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INTRODUCTION

The recessive mutant hairloss in the mouse (Hollander & Gowen, 1959) 

merits attention for several reasons. First, homozygous hairloss mice show 

a thickening and wrinkling of the skin similar to, but more severe than that 

°f hairloss and rhino mice.

The histology of the skin of those two mutants has been investigated 

by several workers. In spite of the fact that the two mutations are allelic 

and result in morphological defects which are qualitatively almost identical, 

two fundamentally different causal mechanisms have been implicated. In rhino 

mice the observed changes have been attributed to epidermal hyperplasia 

(Fraser, 194-6), and in hairless mice to epidermal hyperplasia (Fraser, 19^6), 

and to a connective tissue defect (Chase, 195-^b).

The hairloss gene occupies a different linkage group from the hairless 

gene. The mutant differs also, in that the loss of hair is gradual in hairloss 

mice, but is discontinuous in hairloss and rhino mice. An investigation of 

hairloss skin would therefore provide independent evidence of the way in which

baldness and skin thickening can occur, and might resolve the conflicting 

hypotheses relating to the cause of the skin defects in rhino and hairless 

mice.

Second, there is a striking maternal effect associated with the 

hairlosB gene. A large proportion of heterozygous hairloss mice born to 

homozygous hairloss, mothers die shortly after birth. Death is accompanied 

by multiple bone fractures, Homozygous hairloss siblings are healthy and 

have normal bones. When the mother is heterozygous hairloss both types of 

young are healthy. These observations raise the two questions:
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(1) Why do heterozygotes suffer from bone fractures when 

born to homozygous mothers, but not when born to 

heterozygous mothers?

(2) Why do homozygous hairloss young not sustain bone

fractures when born to homozygous hairloss mothers?

The situation bears a formal resemblance to the rhesus situation in 

humans. An experiment was therefore devised to test if the induction in 

hairloss females of imraunological tolerance to their prospective heterozygous 

mates would abolish the maternal effect (McLaren, unpublished).

The method of inducing tolerance was to inject into newborn homozygous 

hairloss females spleen cells from their prospective mates. Unfortunately a 

large proportion of the injected females died from graft-yersus.-host (uVH) 

reaction, and none of the survivors w-as tolerant. A similar experiment 

is currently being conducted using inbred hairloss mice.

No alternative hypotheses have been proposed to explain the maternal 

effect.

Should the maternal effect prove not to be based on an immune 

reaction - and there is no evidence apart from its formal resemblance to 

the rhesus situation that it is - one is faced with the difficulty of 

constructing a hypothesis in the face of prevailing ignorance as to the 

nature of maternal-foetal interactions which might give rise to such a 

situation. The present investigation provides data on which such a 

hypothesis can be constructed.



Maternal-foetal antagonisms analogous to the hairloss situation,
may 

but based on polygenic differences/ play a large part in the maintenance of

interspecific sterility* As such they are of importance to animal breeders 

attempting to exploit desirable qualities in wild species by crossing them 

to domestic species; or attempting to intercross two domestic species 

to combine their desirable qualities, A possible example of such a 

polygenic antagonism is the cross of the feniale domestic sheep to the 

domestic goat, where the hybrids die at a late stage of gestation (see 

Gray, 1954 for references). The reciprocal cross is completely sterile.

Since the ha,irloss antagonism is based on a single gene it should 

result in a relatively narrow range of biochemical defects. An analysis of 

these would provide a basis for the investigation of polygenic maternal 

effects of the type observed in reciprocal species crosses.

In addition an analysis of the hairloss situation mi^ht provide 

a basis for the investigation of the wide variety of congenital defects 

which occur in humans. The aetiology of most of these is unknown, but it 

seems safe to assume that some are single gene or polygenic antagonisms.

Finally, as a gene whose pleiobropic action includes baldness and 

a maternal effect as described abo'/e, hairloss is in itself sufficiently 

peculiar to merit investigation.



MATERIALS AMD l

Hair los s is a simple recessive Mendelian cliaracter which originated 

as a spontaneous mutation (Hollander & Gowen, 1959). These authors crossed 

it to the linked marker genes Ca (Caracul) and bt (belted) then supplied 

stocks to R.D. Owen. The stocks used here were supplied by Dr. McLaren 

who obtained the mutant from Owen. They have been maintained by random 

mating.

The G57BL mice used in the present work were from the sub-strain 

maintained by Or, Molaren in this laboratory.

The materials and methods used in investigating the histology and 

autonomy of the nairloss skin, and the effects of castration are given in 

the text*

The experimental mice used in investigating the pathology were

obtained from matings of a   .',"' ; .' female to a G57BL male. The control
+ ill ut

mice were from the reciprocal mating and from matings of a + i!t ht "Dale to
. 1» ~l

a   ."V u female. The male and the female were kept together for life. 
+ hi bt

unless otherwise stated.

Tables 1-3 and text figure 1 were compiled from data kindly 

supplied by Dr. McLaren. They confirm and extend the work of Hollander 

and Gowen (1959).

The alizarin transparencies used in esoamining the skeletal defects 

and in counting the tail vertebrae were prepared by one of two methods: 

initially by Dawson f s method (Bronte et al, 1937) which takes about 3 weeks, 

and later by a shortened modification (Green, 1952) which reduces the 

preparation time to about 7 days.
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The material used in the description of the skeletal defects was 

as follows. The description of the skeletons of newborns was based on

experimental mice, and 32 controls with C57BL mothers. Additional material

s provided by 10 newborn litters from mat ings of a * rv f female to a

Ca t+ male. The conclusions from these specimens were supported by 
+ hi bt

evidence from the 91 experimental and 2^.1 homozygous hairloss mice used in 

counting tail vertebrae (see below)*

The description of the skeletal defects after 0 days of age was 

based on 86 skeletons of experimental animals, co/ering the period from 0 

days to 36 days. Control specimens of the same age from the reciprocal cross 

were used for comparison. Dr. Kclaren supplied the diagrams showing the 

permanent skeletal defects in affected animals.

The counts of the tail vertebrae were made on alizarin transparencies
8 

of newborn animaLs. These came from/mat ings in which a hairloss female was

mated alternately to a G57BL male and to a hairloss male. In 4 the first 

matin:; was to a G57BL male, and in the other 4 the first mating was to the 

hairloss male. This provided 12 experimental and 11 control litters. An 

additional ^ control mat ings of a hairloss female to a hairloss male were used 

to provide extra information. The litters were removed at birth, so that 

there was no lactation. The newborns were individually weighed and sexed. 

The transparencies were examined under a binocular at x 10 magnification. 

Calcified tail vertebrae stain pink. These pink centres were counted.
f-rorvi

No attempt was made to distinguish bone ana calcified cartilage.

After killing these mice with ether, the spleens of a random 

sample were weighed to the nearest tenth of a milligram,
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The histological investigation desigaed to test the hypothesis that 

experimental mice suffered from rickets, was based on undecalcified sections. 

The animals used were aged 0 days to 9 days. The bulk of the experimental 

animals were from mat ings of a hairloss female bo a C57BL male. A few

also came from segregating litters with a   P.. vjj1 mother and a Trrr+ nl bt -**ni ot

father* Intie latter case, the controls were hairloss siblings. The bulk 

of the controls were heterozygotes born to 057BL mothers. There was no 

essential difference between the sections of the two control groups, or 

between the two experimental groups. These are therefore listed together.

No. of No, of 
Age (days) Control Animals Experimental Animals

6

9

4

3

9

6

5

Initially the sections were prepared from the ribs at the costachondral and 

vertebral junctions; from the tibia fibula and femur, and from the humerus 

radius and ulna. The sections through the ribs at the vertebral junction 

and through the humerus, radius, and ulna proved very difficult to 

interpret; so the bulk of the work was done on the costachondral junction 

and the tibia, fibula and femur,

0

1
2

3

4

8

9

8

3

1

3

6

3

1
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The bones were fixed in 10$ formol-saline, embedded in paraffin,

and serial sections cut at 10-24/'   The sections were stained for calcium 

deposits with silver nitrate (Gomori, 1953) and counterstained with 

Mallorie's connective tissue stain ( Gas on, 1930)   A few sections were 

also stained with haematoxylin and eosin.

The erythrocyte count in newborns was made on experimental mice 

with a C57BL father* 2 groups of mice, one from the reciprocal cross, 

and the other from the mating of a hairloss female to a hairloss male, 

served as controls* The mice were lightly anaesthetized with ether, and 

blood obtained from the jugular vein. The blood was diluted and counted 

in a Neirbauer counting chamber. The number of cells in 0.00016 Cu.mra. 

blood was counted for each animal.

In the second histological study based on decalcified bones the 

experimental material came from mice with a hairloss mother and a C^BL 

father, the control material from the reciprocal cross. The bones studied 

were the femur, tibia and fibula, and the costachondral junction of ribs 

from the mid-region of the thorax. The ages of the mice and the numbers

used were as follows:

No. of No. of 
Experimental Animals Control Animals

0 22 2

2 1 2

4 1 2

8 1 0

9 0 1

12 3 1
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The °/-day-old acted as a control to the 8-day-old. The 0-day and 2-

day-old experimental mice were judged to be severely affected \yy their blue 

colour and convulsive breathing, the 4-t &-i and 12-day-olds by their 

swollen elbows and buckled hind limbs. All mice were killed with ether, 

and all except the 0-day-olds were skinned. The entire hind limb and the 

required part of the thorax were removed and fixed in 10$ formol-saline for 

three days* They were then decalcified for three days in a solution 

containing 90cc. of 10$ formalin and 10 cc. of nitric acid (specific gravity 

1.4) per 100 cc. The decalcifying fluid was changed daily. The bones 

were embedded in paraffin and longitudinal serial sections were cut at 6 

or 10/y, and stained with haematoxylin and eosin. The serial sections 

allowed the bones to be examined at their widest diameter, so avoiding the 

artefacts which arise from the examination of single tangential sections. 

Alizarin transparencies of the remainder of the skeleton were prepared.
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Gross morphology of homosyffous hairloss mice.

The following description covers the period from birth to 70 

weeks; hairloss mice rarely live longer. The detailed description is 

based primarily on virgin female mice. The number of mice observed is 

given in brackets after their age in weeks : 3 weeks (6); 4 weeks (3); 

11 weeks (9); 13 weeks (10); 14 weeks (12); 15 weeks (5); 16 weeks (6); 

17 weeks (9); 40 weeks (2); 41 weeks (2). A large number of virgin 

females, pregnant females, and males has also been studied continually 

but in less detail over the past 2^ years : the pattern and rate of loss 

is the same in the three groups. Therefore the latter, more continuous 

series of observations, has been added to the group of detailed observations, 

and incorporated in the description.

Heterozygous hi mice are morphologically wild type. These and 

C57BL mice were therefore used as controls. The hi stock was segregating 

for the colour genes a and at, and d and D; so the dorsal coat of the mice 

observed was either black or blue.

Homosygous hairloss mice are grossly normal until the age of 5-6 

weeks (see Figures 1 and 2) when loss of hair is apparent on the nose and 

chin. In the next fortnight, loss of hair is apparent in these two regions, 

the tail, eyelids, ears and toes. The vibrissae on the nose and a few 

hairlets in the other regions are retained. At this age, a few vibrissae 

and body hairs show crooked tips.

After the age of 6 weeks, there is individual variation in the
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speed at which the changes occur, so that at a given age some mice are at 

a more advanced stage than others; but there is no evidence for a 

qualitative difference.

At 11 weeks the coat is still dense, but colourless hairs are 

scattered through it. These are very obvious in the black mice. The loss 

of hair from the ears and nose has continued, and these two regions are 

completely naked; the tail, eyelids, and toes still retain some hairs. 

Some of the vibrissae are colourless at this age.

In the period from 13-1? weeks (see Figure 3) a number of abnormal 

ities become detectable: the coat develops a woolly appearance; at the same 

time the density of the coat decreases, so that areas of pink skin are exposed 

this process is especially evident on the head, shoulders, axillae, and chest; 

white lumps the size of a pinhead and smaller are present in all naked regions 

of the skin; the number of vibrissae is lesr> than normal, in some mice 

completely absent, and those that occur are usually crinkled; the loss of 

hair on the eyelids and tail has continued so that they are now almost 

completely naked.

These changes progress with age until, by the age of about 40 weeks 

(see Figure 4) "the following defects are apparent: the mouse is completely 

naked apart from crooked, single hairs randomly distributed over the body, 

a few tufts of hair at the base of the ears and tail, and a few crooked 

vibrissae; the colour of the skin has changed from pink to dull yellow; 

the concentration of white spots in the skin has increased; many black spots 

occur in the skin; folds of skin are present over the head and shoulders, 

and a single fold of skin extends along each side of the body from the back 

to the front limb; the nails of the front limb are normal but the
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nails on the hind limbs are elongated and curled, especially on the 1st 

and 5th digits.

By the age of 56 weeks the skin has undergone further changes: 

it is thicker and very inelastic; the skin folds are thickened and enlarged 

so that the head folds obscure the eyes, and the folds on the ventral 

surface rut against the ground when the animal moves; the black spots have 

increased in number, and impart a grey colour to the ventral surface of the 

body and to the head - two regions where their distribution is particularly 

dense; a small tuft of hair is still present at the base of the ears but 

vibrissae are usually completely absent; bloody sores have developed 

spontaneously on the ventral and shoulder skin folds. 56-week-old mice 

are patently inactive.

The skin defects described for 56 weeks of age intensify with 

age, and at the same time the activity of the mice decreases : at the age 

of 70 weeks (see Figure 5) they remain completely stationary for long 

periods; when handled they move very slowly and awkwardly. This state 

of inactivity is soon followed by death.

The histology of the skin of homozygous hairless mice.

The skin was examined to find the histological basis of the gross

defect.

Hair growth is a cyclic process. During the cycle, three 

morphologically distinct phases occur; these have been termed anagen, 

telogen and catagen (Dry, 1926). Anagen is the phase in which the hair is 

produced by cell division in the bulb of the hair follicle; telogen is the 

resting phase of the hair cycle in which cell division occurs in the follicle 

at a minimal rate; catagen is the phase between anagen and telogen. During 

the first hair cycle, anagen lasts about 16 days, catagen 2 days, and
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telogen about 7 days. These facts were borne in mind in the selection of 

the skin samples. 

Materials and methods

The mice were shaved, then pieces of skin were removed from the 

mid-dorsal region, fixed in Bouin's fluid, embedded in paraffin, and 

sagittal serial sections cut. The pieces of skin came from males and 

virgin females, to provide two series of sections, each covering the age 

group from 2 weeks to 52 weeks, at intervals of approximately 4 weeks. 

These were sectioned at 6|JL or 10ja; a few of the older skins were sectioned 

at 20^1. All were then stained with haematoxylin and eosin. These sections 

showed the critical events to occur during the cata^en stage of the 1 st 

hair cycle. A large number of 6u-thick sections was therefore prepared at 

the catagen stage. Some of these were stained with haematoxylin and eosin, 

and the others with one of a variety of stains specific for components of 

connective tissue: Mallory's connective tissue stain modified to shorten 

the staining time (Cascn, 1950); P.A.S. stain according to Pearse (I960a) 

and the toluidine-blue stain for netachromasia, from Pearse (I960b). The 

interpretation of the events at the ana gen stage of the ;nd hair cycle 

also proved to "be critical; therefore several sections were prepared 

covering the telogen period of the 1st hair cycle, and the anagen stage 

of the 2nd. These were cut at 6fi and stained with haematoxylin and eosin.

v ,hole mounts of some of the stages were also prepared. These 

were stained with alcoholic-borax-carmine stain (Bronte et al., 1937) or 

were cleared and examined unstained. The whole mounts allowed the 

histological observations to be more accurately correlated with the gross 

observations, and were particularly useful in checking that hair growth



was normal during the anagen stage of the 1 st hair cycle.

