 2.31 

.tetina area* 8.7 x 106tim2 11 .4 x 106au2 33.51 32.21 

* Based on very crude estimates of retina area. 



Table 3*4 	Number of calls per two-dimensional clone (mean 
standard error of mean) for adult mosaic and chimaerio 

eyes. (in each case first row of figures is for left 
eyesand second row for right eyes). 

MOSAICS 

Estimated from left eyes 	5.01 0.45 (n = 10 eyes) 

Estimated from right eyes 	4.23 0.27 (n = 10 eyes) 

(Range for both eyes 	2.25 - 7.67) 

UNPIGNTED COMPONENT 

Unpiginented.-Q Recessive 

Pigmented-Q 5.81 	0.79 (n6) 5.91 	1.04  (n8) 

6.34 	0.29 (n5) 5.48 	1.3.3 (n8) 
(Range 2.53 - 7.90) (Range 1.85 - 11.36) 

(c57i31c311)F1 8.37 	1.00 (n=10) 

12.65 	3. 52 (n10) 
(Range 3.46 - 42.77) 

(C57BLxC3H)F1  8.37 	1.00 (n'lO) 
PH 

LA 
excluding X18 9.31 	1.24 (n"9) 

(Range 3.16 - 1)4.7)4 

(CBAxC3H)F1 - 	(n"O) 

8.58 	(n-i) 

C57BL -- 4.00 	(n-i) 

9.95 	5.10 (n2) 
(Range 4.00 - 15.05) 

C3H 7.12 	5.13 (nu2) 
7.69 	5.56 (n-2) 

(Range 1.99 - 13.25) 

* }an clone size for right eye of X18 42.77 cells. 

Proportion of pigmentation- 0.01. Left eye not examined. 



Tables3.5 and 3.6 	Comparisons of number of cells per two-dimensional 
clone, from mid sections of adult eyes, by 

Student's t-test. 

Table 3.5,  Comparison of number of cells per two-dimensional clone 
between left and right eyes within each group of adult mice. 

Mice t-value 

Mosaics 1.49 

Pigmented-Q 4-unpigmented-Q chimaeras 0.63 
PigmentedQ 	Recessive chimaeras 0.27 

(C57BIcC3H)F1 -, Recessive chimaeras 1.17 

(is above, excluding X18) (0.59) 

P > 0.05 for all comparisons 

Table 3.6 Comparison of number of cells per two-dimensional clone 

between unrelated groups of chimaeras or mosaics, showing 

t-values. Left and right eyes are treated separately 

for each group. 

LEFT EYES RIGHT EYES 

Pig-Q *- Pig-Q F 4- Pig-Q Pig-Q 4- F 
unpig-Q Recessive Recess- Unpig-Q Recessive Rcessive 

ive excluding 
x18 

Mosaic 0.88 0.79 3.08 5.31 1.03 14.00 

unpig-Q - 0.73 2.01 - 0.71 2.33* 

Pig-Q - - 
1.71 - - 2.24* Recessive 

* P 40.05, 	P e,  0. 01,9  Others: P > 0.05 
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for the group. The proportion of pigmentation in the retinal epi-

thelium estimated from the mid section of the right eye of 118, is 

only 0.01. The mean clone length estimate is, therefore, based on 

a very small number of pigmented patches and so is more prone to in-

accuracies from sampling error. A two-dimensional reconstruction of 

part of the pigmented epitheltuin, from serial sections either aide of 

the mid section, reveals two pigmented patches. One patch is about 

the size of eleven cells and is assumed to be a single clone, whereas 

the other is equivalent to about seventy cells and may represent a 

patch of six or seven clones. A clone size of eleven cells agrees 

more closely with the other estimates from right eyes in this group. 

It is assumed that the original high estimate is due to the small 

number of patches sampled in one dimension, and data for this eye is 

omitted from the statistical analyses shown in Table 3.6. 

No meaningful conclusions can be drawn from the results from the 

three smaller groups of chimaeras as the sample sizes are so ml1. 

The only eye examined of the (CBL x 03E)F1 	Recessive chimaera has 

a clone size which falls within the range for both the pigmented..Q 

Recessive and the (C57BL x C3H)F1  #+ Recessive clone sizes. The three 

eyes examined from the two C7BL 4- Recessive chimeras and the four 

eyes examined from the two C3H 	Recessive chimaeras show considerable 

variation between mice, which makes interpretation difficult • The 

small clone sizes in the 03H 4-  Recessive group are both estimated 

from chimera 13 which shows a very low proportion of pigmentation in 

both eyes (0.04 and 0.05 respectively), and so are probably not re-

presentative of the group. 
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3.5 Discussion 

The comparison of clone size estimated in two planes suggests 

that the clones are, on average, symmetrical. Mints (1971a) showed 

regions of the pigmented epithelium where the two cell populations are 

organised inth stripes, which could be interpreted either as asym-

metrical clones or a non-random arrangement of symmetrical clones. 

Similar stripes are evident in the two-dimensional reconstruction at 

part of the pigmented epithelium near the equator of the adult pig- 

mented-Q 	unpigmented-Q chimaera, XQ19, shown in Fig. b.lb  In the 

following chapter. Visualisation of the pigmented epithelium in 

adults is hindered by the heavily pigmented, overlying choroid, which 

is difficult to separate from the pigmented eptthelium. The choroid 

often forms a uniformly pigmented layer, even in chimaeras and mosaics 

with a large population of unpigmented retinal epithelium cells. 

Breaks in the heavy pigmentation occur in some eyes which permit in-

spection of the patches in the less densely pigmented retinal epithe- 

Uum 	the unstained eye with a dissecting microscope • Plate 3.3 

(b-f) shows eyes from one 031i *--),Recessive chimaera (X3) and three 

mosaics. Longitudinal stripes can clearly be seen in some of the 

eyes although, when present, these are normally restricted to the 

equatorial region. Plate 3.3 (e and f) shows two views of the loft 

eye from mosaic M36, which illustrate prominent striping near the 

equator but no evidence of any stripes over most of the eye. (The 

four prominent stripes radiating from the posterior pole in Plate 3.3f#  

are regions of pigmentation in the choroid). The failure of the 

clonal analysis to detect any pattern of stripes from sections of the 

pigmented epithelium probably reflects the apparent restriction of 



P2ate 3.3 

Tangential section of eye from C3H 49Hecesnive chimaera 

131 showing binucleate and uninucleate cells in the retinal 

epithelium. The horizontal bar represents 50 pm. (The 

photomiorograph was taken with a Zeiss R.A38 microscope using 

Ilford Pan'.? film). 

(t) Low power photcrographs of unstained mosaic aM 

chimeric eyes, showing variegation In the pigmentation of 

both the dense choroid layer and the under1'ing pigmented 

retinal epithelium. (Actual. diameter of eyes is about 3mu). 

(b) Left eye from OH Recessive chimaera, 135 (p 0.04 in 

FAA section). 

Eight eye from mosaic )21. No obvious pattern of stripes 

visible. 

(4) Eight eye from mosaic 19. Striping pattern is obvious in 

equatorial region. (t marks a region of the pigmented 

epithelium which ban torn during the removal of muscle from 

the eye). 

Equatorial view of the left eye from mosaic $36. 

Polar view of the bottom of the left eye from mosaic $36. 

Note, striping is evident in the equatorial region of 1(36 

but not in the polar region. (The four radiating stripes 

of dense pigmentation seen in (t) are due to pigmentation 

In the overlying chorold). 

Photcmtorogx'aphs (b) - (t) were taken with a Zeiss dissecting 

microscope, using iident illuMncticn and Ilford Pan-? film. 
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any stripes to a relatively smal 1  part of the retina. 

The investigation of clone size during development suggests that 

at 12 days poet coitum the cells of the two populations are distri- 

buted almost randomly in both mosaics and pigmented-Q 	unpigmented-Q 

chl-maerae • This suggests that cell movement mixes the two cell 

populations sufficiently to prevent significant clonal growth at this 

stage. This finding  shows that Neabitt' a assumption of "limited co-

herent cicnal growth in the developing mouse embryo" (Nesbitt, 1974) 

is not true at this stage of development. Limited clonal growth 

begins later, although the number of clones also increases and cell 

mixing is still sufficient to prevent complete clonal growth. The 

estimate of mean clone size is really an estimate of the mean number of 

nuclei per clone. Ta'o and Friedman (1967) observed a high freciuency 

of binucleate cells in flat preparations of rat and rabbit pigmented 

epithe].ium, although they did not investigate the mouse e. Inspection 

of tangential sections of the pigmented epithelium from adult mosaics 

and chimaeras shows that these contain both binuoleate and uninucleate 

cells (See Plate 3.3a). There is no clear evidence of binucleate coils 

in similar sections from newborn mosaics and clthwLeras • The results 

suggest that between 20 days and maturity the mean number of nuclei 

per clone increases by 6% for mosaics and LLO% for the ahieric group, 

and crude calculations indicate that the total number of nuclei per 

retina roughly doubles over this period. If the mouse has a percentage 

of binucleate cells similar to that of the rat (70%) or the rabbit (80), 

the increase in nuclear number per clone could be explained by the 

formation of binucleate cells, although the crude calculations of the 



increase in nuclei per retina suggest that some cell mixing may also 

occur. 

Comparison between the clone sizes for developing mosaic and 

pigmented-Q 	unpigmented.Q chimaeras show a marked similarity at 

12 day, and only a very slight difference after birth. The high 

Proportion of pigmented cells, shown in Fig. 3.3b, for the 12j-day 

chimaeric  group night suggest that the eyes are non-chimaeric and the 

development of pigment is incomplete. Although Tarkowaki (196) 

found unpigmented cells in some of his control stocks up to 13 days, 

this seems an unlikely explanation here • The chimeric eyes are at 

least as well developed as the mosaics shown in Plate 3.2, and the 

chimeras are readily distinguishable from fully pigmented embryos of 

the same age. Of the six 12k-day chimeric embryos used, five were 

littermtes and it is suggested that either genetical or developmental 

differences between the pigmented and unpigmented embryos used as age* 

gregants are responsible for the high proportion of pigmentation (See 

Table 3-7).  Even if the comparison between the 12-day embryos is 

ignored, the results from chinaeran at later stages which show no marked 

bias in proportion of pigmentation, are similar to those from mosaics, 

and suggest sImIlar patterns of development for the two groups. 

Comparisons between adult ch4eras of different strain combinations 

suggest that (C7BL x C3H)F1  r,-4  Recessive chimaeras have significantly 

more nuclei per clone than the other 1n4fl  groups considered, although the 

crude estimate of the xnmber of nuclei per retina is very similar to 

other groups. Presumably clonal growth in this strain combination has 

been less disrupted by  cell mixing than in the other groups studied. 



Table 317 	Ccnparison of chimaeras and Mosaics 

Aggregation 
Chimaera 

L-Inactivation 
Mosaic 

Number of zygotes 2 1 

Time of "Marking" of By aggregation By X-inactivation 
two cell populations 8 + 8 cells > 64 cells 

(2 	days) -321  days) 

Maximum genetic differ- 
ence possible between Whole genome X-chromosome 
cell populations 

Differences in develop- Possible None 
mental age between eel]. (Fertilization 
populati c118 times etG.) 
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One possibility is that the association between cells of unlike pheno-

type is lees stable than associations of like phenotype in this 

particular strain combination. It would be of interest to enlarge 

the analysis of adult C7BL4-'Recessive  and C3H4Recessive chimaeras 

to see whether either of these have large clones, and to repeat the 

developmental analysis with (C57BL x C3H)F1  4- Recessive chimaeras  to 

determine whether the larger clone size is present early in embryonic 

development. 

The smaller differences between other groups may also be due to 

differences in cell interactions. Table 37 indicates that the two 

cell populations in a mosaic will only differ genetically by the 

activity of X..linked genes • This makes differences in interactions 

between cells of the two populations less likely in mosaics than in 

chimaeras. The emal3er mean clone size shown by mosaics than any 

chimaerio group is consistent with a slightly greater tendency of cells 

of like phenotype to stay together in chimaeras. However, the differ-

ence nay be simply an artifact of the method of analysis. It has 

already been noted that some chimaeras have very unequal proportions 

of the two cell populations, and in these cases the clone size 

estimation is based on fewer patches, and so is less reliable than 

usual. Mosaics, as Deol and Whitten (1972a) have also noted, tend to 

have more equal proportions of pigmented and unpigmented cells. 

Deol and Whitten (1972a)  also noted that the patch number of 

mosaics was three times that of C7BIJlCb1t 	SJI/t chimaeras from 

a one-dimensional analysis of histological sections of the pigmented 

epithelium. It this reflects a similar difference in clone number the 

I 
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results suggest a tar greater difference between mosaics and chimeric 

clones than any seen in the present study. Deol and Whitten's mean 

of 62 patches per mosaic section is no greater than the means observed 

in the present study (56 patches in the longitudinal sections and 64 

Patches in the latitudinal aecti ns) which suggests the difference lies 

mainly with the chimaeras. Interpretations of these results have been 

made to suggest either late X-chromosome inactivation (Deol and Whitten, 

].972a), or coherent clonal growth in both developing cbimaeric and 

mosaic embryos following X.-inactivation earlier in development (Nesbitt, 

1974). Strain specific interactions between C57BL/10Wt and SJIdt 

might also occur and reduce the degree of cell mixing in these chirnr4erae 

and account for part of the difference between the results from Deol and 

Whitten'a analysis and the present study. 

At least part of the difference between the patch length. in mosaics 

and the C57BWl0Wt 44 SJMJt chimacras is probably due to the observed 

differences in the proportions of the two cell populations. More 

mosaics have nearly equal proportions which, in a one-dimensional analysis, 

will result in a larger number of patches even if the clone sizes are 

equal to  the ohimaeric clones. Assuming negligible differences in the 

lengths of retinal epithelium analysed, and also assuming a proportion 

(p) of 0.4 to 0.6 pigmented cells in most mosaics, the mean patch number 

of 62 represents an array of about 124 clones (N). The total patch 

number is calculated as 2Np(l-p), as described in Chapter 2. Both 

eyes from one of Deol and Wbitten's chiiwerag have patch numbers well 

within the mosaic range while the nine others have eyes with 30 or 

tower patches. If the mosaic and chimeric clone sizes are equal the 
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above formula predicts that one of the cell populations contributes 

a proportion (p) of no more than 0.15 in nine of the ten chimaeras. 

No estimate of the proportions of the two coil populations are given 

for Dccl and Whitton's chimaeras so this prediction cannot be tested. 

A combination of strain specific interactions between C57BW1CMt  and 

$JM4Tt cells and a difference in proportions of the two cell populations, 

between the mosaics and chimaeras, would probably reconcile Doo]. and 

Whitten's results with early X-inactivation without the need to postu- 

late limited coherent clona]. growth. 

The present observations agree with Deo3. and Whitten's finding 

that chimaerio retinal epithelia tend to have less equal proportions 

of the two cell populations. The more equal proportions seen in the 

mosaic pigmented epithelia may partly reflect more equal proportions 

of the two coil populations in the whole body (See Nesbitt, 1971) 

which might be expected if X-inactivation occurred soon after the 

formation of the inner cell mass. 

It is suggested that there is no basic difference in the clone 

size or the pattern of clonal, development between mosaics and chimaeras. 

However, this similarity may be masked by cellular interactions in 

chimaeras of some strain combinations. 
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CRAPTt I 

RETINAL PATCH 	NEURAL RETINA  

4.1 5uay 

Patches of norm, intermediate and degenerate neural retina have 

been observed in histological sections of eyes of adult sice cMmieric 

for the gene eUrial degeneration (a). The on..dimenaioual analysis, 

previously used for the pigmented epithelium in Chapter 30  was used to 

estimate the mean clone size. However these results are likely to 

have little biological e&gn1-icanee as the phenotypes scored seem un-

likely to reflect the original distribution of genotypes. It is 

suggested that the patches of intermediate phenotype comprise both 

and /+ regions and result from the movement of cells. If the 

pattern of clones is two-dimensional, cells from the normal regions 

could move laterally to fill in the gaps left in the retina after de-

generation, while U it Is three-d1sneional, radial movement of normal 

cells may also occur. The origin of the regions of intermediate de-

generation br cell movement has not previously been suggested, and 

calls into question some interpretations of a previous study with this 

system in o}i1jn.eric nice. 

14.2 Introduction 

The recessive gene retinal degenex'atp 	, (Tansley, 19514) 

provides another histological marker for examining patches in oMmaerto 

Wes. )Uoe heterozygous for the recessive allele (rd 	develop a 

normal retina but from ten to twenty days after birth the layer of 

photoreceptor cell, of the neural retina (outer nuclear layer) degen-

erates and eventually disappears. 
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Two studies have been reported TTctng use of this gene in 

chieric mice. Both Mintz and Sanyal (1970) and Wemi et a).. 

(1971) demonstrated patches of degenerate and normal retina in 

chimeric mice and also reported regions of intermediate phenotype 

where degeneration was incomplete. Mints and Sanyal (1970) found 

no correlation between the neural retina and the overlying pigmented 

epithelium, either in relative proportion or position of the two cell 

populations. From two-dimensional reconstructions these authors 

concluded that for the neural retina "the basic plan consists of ten 

radiating sectors per retina, each sector is apparently a clone". 

It has been argued in Chapter 1 that these "clone." are more nearly 

equivalent to clones at "tissue foudation" than clones in the adult 

tissue as, in the derivation of a "basic plan", most of the effects 

of local aoll migration and mixing will have been removed (see also 

Table 1.1). 

The present study is an attempt to ansllyae  the pattern of clones 

in the adult neural retina using the one-dimensional analysis pro-

viously used for the pigmented epithelium in Chapter 3. 

4.3 Materials and Methods,  

(a) Mice 

As described previously, all chimaeras used in this study were 

kindly provided by Dr. .ns &Laren, Patricia Bowmen and Mrs Janet 

Carter. The C3H/JL inbred strain was used as a source of the rd 

allele and C7BL/McL and the multiple recessive strain, designated 

"Recessive" and described in Chapter 3, were used for the alternative 

± allele • The random bred Q-strain was found to contain some mice 



with no outer nwilear layer In the neural retina. The abnozl4ty 

In this stock could be ca either to retinAl deteneratioa () or to 

another gone, rodless retina (i). (8.. Keeler, 1924, 1927). 

Tansley (19) has shown that 	and 	are histologically In- 

di, 	 e 

ns.

diatinguiabable in the adult and Green (1966) believes that the red-

loss retina auta.tic*i my now be acti.not. For sIilicity the aors. 

ialitiee in the QstraIn mice will be assumed to result solely from 

.retiwl degeneration (/rd). Ch4iaerss  both within the Q-.strain 

and between this strain and the Recessive strain, were investigated 

and those overtly ohirterio to the rd marker included in the study. 

In C3WDINoL .' Recessive, p&ented'Q Recessive and gmate" 

+' uupiwintod-Q ohiaaeras the pigmented spithell:un of the retina was 

also marked, although in the last strain combination the avd  Popu-

lation could be derived from either the pigmenta4Q or the uigmented 

Q cconent, and the other cell population could be either 	or 

(b) 	HAgkj1M of the adult eye 

Standard histological techoique was used as described in Chapter 

3. 	.ft.r fixation in Eouln's fluid overnight, an incision was made 

In the cornea at each eye  and the low removed with watchmaker's for-

eve under a dissecting microscope • The eyes were dehydrated in 

graded alcohols, cleared In toluene, embedded In wax and sectioned at 

Eia using either a Leits or Cambridge rotary microtome. The sections 

vex's stained with IbrUchle haematy1In and eoein. As before two 

planes of section were examined, ("latitudinal" and fllcngitii4ine1 ), 

although both eyes from the sane mouse were sectioned in the sans 

-S 
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This procedure commonly resulted in detachment of the neural 

retina from the overlying pigmented epithelium. During the course 

of this study a way to overcome this problem became available (Sanya3. 

and Bal., 1973)0  but the original procedure was retained for consistency. 

(c) AnALYOiR of neural retina 

Regions where the photoreceptor cells (outer nuclear layer) are 

completely absent can be identified in ch1erae,  as can regions of 

normal retina. All grades of intermediate degeneration are also 

found and this poses certain difficulties in classification (see Plate 

4.1). Mintz and Sanya3. (1970) assumed the intermediate regions were 

+/, whereas Weginn et a]. (1971) counted the number of rows of outer 

nuclei and classified them as degenerate (0..2 row.), intermediate 

(4-6 rows) and normal (8-10 rows). This method of classification 

was not adopted in this study as all the mature 	control mice 

exid..ned showed complete degeneration and no mice were seen with even 

one or two rows of outer nuclei, whereas in control /+ mice the number 

of rove of nuclei fell below eight towards the edge of the retina. 

