Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



The Structure
df 1he \Wool  Follicle with
special reference To fine

Cv‘o’wﬂm L [:or‘m o{ bne Fibbre .

) K. M. Rudall
1935




! g THE GROWTH AND FORM OF THE E;g

The dirflaulty whggh ggg.ch.g 1tsc1lf to the various problems

gonnected with fleece characters is aggravated by the lack of

fundamental knowledge concerning the mechanism of folllicle ace
tivitye Information on thewgrowth forces would very condlder-
ably assist the interpretation of the complex structural varia-
tions in the forest of fibres,upon which many observations have
already been made. Detalled studies of follicle rqrn.woru unde r-
taken with a view to throwing further light on the factors gove-
erning fibre productions Not only does this work have a valus

in correcting our ideas on the meaning of the form of tne—?issﬁir““fﬁ
but 1t gives important information on the limitations of i
follicle activity and on the sources of 1rr.5u1§p1ty in the fleece. %}

As a result we are brought into more intimate contact with the
potentialities of the fleece. 1In the last few years dlscussions
on the physiology of development, growth, the nervous system eta.,
have aun;piououfly dwelt on the necessity for a more detalled
basis of morphological lmowledge, without which physiologleal ]
ldeas on what 1s and what might have been are not readily obe |
talnede | L
An outline is given below of the informaticn resulting from
a study of wool follfeles in New Zealand' Romney sheepe

‘ That
Prom = previous work it was known,some follicles only possess-
ed a sweat gland and ,pector pill muscle while others were with-
out elther of these structures. All follicles possessed se~

bageous glands. One might therefore create a division into two




2

classes of folllicles namely, those possessing sweat glands and
those without thems However, detalled histologleal work on
skin taken from very different Sypes of Romney sheep, has re=-
vealed the existence of faatigtﬁl sweat glandse These are by
no means rare and occur as very small golumns of cells extend-
ing parallel with the follicle and being about a gquarter its
lengths They enter the mouth of the folliele by an open
duet quite as in the case of a normal sweat glande In such
folllecles there is no arector muscle. The vestiglal glands
gannot be considered as due to the effect of a prenatal checks
They are as common in animals vigorously hit by euch a check
as in those which according to their fibre development would
appear to be unaffaotéd by a prenatal checke The upshot of
this discovery is to place more reliance in the hypothesis
that all follicles are essentially the same and are to be con=
sidered in a continuous seriess

Additional observations have been made that point out a cor-
relation in the development of the two folllcular glands.
Polliecles possessing a sweat gland possess an arector muscle.
In follicles possessging an arector muscle the sebaceous glands
are always well.d&thopod. Vhere there 1s no arsctor muscle
the sebaceous glands are conspicuously aaaller‘o!tan being
minutes Hence in the sheep the two yolk secreting glands are
linked to-gether in their developments Whether this assoe~

g ‘ or by some
iation oceurs per medium of the folnclt%%'l?h. y
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| other correlating influence is a matter for separate study.
: of M1l » At a given area follicles producing coarse
fibre extend deeply into the skin, while those producing fine
fibre are much more superficially placed. Correlated with this
it 18 common to find very greatly elongated follicles at the
britch of an animal;, but much less gross follicles on back and
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ghoulder. Kemp follicles which have ceased growing will also
be found situated quite superficially in the skin, the papilla
being on a level with or even shallower than the basks of fine

fibre follicless ¥With the recommencement of growth the fibre
resumes a deeper position. However, as is pointed out below,
1t is the size of the follicle bulb and growing point that
influences the coarseness and medullation of the fibre in the
nost important manners

2e DETAILED DIFFERENCES BETWEEN POLLICLES.
Attention to date has been largely focussed on the papillae

, or growing points which exhibit great variation in thelr gross
| form and in thelir detalled structure. Hitherto no intensive

study has been made on the paplllaeof mammalian hale follicles.
This is to be regrettsd when it is realized that the papilla
is the source of nourichment to the fibre and might be expected
to have a major infiuence in fibre production. .

A« Gross Torm of the Papilla.