Control material for the sections and the whole mounts was 

prepared from heterozygous hairless mice having a C57BL mother and a 

hairloss father, and from albino mice of the inbred JU strain.

Results

To simplify the presentation, the results are described in 

chronological order: this is approximately the reverse of the order in 

which the defects were discovered.

Three pieces of evidence suggest that the coat is morphologically 

normal until the catagen stag® of the 1st hair cycle:

(1) A sample of hair was plucked from the mid dorsal region of a 21- 

day-old hoiaozygous hairloss male, and examined u der the low power of the 

microscope. All four types of hair - the awl, auchene, monotrich, and 

zigzag - as defined by Dry (1926) were present and were morphologically 

normal, G-ross observation shows that the head and ulnar vibrissae are 

present, and are normal. These hair types are the only ones which have 

been described as occurring in the normal mouse. Therefore, arguing by 

analogy, it may be concluded that the hairloss coat is qualitative^ normal.

(2) Twelve cleared -hole mounts of hairloss skin covering the period from 

the end of anagen to the telogen stage of the 1st hair cycle (14-1? days) were 

examined. The orientation of the hairs and their morphology did not differ 

from those of the controls.

(3) Histological sections of the 14-17 day-old skins show the following 

cell layers to be present in the follicle, and to be morphologically normal: 

the medulla, cortex, and cuticle of the hair; the cuticle, Huxley's layer, 

and Hcnle's layer, of the inner root sheath; the epidermal cells of the



outer root sheath; the connective tissue sheath cells, and the fine layer 

of connective tissue in which they lie. Montagna & Scott (1958) describe 

four layers occurring between the external root sheath and the denais: 

a vitreous .membrane lying next to the external root sheath, consisting of 

an inner layer of horizontally arranged fibres, and an outer layer of 

longitudinally arranged fibres} and outside this, the connective tissue 

layer - mentioned above - again consisting of an inner layer of horizontally 

and an outer layer of longitudinally arranged fibres. In n^y sections of 

both normal and hairless skin, these four layers cannot be resolved at the 

anagen stage, even at a magnification of 800 X. Only a very thin, wispy 

layer of longitudinally arranged fibres interspersed with fibroblasts is 

distinguishable in the region where the four layers should occur.

In Straile's paper, referred to below (Straile et al. 1961), 

the thick layer which occurs in this region daring catagen is referred to 

as the vitreous membrane. I will refer to the corresponding layer in my 

sections as the vitreous membrane, bearing in raind that the distinction 

between the vitreous membrane and the connective tissue layer, as described 

by Montagna and Scott, is absent in my sections.

The sebaceous glands, the denais, and the epidermis, appear to 

be normal in hairloss mice; there is no evidence of hyperplasia in the

epidermis.

The earliest morphological abnormality is first detectable during 

the catagen stage of the 1st hair cycle. This stage occurs in the mid- 

dorsal region at 16-1? days. A detailed description of the catagen stage 

in the mouse follicle lias been published (Straile et al., 1961), in which 

the catagen stage is divided into eight morphologically distinct sub stages.
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These stages are particularly relevant to the hairloss defect, so are 

outlined below:

Catagen I. Pigment production stops, and the rate of mitosis in the 

hair bulb drops sharply.

II. The dermal papilla shortens; the nelanocytes and the bulb 

cells capping the papilla are reduced in number.

III. The bulb shortens and narrows; the dermal papilla is ball- 

shaped, and its cells stain deeply and round up.

IV. The bulb is reduced to a narrow column of epithelial cells 

lying between the papilla and the keratogenouL zone; there is no morphologi 

cally distinct matrix. The last pigtuent-containing cells are now above the 

keratogeno^, zone.

V. The narrow column between the papilla and the keratogenous 

zone constricts; a capsule of cells continuous with the keratinized 

internal root sheath appears round the lower border of the keratogenous 

zone; hair and internal root sheath production have stopped*

VI. The club differentiates as the hair moves upwards; the 

papilla and many external root sheath cells are left behind; these are 

added to the column of epithelial cells between the papilla and the hair, 

therefore the column lengthens. The vitreous meobrane around the column 

of epithelial cells thickens; the internal root sheath sloughs into the 

pilary canal and moves up with the hair.

VII Hair movement slows and is nearly complete; the hair club 

is fully keratinized and lies just below the sebaceous gland. The colunn 

of cells between the papilla and the club shortens and the papilla moves up. 

The vitreous membrane and the connective tissue sheath, and a few cells 

from tho epithelial colunn, are left behind.
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VIII. The papilla reaches the club region; a trail of cells left 

"behind it degenerates, leaving only the contracted connective tissue sheath 

and glassy membranej only a small bit of internal root sheath remains in 

the follicle* Vfoen this piece of sheath is gone, the follicle is in the 

telogen stage.

*n hairlosa skin, stages I to V are normal, all subsequent stages 

are abnormal. Figures 6 and 7 illustrate catagen VI in the nor-ml follicle. 

Figures 8, 9 and 10 illustrate the corresponding stages in the hairloss 

follicle. The normal skin was cut at 10fi and the hairloss at 6u. This is 

responsible for the apparently increased cellularity of the normal skin. 

These figures illustrate clearly that the vitreous membrane is present in 

the normal follicle but deficient in the hairloss follicle. In none of the 

hairloss follicles examined does a thickened vitreous membrane occur.

Figure 10 illustrates a 2nd defect found in some hairloss follicles 

at this stage, a faulty club. Instead of the normal broom-like (jading which 

merges imperceptibly in morphology and staining properties with the surrounding 

external root sheath, there is an abrupt transition from the yellow-staining, 

anucleate, hard keratin of the hair, to the pink-staining cytoplasm of the 

external root sheath. Most hairloss clubi, however, are normal (see Figure 9) 

The causal relationship between the hair-club defect and the absence of the 

vitreous membrane is unknown.

During catagen VII, the hairs in hairloss and norml follicles move 

to their final position. At this stage in hairloss follicles, a few of the 

hairs have apparently fallen out, the follicles lack hairs, and the sebaceous 

glands occupy an abnormal position at the bottom of the follicle neck (see 

Figure 13). "here the hair club is present, the sebaceous glands occupy 

their nornal position.
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The cells of the epithelial column, which in norral follicles 

degenerate successively from the papilla to the club, in hairloss mice 

degenerate at random, so that pockets of degenerating cells occur all 

along the length of the column, separated by stretches of apparently 

healthy epithelial cells, where degeneration is most advanced, the walls 

of the column fuse, so that pockets of epithelial cells with walls of 

connective tissue are formed along the track joining the papilla to the 

hair club.

In the telogen stage of the normal follicle, the papilla lies 

very close to the hair club (see Figure 1£)» separated only by a few 

epithelial cells. In the telogen stage of the hairloss skin, few, if any, 

of the papillae reach this position; they are isolated in the areolar 

tissue of the dermis at various distances from the hair dab (see Figures 

11-1^). These balls of papilla cells can usuaUy be recognised by their 

morphology, but isolated pockets of cells which cannot be identified with 

certainty also occur in this recion. Some appear to be the pockets of 

epithelial cells formed during the catagen stage, but many could be epithelial 

cells or disrupted papillae.

The abnormal juxtaposition of the papillae and the epithelial tissue 

has striking effects in the 2nd hair cycle. These effects are best understood 

if related to the anagen stage of the normal follicle. The six morphologically 

distinct sub-stages into which the anagen stage has been divided are outlined 

below (Chase et al., 1951):

Anagen I. The cells of the germ plate divide.

II. The germ plate by cell division grows down and around the papilla. 

III. The internal root sheath projects upwards through the external 

root sheath; the first pigaented dendritic cells appear.
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IV. The hair shaft is clearly defined, having cuticle, cortex, and 

medulla; the tip of the hair is at the level of the sebaceous gland,

V. The shaft of the hair is beyond the duct of the sebaceous gland.

VI. G-rowth continues for 8 or 9 days. Anagen VI ends with the 

start of catagen I.

Figures 15-19 illustrate stages I-IV in the normal hair. It 

should be noted that there is always a continuous layer of cells joining 

the neck of the follicle to the papilla region; also that the new hair is 

produced in a direction parallel with the follicle neck. Therefore, when it 

penetrates the follicle neck at a point juat below the sebaceous gland, it 

grows alongside the hair from the previous hair cycle.

Figures 20-23 illustrate the corresponding stages in the hairloss 

skin. G-roups of c ells consisting of a papilla with an attached plate of 

dividing epidenral cells are found throughout the dermis. In most of them 

the column of cells which joins the papilla to the neck of the follicle is 

absent; also the orientation of the plate of epidermal cells overlying the 

papilla is such that those cells which are produced, by division, form a 

column which is parallel to the surface, instead of at an obtuse angle to it, 

as in the normal hair. The disoriented hairs which result from this show 

clearly in the whole mou ts (see Figures 2^-27). These illustrate another 

point of interest, the reduction in the density of the hairloss coat: in 

the controls every follicle produces a new hair in the second hair cycle; 

by contrast, in some areas of the hairlos s skin, less than one new hair is 

produced for every 5 existing follicles (see Figures 27, 32).

An examination of the akin sections provides a possible explanation 

for this observation. In the 30 day-old sections are found cliunps of cells
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peculiar to hairloss skin. Their position suggests they have arisen from the 

trail of cells left from the previous catagen stage. Their morphology and 

staining properties vary. The clumps can be roughly separated into five groups;

I, The clump consists of a column of undifferentiated epidermal cells, 

continuous with the neck of the follicle.

II. The clump consists of a well-defined papilla with an appendage of 

a few undifferentiated epidermal cells, both separated from the follicle neck 

(see Figure 21) by dermal tissue.

III. The clump consists of a column of undifferentiated epidermal cells, 

attached to the follicle neck, but terminating in a baH of disorganised cells 

which contains pigment (see Figure 22),

IV. The clump is sometimes attached to the follicle neck by a column 

of epidermal cells, and is sometimes isolated from it by dermal tissue; 

in both cases it consists of an outer layer of undifferentiated epidermal 

cells, a middle layer of pink staining "soft" keratin, and a core of "hard" 

yellow-staining keratin.

V. The clump consists of a well-defined papilla with a well-defined 

germ plate, both isolated in the dermis (see Figure 20).

From these observations, it seems reasonable to conclude that the 

clumps described form a continuous series of abortive attempts at hair 

formation, resulting from the disorganization of the epidermal and papillary 

cells during the previous catagen. If this is accepted, then two more groups 

may be added to the five described:

VI. The "clumps" consist of hairs which are cornpletely normal except 

that their external root sheatl is not continuous with the neck of the 

follicle. These are the misoriented hairs observed in the whole mounts 

and described above (see Figure 23)»
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VII.The "clumps" are the occasional hairs which are in every way 

normal.

As the animals grew older, the following changes can be observed 

in the sections (see figures 28-30):

1. The hairs which bore through the skin stimulate the formation 

of cysts. These cysts grew in size by the secretion of material - lost in 

the preparation of paraffin sections - between the hair and its external 

root sheath. Vhere the hairs penetrate the external root sheath so as to 

lie free in the dermis, histocytes concentrate round them. The phagocytic 

action of these histocytes could be responsible for the decrease with age 

in the concentration of hairs lying in the dermis.

2. The follicle necks, devoid of hair, increase in size with age 

by the accumulation of concentric layers of keratin.

3. The poorly organized "abortive" follicles become cystic. In the 

6-weeks-old skin, none of these "abortive" follicles incorporates sebaceous 

gland cells. In the 10-week-old skin sebaceous gland cells form a part of 

the wall of some of the cysts. ",ith increasing age sebaceous ^land cells 

are found not only in an increasing proportion of the cysts, but also they 

form a larger part of the v/all of each cyst; in some cysts the entire circum 

ference is composed of sebaceous gland cells. These gland cells undergo 

the normal process of hypertrophy and disintegration seen in the sebaceous 

glands attached to the follicle neck.

In the cysts forming around the hairs (see 1.) sebaceous gland 

cells also develop with increasing age. It seems likely that the material 

found in the lumen of all the cysts is sebum. This would account for its 

loss during the preparation of paraffin sections. In the lumen of all cysts 

in older mice, fragments of pink-staining material occur, closely resembling
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the keratin found at the surface of the skin. Probably this material has 

developed from the epithelial portion of the walls of* the cyst.

Histochemistry

The vitreous membrane in the control and the vestiges of it in 

hairloss skin has the following staining properties:

1. It stains pink with the P.A.3. stain.

2. It stains pink with toluidine blue, i.e. shows gamma metachromasia.

3* It stains blue with Mallory's connective tissue stain. 

There is no stain specific for collagen, but the above staining reactions 

provide strong circumstantial evidence in support of the belief that the 

membrane contains collagen. The P.A.S. reaction in paraffin sections 

indicates a protein-polysaccharide complex. The gamma mctachroraasia 

indicates the presence of acid polysaccharides. Mallory's stain gives a 

blue colour with collagen. It may be concluded, therefore, that the 

membrane consists of a filamentous protein, probably collagen, coraplexed 

 with acid and neutral polysaccharides. The membrane stains the same colour 

as the dermis and the membranes of the aneolar tissue, but less intensely. 

These are known to consist primarily of collagen j this fact provides 

further circumstantial evidence that the vitreous membrane consists of 

collagen.

The gross defects can be explained on the basis of the histological

observations;

1. The gradual loss of hair: Dry (1926) found that in the coat of 

the adult mouse all follicles except those producing sensory hairs usually 

contained more than one hair. In the 4-month-old animals studied, up to 

four hairs per follicle were often found. Since only one hair per follicle 

is produced at a time in the mouse coat, and since the growth cycle lasts
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approximately one month, this means that hairs are retained in the 

follicle for periods of several months after growth is completed. 

Dry states (p.30?): "The shedding of hairs does not occur to any extent 

before the Telogen 11 phase (the telogen of the 2nd hair cycle), and 

then takes place gradually*1 . The whole mounts of the 2nd and subsequent 

hair cycles of hairloss skin show that the majority of follicles either 

produce no hair, or produce hn.irs whose orientation prevents their 

emergence to the surface: therefore only a small proportion of follicles 

produce hairs after the 1st hair cycle; and in subsequent cycles this 

proportion decreases even further. It may be deduced, therefore, that 

the majority of the hairs observed in hairloss nice are produced in the 

1st hair cycle; and that the gradual baldness results because the 

defective follicles fail to replace these hairs after they are shed.

2. The thickening, change in colour, loss of elasticity, and 

spotting of the skin : The first three of these changes can be explained 

by the presence of the cysts which, in vivo, have a yellow colour. The 

dark spots seen on the surface of the skin are expanded follicle necks* 

These spots are particularly common on the ventral surfcace, so it is 

tempting to conclude that the dark colour is due to dirt which has 

entered the follicle. In the paraffin sections there is no si^jn of this 

dirt. This is not surprising because the sebum, which would be expected 

to act as a binding a- ent for it, is dissolved : this would .-How the 

dirt to be vrashed out of the sections.

Discussion

The hairloss mutant provides information which helps to resolve 

two problems encountered in the study of the catagen stage of normal 

follicles: how the club migrates, and how the papilla migrates.
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Two hypotheses have been proposed to explain how the hair club migrates 

during the catagen stage, from a position deep in the dermis to a more 

superficial position just below the sebaceous gland:

1. Straile (1962) cites the opinion of Segill, which I interpret 

as follows: Cell division occurs in the column of cells below the hair 

club; this causes an increase in the volume of the column, and the 

resulting pressure pushes the club upwards. In my sections I have failed 

to observe mitosis in the cells of the column below the hair club; the 

hypothesis is therefore disproved.

2. The hypothesis has been proposed (Chase, 195):>a) that the thickening 

of the vitreous membrane creates a pressure on the hair club so that the hair 

club is f in effect, squirted to its final position. The oajor objection to 

this hypothesis is the observation that, when squeezing should be occurring, 

the vitreous membrane appears to be hanging loosely around the epidermal 

column. This was first pointed out by Montagna (1956). I have confirmed 

this fact in my sections. The hairloss sections provide more conclusive 

evidence ^gainst this hypothesis : the vitreous membrane fails to thicken, 

therefore cannot exert pressure, but the migration of the club still occurs. 