In order to avoid any problems produced by oblique sections, a 

classification scheme was devised based on the relative thickness of 

the outer nuclear layer of photoreceptor cells (0.N.L.) and the inner 

nuclear layer of hipolar nerve-cells (I.N.L.) (See Plate 4.1). 

Measurements from control !A retinae suggested a scheme where three 
classes could be recognised, but In chimeras the inner nuclear layer 

proved to be of uneven thickness and so produced some misclassification. 

The I.N.L. appeared thinner than usual over some regions of normal 

Q.N.L. in chimeras. A. a result some intermediate regions would be 
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misclassified as normal, although normal retina would be unlikely to 

be misclassified as intermediate. 

To avoid misclassification, only two gro1a were distinguished: 

(a) degenerate (O.N.L. completely absent) and (b) intermediate plus 

normal (eons O.N.L. present). Using this scheme the relative pro-

portions of the two classes were measured in mid sections and the 

mean clone lengths calculated using the one.dimensioi.1 anajysie pr's-

vioualy described for the pigmented epithelium in Chapter 3. A region 

of the retina of chimaera XQ19 was mapped in two dimensions from alter-

nate sections. In the region considered, the O.N.L. was either 

completely absent (degenerate) or thinner than the I.N.L. (intermediate) 

and no completely normal region was observed. 

Camera lucida drawings were made from mid sections of the right 

eye of six ch(inseras and appropriate +1+ and rd/rd controls. The 

lengths and areas of the O.N.L. and the I.N.L. were measured using a 

map measurer and pinImAter. Two sets of estimates were made of the 

proportion of degenerate retina based on the area of the O.N.L. present 

in the sections. The first method compares the ratio of O.N.L. : 

I.N.L. areas in chimaeras to the mean ratio for control 	retinas 

(3:2), and assumes retinal degeneration does not decrease the overall 

area of I.N.L.,,  which seems reasonable from rd/rd controls • The 

second method compares the mean thickness (area : length ratio) of the 

O.N.L. in oMserae to the mean thickness in !/I  controls. This 
method is inaccurate for oblique sections but makes no assumptions 

about the effect of retinal degeneration on the I.N.L. 



Zagands * Mto 4.3 

Section of adult C57BIJcL (ilk) eye showing normal histology. 

The following lettering applies to all photomicrographs: PE.-

pigmented epithelium; (iL - outer nuclear layer (photoreceptor 

cells); INL - inner nuclear layer (bipolar nerve cells). 

Section of adult (C57BI/McL x C3IVBLNoL)11 (il) eye showing 

normal histology. (The space between the pigmented epithelium 

and the neural retina is a fixation artifact and is discussed 

In the Materials and Methods section), 

(o) Section of adult C3R/l3iMcL (rd/H) eye showing cclete de-

generation and loss of ONL. 

Section of eye from pigmented-Q +-0  unpigmented chimaera 

(1Q19) showing o)ipuerjsm in both pigmented epithelium and 

neural retina. 

Section of eye from C3H/BiMeL +- C57BIvMcL chimaera (1Q9) 

showing different degrees of degeneration. 

(t) Section of eye from C3H/BiMcL ( C57B1/NcL chimaera (1Q9) 

showing different degrees of degeneration over wider area 

than (e) • Note uneven thickness of INL end wavy appearance 

of ONL suggestive of cell movement. 

Al]. photomicrographe were taken with a Zeiss RA38 microscope 

using a blue filter and Ilford Pan F film. A 116 objective 

was used for (a) (e) and a 16.3 objective for (t) • The 

horizontal bar in (a) (f) represents 50 in. 
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4.4 Results 

The estimated clone lengths of the two classes of phenotype 

measured in the neural retina are shown in Table 4.1. The overall 

mean clone length is 57 pm. Statistical analysis, using Student's 

t-test, shows no significant difference in clone length between left 

and right eyes (t 0.33; P> 0.05) or between the two planes of 

section (t * 0.25; P)  0.05). 

Plate 14.1(d) and a comparison of Figs. 4.1a and 4.1b, showing 

two-dimensional reconstructions for neural retina and pigmented epi' 

the]ium, suggest there is no clear correlation, in relative positions 

of the two phenotypes,, between these two retinal layers. For the 

two-dimensional reconstruction it was necessary to use an eye sectioned 

in the "longitu4nd" plane in order to use the edge of the retina as 

a convenient starting point for measurements. Thfortunately, only 

pigmented-Q 9 unpigmented-Q chimaeras showed patches in both pigmented 

epithelium and neural retina, and, as stated previously, the 

population could be derived from either the pigmented-Q or the unpig.. 

mented-Q component. 

Table 1.1 shows a very low proportion of completely degenerate 

retina (sd) in most (fourteen out of sixteen) of the eyes examined. 

In the two C31 Recessive chimaeras, in which the pigmented epithelium 

was marked in the same section, the proportion of degenerate neural 

retina (p d)  was, in each case, lower than the proportion of pigmented 

epithelium (p), although each is aesimd to be genetically C3H tissue. 

In the three pi mented-Q unpiginented.Q chimeras pd  is considerably 

lover than either p or 1-p. A statistical analysis, using Student's 



Table 4.1 Mean clone lengths and relative proportions of two 
phenotypic classes in the neural retina measured in 
the iiiid-sections of chimaeric eyes. 	Also shown are 
corresponding proportions of pigmented epithelium 
cell, populations. 

Corresponding Prop-  
pigmented epi ortLon Mean 
theliuin pop. of de- clone 
proportion gener- length 

Plane of Pig. 	Unpig. ate 
Section Chimaera Eye (P) 	(l-p) retina (tim) 

Longitudinal C311 	C57BL 	XQ3 L * 0.00 - 
R * 0.00 - 

XQ12 L * 0.00 
R * 0.00 - 

C3H 	Recessive X35L 
0.04 0.00 - 

R 0.05 0.00 - 
Pig-Q +3UnP±g_QQ2 L 0.29 	0.71 0.05 69 

R 0.43 	0.57 0.05 100 

XQ19 L 0.74 	0.26 0.02 36 
R 0.73 	0.27 0.06 35 

Mean 	SE 60i5 

Latitudinal C3H 	+ C57BL 	XQ9 L * 0.26 59 
It * 	' 0.06 55 

XQ18 L * 0.00 
It * 0.60 78 

C3H -4  Recessive X34L 
0.53 0.04)  52 

R 0.56 0.01 16 

Pig-Q 6- Unpig-Q 
XQ26 L 0.71 	0.29 0.04 83 

R 0J15 	0.55 0.03 46 

Mean 	SE - 568 

Longitudinal + 
latitudinal: 577  
Mean ± SE 

* C3H <-4  C57BL chimaeras were not marked for the pigmented epithelium. 

The rd population could be derived from either the pigmented-Q or 

the unpigmented-Q component. 



Legends : Fjg. 4! 

A two-dimensional reconstruction from alternate 6un longi-

tudinal sections of part of the neural retina from the right 

eye of chiaaera XQ19 (pigmented..Q 4-  unpigmented.Q) showing 

regions of complete (shaded) and intermediate degeneration 

(unshaded), (no ccuplete]y normal neural retina is present 

in the area shown). 

A two-dimensional reconstruction, from alternate E*un  long-

itudinal sections of the pigmented epithelium, of the same 

part of the right eye of chimaera XQ19 as shown in Fig. !.Ja. 

The shaded areas represent pigmented regions and the unshaded 

areas represent unpigmanted. regions. 

The region shown in (a) and (b) covers an area 244&m either side 

of the mid-section and 750im  from the ora serrat3 towards the 

posterior pole. 
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t-teat, showed p to be significantly lower than the corresponding 

pigmented epithelium population (t 5-021 P < 0.001). (For pig- 

mented-Q *-+ ampigmented-Q ohimseran the lower value of p or i-p  was 

used for comparison with 

These observations suggest either a. very strong selection 

pressure against rMi cells in the neural retina or that the two 
classes of neural retina scored (degenerate and normal plus inter-

mediate) do not correspond to the distribution of the genotypes of the 

two cell populations. If cell selection is involved, the selection 

pressure would have to be very strong and would probably have to begin 

early in development or involve massive cell death • There seems to 

be little evidence to support either form of selection against the a/rd 
genotype, as rd/rd controls develop normally until the fourth day 

after birth when predegenerative changes can be detected (Sanyal and 

Sal, 1973). Genetic background effects are unlikely to cause this 

selection as chimaeras of several different strain combinations were 

used with similar results. For these reasons it seems more likely 

that the low p value results from an inadequate method of assessing 

the genotypes. 

Possible explanations of wby the scored phenotype does not reflect 

the distribution of genotypes include (1) the "rescue" of some rvki  
cells to normal or intermediate phenotype, and (2) movement of cells 

within the outer nuclear layer after the degeneration has occurred. 

The first explanation seems more oomplexj "rescue" could be mediated 

by adjacent cells in the neural retina, overlying cells of the pig-

mented epithelium or by some hunoral factor • There appears to be no 

consistent sls1e "rescue" from the pigmented epithelium as Figs. 4.1a 
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and Li.lb indicate that neither pigmented nor unpigmented patches 

consistently overlie non-degenerate patches of the neural retina. 

The possibility of "rescue* by the neural retina is difficult to 

assess as, although the pattern of patches has been treated as a two-

dimensional one, similar to that of the pigmented epithelium, the 

neural retina is clearly a three-dimensional structure. However, if 

the pattern of clones is simply two'.dimensional, such that clones of 

a single cell type extend radially, in columns, across the entire 

width of the O.N.L., as assumed in the analysis, "rescue" seems an 

unlikely explanation. Fig. 4-la represents an area which is entirely 

lacking in normal neural retina and contains some regions of inter-

mediate surrounded by degenerate neural retina. is intermediate 

regions are not always adjacent to normal regions, the intermediate 

patches cannot always simply represent EJ/21 regions "rescued" by ad-

jacent /+ or +/rd cells of the same layer unless significant cell 

movement occurs after the degeneration has been determined. "Rescue" 

by a humoral factor would be expected to result in less variation, in 

the degree of degeneration in the intermediate regions, than is usually 

observed. 

Cell movement after degeneration seem the simplest and most 

likely explanAtion of the origin of the intermediate phenotypes. If 

the pattern of clones is two-dimensional then cell movement would be 

mainly lateral, while if the pattern of clones is three-dimensional 

radial movement could also occur. In a three-dimensional pattern the 

two cell populations would frequently overlap along any given radius. 

After degeneration of rd/rd cells, the normal cell contacts in the 



Table 4.2 Estimates of relative proportionsof two phenotypic classes 
in the neural retina and pigmented epithelium of the right 
eyes of six chimaeras. Also shown are the relative pro-
portions of two cell populations in the coat. 

• 
Proportion of 
degenerate retina 

Linear 

Corresponding proportions 
in other tissues 

Pigmented Coat 
esti- 	Area epithelium colour 
mates 	estimates 

Plane 
of 

Section Chimaera D (rd) 	
(p 1) 	

(D2) 
(p) 	(l-p) (p) 	(l-p) 

Longit- 
udinal C3H *C57BL XQ12 0.00 0.00 0.00 * 0.20 

C3H +-Recessive 
X35 0.00 0.00 0.00 0.05 0.37 

Pig-Q 	Unpig-Q 
XQ19 0.05 0.57 0.51 0.43 0.57 0.78 0.22 

Latitu- 
dinal 03H 	C57BL XQ18 0.60 0.70 0.73 * 0.80 

C3H 	Recessive 
X34 0.01 0.15 0.33 0.56 0.15 

Pig-Q e-+Unpig-Q 
XQ26 0.03 0.43 0.53 0J5 0.55 0.67 0.33 

D1 	
Estimate of proportion of degenerate retina based on ratio of 
O.N.L. : I.N.L. areas. 

D2 	
Estimate of proportion of degenerate retina based on ratio of 
mean thickness of.0.N.L. in chimaera mean thickness of O.N.L. 
in 1-/-I-  controls. 

Coat colour estimates: For C3H 4- Recessive and pig--Q 4- unpig-Q 
chimaeras the estimate for the proportion of pigmented melanocy-bes 
in the dorsal coat is used, as described in Chapter 8. For C3H 
4+ C57BL chimaeras a subjective estimate of the relative prop-
ortions of agouti (C3H) and non--agouti (C57BL) is used. 

* 	C3H c- C57BL chimaeras were not marked for the pigmented epithelium. 

The rd population could be derived from either the pigmented-Q 
or the impigxnented-Q component. 



O.N.L. would be restored by radial movement towards the pigmented 

epithelium. The uneven thickness of the Anne r nuclear layer has al-

ready been mentioned in the Materials and Methods section, and this 

is shown in Plate 4.1 (e and f). It seems probable that gaps left 

in the outer nuclear layer, after degeneration, are filled by calls 

moving in from the I.N.L. and the remaining /t  (or /) cells moving 

in laterally from adjacent parts of the O.N.L. Some genotypically 

normal regions adopt an intermediate phenotype with the loss of cells, 

(hence the lack of normal patches in the portion of retina shown in 

Fig. 4.la), and some rd/rd regions gain cells and also show an inter.. 

mediate phenotype. The wavy appearance of the O.N.L. in chimaeras, 

shown in plate 4.1(f), is suggestive of can movement within this 

layer. If the phenotypes scored in the linear analysis do not reflect 

the original distribution of the genotypes, the estimates of clone 

lengths shown in Table 4.1 become meaningless and the true proportion 

of /rd cells would be related to number of nuclei in the O.N.L. or 

its volume (or area in a section). Table 4.2 shows that the proportion 

of degenerate retina estimated from the area of O.N.L. (P) in the sd.d 
sections of the right eyes of six chimaeras is closer to the proportion 

of the corresponding cell population in other tissues than estimates 

based on linear measurements alone (d)• This provides circumstantial 

evidence against cell selection and suggests that the one-dimensional 

method of analysis is inappropriate to the system. 

4.5 Discussion  

The origin of the regions of intermediate phenotype has not been 

clearly demonstrated, but possible explanations include the movement 
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of 	(or 1/rd) cells of the outer nuclear layer after the degeneration 

of adjacent rd/rd coils • This explains the low proportion of completely 

degenerate retina as judged on a linear basis, but differs from the 

interpretations of Mints and Sanyal (1970). These authors also noted 

a low proportion of completely degenerate retina in 	4.4 

chimaeras which they interpreted 48 "implying selection favoring il 

over 	on these genetic backgrounds". 

If, as has been argued, the scored phenotype does not reflect 

the original distribution of genotypes, the estimated mean clone length 

presented here is of little biological significance. This also casts 

doubt on the validity of Mints and Sanyal' a claim for a "basic plan" 

consisting of 1110 radiating sectors per retina". These authors scored 

the intermediate regions as entirely 	whereas the present inter- 

pretation suggests they mask both +/ and 	areas. 

Sanz]. and Bal (1973) have reported predegenerative changes in 

the O.N.L. and this could possibly be used as a marker to repeat the 

estimation of clone size and number on newborn chimeras, before the 

pattern can be distorted by cellular movement. If this approach is 

unsuccessful, more detailed analysis must await the discovery of 

another marker such as the -glueuronidase-activity marker available 

for the adult liver, and discussed in the next chapter. 	The cell 

movement hypothesis could be chocked with a reliable cell-autonomous 

hiatoohemical marker, and it would be possible to determine whether 

the pattern of clones is three-dimensional or two-dimensional, with 

each clone extending over the entire width of the outer nuclear layer. 

Although Sidman (1961) has postulated the maintenance of contact bet- 
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weon daughter coils across the width of certain parts of the devel-

oping neural retina, to retain specific synaptic contacts, the present 

author is not aware of any data relating to growth within the O.N.L. 

A similar maintenance of contact between daughter cells within the 

O.N.L. might be sufficient to produce a two-dimensional pattern of 

clones in this layer. The development of the entire neural retina 

could be studied in mouse aggregation chimaeras with a suitable 

biatochemical marker. 
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LIVE PATCHES 

5.1 S1Lry 

Sections of adult chimeric livers have been hiatochemioafly 

stained for g1ucuronidaae activity and patches of two cell populations 

vjsa3.jsed. A one-dimensional elonal ana1Irsis has been used to esti-

mate a total of 9 22 million clones Aor adult liver with up to 10 - 

34 cells per clone. This clonal number is consistent with the clonal 

development beg4 'iing at or before 13 lii days ppt cottum, aee'ing 

negligible loss of clones by cell death. 

52 Introduction 

Although the two oeil populations in the livers of o}theric mice 

cannot be dixtInguiahed. by routine histological methods, they can be 

Identified using biochemical markers. Two studies on the distributions 

of the two eel], types In chimeric livers have been reported and both 

make use of a low activity imtant of the enzyme -glucuronidase. 

Morrow. (1919, 1950) first reported low activities of - 
$lucm'cnidaee in the liver, spleen, and kidneys of mice of the C3H 

strain and some lines of the CBL strain. These activity differences 

are due to differences at the structural locus, now designated Q. 

The OR strain carries the a5b (formerly &) structural allele which 

produces a thermolabile enzyme and causes low activity, whereas the 

alternative alleles, Guse and GJ (both formerly G) produce higher 

activity. (See Swank et al.s 1.973 for details). 

Wegi"nn (1970) investigated the distribution of the two cell 



Populations in C7BIJ1OSnJ 4- C3H/eJ chimaeras using a biochemical 

assay for P-gluouromidase activity. Be found considerable variation 

In specific activity between .mall samples of the same liver, which 

suggested a patcby arrangement of the two cell types. WegmiY1n used 

a statistical analysis based on the variance between .ales to esti." 

mate a mean of 17.2 "clones" per sample. As each sample was approxi-

mately 1/20 of the liver, this respresents 344 "clones" per liver. 

It has already been argued in Chapter 2 that this figure is an estimate 

of the number of patches  In the liver rather than the number of clones, 

and Wegimn points out that "the conclusion that the liver is Indeed 

o1on'l awaits confirmation by ensme bistoohamietry". 

A more direct histooheatoal approach was used by Condamine et al. 

(1971) In their analysis of 03H4ieNlcr 	BALB/oAnNlcr and C3E/HeNIoz' 

057B1/6JNIor chimaeras. This work was primarily concerned with 

o)Werio liver tumoura, but a number of basic observations were made 

on normal ch4eric  liver tissue • Patches of each cell type were 

visualised using -glucuronidase histochstry and each lobe often 

contained both types. However, a aysteaatio ana4aia of liver 

clones was not reported although the authors speculated that the 

"liver olcnal number may thus be rather large". They stated "Further 

data from normal mosaic livers will be presented in detail elsewhere 

and their interpretation will be discussed", although, to our knowledge, 

no further data has yet been published. 

The work presented below represents an investigation of the dis-

tribution of two cell populations in chimeric liver, using the 

glucurctiidase marker and hietocheetoal techniques. 
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5.3 Materials and Methods 

)tLce 

Chirneric nice were produced by Dr, Anne &Laren, Patricia Bowman 

and Mrs Janet Carter, and adults were kindly made available for this 

study. Mice of the C3H/Bi1L strain were used as the source of the 

low activity Gush  allele and either C57BI44L or a multiple recessive 

stock designated "Recessive" (see Chapter 3) were used as a source of 

normal .g1ucuronidase activity. (The allele responsible for normal 

activity will be referred to as Gusa  for convenience, although one or 

both stocks may carry the alternative normal activity allele ____ 

which can only be distinguished from Gus   by electrophoresis). 

CMerae made within the random-bred Q-atrain and between this strain 

and inbred strains carrying Gus" were also investigated, but noGus"  

was found in the Individual Q.atrajn  *joe used. 

Histocheatcal methods 

The RbiultaneoUs coupling teoheique for F-glucurcnidaee of 

Hayashi at a). (1964) was compared with the poetcoupling method of 

Flan and Goldman (1965). The former method was found to be óatie.u'. 

factory for the present requirements, whereas the latter method 

allowed some Intercellular diffusion of enzyme or product and, formation 

Of eryetll$ne artefacts. Similar artefacts have been noted by 

la 	et,  et a). (1970) end, after a comparison of several methods 

using rat Id.dney, B 11 ntyne and Bright (1971) concluded that the 

sinultafleOus coupling method is reliable and superior to the post.. 

coupling technique. For this reason the sll!I"ltaneoua coupling 

method of Hayashi at al. (1964) was used throughout this study. 



Small pieces of fixed tissue were sectioned on a freezing 

microtome and the sections stained for glucuronidase and counter.. 

stained in metbql green. Initially the sections were cut at 7 . pa 

but this was later increased to 10 pa to improve the contrast in 

staining intensity. The technique is described in more detail in 

Appendix 5.1. 

