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Preface

The major anatomical details of hair follicles have been known for
more than one hundred years, even har growth cycles were known, at
least mn a general way, i the nineteenth century In spate of this, most
observations on hair growth have suffered from the investigators” 1g-
norance of the most fundamental principles of the biology of hair
growth In order to bring our knowledge up to date, a conference on
The Biology of Hair Growth, sponsored by the British Society for Re-
search on Ageing, was held at the Royal College of Surgeons, m London,
on August 7, 8, and 9, 1957 The papers presented at this conference,
and a few others have been gathered in this book to serve as a source
reference for all those interested in research on hair and hair growth
Here will be found old and new information, presented by experts The
apphcahon of modern methods m histology, cytology, histochemustry,

logy, electron Py, the use of radioactive isotopes, and
modemn biochemical techmques have given us greater msight nto the
phenomena of growth and differentiation of hair follicles than we have
ever had before The problems of alopecia and of pathology have been
deliberately omitted, these will be dealt with when we know more
about the riddles of normal growth and differentiation

It would not have been possible to hold this conference, or to com
pile this book without the financial support of the County Laboratones
Linited of Stanmore, Middlesex e owe our warmest thanks and
deepest gratitude to the scientific director of this orgamization, Doctor
Robert H Marrott, for his cooperation, energy, enthusiasm, screntific
zeal and imagmation  We wish also to thank The Bntish Society for
Research on Agemng for sponsonng the conference, and particularly its
former Secretary, Doctor Geoffrey H Bourne, and his staff for their

part n the thankless task of making so many of the arrangements for
the conference

WiLiant MoNTacva
Ricrarp A Erus

x






Introduction
STEPHEN RoTiMAN
Department of Dermatology The Univers ty of Chicage Chicago lllinows

There 1s a group of biochemusts that 1s d excl ly
the mechamism of biologic1l ouidations common to all hving cells or
1n “the absolute basic functions of cells Dunng the last twenty years
these scientists have performed muracles in the elucidation of the tni
carbogyhie acid cycle and the acetate actnaton by coenzyme A Winle
we all are deeply mdebted to them this direction of resetrch has been
somewhat hmited because 1t disregtrds or neglects the differentiation
of cells and organs

Classic broch y emph the bolic pathways common
to all cells but 15 not much concerned with what makes the cells of
different organs do vastly diff things To bioct the cells of

the skin do not differ 1n any essential pomt from other cells they have
the same cytochrome and other electron transfer systems the same high
energy phosphate bonds the same enzyme systems for protem and

leop h etc  The biocl h should be
mterested in the fact that while groups of skin cells are making horny
lameilae others produce a har and some manufacture 2 nail plate
agam others make sebum or sweat or connective tissue fibers These
things re not of secondary wportance

Basic knowledge may be ganed from studying such a specialized and
chfferentiated function as the production of har How much deeper
we can penetrate into the secrets of nature if relymg on the foundation

which general biochemists and general cytologists have created we
N

buald 2 tagher edifice 1 studying &

Scientific research on hur has a glorious past Even Amstotle him
self balding was interested m the fact that eunuchs do not get bald,
but that they are unable to produce hawr on therr chests We are all
mterested 1n this fascniting fact but still have no explnation for it
The knowledge of the finer structure of hair can be traced back to the
earliest studies with the microscope

Modern research on the physical and chemical structure of protems
started with studies on hawr by the phvsicist Astbury and the chemist
Speakman 1f 1t were not for the har we rmght not know anything
about the alpht folds Here we have an example of gong from the
special to the general which 1s sometimes 1s important as 1s the route m
the opposite direction

The mun reason that research on har m the last two decades has

xt



xn STEPHEN ROTHMAN

been so immensely successful, 15 that many prominent scientists are
combining the morphological and funchional methods and viewpoints
Montagna has dealt with this combination i the excellent foreword of
tus beautiful book, “The Structure and Function of Skin” He quoted
Szent Gyorgy1 by saymg “There 1s no real difference between structure
and function, they are the two sides of the same com If structure does
not tell us anything about function, 1t means that we have not loohed
at 1t correctly ”