Although there are a few follicles possessing papillae that
are nearly symmetrical, in general a marked asymmetry about the
long axis is to be observed e?!g-’ AYB. , Recognition
of this asymmetry is a point fundamental to any measurements
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that may be made on the size of the papilia. Other observa-
tions, which are quite fundamental to this work have been made
deploting differences in papilla type assoclated with the vare
lous fibre typess These show a general serial arrangement
with large stout, nearly symmetrical papillacat the 'halo' end
of the array (1) and smaller, thin, markedly asymmetrical
papillacat the fine ocurly- tip and histrotrichs ende. Special
features distinguish the papillacof sickle fibre follicles
notably a reduction in the height of the papilla.
Measurements on the dlameter of the papilla.

A large number of measurements have been made on the two
diameters of the papllla in folliecles from vaPious types of
Romney cross-bred sheep. These data have been ¢ollected with
a view to comparing the size of the papilla at different regilons
of the body, at different seasons of the year and before and
after iheartng. Ags a result it has been possible to establish
the coneept that the pepilla can change 1ts size and
forms Purthermore these changes can be correlated with the
coarseness of the fibre and, where hairiness was in evidence,
with the coarseness of the medulls.

In view of the faet that small follicles possess small pape
11lae and large follicles large papillae, the measurements have

- advantage in that errors of measurement
?h:;dhsga‘goiggzaoonditigg such as the state of swelling)




= H(‘rr
raphs of f: ney of bulb/papilla ratio for gymmetrical and
gsymgtﬁé?ggesyor the pépilla. taken on each side of a
differentially shorn lambe

No.659 14/12/32
1 40
‘ 3
upsim-r-n .SIJG
Sy-mmefﬂca‘f f“e MBS Y
35 o Shom Side
Agymmg"fncaf face {______ Shorn sido
20
25
/‘\\
!r’i‘)’* =5 \’x
40 /! S
° , \\‘.
0 \ ’\\
- N
o N
- oad A\
b i '_‘ \ ‘3; 9
— \
O /5 \ \
i) \
%
% * \
' LG T
° )
O \ \
z A
10 \
\ §
o \'\ C ‘”1‘
\
X \
A A
- f\
o N
L \,
: ML
\ S
SRR S 2B ok
- 9 7 5 77 73 : ; 7 - g - = :
Zoom 0 omaemew o Bl g

| Ratio bulb diameter/papilla diameter.



gop

2 =
3

T J

Vg o oot

i

> | ' Grafl |
n

reph uency of bulbjpapilla ratio for Symmetrical and
gsymgtggaglﬁ%aceayor the papilla taken on each gide of a
differentially shorn lamb.

5 - No. 659 30/&

35
.[
Jo
]
25 1
L 2
wu
(64
o~
= .
H v
'..j 4
o
G
Gt
o
®
=
/0
5
d =
- 75 79 23 27 37 33 7 43 &z 5
2 &Y 2-2 2:¢ Z: 34 3.7 i-z % & A

Ratio bulb diameter/papilla diameter.




2
are greatly reduced in their resultant effect upon the ratioc.

In the case under consideration measurements were *aken with

& micrometer eyeplece working at a magnification of 6o dlameters. |
For the purpose of drawing graphs the ratics were placed in | ﬁ
fairly large groups as follows:-
e T O
1.5 = 1.8
1s9 = 2.2 ete.

Sets of graphs 1 - each drawn from measurements of 100
such folliecles are prosented below for cases of dir?arantialiy

gshorn lambs. ‘quphlhangw ihe garying frequency of the ratio:- i
mum Papllla Diameter : ‘
for (a) the symetrieal face of the papilla

(b) the asymmetrical face of the papilla
taken at 1. 18 hours after sghearing one side of tho animal
1l. 2 weeks after the above shearing
1ll. 6 months later Quring mid winter when fine pure
wool was being produced.

From these graphs 1t is seen that:-

The symmetrical face of the papilla is aistinotiy wider in
reference to the width of the approximately eircular bulb than
1s the asymmetrical facee (Graph l.

Ags a result of shearing there ig no very appgrent change in
the dlameter ratio of the symmetrical face,but a distinet de-
ecrease in thig ratio is shown for the asymmetrical faces This
denotes a relative inerease in the minor dlameter of the papilla. §

Graph 1l.
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At the winter period the dlameter ratios on the shorn side |

have returned to normal, being comparable with those shown 18
hours after shearing and with those taken on the tmshorn side
gome two weeks after shearings GCraph 1l11l.