(o) Liver analysis 

The liver of the mouse most ccmeon3r consists of tour primary 

cUvisions or lobe., a left lateral, a medial, a. right lateral and a 

posterior, and apart from the left lateral, each is in turn sub-divided 

Into two main lobes. (See, for example, Danforth and Center, 19.3). 

For the purposes of this study, the four major lobes will be designated 

lobes 1, 2, 3 and 14 in the above order. 

Each cMiasric liver was roiit4ly divided into its four major 

lobes and two samples taken from widely separated regions of each 

lobe • Several sections were out and two slides prepared from each 

sample • One section per slide was selected for ex1 "ation. Tima, 

ncrai1]%y sixteen sections were examined from each chimeric liver. 

Control slides were prepared from livers of pare-bred C3B/Rt4oL and 

C7'L mice. 

In addition, =01  biopsies from lobe 3 were taken br Dr ktne 

*Laren from three living chimeras for comparison with the samples 

taken after death. 

Two types of clonal analysis were attempted using hiatochemioal]1y 

stained sections of ohteric  liver. Firstly, & one-dimensional 

analysis, s441'r to that described in Chapter 3, was used. 
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easurezienta were taken along a random line across the section and 

the data used to calculate the mean patch size and proportion of each 

can type, from which the mean clone size was estimated. 

Secondly, a two-dimensional analysis was attempted using a mcdi. 

tied Chalkley grid (see Curtis, 1960) to measure the areas of patches 

and the proportion of each cell type over the entire section. un-
fortunately, in two dimensions the relationship between patch size and 

clone size varies with the "array size" as was shown in Chapter 2. 

Furthermore, the only relationships available are those derived from 

sinalated models which aame a constant clone size and shape, and 

are m14kely to be directly applicable to biological data. 

The one-dimensional analysis suffers from reliance on a ia1 I 

sample of data in one diminsion to represent the three-dimensional 

situation. It was intended to apply the two-dimensional analysis, 

based on the relationship derived from 100 x 100 $INII1  ated arrays dis-

cussed in Chapter 2, to cell populations which constituted a small 

proportion of the total section. It has already been stated (Chapter 

2) that "any attempt to infer clone size from patch size will be most 

reliable when the ratio of the two cell populations departs markedly-

from equality, and low values of p can be used". In practice it 

proved difficult to measure discrete patches unless p was less than 

0.2 and so this analysis could only be applied to selected data. 

(d) Liver growth and properties 

Several parameters were measured in nonch4erio livers for use 

In the alma], analysis. Growth curves were constructed for (C57BL x 

C3H)71  embryos from 121 days P2!, cot%M and for (C57BL x 03H)71  males 



after birth. Two Utters were examined separately for each eabz7flic 

age oondd.red and the embryos within a Utter were pooled to deter.. 

mine mean body' weight, liver weight and mamber of nuclei per liver. 

Ux male mice were csidered for each age after birth and, apart 

fron the 210 day values, the  six nice were taken from at least two 

different litters. A&4n#  body weight, liver weight and number of 

nuclei, per liver were measured, but, in this case, determinations were 

made an individual mice. The nuclei ,pyib.X' was estimated ty homo.. 

genising the liver in a known volias of 0.01N HC1, in a glass homo-

genising tube using a tenon ThI4 electric hgeniser, and counting 

nuclei in a haenocytomster as described )q Zuoff and Pachtar (1961). 

The specific gravity and an estimate of the percentage shrinkage 

after fixation in foraol-oalcia were measured using a specific gravity 

bottle as described in .peix 592, 

.14 Results 

After staining for -glucuronidaee activity, and countez'staining 

with aetkVl green, all the liver cells of adult C73L, multiple re 

and othez' Q sa.cazrying  strains of mice show an intense red/ 

brown eytop1a.o st 1nng, as do QflJa/h  heterorgotes. However, 

i'1ar],y treated adult C3H livers, hsvaygous for ____ show no red/ 

brown staining for .glucuronidaee in the liver cells, although this 

is detectable in blood ceUs present in the livers of these ldj. 1  i. 

Although the liver is a c=V1= organ of several different cell types 

(see Elias and $herrjok, 1969 for detailed histology'), the staining 

intensity appears constant in non-ohi,erio livers. This is ispcTtant 

for the stIy of chimeric livers using this histoobcsl technique, 
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and is in marked constrast to kidneys which show an uneven distribution 

of -g1ucuronidaee activity, even in sections of 03H kidneys which 

have a 1w overall enzyme activity (See Plate 5.1). 

Chimaerio livers have a patoby distribution of two cell types, 

as shown in plates 5.2 and 5.3, and although individual calls some-

times appear to be isolated from others of like phenotype, this could 

be an artefact of sectioned material. The identification of isolated 

cells of both phenotypes in the sections (see plate 5.2) strongly 

suggests that diffusion of enzyme or product is negligible under the 

conditions employed. This conclusion is reinforced by another ob-

servation: when CSIBL and C3H liver sections are thawed on to the same 

slide, so that one partially overlaps the other, and stained for 3-

glucuronidase activity., the red/brown cytoplasmic staining is restricted 

to the C57BL  section. Therefore, -g1ucuroriidase provides a suitable 

cell-'autcncinoue marker for investigating clone size in the adult liver, 

and the results of the clonal analyses are presented in Tables 51 and 

5.2. 

In the one-dimensional analysis the mean clone length is deter. 

mined by dividing the measured mean patch length by 1/(l-p) as des-

cribed in Chapter 2. In the two-dimensional analysis the mean clone 

length is taken to be the square root of the mean clone area. This 

mean clone area is calculated as the mean patch area divided by the 

antilog10  of (1.48p + 0.3708) which is the empirical relationship 

found in Chapter 2 for a model 100 x 100 array. 

Excluding 1Q18 which proved to be entirely Gus a  a total of 98 

h 	a sections were scored for relative proportions of Que and Gus by 

both one.djpi*rsijonal and two-dimensional methods. The mean one- 



Plate 5.1 	Control sections histochemicalJ.y stained for (3d. 

glucuronidase activity. 

C57BL/cL liver; 7.5 iin section. 

(C57BIJMtL X C3B/BiMcL)F1  liver; 7.5 pm section. 

C3H/BjMcL liver; 7.5 .un section. 

C3H/BiMcL kidney; 7.5 pza section. 

In each case the horizontal bar represents 50 pm. 

The photoinicrographa were taken using a Zeiss RA38 

microscope (x 16 objective) with Kodak high speed 

Ektachrome fi)it, balanced for tungsten light. 





Plate 5.2 	Sections of chimaeric liver histochemically stained 

for .g1ucuronidase activity. 

X34 (C3H/BINcL 4-Recessive) liver ; lobe 2; 10 

.UTL section. 

X34 (C3H/BiMcL  9 Recessive) liver; lobe !.; 10 

m section. 

X34 (C3N/BjMcLk-4-Recessive) liver; lobe 2; 10 

p.m, section. 

1Q12 (C3H/ cL*9'C57BL/McL) liver; biopsy lobe 

3; 7.5 .zm section. Large 0311 patch in a pre-

dominantly C57BL liver. 

In each came the horizontal bar represents 50 m. 

The photomicrographs were taken using a Zeiss RA38 micro-

scope (1 16 objective) with Kodak high speed Ektachrome 

film, balanced for tungsten light. 
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Plate 5.3 	10 pm section of lobe 3 of X35 (03H/DiMcL *- 

Recessive) chimaeric liver., histochemic ally stained 

for -g1ucuronidase activity. The horizontal bar 

represents 100 in. The photomicrograph was taken 

with a Zeiss RA38 microscope (x 6.3 objective) using 

blue and green filters and Ilford Pan-F £ithi. The 

dark areas were predominantly red/brown and the light 

areas mainly green on the original stained section. 
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dimensional clone length was determined by the one-dimensional ana-

iyds in all of these sections, and by the two-dimensional analysis 

in fifteen. Oc*ariecma of the two tpea of analysis  showed a 

strong positive correlation for both the proportion (r - 0.890  P < 

0.001) and the clone length (r 0.78, P < 0.01). However, although 

a t.teat on the paired comparisons showed no significant difference 

in the data obtained by the two methods for relative proportions (t 

1.51, P> 0.05), the two-dimensional analysis gave a significantly 

higher value (t - 2.48, P < 0.05) for the mean clone length (81 

13 *m) than did the one-dimensional analysis (59 7 p.m) for the fif-

teen pairs of data. Since the two-dimensional analysis was only 

possible on a small proportion of the material,, aubseuent aniysis is 

based on data derived from the one-dimensional method. 

No significant difference was found in mean one-dimensional clone 

length between the four liver lobes as tested by an analysis of 

variance (F 1.2, P.> 0.05)  so in the analysis of the data, the lobes 

are pooled and mean clone sizes for each liver are used. 

Table 5.1 shows the mean proportion of 03H (p) and the mean clone 

length determined by the one-dimensional analysis, with the corres-

ponding figures from the two-4*ensional analysis given in parenthesis 

below. The three-dimenati1 clone volume is calculated as the cube 

of the clone length. The number of nuclei per clone and number of 

clones per liver is estimated from the liver weights and data from non. 

ohiriaerio livers. 

Table 5.3 suggests that no significant regeneration has occurred 

In lobe 3 after biopsy sales were taken from 1Q12, 1Q13, and 134, 

as lobe 3 appears within the normal range of proportions if the biopsy 
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weight is added. For this reason the weight of the biopsy sasle 

is added to the ].ivr weight in Table 5.1. The volume of the liver 

is calculated taking into acoozit both the specific gravity and the 

expected shrinkage. Although the degree of shrinkage may be variables  

an average of 9% was allowed for, based on an experiment described in 

Appendix 5.2. The specific gravity of the liver was found to be 108 

and so the liver volume (In am 3) after fixation was calculated as 

the weight in grams multiplied by 14.08 x 911100. Figs. 5.1 and 

5.2 show that the weight of liver per nucleus remains fairly constant 

at about seven nanogz'ams per nucleus after sixty days from birth, 

although the liver weight and the number of nuclei continue to increase. 

Using this information it is estimated that the adult liver con-

tains about 9 - 22 x 106  clones and each clone contains about 10 - 34 

nuclei. Table 5.2 shows estimates for the zumer of clones per lobe, 

assuming a uniform clone size as suggested by the analysis of variance. 

Biopsies were taken from lobe 3 of XQ12, 1Q182  and 134 to deter-

mine whether any change in p or clone size occurred upon regeneration. 

XQ18 proved to be uniformly C3}I in the liver, and it has already been 

proposed that regeneration was negligible during the 92. days (1Q12) 

and 109 days (13I) after the biopsies were taken. Changes in esti-

mated proportions of C3H were n13 (1Q12: bic pay, p - 0.13; Lobe .3, 

p • 0.10; 134z biopsy, p - 0.20; Lobe 3, p a 0.30) and changes in 

mean clone length were inconsistent (1Q12: biopsy, 64&m; Lobe .3, 

58pm X34: Biopsy, 77 pm; Lobe 3, 35pm). As each figure represents 

only a few aau1es these data are not considered to be biologically 

significant, particularly as no liver regeneration appears to have 

occurred. 



Table 5.1 	Results from one-dimensional clonal analysis of liver with figures from two-dimensional analysis 

shown in parenthesis 

Chimaera 'Age 
(days) 

Mean 
Proportion 
of C3H(p) 

Mean 
clone 

Men 
clone Liver Liver 

No. of 
nuclei 

No. of 
clones 

]Jo. 	of 
nuclei 

from id 
length 
(Gus a 

volume weight volume per liver per liver per 

(from 2d) and 
clone 

Gus) 
L. x 10 g 12 x 10 6 X 10 6 X 10 

C3H 4-p 057BL 
XQ39 11.99 0.84 58 20 3.33 2.81 476 lii. 311. (0.80). (52) 
XQ9d' 495 0.71 44 9 2.03 1.71 290 19 15 (0.69) (30) 
XQ12d 478 0.23 57 19 1.95' 1.611. 278 9 31 

(0.25) (96) 
XQ17 311  0.11.7 99 97 XQ17 died of Tyserts disease, and liver not 

(0.39) (- ) weighed 
XQ181 521 1.00 

• (1.00) 

C3H -+ Reces- 
sive X311.6 331 0.11.0 39 6 l.53' 1.29 218 22 10 

• (o.bo) (-) 
X35d 2711. 0.36 43 8 1.25 1.05 179 13 111. 

(0.40) (- ) 

* Liver weight for XQ12 and X34 includes the biopsy weight as no appreciable- regeneration 
seems to have occurred - see Table 5.3,, 	• 



Legends 

Fig. 5.1 Plot of liver nuclei number, with age for (C57BIv4kL I 

C3W.NcL)F1  nice. The peak three days before birth 

represents maximum haenatopoietic activity of the 

embryonic liver • The embryonic data is taken from two 

litters for each age group and the post-natal data re-

presents means and standard errors for six males at 

each age. (v.p. vaginal plug). 

Fig. 5.2 Plot of weight of liver per nucleus with age after birth. 

Each point represents the mean of six male 057BL46L I 

C3WBi}L)F1  nice and the vertical bar represents the 

standard error of the mean. 
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Table 5.2 Results from one-dimensional clonal analysis of liver 

lobes, assuming no difference in clone size between 

lobes, as suggested by analysis of variance. 

Chimaera 

No. of clones per lobe (x 106) 

Lobe 1 Lobe 2 Lobe 3 Lobe L. 

C3H - C7BLXQ39 4.7 5.8 3.6 0.0 

XQ9d 6.9 6..2 .l 0.8 

XQ12d 2.9 3.2 1.9 0. 

C3H -Recessive X34c 7.7 9.2 3.5 1.0 

X35d 4.9 4.3 3.3 0.9 



Table 5.3 Proportions pf cbimaeric livers used in analysis and some control mice. 

Age 
Liver 

Weight 
Liver as 
% of 

% of total liver weight:  
Lobe Lobe Lobe Lobe 

(days) (g) body wt. 1 2 3 14. 

CHIMAERAS 

C3H 	C57BL : 	XQ3 1  14149 3.33 8.1 33 141 26 0 
XQ9d 495 2.03 5.1 36 3L 27 11 
XQI2d 14.78 1.86 14.5 35 39 19 6 
XQ12c? and biopsy 1.95 14.7 311. 37 23 6 
XQ18 521 1.78 5.9 25 14.0 23 11 
XQ184 and. biopsy 1.814. 62 24 39 26 11 

C3H 	Recessive. 	X34d 331 1.43 - 38 146* 11*  5 
X34cr and biopsy 1.53 - 36 143* 17* 5 
X35d 2714 1.25 - 37 32 25 7 

CONTROL NICE 

Range for 8 	(057BLxC3H)F 60-173 1.08-1.77 14.3-6.7 314-140 31-37 19-23 5-10 
Range for 106d (C57BIcC3H).1F1  120-1814 1.52-2.01 14.2L5.9 314-140 31-36 17-25 6-10 
Old mice: 	C5713Id. 501 1.62 5.9 314 35 26 6 

Recessive X.(C57BLxC3E)d' 625 2.69 5.7 38 30 23 9 " 	x 	 Cr 625 2.714 6.0 35 32 26 7 

XQ3 had a 14ginaziriary tumour at death. Liver = 8.9% of body weight ignoring tumour weight. 

* Lobes 2 and 3 of X314  were fused together, presumably due to internal, bleeding after biopsy. 



5.5 Discussion  

These results suggest that the adult mouse liver ccmriaea bet. 

wean nine and twenty-two million clones. These figures should be 

accepted cautiously as they represent a large three-dimensional organ, 

coIT)ri8tng several cell types, and are based on mull one-dimensional 

samples from five animals. Although two-dimensional estimates of 

clone length are statistically different from the one-dimensional 

estimates, this difference is fairly man. The mean clone length 

estimated from fifteen sections was found to be 81 pm using the two-

dimensional analysis, and 59 pm using the one-dimensional method. 

A two gram liver with a mean clone length of 31 pm would contain 

about three million clones, and with a mean clone length of 59 pm a 

similar size liver would contain about eight million clones. 

though, clearly, both methods have faults, and some of these are dis-

cussed under the Materials and Methods section, all the remats tall 

within one order of magnitude. 

The data also suggest that each clone contains about ten to 

thirty-four nuclei. The adult liver consists of cells of various 

ploidy classes and includes about 55% b&nuclea.te cells as 48tein 

(1967), Wheatley (1972) and others have pointed out. The number of 

cells per clone will, therefore, be lower than the number of nuclei 

per clone. 

Aommir4g,  cell death does not significantly reduce the number of 

clones during development, the data suggest that the onset of dual 

development occurs at or before the stage when the liver comprises 

9 - 22 x 106  nuclei. Fig. 5.1 suggests that this stage is between 
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13 ad lh days post coitun for (C57BL x C3H) embryos which agrees 

well with data from other strains (see 34 14ni at a)., 19673 Bateman 

et a]., 1972). It seems that the onset of donsl development occurs 

at roughly the sane age as in the pigmented epithelium (isa Chapter 3), 

although if significant cell movement occurs suite late in the develop-

ment of the liver, then the clonal development could begin at an 

earlier stage. A more rigorous investigation awaits the use of 

markers available during embryonic development as the j3-glucuronidaee 

activity difference does not occur until after birth. 

It is implied that these data are relevant to the development of 

non-chimaeric livers which are assumed to develop in a clonal way. 

However, the possibility remains that chimaeric livers are abnormal 

in their development. 4)thOUgII the degree of fusion of lobes may 

vary (see Danforth and Center, 19532  and Bunker, 1959), the overall 

proportions may give some indications of abnormal development. Table 

5.3 shows the relative proportions of each of the four main lobes to-

gether with the liver weight expressed as a percentage of the body 

weight for both the chimeras and control mice. Unfortunately, the 

Ideal controls, (C57BL x C3H)F1  and (Recessive x C3H)F1  mice of the 

same age group were not av1.Iable, but the controls include young 

adult (C57BL x C3H)F1  mice as well as older mice of other strains. 

Although most of the chimaeras have livers with proportions close to 

the controls, XQ3 is clearly abnormals lobe b is completely absent 

and, despite this, the weight is high and comprises an abnormally large 

proportion of the body weight. 	Unless the mammary tumour affected 

the liver morphology in XQ3 this must suggest that, at least in some 
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cases1  liver development may be abeormal although the liver 

structure appears normal in other chimeras. 

It is also possible that data from ch1eraa  of different strain 

CQIllatiCtAe may 1817. The two C3H 4- Recessive chiaaez'aa used in 

this StIUCI7 have maafler clones than the C31 	C7BL ohimaeraa. 

Variation could be caused by differences in liver growth or differences 

In the relative adhesiveness between cells of different denotype which 

would affect the degree of cell mixing as discussed in Chapter 3. 

The estimate of nine to twenty-two million clones in the adult 

mouse liver is clearly at variance with the estimate of 344 implied 

by Nesbitt and Gartler (1971) from the results of Wegma'm (1970). 

Wegwinn'a estimate is based on variation of relative proportions of 

thetwc cell types in maall three-dimensional sai1ea taken from three 

oh4aerjo livers. Such variation will be due to the groupiab  of the 

two phenotypes into patches, as illustrated in Plate .3, and, as has 

been pointed out earlier, the data refers to patches and not to clones., 

As shown in Chapter 2, the patch sise depends partly on the relative 

proportions of the two cell types and so has little general relevance. 

In Chapter 2 it was shown that, in a simulated two'.dimwnticnal array 

of regular hexagonal olo.s, all the clones were aggregated into a 

single background patch when p 0.9. Whitten (personal c'*unication) 

has used a cuter s4 u1tion of a. more ampUw model to show that in 

three-dimensions this aggregation into a single patch occurs when p 

0.6 and that %% of the clones are aggregated into a. large background 

patch when p> 0.26. Therefore, in three-dimensions the number of 

patches will be relatively anall (far smaller than the ner of 
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clones), and this could explain the difference between the present 

data and those of Wegmrnri (1970). 

Wegmann' e data suggest that three of the six liver samples, 

used in the analysis had nearly equal proportions of 03H and C57BL 

cells. (The p values are not given, but can be estimated as 0.70, 

0.114, 0.7, 0.1414, 0.32 and 0.68). 	coording to Whittente unpublished 

results, in a three-dimensional array of 49 clones about 99.97%of 

the clones are aggregated into a single patch when p - 0.5. Most of 

the remaining clones exist as individual patches and the patch number 

is estimated as 0.02% and 0.03% of the clone number from calculated 

and simulated three-dimensional arrays respectively. Although it 

must be stressed that hitten'e model may not be directly applicable 

to this biological system, this would predict a patch number of two 

or three thousand for a liver of ten ni  111on clones when p - 0.5. 