The pilary system 15 a perfect microcostme structure  In this micro-
cosmos we find birth, development, ageing and death, activity and rest,
color formation and decolorification, greasiness and dryness, infection
and stenhization, hypertrophy and atrophy, benign tumors and mahg-
nant ones

In studying such highly differentiated functions, very different
groups have sought advancement of knowledge There 1s hardly any
field other than that dealing with the subject of hair 1 which the
groups of mterested people can be so heterogeneous The last New
York Academy of Science Hair Conference was ﬂttendcd not only by

bioch

husto-

chemLsts mlcrochenusts phy sicists, geneml bmlogxsts, ph)snologls!s,
gists, endocrmologsts, and mists, but also by g

anthropol, 1 and rescarch representatives of the tex-

& 8!
tile industry and fur industry

There 1s something quite special about hair from the phylogenetic
pomt of view While 1t 1s true that man duffers from all othcr mammals
by cooking his food, and ding to some op also by f
a higher mntellect, 1t 15 obsious that there 1s a jumpy dnsconhnuil) from
the anthropoid apes to man also with regard to hawr and its great
appendage, the apocnne gland There has been a sad decline inasmuch
as these structures have become rudimentary and have lost much of their
function Maybe 1t 15 fortunate that 1t happened this way, otherwise
man possibly never would have been compelled to discover how to make
firc A hirsute Prometheus might never have had the 1dea of stealing
fire from the gods and then we might not have developed chemstry

Hair 15 a fascinating subject also for the lay world It 1s sad that
Samson owed his strength to his long hair, and that hts cunnmng and
treacherous wife Dehlah rendered him powerless by cutting 1t short
This story 15 deeply rooted 1n universal human superstitions about hair
Harr, however 1s not essential for the well being of man Even if it
does not mike us stronger and 1s not essential, it 15 a fascimating subject
for studs
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I INTRODUCTION

Datn on the embryologic development of harr have been contributed
by many authors for over 100 years Milestones m our knowledge of
the ontogenesis of human hair wre the work of Koelliker (1850), Unna
(1876), aud Stohr (1903 1904) to name just a few F Pimlus (1910,
1927) described the development of the human pilary system m detail
n Reibel and Malls classical text and agamn m Jadassohn’s Handbuch
Enghsh languige desenptions are avatlable m the wnitings of Danforth
(1925) and Trotter (1932) Recent texts on human embryology have
tended to treat the subject rather cursonly

Development of hur i mammals has been mvestigated m a con
siderable number of families and species from the marsupials to the
prumates (Stohr, 1903 1904, Segall, 1918 Chase, 1954) “fost recently,
becuse of their practical use i the laboratory or m husbandry, rodents
and sheep have been 1 the foreground of wnterest The areat hnne of

1



2 HERM(ANN PINALS

development and even many detuls are simslir m all mimmals but
mnor y mations cxst

Lattle work has been done on the embryology of humm hur with
modern stuning methods and under modern points of view The ob-
senvations which follow were made on well presenned humin fetuses
rainging from 100-200 mm crown rump (CR) length and fised immed:
ately m formol alcohol and i formahin (Table I) Skin from the antenor
portion of the scilp the chest mnd the back of the trunk wis stuned
with 1 vartety of methods The actual age of the fetus was of httle con
cern sinee some smller specimens showed more advanced development
than larger ones  The pieces of shin were embedded m paraffin and sennl
secttons of 10 pu thickness were stuned with hemutoylin nd eosin
hemitoxshin and Vi Giesons tcid fuchsi picrie aid mixture 1ad
orcemn and Giemsa solution (Pinkus 1944)  tolwdine blue at pH 6
thionmme and wath the periodic 1cid Sehiff procedure (PAS) counter
stuned with Iight green  In addition to morphologieal detul attention
wis pud particuluh to the process of herwtmmzation at the varwous
Ievels of the growing follicle to the development of the mesodermai
porttons of the pilin compler and to the quantities of glycogen present
at different stages n the sanous epithehial components of the skin