Measurements dn the Helght of the Papilia. 1

Coincidently with the above diameter measurements, the height
of the papilla was noted in each ocase, viz., for skin cut 18
hours after shearing, two weeks after shearing and in midwinter
gix months after shearing:-

Cage of a hairy tipped animal (No 659)
Mean height of papllla at 16/12/32 for 100 follicles:~-
(a) Shorn slde = 18.3
(b) Unshorn side = 19.0
Mean helsht of papilla at 30/12/32 for 100 follicles:-
(a) Shorn side =18.3 "}
(b) Unshorn side = 1843
Wean height of papilla at 12/6/33 for 100 folllolgs:-
(a) Shorn side *13.5
(b) Unghorn side  =13.8

ry tipped ani (No 624)
Mean height of papilla at 5/1/33 for 100 folllcles:-
(a) shorn side 20,4 = -0
(b) Unshorn side =17.9 * '
Mean height of papilla at 12/6/33 for 50 follicles:-
(a) Shorn side =134

(b) Unshorn side =13.7
Prom the above results the two animals show a difference

1+




No., 624 yasluifierenuialiy S40rn but was & non hairy
vippeu animel &ana consequenticlly dia not roduc
meuullation as a result of . ol

: this shearing, Nevertheless
& uistinet change in the odulb/pepilla ratio is shown,

No. 758 Showing chenges occuring at the crictis level
in tac¢ lemb's cost,

—
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of reaction to the ef'fects of ahoarinaﬁ‘ As far as the mean
height of the papilia is concerned the firgt animal (No 659)
was not affecteds The second animal showea a eignificant in-
erease in the mean helght of the papilla. A very noticeable
change was observed in both animals as a result of seasonal
conditionss This change consisted of é marked deereanse in the
mean height of the papilla ghlla at the saﬁe timﬁ all hairiness
disappeared and the fibres became very fine. Hence it is con-
cluded that the papilla ecan markedly change its shape, more par-
ticularly as a result of seagonal'chango.ahd to a lesser degree
as a result of shearing, . ‘

These changes in helght Aa they affect medulla formation are

' significant in view of the work of King and Nichols(2)

Assuming that the central portions of the fibre are fed by the
upper portion of the papilla, these portions will, when the
papilla 1s short, receive a ecystine supply much more nearly
similar to thatAéf thovouter layers of the fibre (fed by the base
of the papilia}. Hence "n thie eystine gradient theory the
absence of medulla can Jbe:underslood. In general, medulla is
formed where the papilla is moderately thin and very tall or
moderately ﬁall and very stouts In both cases there would be
a distinet gradient in the supply of nutrient matter from base to

tip of the papillas

From further series of data, taken working at a magnification
of 250 dlameters, curves were drawn for (dlameter of follicle
bnl'b)3 againgt the papilla volume. From this procedure the

=
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the slopes of the curve at shearing time, during winter cone
ditions and at the crisis level ( of the lamb's coat 3)) can be
compareds It 1s distinectly seen that the slope of the curves
varies in such a way as to show that medulla is produced when
the papilla 1s large compared with the folliels bulbe Graph 1V,
With reference to the phenomena occurring a2t the crisis level
there 1s evidence that the reduction in medulla cannot necessarily
be attributed to an alteration in the inherent drive towards
medulla formation, but can be considered as due to changes

in the dlmensions of the papilla. Graph V. (No 753

From the above considerations it appears that the dimensions

of the follicle bulb relative to the papilla must be looked upon
as having a profound influence on medulla formation. The phy=
siologlcal significance of this may be sought in the greater rate
at which fibre celle will be pushed upwarde thus further 4if-
ferentiating between the availability of cystine to cells or-

iginally near the papilla base as compared with those from near
the papilla tip.

Graphs were drawn to sghow the relationship of the product of
the two dlameters of the elliptical fibre to the product of the
two papilla dlameters and its heighte A very distinet relation
18 shown between inoresing cross sectional area of fibre and
increasing papilla volumes. GCraphs Vvl & Vil.