As the total number of patches (including both coil populations) will 

be at a nj1innm  when p - 0.5 Wegmann'e six sa,çles would be expected 

to give a mean of well over two thousand patches per liver. 

It seems clear that the arrangement of clones into large, inter- 

looking three-dimensional patches explains part of the difference 

between the present estimate of nine to twenty-two million o].cnoe per 

liver and the estimate of 34 patches derived from Wegnn' S results. 

However, this does not appear cceleteiy to reconcile these two esti-

mates, as Whitten's model predicts a minimum of two thousand patches 

in a liver of ten million clones. 
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CHAnat 6 

6.1 amnwa 

The proportions of the two cell populations have been analysed in 

a large number of organs and tissues for several ohimaerio groups, using 

pigment and electrcphorotio markers • The results show similarities be-

tween pairs or groups of related organs and marked phenotypic imbalances 

in certain organs and tissues, notably the grmid., spleen and red blood 

cells. The phenotypic balance of each organ may vary between chimaeras 

of different strain combinations and suggests organ-specific, strain-

dependent selection pressures during embryonic development and possibly 

after birth in renewing cell populations. 

6.2 Introduction 

The term nlunbalanoedfv was coined by Mullen & Whitten (1971) to des-

cribe strain (or genotype) combinations which produced chimaeras "in which 

one of the genotypes predominated in most of the animals". Although coat 

pigmentation was the only overt indicator of chi-wtertem  used by these 

authors, the concept of balance is applicable to other organs and tissues. 

Mints and her colleagues have studied several organs and tissues (see, 

for example, Mints & Palm, 1969) and Mints (1970) has constructed a 

"statistical allophenic mouse" (SAM) for the C3f 057BW6 strain com-

bination in which the kidney appears balanced, while the liver, mammary 

gland, female heart, and male gonads are =balanced towards C3Hf, and the 

erythrocytes, -globulins, male heart and possibly female gonads show a 

predominance of C7BL phenotype. Other authore have also noted differ-

ences in proportions of the two component cell populations between 
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different organs or tissues. 	Tuffrey et al.(1973) find a predominance 

of AIR lymphocytes in *E + CBA/H-T6T6 oh11tverae compared to the pro-

portions in the coat and progeny subsequent analyses (Barnes et, al. 

19714; Ford at al., 1974) suggest a similar preponderance of the KR 

component in red blood cells, serum allotype, bone marrow, thymus, 

Payer's patches, spleen, lymph nodes, both corneas, and to a lesser ex. 

tent in skin and gut samples. MoLaren (197) also finds a preponderance 

of F1  lymphocytes in (C57BL x C3B)F1 	Recessive chimaeras using cyto- 

genetic techniques. Interpretation of such data is normally in terms of 

selection between cellular genotypes, as first suggested by Mintz (1967) 

and YVatkowska, & Tarkowaki (1968). 

Several authors have also noted marked correlations in the relative 

Proportions of the two component cell populations between certain tissues 

in ch1i&erae. Wewimi & Gilman (1969) suggest that in C57BW1OSnJ I 

C31i/MeJ chimaeras "the ehimasrjsm for -globulin may be related to that 

for haemoglobin". MInts (1971) finds a strong positive correlation be-

tween red and white blood cells in BALB/c 4-+ 057B116 chimaeras, and 

Gornish at al. (1972) find strong positive correlations between the mitotic 

cells of the spleen, bone marrow and thymus in a group of chimaeras of two 

strain combinations: C3Ri1eJ #- (C3}I/HeJ x CBAfl6T6) and C7BIJlOSnJ ' 

(c7BI.oj x CBA/6T6). Such observations have often been interpreted 

on the basis of a common ancestry for the tissues studied. 

The present study represents an investigation of a large number of 

tissues and organs, for a}deras of several strain combinations,, in order 

to demonstrate the relationships in their proportions. 
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6.3 Materials and Methods 

Nice 

Adult chimasric nice were kindly made available for this study by 

Drs. fline McLaren, Patricia Bowman and Mrs Janet Carter. Five strain 

combinations were used; C3IVB5JL -+ C57BL/kL, (C73L,4,L x C3H/BIMoL)71  

4 Recessive, C3R/Bi)L -P Recessive, C57BW&L Recessive, and pig- 

manted-Q 	Reoesjve • Recessive is the multiple recessive strain des- 

cribed more fully in Chapter 3. 

Estimation of the proportions of the two c;252c.ment cel), 
populations 

A large number of tissues and organs were examined in each chimaera, 

and for convenience they will all be referred to as organs. The pro-

portions of the two hair follicle populations in C3K #- CS7BL chimsa.ran 

were determined by subjective estimation, to the nearest 10%, of the 

proportion of agouti (C3H) hairs in the coat of the living ,in1 or 

preserved pelt. The methods used to estimate the proportions of two 

zne].anocyte populations In the dorsal coat, and In the two retinal epithe-

hum populations from the mid-sections of eyes, for the other four groups 

of chimeras are described In Chapters 6 and 3 respectively. 

The proportions of the two erythrocyte populations were estimated by 

starch gel electrophoresis using haemoglobin variants for C3H C57BL 

chimaeras and glucose phosphate isoneraae (GPI) variants in other oh4aerjc 

groie • Other organs were also investigated using electrophoretic variants 

of GPI or isocitrate dehydrogenase (IDE). (GPI is present in red blood 

cells, although IM is not). Wherever possible, homogenates of whole 

organs were used to avoid san,ling non-representative regions. Whole 

organs or tissues were not used for red blood cells; the pigmented 
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retinal apitheliuzaj some livers, where mizail samples of each lobe were 

used for .glucurcnidase biatoohemistry (see Chapter S); and some gonads 

where small samples were used either for histology (1Q18) or histochemLoal 

Mfla]7$i$ by Dr P. Burgoyne. The distribution of alleles for theme three 

electrophoretic markers in the four stocks of mice used is shown in Table 

6.1. The method of starch gel electrophoresis used for OPI is based on 

Chapman 	. (1911), that for XDH based on Henderson (1975), and the 

method used for haemoglobin is that of Wegnn & Oia'wi (1970). The 

techniques are described more fully in Appendix 6.1. 

Estimation of the cellular proportions using isozyme markers asaies 

that the ratio of isozyne activities in a ch1iw oric  tissue accurately re 

fleets the cellular ratios. This may not be valid if one iaosyaze is less 

stable, or some form of intercellular competition occurs. 5iartz (1971) 

has demonstrated competition between two alleles of the alcohol dehydro.. 

genaee (ADH) locus in maize which produced a distorted ratio of the three 

isozynes. Z1.eotrophoretic investigations of GPI and IDH in (03H x 

Reoeeaive)F1  mice showed iaozynes.activity ratios consistent with the 

expected 1i2z1 ratio of aaab:bb po]mere for both of these dimeric en-

zymes in all organs considered (liver, skeletal maicle, left kidney, 

right kidney, lun€a, tete, brain, spleen, heart, bladder, tlrymua, tongue 

and, for GPI alone, blood). From this it is assumed that estimation of 

the two cell populations in various organs can be made directly from the 

ratio of the two isozyme bands. 

The chimaeras comprising cell populations from two inbred strains 

were sza1yaod by the ratio of the proportions of the two homopoymers 

(aazbb) in most organs. Where the beteropolyzzzez' forms (see Mints 4 



Table 6.1 Distribution of alleles for electrophoretic variants 

Mouse 	Strain 
Gene Recessive 057BL/MCL C3H/BiMcL Q 

Glucose phosphate 
isomerase-1 (Gpi-l) a b b segregating 

Supernatant MADP 
isocitrate dehydrogenase-1 

a a b segregating 

Haemocrlobin n-chain segre- s d 
(Hb-b) gating (single) (diffuse) not tested 

* See McLaren and Tait (1969). 
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Baker, 1967) in the limb muscles, tongue and bodtr wall, the ratio of 

a:b was estimated as aa + jab : bb + jab. Only three as 4 bb oh4-iierae 

were found in chimaeras involving the Q-strain (138, 140 and X148), and 

these were all pigmented-.Q 4-  Recessive chimaerae marked for variants 

of Gpi-1. (Q-strain chimaeras which were clearly ab 	bb or aa 4-0 ab 

for either Id-i or Opi-i were not Included in this study). 

The proportion of each band on the gel was estimated subjectively 

as described in Appendix 6.10  and the results were either expressed on 

a five-point scale for comparison with results from earlier workers in 

this laboraory, ors  in the case of GPI and IDE, expressed as a percentage 

to the nearest 10%. Although this quantitation is subjective, the 

estimation of coded artificial mixes and comparisons with g1ucuronida.e 

bistochemical methods suggest that the error is email (see Appendix 6.1). 

6.14 Results 

The proportions of the two cell populations, expressed on a five-

point scales  for various tissues in eleven (057BL x C3R)F1  #+ Recessive 

chimeras and twelve 03H 	C7BL chimaeras, are shown in Tables 6.2 and 

6.3 respectively. Some of the data were collected by Dra J. Aneell and 

A. Tait in this laboratory as indicated. The breeding data is presented 

only in terms of mixed or inu1xed progenies and not included as a measure 

of the proportions of the two cell populations, as XX XX chimaeras 

"never produce mixed progenies, and up to two-thirds of all male ohimaeras 

may be sex chromosome chimaeras" (McLaren, 1972a). For example, chimaera 

1Q18 (Table 6.3) produced only C7BL type offspring, although the gcwis 

produced mostly C3H type IDE. This chimaera appeared to be a fertile 

male, but on dissection proved to be an int,eraex. The right gonad, a 



Table 6.2 	Proportion of Recessive component in (C57BL x C3H)F1 	Recessive chimaeras 

Pr2tion of Recessive (1 - 5 scale)  ( Recessive 
Chimaera deviation X20 X26 X27 X28 X29 X31 X32 X33 5JI1 T2 X43 
Phenotypic sex Cr d d ci d d Y ci Y c' cf (a - i, 
Age (days) 563 527 513 555 534 556 194 501 167 164 16). b - 	, 	etc.) 
Progeny (1 - 5 scale) 1 5 5 5 .5 (3) (3) 5 - Mean ± S.C. 

germ layer Organs  

xa coat melanocyteS - 3 2 2 2 2 4 2 3 3 2 -0.200.15 

b left eye p.e. - 3 2 - - 2 - - 3 2 3 _0.l8 1 0.13 
Ectodermc right eye p.e. - 2 2 2 - 2 - - 4 2 4 -0.1)4 1 0.33 

xdbrain -- 

(3) 

3 

3 

3 

3 

2 

4 

3 

3 

3 

3 

4 

4 

2 

2 

3 

3 

3 

3 

3 

3 

+0.20 1 0.1)4 

+0.40 1 0.10 x e left kidney 

x f right kidney (3) 4 3 3 3 3 4 2 3 3 3 +0.40 1 0.10 

g skeletal muscle 3 3 3 3 3 3 - 2 4 3 3 +0.40 1 0.08 

Mesoderm x h heart (3) 2 2 3 3 3 4 2 3 3 3 +0.10 1 0.14 

i left gonad 4 2 2 h b 4 - 3 3 4 5 +0.84 1 0.35 

j right gonad )4 2 2 )4 )4 (3) - 3 )4 .5 ~0.88 	0.36 

x k blood (rbc) - 

(3) 

2 

- 

2 

2 

2 

2 

1 

1 

1 

2 

2 

2 

1 

1 

3 

3 

2 

2 

3 

3 

-0.80 1 0.19 

_O.6810.20 ispleen 

Endoderm xmlungs (3) 2 2 3 3 2 3 2 3 2 3 _O.20 1 0.1)4 

xnliver 4 4 2 4 2 2 4 2 3 2 2 010.21 

* 	1 2.9 2.)4 2.9F2.5 2.4 3.6 1.9 3.0 2.6 2.8 
f,h,k,m,&n. 

* X20 was found dead and omitted from further analysis. 



Table 6.2 : Footnotes 

In Tables 6.2 - 6.14 the germ layer classification is after Rugh (1968). 

Electrophoresis by Dr J. Anae11 (126 - 129), Ansefl & West (120 & 131), and 

West (132 - 1143). 

Estimation of Recessive contribution is described in Materials and Methods section. 

Five point classification scale: 

1 F1  only 

2 	F1> Recessive 

3 Fl   
Recessive (140 - 60%) 

14 Recessive> F1  

Recessive only 

(3) F1  and Recessive present but proportions not estimated. 

p.e. 	pigmented epithelium. 



Table 6.3 	Proportion of C311 in C311 -. C57BL ellifllaorLtS 

Proportion of 03H (1 - 5 scale)  03H 
Chimaera Xli X13 !IT X15 X16 X17 XQ3 XQ8 XQ9 XQ12 XQL7 XQ1 Deviation 
Phenotypic sex 9 d Cr Crd d 9 Cr Cr9 (a - 
Age (days) lOO )232 4I9 345 331 351 499 371 495 478 311 521 b - 	 etc.) 
Progeny (1 - 5 scale) (3) (3) 1 (3) 1 mean - s.e. 

Germ layer - Organs  

Ectoderm a brain (3) 1 1 1 2 ). - - 4 2 3 b 0 	0.17 

- 2 2 2 3 L 4 3 2 2 3 L +0.27 	0.19 x b hair follicles 

xc left kidney (3) 2 1 1 2 4 3 L 3 2 3 L -0.030.06 

x d right kidney (3) 1 1 1 2 L 3 L L 2 3 L -0.03 	0.15 

Mesoderm x e heart (3) 3 1 1 2 L 1 - 2 3 L +0.27 	0.14 

f left gonad - 1 1 2 2 - - 3 2 - 5 +0.16 	0.22 

g right gonad - 2 1 2 2 3 4 - 3 2 - +0-07 	0.14 

h blood (rbc) - - - 1 1 2 1 2 2 1 1 1 -1.53 	0.31 

(3) 2 1 1 1 2 2 - 2 1 2 3 -o.83 	0.17 xispleen 

Endoderm x j lungs (3) 2 1 2 2 3 3 - 3 2 2 L. -0.13 	0.14 

xkliver - 2 1 	1 1 	12 5 - 
L 2 L 5 ~OJ47O.19 

mean of b,c,d, 2.0 1.1 
I 

1.3 
I 

2.0 
I 

3.7 3.3 * 3.1 1.9 2.9 4.0 
e,i,J, &k ___ ___ ___ 

Germ layer classification after Rugh (1968). 1 XQ18 behaved as a normal fertile male but see text. 
* Xli and XQ8 omrriitted from further analysis. 	XQ8 and XQ17 died of Tyserts disease. 

Electrophoresis by Dr A. Tait (Xli and XiL.) Tait and West (X13) and West (XIS - XQ18). 

Estimation of C3H contribution is described in Materials and Methods section. Five point classification scale: 

1, C57L only; 25 C57BL>C3H; 35 C57BLC3H; Li., C3HC57BL; 5, C3H only; (3) C57BL and C3H present but 

proportions not estimated. 
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aeU testis, was associated with a normal seminal we side, while the 

left gonad had not descended from its ovary-like position beneath the 

left kidney and appeared to be associated with a uterus. kJistoiogical 

observations by Dr J. Aitken and Mrs J. Carter suggest that the right 

gonad was a t ictiqna3. testis producing sperm, while the left gonad was 

an abnormal testis with no sperm visible, although, as most of the gonad 

was used for elootrophoretic analysis, this gonad could have been an ovo.' 

testis. These observations agree with current ideas of gem coil dif-

ferentiation (see, for example, McLeren, 1972a), in that when IT cells 

are present in the germ line (C57BL in the right testis of chimaera XQ13) 

a normal male testis is produced. The sensitivity of 11*1 electrophoresis 

is not sufficient to determine whether C57aL tissue is ecs1etely absent 

from the left gonad of chimaera 1Q18. 

A mean proportion of Recessive (or CA) in each chimasra, was cal-

culated from the estimates for those organs considered in every chimaera 

analysed in the group. The mean for each chimaera was subtracted from 

individual organ estimates to give an Index of the deviation of the pro-

portion of Recessive (or C3N) relative to other organs. This removes 

the variation between chimaeras to allow comparisons between organs • The 

means and standard errors of this deviation index are shown in the last 

coluzmi of Tables 6*2 and 6.3, and the means are plotted in Fig. 6.1. 

Nine of the chimaeras shown in Tables 6.2 and 6..3 were analysed in 

more detail., with a further seven chimeraa of three different strain come. 

binatios. The estimates of the contributions of the two cell populetictis 

were expressed to the nearest 10% and the uaiibar of organs increased. 



Legends 

Figure 6.1 

Mean deviation of proportion of Recessive in lii organs, from 

mean of 8 organs, in 10 (057BL x 03H)F1  * £tecessive chlweras. 

Mean deviation of proportion of 03R in 11 organs, from mean 

of 7 organs, in 10 C3H C7BL chimeras. 

In both (a) and (b) the proportions are classified 40 a five 

point scale as described in Tables 6.2 and 6.3 

Key to organs: 

LG left gonad 

ItO right gonad 

IIC 	left kidney 

ax right kidney 

814 	skeletal muscle 

Br brain 

Ht heart 

Li Liver 

LB 	Left eye - pigmented 
epithelium 

RE right eye pigmented 
epithelium 

C 	Coat colouration 

Lu Lungs 

Sp Spleen 

31 	red blood cells. 
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Table 6.14 Percentage of Recessive component in four groups of pigmented 

Recessive chimaeras. 

Pigmented component G7 -Q _Pigmented 
Chimaera X32 X33 X4lX42X43 134 X35 136 137 X38 X40X48 
Phenotypic sex 9 d 9 	Cr d' d 9 
Age (days)  194 167164 331 274 201 168 
Germf 

1 Layer I Organ  
x coat melano- 

Ectoderm cytes 64 32 53 	46 32 85, 63 32i 	99 32 45 34 
left eye p.e. - - 52 	20 45 47 96 46 	- 9 35 34 
right eye p.e - - 62 	15 72 44 , 95 51 	88 9 59 21 

x brain 70 20 0 	40 60 50 70 40 	70 30 60 30 

70 20 60 	50 60 80 90 601 	90 40 30 50 - x left kidney 
x right kidney 70 20 60 	50 60 70 90 601 	90 30 50 40 

muscle: LHL - 20 80 	SOj 50 70 90 70100 30 40 140 
RHL - 20 80 	50 60 70 90 80 100 30 40 40 
LFL - 20 80 	30 60 60 90 70i 	90 40 40 40 

Mesoderm 
x 

EEL 
heart 

- 20 80 	40 60 80 80 50!  100 30 40 50 
60! 20 50 	40 40 50 70 50 	60 50 50 20 

left gonad - 50 50. 	80 100 60 90 90100 60 90 90 
right gonad - 50 70 	80 100 50 90 90 1 100 60 90 80 

x blond (rbc) 30 0 50 	10 50 80 90 40 	90 50 20 10 
bone marrow - 

40 

- 
0 

50 	20 

40 	10 

50 

30 

80 

50 

90 

70 

40 	90 

30 	60 

40 

30 

20 

30 

10 

10 spleen 
thymus - 10 50 	30 50 60 70 50 	70 40 40 20 

x left lung 60 10 60 	40 50  70 80 50 	70 50 60 30 
x right lung 60 20 501 	30 SO 80 90 60 	70 40 60 40 

tongue - 20 70: 	50 60 60 90 60 100 40 40 40 
bladder - 20 50i 	30 50 60 1  60 40 	60 40 50 30 

Endoderm small in- 
testine - 10 30 	20 40 60 70 50 	70 - - - 
liver lobe 1 - 0 50i 	20 30 40 50 50 	80 30 30 0 

2 - 0 40 	20 40 50 50 50 	70 30 20 10 
3 - 10 701 	10 20 70 50 50 	80 20 14.0 20 

14 - 10 501 	30 20 80 50 50 	80 50 30 20 
x liver: total 70 10 50 	20 30 50 50 50 	80 30 10 
liver tumour 0 

30,1  

x mean of Xj 	1 59 	15 1521 314. 46 67 	76 47 78 38 14,. 27 

Muscle samples: ll]1 = left bind limb, RHL = Right hand limb 

IFL = left fore limb, RFL= right fore limb 

* total liver proportions froin lobes, adjusting for weights. 



Figure 6.2 

(a) (d) Mean deviation of the percentage of Recessive in 

114 organs from mean of 10 organs in (a) Ii. (C57BL x C3H)F1  

*-o Recessive, (b) 2 03H *- Recessive,, (c) 2 C7BL 

Recessive, and (d) 3 pigmented-Q 4- Recessive chimaeras. 

(e) Mean deviation of the percentage of C3H in U organs from 

mean of 8 organs in Low' C3H *--P C57BL chimaeras, (XQ39  

XQ9, 1Q12 and XQ18). 