The following deseription  therefore 15 bised on personal obserit
tions carefullh compared with dit: found in the hiterature  Onlv minor
new details were obsened some of which are ven importint New
photomecrographs are used 1n the mun for fustraion but smce 1t 15
difficult to find 1deal fields for phatographs of the myjor developmental
phases 1t was decided to reproduce the bewtiful hthogriphie plites of
Stohrs drimwngs (1903) for generil reference purposes (Plites I I1T)

II  Curovorocy

The first hur mlhigen ppeir tow wrd the end of the second or ewh
1n the third month 1n the regions of the evebrows upper hp wd chin
Rebel and Elze (190S) found pihin germs i the supriorbital region
of  embryo of 27 mm tot1l length F Pikus (1910) counted 170 an
lagen m the evebrow region 130 on the upper hp and 1 few on the
chin of @ 32mm embno even more wnd somewhit further dv meed
stages 1n 1 30 mm speamen o all other munmals vibrissae are found
1n these sites mnd develop much eirher than hurs of the generil pelige
While man has no hurs of the speafic structure of ammil vibnsste
(staus hurs) the sites of the first hurs are simlywy  Generil devel
opment of har does not begin until the fourth fetal month  In amv
indnadual fetus burs are firthest 1dv inced cephalad and the develop
ment spreads caudad  As w 1ll be described n Section IV primn hur
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4 IERMANN PINRUS

germs form more or less simultwncously at farly even distances (Figs
2) As the skin grows new pnmury gurms develop between the
urhcr ones (Figs 3, 14) Later secondary germs develop close to the
primary ones and form hur groups (Figs 6 9, 22 24) Through these
two mechmsms hur follicles n various stages of development may be
found 1n the same region
I MonritoLocy
A Larhest Stages
1 Pre germ Stage
The first sign of 1 har follicle in the human shin 1s a crowding of
nucle: 1n the basal lyer of the epidermus (Figs 9, 15) This 15 called

REY 10 LETTERING ON Fics 1-46

A arrector muscle I innes root sheath

AG apocrine land In 1nf mdibulum

Bb bulbus Is isthmus

Bg bulge L Jower follicle

BAM basal membrane M mitosis

o] har canal Ma matrix

CL cotical level of matnix Me melwmocytes

Cu cuticle of inner sheath MG mehnm’ granules

D division between epidermal and O outer root sheath
folhicular basal cells P papilla

Du duct of sebaceous glnd PC  pnmary har germ

Il elastic Rbers PP papllary pad

LG eccrme gland Sch schaceous gland

F fbrous root sheath 5G  sccondary hur germ

rr fat tissue A} Attreous membrane

H hair

T 1 Fetus 1 shm of chest Euly haw germs Hematoyhn and cosn
Magmfication X 28

Fic 2 Fetns 1 scilp Hoir peg stage  Hemtoxyhn and eoun  Magaification
X 28

Fic 3 Tetus 3 scilp Bulbous peg stage young primary germs between the
older ones Hemntotybin and eosin \Magmfication X 28

Fic 4 Fetus 9 scalp Fully developed pnmm'y fclhc]cs and s} orter secondary
follcles hn and eostn \agnthicatton

Fic 5 Fetus 7 dorsal shin  Reversal of harr stream note position of hur bulbs
1n the fot tissue Hematoxyln and eosn  Migmificaticn X 112

Fic 6 Fetus 5 dorsal shin  Cross sections of three hur groups at varous
levels Magmfication X 28

Fic 7 Fetus 10 scalp Cross sections of hair follicles and hair cinils some
ecorne glands are present Three hair groups become obliterated early on the
scalp Hematoxyln and eosin  Magmfication X 28