The second hypothesis is therefore disproved.

Recent histologlcal work (Straile, 1962) on the mouse and other 

mammals suggests that during catagen there is an upward migration of the 

cells of the external root sheath; and it has been suggested that the 

migration of these cells plays a part in the migration of the club.

Less attention has been paid to the problem of how the papilla 

migrates than to the migration of the hair club, and only one hypothesis has 

been proposed to explain the migration (Mann & Straile, 1961). The authors
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are not explicit, and I interpret the hypothesis as follows: The 

motivating force is assumed to be the vitreous membrane. During anagen 

it is thought to be stretched and maintained in tension by the growth of 

the follicle. When the follicle enters catagen, the sheath retracts, 

compressing the follicle, and pulling the papilla into its telogen position 

below the hair club. A description of the migration, based on my sections 

of normal skin and more detailed than that given above, is presented below:

In early catagen the papilla is separated from the club by a 

column of epithelial cells. The column is surrounded by a thick vitreous 

membrane which extends to the level of the bottom of the hair club. This 

membrane in turn is lined by a layer of fibroblasts. Outside this is the 

areolar tissue of the dermis. In telogen there is no trace of these three 

layers; therefore they must have been disposed of during catagen. During 

catagen one observes the following events. As the club moves upwards it 

leaves a space into which the layer of vacuolated external root sheath 

cells which surrounded it collapses. Simultaneously, the hyaline layer 

is seen to be thickened. As this tube elongates, the cells nearest the 

papilla degenerate, '.lien the papilla has migrated about halfway to its 

final position the thickened tube and the degenerating column ahead of it 

still persist. Below the papilla lies a strand of material like the 

vitreous membrane, and several fibroblasts.

If the stated hypothesis is related to the description of the 

migration and to the initial stages of anagen given earlier, a nu/rber of 

difficulties become obvious:

1. Neither the vitreous membrane nor the surrounding tissue show 

evidence of the compression or tension expected.
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2. The cells in anagen show no signs of the compression to be 

expected if they were pushing against an elastic membrane,

3* The hypothesis fails to account for the trail of connective 

tissue cells left behind the retreating papilla, and for the cell degener 

ation observed in the epithelial column 3ying above the papilla*

The hypothesis cannot explain these facts satisfactorily. An 

alternative hypothesis which explains one stage in the migration of the 

papilla is the following: When the vitreous menibrane thickens, it cuts off 

the supply of nutrients to the column of epithelial cells. These therefore 

die and disintegrate. Those that have been cut off longest, i.e. those 

next to the papilla, disintegrate first, followed successively by those 

higher up the column. This process would clear the path to be followed, 

by the papilla. It remains to be explained why the papilla should move 

along this cleared path, rather than remain in its former position. 

The trail left behind the papilla consists of connective tissue fibres 

and fibroblasts. ISy sections suggest that the papilla slips up through 

the tube of vitreous membrane and that after this has happened the material 

of the tube disperses into the space so formed. This dispersal conflicts 

with the original hypothesis which involves an elastic membrane.

There are objections to this alternative hypothesis. The formation 

of the thick vitreous membrane has been attributed to the degeneration of 

the epithelial column (Wolbach, 1951), i.e. the degeneration is the cause 

rather than the result of the vitreous membrane's thickening. This inter 

pretation seems false because the vitreous membrane thickens immediately 

below the migrating hair club. At this point the epithelial column shows 

no signs of degeneration. A second objection is this: It lias been 

suggested that the bulk of the cells in the column may be removed by
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migrating up round the club into the hair canal (Straile et al., 1961), 

In my sections, the cells which collapse inwards to form the column bear 

no morphological resemblance to migrating cells; before degenerating 

they are vacuolated and have round nuclei: by contrast, migrating cells have 

no vacuoles, and the nuclei are long and flat.

The hypothesis provides an explanation for the defects in hairloss 

follicles* The vitreous membrane fails to thicken, or thickens irregularly; 

therefore, the epithelial cells do not die, so that the path along which the 

papilla migrates is not cleared* This results in the events described above.

The relation of hairloss to rhino and hairless

The Eorpholo^r of hairloss bears a striking resemblance to that of 

the mutants rhino and hairless. The cause of almost identical defects in the 

three mutants has, however, been attributed to two fundamentally different 

faults. 1, in hairless, and others in hairless (Chase, 1954) have found that 

the vitreous membrane surrounding the follicle fails to thicken during 

catage ., and have attributed the subsequent changes in the skin to this 

defect. Fraser (1946) in rhino and hairless has attributed the changes to 

epidermal hyperplasia. The conflict of views can be partly resolved by an 

explanation of Fraser*s paper. The main conclusions he reaches are these:

"1 * ^n hairless and rhino, epiderml hyperplasia expands the neck of 

the follicle and loosens its grip on the hair. He considers friction between 

the hair and the follicle neck to be the major force retaining the hair; 

so, in its absence, the hair falls out and baldness results.

2. The development of the expanded follicle necks and the follicle 

end cysts, and the elongation of the nails, is attributed to epidermal 

hyperplasia.

I shall try to show first that the defects in rhino and hairless



can be explained without invoking epidermal hyperplasia; second, that the 

photographs provided do not establish what they are intended to establish - 

the occurrence of epidermal hyperplasia - and that Fraser's interpretation 

is therefore probably wrong.

Hairs are retained in the follicle for periods of several months. 

!33ie necks of some follicles must accommodate themselves to hold three or 

more resting hairs and one growing hair. During this period the epidermis 

of the follicle neck divides and differentiates at the same speed as the 

surface epidermis. Therefore, there is a continuous outflow from the 

follicle of cornified material and of sebum. It is inconceivable that, 

under these circumstances, friction between the neck of the follicle and 

the hair would retain a hair for several months. The hair club is intimately 

attached to the skin. In rhino and hairless mice the hair clubs are defective. 

This fact provides an adequate explanation of the hair loss in these mice, 

and makes an interpretation in terms of epidermal hyperplasia unnecessary.

V/hen a hair emerges from the follicle, the cuticle cells are so 

arranged as to have a rasp-like effect on the tight-fitting follicle neck. 

It has been suggested that the follicle is protected from this action by the 

production of stratum corneum during hair growth and, further, that this 

material and sebum are carried out of the follicle by the growing hair 

(Straile, 1962). If this is correct, then, in the absence of a hair, sebum 

and stratum corneum will accumulate in the follicle necks. I suggest that 

tl.is accumulation causes the dissension of the follicle neck in the three 

mutants. This explanation also makes epidermal hyperplasia superfluous.

Fraser eives no detailed description of the events causing the 

separation of the papillae in catagen. He merely states that he believes 

this to be caused by epidermal hyperplasia. It has subsequently been shown
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(Chase, 1954) that the events in hairless are qualitatively similar to 

those in hairloss.

Fraser presents a photograph of rhino skin at 14 days, with 

control stage aged 15 days, as evidence for epidermal hyjerplasia. The 

evidence seems, inadequate for the following reasons:

1. The oalpi^iian and differentiating layers appear to be no thicker 

in the rhino than I find in my control sections.

2. The thickness of the oornified layers is an unreliable indication 

of hyperplasia: iirJ.ry skin must be shaved before sectioning, and this 

removes variable amounts of stratv n corneimi. Also I have observed that 

cornified mate- ial tends to slough off the skin during fixation.

3. The bi& increase in the width of the follicle neck is not easy 

to explain but again, it cannot readily be accepted as evidence for 

epidermal hyperplasia. The apparent width of the neck varies with the 

plane of section, and Fraser 1 s control and rhino skins have been sectioned 

in dif erent planes. The control does not pass through the sebaceous gland, 

but the rhino section does. Fraser attributes the looseness to an increase 

in the area of the epithelium lining the follicle neck. If this is true, 

then two puzzling questions arise; "/hy does the hyperplasia manifest 

itself suddenly on the 14th day - the rhino sliin is nornal until then? 

and why does the increase in the area of the epithelium of the neck result 

in a spherical expansion of the follicle neck?

The remaining observation which supports the interpretation of 

epidermal hyperplasia, is the reported elongation of the nails beginning at 

3 weeks. This can be readily explained on the basis of epidermal hyperplasia: 

it cannot be readily explained on the basis of the connective tissue defect 

as it occurs in hairless and hairloss. In spite of this, the criticisms
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cast doubt on the interpretation that the Aino defect is due to epidermal 

hyperplasia, and open the possibility that the three mutants rhino « hairless 

and hairless r produce their effects by interfering with the formation of 

connective tissue.

1. The histology and gross morphology of the skin of homozygous 

hairless mice are described.

2. The primary- defect lies in the vitreous inembr^ane, which surrounds 

the hair follicle. In homozygous ; lairlos s mice it f .11 s to tliicken.

3. All of the observed abnormalities, except the faulty hair clubs, 

can be traced directly to this defect.
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Effects of castrating male hairloss mice

Hollander (1960) reported the following:- 'I have castrated 

a few male hi/hi mice 1^6 weeks old (adolescence) and observed arrest in 

the loss of hair, particularly in those youngest at castration. Y/hether 

the arrest will be permanent needs further study1 .

We surgically removed the testes from 3 Bale hl/tol mice, aged 

4 weeks, and from 3 aged 7 weeks. Unoperated til/til male litter-mates 

served as controls. Those castrated at 7 weeks were inspected at intervals 

of a fewweeks until they were killed at 54 weeks of age. Two of those 

castrated when 4 weeks old were similarly inspected, but killed at 24 weeks 

of age: the third was killed at 13 weeks of age and skin sections prepared 

from it, and from its control.

Contrary to Hollander's report, the hair loss was not arrested 

in the castrated mice: if anything, when killed they were balder than 

the controls. There was no sigiificant difference between the sections 

(see Figs. 32, 3^.

It may therefore be concluded that, in our material, castration 

at the age of 4 to 7 weeks did not arrest the loss of hair.

The histology of the skin of hairlos_s mice shows that baldness 

results from changes in the hair follicle which occur at 14 to 17 days. 

These changes are probably irreversible: it is therefore unlikely that 

any treatment initiated after this age will significantly arrest the loss 

of hair.
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The autonomy of hairless skin

In tracing the physiological cause of the loss of hair in 

homozygous hairloss mice, it is important to answer the question: 'Does 

hairloss skin behave autonomously 1 ?

This question may be answered by grafting hairloss skin onto 

normal mice, or normal skin onto hairloss mice. Non-autonomous behaviour 

would implicate a humoral factor as the cause of the loss of hair. 

But autonomous behaviour will not distinguish between local and humoral 

factors, since there is no reason <a priori why irreversible changes 

controlling its autonomy should not have occurred in the skin before 

grafting, Without knowledge of the biochemistry of the hairloss defect 

this possibility cannot be excluded, however early in its development the 

skin may be grafted; and such a change could have been caused by either 

humoral or local factors.

There are practical reasons why it is more satisfactory to 

study grafts of normal skin on hairloss mice rather than hairloss skin on 

normal mice. First, the histology of hairloss skin shows that changes 

which are probably irreversible occur at the end of the first hair cycle. 

The characteristic defects of hairloss skin result from these changes. 

There is therefore little point in transferring hairloss skin after the 

first hair cycle, but it is impracticable to graft hairloss skin before 

the end of the first hair cycle. This follows from the feet that the skin 

contains growing hairs before the end of the cycle, and it is almost 

impossible, without damaging the hairs, to scrape away the panniculus 

carnosus. In the skin-grafting method used here (Billingham et al. 1951), 

it is essential that the panniculus camosus of the donor skin be removed.
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Two methods of skin-grafting which do not require the removal 

of the panniculus carnosus are that of Bailey et al. (1960), in which 

pieces of tail skin are transplanted, and that o.^ Gross et al. (i960), 

which utilizes punch grafts of trunk skin. In neither method has the 

effect of the operation on the hair cycle been described; therefore 

neither method was used in this investigation.

These difficulties are avoided by transplanting skin from 

normal mice. In these, the resting stage of the hair cycle occurs at 

intervals of approximately 3-4 weeks after the first hair cycle.

Histologically, hairloss skin can be distinguished from normal 

skin at the end of the first hair cycle, 14-1? days after birth. In order 

to detect non-autonomous behaviour in the graft of normal skin, it must 

complete at least one hair cycle on its new host. Previous experience 

with our colony of hairloss mice has shown that the survival time of skin 

grafts between members within the colony is about 13 days. This is much 

less than the 3-4 weeks duration of hair cycles subsequent to the first. 

In order to obtain successful grafts it was therefore necessary to over 

come the homograft reaction.

An attempt to overcome the homograft reaction by the induction 

of tolerance was frustrated by immunological barriers.

The mice were drawn from ma tings of the following type: 

P1

+/hl 9 x Vhl S (sibs mated) 

Vf ; Vhl j £ 9 x c (sibs mated)

all
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The parental matings consisted of a male of the inbred JU strain mated to 

a homozygous hairloss fern le. Sibling heterozygous hairloss F.. mice were 

then mated to produce an Fg generation which consisted of a mixture of 

homozygous hairloss. heterozygous hairloss f and homozygous wild-type mice. 

The homozygous hairloss siblings were then mated to produce an F, gener 

ation, all of which were homozygous hairlosa.

The first attempt to induce tolerance was based on the discovery 

(Billin^iam et al. 1959) that with certain combinations of inbred strains, 

spleen cells from one strain injected into newborn mice of the other strain 

will confer tolerance to skin grafts from the spleen-donating strain*

Materials and methodsi

The spleen-donating mice were phenotypically wild-type females 

from the Fp generation. The recipients were newborn mice from the F, 

generation.

The females, aged 10-16 weeks, were splenectomized under ether 

anaesthesia and allowed to recover. The spleen was cut into 2 or 3 pieces, 

and a suspension made in a few drops of Tris-buffered Ringer, pH 7.2, 

using a hand-operated ground^glass homogenizer with a close-fitting piston. 

The resulting suspension was passed throu^i a fine stainless steel sieve, 

and made up to about 0.4 ml with the buffered saline. The volume was kept 

as small as possible so that the maximum number of cells could be injected 

into the newborn mice. One quarter to one half of the suspension was 

injected intraperitoneally into the newborn mice. The volume was limited 

to 0,1 ml, * hich is about the maximum quantity that can be injected into 

newborns without leakage. Precautions were taken to avoid leakage: a fine 

needle was used; the abdomen was squeezed to enpty the bladder before
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muscle, so that the contracting muscle would close the needle track. 

Leakage was detected by placing the mouse on blot ̂ ing paper for a few 

minutes, when escaping fluid forms a pink stain. In the experimental 

series leakage was rare*

At approximately 5 weeks of age the injected mice were grafted 

with skin from the spleen donor.

Resultsi

T7ith many skin grafts there is a delay of about two weeks before 

hair starts to grow. TThen this delay is added to the time required for the 

graft to complete a hair cycle on its new host, the period required is 

about 5 weeks. At the end of this time non-autonomous behaviour could be 

detected by a careful histological examination. But since hairloss type 

behavioui is much more easily detected in the middle of the second hair 

cycle, it seemed that a more reliable answer would be obtained by studying 

grafts at this stage. This stage is reached about 6 weeks after grafting.

None of the grafts survived 6 weeks (see text Fig.1). The 

graft which survived longest was healthy at 5 weeks, but when examined 3 

days later had been reduced to a scab with a few attached hairs. This was

unsuitable for autopsy

An accurate daily check of the survival times of the injected 

mice and their grafts was not kept, as the main object of the experiment 

was to obtain grafts surviving beyond 6 weeks.