In each case the percentages were estimated to the nearest 10%. 

Key to organs: as in Figure 6.1. 
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Fig. 6.3 Apparent selection pressures between different strains 

of mice for five organs or tissues. 

Gonads 	 Recessive = 03H 

t 
C7BL 

Kidneys 	 (Q) = Recessive 

/\ 
F1  C3H=C7BL 

Liver 	 (Q) 	 0311 

F1  = Recessive = C7BL 

Spleen 	 C7BL 
+ ' 

1 	C3H 
(Q)\ I / 

Recessive 

(red cells) 	 (Q) 	F 

Recessive 	C7BL 

C3H 

Direction of apparent selection pressure, GPI marker 

-----. Direction of apparent selection pressure, IDH or haemoglobin 
marker. 

	

= 	No apparent selection, GPI marker 

	

== 	No apparent selection, IDH or haemoglobin marker. 

F1  = (c7BL x 03H)F1 



Table 6.5 Mean deviation in proportion of Recessive (or C3H) in the bone-marrow, 

spleen and thymus (other organs shown in Appendices 6.2 and 6.3). 

+ 
Mean Recessive Deviation - s.e. 

Mean C3H 
Deviation±s.e. 

F1  C3H e- C57BL 	 Pig-Q  e-+ 
Chimaeras Recessive Recessive Recessive 	Recessive C7BL 	C3H 

Organs 

bone marrow - -4 	5  +JJ4 	1 - + 3 + 10 	-13 	8  

spleen 
+ 

-17 - 2 
+ 

-12 - 6 -18 	1 	-13 	3 - 26 	S  

thymus 
+ 

-2-2 
+ 

-7-1 
+ 

+3-6 	-33 -26 
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The crude data for (C7BL x 03H)71 	Recessive, C3R 4 Recessive, C7BL 

Recessive and pigmented-Q Recessive chimaeras  are shown in Table 

6.4, and the deviation index for each organ, exprcsed as the mean 

Recessive deviation, is shown in appendix 6.2 and Fig. 6.2. The data 

for four C3H 4-4 C7BL chimaeras and the corresponding mean 0311 deviation 

for each organ are shown in Appendix 6.3 and Fig. 6.2. 

Clearly there are considerable differences in the relative contri-

butions of the two cell populations between organs. For exanle, Fig. 
chimaeras 

6.1 shows that in the eleven (C7BL x C311)Fi 	Recessive the Recessive 

component taMe to predominate in the gonads, while the 71  component 

predominates in the spleen and blood (red cells). The twelve C3H 

C57BL chimaeras show a more balanced composition in the gonads, a pre-

dominance of 057BL in the red blood cells, and a predominance of CA in 

the liver • &amination of the histograms for each of the ch1'eric 

groups emphasises the difference between strain combinations in the pheno- 

typic balance of each organ. For example (C57BL x 0311)F1 	Recessive, 

C7BL Recessive and pigmented-Q -4'Reoe5aive all show predominance Of 

the Recessive component in both gonads, while no corresponding phenotypic 

imbalance occurs in the C3H 	Recessive chimaeras analysed. The pre- 

dominance of different strains is mnnmarised for five organs in Fig. 6.3. 

Figs. 6.1 and 6.2 also show a marked similarity, in the phenotypic 

balance, between pairs of organs (left and right gonads, left and right 

kidneys, and the pigmented epitheliun of left and right eyes) in all 

groups of chimeras. This similarity is also seen for most other pairs 

and groups of related organs (left and right lunge, the four liver lobes 

and samples of skeletal mnscle from each hind limb and the tongue), 
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shown in Table 6e4 and Appendices 6.2 and 6.3. 

The only two spontaneous tumours encountered in this study each 

comprised a single cell population which suggests in origin from a single 

clone of cells. The mammary tumour in C3H -057BL chimaera 1Q3 was 

phenotypically entirely C3B, and the hepatama in (C57BL x 03li)F1  *-* 

Recessive chimera X43 was entirely of the Fi phenotype. 

6.5 Discussign 

The results clearly suggest differences in the phenotypic balance 

between different organs and between chimaeras of different strain ccm 

binatione, and may reflect different selective pressures or may simply 

be due to artifacts in the method of analysis. Apparent variations in 

the proportions of the two cell populations might arise from the differ-

ences in estimation methods for different organs, or partly result from 

a variable degree of blood contamination. 

No consistent differences are apparent between the results estimated 

by histological measurements of the pigmented retinal epithelium, visual 

assessment of the coat colouration, or electrophoresis of II*i or GPI. 

The enzyme electrophoresis techniques show no consistent differences be-

tween samples which produce a heteropolymer and samples which produce 

only two homopolimera. The red blood cells in C3H e-4 C57BL ohimaerae 

were the only samples estimated by electrophoresis of h4emoglobin, and 

these show an overwhelming predominance of the C57BL component. Although 

the cjuentitation of the haemoglobin electrophoresis may be less accurate 

than for IDH, the proportions of haemoglobin, were scored on a five-point 

scale with reference to controls, and it is very imi 1-Trely that the marked 

predominance of C57BL phenotype is entirely due to any inadequacy of the 

quantitation method. 
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Blood contamination is likely to bias the proportions in some 

organs estimated by enzyme eleotrophoresie, if the blood is itself 

phenotypically unbalanced. The possibility of blood contamination is 

highest in highly vascular organs, and more likely when the ,ns&1yaia is 

by GPI electrophoresis as GPI is present in both red and white blood 

cells.. while IDU is absent from red cells • Blood contamination cannot 

account for all the observed differences between organs, as highly vas-

cular organs do not always show a deviation in the same direction as the 

red blood cells. For example, the OPT electrophoretic analysis of the 

C3H 	Recessive oMaaeras shows a predominance of the C3H component in 

red blood cells, but a predominance of the Recessive component in the 

highly vascular spleen and a balanced phenotype in the gonads, which are 

relatively free of blood. 

Unless the results are due solely to chance and small group sizes, 

the unbalanced chimaeric phenotypes of some organs strongly suggest organ-

specific, strain-dependent selection pressures, and the results for the 

C311/B1McL é- C7BL/MoL chimaeras show a marked similarity to Minta' e ob- 

servations for C3Rf 	C57BL/6 ohimaeraa (Mintz & Palm, 1969; Mints, 1970). 

Other strain combinations show different patterns of phenotypic balance 

In various organs. Fig. 6.3 shows a possible selective advantage in the 

liver for C3H over Recessive or C57BL cells and a more balancodphenotype 

between Recessive and C57BL or (C57BL x C3H)F1. C3H red blood cells are at 

a disadvantage to both C57BL and Recessive, and the latter strain is in 

turn at a disadvantage to (C57BL x C3U)F1  and the genotypes of the three 

random-bred Q mice used. These observations are compatible with heterosia 

in the erythropoietic tissue, and this system is considered in more detail 

in Chapter 7. 



A similar preponderance of F1  lymphocytes has been noted for the (C57BL 

x C3H)F1 -Recessive group by McLaren (1975). 

The results from the gonads are confusing as although Recessive has 

an advantage over C57BL, (C57BL x C3H)71  and Q, and shows a balanced 

phenotype with C3H,, the activity of C3H..type IDH shows only a slight 

predominance over C57BL. This might be explained if the apparent selection 

pressure in the gonad is partly due to germ cell selection, and if GPI but 

not IDH is detected in the mature germ cells • The results from testes 

and ovaries are considered together in the analysis of the gonads but of 

50 gonads studied only 6 are ovaries. Mintz (1968, 1970) has proposed 

germ cell selection in favour of C3Hf spermatozoa in male C3Hf • C57BL 

chimaeras, both during embryonic and post-natal development. Although 

Burgoyne (1973) finds no evidence for post-natal germ cell selectinn in 

two male C3H 	C57BL chimaeraa, his direct analysis of sperm morphology 

reveals a considerable preponderance of C3H sperm in three of the four 

II 	II ohi__eras1  studied. The proportion of C3H-type IDH in the gonads 

and somatic organs of these chimaeras (113, 1114, 115 and 116) is shown in 

Table 6.3 and suggests germ cell selection favouring C3H sperm in this 

It is not clear whether IDH or OPI are present in germ cells, although 

it seems likely that GPI is active In oocytes as Chapman at al. (1971) 

demonstrated the presence of maternal GPIL in fertilized single cell eggs, 

although ZPateilk  et  al.,  (1972) failed to detect IDH actively in embryos 

115 and 116 were shown to be XI II by cytoganetic analysis and 113, 

1114 and 116 sired mixed progeny and produced predominantly C3H-type sperm. 
115 sperm was entirely of the C57BL type. 



before 9 days. The demonstration of the paternal expression of GPI 

and IDH only after 5 and 9 days respectively does not exclude the pos-

sibility of enzyme activity in the sperm, and Mathu.r (1971) has demon. 

strated IDH activity in the mid-piece of mouse sperm by histochemical 

methods • Several attempts at analysis of C57BL sperm by  the present 

author using IDH and GPI electrophoresis proved inconclusive duo to the 

presence of oontznant cells. However, only the mitochcmdrial form of 

IDH was detected, which suggests that the IDH seen in the mid-piece is 

not coded for by the Id-1 allele. These observations, together with the 

evidence that a testis producing mainly C3H-type IDH may produce only 

C57BL sperm (as in 1Q18), suggest that sperm contribute relatively little, 

if any, supernatant, NADP-dependent IDH activity to the testis. The 

five phenotypic male (C57BL x C3R)F1 	Recessive chimeras which sired 

unmixed progeny (126, 128, 129, 131 and 142) show a closer relationship 

between the functional sperm genotype and the proportions of the two GPI 

isozymea in the testes. Although the results are inconclusive, it is 

tempting to speculate that the preponderance of Recessive-type OPI 

activity in male chimaeras other than the C3H *4  Recessive group, reflects 

germ -call selection in favour of Recessive sperm, and that similar 
selection occurs in favour of C3H sperm in male C3H 	057BL chimaeras, 

but is not detected by IDH electrophoresis. However, the postulated germ-

cell selection in favour of Recessive sperm in male (C57BL x C3H)F1  -ø 

Recessive chimaerae is not supported by analysis of the breeding data for 

this group, 4cLaren, 1975). 

Any selective advantage duo to differences in mitotic rates of the 

two cell populations may be expected to continue in the mature anlmO in 
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cell populations which are constantly being replaced, such as blood cello, 

spermatozoa and, to a lesser extent, the lunge. (See Messier & Lebiond, 

1960, for study on cell proliferation in different body organs). If 

selection continues in the haematopoietic tissue of adult chimaeras as 

)stkowska & Tarkowaki (1968) suggest, this may explain the less marked 

predominance of F, red blood cells in the younger chimeras of the 

(C57BL x c71  -, Recessive group, shown in Table 6,2 

Although there appears to be no overall similarity between organs 

of the sane germ layer, there is a similarity between the proportions of 

some related pairs and groups of organs, such as left and right kidneys, 

gonads, lungs, the four liver lobes and five striated muscle samples 

(limb muscle and tongue). A number of factors may contribute towards 

this similarity, including shared selection pressures, similar degrees 

of blood contamination and, possibly, shared ancestries. Similar cor-

relations between related samples have been interpreted in terms of common 

ancestry (e.g. Mints, 1971* red and white blood cells in BALB/c -* 

C57B116 chimaeras, and Gornish et al.j, 1972: mitotic cells of spleen, 

bone marrow and tqmue in C3H 	(C3H x CBA/T6T6) and 07BLtL0 

057B1J].0 x CBA/T6T6) chimaeras). The present results suggest that the 

relationship between spleen, bone marrow and tqmus is not true for all 

strain combinations (see Table 6.). 	Nesbitt (1971) has shown 

no significant correlation between mitotic cells of thymus and spleen 

using 1-inactivation mosaic as  but Garnish at al. (1972) suggest that 

Nesbitt 's use of In vitro culture selects for stromal cells, whereas 

their own measurements are ma4nly on mitotic parenchymal cells. It has 

been shown for the pigmented retinal epithelium (see Chapter 3) that 



chimaeras tend to be less evenly proportioned than mosaics, and the 

data shown in Tables 6.2 and 6.3 suggest a broad similarity between 

most organs in any one &iaera. The positive correlations, found 

by Gornish at al. (1972), for data from spleen, bone narrow and thymus 

may reflect the origin of all organs, from a ooanrn pool of cells after 

aggregation, and the Influence of shared selection pressures for the 

three organs in the particular ohieric  group. considered. 
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GHAPTER 7 

TWORAL CHANGES IN PROP(ITIC2iS OF CHIMkIC RED BLOOD crrs 

71 Su4a1'y 

ELectrophoratic analysis of red blood cello taken from the same 

chimaeras at different times suggests that a temporal shift in the pro-

portions of the two component red.'oefl populations occurs in many adult 

chimaeras. The results suggest that differential mitotic activity con-

tributes to strain-dependent selection pressures in the erythropoietic 

tissue. 

7.2 Introduction 

The results shown in the previous chapter suggest that strain- 

dependent eolecticn may occur in the erythropoietic tissue of some groups 

of chimaeras. Selection may act during embryonic development, during 

erythropoiesia in the adult chimaera, or throughout development. Fig. 

71 represents the development of mature erythrocytes. Selection may 

occur by (1) a difference in mitotic activity of the two populations, 

(2) a differential sensitivity to erythropoietin, (3) different life-

spans of the mature erythrocytes. Differences in blood populations 

between inbred strains, such as the ratio of reticulocytea to mature 

erythrocyteea, or the total red-blood-cell count (Russell et al., 1951; 

Russells  1970), could be interpreted in several ways. However, a differ-

ence in mitotic activities of the two erythropoietic populations in the 

adult chimaera predicts a temporal shift in the proportions of the two 

erythrocyte populations as }yatkowska & Tarkowaki (1968) have pointed 

out. 



Fig. 7.1 	Schematic model of erythropoiesis, after Lajtha (1970)  and Stohinian (1970). 
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Differential sensitivity to erythropoietin. 
Difference in lifespan of mature erythrocytes. 

red blood cells 
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reticuloc3rte 	mature 	death 
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Stone at,,  al. (196) demonstrated a quantitative shift in the pro-

portions of erythrocytes in spontaneous chimaeric cattle twins, over a 

period of i.p to eleven years, by differential haemolysis, and Race & 

Sanger (1968) cite evidence for similar quantitative shifts in some 

spontaneous human blood chimaeras. Tucker at al. (1974) used differ- 
- S 

ential haeinolyais to demonstrate a quantitative shift, over a two-year 

period, in three artificial sheep chimeras produced by the blastomere-

injection technique, described by Gardner (1970). 

Two similar studies have been reported for mouse aggregation 

chimeras. Mintz 4 Palm (1969) showed a temporal shift towards 057B1/6 

erythrocytes in 031W ' C57BW6 chimaeras, using relatively insensitive 

iiwiunological techniques. The electrophoretic studios of Wegmmn & 

&flmen (1970)9  however, suggested that the proportions of the two erythro-

cyte populations Lu cIdPera8 of a similar strain combination (C3H/HeJ -e 

C57BW1OSnJ) "usually rin constant over time". Although Wegmann & 

Gi1mnta data indicates a slight predominance of 05781110 erythrocytes, 

compared to the coat-colour proportions, the only chimaera to show any 

temporal shift showed an increase in the proportion of 0311 erythrocytes. 

The aim of the present study in to detersdne whether a temporal 

shift occurs in the chimeras of the five strain combinations studied in 

Chapter 6. If the apparent cell selection is due to a difference in 

mitotic rate which continues in the adult, a marked preponderance of one 

red blood cell population should be accompanied by a temporal shift 

towards that population in the adult. Both Recessive and C57BWMcL  red 

cells should therefore increase in proportion over C3WBLNCL, (C57BL x 

C311)F1  should increase over Recessive, while no marked shift is expected 

between Recessive and C57BL red blood cells. 
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7.3 Materials and Methods 

Chimaeric nice were used as described in Chapter 6 and samples of 

red blood cells from 03H 4-  057BL chimaeras were kindly provided by 

Mrs J. Carter • Other chimaeras were bled from the tail vein as des-

cribed in Appendix 6.1. Electrophoremia for haemoglobin, used for the 

analysis of C3H 4  CS7BL chimeras, and glucose phosphate isoinerase (GPI) 

used for other chimeras., are described in Chapter 6. 

Blood from C3H C57BL chimaeras and blood from other groups were 

used in two separate experiments. Blood samples were stored at -700C, 

and for each experiment all the samples were coded, the mean proportions 

estimated from at least four determinations, and decoded. 

7.14 Results 

Table 7.1 shows the estimated proportion of C3H in the blood samples 

from eight C3H 057BL chimaeras • One chimaera (1Q14) had only C3H-

type haemoglobin, but, of the other seven, six showed a temporal shift 

towards C57BL haemoglobin, whereas 1Q9 showed no overall change. This 

shift is unlikely to be a storage artifact, as artificial mixes, stored 

at _70009  showed no change in proportions. Most chimeras showed a 

preponderance of C57BL haemoglobin even in the first blood sample, com-

pared to other organs at death. This suggests that selection operates 

both before the first blood sample was takens  at least eight weeks after 

birth., and in the mature chimera. 



Table 7.1 Temporal shift in proportion of C3H red blood cells (measured by haemoglobin 

electrophoresis) in C3H 	07BL chimaeras. 

Blood samples hair 
fell- 
ides 

Mean of 
7  organs 
at death Age (days): 7-70 71-84 8-98 99-112 113-126 127-140 1)4.1-1)1 15-168 197-210 

Chimaeras 

1Q39 - 2.0 1.0 4 3.3 

XQ7d- 2.0 1.0 - - - 
XQ8d' 2.5 1.5 2.0 1.5 3 - 

XQ9d 2.0 1.5 1.5 2.0 2 3.1 

XQ12d 2.0 1.0 2 1.9 

XQ14d 5.0 5.0 3 - 

XQ179 2.0 1.0 3 2.9 

XQ18V 2.0 1.5 1.0 

Proportion of C3H shown as mean of four determinations, to the nearest half unit, on a five point 

scale: 1, entirely C57BL; 2,  C57BL03H; 3, C57BL 0  C3H; 4, 03HC57BL; 5, entirely C3H. All 

blood samples were analysed together in a blind experiment. 



The results from the second experiment are shown in Pigs. 7.2 and 

7.3. A temporal Shift towards Recessive-type GPI was seen in red 

blood cells of the two OR E-4 Recessive cMiu&erae,  and was moat marked 

in chimaera 134 between 100 and 331 days. No clear temporal shifts 

in proportions were seen in either of the C57BL Recessive ch4iieras 

over a simila time period. AlthoUghL the three (057BL x C3II)Y L: 

Recessive chimaera* shoved negligible change between 20 and 1614 or 167 

days, one of these (1142) showed a net 10% increase in the P proportion 

of GPI, and neither XLsl or 1143 showed a net shift in the opposite direction. 

One of the three pigmented-sQ '—PRecesiva cMmtoraa (140) showed a marked 

decrease in the proportion of Recessive-type GPI activity over the entire 

period studied (3]. - 201 days). The zymograns shown in Plate 7.1 il-

lustrate the temporal shifts described for 1314 and 140 and the negligible 

change with age for 142. 

The visual classification method in not sufficient to resolve any 

consistent differences in proportion between the bone marrow and red 

blood cells at death, although McLaren (1975) has noted a lower propor-

tion of F cells in the bone marrow than in the lymphocytes of (C57BL x 

C3H)F1 	Recessive ch4eras using cytogenetio techniques. 



Fig. 7.2 

Percentage of Recessive oomponent in red blood cells at 

different age a, and in bone marrow and other organs at death, 

in (a) two C3H1,Receseive, and (b) two CS7BL 4-Recessive 

chimaeras. 

Key: B]. - red blood cells; BM bone marrow; 	mean of 

ten organs. 
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Fig. 7.3 

Percentage of Recessive component in red blood cells at 

different agea, and in bce marrow and other organs at death, 

in (a) three (C57BL x C3H)11  '-' Reoeaeive, and (b) three 

pigmented-Q 4'* Recessive chimeras. 

Keys Bi - red blood celia; BN - bone marrow; 	- mean of 
ten tissues. 
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legend: Plate 7.1 

Z'mograms of blood and bone marrow samples from chimeras 

13141, 1.140, 1.142, and blood samples from control mice, after starch 
gel electrophoresis and staining for glucose phosphate isomerase 

(G.P.I.) activity. Direction of migration is towards the 

cathode W. 

Key: aa 	homopo1nner produced by 22i-laa genotype. 

ab 	- heteropo)jmer produced by Gpi-lab genotype. 

bb 	- homopolymer produced by Gpi-].bb genotype. 