EABRYOLOGY OF IIATR 5

primitie har germ or *pre germ” (Haarvorkerm F Pinkus (1910)) At
this stage, the epidermss often consists of only two layers, germmal cells
and periderm, but 1t may show develap of the thard { dinte)
layer, and 1n the case of secondary follicles the epidermis usually 15
multilayered (Fig 9) and may show true keratimzation The events,
however, are the same 1 all oircumstances. The very early stage is
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6 HENNANN PINKUS

difficult to 1dentify 1n sections It 1s more eastly seen mn spreads of eps
dermus s shown by Fleischhauer (1953b) The nucler of the stratum
germmittvum 2nd to a lesser degree those of the stratum intermedium
become more numerous, are smaller, and stain darker 1n a round area
about 8 to 12 cells wide (Figs 14 47) There has been considerable
difference of opimon whether n accumulation of mesodermal nucler
precedes tccomprntes, or follows the first visible changes m the epr
dermrs  The general opimon of authors scems to be that with human
hur and the pehge of ammals epidermal lteritions are first while
vibrisste and specialized structures such as the quills of the hedgehog
may show a mesoderml precursor stige Such anlagen usually can be
recogmzed 1s shght clevations on the outer surfice of the shin while
there 1s no such change with ordmary hurs

Tn cpidermal spreads (Fleschhauer, 1953b) there 15 seen around
eawch young hur germ o first denser, then 2 Dghter areolh that
soon disappers  Fleischhauer (1933b) assumes that at first neighboring
cells are drawn nto the hur germ wnd contribute to ats substance (in

Fic 8 Fetus 1 skin of chest Eurly harr germ with begmning accumulation
of mesodermal nuclet three mitoses tre indicated the one farthest left 15 in ana
phase the other two are telophases only one half of each dinster 1s m focus
Tolutdine blue \agmfication X 450

Fic 9 Fetus 6 dorsal sk Pre-germ of secondary follicle develops close to base
of hatr ¢l of prmary follide  Hematoxyhn and eosin  Magmficwion X 34875

Fic 10 Fetus 8 domal skin  Youn, primary germ developig close to tip of
haw canal of an older follicle note sharp anterior border to nglt extension of
cronded nucler at postenior border to left This is the earliest stgn of the hair canal
Hemitoxyhn and eosin  Magmficaon X 450

Fic 11 Fetus 1 scalp Samttal section of hawr germ exlubiting characternistic
asymmetry and anlige of dermal papillh  Hematovyln and eosin  Magmfication
X 2775

Fic 12 Fetus 6 dorsal skin  Oblique section of haie germ wath extension of
cronded nucler 1t posterior left margin  Hematoxvlin and eosin  Aagmification
x 31875

Fic 13 Fetus 5 dorsil shin  Almost frontal section of hair germ  Hematovyl n
and cosin  Magmfication X 34875

Fic 14 Fetus 2 sk of thigh stuned m tofo with hematoxyhn Young hair
germ developing between two ol ler ones close to the tip of one har cinal Mag
mification X 135

Fic 15 Fetus 1 shin of arm stained 1 foto with hematoxyhn Pre germ with
one mitosis 1 center and several others at puriphery  Magnification X 13875

For hey to lettering see legends to Figs 1-7
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vagmation), while the follicle later grows by mitotic dwvision of 1ts own
cells The presence of more numerous mutoses in the mmediate sur-
roundings of primitive hair germs supports this thesis (Fig 15) A
slightly older germ exhibiting three mitotic figures 15 illustrated 1n Fig 8
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8 HERMANN PINKUS

2 Hair Germ Stage

The pre germ passes rapidly nto the har germ stige (Haarkerm,
Stohr, 1903) The basal cells now become very high, the nucler elon
gated, and the entire structure protrudes downward into the conum
(Figs 10-13) Additional cells accumulite above the basal layer, be-
neath the peniderm  The pecular arrangement of the epithehal nucled
in this stage (Figs 10, 12) was compared to the arrangement of logs
a charcoal kiln (Meiler) by Maurer (1892) This companson has be-
come meamngless n modern times  While m young embryos the entire
epidermis including the basal layer 1s laden with glycogen, the haw
germ cells rapudly lose this substance and therefore stand out clearly m
sections treated with PAS  As glycogen disappears, a basement mem
brane becomes visible as a sharply defined red hne (Figs 16, 17) At
this stage, accumulation of reltively small and dark staming mesodermal
nucler 15 obvious around the bulge of the bsal layer (Figs 10-13, 16)