Some of the mice which died before grafting had the symptoms of 

graft versus host reaction (&.V.H.). They were stunted, had diarrhoea, and,
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when autopsiedt looked anaemic, and had discoloured internal organs. One 

of the factors responsible for G-.V.H. is the presence in the host of alleles 

at the Hp locus absent in the donor spleen cells. Since the hairloas mice 

were not higiily inbred, such differences were to be expected, and would 

provide the probable explanation for the high pre-grafting mortality in this 

experiment.

No,injected No.died before No, grafted No. tolerant
grafting

22 10 12 0

Text fig. 1

Fortunately, while this experiment was being executed the hairloss 

gene was being crossed into the inbred CBA strain, and shortly after tUo 

experime..t was completed the hairloss mice were sufficiently inbred to accept 

grafts from their siblings for periods of at least 6 weeks.

The same grafting procedure was used for the inbred mice. Skin 

was transplanted from phenotrypically wild-type C/1al or V+) E^-06 to j/hl 

siblings. Phenotypically wild-type mice grafted with phenotypically wild- 

type skin acted as controls.

Several experimental and control mice were grafted, but the 

proportion of successful grafts was low, and only 3 experimental and 2 

control grafts were healthy at 6 weeks. These had been shaved at 3 weeks 

so that the second hair cycle could be detected. They were autopsied at 6 

weeks. VThole mounts were prepared of the grafted skin and part of the 

surrounding skin. The results are illustrated in Figures 33-36. All 5 

behaved autonomously.
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It can be seen that in the absence of crossing over the parental 

genotypes are reconstituted; and that at birth the genotype can be deduced 

from the phenotype. Single crossover types cannot be distinguished from non- 

croaaovers until the third day when belted is classified. At 5 weeks when 

hjjxlflfffi is scored the various single cross-over types can be distinguished 

from one another* Double crossovers cannot be recognised until Hairloss is 

scored; but they are rare and can be ignored in the work that follows.

Crosses of homozygous hairloss nice with heterozygotes yield the 

expected 111 ratio of hi/hi and +/hl offspring provided the hairloss parent is 

the father, but if the mother is homozygous hairloss there is a deficiency of 

the young at weaning (see below. Text Fig. 2).

Ca ++ * hi bt f

+ hi bt . Ca ++ -
+ hi bt * * * hi bt w

Ca hi + + hi bt f

+ hltt gx CahA*^

Non- 
Crossovers

hi/hi +/hl 

633 668

846 467

151 HO

176 80

Crossovers
Ca-hl

hl/hl »/hl 

3 3

48 26

2 0

5 8

Crossovers 
hl-bt

hlAl f/frl 

34 22

66 36

7 8

11 27

Text Fig. 2.

The orossover figures show two unexplained features. First, there is

a sex difference in the crossover frequencies. This is most evident in the Ca-hl 

region, where tke frequency for females is much less than
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The maternal effect

The hairloss condition itself cannot be diagnosed with the naked eye 
before the age of about 5 weeks, but the use of the marker genes Caracul and

%

belted located on either side of the hi. locus, enables homozygous animals to 

be identified in segregating litters soon after birth (Hollander and Gowen, 

1959).

Ga. hi. bt. linkage group VI

Caracul is dominant to the wild type. It produces a distinctive 

hook at the tip of the vibrissa© which allows carrier of the gene to be 

classified at birth. Its penetranee is lOO.u. The gene belted is recessive. 

When homozygous it causes a belt of white hair to appear at the middle of the 

body. Its expression is very variable, the belt varying from a complete band 

around the body, about 1/2 an inch in width, to a small patch of 2-3 white 

hairs in the raid-dorsal region. Ooaasionally even these are absent, so that 

the penetrance is slightly less than 100,*. It is classifiable at 3-4 days. 

Neither belted nor Garacul has much effect, if any, on the viability.

The figure below shows the possible F, combinations of the genes 

hi, and bi. in the cross * hl ^ p x

Phenotype at hairloss 
<* gametes 4 days genotype

Ca ++ Caracul
+ hi bt belted hi/hi

_ ,_ . + -»•+ Wild type -,«-Crossovers Ca-hl ( Ca hl bt Caracul baited hl/bl

, , . . ( Ca -«• bt Caracul beltedCrossovers hl-bt ( ^ hl + Wlld type

^ Ln ( Ca hi * Caracul hl/pl Double crossovers ( + + bt belted
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for males. The explanation for this is unknown, but since it was recognised 

in the Ga-bt region (Malloyan, 1951) before the occurrence of the hairloss 

mutation, one can assume that it is independent of the maternal effect.

The second feature occurs in the mating —rr ••:•]*• o x —:—rr <* where•*• hi tot * + -t bt
in the crossover classes the surviving +/hl mice exceed in numbers the hi/hi. 

A chi-squared test for heterogeneity between the crossover and non-crossover 

classes in this cross gives a value of 25.7^94, which for 2 degrees of freedom 

is highly significant (P <. »001)« At present there is no satisfactory explanation 

of this heterogeneity.

The deficiency of the +/hl young is due to post-natal mortality. (See 

Table 1, below).

Young

+M
hl/fol

Ca ++

No. 
born

125

129

+ hi bt V *

No. 
Weaned

123

120

+ hi bt .,
* hi bt l

Pre-weaning 
Mortality J»

2

7

' (25 litters)

Youhg

+M

hiM

No. 
born

79

89

No. 
Weaned

39

78

+ hi bt Ca ++
* hi bt y * •*• hi bt "

Preweaning 
Mortality *

51

10

(20 litters)

TABLE 1

The mortality rate is highest in the first few days of life then tapers 

to almost zero at weaning (see Table 2). Stillborn mice cannot be classified 

with certainty so are not included in the table.

Age of +/hl young

0-3 days
>-l4 days
U^21 days

Mortality fo

35.0
12.5

2.5

TABLC 2 (50 litters)
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Cross-fostering does not affect the mortality of the wild-type young. 

Although manifesting post-natally, the maternal effect must therefore be 

operated pre-na.tally (see Table 3)»

No, No. 
Young born Weaned Mortality

No, No. 
Young born Weaned Mortality

62 56

50 46

(a)

10

8

42 25 

PM 49 48 

(b)

40

2

TABLE ^ (a) Young bom to +/hl 9 fostered on to hi/hi 9, 

(b) Young born to hi/hi 9 fostered on to +/nl 9,
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pat.hology of heterozygous vounf born to homozy^ous hair loss mothers.

The expression of the maternal effect as manifested by the presence 

of bone fractures is very variable. Some litters are completely unaffected; 

in others all of the young die with severe bone fractures. The general 

impression gained from the pathology is that members of a litter tend to 

resemble each other very closely} while there is great variability between 

litters within a mating* This aspect of the maternal effect is dealt with more 

fully in the section on the variability of the maternal effect. The variability 

should be borne in mind in the following description.

The mortality rate is highest in the first three days of life, then 

falls between the third and fourteenth day, after which it drops sharply. 

After weaning it is no greater than in the hairloss siblings, (see Table 2).

Death is preceded by loss of weight. Those mice which survive beyond 

fourteen days are stunted, (see Text fig.3).

Affected young show characteristic external abnormalities. Death in 

the 0-3-day-old group is preceded by convulsive breathing and blueness of the 

whole body. At about the fourth day the vertebral column 6f severely affected 

mice appears to be twisted. The elbows of the front limbs are swollen and tend 

to stick out from the body. When the animal is resting the part of the limb 

below the elbow instead of lying parallel to the long axis of the body, is at 

an angle to it such that the paws tend to lie under the thorax close to the 

midline. The hind limbs are swollen just above the ankle, at the point where 

the tibia and fibula curve towards each other. When the animal moves the hind 

limbs drag behind and to the side of the body. The weight of the body rests



not on the sole of the foot, but on its inner face. These swellings become less 

easy to detect with increasing age.

The alizarin transparencies (see Figures 87-90) show the following 

features. At birth the great majority of skeletons appear bo be completely 

normal. In a very small minority - about 3^> of the sample examined - the 

bones stain much more faintly than normal, and the skeleton shows partial or 

complete fusion of the 4th and 5th sternebrae. When examined under the micro 

scope the bones of this l£ have a very porous structure. This porosity reduces 

the amount of bone available for staining, and so explains the light staining 

of the entire skeleton. Between thQ first and the fourth day a large proportion 

of the skeletons show fractures. These occur in characteristic positions.

The bones most commonly affected are the ribs. The fractures occur 

in several positions: on the collum between the tuberculum and capituluraj on 

the shaft immediately below the colluraj on the shaft close to the collum but 

not immediately below it. In addition, the shape of the shaft immediately 

below the costachondral junction is abnormal. In the controls the shaft 

widens smoothly like a trumpet to meet the cartilaginous part of the rib at 

the epiphysis, but in experimental mice the shaft bulges at the epiphyseal 

region, so that the rib in this region has a club-like shape.

It is rare for only one ri.b to be affected: usually every rib on 

one side of the thorax is affected; and then the shaft fractures occur at 

about the same position on each rib, forming regular rows along the thorax.

Fractures occur on the hind limb, but less frequently than do rib 

fractures. The most susceptible fracture zone is the distal region of the 

fibula where it curves inwards to meet the tibia. The fibula here stains very



faintly in the alizarins, indicating poor calcification. Fractures of the 

tibia occur at the same levd.

Forelimb fractures in my material are confined to the radius and 

ulna. The position of the fractures is invariably at a level just below the 

proximal epiphysis of the radius. In very severely affected mice fractures 

also occur across the 'waist 1 of the scapula, and in the clavicle and 

femur.

In a 4-day-old and younger mice the opposing ends of the fractured 

bones are ragged and are not connected by calcified material. In mice older 

than this very few fractures have ragged ends. This suggests that fresh 

fractures occur rarely, after the fourth day. The majority of fractures in 

older mice have a clearly defined callus. These calluses reach their 

greatest size in 12-day-olds. At this age the calluses are well calcified 

and the calcification is continuous with the shaft of the bone. After 12 days 

the diameter of the calluses decreases and by about 21 days many of them are 

indistinguishable from the bone of the shaft. The rib defects appear to heal 

up completely, but the fore and hind limbs of stunted adults have characteristic 

permanent defects (see Figure 91).

These observations on the alizarins explain many features of the 

pathology. The high death rate in the first few days can be explained by the 

occurrence of the extensive bone fractures. In breathing the inward flow of 

air is produced by the enlargement of the thoracic cavity, caused mainly by 

contraction of the respiratory muscles. When the contraction ceases the 

movement of expiration follows chiefly by elastic recoil which makes the 

thoracic cavity smaller. Extensive rib fractures of the type described
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above would abolish the elastic recoil. The convulsive breathing and blueness 

due to poor oxygenation would then result.

The rib fractures are asymmetrically distributed about the vertebral 

column. The healing process therefore distorts the thorax and fixes it in an 

abnormal position. This is the cause of the apparent deformation of the 

vertebral column.

The reduction in the growth rate of the survivors is readily explained 

by the bone fractures*

The position of the fractures in the forearm just below the elbow 

explains the observed swelling and deformation. The position of the fractures 

of the tibia and fibula explains the defects of the hind limbs. The normal 

process of healing of these fractures would then result in the permanent 

defects in the adults. The healing process, the growth of hair, and the fact 

that very severe^ affected litters die early, explains why the cwellin is are 

less readily detected as the Bjdce grow older. The viscera of affected mice 

have not been examined in detail, but when examined with the naked eye they 

appear normal, even in very severely affected mice,

The weight of the spleen of affected mice..

Splenomegaly results from extensive destruction of erythrocytes, and 

can also be produced experimentally by injecting immunologically competent 

cells into immunologically foreign newborn mice, or mice in a late stage of 

gestation.

In view of the formal resemblance of the hairloss situation to the 

rhesus situation in humans, it was of interest to determine if affected mice



showed splenomegaly. The spleen weights of 70 experimental and 160 

hairloss control mice were therefore measured. The weight of the spleen 

is highly correlated with body weight, but as there was no significant 

difference in the body weights of the two groups, its effect can be 

neglected* The experimental mice had a mean spleen weight of 2*137 Kg. 

and the controls a mean weight of 2*203 nig* The difference was not 

significant* Experimental mice clearly do not suffer from splenomegaly. 

The calculations are shown below (Table 4)*

Between groups

Within groups

Degrees 
of 

Freedom

1

. • • i.< •

228

Sum of 
Squares

242

16,348

Mean 
Square

y

242

71-7

Ratio

• • . < •

3-36 .

0.1> p>*05

TABLE 4

Page numbers 45-60 are not employed.
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HISTOLOGY OF DECALCIFIED BONES

The results are presented in chronological order. The description
;

at each age deals in turn with the femur, the tibia and fibula, and

the coetachondral junction* In the case of the limb bones

the description deals in turn with the overall picture, the marrow, the

proximal epiphysis, the cortex, and finally, the distal epiphysis,

0 days of age: The sections of the two affected newborns were essentially

similar (see Figures 37-58)•

The most striking feature of the femur is its strongly eosino- 

philic marrow (see Figures 37» 38)• This is due to two factors: an 

abnormally high concentration of erythrocytes, and a complete absence of 

bony trabeculae in the marrow* In the control, the erythrocytes ocaur 

primarily at the centre of the marrow, and at the interface between the 

cartilage and the marrow* In both regions they are contained in sacs 

with clearly defined epithelial walls - the sinusoids and capillaries; 

and in these the erythrocytes are loosely packed and clearly defined. 

Efcr contrast, in the experimental sections the erythrocytes form densely 

packed clumps, and the cells in these clumps vary greatly in morphology 

(see Figures 39, 40)•

Sections of the proximal epiphysis of the femur at the interface 

of the epiphyseal cartilage and the marrow also show densely packed 

erythrocytes (see Figures 41, 42). In morphology they form a series 

continuous with the erythrocytes of the marrow : in the marrow tightly 

packed but morphologically normal erythrocytes occur. Among the trabeculae 

at the epiphyseal junction the packed erythrocytes are misshapen, but the
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individual cells can still be recognised; sli^itly deeper in the epiphysis, 

where the cartilage cells have hypertrophied but where transverse mils 

are still present, some spaces contain masses of erythrocytes which are 

so deformed that individual cells cannot be discerned; in other spaces 

there is only a homogeneous mass of red-staining material. Sli^itly deeper 

in the cartilage, where the cytoplasm is still present, the intercellular 

matrix appears eosdu)philic in the experimental material, basophilic in the 

controls.

These observations suggest that the con-^stion of the erythrocytes 

increases from the marrow towards the capillary loops at the cartilage- 

marrow interface, resulting in the observed deformation of the erythrocytes 

and finally their lysis, and that the haemoglobin so released penetrates 

the hypertrophylng cartilage, imparting to it its pink-staining property.

lysis of the erythrocytes occurs throughout the marrow, although 

the congestion there is not so extreme as at the epiphysis. Erythrocyte 

ghosts are common} and the released haemoglobin forms a granular coating 

over the walls of the sinusoids. The cytoplasm of the nucleated cells 

which lie outside the sinusoids is packed with granules identical to these 

haemoglobin granules. Probably haemoglobin has escaped from the sinusoids, 

and these nucleated cells have phagocytosed it. Within the erythrocyte 

clumps, haemoglobin forms a coating on the erythrocyte ^losts.

The presence of the released haemoglobin and the packed eryth 

rocytes explains the intense pink-staining of the marrow.

The histological observations provide no explanation for the 

congestion. In the control sections the walls of the sinusoids are 

clearly defined, but in the experimental sections it is impossible in
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most regions to examine the sinusoid walls because the released haemoglobin 

and the congested erythroeytes obscure them. In the regions where the 

walls can be examined, no abnonaalities can be seen, but it is difficult 

to be certain whether or not the walls are defective in some regions.

The proximal femoral epiphysis shows several other abnormalities, 

both in staining properties and in morphology (see Figures 41, 42):

(i) In the zone of hypertrophied cartilage the nuclei stain blue in 

the control, pink in the experimental At the costachondral junction this 

hypertrophied layer is very deep so that the haemoglobin penetrates only a 

relatively short distance into it; but the pink nuclei occur throu^iout 

theaane. It is therefore unlikely that the pinkness of the nuclei is an 

artifact due to the presence of haemoglobin.

