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C 1 ODUCTION,

Knowledge concerning the effects of a gene in higher
organisms is derived from the fact that at any particular locus
2 gene may occur in more than one form each with different pro-
sperties and potentialities, These alternate genes produce
deviations in the series of developmental processes leading to
the visible character and so phenotypic differences between
individuals are observed.

In the mouse, known genetic differences between individuals
have been exploited in order to translate the static concept of
the Mendelian character into the concept of dynamic processes
following a definite sequence during development, With this
objeect in view, the present study seeks to explain in histo-
tlogical terms two newly discovered autosomal non-allelomorphic
genes each causing hairlessness in the mouse, In addition to
the defect in hair growth both genes show certain other interest-
ting peculiarities. Thus, it will be shown that one of them is
very closely linked to a well known gene which also causes
hairlessness while the other mutant has associated with it a
liver disease which developes in the adult animal and results
in death.

There are three main reasons why the developmenfal mechanisms
of mutant genes should be examined: (a) the mutants may serve
as tools for the causal analyses of embryonic processes and

mechanisms which are not readily accessible by other means;

(v)/



(b) they may be employed to elucidate the nature of gene
action; (c¢) gene controlled pathological development in
mammals offers suitable material for investigation of
inherited abnormalities in man. On these grounds, many
authors have analysed both genetically and morphologically
numerous inherited abnormalities of the mouse (see espe-
icially Gruneberg 1963). These investigations have
demonstrated the complex problem of the nature of gene
action and it will be interesting to discuss later the in-
tterpretations based on the results of such studies, But
first of all, it is necessary to recall the major events
which happen during the normal development of the pelage
in mice. This will then lead on to a review of the signi-
s:ficant role of genetic racfore in the development of the
coat and an attempt will be made to fit the gene controlled
errors of hair growth into the framework of physiological

genetics,

as Hair development in the mouse.

The embryology and development of hair follicles and
fibres in the mouse has been described by Dry (1926) and
Chase (195%). ¥or convenience three phases are recognised:
anagen, catagen and telogen.

Anagen: The first indication of follicle formation is cell

proliferation in the Malpighian layer of the epidermis which
results in an invagination of cells into the dermis.

(Pige 1) These follicle primordia are first visible in mouse
embryos,/
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Fig. 1. A follicle primordium is formed by a downgrowth of
epidermal cells into the dermis.

Fig. 2. The base of the invagination expands into a bulb and
the dermal papilla and inner root sheath are formed.

Abbreviations.

a = adipose layer dp = dermal papilla o = outer root
b = bulb matrix e = epidermis sheath.
ca= capsule h = hair p = follicle

¢ = hair cuticle. he = hair club primordium
co= hair cortex i = inner root sheath pe= panniculus
d = dermis me = medulla carnosus

s = sebaceous
glands.



Fige 3¢« The skin thickens considerably. The hair erupts snd the
follicle attains maximum size.

Fig. 4. The telogen stage of the hair follicle. The skin has
decreased in thickness.
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embryos, at 14 days of gestatien. At the lower end of the
invagination a "dimple" forms enclosing a cluster of dermal
cells which form the dermal papilla, A thin partially
keratinized dome appears within the invagination. This is
the beginning of the inner root sheath. (Fig. 2). Intensive
mitotie activity causes the cord of epidermel cells to
elongate downwards into the adipose layer. The base of

the cord expands into a bulb and the basal layer of the

bulb produces a matrix of cells responsible for the differ-
tentiation of the inner root sheath and hair., The walls of
the invagination form the external root sheath. The inner
root sheath projects upwards through the external sheath

as more cells from the bulb become keratinized, Pigmentary
dentritic cells in the bulb inoculate granules of pigment into
the passing stream of future cortical and medullary cells.

The follicle continues to grow in lengths The sebaceous
glands differentiate when cells of the external sheath in the
upper third of the follicle grow out into the dermis« Inside
the inner sheath, cells pass upwards from the apical region
of the bulb and become keratinized to form the young hair,
The inner sheath forms a vanguard for the hair and terminates
as a free edge at the sebaceous gland levels At this point
the hair penetrates the inner sheath and emerges through
the follicle opening. Hair emergence occurs at about 8 days
after follicle initiations The base of the hair shaft

consists /
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consists of a medulla, cortex and cuticle but the hair tip
consists of cortex and cuticle only. Three layers consti-
stute the inner sheath, an inner layer of cuticle, Huxley's
layer and Henle's layer in that order. Henle's layer
consists of elongated cells of hyaline cytoplasm. Large
eosinophilic trichohyaline granules are present in the lower
part of Huxley's layer and the upper part consists of hyaline.
The follicle has now reached maximum size (Fig. 3) and hair
growth continues for the following 8 or 9 days.

Catagen: This is the transition stage between the growing
and resting conditions. At about 17 days post-natal age
cell division in the bulb ceases. A club of keratinized
cells is formed at the base of the hair shaft. Brush-like
in appearance, the club is surrounded by a capsule of partially
keratinized cells and serves as an anchor for the hair. The
follicle shortens from the base upwards until the club

takes up a position just proximal to the sebaceous gland
ducts. The inner sheath disintegrates. A few cells of the
former bulb matrix remain to form the germ which lies Jjust
below the c¢lub. In the succeeding hair generation, cell
division appears first in the germ. The duration of the
catagen stage is normally two days.

Ielogen: The resting follicle is entirely within the dermis
(Fige 4). Telogen lasts for about ten days in young

mice but with increasing age it may persist for

months. /
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The hair typess The structure of the mouse coat has been ex-
samined by Dry (1926) and Fraser (1951). In addition to
those of the snout, a number of vibrissae can be identified
on each side of the head, There are two supra-orbital,
one post orbital and two post oral vibrissae. (Dry 1926).
The body hairs are recognised on the basis of the number of
bends along the ﬂbn and the number of rows of air cells
in the medulla., There are four types of body hairs. Cuard
hairs, which form only 2% of the coat, are long straight
fibres projecting above the rest of the coats They have
two rows of air cells in the medulla and a long fine tip.
Awls comprise about 28% of the coat and are straight hairs
about two-thirds the length of guard hairs. They possess
at least two rows of air cells and freguently four rows are
present, Auchenes are of similar length to awls and have
& bend at about two-fifths of the fibre length from the
epical ends Two rows of air cells are usually present,
The remaining 70% of the coat consists of zig-zag hairs. A
zig-~zag has three to five bends spaced aiong its length and
only one row of alr cells.
Hair structures The halir fibre is composed of a cuticle,cortex
and central medulla, The cuticle consists of thin horny
scales overlapping one another in the direction of the apiecal
ends The cortex is made up of elongated fusiform shrunken
cells rigidly fused together into a homogeneous hyaline
mass/
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mass. The medulla consists of air spaces separated by a

meshwork of cell walls representing cornified epithelial

elements,
be The role of genetic factors in hair development,
(i) Differentiation and morphoge : During the development

of an organ or tissue such as the hair follicle, perhaps one
of the first points to notice is that a particular structure
does not arise directly from the genes themselves., Specific
substances are synthesised at specific times and segregate out
into well defined regions of the developing organisms Ex- |
tamples of this type of event are the migration of the pig-
:ment cells from the neural crest to the epidermis (Rawles
1947) and the localisation and concentration of sulphydryl
(8H) groups in tissues undergoing keratinization. In organisms
other than the mouse,Ebert (1953) has shown that cardiac myosin
of the chick embryo cannot be detected before a certain stage
of development, It is then distributed throughout the embryo
but later becomes progressively localised in the prospective
heart forming areas, New cellular environments are continuously
being created and the effective action of any gene in a cell
is influenced by the substrates already present., A series
of interrelated processes intervenes between the gene, on the
one hand, and the definitive phenotype, on the other,

Not only is the path from the gene to the phenotype a
complex one but different levels of organisation are observed.

Pirstly/
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Firstly, there is the morpholagical level at which the differ-
tentiated cells are organised or localised into aggregations to
form organs and tissues. Secondly, at the physiological level,
these structures have specific functions and the tissue cells
metabolize characteristic substances. Thirdly,at the level of
cellular biochemistry analyses of enzyme systems in certain
organisms have shown that the presence of a gene may be related
to the presence of a specific enzyme in the cells. Studies at
each level of enquiry are aimed at elucidating one primary
problem, i.e., how the genotype is causually related to the
developed character. In attempting to answer. this question,
we are led totrace the differences between specific phenotypes
such as those associated with the genotypes AA, Aa and aa back
towards their origin, in ontogeny.

By such a procedure a number of hereditary defects of the
mouse coat have been investigated by various workers. Certain
steps among the processes of follicle initiation, differentiation
and keratinization are affected and the result is partial or
almost complete nakedness. Also, a group of independent genes
produces a strongly waved pelage while one gene manifests
itself by causing an otherwise normal coat to be greasys For
illustrative purposes, the hair mutants are classified in Table
I on the basis of the structures and mechanisms involved. There
are a number of conditions of genetic hairlessness which have
not been sufficiently studied in detail in order to be classified
in the manner set out in the Table and these have been excluded
from the survey.

Table I./



1. Follicle initiation and differentiation |ragged, opossum,
erinkled, tabby.

2. Keratinization of hair fibres naked, matted,
bare.
3. Keratinization of hair club and hairless, rhino,
regeneration cycle bald.
%« Wavy coat caracul, rex,waved-l,
waved=2, welihaarig.

5« Greasy hairs rough.

Those mutants which lead to a complete absence or loss
of certain hair types are included in the first group. Ragged
Ra produces almost complete nakedness in homozygous RaRa mice
and a sparse pelage in heterozygotes Rat (Slee 1957 a, Db).
Most RaRa mice die as embryos or at birth. The skin of viable
adults contains imcompletely formed follicles lacking external
and internal root sheaths. The coat of Rat+ mice 1s less dense
than normal because many zig-zags are missing. Opossum Ra®P
is a semi-dominant lethal and is an allele of Rg (Green and
Mann 1961). Heterozygous Opossum Ra’ + mice resemble Rat
individuals in that many follicle primordia fail to differentiate
so that the adult coat is sparse. The coat of crinkled grcr
mice lacks guard hairs and zig-zags and all the hairs resemble
awls (Falconer, Fraser and King 1951). There is no follicle
initiation in the 14 to 17 day embryo or during the post-natal
period. It is only between 17 days of gestation and time of
birth that follicle primordia are laid down and these all

produce /
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produce awls, It appears that, normally, guard-hairs are
produced from those follicles initiated between 1% and 17
days of gestation'and that zig-zags are formed in follicles
initiated after birth. The chief interest of the erinkled
gene lies in the hierarchy of physiologically related
abnormalities, the initial cause being a defect in the
epldermis and the effects in other tissues being secondarye
This 1s consistant with the prineciple of the unity of gene
action (Gruneberg 1938)., This principle will be discussed
more fully later.

A pronounced abnormality in the keratinization of the hair
fibres occurs in the mutants listed in the second group of
Table I. A typical example is naked J which causes the hairs
of homozygous [N mice to break off at the skin surface as they
emerge (David 1932). Most i mice die before 10 days of age.
Heterozygous J+ mice have halrs that break only at weak
points after emergence. Follicle initiation and cyelic
activity are unaffected. The gene matted ga causes the body
hair to be brittle due to faulty keratinization so that breake
tage of the fibres occurs (Jarrett and Spearman 1957). In bare
bebe mice, keratinized globular masses are present in the
follicles instead of straight hairs (Randelia and Sanghvia 1961).

Mutants in which hair loss takes place by shedding
of entire fibres are represented in group (3). The hairless
gene hx, and also its alleles rhino hr'" and bald Lgb®results
in a failure of the follicle to shorten properly during the
catagen/
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catagen stage (Fraser 1946, Garber 1952). The anchoring club
fails to keratinize so that the entire fibre falls out in
contrast to the naked phenotype in which the hair breaks
off at the skin surface. Also, the hr gene disrupts the
eyelic activity of the hair follicles and the claws are
excessively long.

A number of mutant genes produce wavy hairs and mimie
one another in their effects. Little is known abbut how
the curvature is produced. In waved - 1 and waved - 2 mice,
David (1937) reports that most of the follicles are curved
so that the keratinized fibres erupt as waved hairs. The
members of this group of mutants resemble one another
closely but Carter (1951) has examined phenotypic interactions
between rex Re, waved - 1 wa-1, waved - 2 wa-2, and demonstrated
that six genotypes (ReRej; He+; Het, wa-lwa-1j wa=lwa=l; Re+,
wa=-2wa-2; wa=2wa-2)can be distinguished from one another pheno-
stypically, the chief criteria of classification being the shape
of the vibrissae and the grade of waving pattern in the coat.

The last category of this organisational scheme contains only
one mutant, namely rough ro. In this phenotype the hairs tend
to stick together in bundles so that the pelage has an untidy
appearance (Falconer and Snell 1952). The internal structure
of the hair is abnormal in two respectss: the air
spaces of the medullae are smaller than normal and a high
proportion/
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proportion of them is filled with fluild,

The general picture which emergees from the foregoing
discussion is that the differentiation, mor phogenesis
and growth of the hair follicle depends on the colla-
tboration of meany genes. At each step in the sequence
of developmental events, €sges follicle initiation,
keratinization of hair fibre, there is a number of genes
ascting, These genes come into action when prompted by
specific processes and follow one another in their
effects.

Dleiotnopys The concept of plelotropy is important in de-
tciding whether a gene can exert only one type of immed=-
tiate effect in a tissue or whether e single gene can play
different roles in different tissuess A number of mutations
in the mouse and in Drosophila have been analysed and in

no case was clear evidence found for more than one type

of gene action, the finsl effects of the gene being the
direct or indirect results of a single defect of development,
Prom these findings, Cruneberg (1938, 1943, 1948) has de=
tveloped the prineciple of the unity of gene action.
According to this prineiple, the observed pleiotropy is

spurious/
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spurious and is to be distinguished from genuine pleiotropy

in which a gene would be performing different roles in different
tissues. The principle receives strong support from the two
different genes, crinkled and tabby (Ig Falc 2ner 1953), both
of which produce exactly the same syndrome. If each abnormal-
:ity was caused by a separate reaction of the gene, it is
difficult to visualise how such a parallelism could arise
unless crinkled and tabby were identical genes which th§
genetical evidence proves them not to be.

There are, however, cases of complex phenotypes in which
it does not seem to be possible to relate the pleiotropiec
effects to a single initial cause in developments The mutants,
dominant spotting W, and its viable ellele, WY, produce blood,

gonad and pigment changes in the mouse which have not been
shown to be causally relateds The pleiotropic pattern beyond
a certain point is irreducible, The failure to reduce the
whole series of changes to a gingle primary defect raises a
number of questionses Is it because the morphological and
embryological methods employed are insufficiently sensitive?
It is not unlikely that more refined methods will detect a
single process connecting the macrocytic anaemia with gonad
defects and abnormal pigmentations Or is it because the
gene actually does different things in different tiscues?
Another possibility is that different tissues use the same
gene product for different "purposes", i.e. different path-

sways leading to different specific proteins.
Mimic genes /
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Mimic genes.
Non-allelomorphic genes can often be grouped together on the

basis of phenotypic similarity. The genes naked, bare, and

- hairless mimic one another in cauging hairlessness and the
-basic defect in each case is faulty keratinization. But,
as stated previously, the mechanisms by which the hairlessness
is brought about can be seen to be different. These mimie
genes illustrate the fact that although various mutants are
alike in producing a common end result, in this case hairless~
siness, the same kind of deviant phenotype can arise from
different developmental causes.

(11) Ehysiological aspects.

A deeper penetration towards an understanding of the
metabolic processes underlying the morphological changes may
be obtained by physiological examination of the phenotype.
Very few hair mutants have been investigated in such a way.
Fraser (1946) found that normal skin transplanted to rhino
hosts behaved autonomously and grew a normal coat. But
rhino implants on normal hosts gave a somewhat different
result. The rhino skin showed depilation in the middle
but in the peripheral zones the rhino hair persisted. This
suggests that normal sikin produces a dirtuaible substance which
is absent from rhino, but the rhino cells are capable of
utilising it wvhen 1t is supplied from neighbouring normal
follicles. To digress for a moment from skin transplantations,

the body growth and sterility of pituitary dwarfism in the mouse
can be corrected by normal pituitary implants, There is a gene

controlled error of synthesis of a specific substance in a
particular organ, i.e., failure of the pituitary gland to produce

xrovth/
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growth hormone. Such physiological analyses help to bridge
the gap between events at the morphological level and those
occurring at the intra-cellular level.
(111) Biochemical aspects.

Ultimately, one must seek an explanation of gene action
in chemical terms. Detailed investigations of the biochemistry
of individuals with known gene substitutions may give a clue to
the specific manner in which these individuals differ from one
another metabolically. From this one may expect to reach
certain conclusions regarding the fundamental nature of the
action of the gene. The hair mutants in mice have not been
investigated on such a2 basis and to emphasise the salient
features of biochemical genetics it is necessary to consider
examples from other sources, Individuals homozygous for the
alcaptonuria gene in man are unable to oxidise homogentisic
acid and so it is excreted in the urine (Garrod 1923). [Normally
the oxidation is accomplished under the influence of an enzyme
which appears to be absent from alcaptonurics. The normal
allele of the alcaptonuric gene is essential for the production
of this particular enzyme.

Many similar cases have been discovered in micro-organisms.
In each instance there is a block at some point in the normal
metabolic pathway. ©Such a block can be attributed to the
deficiency of a specific enzyme and this in turn can be accounted
for in terms of a qinglo gene substitution. This has led to the
one gene-one enzyme theory which supposes that genes operate

through the medium of enzymes and that each gene controls the

anaaas de . o o i o



synthesis of one and only one enzyme. The theory derives
its support almost entirely from studies of micro-organisms
and does not allow for the whole range of phenomena involved
in morphogenesis.

Summarising the situation we see that underlying morpho=-
slogical differences between genetypes are physiological ones
and underlying these are modifications of enzymes within the
cell. Since chemical changes may ante-date morphological
changes, the point in the developmental sequence at which a
gene appears to act depends on the method of investigation
and different methods give different answers. But before
the fundamental processes of gene action are exposed, it is
necessary to examine the morphological effects of the gene.
Techniques of anatomy and histology reveal certain tissue
relationships and enable comparisons to be made between
embryonic rudiments and structures amongst individuals
with known genetic differences. }

C. ZIhe present investigation.

The two new mutants which form the subject of this
investigation differ from previous cases of hereditary
hypotrichosis in certain respectis. One, found by Dr. Kirkham
and Dr. Bell (Endocrinology Dept., Edinburgh) is partially
dominant and is designated shaven, symbol Sha. Young homozygous
~ shaven ShaSha mice fail to grow a first coat. Their viability is
normal. Adult ShaSha mice are very sparsely covered with short
brittle hairs.' They are fully fertile. The coat of heterozygous

shaven _Sha+ mice is of normal length and density but is greasy,
and/
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and closely resembles the rough roro phenotype. The other mutant
is recessive and is called nude, symbol pu. The original nude
mice were obtained from Dr. N.R. Grist, of the Virus Laboratory,
Ruchill Hospital, Glasgow. The mutant was said to have arisen

- "in a private stock of white mice, which have not been sib-mated".
Many puny mice die within a few days of birth and viable young mice
never grow a first coat. Adults are rarely fertilej they
develop a liver disease, become weak and die.

The second chapter of this thesis deals with the formal genetics
and the morphological and histological effects of the Sha gene. As
new genes in the mouse come to the attention of investigators, the
chromosome map is continﬁally being revised. This results in better
mapping of the chromosomes and increases the value of the animal
as material for basic genetic research. The new genes are fitted
into place and the additional information is brought to bear on
linkage relationships already established. Linkage tests have been
made with respect to the Sha gene and it will be shown that it has a
characteristic linkage relationship with another gene causing hair-
:lessness.