Further detalled measurements on the papilla and the follicle
bulb will doubtless throw much light on factors that influence
fibre length =28 well as fibre diameters Preliminary data

T s
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comparing shoulder, back and briteh, have been suggestive in
explaining the gradient that is shown as a general shortening of
the fleece from neck to britchs At the britch the papillae
are stout &n very stout follicles, but they are noticeably re-
duced in height as compared with the papillae at back and ghoulder.
We thus have a follicle constructed on a2 larger scale but fed by
a papilla that is relatively dnall. ) is thus reasonable to
believe that the rate of growth in length will be less though the

fibre crosse-sectional area will be considerable. |

"NO Of Fol=| HineDiame | MajeDlame| Dlameof |HeLlgnt | Wine |Maje ﬁ?ﬁﬁihz 
licles of of Pollicle| of Pibre| Fibre| (Max- |
: : Papilla Papilla Bulbs | Pape |Diame|Diame| 100) |

5% B3 TS B REY | 5.8 | 10:3 88 | |
55 746 1.7 7.6 | 38 | 73| 9.9 s |

. w
42 9 - 11.8 297 | 36s1 9 11.6( 100 |

Meduls = Heduliiations
At the back position a papilla of 95.4 cross section is pro-
dueing 2 fibre of 89.7 cross seetions At the briteh position a &
pspilla of 106.2 oross section is producing a fibre of 104.4 cross
geetions But at the back thc papilla is working for a length of
42,7 whereas at the britch the working length or'the papilla 1is
only 36.1s Hence a greater length output would be well justified
at the back positions Such a difference in length 1s observable
in the samples being considerede

A AP

The Form of the Papilla ggg the Fibre Contours
In the great majority of fibres that have been examined from

Romney sheep, the contour of the fibre cross section is distinetly

it
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ellipticals That this partioular contour is correlated with the
elliptical nature of the papilla crose section is supported by a

considerable body of evidences The bulb of the follicle is in

each case approximately ecireular in cross seetion. The papilla
on the other hand is usually markedly elliptical in seection ese
pecially at its widest portion. The plastic region just above
the papilla is slightly elliptical while this ellipticity inecreases
as the fibre assumes its completely keratinized states In the

e e =

case of papillae possessing equal diameters at 90 dege the resulte |
ant fibres are clrcular in orose sectione A study of the circue |
larity ratio of the papillae and of the fibres produced shows a

striking parellelism between the eilipbleity of the papilla and
of the fibre produced:-
o of Fol=| ELLiipficliy E#Z 7 ity of Tatio

lieles. | of papilla Tibre section A/B }
gection A B |
151 1.69 1.42 1,16
188 leb2 1.26 1.13
: 60 1.56 138 1.13
oulder 55 1.54 1.35 1,14
Braton| 42 1.31 1429 1,02

It %8 evident from the above table that the fibre is less
elLiplical than the papilla. From a general consideration of
extreme cases it seems probdable that there 18 an upper limit in the |
ed-fip ticity of the fibre produced, whereas the papllla cor-
responding may be widely asymmetricals (onuérsely there is,
for lower e{liplicities of the papilla, a closer parallelism,
with the elbuplicity of the fidre.

ks
%



FIGURE 5

'Ehonomicrégrapn of the pepilla in & medulla producing fellicle

ilongated snd aarkly stsining ovoid cells are quite
numerous 'in thc papills,

Phe papille in & pure wool producing follicle ,The dark.iy
steining bodies exhibited in A, ere here absent,

Bouh follicles were observew in the seme section and have
¢consequently been treated iuentically
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Crimp Formation
From the work of Rossouw, Barker, Burgess, Norris and others

it 18 clear that the characteristic form of crimped wool fibres

can be analysed into two movements:-

Ae A curvative of the fibre as it grows, as if one side were

R R

growing more rapidly than the other.

Be A periodic twisting of the fibre as it grows directing the

curvative at first to one side and then to the other.

These two influences result in a wave-like structure.
5.G.Barker (4) lists several possible causes as follows:- %
(a) Dehydration of the gel with consequent application of a
force along the length of the fibre, similar to that put forward
by Callandreau.

(b) Physico-chemical forces at work in the follicle during the
formation of the fibre itgelf.
(¢) Surface tension effects, although this is unlikelye.

S

(d) Wildman's rotation of the bulbe.