Rae - Blood sample from Recessive mouse. 

het 	Blood sample from mouse with Gpi-lab genotype. 

Numbers refer to age of cb1jniera (in days) when blood 

sample was taken. 

- bone marrow sample taken from chimaera at 

death, (same day as last blood sample). 

C3H '- Recessive chimaera, 1.314 shows a temporal shift towards 

Recessive component, (Gpiu.laa). 

Pigmanted-Q 	Recessive c1d.inera, 1.140 shows a temporal shift 
away from the Recessive ccmponent. 

X)42 
(C7BL x G3H)F1  4  Recessive chimaera/shows no marked temporal 

shift between 20 and 164 days. 



bb 
a b 	CONTROLS 
a  

+ 

C57BL 
het 	x C57BL C3H Rec het 

C3H 

4ow 

Rec 30 40 50 100 331 BM C3H 

+ 

X34 

X40 

+ 

X42 

+ 

het 20 30 40 49 100 164 BM 



91 

7.5 Discussion 

The results suggest that a marked preponderance of one red-b].00d-

eel], population is accompanied by a temporal shift towards the predominant 

population in the adult chimaera • In the two chimaeras which showed 

the most marked temporal shifts (1314 and X140), the proportion of Recessive 

GPI in the bone marrow at death more closely resembled the proportion in 

the red cells at death than earlier in development. Although this is 

in agreement with a temporal shift in the proportions of committed stem 

cells in the bone marrow, as well as a shift in circulating red blood 

cells, the evidence is inconclusive as the bone marrow comprises stem 

cells for both red and white blood celia, and the spleen is also involved 

in erythropoieais in the adult mouse (Rifkin et al.s 19714). These ob-

servations support the hypothesis that selection In the erythropoietic 

tissue involves a difference in mitotic activity, but in no way excludes 

the additional involvement of a differential sensitivity to erytbro. 

poietin or differences in the lifespan of mature erythrocytes. 

Although the results from the C3H <--j0 057BL chimaeras suggest that 

selection is operating before the first blood samples were taken, the 

early blood samples for 1314 end IhO do not show an equivalent predominance, 

but without more extensive data no interpretations can be made • The 

small number of chimaeras in each group also prevents assessment of the 

proposal, made in Chapter 6, for heterosis of (C7BL x C3H)F1  erytbro 

pietic tissue. Although selection seems likely towards Q3B red cells 

in CM * Recessive chimeras, the results from C57BL Recessive and 

(C57BL x C3H)Y1 	Recessive chimaeras are more equivocal. The small 

preponderance of F cells and the negligible shift towards this population 



in X11, XI2 and 114.3 may reflect a weak selection pressure. If theee 

chimeras had lived as long as the CA Recessive and the C57BL *-

Receøjye grups, temporal shifts might have occurred. The failure 

of Wenn & Gilman (1970) to detect a temporal shift in nine C311 

C57BII.L0 chiierae  also probably reflects the short sampling period 

used (25 days). 

The results of this study suggest that an extended analysis of 

chimeric blood may yield information about genotype interactions in 

the haeaetopoietic tissue. It would be of interest to test for pos-

sible heterod.e of (057BL x C3H)F1  in both red and id*ite blood cell 

populations, using larger groups of chimeras and sampling over a longer 

period. 



CHAPTER 8 

MWAIANCED DISTRIBUTICK OF MELOMMES IN DORSAL CQA10? CHIML.A8 

8.1 

Chimaeras, made by aggregation of two embryos from the randomly  

bred Q strain, and X.inactivaticn mosaics both have similar, balanced 

distributions of pigmentation in the dorsal coat, while (C57BL x C3H)F1  

4-0--Recessive chimeras tend to have an unbalanced pigment distribution. 

The unbalanced chimeras have a higher proportion of Fi  pigmentation in 

the posterior part of the coat. This observation can be expiRined it 

differences in the timing of the migration Of the two me1anocte popula-

tions from the neural crest cause anterior-posterior differences in 

selection pressures. 

8.2 Introduction 

The malanocytes responsible for the coat pigmentation provided one 

of the first genetic markers in mouse aggregation chimera* (Tarkovaki, 

194a). Mints (1967) suggested, in an early paper, that "the initial 

melanoblast tpes seem first to take up alternating rather than random 

positions" in two 10 4t1viitvUy mid-dorsal c}wifnR. Wolpert & Gingeil 

(1970) argued that Mints's data was theoretically compatible with a ran-

dom distribution of aelanoblasts, and a much larger study by Mints led 

her to retract her earlier o1 4m for a non-random distribution (See 

Chapter 29  and Mints, 1971a). 

Mints's revised Interpretation of the origin of coat ma1anoytes 

from two chain of seventeen melanoblast clones, randcaly distributed 

along the length of the neural crest, is now widely accepted. Very 



similar patterns of coat pigmentation are seen in chimaeras and I-

inactivation mosaics, heterozygous for Cattanach's flecked translocation 

(Cattanach et al. 1972; Cattanach, 1974)9  although Grdneberg (1969) 

had earlier suggested that the ventral mid-line effects frequently ob-

served in these mosaics did not occur in chimaeras. 

IILaren (unpublished observation) has noted a tendency for the 

Recessive population of melanocytea to be predominant In the anterior 

half of the coats of many of the (057BL x C3K)F1  *3PRecesalve chimaeras 

studied by )Laren & Bowman (1969). This observation suggests the 

possibility of a non-random or unbalanced distribution of the two melan-

ocyte populations in obimaeras of some strain combinations, perhaps 

similar to the unbalanced anterior-posterior distribution already des- 

cribed for the skull and vertebral column of C311 	C57BL chimaeras 

(Moore & Mintz, 1972) where the C57BL skeletal phenotype is predominant 

towards the anterior. 

The present study represents a semi-quantitative analysis of the 

distribution of the pigmentation in the dorsal coat of (C57BL x C3H)F1  

4- Recessive chimaera* and other groups of chimeras and mosaics. 

8.3 	Materials and Methods 

(a) Mice 

Seven groups of ohimaerio or mosaic mice with two distinguishable 

melanocyte populations (pigmented and cream, or albino), were used in 

this study. is described in previous chapters, the ch(n.eras  were 

kindly provided by Di's Anne MeLaren, Patricia Bowman and Mrs Janet Carter. 

The 1-inactivation mosaics were all flecked mice, heterozygous for 

Cattanach 'a tranelocation, as described in Chapter 3. 



(b) 	&Ignis of dorsal. coat  

Nice were killed by cervical dislocation anddnned following a 

ventral, medial incision. The pelts were preserved by rubbing with a 

mixture of boracic acid and Keating 's insecticide powder and pinned on 

cork boards for two weeks. The pelts of the two (CBL x C3E)F1  '- 

Recessive ohimaerae and (C57BL x 03B)71 	Recessive chimaeras 11-133 

were made available for study by Dr Awne McLaren, and all other pelts 

were prepared by the author. 

Patches of roughly uniform pigmentation were traced on a 6" x 8" 

photograph of each pelt, with reference to the original. The pigment-

ation was subjectively classified on a five point scales A, almost 

entirely impigmenteci.; B, predominantly unpigmented; CO  approximately 

equal proportions of pigmented and unpigmented hairs; D, predominantly 

pigmented; E, almost entirely pigmented. To avoid complications from 

the Tanoid gene (a td ) which is segregating in the Recessive stock, only 

the dorsal coat was considered. A line was drawn from the tip of the 

nose, mid-way between the earaj, to the base of the tail at the rump. 

This line was divided into four equal lengths, numbered 1 to li. from the 

anterior, and areas to the left and right of this mi4line were marked 

off by drawing parallel lines either aide, at a distance equal to one 

quarter of the width of the pelt at the centre. In this way, the dorsal 

coat was divided into eight areas, as shown in Plate 8.1. The area of 

each patch of pigmentation was measured from the photograph, using a 

planimeter, and the percentage of pigmentation calculated as: 

11 (B+C+ 
0  +E) xl00% 

A + B + C '+ D + 



Plate 8.1 

Pelt of (C57BL x C3E)F1  '- Recessive chimaera 133, 

showing extreme imbalance in anterior-posterior pigment 

distribution. 

Below: drawing of pelt showing the eight regions of the 

dorsal coat analysed. 
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This percentage was calculated separately for the entire dorsal 

coat, each of the four anterior-posterior regions (summing over both 

sides), and the two sides (summing over the tow' regions). The devi-

ation of each of these six areas from the whole dorsal coat was calculated 

In order to remove variation in total pigmentation between the chimaeras 

and allow comparisons between regions, or sides. 

Although the method used 18 based on subjective classification and 

liable to artifacts due to uneven stretching, the same techniques are 

used in each group compared. 

As before, an Olivetti Prograinma 101 was used for the statistical 

analysis. 

(c) Eleetrophoretic analysis 

The proportions of the two component populations in samples of gut 

and abdominal wall were estimated to the nearest 10% by starch gel 

electrophoresis of GPI, as described in Chapter 6. Samples taken from 

different parts of the gut and abdominal wall were compared to determine 

whether anterior-posterior trends occurred in these organs. (The 

samples of gut show only the two homopo]rmer isozyme bands, whereas the 

abdominal wall samples show three bends: aa1  ab and bb). 

8.4 Results 

In agreement with Cattanach at al. (1972), the coats of the mosaic 

group appear similar to the chimaeras made by aggregating embryos of the 

random-bred Q strain, and some animals in each group show dorsal and 

ventral mid-line effects (See Plate 8.2). 

Table 8.1 shows the estimated percentage pigmentation in each 

n1t1 used. The estimates for the (C57BL x C3R)71  * Recessive 
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chimaeras are in good agreement with independent estimates of GrUneberg 

& 4oLaren (1972) on the same animals. 

The regional deviation from the whole dorsal coat estimate, for 

each of the four anterior-posterior regions (summing over left and 

right sides), is shown for each of the tour larger groups in Fig. 8.19  

and the three smaller groups in Fig. 8.2. Fig. 8.1c suggests that the 

proportion of F1  pigmentation is higher in the posterior hail of the 

coat of (C57BL x C3H)F1  — Recessive chimaeras. 

Comparisons between left and right sides in the four major groa 

using Student's t-test, show no significant difference in the deviation 

of percentage pigmentation from the whole dorsal coat. Similar com-

parisons between the two regions either side of the mid-line (regions 

2 and 3) show a significant difference only for the (C57BL x C3H)F1  

Recessive chimaeras (t - 6.69; P< 0.001). Analyses of variance show 

differences among the tour regions in both this chimaeric group 

(F a 32.85; P : 0.001) and the mosaics F16 
'm 7.72; P & 0.001). 

Further analysis using an Olivetti statistical program based on the 

method of Sokal & Rohif (1969), show a significant regression only for 

the chiui.eric group (F 	21.06; P < 0.05), although this is significantly 

different from a linear regression (F 0 4.271  P < 0.05). 

The results show that the pigment distribution in (C57BL  x  C3H)F1  

Recessive chimaeras is clearly unbalanced, while in the other three 

main groups the distribution is more nearly balanced between the tour 

anterior-posterior regions. Further observations are necessary before 

meaningful conclusions can be drawn from the three smaller groups, although 

the results shown in Fig. 8.2 are suggestive of unbalanced distributions. 



Plate 8.2 

Photographs showing similarity in pattern of coat 

pigmentation between mosaics and pigmented.-Q 	unpigmented-Q 

chimaeras. 

Mosaic, 1437 

PigmentedQ 4-0 unpigxnented*Q ohFnAera,  1Q6 

Dorsal view of pigmented-Q 	unpigmented-Q chimaera, XQ30. 

Ventral view of chimaera XQ30. 

Note, ventral midline and quartering effects in chimaera 1Q30 

(d), similar to that noted for mosaics by Grttnoberg, (1967). 
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Table 8.1 Estimation of percentage pigmentation (P) in dorsal coats of chimaeras and mosaics. 

(C57BL x  C3H)F1 	RecessivePigmented-Q Recessive Pig-Q&-4  Unpig-Q Mosaics Minor groups 

Chimaera P Pt Chimaera P Chimaera P - Mosaic P Chimaera 	j P 

Xld 68 65 X389 68 IQ2d 91 Ni 58 (CBAxC3H)F14-Reces. 
X2d 71 60-65 X39d 58 XQ6cr 61 M2 56 X56 	46 
X9d 90 90 X40d 55 XQ19 78 M3 551 x6d 45 
XiOd' 78 85 X4Id 60 XQ269 67 Mu. 58 
X13d 49 45-50 X45d 73 XQ29 74 M5 78 03H - 	Recessive 
X14 71 75-80 X46d 77 XQ30d 79 M6 59 X34d 	15 
X16d 40 20 X47d 86 M7 69 X35d 	37 
X18d 3 5 X48d 66 M8 73 
X199 39 45-50 M9 58 257BL '—* Recessive 
X2Occ 70 65 MI-0 47 X36d 	68 
X219 21 25 Nil 65 X37d 
X26d 53 55 M12 80 
X27d 74 70 M13 65 
X28d 78 80 M14 68 
X29d 98 95 Ni5 79 
X31d 71 75 N16 83 
X329 36 N17 67 
X33d 68 N18 63 
x419 47 Ni9 62 
X42d 54 M20 72 
X43d 68 N22 59 

M23 61 
M2L. 63 
M25 71 
M26 71 
M28 62 
M29 65 
N30 88 
M31 61 
M33 601 1  

Meanse 59Z5 60±6 68'4 75th4 -66+ 

(±sd) (±23) (±26)  (±10)  (±10) 

PT = Percentage or pigmentea nairs es uaaieu. vu-.y ii-uni 



Fig. 8.1 

Deviation of proportion of pigment, in 1 anterior-posterior 

regions of the dorsal coat, from the whole dorsal coat. (See 

Plate 8.1 for regions considered). 

Mosaics 

Pigmenteds.Q -4  unpigznented-Q chimaeras. 

(C) 	(C7BL x C3H)F1  -' Recessive o}th"aerae. 

(d) Pigmented..Q 	Recessive chimaeras. 
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Deviation of proportion of pigment, in 11. anterior.. 

posterior regions of the dorsal coat, from the whole dorsal 

coat, for minor groups of chimaeras. 

C3H 4P Recessive 

C7BL"- Recessive 

(CBL x C3H)F1  4  Recessive. 
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Table 8.2 Percentage "pigmented" component in regions of the 
dorsal coat and abdominal wall (GPI electrophoresis). 

Organ: Dorsal Coat  Abdominal Wall 
anterior-posterior regions 1 2 1 	3 L 1 j 	2 3 

Group Chimaera 

F1  *- Recessive X111 24 23 72 75 tO 30 40 
X42d 36 hO 61 76 60 60 70 
X43d 58 57 76 79 hO hO 40 

C3H *- Recessive X34d L 6 38 8 60 60 60 
X356 1 19 62 59 30 30 20 

C57BL-Recessive X366 46 58 76 85 hO 40  30 
X37d 1 0 3 1 0 10 0 

Table 8.3 Percentage of "pigmented" component in regions of the 
alimentary canal. 

anterior-posterior stomach saaIii.ntestine  Caecuni Large intestine 
regions  1 1 	2 1 	3 4 1 1 	2 1 3 

Group Chimaera 

F1 X11 70 60 70 70 70 70 60 60 60 Recessive 
x42 70 80 80 80 70 80 70 60 60 
X43 60 60 70 70 60 60 50 60 50 

C3H'— 
Recessive X34 50 hO 50 hO 50 40 50 10 50 

X35 40 20 hO 30 hO ho 50 30 30 

C57BL 
Recessive X36 hO 60 hO ho Lj.O 60 50 50 50 

X37 10 30 30 40 40 50 20 30 20 
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The unbalanced distribution is not seen in the coat pigmentation 

of all (C57BL x C3li)71  4- Recessive chimeras, and Tables 8.2 and 8.3 

suggest that when an imbalance does occur, it is not accompanied by an 

anterior-posterior imbalance in the gut or abdominal wall. 

8.5 Discussion 

The unbalanced anterior-posterior pigment distribution in (C7BL 

C3H)F1  4-4> Recessive chimaeras suggests different selection pressures 

in different regions of the dorsal coat. A similar unbalanced distri-

bution in the skeletal system of C3H '- CS7B116 chimaeras has been ax-

pl4ned on the basis of an anterior-posterior temporal gradient (Moore 

Mintz, 1972). These authors suggest that the "apparent spatial 

gradient of strain types along the axial skeleton may therefore reflect 

an underlying temporal gradient in which the C57BIJ6 genotype has an 

early advantage that is lost in time to the C3H genotype". 

The melanocytes migrate laterally from the neural crest and 

colonise the skin and hair in an anterior-posterior sequence (Ravies, 

197). If the timing of the initiation of melanocyte migration is 

cell-autonomous, Moore & ntz's temporal-gradient concept is compat-

ible with the present results from the dorsal-coat pigmentation. It 

the migration of the melanocytes from the anterior part of the neural 

crest is initiated earlier in Recessive melanocytes, these would be at 

an advantage and each Recessive clone could colonise a large area of 

skin and hair. However, if the anterior-posterior sequence of migration 

occurs more quickly in (C57BL  x  C3H)F1  melanocytes, the development of 
they 

this population may overtake the Recessive melanocytes and/may start to 

migrate from the posterior part of the neural crest earlier than the 
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Recessive population and so have a selective advantage in this region. 

Moore & Mintz (1972) suggest that  C57BL/6JNIcr embryos appear to 

be initially larger, but by day 13 C3H/HeNIcr embryos have caught up or 

overtaken them. Studies on preimplantation embryos (MoLaren : 3e Bowmanp 

1973) suggest a delay in the initiation of cleavage of C3H/BiMcL and 

(C3}W x C57B1d)F1  embryos compared to C7BI4L and (C7BL9 x C3}1f)F1  embryos, 

which is probably due to a delay in the fertilization of C3IV.NcL eggs 

(Nico]. & McLaren, 1974). Differences in developmental timing clearly 

occur between inbred strains, although no data are available for the 

melanocyte migration patterns in Recessive or (C57BL x C3H)F1  embryos. 

Although chimaeras are formed by aggregating two embryos conceived on 

the sane day, the mating tines, and hence fertilization times,, may differ. 

If the Recessive population is developmentally older than the F1  popul-

ation in some chimaeras, the selection pressures may develop differently 

from the majority of chimaeras in the group, and so a more balanced 

distribution of pigment may result. 

The present results illustrate the complex relationship between the 

genotype combination and the ch1jnerio phenotype. An enlarged study 

using both C3H 	Receaive and C57BL *- Recesaive chimaeras would be of 

considerable interest, as differences in the pigmentation patterns might 

be expected between these two groups. 



CHAPTER 9 

GENERAL DISCUSSION 

The theoretical relationships between patch size, clone size and the 

proportion of each cell population, discussed in Chapter 2, have enabled 

estimates to be made of the adult clone sizes in chimeric liver and 

both mosaic and chimaeric pigmented-retinal epithelium. In both these 

systems the clone sizes are surprisingly smalls about 10 - 34 nuclei 

per three-dimensional clone in the liver and about 5 or 6 nuclei per two-

dimensional clone in the pigmented epithelium. A similar small adult 

clone size of 12 - 60 cens has been estimated for the human scalp epi-

dermis (Gartier et al.j, 1971). These small clone sizes argue strongly 

for considerable cell movement and mixing quite late in development. 

Gillneberg (1967) noted numerous hairs containing mixed pigmentation in I- 

inactivation mosaics, heterozygous for 	 translocation. This 

observation, together with a recent estimate of 20 macroscopic clones in 

the head and body regions (Cattanach, 1974), suggests considerable local 

mixing of the aelanocytea such that a single hair follicle may be colon-

ised by cells from two or more adult clones. 

The email adult clone sizes seen in mouse chimaeras and mosaics is 

in complete contrast to the situation in insect mosaics where the adult 

clones are large, continuous and have smooth outlines which suggests 

"that there is little individual coil movement in these systems" 

(Schneiderman & Bryant, 1971). (See also, Garcia-Beflido et al.., 1973; 

Lawrence, 1973). 

The present evidence for cell mixing until quite late in mouse 

development appears to be in conflict with the phenomenon of contact 
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inhibition of movement seen in monolayer call cultures (Abercrombie & 

Heayarnan, 194). However, recent evidence from three-dimensional tissue 

explants shows that individual cells can migrate through a solid tissue 

mass1  (Wiseman & Steinberg, 19731  Armstrong & Armstrong, 1973). 

The observed email adult clone sizes have implications for other 

studies using chimaeras and mosaics as indicated in Chapter 1. The 

relatively high frequency with which cells lie adjacent to cells of un-

like phenotype adds strength to the evidence, from isozyme studies, 

against cell fusion in the liver, (See Chapter 1). 