Following on from the formal genetics, the homozygous shaven
and heterozygous shaven phenotypes are described. This leads on
to the main features of the skin histology of these animals. The
failure of ShaSha mice to grow a first coat could be attributed to
one of two possible causes:

(a) There may be no follicle initiation or differentiation.
() /
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(b) Follicle initiatian and differentiat. on may occur but the
follicles may not produce hairs,

Each possibility has been investigated in order to decide if
the developmental mechanisms underlying the deviant phenotypes
are essentially different from those underlying previous
conditions of hereditary hairlessness, as outlined in the last
section, If the hairlessness is due to complete failure of
follicle initiation in embryonic and post-natal skin then, clearly,
Shadha mice would represent a new type of hereditary hypotrichosis,
Alternatively, if the follicle primordia are laid down but the
follicles fail to produce hair, then the Sha gene would be an ad&itional
example of that group of hairless genes typically respresented by [.

Semi-dominant genes causing hairlessness exhibit dosage
effects, the lack of hair being more extreme in homozygous mice
than in heterozygotes, e.g., ragged and naked. This does not
apply to shaven mice. The presence of the Sha gene in
single dose Zhg+ causes a greasy coat but has no effect on hair
length or density. An attempt has been made in the present
study to relate the greasy pelage of Sha+ mice to the hairlesse
iness of Shatha individuals,

The main interest of the gy gene rests in the variety of
morphological and histological abnormalities which it produces.
The third chapter is concerned with these abnormalities, The
reasons for studying tﬁe genetics and the histology of the haire
tlessness were the same as those mentioned above in connection
with Sha. One of the abnormalities caused by the gy gene is
an unfamiliar liver disease which has fatal consequences in all

auny/
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auny adults. According to Gruneberg's principle of the unity
of gene action, there should be a causal connection between the
failure of hair growth in young puau mice and the liver disease
which develops in the adults. The problem has been examined
on this basis but not much progress towards a solution has been
found, beyond the exclusion of certain possibilities.
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CHAPTER II,  STUDIES OF SHAVEN.

This chapter is concerned with the genetics of the ghaven gene
and with the morphology and skin histology and histochemistry of
homozygous and heterozygous shaven mice. The first section deals
with the segregation and linkage data obtained from the breeding
exper . ments. The second section describes the gross morphology of
homozygous and heterczygous shaven animals and an account of the
skin histology of both phenotypes is given in the third section.

In the fourth part, the relevant histochemistry of the skin of
homozygous shaven mice is examined., Finally, all the results of
these investigations are discussed in the fifth section of the
chapter.

o _GENETICS.

The original hairless specimen was outcrossed to normal mice
and all the F| animals had a fully grcwn coat but they were distinctly
greasy. It was supposed that the ghaven gene was partially dominant
and this supposition was confirmed by intercrossing the F, animals.
Three phenotypic classes were 6btaineds hairless, greasy coated, and
normal mice in the ratio 1:2:1, All the hairless mice were proved
to be homozygous for the ghaven genej when the hairless females
" were mated to the hairless males, all the offspring were also hairless.
The greasy coated animals were proved to be heterozygous for the
shaven genej wh‘ﬂ crossed to the hairless animals, half the offspring
were hairless and half were greasy coated., [Homozygous shaven mice
ShaSiha are recognisable at birth by the paucity and waviness of the

vibrissae./
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vibrissae. Heterozygous shaven mice {ha+ cannot be classified with
certainty before 12 to 14 days, but during the third week the greasy
coat becomes clearly noticeable and the vibrissae are usually wavy.
The three phenotypes {hatha, Thas, ++, are compared in fig.5 .
Segregatlon data.

When the original Shafha mouse was outcrossed to an unrelated
agouti black laboratory strain, a stock heterozygous for the Sha
gene was established and the gene was kept segregating by means of
intercross matings. Segregation data obtained from different types

of matings are given in Table 2, The progeny of intercross matings

Type of Noe of Progeny Total X, v
mating. matings ChaSha GSha+ ++
Sha+ x ESha+ 33 230 482 214 926 2,11 > 030
ShaSha x ghas 62 831 822 0 1653 0.05 >0.80
ghar x4+ w6 0 558 593 1151 1.06 >0.30

2bar x gShav, were always classifiable into three phenotypes;
hairless, greasy and normal. These three classes represented the
genotypes Shafha, Sha+ and ++, respectively. The segregation data
from intercross matings are in satisfactory agreement with expectation,
verifying that Zha is a semi-dominant gene. Backeross breeding data
from ShaSha x gSha+ matings are close to the expected 1:1 ratio. The
other backecross, Sha+r x ++, gave a slight excess of ++ mice. This
appears to be due to normal overlapping. It was sometimes noted that

when /
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when Sha+ animals from the shaven stock were outcrossed to ++
animals from an unrelated stock, the manifestation of the Sha
gene was considerably diminished, as judged by the reduced
greasiness of the coat, so that ﬁhﬁ* animals were phenotypically
similar to normal animals. It appears that the expression of
the gha gene, in heterozygous animals, is subject to modification
by the genetic background.
Iests for Allellsm.

The hairlessness of ShaSha mice and the greasy coat and wavy
vibrissae of Sha+ mice suggested that Sha might be an allele of
bhr, ro, or cw. ShaSha mice were mated to hrhr animals, and also to
roro and to gwew individuals. All the F, mice were fully coated
but greasy. The absence of interaction between Sha and hr was
presumptive evidence against Sha and hr being alleles, since the
fully coated animals so produced would have to be Sha/hr on the
hypothesis of allelism, Conclusive evidence against allelism
was obtained when the doubly heterozygous F, animals, gha +/+ hr,
were backerossed to + hr/+ hr animals. Normal mice were recovered
in the progeny and there was no evidence of linkage. Similarly,
no evidence of allelism was obtained in the tests against rg and gy
Linkage tests.

Linkage tests were carried out to identify the linkage group of
Sha, The Sha gene was tested against the five multiple linkage
testing stocks described by Carter and Falconer (1951). Two

additional stocks were also used. The stocks were as follows:
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£tock Numbel. Harkers present
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The tests required two generations in all cases. The first
consisted of outerossing a §haSha animal to an animal from each
stock. The multiple heterozygote, whose gametic constitution
was tested for evidence of linkage, was recovered from the F,
generation. The second generation was obtained by backcrossing
the multiple heterozygote of the F, to the multiple recessive.

The offspring of this backcross were oxamihed and the deviation of
Shg from independent segregation calculated.

It was soon obvious that §ha was either allelic or closely
linked to N, in linkage group VI. All other linkage tests were
immediately terminated. The linkage test with [ consisted of a
backeross of gha +/+ [ mice to + +/+ + mice. The other marker
genes of stock II, ih and I, were also segregating in the back-
crosses, but these were gradually eliminated. From the back-
erosses, 43 classified progeny were obtained and no cross-over
was found.at the 5% probability level, no cross-over in 46 progeny
gives a recombination value of not more that 7.7%. It was
thought likely that Sha and J might be alleles, since both genes
cause hairlessness. Further data, however, showed that the two

genes are not allelic but are closely linked. The evidence was

PR, e iy e IS |
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obtained from three types of backeross matings, as follows?

(‘), Sha +/+ 4 x + +/+ +

(b) Sha +/+ I x £ha +/8ha +

(e) Sha ¥/+ + x Gha +/8ha +

The details will be given under separate headings.

(a) Sha +/+ H X + +/+ + The first type of backeross involved the
mating of a double heterozygote to normal mice. gha +/+ [ mice are
phenotypically indistinguishable from + +/+ N mice, as the $ha gene
does not interact with §. Doubly heterozygous animals lose their
first coat at 14 days of age and the pattern of cyclic hair regen-
seration in the adults is similar to that of + +/+ § animals, The
progeny of the backcrosses were classified at 14 to 16 days of age.

The backeross data are given in Table 3. Since Gha +/+ [ mlice are
indistinguishable from + +/+ [ animals, the progeny of the backcross

Farents Sha +/+ 4 x + +/+ +

Progeny non Cross-overs Cross-overs
Tha+  + 0 TEhal ++
Phenotype greasy | Semi-hairless lormal
Ho.observed B0 41 0
Ratio . 1 2 1
No.expected 20.25 %0.50 20.25

matings were classifiable into three groups only, as shown in
the table. On the basis of independent segregation of gjha and
g, a 1:2:1 ratio was expected. But out of 81 classified offspring

no /
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no normal mice were observed, indicating that Sha and J were allelic
or closely linked. Since one of the cross-over classes, Sha N,

is confounded with one of the non cross-over classesy + N, all
semi-hairless mice were tested for the presence of Sha by mating

with Bha +/Sha + animals. One semi-hairless mouse, so tested, gave

17 offspring, 7 of which were completely hairless. This semi-hairless
mouse was thus proved to carry the Sha gene, and its genotypé was

Sha /4 +. In the light of this new information, obtained after

test mating, the data in Table 3 may be re-arranged, as in Table Y,

Table ', _sha +/+ N x + +/+ + matings,Data of Table 3
Bclassiiled al te $ ng & Semleshs 2SS I -

Parents Sha +/+ I x + +/+ +

Progeny Sha + + N Sha N + +
No.observed 40 40 1 0
Total 81
Recombination % 1.2

It is seen that the percentage recombination is 1.2.

(b) 3 + N Sha + The second type of backeross involved
matings of double heterozygotes to Sha +/8ha + anigals, Since
classification of the offspring was simplified somewhat, backecrosses

of double heterozygotes to Sha +/Sha + mice supplanted the previous
type (a) backeross, Once again, only three phenotypic classes were

distinguishable in the progeny. The linkage data a® shown in Table 5.
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Parents Sha +/+ ¥ x Sha +/Sha +

Progeny non Cross=-overs Cross-overs
+ X Sha + Y

Phenotype semi-hairless  hairless greasy

No.observed 543 460 5

Ratio expected 1 2 1

No.expected 252 504% 252

Total 1008

Recombination % 0.9

One of the cross-over classes, Sha N, is indistinguishable from one
of the non cross-over classes, Sha +,.because the J gene carried byA
a Sha § animal cannot manifest itself in a completely hairless phenotype.
The hairless offspring were not test-mated to see if they carried the
N gene. For the purpose of estimating recombination, only 2 classes
can be compared, + Il and + +. Out of 548 progeny, 5 were recombinants.
This gives a percentage recombination of 0.9.

It is apparent that there is a deficieney of hairless mice when
the litters are classified at 14 days of- age. sometimes, Sha +/+ X
and Rhﬁ +/8ha + mothers have a limited milk supply and the hairless
offspring may have difficulty in competing successfully for food with
their partially coated littermates.
(¢) Sha N/+ + x 8Sha +/Sha + It will be recalled that one
recombinant was obtained from the type (a) backecross. This animal
had the Sha and J genes in coupling and was back-crossed to
Sha +/8ha + animals. Excluding erossing-over, the hairless
offspring / |
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offspring were Sha N/Sha + and these were in every way similar
to Sha +/2ha + animals.

As before, the offspring from this type of backcross were
classifiable into three phenotypes only. The relevant data

are given in Table 6. Comparison between the classes + + and

IIRAE0 DE A=A ¢ Q8 a8l |\

Parents Sha W/+ + x Sha +/8ha +

Progeny Non cross-overs cross-overs

e -~ —_———— —
+ + Sha N Sha + + 8

Phenotype greasy hairless semi-hairless

No. observed 480 402 3

Ratio expected 1 - 2 1

Nos.expected 221.2 4U2 L 221.2

Total 885

Recombination % 0.6

+ ]| shows that there are 3 recombinants out of 483 mice, indicating
a percentage recombination of 0.6%.

There is no appreciable heterogeneity between the various types
of backeross matings. The data from the three types of backcrosses
are pooled in Table 7. In backecross (a), it is seen that, after
testing the offspring, there is one recombinant out of 81 mice.

In backerosses (b) and (e), the offspring were not test-mated

and comparisons between the two phenotypic classes, + N and + +,
show that there are 5 + 3 = 8 recombinants out of 543 + 3+ 480+ 5 =
1031 mice. Summing the data, there are 9 recombinants out of a
total of 1112 mice, which gives a percentage recombination of 0.8%
at/



+4 Sha+ Shall ++

1« Sha +/+ I X + +/+ + 40 40 1 0
i e
2. Sha +/+ I x gSha +/8ha + 543 460 5
3« S8ha W/+ + x gha +/8ha + 3 402 480
Recombination % ‘ 0.8
5% Fiducial limits 0637 —— 1.5%

at the 5% level, the fiducial limits range from 0.37% to 1.54%
(Table VIII;. Fisher and Yates 1948).

Thus, it is seen that Sha and N are closely linked. There
was no sex difference in the frequency of recombination.

The next step was to determine the linear order of the Shag
and § genes in relation to a third marker gene on the chromosome.
The additional marker chosen was Cg. It was known that the
percentage recombination between J and Ca is 2 (Burdette 1963),
and, since the recombination value between £ha and [ has been
shown to be 0.8%, it was thought unlikely that Ca is located
between Sha and . Thus, two possibilite were considered:

(a) N = 0.8% Sha wwwew 1,28 ——— Cg
(b) Sha 0.8% N 2% Ca

In order to decide between these alternatives, three
point tests were carried out by crossing Sha N +/+ + Ca mice with
normal + + +/+ + + mice. BSufficient data to enable definite

conclusions to be made are not yet available but the tests are
being continueds. The results obtained so far are shown in
Table /
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Table 8. The classes of progeny from the three point tests are

$ 1 : L SIMZIEN, =
J.‘! ‘ ol" '}"l :

Cross-over Classes of WNo. of progeny #Ho. classified with
type. progenye. observed, certainty in each
— —— ~SIQsgS=over tvpes
1. llon cross-over 5Sha i + 493 | 515
+ + Ca 519
2. | .
=ha Bﬁi . & (1) 1
3t n + x g. "‘) 9
Sha + + 9
be Ca Sha 1§ Ca (=) 0
+ + +

0

Total i A 223
arranged in pairs according to cross-over type. There are 4 types
of cross-over as outlined in the first column of the table. After
classification of the progeny, the rarest class will represent
double cross-overs, by means of which the central of the three
loci is exchanged by the homologous chromosomes, Complete classification
of the progeny, however, is very difficult, if possible at all. §ha
cannot be definitely recognised in the presence of [« Thus, in the
second column of the table, the classes of progeny which carry j
are phenotypically similar and are confounded, These classes
are indicated by brackets in the third column, The last column
of the table gives the number of progeny which were classified with
certainty in each type of cross-over, The 3 recombination percente

iages ares
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N - Ca 5%; - 1--7%
N - Sha '512'? = 109%
Sha—Ca 3153 - 0424

Since 1.7% + 0.2% = 1.9%, it appears that the order of the 3 loci

is as follows: _ '
N = 1,7% Ca 0e2% == Sha

The three point test data indicate also that alternative (a)

above is possible, and that alternative (b) is ruled out.

The three point test data are not in agreement with the
two point test data. The recombination value of 1.9% between
Sha and J is considerably higher than the value of 0.8% obtained
from the two point tests. Also, the three point tests suggest
that Ca is located between N and Sha, whereas the two point
tests indicate that Cg is not the central locus. Furthor.
data from the three point tests are awaited.
Summary of linkage tests. From two point tests, the percentage
recombination between Sha and N was 0.8%, with 5% fiducial
limits of 0.37% to 1,54%. The recombination value obtained
from the three point tests was higher, being 1.9%. The two
point tests suggest-d that Ca is not the central of the 3 loci
but the three point tests contradict this and indicate that Ca
is located between Sha and N.



Fige 5« Left to rights ++, § %M mice. All are agouti
black animals, The greasy hairs of Cha+ mice are illustrated in
the text, The Shatha mouse is completely hairless.,
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2. HQHPHOLOCY.

In this second section of Chapter II the gross morphological
abnormalities caused by the Jha gene in the homozygous and
heterozygous conditions will be described. The Zhia gene
was kept segregating by means of intercross matings, so that
ShaSha, Sha+, and ++ mice were available for comparison in the
litters. The three phenotypes are compared in Fig. 5 ..

Sa) Homozvgous shaven mice (SiaSha).

- Exterzal gooearance. At birth ShaSha mice can be distinguished
from their gha+ and ++ sibs by the paucity and waviness of the
vibrissae., Usually 3 to 7 waved vibrissae are observed on each
side of the snout. The supra-orbital, post-orbital, and post-
oral vibrissae are rarely discernible and only vibrissae stubs
are present. All the vibrissae foliicles are present on the
snout and head. :

The second criterion for the classification of Shatha
mice is the absence of the first coat at 6 days of age. On
‘normal mice of this age, numerous hairs have erupted on the
dorsum but in Shafhg specimens no hairs have emerged from the
skin, although there is no delay in the thickening or pigment-

sation of the integument, The hairlessness is most obvious

in 10-day old animals, and the skin is coarsely wrinkled.
Shagha mice are smaller than their normal littermates at
this time.

Maaroscopic/
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Macrosgopic examination reveals hair stubs scattered on
the dorsum of 2-week old Shafhg mice. The halir stubs indicate
that a few follicles, at least, are present in the skin and that
iho hairs fragment into minute pieces as they erupt. The skin
of agouti animals is intensely pigmented and appears black. A
few short fine hairs are observed on the head, feet, and tail,

During the third week there is a pronounced reduction in
skin thicknesss This corresponds to the catagen stage of
normal skni. At three weeks of age i’.ha dorsum ia still
wrinkled, and the smutty appearance is maintained. 2haSha
mice sometimes appear to be in poor condition at weaning, but
this is misleading as they are robust and thrive during the
posteweaning periods The absence of the first coat is a
striking fontm.

The first indication of halr growth on the main body
area of JhaSha mice is manifested between 28 and 34 days
of age. The urinklu; disappears from the dorsumy the skin
thickens, and sparse fuzzy hairs averaging about ¥8" in length
erupt on the head, anterior dorsum, shoulders, and Veatrum.

At this age, normal littermates are entering the second growth
cycles The short fuzzy hairs gradually become established on
the mid-dorsum and lateral trunk regions, but as the fibres
appear on the posterior regions, those of the anterior areas
are shed, the hairs breaking at the skin surface. Thus,

an irregular band of sparse short hair moves in a cephalo-
caudal /



80 days

85 days

90O days

Fig. 6. Drawings of an adult ﬁh?ﬁhg mouse, made at 5 day intervals
illustrating the regeneration of short sparse hair.
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caudal direction, and most of the hairs are lost before 6 weeks
of age. The skin decreases in thickness once more.

The integument of ShaSha adults resembles that of JN
animals. ShaSha adult mice undergo cyclic regeneration
and loss of short fuzzy hair, The manifestation of a band of
newly initiated hair growth on a ghasha adult specimen is
shown in Fig. ¢ « Each wave of hair regeneration is preceded
by thickening and intense pigmentation of the skin.

With progressing age, ShaSha mice may remain conpleteli
hairless for long periods. Skin pigmentation is considerably
diminished. >
- ¥ibrissag. Although a few wavy vibrissae are observed at birth,
these soon break off as they erﬁpt. The supra-orbitaly post-
orbital, and post-oral vibrissae are usually present at birth
but they are short and fragment at 2 to 3 days. Consequently
10yday old ShaSha mice lack vibrissae. Most adult ShaShg mice
show repeated regeneration and loss of short wavy vibrissae.
Nails and teeth, The toe-nails of ShaSha mice are generally
normal in shape and length and remain so with increasing age.
Excessive nail length as found in hrhr mice is not observed in
ShaShg animals. A few ShaSha mice, however, were found in
which one or two toe-nails of each mouse were malformed, the
nails being normal in length but spirally shaped. But these
malformations are not at all common. The teeth appear normal.
Mortality and fertility. The mortality of ShaSha mice is
rather greater than normal during the suckling period because
hairless /
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hairless specimens sometimes have difficulty in competing with
the normal sibs for milk. After weaning, mortality is similar
to that of normal mice. ShaSha adults are fully fertile and
the mothering ability of females is not much inferior to that
of normals,
Halr morphology.