The hur germ exhbits bilteral symmetry at an early stage Har
germs, therefore, will present different aspects depending on whether
they are sectioned 0 a transverse or sagittal direction (Figs 11-13)
In a given section, practically all germs will offer ssmilar pictures (Figs
24 6 7) It seems most advantageous to cut sections so that they
show the whole length of hair follicles  Such sections show a charac-
tenistic asymmetry of ewly germs (Fig 11) One side 1s steep and
forms a nght angle with the epidermis the other side slnts and
merges with basal layer gradually As the germ develops it grows

Fio 16 Fetus 1 dorsal skin Epidermal details obscured by glycogen Hair
germ has lost most glycogen exhibuts basal membrane at lower pole and dense
accumulation of mesodermal nucler PAS Magmficaton X 480

Fic 17 Fetus 5 pectoral shin  This specimen exhubited signs of glycolysis
Cross section of prmary follicle and two secondary germs showing basal membrane
Magmficion X 320

Fic 18 Fetus 1 scalp Har peg showing slightly concave contour of ad
vancing border and definite basal membrane Fanlike matnc free of glycogen
Cells of hair peg contan some glycogen Epidermal basal layer begmns to loose
glycogen PAS Magmfication X 320

Fic 19 Fetus 1 scalp Bulbous peg with early differentiation of sebaceous
gland and bulge  Scbaceous gland forms an almost glycogen free knob at posterior
side of folbicle Bulge matrtx and papila are cut somewhat tangentually PAS
Magmfication X 180

Fic 20 Spccimen obtmmed from Dr A A Zmmmermann Fetus 99 skin of
thigh 48 months stamed n toto with silver Three hair groups show distnbution
of melanoblasts at basal layer of external root sheath Magmification X 72

For hey to lettering sce legends to Figs 1-7
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bliquely downward converting the nght angle mto an acute one
nd foreshadowing the slant of the fully formed hair (Figs 2 18)

Pinkus ntroduced the terms “antenor and “posterior mto the de
ription of the pilary system These terms are based on the hypothesis
at the hair 15 formed nd emerges “behind” a scale a condition that
ctually prevails on the tail of mammals \ore will be smd about this
ecton IV F Punkus termmnology offers a number of advantages in
escribing the development of the pilary complex It 1s easy to remember
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Puate I Photographic reproduction of hthogriphic Plites HI/IV from Stoht
(1903) Englsh legends substituted Reduced from ongmal 1195 X 734 inch sizc
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EMBRYOLOGY OF HAIR 1

that the part of the shin th1t 15 shaded by the slanting hair shaft 1s
behind (posteror to} the follicle

3 Har Peg Stage

From s pomt of ongn the har germ grows oblquely down
and forward mto the mesenchyme 1n the shape of a sohd column of
epithehial cells that seems to push a cluster of mesodermal nucles before
1t (Plates I 67, 1L, 89) The outer cells of the haw peg (Haarzapfen,
Stohr (1803} ) are columnar and arranged rachally to the long axis (Figs
19, 24) Cells 1 the center first have no definte polanty, but soon
become arranged longitudinally The highest cells always are those of
the advancing end, destined to become the matnx The advancmng end
15 the broadest part of the peg and forms erther a strmght transverse
plate or 1s shghtly coneave because of pressure agamst the compact
ball of mesodermal cells, the future dermal papilla (Fig 18) The en
tre column 1s enveloped 1n a sheath of mesodermal cells contiguous
with those of the papilla Zimmermann (19533} has shown that melano
blasts are present on the outer surfice of the epithelal peg (Fig 20)
As the young follicle becomes elongated, first 1its central cells and later
the penipheral basal cells begm to acquire glycogen again with the ex
ception of the tall matrix cells which always reman free of it (Fig 24)