Differences in apparent selection pressures and of adult clone 

sizes have been detected in chimaeras of different strain combinations. 

These results emphasise the complex interactions between the two cell 

populations which contribute to the oh4maeric phenotype, and various 

selection pressures may result from differences in genotype or develop-

mental age. Table 3.7 in Chapter 3 summarises the main differences 

between X-inactivation mosaics and chimaeras. The mosaics tend to show 

less variation, between individuals,, in the proportion of the two com-

ponent cell population., although this may be modified by selection at 

the level of I--chromosome inactivation (Cattanach & Williams, 1972). 

The more variable proportions in aggregation chimeras probably results 

from a sampling event after aggregation of two "genetically marked" 

populations but before 1-inactivation., as discussed in Chapter 3. Most 

other differences between mosaics and chimaeras may be attributed to 

selection pressures in oh(erae  made between two inbred strains. Cell 

sorting-out, such that genetically similar cells tend to remain together, 

may also occur as suggested in Chapter 3 for cells of the pigmented 
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epithelium in (C57BL x C3H)F1  4-4Receesive chlierae.  The greatest 

similarity between mosaics and chimaeras is seen when consistent dif-

ferences in genetic background are removed by the use of chimeras made 

within random-bred strains (e.g. pigmented-Q *-ø unpigmented-Q chiinaaraa), 

and even closer similarities to the mosaic phenotype might be expected 

for chimaeras made between congenic strains. 

Several authors have ccmpared chimeric and mosaic phenotypes in 

order to investigate the validity and timing of 1--chromosome inactivation 

in the mosaics. In a number of cases larger patch sizes have been 

claimed for chimasras • These differences can only be interpreted on 

the basis of late I-inactivation if the larger ohii'v'eric patches are 

known not to result from differences in the proportions of the two popul-

ations, or from a tendency for cells of like phenotype to remain together 

in the ohimaerio group. These possibilities were not excluded in the 

studies of the pigmented-retinal epithelium (Deol & Whitten, 1972a), 

migratory melanocytes of the eye and inner ear (Deo]. & Whitten, 1972b) 

and tail banding patterns caused by the tabby gene () (McLaren, et al. 

1973). 

In conclusion, 1-inactivation mosaics and obiinaeraa show a broad 

phenotypic similarity and observed differences can be attributed either 

to cell selection or to an early sampling process, possibly inner cell 

mass formation, which occurs after the two chimeric populations have 

been "marked" but before I-inactivation. Comparisons between mosaics 

and chimaeras provide no conclusive evidence on the timing of X-chromosome 

inactivation. The comparison of chimeras of different strain combin-

ations offers a promising approach to the study at genotype interactions 

In v1.vo, while mosaics and chimaeras, made within random-bred strains or 

between congenic strains, provide useful tools for the study of clomal 

growth during development. 
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APPENDICES  



Appendix 2.1 

Derivation of one-djmensjcnal relationship between patch and clone 

numbers. 

In a randoni one-dimensional sequence of A and B clones the 

number of patches is equal to the number of clones forming the 

left hand end of a patch. A clone will be the left hand end of 

an A patch it it is k and its left hand neighbour is B. For any 

clone this has the probability p(1-p) where p is the proportion of 

A clones. 

Thus, in a line of N clones the expected number of patches is 

Np(1-p). 

Average number of clones per patch 	cpeoted number of A clones 
(Average patch size) 	Expected number of A patches 

- NP 
WP' (1-53 



Recipe for eabrjo fixative (modified after Sanfelice, 1918). 

2% chromic acid (Cr03, In water) 	 100 parts ] 

20% acetic acid 	 60 parts 

1.0% formaldehyde (commercial formalin) 	100 parts 

Distilled water 	 60 parts 

Nix A and B in equal parts imediate]y before use. 

NB: Wash specimens well in running tap water after fixation, 

otherwise etM(nlne may be impaired. 



Appendix 32 

tatiaation of mean cell area in pigmented epithelium 

Abercrombie (191.6) showed that the estimation of the nuclear 

population density from histological sections is only possible if the 

mean nuclear size is taken into account. Some of the nuclei visible 

in a section are whole nuclei, whereas some are nuclear fragments, so 

extrapolation of crude counts per area to apparent number of nuclei 

per volume will result in over-estimation. This is relevant to the 

estimation of the mean eell area over the surface of the retinal epi-

thelium, where the extrapolation is one of counts per length to counts 

per area. Abercrombie derived the following equation to correct for 

the exaggeration of nuclear counts: 

P - A[TL-57RJ 
where P is the average number of "nuclear points" per section, A is 

the crude count of visible nuclei per section, M is the section thick-

ness (in pm) and L is the average length of the nuclei (in pm) perpend-. 

±cular to the plane of the section. A "nuclear point" is any 

geometrical point of the same relative position in all nuclei and 

cannot overlap two adjacent sections. The function M/(L41)  is the 

proportion of visible nuclei whose "nuclear points" lie within the 

section. 

In chimeric or mosaic pigmented epithelium the nuclei can only 

be clearly seen In unpigmented patches, so the estimation is based 

entirely on one population of cells. The length of the nuclei was 

not measured In a plane perpendicular to the section as it was shown 

that the nuclei were qetrical. The mean nuclear length, based an 
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twenty nuclei, for ten mosaic eyes sectioned in the "1atituial" 

plane (6.31 0.11 run) did not differ significantly from the oquis 

valent mean nuclear length derived from sections in the "longitudinal" 

Plane (5.96 0.16 gm). (Values from a Student 'a tu'test: t - 1.94j 

P > 0-05)- 

In tangential sections the cells of the pigmented epithelium 

appear roughly aniznetrical, so if the estimated mean cell length 

(p araflel to the epithelial surface) is termed c, the cell area in c. 

The length of impigmented retinal epithelium considered will be called 

R. 	The cell area to be considered is the surface area rather than 

the area seen in the section and is equal to the area of retinal epi-. 

thelium (It x 14) divided by the number of nuclear points (P), or : 

2 RM 

As 

2 Rb! (L+M) cell area o - T X  

A 

cell length e 

where L is the mean nuclear length, visible in the section and parallel 

to the surface of the epithelium, 14 is the  section thickness (6 in), 

and A is the nuer of nuclei counted in the length of unpignted 

retinal epithelium,, R. This estimate of cell area (2) is a measure 

of the area per nucleus and is equivalent to the cell area only if 

each cell is IMIM,leate. 
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Appendix 3.4 shows there is no significant difference bwtween 

estimates of cell length from longitudinal and latitudinal sections. 

This supports the assumption that the cells are symmetrical. 



Appendix 3.3 	Data from Analysis of Pigmented Epithelium 

ADULTS 

NID-SCTION  MID-5m  I'UD+50m 
pigmented cell clone length pigmented cell clone jth pigmented cell lone length 

pig. unpig. pig. unpig pig. unpig..  Age proportion length proportion length proportion length 
-__Mouse (days) Eye p (km) (pm) (pm) p (p.m) (pm) (pm) p (pm) (pm) (pm) 

MOSAICS 

LONGITUDINAL 

170 L 0.60 13 37 35 0.59 13 25 25 0.62 13 27 27 
R 0.59 14 26 28 0.69 14 26 26 0.56 13 28 30 

M6 222 L 0.69 14 33 35 0.62 14 36 36 0.57 13 27 27 
R 0.72. 15 27 27 0.66 14 31 29 0.67 14 42 42 

NlO 270 L 0.71 16 35 36 0.52 14 36 38 0.74 14 31 34 
R 0.61 15 31 33 0.57 15 31 32 0.63 14 )41 40 

N17 135 L 0.76 13 29 30 0.73 14 30 31 0.68 14 28 29 
R 0.74 14 24 24 0.53 14 28 28 0.71 14 30 30 

N18 101 L 0.87 12 18 18 0.87 13 26 26 0.88 12 24 25 
R 0.66 12 26 26 0.75 11 22 22 0.69 11 31 33 

LATITUDINAL 

M5 345 L 0.55 16 36 36 0.52  15 33 33 
R. 0.61 14 31 31 0.53 15 35 35 

M7 62 L 0.53 13 31 30 0.58 12 30 30 
R 0.56 12 25 25 0.57 12 27 27 

M9 283 L 0.62 14 33 32 0.62 15 26 27 
R 0.50 16 33 33 0.57 15 31 31 

MU 277 L 0.)4)4 17 36 36 0.54 15 32 32 
R 0.47 17 34 33 0.56 15 32 31 

M16 148 L 0.42 15 29 29 0.67 12 36 37 
R 0.51 15 36 37 0.59 12 36 37 
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MID-SECTION 11 MID - 500 pm 	 II MID+ 50Ctm 
pigmented cell alone length pigmented cell clone length pigmented cell clone length 

CHIMAERA 
Age 

(days) Eye 
proportion 

p 
length 
(pm) 

proportion 
p 

length 
(jan) 

proportion 
p 

length 
(pan) 

pig. 
(pm) 

impig 
(pan) 

pig. 
(pan) 

impig. 
(pan) 

pie. 
(pan) 

unpig. 
(pan) 

Pigmented-Q unpigmented 
-Q 

LONGITUDINAL 

XQ2cr 462 L 0.29 15 34 36 0.27 11 33 33 0.21 13 35 33 
R 0.43 13 31 32 0.47 13 31 31 0.30 12 31 29 

XQ19 )440 L 0.74 14 36 36 0.70 13 34 34 0.79 13 34 33 
B. 0.73 13 32 33 0.56 13 32 31 0.55 13 28 28 

XQ299 112 L 0.33 16 25 26 0.08 16 31 27 0.08 16 29 27 
B. 0.20 14 38 38 0.15 16 )4)4 46 0.14 17 39 3.5 

LATITUDINAL 

XQ6d )46)4 L 0.60 13 36 37 0.66 12 33 33 
R - - - - 0.62 11 26 26 

XQ269 331 L 0.71 16 36 36 0.69 13 4 46 
B. 0.45 16 41 41 0.46 13 35 35 

XQ30d 112 L 0.77 14 38 38 0.70 14 36 37 
B. 0.81 14 33 34 0.73 14 39 40 
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MID-SECTION MID - 500 itm MID + 500Ltth. - 
pigmented cell clone length pigmented cell clone lengthl pigmented cell clone length 

Age proportion length proportion length proportion length pig. junpig. pig. lunpig. pig. 'impig. 
CHIMAERA (days) Eye P (jnn) (nii) (i) p (pm) (tm) (pm) P (nn) (tm) (tm) 

Pigmented-Q - Recessive 

LONGITUDINAL 

X389 245 L 0.91 14 18 20 0.80 14 28 30 0.69 13 32 32 
• R 0.91 14 21 24 0.96 12 15 19 0.72 12 28 29 
X4o3 201 L 0.65 13 28 28 0.58 16 48 14.5 0.63 13 26 24 

R 0.41 14 4I. 45 0.39 15 35 34 0.47 14 41 39 
X)45d 111 L 0.88 13 34 34 0.88 12 18 19 0.90 14 35 35 

R 0.89 13 22 23 0.87 15 36 41 0.88 13 22 22 
X47d' 111 L 0.66 15 33 33 0.64 15 39 )40 0.58 1)4 27 28 

R 0.76 14 24 25 0.79 13 31 31 0.87 13 21 21 

LATITUDINAL 

X39d 	• 201 L 0.75 13 31 32 0.77 12 21 20 
R 0.74 13 27 28 0.82 13 26 26 

111 L 0.46 17 49 49 0.)4)4 15 48 50 
B. 0.42 15 144 14I. 0.34 14 42 43 

X46d 111 L 0.90 14 26 27 0.88 14 29 27 
B. 0.92 14 21 23 0.87 14 31 31 

X48d 168 L 0.66 19 62 66 0.73 17 50 50 
R 0.79 16 49 50 0.77 16 46 45 
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NID-SJTION 1 1-aD - 500 pm I 	MID + 500 p.m 

pigmented cell clone length pigmented cell clone length pigmented cell clone length 
pig. 
(p.m) 

unpig. 
(Pm) 

jig. 
(ni) 

mpig. 
(tim) 

pig. 
(tim) 

unpig. 
(p.m) CHIMAERA 

Age 
(days) Eye 

proportion 
p 

Length 
(tim) 

proportion 
p 

length 
(gm) 

proportion 
p 

.ength 
(p.m) 

(Cc7BIC3H)F-Recessive 
LONGITUDINAL 

- - - 

Xl0*d 582 L 0.87 13 314. 33 0.81 13 39 41 0.81 14 30, 30 
R 0.81 114. 26 26 0.78 13 30 33 0.82 13 28 30 

X16*d 329 L 0.24 13 45 43 0.07 - 46  14.6 0.13 - 43 40 
P. - - - - - - - - - - - - 

X27*d 513 L 0.67 13 14.1 40 0.70 13 14.9 55 0.74 13 37 38 
P. 0.74 14 39 42 0.80 13 26 27 0.71 12 54 54 

X41 167 L 0.14.8 15 38 38 0.33 15 42 43 0.50 15 )40 41 
P. 0.38 16 49 51 0.38 15 30 29 0.34 16 36 35 

X43c 164 L 0.55 15 34 33 0.42 15 34 34 0.141 16 37 38 
R 0.28 15 38 39 0.39 15 )40 4o . 0.12 15 24 22 

LATITUDINAL 
X2*d - L 0.48 14 49 47 0.51 114. 144 

P. - - - - - - - - 

xq~ld 619 L 0.85 13 33 32 0.80 13 38 39 
P. 0.71 1 	14 48 14.9 0.68 14 39 43 

X12 - L - - - - - - - - 

P. 0.29 16 61 62 0.32 14 So 50 
X18d - L - - - - - - - 

P. 0.01 12 75 82 0.00 - - - 

X26*d. 527 L 0.144 12 45 45 0.52 13 46 47 
R - - - - 0.66 12 35 35 

X28 555 L - - - - - - - - 

P. 0.69 114. 39 42 0.70 12 42 43 
X31* 556 L 0.79 12 32 33 0.81 12 47 46 

P. 0.68 12 45 45 - - - - 

X42d' 164 L 0.80 17 39 38 0.76 16 111 14.1 
R 0.85 14 35 36 0.78 14 35 35 

* Eyes stored for up to three years in 70% ethanol after fixation in Bouin's fluid. 
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-STI0N MID - 500, pm MID + 500 
pigmented cell clone length pigmented cell clone length pigmented I cell c1on 	1enth 

pig. unpig. pig. unpig. pig. unpig. Age proportion length proportion length proportion length 
C}W'IAERA (days) Eye p (pm) (PM) (pa) p (pm) (pn) (pm) p (Lrri) ("Lm) (P.M) 

(C BA x C3H)F1  E- 	RecessivB 
LATITUDINAL 

X5d - L - - - - - - - - 
R 0.69 14 41 41 0.55 13 38 38 

C 3 	9-Rece8S 

LONGITUDINAL 

X35 d 274 L 0.04 16 24 21 0.08 16 54 47 0.10 15 36 33 
R 0.05 13 19 19 - - - - - - - - 

LATITUDINAL 

X34d 331 L 0.53 14 49 49 0.58 13 40 39 
R 0.56 14 51 51 0.55 14 41 41 

C57BL 4-, Recessive 

LONGITUDINAL 

X36d 285 L 0.54 14 28 28 0.49 14 36 36 0.55 13 32 33 
R 0.49 15 33 33 0.41 15 41 39 0.19 15 28 28 

LATITUDINAL 

X37c1 285 L - - - - - - - - 
R 0.12 12 49 ljli. 0.03 12 28 23 

* Eyes stored for up to three years in 70% ethanol after fixation in Bouin's fluid. 
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Mid para-sagittal sections 

MOSAIC EMBRYOS CHIMAERIC EMBRYOS 

pigmented cell clone length Pig-Q 	Tnpig-Q pigmented cell clone 1ngth 
Mosaic proportion length pig. 	unpig.. Chimaera proportion length pig 	'unpig. 

Eye p (pm) (tin) 	(P.M) Eye p (tim) (tim) 	(tim) 

121 days days 

M1./1 L 0.61 9 U 11 XE1 L 1.00 - - - 
R 0.45 9 9 9 R 0.96 10 15 16 

M1./5 L 0.46 9 11 11 XE2 L 0.98 10 10 10 
R 0.46 9 10 10 R 0.96 9 10 10 

M4/6 L 0.70 8 10 10 XE3 L 0.96 9 10 10 
R 0.63 9 10 10 R 0.96 9 12 11 
L 0.69 9 10 10 XEL L 1.00 - - - 
R 0.77 9 8 8 R 0.99 - 7 8 

M6/1  L 0.52 8 10 10 XE5 L 0.78 10 14 114. 
R 0.50 9 10 10 R 0.88 9 10 11 

M6/14. L 0.78 10 8 8 XE22 L 0.96 9 7 8 
R 0.83 9 9 9 R 0.97 10 8 12 

131 days 131 days 

M23/1 L 0.40 10 13 13 
R 0.35 10 11 U 

M23/2 L 0.54 10 13 13 
R 0.59 913 13 

M23/3 L 0.83 10 13 12 
R 0.76 10 11 11 

M34/1 L 0.146 9 13 13 
It 0.32 10 11 11 

M35/1 L 0.14.7 9 18 18 
It 0.44 9 11 11 
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MOUSE MMYOS CHfl4kERIC ITMaRYOS 

pigmented cell clone length Pig-Q E-+ IJnpig-Q pigmented cell clone leneth 
Mosaic Droportion length pig. 	impi. Chimaera proportion length ig. 	unpig. 

re P (i.ra) (pm) 	(pm) Eye p (km) (pm) 	(pm) 

JJ 	days 141A, days  

M22/1 L 0.70 10 13 13 XE16 L 0.46 10 14 14 
R 0.78 10 11 II R 0.52 10 13 13 

M22/2 L 0.53 10 18 18 
R 0.59 10 12 12 

M31/1 L 0.43 10 U U 
R 0.28 U 13 13 

M33/1 L 0.55 11 11 U 
R 0.44 U II U 

M33/2 L 0.58 10 14 14 
R 0.67 10 12 12 

15* days 15* days 

I'19/1 L 0.50 10 13 13 XE10 L 0.02 11 23 23 
R 0.50 11 18 18 R 0.14 12 27 27 

M20/1 L 0.36 10 17 17 
R 0.38 11 14 14 

M20/2 L 0.42 10 15 15 
R 0.14.5 11 19 19 

M20/3 L 0.57 12 14 13 
1?. 0.64 U 17 17 

M20/6 L 0.76 12 19 19 - 
R 0.74 11 16 16 
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MOSAIC EMBRYOS AND NEWBORN MICE CHIMAERIC EMBRYOS AND NBOR1J ICCE 

pigmented cell clone length Pig-Q 	-Unpig-Q pigmented cell clone ingth 
Mosaic proportion length pig. 	unpig. Chimaera proportiaa length pig. 	unpig. 

Eye p (tim) (Pm) 	(tin) Eye p (tim) (rn) 	(im) 

18* days ' 18* days 

M26/1 	L 	0.69 12 15 16 
R 	0.65 12 18 19 

M26/2 	L 	0.67 13 17 ' 	17 
R 	0.67 13 19 19 

M26/3 	L 	0.6 12 211. 23 
R 	0.48 12 16 17 

M26/4 	L 	0.57 12 18 18 
R 	0.66 12 20 20 

M29/1 	L 	0.114 ' 	13 iS 15 
R 	0.48 12 16 16 

20* days (NLWB0R) 20* days (NLW B )RN) 

M21/1.1 	L 	0.49 13 23 211. XE12 L 0.40 12 29 29 
R 	0.11.2 12 20 20 R 0.36 12 27 27 

M21/2'.l 	L 	0.44 12 20 19 XE13 L 0.11.6 11 23 23 
R. 	0.55 12 20 20 H. 0.11.7 11 21 22 

M28/1 	L 	0.55 12 21 21 XE14 L 0.21 111. 30 30 
R 	0.57 11 17 18 H. 0.20 13 21 21 

M28/2 	L 	0.68 12 19 19 XE15 L 0.78 12 31 30 
H. 	0.64 12 22 21 ' H. 0.50 	- 111. 19 20 

M28/3 	L 	0.53 13 20 20 
H. 	0.61. 13 22 21 	

11 1 



Appendli 3.4 	Cari son, between mid-aecti cna, of 1cigitwitua1 and 2.tit4in-1 planes, takrx 
fron the same eight mosaic eyes (from five mosaic mice). 