The short sparse hairs of ShaSha mice are not classifiable
into the four standard types, i.e., guard hairs, awls, auchenes,
and zig-zags. Diagrams of normal and ShaSha fibres are

"
presented in Fig. 7 « ShaShg hairs generally do not exceed U
in length, and a continuous gradation ranging from straight

coarse fibres to fine twisted fragments is observed. Three

general fibre types may be recognised:

(a) Short straight fibres with stout bases and twisted tips;

these fibres faintly resemble awls, |

(b) Short thin fibres with one or two bends along their lengthsj

these hairs are probably segments of zig-zags.

(e) A transitional series of short, straight or curved fibres,

with long coiled tips.

The majority of ShaSha fibres fall into the third category.
Microscopic examination of whole fibre mounts reveals geveral

anatomical defects of ShaSha hairs. Drawings of the internal

morphology of normal and ShaSha fibres are presented in Fig. 8

and microphotographs are shown in Figs. 9 and 10. Fibre diameter

varies considerably and when focussed under the high power the hair

shaft /
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Guard Awls Auchenes Zig-zags
hairs

ShaSha fibres
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Awl—like Transitional hairs Zig- zag -like
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Fig. 7. Camera lucida drawings of hairs of ++ and ShaSha mice,
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Fig. 8, Camera lucida drawings of hairs of ++, 8 ’ + mice,
to illustrate the internal morphology of the different types. The
air spaces are black and the fluid-filled spaces are stipled.
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shaft is often spirally twisteds Almost all the hairs possess
a normal cuticle and the cuticular scales appear structurally
sounds The cortex is thin in most hairs and in some fibres
it is non-existant.

The medulla 1s strikingly abnormal. In the normal hair
the medulla 1s regularly septate. Between the septa are
alr cells which appear black ihon examined by reflected light.

In ShaSha hairs the normal ladder-like arrangement of septa and
air cells is absent. The septa are very thick and the air spaces
are narrow and compressed between the septa. Most of the air
spaces, however, are clear and glassy rather than black, and
appear to contain liquid rather than air, when viewed by reflected
light, The significance of these glassy spaces will be referred
to in more detail later. |

Sody_grouth.

The absence of a pelage and competition from normal littermates
for food are partially responsible for £hatha mice being smaller than
coated individuals at 3 weeks of age. For the purpose of obtaining an
of jective assessment of this difference in growth rate, a random
sample of litters from intercross Shg+ x gSha+ and backeross Shg+ x
ShaSha matings were weighed at birth, at 3 weeks and, frequently, at
6 weeks of age. Within each litter, the mean weight of each pheno-
styplc class wasrecorded. The means were summed over all the litters,
and the mean of means, together with its standard deviation, were
calculated for each phenotypic class. Since Sha+ and ++ mice have
similar growth rates, these two types have been combined in the
analysis. The results are given in Table 9.
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There was no difference in birth weight between the two groups,
but at 3 weeks and at 6 weeks the body weight of Shafhg individuals
was reduced considerably. The differences are significant at the
0.1% level, The growth curves are shown in Fig. , and they
illustrate the slover growth of $hatha mice compared with normalse.

The Tesults show that the Sha gene, when homozygous, exercises
an appreciable influence on body growth. Since the chief function
of the coat is the conservation of body heat, it is rcascnable to
suppose that heat loss from the body surface is greater in Shasha
mice than in coated animals. In order that the increased heat loss
may be balanced by inecreased heat production, it seems likely that
shashg mice utilise considerable amounts of energy, which in normal
circumstances would be converted into muscle and fat.

Despite the reduced growth rate before 6 weeks, ShagSha mice
eventually reach a mature body size which is not much smaller than
that of normals, The percentage difference in body weight between
ShaSha and coated animals is reduced from 45.07 at 3 weeks to 27.1%
at /
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at 6 weeks (Table 9), and general observations on the animals
indicated that Shallig mice grow and mature steadlly between 6
and 10 weeks of age. |

(b) .

.

Heterozygous shaven mice are entirely different in appearance
from $hathg anhimals and resemble rough homozygotes (rorg)e The
vibrissae are normal at birth, there is no delay in hair eruption
during the post-natal period, fibre growth and density are normal,
and at 2 weeks of age the coat is fully established. Hair loss
or fibre breakage never occurs,.

The most reliable characteristic for the classification of
Sha+ mice is the greasiness of the coat at 2 weeks of age. The
hairs tend to stick together in bundles so that the coat looks
somewhat ruffled., Frequently, the tips of the guard hairs do
not project above the rest of the coat as in normal mice, but lie
flat against the underfur. \When the dorsum is stroked in the
posterior direction with the fingers, the hairs remain flat along
the back and do not become erect as rapidly as normal hairs,
Pigmented and non-pigmented animals are equally affected.

The greasiness of the coat of Shg+ animals is variable, This
variability is genetically controlled. Whereas Shg+ animals
derived from the initial shaven stock are distinectly recognisable,
outerossing Sha+ mice to unrelated strains, e.g.y some of the
linkage stocks, decreases the expression of the Zhg gene, so
that
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that normal overlapping may occur. The unrelated mice provide
a genetic background in which the dominance of shaven over its
normal allele is almost suppressed and this results in diminished
greasiness of the coat.

Most Sha+ animal~ exhibit variable degrees of vibrissae
waviness at 2 weeks of age, but in some animals the vibrissae
are not sufficiantly abnormal to make this characteristic a
reliable criterion for classification. The waviness is not
as pronounced as that of the caracul, rex, or waved - 2 pheno=-
stypes.

Adult Sha+ mice exhibit greasy coats, although the defect
is sometimes less obvious than on 2-week old specimens, A few
Sha+ adults were observed to replace their initial wavy vibrissae
with normal ones. In such cases, vibrissae waviness is a transieht
abnormality.

Halr morphology.

Macroscopic examination showed that the hair of Sha+ mice can
be classified into the four standard types of fibre: guard hairs,
awls, auchenes and zig-zags. The Sha+ fibres are of normal
dimensions and form when compared with normal hairs.

The internal morphology of Sha+ hairs resembles that of rough
roro hairs. Diagrams of Sha+ hairs are shown in Fig. 8 , and may
be compared with the normal hairs., A photomicrograph of Shat+
hair is shown in Fig. 11. The medullary septa of Sha+ hairs
are thick and the air cells are reduced in size. With the
ordinary /
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ordinary light microscope, most of the air spaces appear clear
and glassy rather than black, and seem to contain liquid rather
than air,

The greasy appoarahco of the coat suggested that the glassy
spaces of the medullae might contain a fatty substance. This
suggestion was supported by observations when samples of halr
from Sha+ and normal mice were stained with lerxheimer's solution
(Sudan III and IV in equal parts of 70% alcohol and acetone), and
vashed briefly with 70§ alcohol. The medullae of Sha+ hairs
contained many sudanophilic spaces, whereas the medullae of
normal hairs remained unstained. The cuticle, cortex and crosse~
septa of Shg+ hairs were Sudan negative; only the glassy spaces
gave a positive reaction.

Further evidence for the presence of a fatty substance
in the medullary spaces of ﬁhﬂ' fibres was obtained from the
following observations, When hair samples from Sha+ and normal
littermates were washed thoroughly in ether and allowed to dry

over phosphorous pentoxide, many of the glassy spaces of Sha+
fibres contained air. The ether dissolved out much of the

fatty substance., The normal hairs were unaffected. When the
Shg+ hairs were then stained with Herxheimers solution, the
medullary spaces were only mildly sudanophilic. Thus, the
intensity of the Sudan reaction was reduced after washing the
fibres in ether,

The fact that hairs of the Shg+ coat tend to stick together
in /
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in clumps implied that there might also be external fatty substances
adhering to the cuticular scales of the fibres. o fatty material
was observed on the external surfaces of the hairs; the cuticular
scales were not stained with Sudan.

The Sha gene does not exhibit a dosage effect. In this respect,
there is a striking contrast between Shg and other semkdominant genes
causing hairlessness, e.g8+y Iy Ba+ There is no hair loss in
heterozygous shaven mice, and at the macroscopic level, there is
no structural relationship between the greasy coat of Sha+ animals
and the short sparse hairs of ghaSha adults., However, comparisons
between the internal morphology of sha+ and ShaSha fibres reveals one
dofocf common to both phenotypes, namely, the clear glassy spaces
present in the medullae. It has been mentioned before that such
spaces are found between the septa of Jhgfha fibres., The detection
of this common feature suggested that Shgfha hairs might also contain
a sudanophilic substance in the medullae. This belief was confirmed
by a pronounced Sudan positive reaction obtained after staining
the ShaShg fibres with Herxheimers solution., Thus, it was shown
that a sudanophilic substance was present in the glassy spaces of
both Sha+ and ShasSha fibre medullae.

If one can imagine hair regeneration taking place on ghaSha
mice in such a manner that dense waves of long fibres are produced
instead of short sparse bands, it is not unreasonable to assume that
such a halr covering would be greasy in a similar fashion to that of
Sha+ animals., The validity of this assumption was tested by

examining /
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examining the fibre medullae of 5-week old J+ mice, At this age,
the regenerated hair growth covers most of the main body area of

i+ specimens, It was found that many Jj+ fibres contain clear
spaces in the medullae, and they present an appearance similar to the
clear spaces of Zha+ and Shatha fibre medullae. After staining with
Herxheimers solution, the clear spaces of N+ {ibre medullae were
Sudan positive. [+ hairs were also examined by Jarrett and
Spearman (1997) and they reported the presence of anatomical

defects along the hair shaft, but did not specifically mention

the glassy spaces of the medullae. The presence of a sudanoe
tphilic substance in the medullae of both JhaSha and [+ fibres
suggests that the substance my' be a by-product of incomplete
keratinization. The finding of such a substance in Sha+

hairs is difficult to explain since the keratinization of

these hairs appears normal in all respects. This point will

be enlarged on later.

3. SELN__HISTOLOGK.

(a) IHomozygous shaven mice.

In studying the histology of ghaShg mice the aim was to
determine whether the failure of the young animals to grow a
~coat was due to the absence of follicle initiation or to the
inability /



inability of the follicles to produce hair. In this section, the
development of the hairlessness is followed and explained in terms
of the underlying histological abnormalities of the skin.
Methods.

Since the macroscopic appearance of the main body area of
ShaSha mice appears normal at birth, and since the hairlessness
is most obvious at 10 days of age, serial skin sections of animals
between O and 10 days of age were examined in order to trace the
development of the defect. Intercross matings Sha+ x Shat
gave ShaSha and coated animals in the ratio 1:3; a ShaSha,
Sha+, ++, classification could not be made since Sha+ and ++ mice
are indistinguishable before 14 days of age. Within each litter,
then, the coated mice, which were genetically ghg+ and ++, acted
as controls for ShaSha animals, and it will be convenient to refer
to the coated animals as normals, when referring to hair growth.
All the coated mice were similar as regards stage of hair eruption,
rate of hair growth, and hair density.

Skin samples were taken from the mid-dorsum of ShaSha and
normal littermates at birth and at 3, 6, 9 days of age. When
14-day old litters were fully classified, skin samples were taken
from ShaSha, Sha+, ++ iittermatea at 1%, 17, 20 days of age. At
each age, 1 or 2 mice of each phenotype were sampled. Skin
samples were fixed in Bouins fixative, dehydrated,‘cleared in
methyl benzoate and 7}L serial paraffin sections were obtained.

The sections were stained with haematoxylin and eosin.
Besults. /
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Results,
Follicle initistion and differentistion. There is no histo-

tlogical abnormality in the dorsal skin of ShaSha mice at
birth, Normal and Shasha skin sections are compared in
Figs. 13and 14, The epidermis, dermis and panniculus
carnosus are clearly differentiated in ShasSha skin. The
cells of the malpighian layer of the epidermis proliferate
upwards to form the other layers of the epidermis as follows:
a) The stratum intermedium, which contains 2 to 5 rows of
polyhedral cells,
b) The stratum granulosum, which contains basophilie
keratohyaline granules.
¢) The stratum corneum, which is desquamating at the surface.
The hair follicles are at different stages of develop-
sment, Most of the follicle primordia consist merely of
aggregétions of Malpighian cells but a few possess a bulb
and a papilla. On occasional guard hair fdlicle is found
which has grown downwards to the panniculus carnosus.
At 3 days of age, the skin is expanding in thickness
and many follicles extend to the muscle layer, Within
the differentiating inner root sheath, the cells which have
migrated up from the bulb are keratinized to form the young
hair, Normal and ShaSha skin sections at 3 days of age
are compared in Figs.15 and 16, There is no difference
between the number of follicles per microscopiec field in

normal/
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Fig. 130

Normal skin at birth showing
a guard hair follicle and
several primordia. X115.
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Fig. 11"0

ShaSha skin at birth showing

a guard hair follicle and
several primordia. X115,
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Fig.15. Normal skin at 3 days Fig. 16, ShaSha skin at 3 days of
showing downgrowth of follicles age showing downgrowth of follicles
into the dermis. X115. into the dermis. X115,



skin at 6

18. -
days showing follicles with
poorly keratinized hairs. X115,

Figo

Fig. 17. Normal skin at 6 days
showing follicles with fully
keratinized hairs. X115,



Fig. 19, Upper follicle region of Fig. 20, Upper follicle region
normal skin showing hair eruption of ShaSha skin showing bending
X210. of hair, i 0.
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Fig. 21, Mid-follicle region of

normal skin showing fully differ-
sentiated hair cortex and medulla.
Néte condensed rod-like nuclei of

cortex (arrow). X329

Fige. 22, Mid-follicle region of

ShaSha skin showing the hair
cortex and medulla. Hote un-
scondensed nuclei of cortex

(arrow). X329.



Fig. 23. Diagram of folliele of Fig. 24, Diagram of follicle of

normal skin showing rod-like nuclei §hﬁ%n3 egkin showing abnormal
in the keratogenous zone of the differentiation of the hair
cortex. cortex. In the keratogenous

¢ = condeased rod-shaped
: nucleus
i = inner root sheath

k = keratogenous zone

zone the nuclel of the cortex
remain ovoid,

Abbreviations.

o = outer root sheath
8 = sebaceous gland.

e
"

uncondensed nucleus.
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normal and ShaSha skin at birth and at 3 days of age.
Non-eru on o .

Morphological defects are unmistakably visible in ShaSha
skin as soon as the hair penetrates the distal end of the
inner root sheath, Instead of erupting, the hair tip bends
at the sebaceous gland level, The abnormalities become
more pronounced as follicle growth proceeds and they are
rather similar to those of NN mice, 8kin sections of normal
and Shagsha mice at 6 days of age are compared in Figs,i7and
18 « Whereas the hairs have erupted in normal skin, the hairs
of ShasSha skin become coiled at the epidermal-dermal junction,
and they are string-like and degenerate, In normal skin,
the hair shaft is basophilic in the mid-follicle region and
pierophilic in the upper follicle region. This is not’so
in ShaSha skin; the hair shaft is basophilic in the mid-folli-
tcle region but is eosinophilic in the upper follicle with a
poor affinity for picric acid.

All the lsyers of the skin, including the stratum corneum
are normal in thickness. The sebaceous glands are fully

differentiateds There is no deficiéncy- of pigment in Shagha

follicles.
The upper follicle regions Examination of the upper follicle

region under high power shows that the hair of ShaSha mice

is of irregular diameter and consists of a cuticle, cortex

and/
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and medulla, The cuticle is picrophilic and appears normal.
In contrast to the cuticle, the cortex is eosinophilic

and consists of a narrow layer of hyaline, The medulla

is mildly eosinophilic and is not clearly differentiated
into septa and intercéllular spaces, Lhe spaces are small
and compressed between the thickened septa, The medulla
diameter varies according to the fibre diameter,

The different conditions found in the upper follicle
region of normsl and Shagha skin are shown in Figs.19 and 20,
The weak hairs become entangled in the Malpighian layer
and outer root sheath cells, These cells are stimulated to
proliferate and aggregations of daughter cells may contain
hair fragments,

The mid-follicle region, The lack of a rigid picrophilic
cortex in the hair can be traced to a deficiency of cortiecal
elements in the middle third of the follicle., This region
corresponde to the keratogenous zone, In the keratogenous
zone of the normal follicle, the cells of the hair cuﬁicle,
cortex and medulla are keratinized to form the hair. The
keratogenous zones of normal and ShaSha follicles are shown
in Figs. 21 and 22 ,

In the normal follicle, the cells of the cortex have
attained a high degree of elongation in the keratogenous
zone, #t the lower end of the zone the cell nuclei are
fusiform, and at the upper limit of the zone, they are highly
condensed/
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condensed elongated rods. The cells contain numerous re-
:fringent parallel fibrils in the cytoplasm and these
fibrils are a prominent feature of the keratogenous zones
The nuclei and fibrils are basophilics The keratogenous
zone of a normal follicle is shown diagramatically in Fig.p3
At the distal end of the zone the cortical cells become
rigidly fused together, the nuclei and fibrils suddenly dis-
iappear, and the homogeneous refractile layer of the cortex
is formed. Coinciding with the disappearance of nuclei
and fibrils, there is a sharp change from the basophiliec
reaction to the picrophilic staining of the hair cortex.
The cells of the cuticle also elongate and become keratinized
to form the hair cuticle, The cells of the medulla are
keratinized slowly, and even at the sepaceous gland level
degenerating nuclei may be observed in the medulla, Thus,
there are three hair keratins: cuticle, cortex and medulla,
Another feature of the zone is the sudden keratinization of
Huxleys layer of the inner sheath from eosinophilic into
basophilic hyaline, Also, the trichohyaline granules
disappear completely. Henles layer is keratinized, not in
the keratogenous zone, but in the bulb region where the
ovoid cells are transformed into a narrow sheet.or hyaline,
In ShagSha skin, the cortical cells of the keratégenous
zone lack rod-like nuclei and fibrils(Fig.2) The cell
nuclei are not sufficiently elongated and they are hydrated
rather/



s A

rather than being condensed. There is a marked deficiency
of fibrils in the cytoplasm, which is granular instead of
being longitudinally refringent. 3Secause of the lack of
fibrils, the cortex becomes very narrow at the distal end
of the keratogenous zone and it is eosinophilic throughout
the upper regions. 'i’ho keratogenous zone of the upper
regions. The keratogenous zone of a Shasha follicle is
shown diagramatically in Fig.o4 .

The cuticle of hagSha hairs is normally keratinized
in the keratogenous zone, The medullary cells, however,
are not rogulprly differentiated into septa and intercellular
spaces, the septa being thicker than usual and the spaces
consequently cmaller.

Soth Henles and Huxleys layer are fully keratinized
in Shagha follicles. The former is uniformly hyaline and
the latter contains normal amounts of trichohyaline in the
lower regions.