(ii) In the trabecular zone lying below the hypertrophied cartilage 

and the marrow several abnormalities are apparent (see Figures 44, 45):

(a) In the experimental the trabecular zone is approximately 

one-tenth the depth of the control.

(b) Cartilage stains blue and bone stains pink in haematoxylin 

and eosin sections, so they can be distinguished. In the control, the 

trabeculae are covered with a continuous coating of osteoblasts. These 

deposit bone, in a gradually thickening layer, around the cartilaginous core 

of the trabecula, thickest at the marrow end and tapering gradually until 

it disappears just before the zone of hypertrophied cartilage. Between 

the trabeculae many free osteoblasts also occur. Osteoclasts occur around 

the tips of the trabeculae, but are rare elsewhere.

In the experimental animals, the trabeculae have no continuous 

coating of cells. The nucleated cells occurring in this region vary widely
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in morpholos7 and only an occasional one can be identified as an osteo- 

blast. The majority of the cells are about half the diameter of the 

control osteoblasts and have a very dark, red-staining, nucleus. The 

outline of the nuclei is irregular, and their surface appears shrivelled. 

These features are characteristic of pylnosis. The innermost layer of the 

periosteum of the experimental femur shows similar cells. In the corres 

ponding region of the control, only osteoblasts occur. It is therefore 

reasonable to conclude that the pyknotic cells described in the trabecular 

zone are abnormal osteoblasts.

The coating of bone on the trabeculae is thinner than in the 

control sections, even when allowance is made for the shortness of the 

experimental trabeculae. This is to be expected from the shortage of normal 

osteoblasts.

Ostecolasts are commoner in the experimental than in the control 

material. They coat even the shortest trabeculae, not only at the tips 

but, in parts of the epiphysis, right up to the level of the hypertrophied 

cartilage. Unlike the osteoblasts, their morphology and staining properties 

are normal,

(iii) The periosteal collar is a ring of bone lying between the perio 

steum and that part of the epiphysis extending from the trabecular zone to 

the zone of hypertrophying cartilage. In the control material the periosteum 

of the collar has the following characteristics:

(a) It consists of 1O-13 cell layers, the outer 9-11 layers , 

being densely packed, the inner remaininc layers less densely packed,

(b) The cells of the outer 9-11 layers are very thin and elongated 

with very dark staining almost black nuclei.
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(o) In the inner layers, the cells undergo a gradual transition 

to the normal plump osteoblasts.

(d) The osteoblasts form bone and become enclosed by it (they 

are then termed osteocytes), so that the transition from osteoblast to 

bone is imperceptible, and the attachment of these two layers is very 

close,

(e) The bone of the collar contains very few osteocytes, but 

these are normal. On its inner surface, the transition from bone to 

cartilage is again imperceptible.

In the experimental material one finds the following:

(a) The periosteum of the collar is only 6-8 cells deep, and 

these are loosely packed.

(b) The outer 4 layers are elongated cells. Their nuclei stain 

more li^rfcly oan the control nuclei, and their shape differs slightly: 

the control nuclei are widest at their mid poirt and have finely tapered 

ends; the experimental nuclei are a uniform width and have rounded ends.

(c) There is an abrupt transition from these elongated cells to 

the cells forming the inner layers. These inner cells are morphologically 

similar to those of the trabecular region: a few have clearly defined 

oval nuclei characteristic of osteoblasts, but the majority have the 

pyknotic nuclei previously described,

(d) The transition from the pyknotic osteoblasts to the bone 

is also abrupt, and the periosteum therefore appears to be very loosely 

attached to the bone.

(e) Between the bone and the cartilage extensive spaces occur. 

These vary in size and contain pyknotic osteocytes and globules of pyknotio
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material. This suggests that they are the lacunae formed by the death 

of the osteocytes. The shape of the larger spaces, and the distribution 

of the pyknotic material in them, suggests that they have been formed by 

the coalescence of two or more lacunae.

The perichondrium of the contr' 1 is similar to the periosteum. 

The main differences are that the thickness is more variable, and the 

transition from undifferentiated cells to fully formed cartilage is more 

gradual. In the experimental material the perichondrium shows essentially 

the same abnormalities as the periosteum : the cells are loosely packed j 

the attachment to the cartilage appears loose$ the cell density is low; 

and the nuclei of the inner cell layers are pyknotic. An additional 

feature in one of the expe rimental femurs is the presence between the 

perichondrium and the cartilage of capillarie congested with erythrocytes.

The c rtex shows several abnormalities (see Figures 46-49). 

In the control material the cortex consists of a sontinuous network of 

bone containing pockets of osteoblasts. It rarely consists of a single 

strip of bone. Usually it is 2-3 strips deep. Thin strips of bone also 

cross the marrow.

The intercellular matrix of the bone is not optically homogeneous, 

In places it consists of poorly defined, alternating strips of dark and 

light material parallel to the long axis of the bone. In other places, 

sharply defined dark lines run along the bone. These optical effects 

suggest that the bone has a laminated structure.

^ In the control, gaps traverse the bone of the cortex. These 

gaps contain several types of cell : erythrocytes in capillaries; osteo 

cytes whose elor^gated appearance suggests they are migrating, attached in
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some places to the capillary walls; and osteoclasts.

In other places the cortex contains pockets opening only to 

the periosteum, containing a capillary from the periosteum, and lined 

with osteoblasts. These appear to be developing Haversian systems.

In the experimental material, the cortex consists of a single 

strip of bone interrupted by frequent discontinuities. Its osteocytes 

are pyknotic, and their cytoplasm does not fill the irregularly shaped 

lacunae in which they lie.

The bone has a laminated structure, but this is not so clearly- 

defined as in the control. Also, longitudinal splits occur on the 

endosteal side of the cortex. These suggest that the attachment between 

adjacent laminae is weaker than in the control.

The experimental bone stains a more intense pink than the 

control bone, probably due to absorbed haemoglobin, and it has a more 

fibrous appearance.

The discontinuities in the cortex are peculiar. They lack 

capillaries. Their pyknotic osteocytes are randomly scattered, unlike 

the control material in which the osteoblasts give the impression of 

forming an oriented stream between the marrow and the periosteum.

At the epiphysis, the cortical bone abutting the trabeculae 

is very porous. The pores contain a few shrivelled osteocytes, and 

pyknotic fragments, plus haemoglobin. This porosity occurs in the 

periosteal collar as described above. Pores of this type also occur 

throu^iout the cortex, sometimes completely enclosed by the bone, and 

sometimes opening on one side into the marrow. If this breakdown were 

to occur on the periosteal as well as the enclosteal wall, gaps of the
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described above would result.

The distal epiphysis of the femur shows essentially the same 

features as the proximal epiphysis (see Figures 50-53) but it is more 

severely affected. There is a complete absence of bone on the trabeculae.

The sections of the tibia and fibula are incomplete but they show 

essentially the same features as the femur (see Figures 37 and 38).

The costachondral junction also shows essentially the same features 

as the femur, but with three slight differences (see Figures 52^-58):

(i) The interface between the marrow and the cartilage is at an 

acute angle to the long axis of the bone, not at ri^it an&Les to it as in 

the control.

(ii) The zone of hypertrophied cartilage is much longer than in 

the control.

(iii) Bone is absent in a stretch of cortex just below the epiphysis.

The above observations on 0 day-old "bones can "be summarised as 

follows:

(a) The sinusoids and capillaries are congested with erythrocytes. 

I$rsis accompanies the congestion. The cause of the congestion is unknown.

(b) The number of osteoblasts and osteocytes is greatly reduced in the 

experimental material. This is detectable wherever they occur : in the 

periosteum, in the trabecular zone, and in the bone. The number of 

chondroblasts is also reduced.

(c) In the regions where osteoblasts and osteocytes occur in the control, 

abnormal cells occur in the experimental. Their morphology varies, but the 

most common feature is the occurrence of dark-staining, shrivelled nuclei. 

Round pyknotic globules suggestive of the remains of cells also occur 

in these regions.
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(d) The nuclei of the control hypertrophying cartilage cells stains 

blue, those of the experimental stain red. If this is not an artifact, 

it suggests that the chondrocytes also are abnormal.

(e) The periosteum and perichondrium are morphologically abnormal. 

They are not so thick as in the control, and the cells are less densely 

packed.

(f) The thinness of the periosteum and the perichondrium suggest that 

the numbers of the three cell types being produced are lower than normal. 

The presence of pyknotic cells, especially in the inner layers of the 

periosteum and in the lacunae, suggests that the bulk of the cells 

produced die after having undergone a considerable amount of different 

iation.

(g) Bone formation is greatly reduced or absent in the trabecular zone, 

and is reduced in the cortex as suggested by its porosity. This is 

presumably due to the absence of normal osteocytes and osteoblasts.

(h) Ihe concentration (thou^i possibly not the total number) of osteo- 

clasts is much hi^ier in the cortex, and at the trabecular region, of the 

experimental than the control. This, and the absence of trabeculae in 

the marrow, suggest an increased rate of resorption.

(i) The weakness of the bone and its tendency to fracture can therefore 

be explained as follows: Bone formation is arrested, but resorption occurs 

either at a normal rate, or faster than normal. The thinning of the bone 

which results leads to structural weaknesses throughout the cortex of 

the bone, and at the epiphyses. It is also likely that the experimental 

bone is proportionately weaker than control bone, due to the presence of 

dead or unhealthy osteocytes.
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2 days of age : (see Figures 59-60). In none of the bones do abnormalities 

of tiie type described in 0 day-old animals occur: the most striking feature 

is extensive clumps of congested erythrocytes occurring below the periosteum 

of iiie femur and tibia. In other respects the cells of the tibia and femur 

appear normal. The fibula was not examined.

The rib sections show some pyknotic osteocytes, and the marrow- 

cartilage interface is sli$itly uneven, but both these features could be 

secondary effects arising from an interruption in the blood supply caused 

by fractures which occur in the shaft.

The alizarin preparation showed several rib fractures, confirming 

the in vivo diagnosis that the mouse was severely affected.

4 days of age : (see Figures 61-78). The marrow of the femur is qualitatively 

normal, but its width is reduced by the abnormally thick cortex (see Figures 

61, 62). The proximal epiphysis of the femur is abnormal in several 

respects (see Figures 63, &f):

(1) The resting cartilage of the epiphysis is normal, but the zone of 

hypertrophied cartilage is twice the depth of the control, and its junction 

with the trabecular zone more uneven.

(2) The trabecular zone is twice the depth of the control, and is more 

thickly coated with bony material. The osteocytes which line the trabeculae 

are normal in morphology- and number.

(3) Hl^i in the trabecular zone, patches of fragmented trabeculae occur. 

At the same level the periosteal collar is fractured. This occurs on both 

sides of the section and throughout the series of sections made of the bone. 

The fracture zone therefore forms a complete ring round the bone.

At the fracture zone the cartilage cells are compressed and the 

periosteum bulges outwards. The fracture splinters overlap and appear to
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have "been driven into each other. This suggests that the fractures have 

arisen from compression rather than from tensile stress.

!£he distribution of free haemoglobin is radically different at 

the 2^-day stage to what it is in the newboms. At 4 days, the space 

surrounding the splintered periostea! collar is bathed in haemoglobin, 

which suggests that movement of the bone in the living animal has caused 

the splinters to homogenize the erythrocytes. Only in these splinter zones 

and their immediate vicinity does free haemoglobin occur. In contrast 

with the 0-day-olds, no free haemoglobin occurs in the marrow at this 

stage.

(4) Osteoclasts are relatively rare in the trabecular zone, and those 

that do occur lie mainly in the marrow spaces. In the control they are 

common, and most are attached to the bone of the trabeculae.

(5) The bone of the periosteal collar is abnormal. It consists of two 

distinct but continuous layers. The inner layer is normal: it is composed 

of laminated bone which stains a bluish-pink colourj and its osteocytes 

occupy clearly defined lacunae. Outside this, accounting for four-fifths 

of the collar's thickness, is an abnormal layer of 'bone 1 . It has a high 

density of osteocytes, but *-s no* laminated. It has a fibrous texture 

and stains very light pink. The fibrous material and the cytoplasm of the 

osteocytes are optically homogeneous, so that no clearly defined lacunae 

can be seen. No pores occur in the light-staining material These 

features are characteristic of osteoid-uncalcified bone matrix - and will 

be called osteoid in the further description. The periosteal cells lying 

outside this are morphologically normal.

The thickness of the control periosteal collar could not be 

directly compared with that of the experimental, because ossification was
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more advanced, and had proceeded further along the shaft to a region 

where the architecture was different.

The cortex is approximately twice the thickness of the control 

and, like the "bone of the collar, consists of two distinct layers: an 

inner layer of normal "bone, and outside this, occupying four-fifths of 

the thickness of the cortex, a layer of osteoid. The osteoid differs 

from the periostea! osteoid in being so porous that it has a sponge-like 

appearance (see Figure 65). The walls of the pores have a continuous 

coating of osteoblasts. In the control this thick layer of osteoid is 

absent.

The periosteum of the experimental cortex is normal.

The distal epiphysis (see Figure 66) shows essentially the same 

features as the proximal epiphysis j deep trabecular and hypertrophied 

cartilage zones, the former thickly coated with bone, and a ring of micro- 

fractures, which includes the outermost trabeculae and the periosteal 

collar, bathed in free haemoglobin.

The periosteal collar zone can be directly compared in the 

control and the experimental. The experimental lacks the osteoid layer 

except at the relatively short zone where the fracture occurs : and here 

the osteoid is continuous with that of the cortex. This distribution 

suggests that the osteoid of the collar is the result of the fracture and 

not the cause of it. The fracturing would explain the distribution of the 

osteoid in the proximal epiphysis.

The proximal epiphysis of the tibia (see Figures 67, 68) is 

less abnormal than the femoral epiphyses. Its trabecular zone is deeper 

than that of the control, has a thicker coating of bone, and its zone of 

hypertrophied cartilage is slightly deeper; but there are no fractures,
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and the periostea! collar is normal.

The cortex of the tibia shows the same abnormal features as 

the femoral cortex* In addition a fracture has occurred which includes 

the entire diameter of the bone (see Figures 67-70). In spite of this, 

splintering of the cortex is rare. 2his supports the hypothesis that the 

white material is osteoid and not true bone.

The distal epiphysis of the tibia, unlike the proximal epiphysis, 

shows the abnormal features of the femoral epiphyses, but more markedly 

(see Figure 71). The hypertrophied cartilage columns are elongated. 

The trabeculae, though not extremely long, have a very thick coating of 

osteoid which fills the space between the trabeculae normally occuped by 

marrow. A ring of microfractures extends round the bone at the junction 

of the trabecular and hypertrophied cartilage zones. Again, the morphology 

suggests that the fractures are due to compression. A thick layer of osteoid 

occurs under the periosteum where it surrounds the fracture.

The epiphyses of the fibula were not studied, but the cortex 

shows the same features as the tibia.

The cortex of the ribs is essentially similar to that of the 

other bones, but the costachondral junction is not strikingly abnormal.

.8 days of age : (see Figures 79-82). The femur, tibia and fibula show no 

striking abnormalities. The costachondral junction is normal, but 

healing fractures are present in the shaft.

12 days of age; (see Figures 83-87). The proximal femoral epiphysis is 

almost unrecognisable, owing to the presence of a massive callus. The 

callus consists mainly of cartilage-like material, which is abnormal in 

that it stains pink instead of the blue of normal cartilage. The callus
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also contains osteocytes and periostea! and periohondrial material* 

Some lysis of erythrooytes has occurred.

Below the callus the cortex tapers to a normal distal epiphysis. 

In the tapering region the cortex is very porous.

The tibia and fibula are not markedly abnormal.

Sections of the two siblings to this mouse showed normal femurs, 

but in both the tibia and fibula showed a massive callus.