Primeter 
Longitudinal 

Plane 
Latitnd1.n; 

Plane t-vaue Probability 

Proportion of pintation 0.64 	0.02 0.63 	0.03 3.1i > 0.0 

Mean pigmented clone length (juu) 25-63 	1.46 29.75 	2.34 1.49 '0.05 

Mean wipigmented clone length (i.m) 26.25 	1.60 s0. 25 	1.32 1.32  0.05 

Mean cell length 14.50 	0.42 15.25 	0.25 1.5., >0.05 
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$..glucuz,onjda.e atii4jng method 

The method adopted for .'g1ucurida.e histochemistry is modified 

after Hayashi at a].. (1964), and the routine procedure is as follows: 

Remove liver, wash in 0.87% saline and fix amal.1 pieces of 

tissue (about 0.05 0.10g) in neutral formol-calcium at 1 0C 

for 1 hour. 

Blot dry and transfer to Holte gum sucrose at 140C for 214 hours 

2 weeks. 

Snap freeze in liquid nitrogen. 

Out sections at 7.5 pm or 10 on on a Leita kryc*nat and 

freezing aicrotome. 

Thaw sections onto elides, coated with glycerine albumin, at 

room temperature. 

Keep slides in 0.211 p115 acetate buffer, on ice, until all the 

sections are out. 

Transfer slides to the staining mixture and incubate at 370C 

for 3 hours. 

Wash twice with tap water. 

Counterstain in freshly prepared 0.5% met-11 green  in o.m 

Veronal acetate buffer for ij mimtes. 

(io) Wash twice with tap water. 

(U) Transfer to 30% ethanol for 3$ second.. 

It 	1150% 	" 	3$ second.. 

" 70% 	" 3$ seconds. 

(114) 	"90% 	" 	" 15 seconds. 

1 Methyl green was obtained from Searle Diagnostic, Hgh Wycombe, Bucks., 
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Transfer to 100% ethanol for 15 seconds. 

ii  100% 	" 	" 15 seconds. 

"Xylene for 5 minutes. 

"Xylene for 5 minutes. 

Mount in D.P.X. 

REAGENTS 

Formal-calcium fixative 

1 g anhydrous calcium chloride in 60 ml water. 

1l 40% formaldehyde 

Water to ioci. 

(Adjust to pH 7.0- 7.2 with NaCI) 

Holt 's gun sucrose (hypertonic) 

30.12g sucrose 

lg gum acacia 

Water to 100 ml 

Veronal acetate solution 

9.714g sodium acetate trihydrate 

24.714g sodium barbitone 

Water to 50l 

021(, pH acetate buffer 

500zl 0.2M sodium acetate 

209m1 0.214 acetic acid 

From Fisones  Loughboroughj, Leicestershire. 
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.gluouronidaee staining mixture 

The working solution for the staining mixture is prepared from 

a dye solution and a substrate stock solution immediately before use. 

dye solution : mix ig pararosAnAline hydrochloride  

25m]. 2N 1101 

Filter and store at room temperature. 

Li% sodium nitrate solution (no more than 1 week old) 

substrate stock solution (0 .mM naphthol S-Bl-.glucuronide Na 

salt in 0.2M acetate) 

26mg napbLhol AS-BI glucuronide (free acid)1  

1.2m1 0.0M sodium bicarbonate 

when fully dissolved add 0.2M pH5 acetate 

buffer to 100nl. 

To prepare working solution: 

mix 0.6m]. (a) and 0.6nl (b) 

wait one minute 

add 20nl (c) 

adjust to p115.2  with iN NaOH 

add water to 4CVn1 

filter 

From Sigma C}tical Company, London. 



Eitiatjon of liver shrinkage 

The specific gravity of fresh liver and the degree of shrinkage 

after fixation were estimated using a spsoitio gravity bottle. To 

avoid osuotic problems isotonic saline (0.87% i) was used in the 

specific gravity bottle with the liver in place of water. 

The procedure used was as follow. 

Weight ofespt78,0.bottle A (g) 

Weight of B.G. bottle and water * B (g) 

Weight of 5.0e bottle and 0.87% NaCi a C (E) 

Weight of liver a I) (g) 

Weight of B.G. bottle + 0.87% NaCi 

+liver as (E) 

Voluas of B.G. bottle BA (cm3) 

B.G. of 0.87% NaC1 	 - 

Volua.4, of liver 	• voluas of 0.87% NtCl displaced 
- weight at 0.37% NaCi displaced 

S.G. otO.87%1i 

a [(C-A) - (_Au,D)J x 

(cnl3) Mal 
About eight pieces of liver with a total weight of about one gram were 

weighed and the Yolas detereined as described above. After fization 

and transferring to Holt' Gm Swrose for up to one week, the weight 

and voluzns were determined again. 

Tpical results are shown below s 

% volas thinI gs  

a 1 hr fixation in forl-caloiva, 	.6.07 
bJ 	24 hz's in Bolt's Gm Sucrose 	"7.32 	 Mean 

1 hr fixation in tormolu.c*lciu, 	9.l.5 	 .9.19% 
dJ 	l week 1n Holt' sGuaros. 	-14.20 
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% volume change 

e 	1 hr fixation in Bouin 'a fluid, 	-28.27 

1 hr in each alcohol to 

toluene (214 bra total) 	 controls 
No fixation, 5 minutes in 0.87% NaCl +0.514 

+0.1414 

There is some indication of increased shrinkage with time in Holt 'a 

Gum Sucrose. The time in Holt's Gum Sucrose before sectioning was 

variable so a mean of 9% shrinkage was allowed for 



Appendix 63 

Horizontal starch gel electroDhore4a 

(a) Preparation of tissue saip1ea for electropkzoresis 

(j) Blood 

Blood sa,1ea were obtained from the tail vein in living animals 

or by puncture of the heart, aorta or inferior vena oava imeadiately 

after death by cervical dislocation. Following collection into a 

tube containing a drop of heparin (50 units per mle in phosphate 

buffered saline) the blood was centrifuged (5 minutes at 2000 rpm in 

a MSE Minor bench centrifuge). The red cells were washed once in 

phosphate buffered saline.,centrifuged and re-suspended in an equal 

volume of pH8 .7 )yeis buffer and stored at '.200C or -700C. Red cells 

to be used for eleotrophoresia of haemoglobin (*b) were treated by 

the method of WeSmano & 0V 	(1970) to increase the resolution. 

5 N of 0.1K mercapto ethanol was mixed with 0,05 ml. of the 1aate 

and after twenty minutes 5 of 2.5K cystamine diIdr'och1oride was 

added and mixed. 

(ii) Bone Harrow 

Bone marrow was flushed from both femurs with phosphate buffered 

saline using a syringe fitted with a 26G needle • The suspension was 

centrifuged as described above, and resuspended in pH 8.7 lysis buffer. 

(iu) Other Tissues 

After removal from the body, the tissues were homogenised with 

an equal volume of distilled water in a glass hcaogenising tube using 

a teflon TRI-R electric homogeniser. (Tissues with a high blood 

content were first washed in phosphate buffered saline). Crude 
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homogenates were either used directly or stored at -20°C or -70°C. 

Resolution of ieocitrate dehydrogenase (ID!!) decreased on freezing 

and thawing of samples (also observed by Epstein et al., 1972), but 

storage at -200C or -700C for periods of up to one year gave satin-

factory results for other proteins. 

(b) Eleotrophoreeja 

The method of horizontal starch gel electrophoresis used was 

similar to that described by Smithies (195)9  Smith (1968), and Shaw 

& Loer (1968). The gels were prepared from 12% electroatarch 

(Electrostarch Co., Madison, Wisconsin) and poured into rectangular 

perspex moulds lined with moist Rayophana 100P (a gift from British 

Sidac Ltd.), and covered with a perspex top plate. Eleotroatarch 

has the advantage of greater tensile strength over most other com- 

mercially available forms of starch, and together with a basal layer 

of Rayophane this allows easy handling. 

The samples were absorbed onto strips of cellulose acetate mem-

brane and applied to pro-cut slits in the gel. Contamination was 

reduced to a minimum by rinsing the forceps in distilled water between 

eaàh application. Horizontal electrophoresis was carried out in a 

refrigerator at 400  and an ice pack was placed on top of a polythene 

insulating layer covering the gel. The power source used was a 

Heathkit 1P-.17 power pack and the current, voltage and times used are 

shown in Table A6.3/1. For visualisation of enzyme bands, the gels 

were sliced horizontally, stained histochimically, incubating at 370C 

for 10 to 20 minutes, and then put into fixative for  10 minutes. 



Table A6.1J'1 

Electrophoresis Conditions for Proteins Investigated 

Protein Haemoglobin 

Glucose 
Phosphate 

isomerase 
(GPI) 

Isocitrate dehydrogenase 
(IDH) 

Locus Jib-b Gpi-1 Id-i 

Gel Dimensions (mm) 77x60x1.5 77x60x3 77x60x3 185x95x3 

Cellulose acetate insert* 5x1 5x2.5 5x2.5 5x2.5 
dimensions (mm) 

Electrode Buffer T.E.B. - Tris-Citrate pH 6.2 - 
pH 8.6 

( I 
Gel Buffer 5% 	of electrode buffer 	in water 

Voltage drop (overentire 100 V 120 V 120 V 150 V 
apparatus) 

Direction of migration to anode to cathode to anode 	to anode 

Time 2 	hrs 
2 

4 hrs 

1- 

2 hrs 2 hrs 

*A filter paper insert was used, in addition to the cellulose acetate 
insert, for electrophoresis of IDH. 
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(c) Staining Recipes 

Haemoglobin - unstained 

Glucose phosphate isomerase (GPI) 

(Small Gel) 

3M Tri&.I31 pH 8.0 3.0 ml 

NADP (10 nag/mi)1  0.1 ml 

Mfl (10 mg/nil) 0.1 ml 

Fructose-6-phosphate (20 mg/ml) 1.0 in]. 

G].ucose-6-phosphate dehydrogenase 1.5 iii 

Phenazino methosuiphate (10 mg/ml) 0.1 in]. 

2% Agar 3.0 ml 

Isocitrate Debydrogenase (IOU) 

(Small gel) (Large gel) 

3M Trio-HC1 pH 8,0 2.0  in]. 10.0 in]. 

NADP (10 mg/ml) 0.1 ml 0.5 a]. 

Nitro-blue tetrazolium (NT)(lCg/ml) 0.1 ml 0-5 ml 

Isooitrate-U
3 

 10 nag 50 nag 

Magnesium chloride <20 nag <30 nag 

Phenazine methoaulphate (10 mg/ml) 0.1 in]. 0.1 ml 

Water 2.0 ml 12.0 ml 

1 
NADP = Nicotinamide adenine d.inucleotide phosphate. 



Fi.g.A6.1J Reactions used in staining procedures 

Glucose phosphate isomerase (GPI) 

GPI 	 G6PD 
FRUCTOSE-6-PHOSPHATE 	10 GLUCOSE-6- 	6-PHOSPHOGLUCO-- -IIACTONE 

PHOSP}ITEJ,// 

NADP NADPH 

REDUCED 	 OXIDISED 
MTT 	 PITS 	 MIT 

(BLUE PRECIPITATE 	 (YELLOW SOLUTION) 
- VISUALISED AS 
BANDS ON GEL ) 

Isocitrate dehydrogenase (IDH) 

IDH 
ISOCITRATE-.Na3 	 a - KETOGLUTARATE 

NADP NADPH 

REDUCED 	OXIDISED 
NBT 	 PMS 	 NBT 

(BLUE PRECIPITATE 	 (YELLOW SOLUTION) 
ON GEL) 
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(d) Buffers and solutions 

Red-cell lysia buffer, pH 8.7 (Wegnan & Gi1inn, 1970) 

0.6184 g Boric acid 

0.1600 g Sodium hydroxide 

0.1169 g E.D.T.A.1  - disodium salt 

Distilled water to 1 litre 

Tris'Cjtrate pH 6.2 

27 g Trizma base 

16.2 g Citric acid 

Distilled water to 1 litre 

Tris-E.D.T.A. - Borate DH 8.6 

109 g Trizma base 

5.84 g Disodium E.D.T.A. 
30.9 g Boric acid 

Distilled water to 1 litre 

0.3H Tris.-I]. pH 8.0 

36.3 g Trizma base 

Distilled water to 800 ml 

iN Hydrochloric acid to pH 8.0 

Distilled water to 1 litre 

Gel Fixative 

200 ml Glacial acetic acid 

200 ml Methanol 

600 ml Distilled water 

1 ED TA 	thy1enedliim(netetraacetjc acid. 
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(vi) Gel Preserving Solution 

15 ml Glycerol 

3 ml Glacial acetic acid 

82 ml Distilled water 

Preservation and clearing of starch gels 

A small proportion of gels were pre3erved by the method described 

by Smith (1968). After fixation the gel was immersed in the pre-

serving solution for at least one hour, together with two sheets of 

Rayophane 1400P cut larger than the gel. The gel was then sandwiched 

between the two sheets of Rayophane and mounted an a glass plate and 

left to debydrate on a hotplate at 50°C. 

Quantitation of starch gels 

Routinely, estimates of the proportion of each protein variant 

in a sample were made by eye with reference to controls • More ob-

jective quantitation was attempted by ecI4nnivg. In the absence of a 

reflected light idcrodensitoineter, the starch gels were cleared, as 

described for preservation, and scanned using a Joyce-Loebl double 

beam automatic recording microdeneitometer Mk.IIIc. However, the 

agar overlay technique used for GPI was unsuitable for scn'ting,  so 

this was replace:Iby a layer of cellulose acetate membrane (Cellogram, 

Shandon) impregnated with the staining mixture • After fixation, the 

cellulose acetate was cleared with liquid paraffin or Whitemore oil 

(George T • Gurr Ltd.), sandwiched between two glass plates and sealed 

with nail varnish. These methods were tedious, time consuming and 

not considered worthwhile for routine analysis. 

Routine visual estimation of the proportions of each variant 

was either made using a five point classification scale (A, A> B, A B, 
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B> A, B) or by subjective estimation to the nearest 10%. The mean 

of at least six determinations was taken as the final estimate. 

Samples in which one variant was estimated to contribute between 0 

and 5% were scored as 10%, provided that the determinations consist-

ently showed both variants to be present, and the minority variantwas 

not a result of contmnintion. The validity of this subjective toxin 

of estimation was checked with artificial mixtures of liver and kidney 

homogenates from C3H and Recessive mice. Each homogenate mixture was 
the mixture 

coded, the percentage Recessive estimated, and/decoded. Table 6.1/2  
that 

shows/the error was never greater than 10% although there is a tendency 

to overestimate the minority component. Table A6.1/3, compares estimates 

of the C3H contribution to chimaeric livers by electrophoresis and by 

measurements from sections, histochemic ally stained for -gluouronidase 

as described in Chapter 5. The two methods are in good agreement. 

The sensitivity of the method depends on the specific activity of the 

enzyme in the organ considered. All chimeric samples were diluted 

approximately 1 : 1 (wt vol), whereas the artificial mixes analysed 

in TableA6.1/2were diluted 1 : 2 (liver) and 1 : 5 (kidney). This 
suggests that in these organs the methods can detect a minority com-

ponent of either enzyme present as about 5% of the total. Further 
dilutions suggest that each GPI variant can be detected at the 1% 

level, but IDH is not detectable below about 5%. The sensitivity in 

some other organs is likely to be poorer than the estimates for liver 

and kidney. 



Table A6.1/ 

Estimates of % Recessive in artificial mixturesof C3H and Recessive 
organ homogenates using IDH and GPI electrophoresis. 

% Recessive 
in Mix. 

LIVER ESTThIATES 
!DH 	• 	GPI 

KIDNEY ESTIMATES 
IDH 	GPI 

0 10* 0 0 0 

10 10 20* 0 20* 

20 20 30* 20 30* 

30 30 40* 30 40* 

40 40 50* 40 40 

50 50 50 50 50 

60 50* 50* 50* 50* 

70 60* 60* 60* 60* 

80 70* 80 80 80 

90 80* 90 90 80* 

100 100 100 100 100 

* overestimation of minority component by 10% 

** underestimation of minority component by 10% 



Table A6.1/3 

Comparison of estimates of % C3H in chimaeric livers by electrophoretic 
and histochemical methods. 

Percentage C3H in liver 
Electrophoretic methods 3-g1ucuronidase histochemistry 

Chimaera IDII GPI 1-dimensional 2-'dimensional 

XQ39 70 - 84 80 

XQ9d 70 - 71 69 

XQ12c 30 - 23 25 

XQ18 100 - 100 100 

X34 cr - 50 40 40 

X35d - 50 36 40 



Appendix 6.2 Recessive Deviation (mean s..e.) for pigmented 

Recessive groups. 

Pigmented component (c57BL x pigmented 
C3H)F C3H C57BL - 	 -Q 

Germ 
layer Organs  

coat melanocytes +)45 +3tl6 +813 +1Ij. 

Ectoderm left eye p.e. - 5 - 5 0 - 20 - 1 -10 - 10 

right eye p.e. +6-13 -2-21 +7-3 -7-13 
1- 

brain 

+11 

+73 

± 2 +14 

-126 

± 1 +13 

8:t1 

± 1 + 14 ± II left kidney 
right kidney +11 2 + 9 6 +13 1 + 14 6 
muscle:LHL +l36 +96 +23l 0:t6 

RHL +l6 t5 +96 +286 06 

LFL +11:t7 +)4tll +186 

Mesoderm RFL ±13 5 + 9 5 +13 :t 10 + 	1. 10 

(mean) (+14) (+7) (+20) (+2) 
heart +11±2 _12±6 -8±11 +14±6 

0 

left gonad +33 12 + 14 11 +33 11 +44 12 

right gonad +38 t 8 - 2 16 +33 11 -i-40 9 
blood (rbc) -13 ± 6 +14 1 + 3 10 -10 t 11 

bone marrow - 14 

-17 

~ 
- 5 

2 

+1)4 

-12 

+ 
- 1 

6 

+ 3 

-18 

+ 
- 10 

1 

-13 

-13 

+ 
- 

± 

8 

3 spleen 
thus -2-2 -7-1 +3-6 -3-3 
left lung _3±2 +Li.±1 _ 3 :t6 

right lung +1±2 +114±1 +3±11 +10±14 

lungs (mean) (+2) (+9) (o) (+10) 

tongue +13 3 + 14 11 +18 5 + 14 

Endoderm bladder + 1 .t 2 -12 ± 5 -13 ± 6 + 4 1 
small intestine -12 + 

- 14 - 7 
+ 
- 1 - 3 

+ 
- 6 - 

liver lobe 1 -12 3 -27 1 + 3 1 -16 6 
2 12±2 22±5 3 ±6 16±5 

3 9±1O 11±15 +3-1 -10±14 

14 _9±6 7±20 +3±1 3±8 

liver: adjusted 
- 5 ± 5 -22 ± 5 + 3 ± 1 -16 ± 6 

Muscle samples: LHL = left hind limb : RHL = right hind limb 

* 	
LFL = left fore limb : RFL = right fore limb 

Liver: total proportion calculated from lobes, adjusting for lobe weights. 



Appendix 6.3 Percentage of C3H and C3H-deviation for 03H 

C57BL chimaeras. 

Percentage of 03H 

XQ3 XQ9 XQ12 X918 Chimaera 
Phenotypic sex 9 d Cr 9 C3H 
Age (days) 1499 1495 1478 521 - Deviation 

Germ r 

Layer Organs - + 
 (mean - Se) 

Ectoderm mammary tumour 100 +44 

brain - 

70 

80 

30 

10 

20 

80 

80 

+ 7 	9 

- 1 	9 x hair follicles 

x left kidney 50 60 20 90 + 14 	14 
x right kidney 60 70 10 90 + 	7 	14 

muscle: LHL - 60 - - + 	Lj. 
RBL - 60 - - +14 

Mesoderm IFL - 50 - - - 6 
EFL - 140 - -16 

(mean) (-14) 
x heart 70 50 10 70 + 7 	8 

left gonad 90 60 30 100 +19 :t 6 

right gonad 90 

30 

140 

30 

20 

0 

80 

140 

+ 7 :t 8 

-26 t 5 X spleen 

thymus - 30 - - -26 

x left lung 50 50 10 70 - 6 	1 
x right lung 50 60 10 80 - 1 	2 

lungs (mean) (-14) 

Endoderm tongue - 50 - - - 6 
liver lobe 1 60 80 20 100 +114 	5 

2 70 70 30 100 +172 

3 70 70 30 100 +172 

14 - 80 140 100 

x liver: adjusted 
total* 70 70 30 100 +17 	2 

mean ofx. 5656 1)4 78 

	

Muscle samples: LHIJ = left hind limb 	: 	RHL = right hind limb. 

	

LFL = left fore limb 	: 	RFL = right fore limb 
*Liver:  total proportion calculated from lobes, adjusting for lobe weights. 