The lower follicle region. No histological defects are
apparent in the lower region of ShaSha follicles which
may be responeible for the abnormal keratinization of the
hair. The papilla is typically lanceolate and frequent
mitoses are found in the bulb. The bulb contains 2ll the
concentric layers of undifferentiated cells that normally
form the strata of the upper follicle, At the neck of the
bulb, the nuclei of the cortical cells elongate and the
cortical/
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cortical tissue appears normal in cons;stency. But at the
base of the keratogenous zone, the defects described above
become apparent,
Different forms of keratin. It will be useful to enumerate
the keratinized structures of the skin, In the epidermis
there is the stratum corneum, and its precursor, kerato-
shyaline., There are three hair keratins: cuticle, cortex
and medulla, The eosinophilic Henles layer is considered
to be a form of keratin. The basophilic hyazline of the
upper region of Huxleys layer is a form of keratin, of which
the trichohyaline. in the same layer is a precursor. In
ShaSha mice, only the keratins of the hair cortex and medulla
were found to be abnormal.
Hair growth after the first anagen phages Concomitant with .
the accumulation of twisted hairs in the upper follicle regions
during the first anagen phase, there is extensive hyperplasia
of outer root sheath and Malpighian layer cells so that the
dermis is compressed. Growth pressure from beneath causes
the coiled hairs to force an exit through the epidermis,
This results in malformation of the hair canal,

During catagen, the follicles of ShaSha mice shorten
in a normal manner but the hair club is imperfectly kera-
ttinized, The telogen stages of 2l-day old normal and
Shasha mice are shown in Figs.25and 26, The sebaceous glands
are abnormally located either at the base of the hair canals
or/
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Fig. 26,

Fig. 25, Normal skin at 21 days

of age. X115,

Shasha
ing d

of age show

X115,
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or associated with hair fragments in the centre of the dermis,
The distended hair canals containing coiled hairs are a striking
feature of Zhasha skin during telogen.

#ith the growth of sparse hairs on 28 to 34-day old
Shagha mice, the hair masses in the hair canals are grad-
tually eliminateds The removal of the obstructions enables
the fragile hairs of the second snagen phase to erupt. The
follicle morphology is similar to that of the first anagen
and degenerate.hairs lacking in cortex are produced. The
ability of ShaShg adult mice to initiate follicles is uﬁ:—
ttained throughout life. The sebaceous glands do not become
cystic «

(v) Leterozygous shaven mice.

Two conditicne of coat greasiness have been reported
previously. Rough porg mice have greasy hairs and the air
space in the fibre medullae contain fluid (Faelconer and Snell
1959)« In the guinea pig, Herbertson, Skinner and Tatchell
(1959) report that the gene "sticky" causes an extremely
greasy coat with enhanced iavinua. Rough and sticky
animals never show baldness. ;

It has been shown that the hairlessness of gShaghe
mice is due to abnormsl keratinization of the hair cortex,
end that the greasy coat of Sha+ mice is csused by a sudan-
tophilic substance in the fibre medullase. The guestion which
requires an answer is, how is it that in 2-week old mice,
the shaven gene in single dose ensures the development of
a coat which, except for the greasy hairs, is normally
grown,/
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grown, while the gha gene .n double dose causes complete
hairlessness? Normally, t;ne fatty substances are excreted
by the sebaceous glands, and the keratinization of the hair
occurs in the keratogenous zone of the follicle. The
recognition of a sudanophilic substance in the medullae of
ShaSha halirs, however, indicated that the abnormal kera-
ttinization might be responsible for the deposition of an
unknown sudanophilic material in the medullary spaces of
these hairse If this is true for ShaSha hairs, the sudan-
tophilie substance of Sha+ hairs may be derived, not from
the sebaccous glands, but from the medullary cells in

the keratogenous zone of the follicle. The present investig-
tation was carried out in order to determine whether

the sebaceous glands are morphologically abnormal or whether
accumalation of lipid material was present in the follicle
strata.

Methods.

Skin samples were obtained from normal and gha+. litter-
tmates at 14,17 and 20 days of age. BPBouin fixed, pavaffin
wax sections were stained with haematoxylin and eosin. To
investigate lipid content, the skin samples were fixed in
10% formol saline and frozen sections were stained with Her-
txheimers soluytion (Sudan III and IV in equal parts of 70%
alcohol and acetone). Sections were also stained with Sudan
black.

Lesults./
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Results.

The results were nggatives The histology of Hand E
stained Sha+ skin sections contained no detectable abnorma-
tlities at 14, 17 and 20 days of ages There was no difference
between the esize and shape of the sebaceous glands of Sha+
and normel mice., The differentiation ‘of the hair medullae
into cross-septa and intercellular spaces was complete.

There was no excess lipid material in Sha+ skin and the
intercellular spaces of the fibre medullac waeSudan negative.
| The moderately positive Sudan reaction of the sebaceous

glends of Sha+ skin was normal when compared with normal
skin,

In the last section, it was mentioned that the cellular
elements of the hair cortex are derived ultimately from the
bulb matrixe The cells of the bulb matrix and those at the
neck of the bulb are bathed in a fluid plasma of nutrient
substances, they are rich in nueleic acids and are the sites
of extensive protein synthesis (Hardy 1952). Regarding the
differentiation and growth of the cortical cells, the problems
are to identify the more important substances that are the
precursors of hair keratin and to determine the sites at
which these substances are synthesiseds One such substance
has been recognised and consists of a complex of sulphydryl
groups (-SH) (Rothman 1954).

Ary/



An important feature of keratinization is the concen-
siration and localisation of -SH groups in the hair cuticle
and cortex of the keratogenous zone (Giroud end Pulliard,
1930; Eisen et als, 1953). During keratinization, the -SH
groups of i:yntuno residues are oxidised to form disulphide
bonds (=-8-8-~) of cystinej the keratinized hair contains no
free -8H groups and is rich in cystine. The-SH group in
the kerstogenous zone react intensely with-8H reagent
(Fisen et ale 1953)s “he reaction increases in intensity
from the neck of the bulb to the keratogenous zone. At the
distal end of the zone, the reaction ends suddenly and the
fully keratinized hair is unreactive. The sbrupt change in
resction indicates that all the -S8H groups have been oxidised,
The disulphide cross-linkeges bind the pelypeptide chains
of the keratin cwlecule and are mainly responsible for the
resistance of keratins to chemical disruption. (Rothman 1954).

The distribution of -SH groupe in the skin follicles
of hairless mice has not previously been reporteds Jarrett
and Spearman (1957) exemined the brittle hairs of matted
mice but failed to demonstrate free -SH groups in the sberrantly
keratinized fibres. In the present study, the distribution
of -SH groups in ShaSha follicles was compared with that of
normal follicles, The purpose wae to determine whether the
Shagha follicles were deficient in -SH groups, or whether a
normal concentration of -SH groups was present but sberrantly
distributed/
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distributed over the follicle stratas The first alternative
would indicate that the Sha gene when homozygous, causes the
synthesis of inadequate amounts of keratin precursor, and
the second hypothesis, if true, would suggest that ghaSha
mice are capsble of syntheluins normal guantities of
precursor but are unable to convert such precursor to hair
keratine

lMethodse

The method of Bennett (1951), as modified by Mescon and
Flesch (1952), was employed for the detection of «SH groups.
Skin samples from 6-day old ShaSha and normal littermates were
fixed in 10% neutral formaline and 6 p paraffin sections ob-
ttained, After dewaxing and immersion in ebsolute alcohol,
the sections were stained for 24 hours in 80% alcoholic
solution of ~SH reaéent. The reagent used was a red compound
with the chemiéal constitution 1—(u-chloromercnr1phenylaso)
-naphthol -~ 2.

Results.

Shasha mice show a deficiency of -8H groups in the kera=-
1togenous zone of the hair follicle. The distribution of -SH
groups 1§ normal end SheSha skin is shown in Figs.27 and 28
It is seen that in the follicles of normal skin, the positive
resction begins sbove the neck of the bulb and increases
in intensity at successively higher levels. It attains max-
:imum intensity in the keratogenous zone. The intensity of
the reaction decreases suddenly above the zones A similar

intense/
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intense reaction of ~SH groups is not found in the follicles
of ShaSha skin; the keratogenous zone is only weakly reactive
throughout ites length.s Sometimes the cortex above the kera-
:togenous zone is weakly reactive, indicating the presence

of free -SH groups in a part of the fibre from which they
should be absent.

With the exception of the keratogenous zone the distri-
tbution of -SH groups in the skin of ShaSha mice is similar
to that of normal skins, The stratum corneum is weakly
reactive; the Malpighian layer, outer root sheath and Henle's
layer are unstained; Huxley's layer is moderately reactive.
The keratohyaline granules of the epidermis and the trichohyaline
granules of Huxley's layer react negatively,

Under the high power, the fibrillar nature of the hair
cortex in the keratogenous zone can be readily observed (Fige29).
The fibrils give the strongest reaction. The hair cuticle
also stains intensely but, since this layer is thin, the
details are not obvious. The reaction of the medulla is some-
iwhat varisble; in general it is weakly reactive, but
occasionally it is strongly reactive, though nbver as intensely
as the cortex or cuticles <+he fibrillae are absent from the
cortex of Shasha follicles (Fig.30 )s *he cortex is thinner
than normal and contains only traces of -SH groups. +he de=-
sficiency of -8H reactive fibrils is striking. The cuticle
is intensely reactive and is similar to that of normal follicles
in all respects. The medulla shows traces of ~-8H groups, as

is/



Fig. 27. Normal skin at 6 days
The keratogenous zone of the
follicle reacts intensely with

-SH reagent. The reaction ends of the follicles. X130.
above the zone. X130 ,




Fig. 29. Normal skin at 6 days
showing intense =8H reaction of
cuticle and cortex in the
keratogenous zone. X600

-

Fig. 30. ShaSha skin at 6 days
showing weak -SH reaction of
cortex and intense reaction
of cuticle in the keratogenous
zone. X600,



is normal.

5e DRISCUSSION.

(a)« Zhe genetics of shaven.

Homozygous shaven mice are phenotypically similar
to homozygous naked mice and the two loci, Sha and N, are
closely linkeds This is the third example in the mouse of
a phenomenon in which adjacent loci have similar phenotypic
effectss The other cases are: (a) patch Ph and dominant
spotting with macrocytic anaemia M, %Y in linkage groups III
( Gruneberg and Truslove 1960); (b) the brachyury I, fused Fu,
and anury t, series of mutations in linkage group IX (Dunn
and Caspari 1942). The qguestions which arise are whether
Sha and N are mutations in repeated loci, similar to the
doublets in Drosophila, or whether they are different muta-
:tional sites within one gene, or whether the close pxioximity
of Sha and N is merely a matter of chances

To prove that the Sha and § mutations represent the
replication of a chromosomal segment requires both cytological
and genetical evidence. Cytological evidence of adjacent
gene repetitions in Drosophila has been given by Bridges (1935),
who demonstrated the double structure of certain bands of
salivery gland chromosomes. 7The doublet structures were
correlated with similarity of effect on the phenotype, and
this led to the conclusion that the repeatod loci were derived
from one original locus. Similar cytological evidence is not
available/
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available from the mouse, and it is not possible to say whether
or not Sha and N are derived from a single locus. The gene-
stical evidence is partially consistent with the repeat hy-
tpothesis. The Sha and N genes are similar in function and
the two loeci are definitely separable by crossing-over.
Mutations at repeated loci are expected to act in similar
ways during development, ‘and this expectation is realised
in the case of ShaSha and BN mice., In both cases the
hairlessness 1s due to abnormal keratinization of the hair
shafts in the follicles during anagen. But there is also
the problem of the dissimilar phenotypes of the heterozygous
shaven and naked animals. Although ShaSha and HN mice are
mimics, Sha+ and J+ mice are entirely different in appearance,
and the greasy fully grown coat of Sha+ animals contrasts
with the semi-~hairlessness of [+ specimens. In the double
heterozygote, Sha +/+ N, the Sha and § genes are not come
siplimentary. The greasy defect is obscured by the semi-
shairlessness, and Sha +/+ } animals have a typical Ji+ pheno=-
stype. The question whether Sha and N are mutations at
duplicated loci remains unanswered.

The second possibility, that Sha and J§ form a complex
gene with different mutational sites, must be considered in
the context of the traditional views regarding gene structure
in the mouse. The fact that Sha and J are separable by
crossing-over proves that they are non-allelicy 9 recom=-
sbinants were obtained during gametogenesis of 1031 double
heterozygotes/
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heterozygotes in the two point tests (Tsble 7)« Position
effects are not found and gSha +/+ } mice are indistinguishable
from ghg Ji/+ + mices These observations indicate that Shs
and i should be regarded as two distinct loci which are
closely linked.

But is the occurrence of two mutations, which cause similar
developmental defects and which show approximately 17 recom=
tbination, merely a coincidence? The increasing freguency
of such cases as Sha and Ji, Bb and WY, etc., suggest that
close linkage and similarity of effect are not a matier
of chance alone.s It is likely that further examples in the
mouse will be discovered as more gene loci come to the atten~
ttion of investigators. The old rules that gene loci are
scattered throughout the chromosomes irrespective of develop-
smental effects end that adjecent loei which are seldom
separsble by crossing-over need not have similar phenotypie
effects, will probably remein true but explenations in terms
of chromosomal organisation and gene structure are reqguired
whenever cases such as these mentioned are encountereds

(b)+ Zhe

The hypotrichosis of ShaSha mice is due to the inability
of the follicle population to produce fully keratinized nairs,
and not to a failure of follicle initistion. The abnormality
is similer to that produced by the naked gene, It will be
convenient to discuss the histology and histochemistry of
ShaSha skin under separate headings,

Eollicle initistion./



Follicle ipitiation, ShasSha mice are capable of initiating
follicle primordia in the skin in a normal manner. There is

no difference between ShaSha and normal mice in the number
of follicle primordia and number of guard haif follicles

per microscopic field at birth, at 3 days, and at 6 days of
ages This shows that the germinative property of the
Malpighian layer is not diminished by the Sha gene. In this
respect, ShaSha mice differ from RaRa, Ra+ and grer animals.

Follicle differentiations There is no obvious histological
abnormality in the follicles until the young hair passes the

distal end of the inner root sheath. The hair bends at the
epidermal-dermal junction, and this explains the non-eruption
of the coat at 5 to 6 days of age. The pertinent question is
whether the bending of the hair is due to an abnormal epidermis
or to a defect of the hair. Examination of the epidermis shows
that it is normally differentiated and the stratum corneum
is normal in thickness. Observations indicate that the
resistance of the epidermis to the erupting hair is unaltered
in ShaSha skine On the other hand, the weakness of the hair
is suggested by its thin eosinophilic cortex. The absence of a
rigid picrophilic cortex is a manifestation of a keratinization
defect in the lower follicle regions.

The hyperplasia of Malpighian layer and outer root
sheath cells in the sebaceous gland regions exemplifies the
pluripotentially of these cells. Since the hair canal is
normally/



normally straight, any hair which does not conform to its
shape presumebly acts as a stimulating agent on the surround-
ting tissuese The proliferation of the epidermal cells appears
to be a response to such a stimalus,

Ihe keratinizotion orocess.

The hairlessness of Zhaths mice can be traced to an
aberrant cortex in the keratogenous zone of the follicle.

The cell nuclei are not elongated and they remain uncondenused.
The cells are deficient in fibrils, The hydrated muclei

and granular cytoplsem give the impression that the follicles
of Shashe mice are unable to orientate the £ibrils in
longitudinal direction. In contrast to the cortex, the
cuticle is a2 rigid picrophilic layer, and #s keratinization
is not affected by the Sha geme, The medulla is not grossly
sbnormal in the keratogenous zone and the only defects are
smaller intercellular spaces and rather thickened septa.
These defects are more extiiome at the epidermal level. Con~-
ssequently, in the keratogenous zone the keratinization defect
is confined chiefly to the cortex.

Seruting of the buldb and supre-bulbar region of the
follicle does not reveal any mechanism which might explain
the abnormally shaped nuclei and deficiency of fibrils
in the keratogenous zone. All the concentric layers of cells
which are destined to form the hair, are clearly defined in
the bulb, and the frequency of mitotic figures is not sube
tnormals

The/
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The fact that the Sha gene, when homozygous, causes
abnormal keratinization of the cortex and medulla, and does
not appear to affect the keratinization of cther epidermel
or follicle layers, suggests that the type of keratin which
is produced by each cell layer is genetically predetermined.
There are sbout seven keratins which differ in chemical
composition: the stratum corneum, Henle's leyer, Huxley's
layer, the hair cuticle, cortex, lndulll_l. and the keratin
of the nails. The cuticle keratin differs from cortical
keratin (Geiger 1944), end the medulla contains only emall
amounts of keratin (Goves 1946). The various forms of xeratin
illustrate the different biological capacities of the cell
layers. In ShaSha skin, it is chiefly that cell layer which
forms the hair cortex that deviates from the normal sequence
of developmental events.

Genetic specificity of the type of keratin synthesis in
a given cell layer is indicated also by other genes causing
hairlessness. In jj+ mice, David (1932) found that the hair
cuticle was deficient in the lower follicle region but the
other follicle strata were normal. The defect is moreextreme
in NN animals; not only is the hair cuticle sbsent, but the
cortical and medullary elements are reduced and Huxley's layer
is unkeratinized. In hrhr mice, keratinization of the hair
club at the end of anagen, is sbnormal (David 1932), Jarrett
and Spearman (1957), however, failed to note any histological
defect/



defect which might account for the brittleness of the hairs
in matted mamsg mice.

It is seen, then, that the development of the l_xair
cortex in the follicles of ShaBha skin, proceeds normally up
to a certain stage. Them, in the keratogenous zone and without
any reason detectable LiStologically, the differentiation of
the cortex fails to reach completion, After pinpointing the
histological basis for the incomplete keratinization, other
methods of investigation mist be employedlif any further

progress towards a solution is to be made.

data concerning the structure of wool keratin. It has been

éhown that the cortical cells of wool keratin are connected
together by interlocking and protnud:l.ngf fibrils (Alexander ond Hudson,
1954)« It would be interesting to examine the cortical cells

of Shasha follicles and to compare the fine structural details
with those of normal cortical cells. Such studies might also
reveal whether ShaSha follicles are completely lacking in

fibrils or whether fibrils are present 'but' are not properly
orientated. The information obtained, however, would be
essentially morphological.

In seeking an underlying physiological explanation for
the keratinization defect of ShaSha mice, two methods of
investigation may render useful information. The first pro-
scedure concerns the distribution of sulphydryl groups in

ShaSha /



ShaSha follicless Details qf such an investigation have
already been given and will be discussed laters The second
likely method tor'studying the relevant metabolism of ShaSha
follicles 1nvolve§ the use of radioactive isotopess Hair
keratin is rich in sulphur and the sulphur metabolism of hair
follicles has received much attention from various workers.
Bern et al, (1955) and Ryder (1958) injected mice with
cystine, lsbelled with sulphur-35, and noted the sulphur
concentration in d4ifferent regions of the follicles. Comparisons
between Shasha and normal follicles with respect to the deve~-
:lopment of peaks of antivity along the follicle axis would
indicate any abnormal sulphur metabolism which might be
present in Shasha follicless Autoradiographic techniques
were not used in these investigations but the sulphur meta-
:bolism of ShaSha tqllicles was examined by observing the

concentration of sulphydryl groups in the keratogenous zone,

and comparing the abnormal follicles with normals,

in the keratogenous zone of normal follicles and this observa-
ttion agrees with the findings of previous authors. The
strongest reaction was found in the fibrils of the cortex.

The -8H reactive fibrils are "hardened" by the formation of
-8-S~ bonds, and the fully keratinized hair cortex is devoid
of free -SH groups. In ShaSha follicles the cortex is de-
ificient in -SH reactive fibrils. Yet the cuticle is intensely

reactive/
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reactive, It appears that the cortical cells of Shasha
follicles are unable to synthesise normsl amounts of cysteine
residues which are necessary for oxidation to cystine, and
that the cuticular cells retain this capacitys The failure
to sythesise -8SH reactive fibrils partially explains, in
physiolegical terms, the inability of ShaSha follicles to
produce fully keratinized hair, It appears that the Sha
gene in the absence of its normal allele, interferes with the
synthesis of keratin precursor in the cortex of the follicles
and that the keratin precursors in the other layers are
normally synthesised.