(e) A combination of all theses

Many of these explanations are suggested by experiments in |
i{solated physiecal and physico-chemical systems. With reference
to the particular biological problem at issue an exploration
of the bidlogical aifuation within the animal itself is being
made. Coneerning the follicle system the work on the orienta-
tion of the diametersof the papilla 18 particularly significant. 2
This suggests that the basal portion of the follicle as a whole E.

rotates relatively to the noneplastic upper region ¢f the fol-
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licle which contains the rigld and completely formed fibre.
Evidence of such a rotation has been given by Wildman's work (5),
but we are yet far from understanding the causes of such pirio& ie
twistingase Observationson the minute strusture of the papilla :
support the view that the papilla rotates independently of the |
bulb of the follicles Blood vessels enter the base of the fole

liele from each side. Sometimes these vessels supply that side of
the papilla upon whieh they enter and at other times they are seen

to supply opposite sides, being eorossed over one another, A further |

significant point is that they cross over at a region where the ;

papilla is thinned to a neck /7y / just at such a point -
b

N T SR A e A et

where twisting could readily oseure In addition to the twisted
nature of the blood vessels, the dermal fibres, which constitute
the papilla, are alsc in a twisted eondltion@g@ It seems 'naoelasary
that there should be some periodic rotation at the base of the
follicles Anatomically there is strong support for papilla
rotations while 1t 1s difficult to see by what other agenecy the
gtout follicle base could become twisted.

With reference to the other component in orimp formation 'many

cbservaticns have been made on the curvative of follicles and the
fibres produceds The axes of the papilla are orientated in a de-
finite way with reference to the 'golf-club' and curved form of the
folltele Figh A+B. o Viewing the 'golf-olub' base of the fol-
1icle as 1t 1ies in the plane of observation, the asymmetrical face ?
of the papilla is seen. On rotating the folllcle through 90 ﬁbg.
the symmetrical face of the papilla is seen but the base of the fole-
licle is now symmetrical also i.e. without any 'golf-club' bend
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(This definite oriemtation lends support to the view that

the shape of the papilla determines in part the shape of the folliele

base)s In the former position,/, the upper part of the folllcle

shows far more curvature than in the case of the latter pouition,B. ¢ '

This 1s an important observation as it directs attention to the

possibility of a greater rate of growth on one side of the papilia

than on the others A few obserwations have been ma de on the
rate of mitotie division with reference to the axis of the pap=
illa, the rate being greater at the position (x fige/A) which
is dn the cuter side with refersnce to the curvature of thefibre.

The most pleasing feature of this preliminary work is the pose
sibility of establishing an orderly relationship between the
agymmetrical nature of the papilla and the econtour and curvative
of the fibre. From these considerations also the phenomena of
twisting oan be approached. As a result of such morphological
work the underlying periodic forces upon which depends the form

of the ﬂbﬁ will become more easily understood.

Parellel with the gross form of the papilla the detalled
gellular strueture of the papilla is being studled with refer-
ence to the astivity of fibre growth and the mechanism of med-
ulla production. Size relationships only are insufficlent to
explain what have been deseribed as different physiologieal
potentialities for halriness.

Just as in the ease of the extermal form of the papilla, the
internal form is equally diverse in strusture. Owing to the
probability of there being numerous factors which influence

.......
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medulla formation it 1s a 4ifficult matter to separate out those
facbors which are essential to medulla formation. It is true
that most consplouwous features have been assoolated with medull-
ated fibres on the one hand, while on the other hand where these
features have been absent wool fibre was being produceds The
feature referred to consists of especially elongated and darkly
staining ovold cells in the papilla Fi9 5A+B. these varying enor-
mously in numbers from follicle to Sollicle. 1In many cases such
bodles are being shed from the papilla into the surrounding bulb
and such a condition is more frequently associated with a de-
creased rate of mitotie dAivision and no medulla production.
Resting folllcles of fine fibres and of shed kemps show a lack
of these bodies in the papillas PFurther studies on the origin

of these prapllla inclusions and their sbundance in samples well W

known for their ability to (a) produce medulla (b) produce pure
wool only, would probably throw considerable light on the guestion
of the organization of cystine in the papilla.

Facts have been presented above in the scheme of work that

has been undertaken on folllecle structures In this plan alming
at a conception of the Pleecce as & whole through a stwdy of ils.
olements, the interrelationship of the various characters is stnadny

born in mind . | i
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