The eostachondral junction was abnormal. The cartilage of the 

epiphysis consisted of three zones : next to the marrow a deep zone 

consisting of cartilage, morphologically similar to the resting cartilage 

but with very pink nuclei; vhen a zone of ^ypcrtrqphied cartilage; 

and next to this a zone of resting cartilage with normal bluish-pink nuclei. 

It seems that a new epiphysis is being established behind the old one.

Th© pink nuclei of the first zone are similar to those found in 

the hypertrophying cartilage of the 0-day experimental bones. V,nat their 

pinkness signifies is not clear. Possibly they are dying cells; this 

would explain the need for a new epiphysis in the 12-day-old animals, and 

would agree v;ith the observations on the other bone and cartilage cells 

of the Oday-old animals.
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TEST OF NUTRITIONAL HYPOTHESIS

It can be seen from the bone histology that in the severely affected 

bones the three fundamental processes of bone growth are abnormal: 

mineralisation, matrix formationj and resorption. All three are exemplif 

ied by the thick osteoid cortices in the 4-day-olds. All three are 

equally well exemplified l(y the 0-day-old bones, since the absence of 

oeteoid on the trabeculae denotes a failure of matrix formation; since 

the osteoclasis and accompanying thin walled cortices denote excessive 

absorption; and since excessive parathyroid hormone or very severe calcium 

deficiency produce bone defects almost identical in all respects to those 

described above. The laat fact is discussed more fully below. Thus it 

is not possible to tell fron the bone histology alone of these severely 

affected mice in which of the three processes the primary defect occurs.

The histology of tissues other than the bones helps very little in 

analysing the defect. Thus, serial sections stained with haematoxylin 

and <sost« were prepared of the following organs from two newboms with bone 

fractures and from two presumed hairloas litter mates: thyroid, 

parathyroid, kidney, teeth, gut, pancreas, spleen, liver, lungs. There 

was no significant difference between the experimental, and control tissues 

except for a slight abnormality in the hair-loss parathyroids. But this 

was absent in two other hair-loss newborns and could not be related to the 

bone defect. The findings for the kidney, parathyroids, and teeth are 

discussed more fully below.

A number of nutrients are known which when fed in abnormal amounts 

cause specific defects, each similar in some respects, though not in all, 

to the bone defects described above. In view of these resemblances, and 

in view of the evidence that the maternal effect is intensified in
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superovuMed mice - which suffer severe nutritional stress (McLaren 

unpublished and McLaren & Michie 1959) - it seemed wisest to test 

whether or not any of these nutrients was specifically involved in the 

cause of the defects, before embarking on an analysis of possible 

endocrine factors or non-nutrient metabolites. The nutrients investi 

gated were vitamin A, copper, manganese, and calcium. 

Vitamin A: The rarefaction of the diaphysis, a^d the haeraorrhagiug 

in the bones of affected heterozygotes shows some resemblance to the 

defects in bones of young rats and mice fed excessive -., vitamin A (Wolbach 

1947i Rodahl 1950), and although the cartilage defects in the 

heterozygous new-born mice bear little resemblance to the dissolution of 

the ephiphyseal cartilage of limb bones of foetal mice cultured in high 

vitamin A medium, it seemed prudent to test the hypothesis that the bone 

defects in the heterozygotes are due to excessive vitamin A. This was done 

lay measuring the amount of vitamin A in the newborn affected mice. The 

bulk of vitamin A (over 90%) is stored in the liver (Moore 1957)« An 

excess would therefore be reflected in high liver concentrations.

The newborn mice used in the analysis ca™e fro&i matings of the type 

Ca.++ tf +hl.bt Q and from the reciprocal cross. They were
thl .bt +hl.bt 
killed with ether, the livers removed, immediately weighed, and stored

in deep freeze until their pooled weight exceeded 0,5g. They were 

then sent to Dr. Sharman for analysis. Several of the Caracul-type young 

with hair-loss mothers breathed convulsively, and their alizarined skeletons 

showed bone fractures; so they were severaly affected. The livers from 

two homozygous aid four heterozygous hair-loss adult males, ranging in age 

from eight to ten months, were also individually analysed for vitamin A. 

The results are set out in Text Fig. 4.



Newborn +/hl withhl/hl mother 

» hi/hi " hi/hi «

hi/hi » + /hl

Adult +/hl male

Adult hi/hi "

Kt. of Liver (g) 

0.67

0.74

0.50

0.74

1.83

2.03

1,69

1.33

2.33

1.60

Vitamin A

i.u./g.

18.5

6.4

13.2

16.2

3,320

1,380

3,030

2,170

10,860

1,280

content

Total i

12.4

4-7

6.6

12.0

6,080

2,800

5,120

2,890

25,300

2,050

Text Fig, 4 vitamin A content of newborn and adult livers.
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The bulk of published -,;ork on vitamin A levels has been done on the 

rat f and very little on >ihe mouse. But since under experimental conditions 

the concentration of vitamin A in the livers of newborn rats can vary 

by a factor of more than 40, and that of the adults by a factor of more 

than 100, without signs of stress appearing (Moore 1957)> the slight 

difference between the affected heterozygotes and those with wild-type 

mothers (approximately 30$) is unlikely to be significant, and is most 

unlikely to be the cause of the differences in the bones. The same 

argument applies to the adult livers. The smallest and the largest total 

value belong to Mr-loss males, and the variation between the six values 

is slight compared with that which can arise in healthy rats. The 

values are therefore not suggestive of a real difference between the 

hair-loss and heterozygous mice in their vitamin A status.
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Copper; The young born to copper deficient cows and ewes have bone 

fractures or develop them shortly after birth (see Follis 1958 for 

references)» The same phenomenon has been demonstrated in the rat 

(O'Dell et. al., 1961). The brittleness of the bones of copper deficient 

animals has been attributed to defective osteocytes; but the experimental 

evidence for this is slight and few details of the histology of the bones 

of newborn animals have been published with which to compare the abnormal 

mouse bones. Anataia, however, is a constant feature of copper deficiency, 

and since anaemia occurs at higher though still inadequate dietary 

intakes of copper than do bone fractures, its absence would make highly 

improbabl ethe hypothesis that the bone defect is caused by copper 

deficiency. An erythrocyte count was therefore made on 36 hair-loss, 55 

hetero^ygotes with C57BL fathers, and 35 control heterozygotes with C57BL 

mothers. All were newborn. The moan counts for 0.00016 cu. num. of 

blood were respectively 572. 5, 587.6 and 607.9. The differences were not 

significant. The results are set out in Table 5 and the calculations below 

(Table 6).

Component

Between groups

Within groups

Degrees of 
Freedom

2

124

Sum of
Squares

22,689

1,558,982

Mean 
Squares

11,344.5

12,572.43

Ratio

1.1108

p 0.2

: Early workers showed that manganese deficient rats

gave birth to young which, like copper deficient rats, had fractures at 

birth or developed them shortly after birth (Shils and McCollura 1943). 

Unfortunately details of the bone histology, though promised, were not 

published. More recently O'Dell (O'Dell, et. al. f 1961) and Hurley
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(Hurley et. al. t 1963) have reinvestigated the problem. The former
*&

authors showed that $6% of the newborns with manganese deficient mothers 

had extra vestigial sternebrae between the fifth and sixth sternebrae, 

and that there was a higher than normal incidence of fuaed sternal and 

vertebra 1 segments* Hurley et. al demonstrated that the newborns had 

shortened limb bones, abnormally oisified ear bones, and a misproportioned 

skull. In addition a high proportion of the rats (10%) aged 13-19 days 

had defective tibial ephiphyses. They concluded that in manganese 

deficiency the process of endochondral ossification is abnormal, but the 

process of membranous o ssification is normal. An inspection of the 

alizarins of of affected heterozygous hair-loss mice shows that none of 

these characteristic defects is present, although a very small proportion 

about 1$) show partial fusion of the fourth and fifth sternebrae. The 

bone histology shows, as described above, that the process of membranous 

ossification is at least as abnormal as that of endochondral ossification. 

There is therefore no support for the hypothesis of manganese deficiency as 

the cause of the bone fractures in the heterozygous mice. 

Calciumi Defective mineralisation can arise equally well from abnormal 

phosphate or abnormal calcium metabolism. The metabolisms of the two 

are intimately related however, and a change in one usually causes a change 

in the other. The abssnce of abnormal calcium metabolism would therefore 

make a defect in phosphate metaldism unlikely. The evidence supporting 

the hypothesis that the bone defects are caused tiy calcium deficiency is as 

follows:
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1. The alizarin transparencies show the bone to be poorly calcified 

in the fibulae of the 4-d.ay-olds and in the entire skeleton of severely 

affected newborns.

2. The histology of the 4-day-olds shows excessive deposits of 

osteoid tissue in the diaphyses, and abnormally long columns of 

hypertrophied cartilage at the metaphyses. These abnormalities are 

characteristic of rickets.

3. Owen (Hollander 1960) working with the hair-loss mice tentatively 

reported: f Dr. Dubert did a little work with radioactive strontium. 

Although the results are inconclusive there is some evidence that hair-loss 

mice maintain and perhaps require a considerably smaller pool of calcium 

than do mice heterozygous or homoaygous for the normal all el e. Dr. 

Dubert suggests a model in which hair-loss females with the smaller pool have 

too little to contribute to the normal young, but enough for their 

hair-loss young, whereas in the reciprocal mating the normal females have 

a large enough pool so that all three genotypes progress satisfactorily.'

4. '-Jhile the histology of severely affected newborns is quite 

differen t from that of rachitic bones, it bears a striking resemblance 

to the condition of the skeleton of rats injected with massive doses of 

parathyroid hormone (Heller, McLean and Bloom 1950). These bones show 

excessive osteoclasis, pyk lotic osteocytes, and resorption of the 

metaphyseal trabeculae and the cortex with exposure of the lacuna e of the 

osteocytes. The thinned shaft fractures readily. Extensive
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haemorrhaging occurs in the marrow. Results described as being very 

similar to this were obtained i:* ;roung rats fed a diet extremely deficient 

in calcium (Boelter and Greenberg 1941)* Thus the abnormalities of the 

newborna though very different from those of the 4-day-olds tend to support 

the hypothesis that the cause in each case is a deficiency of calcium. 

The evidence against the calcium-deficiency hypothesis is as 

follows:
j.

1» Although eleven-day-old mice contain fifteen times as much calcium 

as newborns (Spray and Widdowsen 1940) so that the average daily loss of 

calcium by the mother is much greater in lactation than in gestation, 

normal young fostered on to hajr~loss mothers are quite healthy. This * 

suggests that the hair-loss mothers are not deficient in calcium.

2. Sections of bones from the two newborn mice used in examining the 

viscera lacked signs of extensive osteoclasis. In addition, a long 

series of sections from newborna less severely affected in that they had no 

fractures, showed no osteoclasis. Some of these stained very intensively 

with silver nitrate showing the bone to be well calcified. The litter 

mates of these newborns ultimately developed bone fractures, so the 

probability that those killed at birth for sectioning would ultimately have 

dwveloped fractures and were therefore abnormal, was high.

3. A chemical analysis of newborns and adults showed the whole bodies of the 

affected young not to be deficient in calcium. This analysis was performed 

by Dr. Dickerson. (see Text figs. 5 and 6). Whether or not the newborns 

were severely affected is not known. 

4- /



Composition of Eviscerated Mice

NMH « Hairloss offspring of normal mothar 
NMW « Normal 

" 
" 

" 
" 

HMH » Hairloss 
" 

" 
hairloss" 

» Normal 
" 

" 
" 

n

Water g/100 g fresh weight

Pat g/100 g fresh weight

Composition

Water

Total 
N

Collagen 
(Coll M x 5«55)

Calcium

Phosphorus

Nlffl

65.1

10.2

Adult

m
m64.8

8.8

of eviscerated bodies

72-5

3-36

3.86

1.08

0.70

70.6

3-59

3-36

1.38

0.88

Newborn

HMH

65.3

8.96

HMN

61.9

12.8

expressed as

71-7

3.22

4-33

1.16

0.65

71.0

3-67

4-00

1.06

0.66

m
m81.5

0.7

NMN81.4

0.8

g/100 g fat-free fresh

82.0

2.11

0.95

0.^0

0.41

82.1

1.96

0.83

0.41

0.40

M
H

81.5

1-95

tissue

83.1

1-53

0.79

0.38

0.37

tLIN

81.5

0.60

82.0

1.82

0.85

0.37

0.36

Text Fig. 
5



Composition of Mice Femora

Normal Mother 
formal Mother 

Hairloss Offspring 
Normal 

Offspring

Number of animals

Wet weight of femora g

Dry 
" 

" 
* 

g

Solids g/100 g

Water g/100 g

Pat

Total N g/100 fresh bone

Collagen 
" 

" 
"

Calcium 
" 

" 
"

Phosphorus 
H 

" 
M

3

0.2273

0.1463

64-5

35-5

nil

3.28

10.25

12.9

6.9

3

0.2488

0.1516

60.9

39.1

nil

3.04

9-5

13.4

6.7

Hairloss Mother 
Hairless 

Offspring

2

0.16 54

0.1021

61.7

38.3

nil

3.80

10.4

13.9

6.65

Hairloss 
tfo trier 

Normal 
Offspring

1

0.0906

0.0582

64.2

35-8

nil

3-67

10.4

14-6

7-1

Text Fig. 
6
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4* The sections from kidneys of the autopsied young mentioned 

above were stained with silver nitrate, but like the sections from the 

hair-loss littermates showed no deposits of calcium. The other tissues 

stained with haematoxylin and eosin likewise showed no particles which 

would correspond with calcium deposits. The normal calcium composition 

of the whole bodies cannot therefore be accounted for by assuming a 

deficiency in the bones compensated by abnormally high extra-skeletal 

deposite. This conclusion is supported by the analysis of the femora 

of the newborns (Text Pig. 6) which shows that the calcium composiHabn 

of the presumed abnormal bones is normal.

The evidence from the chemical analysis appears to be final 

proof that the maternal effect is not operating via a calcium deficiency. 

However f the histology of very severely affected mice shows the cortical 

bone to be visibly reduced in thickness and since over 95% of the 

body's calcium is normally stored in the bone, it seemed inconceivable 

that femora from such animals should not be deficient in calcium. In 

view of the great variability in the intensity of the maternal effect - 

as judged by mortality, aliaarined skeletons, and histology - it 

seemed possible that the mice analysed chemically were only mildly affected 

and that an analysis of severely affected individuals would detect a 

calcium deficiency. But even if analysis showed a deficiency, the 

question of how it arises and of how it can occur in spite of normal 

lactation remains. Therefore while the severely affected mice were being 

analysed the possible mechanism of such a deficiency was investigated.
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In rachitic children the appearance of centres of ossification 

is delayed* One would expect a similar phenomenon in calcium deficient 

mice* In the mouse a large number of ossification centres appear at 

about the time of birth (Johnson 1933) and they appear in a fixed sequence. 

In addition the tail vertebrae ossify in a fixed order from the base of 

the tail to the tip* Therefore the number of calcified tail vertebrae 

provides a convenient measure of the degree of skeletal maturation* The 

tail vertebrae of experimental and control newborn mice were counted* The 

experimental details are given on page 5*

The tail vertebrae counts failed to support the hypothesis of 

rickets* The mean count in the experimental group was T»2 and in the hair- 

l98s control group 6.6. The number of calcified tail vertebrae is closely 

correlated with body weight, but the weights in the two groups were not 

significantly different and could therefore be disregarded in the 

calculations shown below. There was no sex difference in the number of tail 

vertebrae. In th£ calculation shown below the sexes have therefore 

been combined.

Component

Between groups

Within gnaups

Degrees of 
Freedom

1

336

Sum of 
Squares

18,815

853,848

Mean 
Square

18,815

2,514

Ratio

7.4045

.01> p>

.001

The difference between the two groups is highly significant. 