(e)e

With the technigues used. no histological defects were
detected in Sha+ skin which might be associated with the
greasy condition of the coat. The abnormal accumlation
of sudanophilic material in the medullae of Sha+Tfibres is
difficult to reconcile with the normal distribution of lipids
in Sha+ skin. Nevertheless, a tcntative explanation may be
offered as follows:

In the normal follicle the sebaceous gland ducts open
into the hair canal at a higher level than that at which the
fibre is fully keratinized. Consequently, the fatty secretions
of the glands are applied only to the outer surface of the hair.
Any substance present in the medulla must ultimately be derived
from the plasma of the follicle bulb or by penetration of the

gland/
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gland secretions throggh the fully keratinized hair cuticle
and cortexs The latter possibility is very unlikely because
thé cuticle and cortex are rigid structures and may be
considered 1npen§trdbie by .large fatty molecules. Also, no
sebaceous gland excretions were rognd adhering to the external
surfaces of Sha+ hairs, The other alternative, i.e., that
the sudanophilic substance of Sha+ fibre medullae is derived
from the lower follicle regions, is more likely, but its
plausibility was not sustained by the Sudan negative reaction
of the hair medullae in histological sections. It is
possible, however, that the Sudan reaction was not as efficient
in penetrating the interior of densely packed follicles of
frozen sections as in pnnetrat;ng the medullary spaces of
plucked hairs,

In the light of the observations on ShaSha and Sha+ skin
the presence of the fha gene in double dose may be considered
to cause a specific physiological process, i.e., synthesis
of inadequate amounts of cysteine residues in the hair cortex,
to exceed a certain threshold, so that almost complete hair-
zlessnpss resultss In the heterozygote, one normal allele
appears to be sufficient to produce normal amounts of the keratin
precursor, but it is possible that the Sha allele has an
undetectable residual effect on the keratinization of the
medulla, causing the deposition of sudanophilic material in the
air spaces and so accounting for the greasiness of the coats
This possibility remains to be proved. '
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ShaShg follicless Details of such an investigation have
already been given and will be discussed laters The second
likely method tor_studying the relevant metabolism of E£haSha
follicles 1nxolve§ the use of radioactive isotopes. Hair
keratin is rich in sulphur and the sulphur metabolism of hair
follicles has received much attention from various workers.
Bern et als, (1955) and Ryder (1958) injected mice with
cystine, lsbelled with sulphur-35, and noted the sulphur
concentration in d4ifferent regions of the follicless Comparisons
between Shaghs and normal follicles with respect to the deve-
:lopment of peaks of antivity along the follicle axis would
indicate any sbnormal sulphur metabolism which might be
present in ShaSha follicless Autoradiographic techniques
were not used in these investigastions but the sulphur meta-
tbolism of ShaSha fqllicles was examined by observing the

concentration of sulphydryl groups in the keratogenous zone,

and comparing the abnormal follicles with normals.

in the keratogenous zone of normal follicles and this observa-
ttion agrees with the findings of previous authorsg The
strongest reaction was found in the fibrils of the cortex.

The -SH reactive fibrils are "hardened" by the formation of
-8-8- bonds, and the fully keratinized hair cortex is devoid
of free -SH groupss In ShaSha follicles the cortex is de-
sficient in -SH reactive fibrils. Yet the cuticle is intensely
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reactive, It appears that the cortical cells of ShaSha
follicles are unable to synthesise normal amounts of cysteine
residues which are necessary for oxidation to cystine, and
that the cuticular cells retain this capacity. The failure
to sythesise -SH reactive fibrils partially explains, in
physiolegical terms, the inebility of Shasha follicles to
produce fully keratinized hair., It appears that the gha
gene in the absence of its normal allele, interferes with the
synthesis of keratin precursor in the cortex of the follicles
and that the keratin precursors in the other layers are
normally synthesised.

(e)e

With the technigues used, no histological defects were
detected in Sha+ skin which might be associated with the
greasy condition of the coat. The abnormal accumilation
of sudanophilic material in the medullae of Zhg+fibres is
difficult to reconcile with the normal distribution of lipids
in Sha+ skin. Nevertheless, a itcntative explanation may be
offered as follows:

In the normal follicle the sebaceous gland ducts open
into the hair canal at a higher level than that at which the
fibre is fully keratinized. Consequently, the fatty secretions
of the glands are applied only to the outer surface of the hair,
Any substance present in the medulla must ultimately be derived
from the plasma of the follicle bulb or by penetration of the
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gland secretions through the fully keratinized hair cuticle
and cortexs The latter possibility is very unlikely because
thé cuticle and cortex are rigid structures and may be
considered 1npenqtra‘bie by .large fatty molecules. Also, no
sebaceous gland excretions were ronnd adhering to the external
surfaces of Sha+ hairss The other alternative, i.e., that
the sudanophilic substance of Sha+ fibre medullae is derived
from the lower follicle regions, is more likely, but its
plausibility was not sustained by the Sudan negative reaction
of the ﬁair medullae in histological sections. It is
possible, however, that the Sudan reaction was not as efficient
in penetrating the interior of densely packed follicles of
frozen sections as in penetrating the medullary spaces of
plucked hairs,

In the light of the observations on ghaSha and Sha+ skin
the presence of the fha gene in double dose may be considered
to cause a specific physiological process, i.e., synthesis
of inadequate amounts of cysteine residues in the hair cortex,
to exceed a certain threshold, so that almost complete hair-
:lassx;oss resultss In the heterozygote, one normal allele
appears to be sufficient to produce normal amounts of the keratin
precursor, but it is possible that the Sha allele has an
undetectable residual effect on the keratinization of the
medulla, causing the deposition of sudanophilic material in the
air spaces and so accounting for the greasiness of the coats
This possibility remains to be proved. '
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Another causal relationship between the hairlessness of
ShaSha mice and the greasy coat of Sha+ mice would need to be
proved if it was established that the sebaceous glands were
responsible for the greasiness of Sha+ hairs. In such a case,
an investigation of the epidermal cells during follicle
initiation and differentiation would be required, since the
glands and hair shaft are essentially epidermal in origin.

6« SUMMARY
y (1)« The gene shaven Sha is a new gene causing hairlessness
in the mouse, and it differs phenotypically from all previous
hairless genes. It is semi-dominant. ShaSha mice never grow
a first coat, and Sha+ mice have a fully grown coat which is

greasy.

(2)« ShaSha mice can be classified at birth by the pauecity

and wavinés of the vibrissae, and at 5 days by the absence of
the first coat. Sha+ mice are not classifiable until sbout 14
days of age when the greasy coat becomes noticesbles

(3)« Sha is closely linked to N in linkage group VI. The per-
scentage recombinatioﬁ estimated from two point tests was 0,8%.
(4)« Five-week old Shasha aniulnala grow a few short malformed
hairs which are not classifisble into the standard types.

(5)« The body growth rate of ShaShe mice is subnormal.

(6)s The failure of Shasha mice to grow a coat is due to abnormal
keratinization of the hair, The skin histology is rather similsr
to that of NN _mice.

(7)« There is a deficiency of sulphydryl groups in the follicles
of ShaSha skin,

(8)« The greasiness of the Sha+ coat is due to the presence of

a sudanophilic substance in the fibre medullae. A similar
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substance was found in the fibre medullae of Shatha and N+

mices The possibility that the sudanophilic material may be
a by-product of abnormal keratinization is discusseds

(9)s The keratinization defeet of ShaSha skin is discussed
in histological and histochemical terms.



Fig. 31, Normal and nude adult mice. Both are agouti black animals
The nude animal is completely hairless and the skin on the posterior
dorsum is losing its pigmentation.



The gene pu alse causes hairlessness in mice but differs
phenotypically from the hairless genes previously discovered,
In addition to the hairlessness, the py gene causes & number
of other sbnormalities including reduced growth rate, infertility,
high mortality of young mice, and 100% mortality of the adults
as a result of a liver defects This chapter is divided into
five sections which deal with the various topics in the
following order: the genetics of the nu gene, the gross mor-
iphological abnormalities of nuny mice, the skin histology,
the liver defect, a discussion of the skin and liver histology,
an analysis of the pleiotropy, and finally, a summary. Normal
and puny mice are shown in Fige 3| .

| I. GENETICS.
Stocks.

The mice obtained from Glasgow consisted of one hairless
male and one phenotypically normal male thought to be heter-
toxygous for the nu gene, together with one phenotypically
normal female also thought to be heterozygous for the Ju gene.
The hairless male died without producing offspring. The re-
tmaining pair were mated and produced 2 litters of 25 mice
but no hairless specimens were obtained. The progeny were
intercrossed at random and one mating produced hairless animals.
Thues, two heterozygous parents were identified, and they produced
8 litters.

None of the hairless specimens survived but the normal
offspring, § of which were expected to be heterozygous for the

oy
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Dy gene formed the basis of the nu stock.
Segregation data.

It was assumed that ny is a recessive gene, and this
assumption was confirmed by the segregation data presented
in Table 10, Nude mice can be classified with accuracy at

Zskle 10, Segrogation of nude
e of . No. of Pro .
ik (SRR el X »
X o 122 3890 1349 5239 159 0.20

ung X +ng Bl 3 A0 033 0,70

birth by the sbsence of vibrissae. This fact has provided
mere accurate records of segregating litters than would other-
twise be possible, since muy punu mice die within a few days
of birth and are eaten by the parents. Nude animale are rarely
fertile and all adults die, usually between 5 and 14 weeks Be-
tcause of infertility, the segregation data is derived mainly
from intercross +au x +nu matings. The data s viased towards
an excess of puny animals a8 no mating is included unless it
has produced at least one punu offspring. Matings between
hotu-ogygotél which, by the chances of sampling, produced no
abnormal young have not been considered. The observed segrega-
ttion of ny does not differ significantly from expectation.
Four matings, in which one of the parents was homozygous nude
and the other heterozygous nude, produced offsprings The
segregation of nu was in good asgreement with the expected 1:1
ratios DNude was thus proved to be a recessive gene,



Linkage tests.

Nude was tested for linkage with all the marker genes con-
ttained in the stocks described previously in connection with
shaven. It was realised that the practical value of pu as a
marker would be almost negligible on account of the infertility
of puny mice and of the lethality of the gene in the adulis.
Nevertheless, it was considred interestingto identify its
linkage group and to establish its relationship, if any, with
the other genes causing hairlessness.

The stocks used were as follows:

Stock No. Markers present

1 Va 8a Ra

11 Wh T N

III P se fz v
Iv S wa=2 1n ® a
v M Je ¢t c®
VI Re WV

VII 0s So 81

The methods for testing nu for linkage with the marker
genes were essentially difteront from those testing shaven. Nude
is recessive and in addition,the animal,used for outcrossing
to the marker stock fnxat be a heterozygote +nu, since homozygotes
nuny are rarely fertle. Consequently, only helf the F; miee will
carry the nu gene, and these can be identified only after testing
them against known+nu animals. The procedure was as followe:

In all cases, & known +au enimal was outcrossed to any
animal from each stocks <*he next step depended on whether the
marker gene, against which pu was being tested,was dominant or
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recessive. When 214 was being tested against dominant markers,
i.e.y those of stocks I, II, VI and VII, the F} multiple hete-
trozygotes were mated to known +nu mice and one mating in two
was expected to produce punu offspring. In this way, Multiple
heterogygotes which carried the pu gene were identified. Cone
ttinued mating of such animals to known +ny mice yielded the
pertinent linkage datas These linkage tests were mixed crosses,
being backcrosses for the dominant markers and intercrosses for
Due. For example, let A be a dominant marker, then the test

was A +/+ pu X + +/+ gu. The deviation of pu from independent
segregation with each dominant marker was then estimated.

When pu was being tested against recessive marker genes

of stocks III IV and V, there was a choice of two procedures,

The mice might have been tested against known +nu mice to

see if they carried pus Those F animals which were proved

to carry pu might then have been intercrossed to produce the F
generation, from which the relevant linkage data would be obe

s tainable, The second system might consist merely of intercross-
ting all F mice at random, end one in four matings would be
expected to produce punu offspring in the 5 + The second pro-
tcedure was adopted since it is more straightforwards It is seen
that the linkage tests between nu and recessive markers were

intercrosses, e.8s, if y is a recessive marker, the test was

y+/+ma x ¥ +/+ Dde
The results of the linkage tests are summarized in Taeble II.

The/



Gene Linkage Phenotype of progeny Independence Recombination
tested group X + +t3 + +D T v esba el o Sele
Va XVI 29 6|23 6 62 0.19 0,70 L5 10.8
8d v 2l 10 | 33 9 7 0.16 0,70 2& 9.9
Ra v 79 67 | 94 - 240 1.25 025 3 11.2
wh XI 513 19 | 59 1 146 0e23 0470 ﬂ Tl
T Ix L8 19 | 59 12 138 Oe24 0.70 Teli
N VI 79 32 | 69 - 180 0s75 0430 9 128
D I 3 37 11 189 0.03 0.90 9 5.2
se II 24 1 | 84 6 128 048 0450 55 6e
fz XIII 25 60 D28 o Bt 243 250 06,10 35 9.0
v X 30 18°| 79 3 130 1.23 o..;.g 43 6.6
s III 11 23 | 67 L 105 0,00 O, 50 7e3
wa-2 VII 22 30 | 58 - 110 0625 0470 43 “1te
in XIII 19 30 | 56 -~ 105 0,00 o.zg L9 e
b VIII 11 10 | 33 2 56 0.28 0. 45 10.0
a v 18 22 | 40 - 80 1,10 0,30 33 16.7
™M XII 37 35 17 21 2,00 0,20 57 5¢1
r XII 2l 15 | 57 5 101 0.25 0,60 46 5

X1V 40 L1 13 205 0el2 0.75 48 2
c® I 23 28 | 77 2 130 2,88 0.10 39 6.6
Re Vi oy 56| 60 - 210 736 <0,01 18 11.9
WY III 71 37 503 | 26 237 0.00 0.98 50 5e6
0's XVIII 36 20 | 67 13 136 0.25 0,60 54 8N
So XVIII 48 34 | 39 T 121 090 0,30 35 1547
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The mixed crosses are in coupling, that is, both dominant
genes entered the tests from the same parent. The inter-
tcrosses are in repulsion. The marker genes, Ra, N, £z,
wa-2, 1n, 8, Re, S0, are indistinguishable from their

normal alleles in nude mices Consequently, only three pheno-
itypes are recognisable in the offspring of tests between

nu and these markers. This lessens considerably the amount
of information per individual in the tests. The deviation
from independent segregation of nu with all markers and the
percentage recombination together with its standard error were
estimated by the method of Carter and Falconer (1951) which is
based on the methods of Mather (1935), Finney (1943) and
Fisher (1946). Scoring coefficients and amount of informa-
:tion per individual were fitted to the datas The recombina-
stion fraction of pu with each marker was obtained by dividing
the total score by the total amount of informstion, and adding
the fraction so obtained to Z.

The number of offspring obtained from the tests ranged
from sbout 60 to 240. Analyses of the data showed that Re
was not segregating independently of nu. It is seen from the
table that the deviation from independent segregation was sig-
snificant at the 1% level, and the recombination value of
18% differred from 50% by more than twice the standard errors

The/
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The number of matings in the test was then increased in
order to obtain further evidence of linkage between Re and
nu. 7he complete results are given in Table 12, The
aata show that pu is linked with Re in linkage group VII.

Parents Re +/+ mu x + +/+ m
Progeny Re + +mu ++ Re nu
No. observed 623 383 407 -
Total 413
Recombination 19.4% + Le6F

. 4O P< 0,001

The percentage recombination was 19.4 + L4.6. The closest
admisseble linkage at the 5% probability level was 10,2 but,
also, the linkage might be as loose as 28,6,

Localization tests were then initiated in order to
determine the linear order of Re and nu _w:lth respect to a third
marker in this linkage group. The third merker dosenwss Tr. The location

of/
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of Re and Tr in linkage group VII is shown below:

Re 23 'l‘r

t i

The percentage recombination between Re and Ir, as estimated
by Falconer and Sobey (1953) is 23.0 i 2.6 and it has been shown
that the recombina tion value between Re and nu is 19.4 i L6,
Thus there are 3 possible positions of nu, as indicated by the
arrows in the diagrams In order to discriminate between these
three possibilities three point tests were carried out by
crossing Re Ir +/+ + mu X + + +/+ + nu mices The location
of the mu gene can then be determined, since the rarest pheno-
ttype will represent the double cross-overs The method, however,
is slow, since for obvious reasons Tr and nu are difficult genes
to use in linkage tests. Sufficient results are not yet available
to enable definite conclusions to be made; The three point
crosses are being continued and the data will be published later.

Two point tests between nu and Ir were also carried out,
since this procedure is more étraightforward than the three
point crosses, although the amount of information obtainable is
very much reduced. Ir +/+ nu females were mated to + +/+ mu
males. ¥ nu and Tr show little recombination, it may be con-
tcluded that nu is located near Tr and that the order of the genes
is not nu Re Tr. The arrangement of the genes and the

recombination frequencies between them would be one of two al-

iternatives as follows:~-

(a)/
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SR TR W, X

< 194146 —>
S— 230t26—>

(v) Re g;: nu

— (4414t —
«—230%26 —>

But if the frequency of recombination between nu and Tp
in the two point tests approaches 4O% the order of the
genes and the estimates of recombination between them
would be as shown in the diagram below:

() _nu___ Re ZIr

T4t e —¢13077.0—>

In this case, another 19 units would be added to linkage
group VII,.

The results of the two point tests between pu and Tr
are shown in Table 13, It is apparent from the data that
nu and Ir show fairly close linkage.

able Re tw oint tests between a T
—tarents brogeny Total
Ir+ +m ++ Irm
+ +
%ﬂiiu?x ”moa 81 y2 . T 151
Recombination % 8.6 £+ 7.0 X trony

The standard error is large on account of the reduced amount

of information obtained per individusl in the mixed crosse The
percentage recombination of 8.6 4 7.0 strongly points to order
(c) above being excluded. It is, however, worth while to examinec

this/
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this conclusion more critically. The alternative diagrams,
2, by, and ¢ sbove may be discussed separately:
(a) Prom the two point test data, the frequencies of recombina-

stion are as follows:

Rec— 4t ee —mug 846190 —>Tr
< 23:0%2.6 : >

The observed recombination values add up to a value of 28,0
between Re and Iy compered with the value of 2340 3 2.6
obtained by Falconer and Sobey (1953). The difference between
the two estimates is 5,0 and, in order to test the significance
of this deviation, the variance of the difference is equal to
the sum of the individual variances, (4.6)2 + (7.0)% + (2.6)2
= 7649« When the difference between the two estimates is
compared with its standard error, 5.0 i 8.,7,it is seen that the
difference is not significant.

(v) Suppose that the order of the 3 loci is Rg¢ - Ir - nu. Then,
from the two point test data, and including the estimate of
recombination of 23,0 i 2,6 between Bg auni Ir obtained by
Falconer and Sobey (1953), the frequencies of recombination
between the 3 genes are as follows:

Re¢e——2301t246 —— S5 TP &—3(+t70—>n0
€ 74T ¢ >

whon the estimates of recombination of the twe individual seg-
iments are summed,the recombination value between Rg and nu is
31,6, compared with the observed estimate of 19.4 obtained from
the two point test data, The difference of 12,2 has a variance
of 76.9, as before. The difference between the twoestimates, when
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compared with its standard error, 12.2 i 8.7 is not s ignificant
at the 57 probability level,

(¢) Finally, if the order of the 3 loci is nu - Bg - Ip, the
estimate of recombination may be arranged as follows:

o\ — A o 274 S Re ¢ 230t26 —>STP
< L% >

When the recombination values of the two individual segments
are summed, the estimate of recombination between pu end Ir
is 42.4, compared with the observed estimate of 8.6 obtained
from the two point tests. Comparing the difference with its
standard error, 33.8 & 847, it is seen that the difference is
greater than twice the standard error and must be considered sig-
snificant at the 5% probability level. Hence, the recombination
value 42.4, which is the result of addition of two other estimates
is incompetible with the observed recombination value, 846 i 7.0,
between nu and Ir. .

From this analysis, it may be stated that, after allowing
for experimental error, alternatives a and b are much more
likely then e¢s The gene pu is probably located near Ir but in
tho sbsence of three point test date it cannot be decided whether
ou is positioned to the right or left of the Ip locus. The three
point test data will be available later.
Summary of linkage tests. The gene nu is linked to Ee in linkage
group VII. The recombination value obtained from two point tests
was 19.4% i Le6f, Tests between gy end Ir gave & recombination
value of 846% + 7.0%s The order of the 3 loei appears to be

either/
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either Re -~ nu -~ Tr or Re - Tr - nu. The two point tests
indicated that the order of the genes is not yu - Re - Tr.
2. MORPHOLOGY,

In this second section of Chapter III, an account is given
of the sbnormalities caused by the pu gene. The complex of
ebnormelities is dealt with as follows: the external appearance
of nunu mice, hair morphology, body growth rate, infertility of
both sexes, mortality and, finally, the incidence of liver
necrosis in moribund or dead nunu animals.

Zxternal appearance.

The integument of young nunu mice resembles except for a
few detalls, that of ShaSha animals. These differences will be
pointed out in due course,

Nude specimens are classifiable at birth by the absence of
vibrissae. All the vibrissae follicles are present on the
snout and on the head, but they contain vibrissae stubs only.
Many nunu mice die within a few days of birth.

Viable young animals fail to grow a first coat. At 6 days
no hairs have erupted on the dorsum and the skin becomes wrinkled,
At about 10 days of age a few hair stubs are found scattered on
the dorsum, and a few fine hairs are present on the head, feet and
tail. Otherwise, the animals may be said to be completely hairless.

Three-week old nunu mice are smaller than normal mice, and
they are often in poor condition., Those animals, which survive the
weaning period show signs of hair growth at about 5 weeks of age.
The skin becomes thickened and intensely pigmented and fragments
of malformed hairs emérge on to the skin surface, Some nunu mice

grow/
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grow short fuzzy hairs similer to ShaShe mice, and the limited
growth proceeds in a cephalo-csudal directions The hairs soon
break off and depilation is complete at 6 weeks,

Healthy edult mice show thickening and pigmentation of the
skin at regular intervals. In most cases only excrescences of
hair fragments are found on the integument. A minority of nuny
animale show regeneration of sparse fuzzy haire, but these bands
disappear before reaching the posterior dorsums Stunted nymu
mice do not show cyclic skin thickening and eruption of fuzzy hairs
and the ekin remsins thin throughout life,

With the onset of illnees, usually between 5 and 14 weeks of
age, thcro is westage of the subcutaneous fats The skin loses
its pigmentation completely and becomes transparent,

Jibrissae. In contraest to ShaShe mice, puny animels show partial
growth of vibrissae during the preweaning periods Although the
vibrissae are absent at birth, 10-day old individuals usually

have 10 to 12 vibrissse, sbout i" long. The supra-orbitals, poste
orbitals, and posteorals, have also erupted at this time, At
weaning it u' apparent that some whiekers have broken off but the
remainder have reached #" in length. All vibrissee are shed at
about 4 weeks. Older puny mice show repeated growth and loss of
short wavy vibrissee.

lails and teethe Nude mice also differ from SheSha mice in that
the neile are usually melformed. At weaning the nails are distinctly
shorter than nermal, This underdevelopment is more obvious in
sdults. The central nails of each foot are often constricted and
show a spiral formation, The outer nails are not malformed. There

is/



Fig. 32. Microphotsgraph of hairs from nude mice, The hairs vary in
diameter and are twisted. A few small air spaces are present in the

medulla and some of them contain fluid. X190
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is no excessive elongation of the claws as in hrhr mice. The
teeth appear normal.
Halr Morphology.

The macroscopic appearance of the fibres of those punu
animals which show hair regeneration is similar to that of ShaSha
mice, and the gunu fibres may be grouped into the same three
categories. The internal morphology of punu fibres is similar
to that of ShaSha fibres (Fig. 8), and a microphotograph is shown
in Fig. 32, The ohly difference between punu and ShaSha hairs
is that the former lack a cuticle. The cortex is very thin
or non-existant and in the bulbous expansions of the hair shaft
the cortex may be splintered, The medulla contains clear glassy
spaces similar to those of ShaSha, Sha+ and [+ fibre medullae.
When nuny fibres are stained with Herxheimers solution, the
glassy spaces of the medullae are Sudan positive. The common
occurrence of the sudanophilic material in the medullary spaces
of abnormally keratinized hairs suggests that this substance is
a by-product of incomplete keratinization.

Body growth rate.

The growth of puny mice which survive the suckling period,
is very much retarded, Nude and normal animals were weighed
at birth; 3 weeks, 6 weeks of age. The results are given
in Table 14. The punu mice are compared with normals on a within-
litter basis. It is seen that gunu animals have a normal birth
weight but they grow at a very reduced rate, so that at 3 weeks
they are little more than half the weight of normals, After weaning
the surviving nuny mice grow slowly and adults weligh, on the average,
14,3 g/ '
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14.3 g compared with the normal average of 25.1 g. The size of adult
nunu  mice varies from runted animals to specimens sbout § the normal
size. The growth curves of normal and nunu arimals are given in
Fige 33 &+ Although the growth of nunu mice is much reduced, it
followe a similar course g} that of normals.
Fertility.

Although punu mice are generally infertile, there are occa-
:sional exceptions. Details of matings involving nunu mice are
given in Teble 15, It is seen that matings between pnunu femsales
and punu males, and between punu female$ and normal males, rarely
produced offspring. Only 4 out of a total of 46 such matings, in
which the female parent was nunu, were successful, FEach of the
four matings produced only one litters In a few cases male punu
mice were fertile; out of 70 matings between pnunu males and normal
females, 18 produced offeprings Almost all the matings produced only
one litter, but from one mating four litters were obtained. The
average litter size of nunu mice, irrespective of mating type, was
significantly abnormals

Nude mothers are unable to suckle mice of their own genotype
or any other genotype, but nunu mice have been successfully fostered
on to normal mothers. Vaginal smears indicate that the oelstrus
eycle of adult nunu females is irregular and many exhibit con-

s tinuous dioestrus or metaocestrus phases, 8ix adult females

were dissected and in each case the ovaries were much reduced

in size. Five seven-week old females, all in fairly good condition,
were injected with 4 I.Us of P.M«.S. and, 40 hours later, with

2 I.Us chorionicgonadotrophic hormone, in order to induce ovu-
:lation. About 42 hours after thes second injection, the animals
were dissected and the number of eggs shed was counted.

The/



Type of mating

nunug x nunud nunuex +%  +7p x nume’ +7Px + Mg

Total No. of matings
Noe of fertile matings

Average no. of litters
per type of mating

Ave litter size +
standard error

Litter size of nude
parent less than normal

Significance of reduced
litter size

20
2

1.0
7.0 . 2,00

302

26 70 Ll
2 18 435
1,0 1,6 5.0

5.0 b 4 0.00 6.7 - 0,70 10.2 ) A 00514

5.2 3e5 sl

P< 0,001 P < 0,001
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Fige 33+ Growth curves of normal and nude mice.
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Fig. 3%. Mortality curves of normal and nude mice.
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The ovaries of all 5 specimens were considerably redncaiinisize.\
Three mice shed no eggs; onemimal shed 4 eggs in the left ovary
and none in the right, and one shed an egg in each ovary. 'Lack Q
of a regular oestrus cycle, undersized ovaries and reducelnufmer ‘
of eggs are responsible for the infertility of female nunu m&ce.

Evidence of copulation between punu males and normal fbégles
was provided by the finding of veginal plugs. Only a small |
proportion of copulations resulte in pregnancy. uicrosQOpic'
examination of the sperm of nunu males showed that many sperm
were non-motile and had coiled tails. These observations account
for the infertility of male nunu mice,

It appears that the 1ntért111ty of nunu mice is due to
specific defects in the reproductive system and not merely
to general weakness @f the entire body.
lMortality.

There is no evidence of increased prenatal mortality of nunu
mice compared with normals. %"his evidence is based on data obtained
from the segregating litters which were classified at birth. The
segregations from intercross matings + nu x + nu gave 3890
normals: 1350 puny mice which is in agreement with a 3:1 ratio.

Them jority of nunu mice die within two weeks after birth,
Prior to death, the animals lose weight rapidly and in the more
pronounced cases a typical emaciation occurs. Many of the survivors
are sluggish and may become moribund at any time, Some nunu
mice live on for a considerable period. Data concerning the
mortality of nunu and normal mice are presented in Table 16.
Mortality records were maintained on 486 punu mice. Similar

records/
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records were kept on 1393 normal littermatés up to six weeks of

age, at thj.s stage many normals were discarded intentionally but
mortality amongst the

Age

Birth to 1 week 130 58 2647 Le2
1 to 2 weeks 145 18 5645 5¢5
2 to 3 weeks 29 L 62.5 58
3 tol .} § 3 6849 «0
L to 5 12 1 714 6.1
5 to 6 15 0 The5 »
6 to 7 17 0 78.0 "
7 to 8 17 0 81.5 )i
8 to9 17 0 8540 "
9 to 10 11 0 8743 .
10 to 11 19 0 9l.2 hd
11 to 12 10 0 933 »
12 to 13 8 0 9%.9
13 to 14 12 0 97.4
1L to 15 S 0 9844 "
15 to 16 0 0 99,2 "
16 to 17 L 0 99.6 "
17 to 18 2 0 99.6 "
18 to 19 0 0 99.6 "
. to 20 (4] 0 996 "
20 to 21 0 0 99,6 "
21 to 22 1 0 99,8 »
22 to 23 0 0 99.8 "
23 to 24 0 0 99.8 "
24 to 25 0 0 99 "
-25 %o 26 i . -
Iotal deaths 486 8y _100% 6 1%

remainder was zero. Data on the deaths of nunu and normal mice

in the linkage tests was not included, since such information is

confounded with the lower viability of the linkage stocks, and

since many segregating litters were killed artei classification.
The table shows that out of 486 punu mice, 275 or 5645%

died within two weeks after birth. Only 76 out of 1393 normal

mice, or 5.5% failed to survive this period. There was appreciable

mortality/
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mortality of punuy mice around three weeks, due partly to weaning
stresss BPetween 4 and 14 weeks of age the mortality rate remained
steady, until 15 weeks when 98,4% of nunu mice had died, Eight
enimals were viable at 15 weeks and oncspeciment attained the age
of 26 weeks before dyings The mortelity of normal mice up to
5 weeks of age was 6.1% and afterwards it was zero. Graphs of
the mortality of puny and normal mice are compared in Fige3§ o
It ischown that the mortality of puny mice during the pre-weaning
period is very high and that, afterwards, it eventually reaches
100%s It is shown, also, that the mortslity of normal mice is
no greater than can be expected under standard laboratory con-
sditions.
The incidence of iiver necrosis:

After the first few months of breeding experiments, the
failure to obtein vieble adult jpuny mice prompted postmortem
examination of a few carcases. All had a severe liver necrosis.
During the remaining breeding experimente, ell punu mice which
were ¥ound moribund or dead in the cage were dissected and the
livers were scrutinised. Table 17 giveli the frequency of necrotic
ilvers in moribund or dead puynu mice at different ages.s Nude
mice which died before weaning could not always be examined as
they were of ten eaten by the parents. But out of 56 observations
during this period, one case of liver necrosis was found between
2 and 3 weeks of age, or more precisely, at 20 days of age., For
two weeks af'ter weaning e number of stunted nunuy mice were found
dying from general weakness, and only some of these individuals
had liver necrosis, 3 cut of 12 mice had developed the disorder
between 3 and 4 weeks and 6 out of 12 mice had the defect between

W/
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Fige 35. Progressive liver degeneration of nude micej from left to
rightj=-

(a) normal liverj;

(b) small round open lesions scattered uniformly over the lobesj

(¢) advance§ stage, with normal hepatic tissue interspersed between
large open scarsj

(d) atrophied liver from a moribund nude mousej no normal hepatic
tissue remains.
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L4 and 5 weeks. Afterwards, all the carcasses had necrotic livers.
Thus, the defect appeared to be very rare before weaning but after
about 5 weeks it was a characteristic abnormality of all nunu mice.

The severity of the liver necrosis at the time of death is
variable. The condition ranges from a few small open lesions scatt-
tered on the lobes, in some animals, to a complete degeneration
of all hepatic tissue, in other animals. Fig. 35 shows the
degrees of severity of the necrosises The milder form of necrosis
(Fige3shb) consists of small round reddish perforations scattered
on the lobe surfaces. In a more severe form (Figs.3sc), the liver
has larger open sores, with normal hepatic tissue interspersed
between the soress The sores are roughly circular, reddish,
and gorged with bloods In the most extreme form (Figeisd)s the
liver has no normal tissue, the lobes are atrophied and the whole
organ is scarred. As mentioned above, a:!.l degrees of severity have
been fbimd in dead nunu mice.

The symptoms associated with the liver sbnormality are also
rather variebles The following syinptoms are typical of most nunu
mices The animals may be healthy for a variable number of weeks
after weaning; then they become lethargic in movement, the backs
become arched, partial closure of the eyes occurs, accompanied by
retinal degenerqtion. During the following two weekes or so, the
enimals lose weight rapidly and a typical emaciation sets in.
Subcutaneous fat is sbsorbed and there is wastage of the muscles
on the dorsum and legss Very occasionally, paralysis of the hind
legs occurs. Ascitic tumors are not found. The emaciated specimens
have completely degenerate livers, as showh in Pig.35ds The necrosis
develops insidiously and if the animsals are killed at the first
signs of illness, the necrosis is already well established,
and 6 to 8 lesions may be scattered throughout the lobes.
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Although the ma;]orif.y of nunu mice lose weight and become
emaciated over a 2 to 3 week period, some specimens show a more
acute form of the disease and may die within 3 to 5 days of
becoming ills The apparently healthy animsls suddenly become ill
and lose weight th,\‘ough severe emaciation is not observed as the
eanimels die off gquickly. Very rarely, ascitic tumors ere found.
In this acute form of the disorder, all degrees of severity of
liver necrosis, as illustrated in Fig.35, are discernible,

The coated littermates of nuny mice never show any signs
of illness or devélop necrotic livers, Normal littermates of
nuny mice were killed intentionally at various ages but all the
livers were normals.

In addition to necrosis of the liver, otheg tissues also
show degeneration in punu mices In particular, the subcutaneous
fat is absorbed, the muscles on the dorsum and legs waste rapidly
and the retina frequently degenerates, With the exception of
the liver, the other intermal organs of punu mice, including
the lungs, heary spleen and kidneys, remain macroscopically
normal,

Histological details of the liver degeneration, and the
possible causes of the defect will be discussed later,

In the third section of this chapter the histological
defects of the skin of nunu mice are described. In addition
to conventional haematoxylin and eosin skin sections, the
distribution of sulphydryl groups in the skin was also examined,
The/
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The basic premises for analysing the histology and histochemistry
were essentially the same as those already outlined in connection
with ShaSha skin. Suffice 1t to say that the effects of the ny
gene on halr growth are rather similar to those produced by the
Sha gene in homozygous conditione
Methods,
The macroscopic appearance of the skin on the main body area
of puny mice is normal at birth and the hair follicle rudiments
are visible externally as pimple-like thickenings of the skin,
Consequently, embryonic skin was not examined but dorsal skin
samples were obtained from normal and puny littermates at 0, 3,
6y 95 17, and 20 days of age. Paraffin wax sections were obtained
by the methods already mentioned in connection with shaven mice.
The distribution of sulphydryl groups in the skin of 6-day old
normal and gunu mice was examined by the method of Bemnnett (1951),
as modified by Mescon and Flesch (1952),
Hesults.
Histology. Like ShaSha mice, nunﬁ;?ﬁgv no histological abnormalities
of the skin at birth (Figs.36and 37 )s The size and shape of the
follicle primordia, number of follicle primordia per = microscopiec
field, and thickness of epidermis and dermis are normal in gunu skin,
As the follicles continue to grow downwards and as the inner
root sheath reaches the epidermis, histological abnormalities
become obvious (Figs.38 and 3¢ ). Although the outer root sheath,
inner root sheath, sebaceous glands, bulb and dermal papilla are
normally differentiated, the hair is extremely degenerate and it
bends in the sebaceous gland region, The hair consists merely

of /



Fig. 36. Normal skin at birth Eig. 37. pgugy skin at birth
showing a guard halr follicle showing a guard hair folllcle
and primordia. X115, and primordia. X115,



Fige. 38. lormal skin at 6 days Fige 39. o skin at 6 days
showing follicles with fully showing follicles with strands
keratinized hairs. X115, of hailr substance., L1195,
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Fig. 40. Upper follicle region Fig. ¥1. Upper follicle region

of normal skin showing hair of nunu skin showing bending of
eruption. X210 hair strands. X219,
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Fig. %2, Mid-follicle region of
normal skin., The hair cortex
and medulla are fully differ-
ientiated, During keratinizat-
:ion, the basophiliec cortex
becomes picrophilic ( upper
part of photo? X325.

Big. 43. Mid-follicle region of
skin., The hair cortex is

absent and the medulla is not

fully differentiated. X325.



Fig. 4, Normal skin at 21 days Fig. 49. nunu skin at 21 days
of age, telogen stage. X115. of age, telogen stage. X115,
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Fig. 46, Normal skin at 6 dags ‘ng. lt?. % skin at 6 days
The keratogenous zone of the ve reaction of
folliecle recacts intensely with tha ro1u es to -SH reagent,
-5H reagent. The reaction The strands of pigment indicate
ends above the zcone. X130, the outline of follicles,

X130.
y



Fig. 48. Normal skin at 6 days
showing intense reaction of
cuticle and cortex to -SH reagent.
Note fibrillar nature of cortex.
The reaction ends sharply above
the keratogenous zone. X600.

Fig. 49, skin at 6 days
showing negative -8H reaction
of the keratogenous zone. The
cuticle and cortex are absent
and the hair consists of medulla
only. X600,
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of & strand of medullary substance and, in agouti black animals,
it is heavily pigmented throughout its length. The hair strand
is eosinophilic and never picrophilics The hair follicles have
grown downwards to the panniculus carnosus level at 6 days of ages

Unlike ShagShs mice, the strands of hair material produced
by the follicleb of punu mice lack a cuticle completely and most
hairs lack a cortex, The hairs consist solely of medullary sub-
sctances The conditions prevailing in the upper follicle regions
of normal and puny skin are shown in Figs. 4. and ¢/ . The coiled
strands of hair cause hyperplasia of the outer root sheath cells.
All the layers of the epidermis appear to be fully differentiated,
and the stratum corneum is normal in thickness.

The keratogenous zone of the follicles of punu skin is
grossly ebnormels Figs. 42 and ¢3 show the structure of the
keratoenous zone of normal and puny follicless The hair
cuticle is absent and the cortex is either very thin or non-existant
consequently the inner root sheath lies closely adjacent to the
hair strands Instead of the hair strand undergoing picrophilic
transformation in the keratogenous zone, it acquires a strong
affinity for eosins The medulla is not differentiated into
eross-septa and intercellular spaces and is uniformly pigmentated
throughout.