This result was quite unexpected. To check if the difference was caused 

by the hair-loss maternal effect or primarily by genetic differences, the 

calcified tail vertebrae vrere counted in ^0 litters from matings of a

bt +hl.'bt female and a -fhl.bt male. The mean count for the
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heterozygotes was 6.2 and for the hair-loss mice 6,4* The difference was 

not significant. This suggests that the difference observed between 

homozygous and heterozygous hair-loss young in the first count was due to 

the large genetic differences between the two groups arising from the 

057.BL background of the heterozygotesj through it is possible that 

the wild -type alleles of hair-loss differ in the C.57BL strain and in the 

hair-loss strain, and tnat this presumed difference could account for the 

results. Whichever explanation is correct, the results provide no support 

for the hypothesis that heterozygotes are more rachitic than hair-loss mice.

Young rats born to mothers deficient in calcium have enlarged 

parathyroids 9 which shows that the parathyroids function pre-natally 

(Sinclair 1942). The size of the parathyroids, the blood calcium level and 

the degree of osteoclasis are intimately related, therefore one would 

expect the size of the parathyroids of the affected newborns to be 

abnormal. The size of the parathyroids of five newborn mice with bone 

fractures was measured. This was done by serially sectioning at 10 u 

the trachea! region with the attached thyroid and parathyroid. Every 

section was tnen projected on to squared paper and the outline of the 

parathyroids traced. The total area enclosed is directly proportional 

to the volume of the parathyroid. Pour hair-loss littermates were 

similarly treated, and two pairs of littermates fnam the reciprocal mating. 

Text Pig. 7 shows the results in units of area for these four groups. 

The area of one of the control heterozygote parathyroids could not be 

measured because the sections crumpled. It can be seen that the volumes 

of the right and left parathyroid are highly correlated except in the case



Volume equivalents

Hair-losa mother heterossygous young

Hair-loss mother hair-loss young

Heterozygous >uother heterozygous young

Heteroasygous mother haii>-loss young

Individual

424

294

593

467

480

884

385

648

509

481

925

568

368

279

698

402

427

1637

455

447

1928

473

673

776

555

Mean

396

287

646

435

454

1261

420

548

1219

477

673

851

562

Text Fig* 7 Parathyroid volumes
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of the two hair-loss young with hair-loss mothers with the 

largest parathyroids. These two large parathyroids were morphologi 

cally abnormal, consisting of two segments, the one partly 

enclosed by the other. There was, however, no difference between 

the two segments in the morphology of the component cells, so 

there can be little doubt that the entire tissue is of parathyroid 

cells. The absence of this peculiarity in the twin parathyroids 

and in the other two hair-loss mice of the group, suggests that 

this abnormality is not specifically related to the maternal effect. 

Its absence in the other mice neither undermines nor supports 

such an explanation due to the small sample sizes involved. In 

analysing the difference between the four groups, the mean 

volume was used. The difference between the four groups is not 

significant, and therefore does not support the hypothesis of 

calcium deficiency. The calculations are shown below.

Component Degrees of Sum of Mean 
Freedom____Squares Square

Ratio

Between groups 

Within groups

406,660 135,553 1.7195 

709,514 78,835 p> 20

Blood calcium levels of the newboen mice were measured using 

an atomic absorption Spectrophotometer (Gatehouse and Willis 1961). 

The machine can measure very low concentrations of calcium, but 

requires a greater volume of fluid than can be obtained from a 

newborn mouse. The blood samples, obtained from the carotid 

artery in heparinised micro pipettes were therefore diluted 

with 39 volumes of distilled water and
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stored at 4 0c until analysed. Diluted blood stored at such temperatures show s 

little alteration in calcium levels after seven days* The blood from the
•"." • -• '• '•' f

newborns was analysed never later than 3 days after bleeding. The results 

for mice drawn from 6 litters, of severely affected young are shown in Text 

Pig* 8. The difference between the two groups is not significant. The 

calculations are shown below

wewoorns hi /hi

4.6

3.9

4.1

4-3

2.7
4.3

3.8

5.2

4.1

4.6

4.2

4.6

5*1

4.7

4.3

4.9

Text Pig. 8 Blood calcium levels

+ hl .bt o Ca . + + (j
-f-hl .bt -r" +hl .bt

+ /hl

4.9

4.8

3.4

2.7

4-9

3.8

4.9

4.4

4.4

5.8

4.9

3.4

7.2

5-3

( mp;/l OH ml

2

ff

) in matings.
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Component Sum of 
Squares

Between gxups 0*633

Within groups 21.566

Degrees of 
Freedom

1

28

Mean 
Square

0.633

0.770

Ratio

0.822

P > 20$

It can be seen that the accumulating evidence weighs more and more 

heavily against the hypothesis that the bone fractures are due to calcium 

deficiency. The evidence which finally disposes of the hypothesis comes from 

the chemical analysis of severely affected newbornis.

The control mice used for analysis were hair-loss newborns from litters 

344 and 475* The experimental mice were heterozygov.s litter mates to the 

mice* All of the heterozygotes had severe bone fractures. The

mice were killed with ether then despatched to Dr. E. £. Widdowson for 

analysis. The results are shown in Text Fig. 9* The mouse in sample 1 was 

incomplete: part of it was lost in trying to dissect out the femora. It 

can be seen that the calcium concentrations of the controls are slightly, but 

not significantly greater than those of the experimental mice. The difference 

in collagen nitrogen between the two groups is however much greater, and is 

significant. The calculations are shown below. Sample 1 is omitted*

Between

Component

groups

Within groups

Degrees of 
Freedom

1

7

Sum of 
Squares

0.23

0.37

Mean 
Square

0.23

0.053

Ratio

4-35

p; 5*

Table 7 Calcium concentrations.



— - — Sample
Designation No.

—

V14^^ '

475 *
475 b
475 c
475 a

2 1
3 2
3 3
4 4
4 5

k't. fresh
Sample

1.1912
0.9449
1.1627
1.0934
1.2223

i4ean
Mean

wt. dry
Sample % water ga/100

Analysed

0.1614
0.1410
0.1538
0.1501
0.1740

of 5 control
of 4 control

82. 5/*-
84.0$
85.5^
86.2$
85.3^
s»
B»

Ca

0.31
0.32
0.23
0.26
0.29
0.28
0.28

gm fresh

Coll

0.56
0.94
0.71
0.80
0.82
0.77
0.82

(excluding saaple

FRACTURE);-

344
475*
475 fa
475 i
475 j

D 6
1) 7
2) 8
2) 9
2) 10

1.0615
0.9922
1.2046
0.8992
1.0675

Mean

No. 1)

0.1548
0.1341
o. 1658
0.1163
0.1421

84.93S
85.4$
85.8$
86.1^
86.0$

of 5 Fractured-

0.21
0.25
0.19
0.27
0.21

0.23

0.70
0.54
0.53
0.60
0.70

0.61

mouse

M

1.89
1.87
1.57
1.60
1.59
1.70
1.70

2.07
1.71
1.76
1.58
1.68

1.76

gra/100gra

Ca

1.8
2.0
1.7
1-9
2.0
1.9
1.9

1.4
1.7
1-3
2.0
1.5

1.6

dry mouse

Coll

3.2
5.9
4.9
5-8
5.6
5.1
5.6

4.6
3-7
3.7
4.3
5.0

4.3

N

10.8
11.7
10.8
11.6
10.8
11.1
11.2

U-7
11.7
12.4
11.4
12.0

12.2

Coll S.xlCK
Total ft

5.3
9.1
8.2
9.0
9.3
8.2
8.9

6.1
5.7
5.4
6.8
7-5

6.3

Text Fig. 9



Between

Component

groups

Within groups

Degrees of
Freedom

1

7

Sum of
Squares

15.02

3*60

Mean 
Square

15.02

0.5H

Ratio

29.20

P ^ 1%

Table 8 Collagen-nitrogen concentrations

DISCUSSION

It appears then that the primary defect in the affected newborns lie snot 

in the mineralisation process but in the formation of collagen. Before this 

deficiency can be accepted as the cause of the maternal affect, it must 

provide an explanation of the three main features of the maternal effect:

1t The pathology.

2« The variability*

3# The relation between the maternal abnormality and that of

the aewborns.

The pathology: From what is known of the role of collagen in normal bone and 

cartilage as an agent providing resistance to bending and tension the observed 

defects in the abnormal bones may be inferred. Thus the absence of osteoid 

tissue and of trabeculae in the newboms may be attributed to the shortage of 

the major component of cartilage and osteoid tissue-collagen. The brittleness 

of the bone which shows an longitudinal and transverse fractures may be 

attributed to the shortage of the fibrous collagen which forms a continuous 

network in ordinary bone. Experimental support for these inferences comes 

from studies of the three best investigated collagen deficiency diseases: 

scurvy (Van Wersch 1954), Osteogenesis Imperfecta (Pollis 1952) and copper 

deficiency (Savage et. al. 1966). In all three of these the bone defects are

essentially similar to those of the affected mice.
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essentially similar to those of the affected mice.

The occurence of osteoclasis, haemorrhaging, and pyknotic 

osteocytes, is not a valid objection to the above hypothesis, 

since as mentioned earlier, fracturing can occur in the absence 

of these three phenomena. The phenomena are sufficiently 

remarkable to deserve explanation, however, and the following 

hypotheses seem the most likely to provide an explanation.

1. The bones contain over 95% of the body's calcium. 

On current theories of calcium metabolism, in calcium deficiency 

states the osteoclasts remove the bone and so release the 

calcium to counteract the deficiency. If the collagen available 

for bone synthesis is reduced, the amount of calcium contained 

in the bones will automatically be reduced. Under such 

conditions it seems inevitable that the symptoms of calcium 

deficiency should manifest themselves; and to a degree which 

is proportional to the reduction in bone. Thus in very severely 

affected mice one would expect the histological manifestations of 

calcium deficiency to be superimposed upon those of collagen 

deficiency, the severity of the two being closely correlated. 

Thus the haemorrhaging the cell puknosis and the osteoclasis 

in the severely affected mice may in fact be a consequence of 

abnormal calcium metabolism, as in the description given above 

of excess parathyroid hormone.

2. In scurvy and in copper deficiency haemorrhaging is a 

characteristic feature. In scurvy (Gore etal 1965) the arterial 

endothelial cells are shrunken and pyknotic. Since the
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endothelia of arteries and capillaries are essentially similar, 

it may be inferred that identical pathological changes occur in 

the capillaries, and are responsible for the capillary 

haemorrhaging of scurvy. In copper deficiency the arteries 

rupture due to a deficiency of elastin in the arterial walls. 

The diffuse haemorrhaging seen in deficient newborn rats 

suggests however a defect in the capillaries; and the basis of 

this is not known. No examination of the blood vessels using 

the f en face* preparations necessary to detect endothelial 

defects has yet been made. These results demonstrate that 

there are no a priori reasons why collagen deficiency and 

haemorrhaging should not be closely connected causally.

Although under the first hypothesis an explanation has been 

proposed for the abnormalities of the osteocytes, this seems 

hardly necessary. If the osteocytes had been morphologically 

normal in the face of collagen deficiency that would have been 

unexpected. It is reasonable to expect morphological defects 

to occur as the severity of the maternal effect increases; and 

to expect the ultimate stage to be the observed death of the 

osteocytes. The observed osteoclasis is not readily explained 

without invoking defective calcium metabolism. However, since 

osteoclasts participaterin the remodelling of normal growing 

bone, it seems unlikely that their activity is governed solely 

by the prevailing calcium conditions. Perhaps the organic matrix 

plays a part in governing their activity.



The reduction in calcium in the affected mice compared 

with the controls is about 16%, while the loss of collagen is 

about 25%, If all the collagen lost had come from the bones 

one would expect the percentage loss of calcium to be almost 

equal to that of the collagen, since, as stated above, over 95% 

of the body's calcium occurs in the bones. The difference 

between the calcium and collagen implies a loss of collagen 

from tissue other than calcified bone. So far the histological 

basis for this loss has evaded detection. It must arise from 

one of the major collagen secreting cells, the chondrocytes, the 

fibroblasts, or the odoirtocytes. As mentioned in the 

description of the bone defects, the chondrocytes show 

abnormalities; which is what would be expected if their collagen 

secretion were impaired. The teeth of the newborns are 

normal. This may be because they are in any case unaffected by 

the collagen defect, as occurs in Osteogenesis Imperfecta and 

copper deficiency; alternatively, the maternal effect may be 

operating on the teeth, the odontocytes being relatively 

undifferentiated in the newborns and earlier stages, escaping 

the pathological effects to which fully differentiated odontocytes 

might be susceptible. This would correspond to the situation 

in the bones where most osteocytes are pyknotic, while the 

least differentiated osteoblasts show only slight changes in 

• ^morphology. In the sections of the other soft tissues the 

connective tissue did not appear to be abnormal. In view of 

the difficulty in detecting the defects in the bone, the failure 

to find defects in the connective tissue of other organs cannot
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be accepted as pro of of this normality until a more thorough
''- f>' ' '•

examination of them is made using methods specific for connective 

tissue in addition to the routine methods hitherto employed.

The histology of the M--day~old bones shows excessive 

deposits orf osteoicU at the epiphyses and the diaphyses. This 

is sufficient evidence that the factor causing the collagen 

deficiency has ceased to operate. The relatively great thickness 

of the osteoid layer suggests that deposition has been in progress 

for some time. However, the conclusion which one is tempted 

to draw from this, that the arrest in collagen synthesis by the 

maternal effect disappears at birth, though supported by the cross 

fostering experiments, requires before it can be accepted, the 

support of histological sections covering the period from birth 

to four days, or,, more conclusively, using radioactive hydroxypro- 

line, evidence that collagen synthesis is no longer retarded after 

birth. The four-day-old condition is almost identical with that 

of healing scurvy. Thiis in severely affected mice there are 

two stagea of weakness; a neonatal period in which the bones are 

brittle due to a deficiency of collagen, followed by a period in 

which excess uncalified osteoid causes weakness due to a deficiency 

of minerals in the bone. In the early stage the bones snap, 

and in the later stage the older inner layer of bone snaps, while 

the outer more recently deposited osteoid layer buckles. The 

osteoid, by analogy with scurvy, may be considered as the initial 

stage in the healing process, which proceeds rapidly as described 

previously. It should be noted that on the above hypotheses, at
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birth there will be a long period during which healthy osteocytes *
*, '$."•>

have to differentiate before producing collagen. If the normal 

process of removal involved in remodelling contir> ues during this 

period, the bone will grow progressively weaker and more likely 

to fracture. This may be why so few of the newborn alizarined 

specimens showed bone fractures, though many of their surviving 

litter mates died.

The Variability'. The data which are relevant to the variability 

of the maternal effect are as follows:

1. The intensity of the maternal effect as measured by the 

mortality of the young varies - some die, some survive. This 

mortality is not randomly distributed within matings. It is 

clumped, so that litters in which all young survive and those in 

which all young die, exceed in number those in which only some die.

2. The intensity of the maternal effect as measured by the 

severity of the bone fractures is greatest in those individuals 

of a litter where all members die, and is least severe in those 

litters where none die. In the latter, fractures are usually 

undetectable. In those litters where only some die, there is a 

positive correlation between the number which die and the number 

of survivors with bone fractures at weaning. In addition the 

smaller the proportion of survivors the more severe are their 

healing bone fractures.

It may therefore be inferred that whatever the cause of 

variation in the causal factor it should deviate from the normal 

most in the severely affected individuals, and least in the 

mildly or unaffected individualsi and it should vary slightly



between individuals of a given litter.

The only analysis for which comparison between litter mates 

is available is that of Text Fig. 9. There is little variation 

in collagen levels between litter mates, but there is a large 

deviation from the control value. That variation in collagen 

levels between litter mates does exist is shown by the fact that 

in the mice analysed in Text Fig. 5 there is no difference 

between the control and experimental levels. Unfortunately 

the severity of the bone fractures in that mouse is unknown. 