The other follicle stratain the keratogenous zone are normale
The outer root sheath is 2 to 4 cells thick, the inmer root sheath
may be rather thinner than usual but it is normally keratinized.

The 1ower/
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The lower region of the follicle in auny skin contains no
obvious histological abnormalities. The bulb matrix contains
much cytoplasm, and the common occurrence of mitotie figures
indicates that cell division is not reduced. All the concentrie
layers in the bulb are normally aligned. But in that region
of the follicle above the neck of the bulb in which the cuticle
and cortical cells normally become elongated, the cell nuclei
are reduced in size and remain ovoid, rather than becoming narrow.

From these observations, it is seen that the follicles
of punu mice are unable to form any of the hair keratins. The
cuticle and cortex are completely absent and the medulla is not
normally differentiated, The other forms of keratin appear to
be fully synthesised by Juny mice. These include the stratum
corneum, and its precursor keratohyaline, the eosinophilic
Henle's layer, the basophilic Huxley's layer together with its
precursor trichohyaline.

During the first anagen phase, the string-like hairs aggregate
in the upper dermis and eventually they are forced on to the skin
surface, During catagen, the follicles shorten but the hair
club is abnormally keratinized. During telogen, the distended
hair canals dontain accumulations of hair material. Telogen
follicles of normal and nunu mice are shown in Figse % and ¢S .

In Fig.4s the sebaceous glands are abnormally located at the base
of the hair canals or in the centre of the dermis.

At/ |
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At about 4 weeks of age, the follicles of punu mice enter a
second anagen phase but, as before, the hair strands lack a cuticle
and cortex. As the follicles develop, the various histological ab-
snormalities outlined above are manifested once more.
Histochemigtry. There is a general deficiency of =SH groups in the
keratogenous zone of the follicle in gugy skin. The distribution
of ~SH groups in normal and nude skin is shown in Figs. 46 and ¢ .
Whereas the -3H reaction begins above the neek of the bulb in
normal follicles and reaches maximum intensity in the keratogenous
zone, a similar -SH reaction in the follicles of gunuy mice is not
found. Under the high power objective, the intense reaction
of the cuticle and the fibrous nature of the cortex can be easily
recognised in normal follicles (Fig.44 )« The sudden termination
of the -SH reaction is also obvious. In gupy follicles, the
cuticular scales gnd cortical cells are completely absent from the
keratogenous zohe (Fige 49 ).

With the exception of the hair itself, the distribution of
-SH groups in pupgu skin is similar to that of normal skin.
The stratum corneum is weakly reactive and the follicle strata
are unreactive.,

It will be more convenient to delay discussion of the
histology and histochemistry of puny skin until the development

of the liver necrosis has been traced.
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%, LIVER HISTOLOGY,

Introduction.

Hereditary liver necrosis in mice has not previously been
reported. Bagg (1925) observed haemorrhagic lesions of the
liver in a myencephalic blebs stock, but the abnormality occurred
only very rarely in this stock.

A prerequisite for attempting to identify the causative
agent of the liver necrosis is the determination of the course of
events in the hepatic tissue leading up to the final form of the
necrosis. After distinguishing the anatomical form of the initial
lesions and the subsequent reaction of the hepatic tissue, it may
then be possible to reduce tentatively the number of causative
agents. The reasons for examining the histology of the liver
necrosis of punuy mice were those just mentioned. Other reasons
were, to find a unifying factor relating the liver necrosis to the
keratinization defect of the integument, and to see if the disorder
resembled any of the familiar liver defects of man.

Methods.

In the early stages the necrosis of pupu mice develops insidiously
and, in order to obtain a clear picture of the initiation of the lesions,
apparently healthy nunu mice must be sacrificed. Random samples of
healthy, mildly ill, and emaciated pupy mice were dissected, and the
livers graded in order of severity of the necrosis. For each guagu
animal, a normal littermate was also dissected, but no normal litter-
mate had any trace of necrosis.

Formol /



Formol saline fixed paraffin wax sections were stained with
hiaematoxylin and eosin and with basic fuchsin. Fixed frozen
sections were iﬁéﬁ"um Herxheimer's solution in order to
doteriino whether fatty infiltration occurred. Silver imprege-
tnation of reticulin fibres (Pearse 1960) was also carried out to
observe whether extensive fibrosis became established, and if s=o,
the nature of its distribution.

Hegults.

Initially, the necrosis of the liver is localised and consists
of inflammatory reactions at widely separated points throughout the
lobes. Fig. 50 . shows the lobular arrangement of normal liver, and
Fige 5/a. ulutn.tos an incipient necrotic lesion in the liver of an
apparently healthy guny mouse. Another incipient lesion in the
liver of a healthy gugy animal is shown in Fig.5'®, The first
sign of inflammation is the appearance of polymorphonuclear leucocytes
and monocytes in the centre or towards the periphery of a lobule. The
parenchymal cells degenerate and the necrosis rapidly spreads until
most of the lobule is destroyed. Islets of normal cells survive
in the midst of the necrotic area, and these islet cells regenerate.
The tissue surrounding the necrotic area is entirely normal.

With progressive necrosis, the lobules are destroyed and the
lesions begin to link up (Fig.52 ). The anatomical form of the
lesion appears to be massive, as whole lobules are involved and surroundin
tissue remains normal. The periportal areas are often gorged with blood
cells, /
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Fig. 50. Section of normal liver showing central veins and portal
tracts of the lobules. Parenchymal cells constitute the liver
lobules. X63o

Fig. 51a. Section of liver from an apparently healthy mouse.
An inflammatory reaction involving 2 to 3 adjacent lobules is
observed. The parenchymal cells are undergoing necrosis. X63.
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Fig. 51b. Section of liver from an apparently healthy punu mouse.
Cellular degeneration is localised (upper left) and the surrounding
hepatic tissue is normal. X63.

Fig. 52. Section of liver from mouse showing areas of necrosis
linking up. Whole lobules are involved in the cellular degeneration
while adjacent lobules remain normal. X63.
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Fige 53. Section of liver from puny mouse showing cellular degeneration
and phagocytosis around a portal tract. There is extensive infiltration
with polymorphonuclear leucocytes and monocytes. X250.
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Fige 54%. Section of liver from pupy mousé showing "balloon"cells with
basophilic bodies in a necrotic area(centre and lower parts of picture).
Th; parenchymal cells adjacent to the degenerating tissue are normal.
X250,
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Fige 55+ ©Section of liver from gupy mouse showing a "balloon" cell

with numerous basophilic bodies. The cell 1s distinet 1in outline
and is situated in an open space (upper right). X520
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Fig. 56. Section of liver from gupy mouse showing cells contalning

round Feulgen positive bodies (arrows). Feulgen reagent stain.
X920,
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rom mouse at time of death.
- e

Fig. 57. Seetion of liver f
little normal tissue remains



Fig. 58. Section of mormal liver showing fine reticulin fibres
traversing the lobules. Silver impregnation. X100,

Fig. 59. Section of liver from mouse with advanced liver necrosis
showing fibrous reaction of the degenerating tissue. Silver impregnat-
sion. X100.
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cells, and there is extensive infiltration with leucocytes and mono-
icytes (Fige5> ), which engulf the debris of the necrotic cells.,

Eventually, the centre of the lesion assumes a glassy
appearance, as phagocytosis has reached an advanced stage. At the
lesion margins, necrosis continues; many cells are vacuolated and
the nuclei are disentegrating. Balloon cells and acidophilic bodies
are frequently found, One of the most striking features of the
lesions is the common occurrance of balloon cells containing strongly
basophilic bodies (Fig.s¢ )s» Some of the balloon cells are irregularly
shaped and have cytoplasmic processes to which the basophilic bodies
are attached. Other balloon cells are distinctly eircularj they
have a regular outline and all the basophilic bodies are clearly
within the cell (Fig.s5 ). All the ballooﬁig%ntaining basophilic
bodies are situated in open spaces. The basophilic bodies are
numerousj they vary in shape and size and they are Feulgen positive,
(Fige 56 ) '

The necrosis of the hepatic tissue proceeds until, inevitably,
little normal tissue remains (Fige. S7 ). A few islets of cells
remainj these regenerate and are very much enlarged. In the
degenerated tissue, large masses of cytoplasm devoid of nuclei are
found.

Extensive thickening of reticulin fibres develops simultanecusly
With the necrotic lesionse The fine network of reticulin fibres in

normal /
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normal liver and the fibrous reaction of the necrotic liver are
contrasted in Figs. 98 and 59, respectively. Coarse bands of
fibres traverse the necrotic areas.

There is no fatty infiltration of the liver of puny mice.
At all stages of the necrosis, the lipid content wassimilar

to that of normal liver.

2s  DISCUSSION,

The most interesting aspect of the pu gene is the variety of
abnormalities which it produces. The mortality, reduced growth rate,
and infertility of males and females, have already been outlined. It
is appropriate at this stage to discuss briefly the skin and liver
histology before attempting to analyse the pleiotropy.

Skin bistology. It has been shown that the hairless condition of
punu mice is due to the failure of the follicles to produce fully
keratinized hairs, and is not due to a failure of follicle initiation.
The follicle primordia are all laid down by the Malpighian layer

in the usual fashion. In these respects the py gane resembles

Sha and N.

The initial histological abnormalities become noticeable as the
hairs attempt to erupt. The hairs corsist solely of eosinophiliec
strands of medullary substance, and the keratinization defect can
be traced to the keratogenous zone. Here, the hair cuticle and
much reduced cortex suddenly disappear, so that the hair strand
lacks rod-like nuclei and fibrils.

o /
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No histological defects are noticeable in the bulb which
pight account for the failure of the cuticular and cortical
cells to differentiate 1ntovlcaloa and fibrils respectively.

The nude phenotype is another example in which specific tissues,

in this case, the hair cuticle, cortex and medulla, develop normally
up to a certain stage and then, unaccountably, the differentiation
falls to reach completion.

The incomplete differentiation of the cuticle, cortex, and
medulla, appears to be associated with a gross deficiency of =8H groups
in the keratogenous zone of the follicle. The «~SH reactive cuticular
scales and cortical fibrils are absent and the follicles of gugy
mice are unable to synthesise adequate amounts of keratin precursor
for conversion to keratin or, in other terms, they are unable to
metabolise normal amounts of cysteine for oxidation to cystine.
Liver histologye The liver necrosis of nﬁnn mice is remarkable
in a number of ways. Firstly, the co-existence of the hairless
condition and a liver abnormality in an individual as a result of
a single genetic change is very surprising. In the course of the
breeding experiments, the hairlessness and liver necrosis never
became dissociated during segregation. Yet it is difficult to
explain how the liver damage is related to the abnormal synthesis
of keratin, and ultimately to a specific defect of an epidermal

structure, i.e., the hair follicle. Secondly, .to use the prineciple
of the unity of gene action as a guide, the liver defoct appears

to be a secondary effect of the hairlessness. The liver defect

in
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in the majority of nugu animals is not manifested until a considerable
period of time has elapsed after the initial hair defect. Whereas the
keratinization defect may be observed as early as 3 days of age,
the majority of necrotic livers are found between 5 and 14 weeks of
age, Thirdly, the balloon cells with basophilic bodies are a
characteristic feature of the necrotic areas. When the liver
sections were first examined, these balloon cells were considered
to be macrophages engulfing chromatin debris. The idea that
they respresented an infectious agent was not entertained for two
reasons s
(a) The basophilic bodies vary considerably in size and shape.
(b) If an infectious agent was responsible for the necrosis, it
seemed very likely that the coated littermates of nuoy mice, kept
in the same cages, would also be similarly affected with the liver
disorder. Normal littermates of punu mice never show liver necrosis
and the balloon cells with basophilic bodies have never been found
in their 11vers.Conéequent1y, it was concluded that the liver necrosis
of punu specimens was not due to a pathogenic organism, It will be
shown later, however, that there are doubts about the validity of this
conclusion.

The histology shows the anatomical form of the liver disorder.
The necrosis appears to be massive in type, rather than zonal, as
large areas of tissue degenerate, while immediately adjacent to such
areas, extensive tracts of normal tissue remain. Once a region becomes
necrotic there is no recovery and the necrosis progresses very rapidly

towards /



99.

towards an inevitable conclusion, i.e., death of 2ll the liver
tissue. The development of fibrosis as a result of the necrosis
leads to scarring. The absence of fatty infiltration is rather
expected since such infiltrations are associated with long term
liver disorders.

6o AUALYSIS OF THE FLELIOTHOEX.

Iotroductlon.
The range of abnormalities produced by the gy gene may be

briefly stated as follows:
(a) Hairlessness, which is associated with gross deficiency

of sulphydryl groups in the follicle, and which may be

observed as early as 3 days of age.
(b) Reduced growth rate.
(e) Infertility, which is csused by reduced ovary size,

reduced number of eggs shed, and irregular oestrus

eycle, in the femalesy in the males, infertility is

due to non-motile sperm.
(d) High mortality during the suckling period, and death

of all animals which survive weaning as a result of

liver necrosis.

To use the theory of the unity of gene action as a guide,

the reduced growth rate, infertility and liver necrosis, appear
to be secondary effects of the initial primary defect, hairlessness.
The most significant of the secondary effects is the liver necrosis,
as all previous forms of hairlessness have never been assoclated with
abnormalities of the viscera or with such fatal consequences as the
liver /



liver defect of nude mice. On account of the Joint segregation
of the hairlessness and liver defect, as a result of a single
gene substitution, it was considered important to reduce the
two abnormalities to a single unifying anomaly during develop-
iment. However, it will be seen that, with the techniques
used, the investigation failed to reduce the pleiotropy to one
initial cause.

Since the hairlessness 1s associated with a deficiency of
sulphydryl groups in the follicles, the liver abnormality was
examined to see whether it can be shown that this defect is also
associated with abnormal sulphur mqtabolian in the parenchymal
cells of the hepatic tissue. The amino-acids methionine,
cysteine, and cystine are particularly relevant to this study.
Sulphur metabollisme.

Methionine cannot be synthesised by the animal body from
the constituents of the diet and must be present in adequate
amounts in the food for the promotion of growth and maintenance
of nitrogen balance in adults. Methionine alone can satisfy
all the sulphur requirements of the body, since it is readily
converted into cystine. This reaction occurs in liver tissue.
Methionine forms an amino-acid homocysteine, which then condenses
with serine to form cysteine. The cystelne is converted to
gystine. The sequence of reactions is illustrated in simpiified

form as followss:
Methionine /
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a b c
Methionine — > homocysteine + serine — > cysteine — > cystine

It seemed possible, in view of the deficiency of cysteine and
cystine in the hair follicles, and also on account of the much
reduced growth rate, that the gu gene may interfere with one of the
steps of the metabolic pathway whereby methionine is converted to
cystine. Also, it has been shown experimentally that cystine
deficiency causes massive hepatic necrosis (Glynn et él.19h5). The
one gene - one enzyme theory suggests that the gu gene may be
responsible for the liver cells being unable to perform one of the
reactions indicated by the letters a, b, ¢, in the diagram above,

Amino-acid supplements, methionine, cysteine and cystine were
added to the diet of puny mice. If the biosynthetic pathway is
blocked at a, b, or ¢, then feeding cystine should aiiliorate
the necrosis, If the reaction sequence is blocked at steps
a or b, feeding cysteine should ensure continued health of the
hepatic tissue. In the case of a block at step a, the provision
of adequate amounts of homocysteine and serine would prevent liver
degeneration, but such a provision was not attempted in the experiment.

Fifty-one pugy mice were divided into five groups. Four groups
each received an amino-acid supplement of nethionino, cysteine, cystine,
and cystine plus methionine, while the remaining group received no
supplement. The supplement groups, with the exception of that group
receiving methionine plus cystine, had a control group of normal mice

receiving /



102,

receiving similar amino-acid supplements. In each group, the
amino-acid supplement comprised 0.8% of the diet, as recommended
by Long (1961).

The amino-acid supplements failed to ameliorate the necrosis.
Details of the feeding experiment are set out in Table 18, All
the nunu mice died after a variable number of weeks and all normal

0. of Mice 12 15 7 11 6

v.age at start 28 days 30 days 24 days 28 days 28 dl1l>
f experiment
mt.of supple- - 0.8% 0.8% 0.8% 0.8%

ent as of diet

[fnﬁﬁhdgﬁtf“"1v' 12 weeks 8 weeks 8 weeks 16 weeks 8 weeks.

mice lived indefinitely without showing any illeeffects. The livers
of all pupy mice had necrotic lesions, some livers were more severely
affected than others. The normal mice were killed intentionally but
none showed any trace of liver necrosis.

It is seen, therefore, that supplements of sulphur-containing
amino-acids failed to improve the viability of pugu mice, Since
cystine was supplied in adequate amounts, the results suggest that
the liver necrosis is not caused by cystine deficiency but is probably
due to some other aspect of amino-acid metabolism. Consequently
another attempt to analyse the liver defect was made by obtaining

urine chromatograms and amino-acid analyses of liver extracts.

Urine /
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If guny mice suffer from a renal abnormality, vital amino-
acids, such as methionine and cystihe, may be excreted in the
urine, thus precipitating gross protein deficiency and consequent
necrosis of the liver, Such pathological excretion of amino-acids
should be detectable on chromatograms. If the metabolic defect is
not duc to a renal abnormality but to a block in some amino-acid
aequence in the liver, such a block should result in deviant
concentrations of one or more amino-acids in the liver tissue.
These alternative possibilities were investigated by the following
methodss

One ml. urine samples were collected from normal and puny mice
~ over a 24 hr, ﬁeriod and passed through a cation exchange column
consisting of N.HCl - washed Amberlite 1R 120 reéin. The column
was washed with distilled water to remove anions and neutral compounds.
The amino-acids were then displaced by washing down with 2N.NH; and
the first effluent collected, Samples of 5qF£. of effluent were
applied to the chromatography papers, which were then developed in
a 43135 N-butanol-acetic acid-water system. For amino-acid analyses

of the liver, 4 week old normal and puny mice were dissected and the

wet weight of the livers noted. The punu mice had healthy livers.
Each liver was homogenised in 10 ml. 3% sulphosalicylic acid,centrif-
suged and freeze dried. One ml, of distilled water was added to the
dried liver extract and the solution was diluted in series. That
dilution / '
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dilution which gave the most suitable peaks on the autoanalyser

chart was used in the test. A sample of 0.5 ml. of solution was

made up to 1 ml, by adding 0.1 ml. N.,HUW,, O,1ml.cX = amino/g - guanidino
propionic hydrochloride, and 0.3 ml. distilled water. One liver
extract from a normal mouse and two liver extracts from puyny mice

were run through the autoanalyser.

The results of the two experiments were negative. The chroma-
stograms did not reveal pathological excertion of amino-acids in
puoy mice, as the concentration was similar to that of normals.
Also, there was no différenco between normal and guny mice in the
positions of the amino-acids on the papers. In the amino-acid
analyses of liver extracts, there was no difference, qualitatively

or quantitatively, between the series of peaks produced by the
normal and gugy specimens. In particular, the peaks of methionine,

cysteine, cystine and serine were not abnormal in puou mice.

The negative results obtained from the feeding experiment,
chromatogréms, and liver extract analyses prompted a survey of
skin and liver syndromes in man, and these may be usefully summarized
at this stage to see if any of them resemble the hypotrichosis - liver
defect of nunu animals., Haemochromatosis is caused by an inborn
error of iron metabolism and is characterised by extensive skin
pigmentationy liver cirrhosis and étorage of large amounts of iron
in the tissues., Affected individuals survive fo: many years. o

iron /
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iron deposits were observed in the hepatic tissue of gupy mice,

A familial form of xanthomatosis occurs in man, in which nodular
lesions of the skin are associated with enlarged liver and

spleen. But no liver necrosis occurs, There are two further
familial conditions which affect the liver but do not involve the
skin, Wilson's disease is due to abnormal copper metabolism

and is characterised by basal ganglion degeneration, liver
eirrhosis and amino-aciduria. Copper is deposited in the brain
and liver, and the latter becomes nodular, The liver of gugy mice
was examined for copper deposits by staining with rubeanic acid
(Pearse 1960) but the reaction was negative. The syndrome known
as the de Toni Fanconi syndrome is another complex of abnormalities
characterised by rickets, massive necrosis and amino-aciduria,

The syndrome appears to depend on an enzymatic disturbance.
Prolonged protein deficiency in the diet causes a syndrome khown
as Kwashiokor, usually in tropical countries. Various dermatoses
and a grossly fatty liver result.

All these syndromes differ from the hypotrichosis and liver
necrosis of gugy mice in one or more respects. Hude mice do not
accumulate the noxious faétou, iron and copper, in the hepatic
tissuejy the liver does not become enlarged or fatty over a
long periody on the contrary the liver neerosis of nude mice
proceeds rapidly; nunu amimals do not show amino-aciduria or
rickets. Thus, it appears that the skin-liver syndrome of guau
mice is not analogous to any of the common skine-liver syndromes
of mans The liver degeneration caused by the py gene offers
suitable /
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sultable experimental material for studying the pathology of
hepatic diseases since the progress of the hepatic tissue injury
and the reaction of the parenchymal cells to such injury can be

readily witnessed.

In a renewed effort to solve the liver necrosis, attention was
focussed on the frequent occurrence of balloon cells, containing

basophilic bodies (Figs.5¢ and 55). The original belief that they
did not represent a pathogenic organism was revised, since the
general appearance of the balloon cells gave the impression that
they might possibly be cysts containing infectious organisms,
It was difficult to understand how an infectious agent could affect
the liver of nnnn mice while normal littermates in the same cages
were unaffected. Nevertheless, three moribund pugy mice were
handed to Dr. J.G. Campbell, British Empire Cancer Campaign, Poultry
Research Centre, Edinburgh, and the carcases were examined. The
presence of a protozoan,'Ig;gnlggmg_ggnﬂlg, was demonstrated histo-
ilogically in a number of tissues. The balloon cells were inter-
ipreted as pseudo-cysts, containing large numbers of this parasite.
The cysts were also present in the brain. The free form of the
organism was demonstrated in the skeletal muscle and duodenum.

The discovery that a parasite was associated with the liver
necrosis of puny mice was very surprising, in view of the fact
that neither pseudo-cysts or liver necrosis were ever found in

normal /



Fig. 60. Blood smear of necrotic liver of mouse showing banana

shaped organisms, IoXoplasma gondii. Wrights blood stain, 0il
igmersion. :
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normal cage-mates, It is not within the scope of this study
to outline the pathogenic manifestation of Ioxonlasma but a
brief description of its more important characteristics is rele
stevant to the liver problem of punuy anmimals.

Ioxoplasma gondii is a protozoan which is harboured by

many species. It is found in a latent form in mice, guinea

pigs, cat,dog, sheep, swine and humans (Jacob 1953). The
organism is banana shaped, being 4 to 7 microns in length, 1In
tissue sections, the organism is shrunken by fixation procedures.
In chronic infections, the organisms are present in pseudo-cysts,
which lie dormant in the tissues (Frenkal 1953). The character-
sistic location of the pseudo-cysts is the brain, but they are also
found in the liver., After initial infection, animals develop
immunity and survive in a healthy condition for life. I
infection is acute, e.g., infection produced by intraperitoneal
inoculation, ascitic tumors develop and death ocecurs within

9 to 10 days. The free form of the organism is readily recognised
in smears of peritoneal fluid. Inoculation of the peritoneal
fluid into disease-free stocks ensures transmission of the
parasite.

Intra-uterine infection is the only natural mode of transmission
of Ioxoplasma which is known with assurance. The organism can be
transmitted across the placenta from a chronic tolerant carrier to
the foetus (Weinman 1952). The congenital toxoplasmosis may result in
death /
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death of the foetus, or the foetus may be born but has various
abnormalities such as hydrocephalus and chorioretinitis, or
the foetus may be normal at birth and the individual may remain
normal for weeks or months before certain structural changes result
(Feldman 1953). Other methods of infection are thought, though
not proven, to be ingestion of infected carcases and shedding of
the organism in the faeces. In general, the pseuodo-cysts are
resistant to chemical therapy. |

In guny mice it is apparent that infection is chronic rather
than acute. Although the pseudo-cysts were demonstrated in all
necrotic livers, the free form of the organism was rarely observed,
Smears of necrotic liver fluid of 20 guygy mice were stained with
Wright's blood stain but the free organisms were observed in only
one instance (Fige. Lo)e This one instance, however, is unequivocal
evidence that pupy mice are infected with Joxoplasma, since it is
more easily recognised in the free state than in histological
sections, Attempts to isolate the organism by passage through
disease free stocks were unsuccessful., [Hecrotic liver extracts
were injected into disease free mice, kindly donated by Dr. J.M.K.
Mackay, Animal Diseases Research Association, Moredun Institute,
Edinburgh. These mice were confidently regarded as being free
from Ioxoplasmg infection, Thirty mice were divided into 5 groups
of 6 mice each, The 5 groups were injected intraperitonealy with
liver extracts obtained from 5 guogy mice suffering from liver necrosis.
Only one mouse developed illness., This animal died 9 days after
inoculation /



109,

inoculation without developing the characteristic ascites,
The liver was completely necrotic and resembled the necrotiec
liver of puny mice. But the free Joxoplasma organisms
were not found on smears of liver and other tissue fluids,
The absence of ascites and of free organisms on the smears
raises the question whether the animal died of Ioxoolasma
or of some other cause. The result of the inoculation
experiment is puzzling and needs to be repeated before any
conclusion can be made.

Discussion,

In addition to the hypotrichosis-liver abnormalities of guauy
mice, the presence of pseudo-cysts of Igoxoplasma creates new
problems, In order to determine the relationship between
Toxoplasma and the liver necrosis three hypotheses may be
proposed;

1. Nude mice may be specifically infected with the parasite,

while the normal mice are completely free from infection., The
specific affiﬁity of guny mice for the organism may result in liver
necrosis,

2+ The organism may be present in a latent form in both normal

and nunu mice but the hairlessness may reduce the natural resistence
of nunu amimals in such a way that the parasite becomes more virulent
in thewe specimens., °~ Since the liver is the seat of extensive

metabelic activity, toxins liberated by the increasingly virulent
parasite /
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parasite may cause necrotic lesions in the liver. [Normal
coated animals may develop an immunity to the organism so that
no cellular degeneration occurs.
3¢« The organism may be present in a latent fofl in both
normal and puguy mice and it may be in no way responsible for
the liver necrosis. It may be sufficient to postulate that
a defect in the intermediary metabolism of gunuy mice results
in the development of liver necrosis, With prbgressive necrosis,
the organism may proliferate and find expression as pseudocysts
in the liver and other tissues.,
No experiments have yet been designed to decide which

interpretation is the correct one. But the alternatives ma&

be discussed on the merits of the previous observations. The
first suggestion mentioned above appears unlikely. In view of
the %gféﬁgﬁzrnature of the organism it seems probable that both
normal and punu mice carry the organism. Evidence that the
organism 1s not confined specifically to the gupgu animals was
obtained as follows$ A heterozygous nude +py male was crossed
with a homozygous normal ++ female, which was obtained from a
different laboratory stock, The F, animals were mated at
random and some matings gave puny mice in the F, . These puou
individuals had pseudo-cysts in the necrotic livers. This implies
that the normal mice of the F, generation carried a chronic infecte
ilon and that this infection was transmitted to the offspring and
had deleterious effects on gupgu animals only. Histological
demonstration of the dormant pseudo-cyests in the brains of normal
mice would disprove this first hypothesis.,

Although /
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Although it is not inconceivable that the Ioxoplasmg is
directly responsible for the liver necrosis, some circumstantial
evidence suggests that it is not the cause of the necrosis,

Necrotic lesions of the type described are not usually associated
with infections of Ioxoplasmg. Typically, the pseudocysts lie
dormant in the tissue, but the inflammatory reactions and

intensive monocytic infiltrations in the livers of gugy mice are
most exceptional, If the pseudo-cysts were the cause of the liver
defect, they should also be responsible for psychomotor disturbances
in the brain., BSuch disturbances have not been observed.

The third hypothesis, that the liver abnormality is due to an
inborn error of metabolism and that the presence of Igxonlacma
is ancillary, appears more probable than the two previous suggest-
:ions., Evidence would be forthcoming if chemical therapy was
sucfessful in eliminating the organism. Elimination of the organism
without any concomitant affect on the liver necrosis would confirm
the belief that the occurrence of the organism is subsidiary to
the liver defect.

Further research on the whole problem of the hypotrichosis,
liver necrosis, loxoplasma complex association of nunu mice is
necessaryl Frobably the first step would be the demonstration of
the organism in normal mice by histological examination of the brain.
Jext, the eradication of the organism might be accomplished, if recent
mbhods of therapy have been successful. Amelloration of the necrosis
would them suggest that the organism is a causative agent of the defect.
Support for/
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for the belief that the liver necrosis is due to a metabolie

disturbance and not to Joxoplasma may be obtained from experiments

on embryos. Since infection via the uterus during pregnancy is

the only mode of transmission that has been definitely established,

transplantation of gupy eggs into females which areinown to be

free from Toxoplasma may produce guny mice which are free from

infection. If these Quupy specimens develop liver necrosis

it would be reasonable to suppose that the necrosis arises independe-

tently of Igxoplasma infection., The questions raised regarding

the liver necrosis - parasite relationship must remain open for

the present.

From the results of the various experiments 1t is seen that,
with the techniques used, the pleiotropic effects of the gy gene
have not been traced back to a single defect during development,

The various abnormalities of the skin, reproductive system and liver

have been outlined in this chapter, but the action of the gy gene

at the morphological level of enquiry does not appear to be tissue

specific. The pleiotropy is complicated by the presence of a

pathogenic organism in the tissues. It is clear that biochemical

and pathological techniques are required in order to continue the
analysis of the pleiotropy. :
Zoo  SUMMARX _OF NUDE,

1« The new hairless gene nude gy is recessive and linked %o rex in
linkage group VII. The percentage recombination between nude
and rex was 19.% £ 4.6, Three point tests to determine the
linear order of the genes gu Re Ir are being carried out.

24 Nude mice can be classified at birth by the absence of vibrissae
and at 5 days by the non-eruption of the first coat. The haire

2T i 38k amac i LN ¥
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ilessness 1s due to very poor keratinization of the hairs in the
follicles and histochemical examination shows that the follicles
are deficient in sulphydryl groups.

3. The pu gene differs from all other hairless genes.

In addition to hairlessness, the gene causes high mortality
of young mice, slow body growth and very poor fertility of survivors,
and death of all adults as a result of a liver defect.

%+ No morphological abnormalities, other than hairlessness,

were found in guny mice which die during the suckling period.

It appears that young puoy mice die of starvation and general body
weakness, Only one guny specimen, at 20 days of age, was found to
have a defective liver before weaning.

5« HNude mice which survive the pre-weaning period usually die
between 3 and 14 weeks of age. |

6e The livers of dead or dying pungy mice show degeneration of the
hepatic tissue and the severity of the condition is variable. The
histology of the defect is outlined in the text,

7« Attempts to relate the sulphydryl group deficiency of the
integument to'abnormal sulphur metabolism in the liver were un-
successful,

8. Pseudo-cysts of a protozoan, Ioxoplasma gondii, were identified
in the liver, and in one case, the free form of the organism was
obtained in a stained smear.

Qe The possible relationships between the liver necrosis and the

presence of the pathogenic organism are discussed.,
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CHAPTER IV GENERAL DISCUSSION.

The two new mutants Sha and gy may be added to the sizeable

list of genes causing hairlessness in the mouse. Furthermore,

Sha and gu belong to that group of hair mutants characterised

by abnormal keratinization of the hair shaft in the follicle, as ex-
emplified by H,

Mutant genes which cause abnormal keratinization of the hair
shaft have not been extensively investigated for the purpose of
elucidating the underlying physiological basis of the defect. Since
the strength of keratin depends largely upon the conversion of sule
sphrydryl groups to disulphide bonds, Jarrett and Spearman (1957)
examined the hairs of matted pama mice for the presence of free
sulphydryl groups, but no abnormality was found. In the present
investigation it was shown that the follicles of ShaSha mice are
deficient in sulphydryl groups in the cortex of the hair in the
keratogenous zone, and that only traces of sulphydryl groups are dis-
scernible in the follicles of pgunuy mice. Thus, it appears that the
follicles of ShaSha and punu mice are unable to metabolize adequate
amounts of the keratin percursors, cysteine residues.

In addition to the hairlessness, both mutants have characteristic
features. It is generally true that genes are located throughout
the chromosome complement without regard to their phenotypic effdcts.
But the close linkage of Sha and § is the third example in the mouse
of adjacent loci having similar phenotypic manifestations. The question
isy what does the close linkage between Sha and N mean when considered
in the light of the random distribution of the other hairless genes

over /
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over the chromosomes? There is no satisfactory answer at
present, Perhaps a consideration of the mimics gr and Ia may
be helpful. In view of the similar pleiotropic patterns
produced by these two mutations, it seems likely that the

same type of change in a chromosome element may be repeated

in widely separated parts of the chromatin. This may also apply
to the waving mimics Re, Ca, wa-1, wa-2. If these specific
chromosomal changes are replicated at widely separated sites,
they may also be replicated in close proximity to one another and
thus be responsihle for close linkage and similarity of effect,
such as Sha and N. The chance of such an event occurring is very
small but the possibility exists. More likely explanations in
terms of intra-chromosomal re-arrangements and gene structure are
required.

The Sha gene is also characterized by the peculiar manifesta-
ttion of dominance over its normal allele. In the presence of a
normal allele, the Sha gene never causes hairlessness but causes
the fully grown coat to be greasy. At the N locus, the N+ hetero-
tzygote is semi-hairless and the JN homozygote is hairless. At a
glance, it is difficult to see how the greasy coat of Sha+ mice
can be physiologically related to the hairlessness of ShaSha animals,
But it has been mentioned that the greasy appearance of the Sha+ coat
is due to the presence of a sudanophilic substance in the hair
medullae and that a similar substance is also present in the short
hairs of ShaSha mice. Also, it has been suggested that this sudan=-
tophilic material may not originate from the sebaceous glands but
from the bulb or keratogenous zone of the follicle. It is likely
that /
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that the sudanophilic material in gShaSha hairs is a secretory
product of abnormal differentiation of the medulla. If so, it
is possible that a similar substance may be secreted in Sha+
hairs as a result of some anomaly during the differentiation
of the medulla cells. The Sha gene may cause minor undectable
keratinization defect in the medulla, in the presence of a normal
allele. It has been shown that the Sha gene causes abnormal
keratinization of the cortex and medulla when its normal allele
is absent. In this way, the Sha+ and ShaSha phenotypes may be
related.

Although the follicles of punu mice are grossly deficient
in sulphydryl groups, the main interest of the Dy gene lies
in the multiple pattern of morphological abnormalities which
it causes. The most interesting and significant defect of the
pleiotropic system is the liver necrosis, from both genetical and
pathological viewpoints, Analyses of pleiotropic patterns in the
mouse have shown that if one original mass of tissue is abnormal
all the developmental features which depend upon it will also
be abnormal. This applies at both morphological and physiological
levels of investigatione. The initial change in the range of
abnormalities observed in punu mice is abnormal keratinization
of the hairs in the follicles. The reason why the initial change
occurs at all appears to be due to a deficiency of sulphydryl
groups in the follicles. The problem of the liver necrosis which
usually occurs after 4% to 5 weeks of age, was investigated on

the basis/
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basis that the sulphur metabolism of the liver may be aberrant. The
methods used, however, left the pleiotropy irreducible to & uni-
:fying cause,

This means that other methods of investigation must be employed.,
Since the nu gene is responsible for the sythesis of inadequate
amounts of sulphydryl groups in the follicles, an enzyme system
involved in sulphur metabolism may be defective. Techniques of
biochemistry and enzymology would appear to be the most likely
means of seeking an explanation to the liver necrosis. The
one gene - one enzyme theory suggests that the nu_ gene may
cause a block in a biosythetic sequence of reactions in the
parenchymal cells of the liver. But another surprising aspect
of this invesctigation must be considered when seeking an explana-
stion for the liver defect.

The unexpected finding of a paresitic protozoan, Toxoplasma
in nude mice complicates the issue. Certain suggestions regarding
the relationship between the liver defect and JToxoplasma have al-
tready been mades The immediate problems are to decide if normal
littermates of punu mice carry the parasite, and if the organism
causes the liver necrosis of punu mice. If the organism is not
responsible for the liver necrosis, then a solution to the
problem will prouakly be obtained by the technigues of biochemical
geneticss Alternatively the organism may be confined to nunu
mice and be absent from normals. This would be an example of a
specific genotype parasite relationship. The whole problem of
the liver abnormality of nunu mice remains open for further
investigation.

It/
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It is seen, then, that the Sha and nu genes add a variety
of problems to those already existing from previous studies of
hairless mtanti. The main genetical, and morphological features
of the two new mutants have been clarified, though a few details
remain to be completed. But there 15 mach work on a biochemical
plane to be undertaken before a deep and pentrating understanding
of the mode of action of the Sha and nu genes can be obtained,



The genetics,morphology, and histology of two new hair
matants which are phenotypiecally different from previous forms
of hairlessness in the mouse, have been investigated.

One of the new hairless genes is semi~-dominant and is
called 'shaven', Sha. ShaSha mice do not grow a first coat
and the adults grow sperse short hairs at regular intervals,
Sha+ mice are very different in appearance from ShaSha
animals: they grow a full coat and never show baldness, but
the coat is greasy. Thus, the Sha gene differs from other
semi-dominant hairless genes in that it daes not show a
dosage effect. Sha is closely linked with naked N in linkage
group VIi. The percentage recombination was 0.8 with 5%
fiducial limits of Q37 to 1ls54 This is the third example
in the mouse of adjacent loci having siﬁnar phenotypic effects,
The hairlessness of ShaSha mice is not caused by a failure
of follicle initiation but is due to the inability of the
follicle population to produce fully keratinized hairses The

follicles metabolize sub-normal amounts of the keratin precursors

sulphydryl groups. The greasy coat of Sha+ animals is due to

the presence of a sudanophilic substance in the air spaces of the

fibre medullae,
The other new hair mutant is recessive and is called nude,
e Nude nunu_ mice never grow a first coat and only hair frag-

tments erupt on the adults. Again, the hairlessness is caused

by/
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by abnormal keratinization of the hairs during anagen. The
defect is associated with deficiency of sulphydryl groups in the
follicle. The pu gene causes a number of other abnormalities:
high mortality of young nuny mice, reduced growth rate, infertilit
and death of all the adults, usually between 5 and 15 weeks of age
Death is due to degeneration of the liver tissue. An attempt to
relate the abnormal sulphur metabolism of the skin to & similap
defect of the hepatic tissue ias unsuccessfuls A surprising
outcome of the study of nunu mice was the discovery of a parasitic
protozoan, Toxoplasma gondii, in the liver, The implications
of this observation are discussed,

The histological studies showed that the genes Sha and
bu may be added to that group of hairl&n genes which cause
eberrant keratinization of the hairs in the follicles and which
is .typi.cally represented by the gene N,
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