In view of the analyses of the pathology, and in spite of the 

scantiness of the collagen analysis, the conclusion seems 

inescapable that the variation within and between litters, 

however it may be caused, is a direct consequence of the under 

lying variation in collagen levels.

The relation between the maternal abnormality and that of the young

The gene hair-loss which produces the baldness in the mother, 

also protects the hair-loss.young from the effects of the maternal 

effect due to the hair-loss gene. Therefore one expects these 

three phenomena to have a common biochemical basis; and conversely 

that when a common biochemical factor is found which distinguishes 

these three phenomena from the corresponding ones in the heter- 

ozygote, one can be reasonably certain that this common factor is 

closely connected biochemically with the primary effect of the 

hair-loss gene. In addition, s5.r.ct the bones and the hair are 

developmentally only distantly related, the finding of a common
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causal factor places that factor close to the primary effect o f

the hair-loss gene. It has been shown that the baldness is 

sufficiently explained by the collagen defect in the root sheath 

of the hair. It has been shown that the pathology of the 

affected heterozygous young is sufficiently explained by the 

collagen deficiency. It may be inferred therefore that the 

factor which protects the hair-loss young from the maternal effect 

is directly involved in the synthesis of collagen. Thus the 

common factor between the baldness and the protection from the 

maternal effect is in the synthesis of collagen. The corollary 

of this conclusion is that the collagen defect demonstrated in 

the bones of the heterozygotes is likely to be an immediate 

consequence of the maternal effect, and therefore to be the direct 

cause of the bone fracture.

If that aa'E.g-ii*esiy is correct, then it should be found that 

the collagen defect of the hair-loss mice is not confined to hairs, 

but occurs in the bones also, and in every other tissue where 

abnormal collagen synthesis is demonstrable in the affected 

heterozygous young. It may further be inferred that if the

process of collagen synthesis is the same in the post-natal as
show/

in the pre-natal mouse, then the hair-loss adults should defective 

collagen synthesis. Thus, assuming the maternal effect to arise, 

not from an immune reaction, but from an imbalance in the supply 

of precursors of collagen to the foetuses, it should be possible 

to find the basis for this by comparing the collagen metabolism in 

the hair-loss adults with that of heterozygous or homozygous wild 

type adults. The kind of reaction which can be visualised 

operating in the maternal effect is as follows:



% 96.

Mutant genes generally produce their effects by producing
». i ••..-•• 
an imperfect version of the engyme produced by the wild type

allele. This effectively blocks the normal conversion of one

chemical A into another B. This produces a deficiency of B and

an accumulation of A and the immediate precursors of A. Let
i* > ' - • '• '

it be assumed that the hair-loss gene blocks the production of B,
'. <>!•

which is assumed to be necessary for collagen synthesis. Let 

it be supposed that A diffuses freely into the foetuses from the 

mother. Then the hair-loss young will be presented with a 

concentration of A like that of the mother, and steps subsequent 

to B will be the same as that of the mother. But in heterozygous 

young the conversion of A to B will proceed as rapidly as in 

normal mice, and the concentration of A will be higher, perhaps 

several times higher, that that normally presented to the 

engyme; and therefore B will be produced in a correspondingly 

high concentration. Since the supply from the mother of A is 

effectively unlimited, the concentration of B will be maintained 

at its high level. Although insufficient is at present known 

about the nature of the collagen defect to raise the above 

propositions from the level of a speculative model, some 

support for the validity of the concepts comes from studies of 

vitamin A metabolisms. In mammals a deficiency by arresting bone 

resorption automatically leads to increased concentrations of 

collagen in the body, while an excess, by producing excessive 

resorption, automatically leads to a reduction in the collagen 

concentration. There is thus no a priori objection to the 

conception presented above.
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Should it be established that the maternal effect does 

operate in this way there seems no reason why such interactions 

should occur only at the hair-loss locus. One would expect 

them to occur wherever the exchange of materials between mother 

and foetus is under genetic control. On the above model the 

mutations which are most likely to produce the variations in 

offspring, which are recognisable as maternal effects, are those 

which most effectively block the conversion of precursor to product. 

Unfortunately the more effective such mutations are, the more 

likely are they to be lethal to the mother. Thus, since so 

few mutations are beneficial, and the lethal mutations are 

omitted by natural selection, the majority which could cause 

maternal effects are those which cause slight differences in 

the health of the mother; which in turn implies slight 

modifications of the mo'ther's biochemistry. Thus although 

the development of the foetus may be extremely sensitive to 

variations in maternal physiology, the slight variations tolerated 

by natural selection in maternal physiology between members of a 

species will determine that the consequent variations in the 

young recognisable as maternal effects will in general be equally 

slight. However, where genetic variation between mothers is 

artifically increased as, for example, in reciprocal crosses 

between diverse ia&red strains, increased detectable variation 

due to maternal effects is, arc the above hypothesis, to be 

expected. For the same reason, even greater maternal effects are 

to be expected in reciprocal crosses between species.



SUMMARY

Previous workers have shown that when female mice homozygous 

for the recessive gene hair-loss are mated to heterozygous males, 

a large proportion of the heterozygous offspring die before 

weaning, while the mortality rate for homozygous young is normal. 

In the reciprocal cross the mortality rate for both types is 

normal. The work summarised below is an investigation of the 

above phenomenon.

1. The loss of hair in hair-loss mice is due to a defect in 

the connective tissue sheath surrounding the hair follicle.

2. The loss of hair is not prevented by castrating adolescent 

males.

3. Normal skin grafted on to hair-loss mice be.have.d ta-utonomdii'sly .

4. The pathology of heterozygous young born to hair-loss 

females has been investigated. The affected young are deficient 

in collagen. This sufficiently explains the major features of 

the pathology.

5. Work is described which excludes copper, calcium, or 

manganese deficiency, and excess vitamin A, as caused of the 

maternal effect.

6. The action of the hair-loss gene in relation to the collagen 

defect of the affected young and that of the hair-loss mother 

is discussed.
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PIG-.1

FIG.2

FIG-.1 . Homozygous hairless mouse aged 3 weeks, 

PIG-.2. Homozygous hairloss mouse aged 5 weeks,



FIG-.3

FIG.4

FIG-.3. Homozygous hairless mouse aged 16 weeks.

FIG-.4. Homozygous hairloss mouse aged 40 weeks.



PIG-.5. Homozygous hairloss mouse aged 70 weeks



FIG.6 FIG.7

FIG-.6. Control skin. Catagen VI.

1, external root sheath; 2, hair club; 

3, epithelial column; 4, vitreous membrane; 

5, layer of fibroblasts; 6, areolar tissue; 

7, dermal papilla. x 400.

FIG.7. Control skin. Catagen VI

8, internal root sheath. x 400.



FIG. 8 FIG. 9

FIG.8. hairlos s. skin : Catagen VT x 400

FIG.9. hairloss skin : Catagen VI x 400
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FIG.10

FIG-.11

FIG. 10. hairlosa skin : Catalan VII x

FIG.11. Control skin a t-ed 24 days : follicles in telo^en



FIG-.12

FI&.13

FIG-.12. Control skin a^ed 2L days : telogen follicle. 
9, sebaceous gland. x 400.

FIG-. 1.5. hairloss skin a fed 29 days : isolated papillae;
sebaceous glands in follicles with and v/ithout hairs x 160



FIG.14 FIG.15

FIG.14. hairloss skin aged 29 days : telogen. x 400

FIG-. 15. Control skin aged 24 days. Anagen 1. 
10, germ plate.



FIG-. 16

FI&.1?

FIG.16,

FIG.17,

Control skin aged 21, days. Ana gen II. The 
germ plate, by cell division, is envelopinr 
the dermal papilla. x 400.

Control skin aged 25 days. Ana f;-en III. 
11, pigmented dendritic cells; 12, internal root 
sheath projecting upwards through external root 
sheath. x 400.



FIG-. 18

FIG.18. Control skin aged 25 days. -Later stage of 
Anagen III. x 400.

FIG-.19. Control skin aged 25 days. Ana gen IV. The
tip of the hair is at the level of the sebaceous gland. x 400



PIG-. 20

PIG. 21

FIG.20,

FIG.21

hairless skin aged 30 days. Anaren I. The germ ^ 
plate is dividing, but has not yet surrounded the 
papilla; "both are clearly separated from the neck 
of the follicle. x 400.
hairloss sldn a;;ed 30 days. The papilla is clearly 
defined; a tab of epithelial cells in attached to 
the side of it. x 400.



FIG-. 22

FIG.23

FIG.23.

hairlosa skin aged 30 d.ays. A column of undiffer- 
entiated epithelial ce.Ms ter^ninates in a 
disorganized ball of cells. x 250.

hairless skin aged ;C days. A normal hair is developing, 
but the external root sheath is not continuous with the 
neck of the follicle. x 250.



FIG-.22,- FIG-.25

PIG-.24. hairloss skin aged 32 days. This shows an
early stage in the misorientation of the hairs 

of the 2nd generation; it also shows the small 
number of these hairs compared with the number 
of original follicles. 13, original follicles,

PIG-.25. hairloss skin aged 35 days. This shows a late 
stage in the iris orientation of the hairs of the 
2nd generation. 14, original hairs showing 
normal orientation. x 25

x 25
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FIG.26. Control skin aged 2? days. This is at same 
stage as Fig.21t. x 25

FIG.27. Control skin aged 33 days. This is at same 
stage as Fig.25. x 25



FIG.28 FI&.29

FIG-.28. hairless skin aged 14 weeks, showing trail of 
cysts lined "by sebaceous gland cells, lying 
"below follicle, and enlarged follicle neck 
with concentric layers of cornified material.
15. sebaceous gland cells lining cysts
16. enlarged follicle neck x 1 60

FIG-.29. hairloss skin aged 69 weeks. This shows 
large cysts which fill the derhis. x 25



31

Us. 30. ^r3,oss skin aged 69 weeks. This shows 1-irge cysts which 

fill the denais. x 25.

Fig. 31. ekin aged 79 weeks. Whole aount showing enlarged oysts,

few of which contain hairs, x 25.



EIG-.32

FIG-.32a

FIG-.32. 13 week old skin from male • 
castrated at 4 weeks. x 160.

FIG-.32a. 13 week old control to skin in Fig.32,



FIG. 33

L
flG.34

FIG.33. 3-week-old graft of wild type akin on 
hairless mouse.

FIG.34. 6-week-old graft of wild type skin on 
wild-type mouse.
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FIG.35 FIG.36

FIG-. 35. Whole mount of graft in Fig. 34 showing
host and graft skin at the margin of
the graft. x 25

FIG.36. Whole mount of graft in Fig.33 at 6 
weeks showing host and graft skin at 
the margin of the graft. x 25



FI&.37 FIG-.33

FIG-.37. 0 day experimental: femur and proximal 
epiphysis of tibia. Note marrow and 
scarcity of trabeculae in marrow, and 
at epiphysis. x 2^>

FIG-.38. 0 day control: femur and proximal 
epiphysis of tibia. x 25



FI&.39 PIG.40

FIG-.39. 0 day experimental: roarro'vv of femur 
showing sinuses congested with 
erythrocytes x ^.00

FIG-.40. 0 day control: marrov/ of femur x 250



FIG-.41. FIG-.42

FIG-.41. 0 day experimental: proximal epiphysis 
of femur showing congested erythrocytes 
and shortage of osteoblasts. x 1 60

FIG-.42. 0 day control: proximal epiphysis of femur 
x 160
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FIG.45 FIG-;46

FIG-.45. 0 day control: high power of Fig.42 
showing many osteoblasts; and long 
trabeculae. x 400

FIG-.46. 0 day experimental: shaft of femur
showing irregular cortex and mass of 
cartilage, x 1 60
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PIG-.

FIG-. 47.

FIG-. 48.

0 day experimental: cortex showing 
very thin layer of bone, x 400

femur0 day experimental: cortex o 
shovv'ing a gap (see text); and very 
thin irregular periosteum, x 400.



mm

FIG-.49

FIG-.49. 0 day control: cortex of femur, x 400

FIG-.50. 0 day experimental: distal epiphysis 
of femur, x 1 60.
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FiG.52

FIG. 51 . 0 day experimental: distal epiphysis of femur, x 160,

traboculae v/ithoutFIG.52. Hi;;h power of Fic-51
psteoid coating, x 400.



FIG.53 FIG.54

FIG-.53. 0 day control: distal epiphysis of femur, x 160.

FIG-.54. 0 day experimental: costachonaral junction, x 160



FIG-.55 FIG-.56

PIG-.55. 0 day experimental: costachondral junction 
showing very long columns of hypertrophied 
cartilage. x 25

PIG-.56. 0 day control: costachondral junction, x 25
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PIG.60

FIG-.59. 2 day experimental: subperiosteal 
haemorrhage in femur, x 250

FIG.60. 2 day control: cortex of femur, x 250
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PIG-. 61

PIG.62 

FIG-. 61. ^|. day e xp e rime n tal: network of trabeculac and thick cortex, x 25

FIG-.62. 4 day control: part of shaft of femur shovdn/r width of 
cortex relative to marrow, x 160



FI&.63

FIG-. 64

FIG-.63. ^. day experimental: proximal epiphynir. of femur shov;ing
microfracture and thick osteoid layer. Compare \vith Fic.7^. x 160

FIG.64. A day experimental: pi'oximal epiphysis of femur showing
microfracture and lone columns of hypcrtrophied cartilafe. x 160



FIG.66

FIG-.65. 4 day experimental: cortex of femur showing 
spongy texture and two distinct layers. 
Compare with Fig.74. x 400.

FIG-.66. 4 day experimental: distal epiphysis of
femur showing microfracture. Compare with 
Fig. 74. x 160.
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FIG.6? FIG.68

FIG.67. 4 clay experimental: proximal epiphysis 
and fractured shaft of tiMa; also 
fractured fibula, x 25

FIG. 68 day control: tibia. 25.
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FIG-. 69

FIG.70

FIG.69. Detail of Fig.67 x 160.

FIG.70. 4 day control: cortex of tibia, x 160



FIG-. 71

FIG-.71. A- day experimental: distal epiphysis of 
tibia. Note depth of trabeculae and 
hypertrophied cartilage zone, x 25

FIG-.72. L day control: distal epiphysis of tibia, 
x 25



FI&.73 FIG-.74

FIG-. 73. Detail of Fig.71. x 160. 

FIG-.74. Detail of Fig.72. x 160.



FIG-. 75 PIG.76

FIG-.75. Detail of Fig.73, shoeing osteoid of 
periosteal collar; and microfracture, 
x 400.

FIG.76. Opposite wall of epiphysis shown in 
Fig.75. x 400.
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FI&.77

FiG-,77. 4 day experimental: shaft of rib; 
showing 2 layers. x 160.

FIG-.78. 4 day control: shaft of ribs, x 160.
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FIG.81 PIG-. 82

FIG-.81. 8 day experimental rib showing 
healing fracture. x 25

FIG-.82. 9 day control: rib. x 25



FIG-. 83 FIG-.84

FIG-.Sj). 12 day experimental: proximal epiphysis 
of femur showing large callus. Compare 
with Fig.80. x 25

FIG.84. 12 day experimental: distal epiphysis 
and part of shaft of tibia, x 25



FIG.85

FIG-.85. 1' day experimental: costachondral junction 
showing abnormal ejiphycir;. x 25

FIG.87. 12 day control: costachondral junction, x 160,
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Fig. 37.

Fig. 37, Alizarin transparency: 3 day old experimental, left and 

control right. Note fractured ribs and sternum with no 

callus.



Fig. 33.

8 day old experimental mouse. Note fractured fibulas, and position of 
rib calluses; also bulging at costachondral junction.



Fig. 39

Fig. 90.

Fig. 39. 11 day experimental (bolow) and control (above) showing 

position of calluses in hind limb and fore limb; also 

poorly defined rib calluses.

Fig. 90. 19 day erperimental showing calluses on ribs.
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Fig. 91.

Fig,91. Diagram of distorted radius and ulna in adult survivors.