B Begining of Differentation
1 Bulbous Peg Stage

As the follicle continues to grow longer, differentintion sets i The
g border enlarges, b bulbous and envelops part of the
mesodermal matenal which now 1s divided into the egg shaped papilla
wside the hollowed out bulb of the matnx and the papillary pad below
the bulb Papilla and pad are connected by a gradually nirrowing neck
(bulbous peg, Bulbuszapfen Stohr, 1903) Simultaneously, two solid
epithelial swellings develop at the postentor side of the follicular column
The lower one always remams sold and its cells grow rich n glycogen
together with the rest of the follicle This structure was named “Wulst”
(bulge)} by Stohr (Plate 11) It may be so inconspicuous m adult shin
that many textbooks of histology do not mention it It 15 very con-
spicuous m embryome life, and often develops earher and 15 Jarger than
the more superficial swelling that 1s the anhge of the sebaceous gland
In contrast with the bulge, the sebaceous gland anlage 1s free of glycogen
at this stage (Fig 25) It 1s a rounded knob (Fig 22) the central cells
of which soon accumulate hipid and appear formy 1 paraffin sections
(Fig 23) A sohd cord of elongated cells extends backward within
the epidermis (Figs 21 22), and represents the anlage of the hair canal
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Fic 21 Futus 8 dorsal skin Bulbous peg with early hur canal bulge and
secondary hair germ  Of the lower follicle only the fibraus root sheath is cut
Hematoxyln and eosin  Magmfication X 224

Fig 22 Fetus 6 dorsal shin  Smmilar follicle showing carly sebiceous gland
anlage above the bulge yhn and eosm  \Magnifi X 2.

Fi¢c 23 Fetus 6 dorsal skin Further advanced follicle with a few hprdized
cells 1 the sebiccons gland and keratohyalin grinules and early keratimzation 18
the infundibulum  The fibrous oot sheath of the lower follicle 15 scen extending
downward beyond the bulge Hematoxyhn and eosin Magnificiion X 22f

For key to letteng see legends to Figs 1-7
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(Haarkanal) Uus 1s a transient but regularly present fetal differentia
tion The last constant part of the pilary complex becomes visible at 1
shghtly later stage At a hittle distance from the sebaceous gland, free
n the mesenchyme mesodermal cells arrange themselves m 1 slender
row parallel to the posterior border of the follicle This region 15 the
first and most conspicuously metachromatic area of the conum 1n sections
stamed with basic dyes Thus the musculus arrector pili 35 formed It
gradually extends downward toward the bulge Up to this pomt, the
follicle 15 a sohd epithelial structure surrounded by a mesodermal sheath

C  Differentiation of Vartous Parts

Viath all the p of the piloset follicle now apparent,
growth nd differentiation continues and seems to be peculiarly self
regulated though coordinated in the vanous portions Seven segments
can be recognized

There 15 (1) the bulb compnsing the matrix of the hair and its
sheaths and the mesodermal papilla  (2) The lower follicle from the
upper end of the bulb to (3) the area of the bulge Between the bulge
and the schaceous gland there 1s 2 shorter or longer stretch called (4)
the ssthmus This 15 followed by (5) the area of the sebaceous gland
From the pomt of 1ts opemng 1nto the follicular lumen to the base of
the eprdermis we have {6) the mfundibulum which continues within
the epidermus s (7) the hair canal  All of these segments eventually
are traversed by (8) the hawr and mner root sheath In addition (9)
the arrector muscle and (10) the ap gland need

1 The Bulb

The lower bulbous end of the follicle harbors the mesodermal
papilla which consists of closely packed cells (Fig 26 and Plate 111)
No hy 1k bst is present m the papila up
to the ltest stages examined 1 my senes even though hurs are fully
developed Only in the second oldest fetus some metachromasia was
seen 1 the papillae of scalp hairs The oldest fetus had been preserved
m formalm and metichromitic staiming could not be demonstrated m
any part of ats shin The PAS procedure reveals some pink staning
fibnllwr matenal between the papillary cells i moderately advanced
stages and always shows a defimte fine red line between matriy and
ppills from the earhest stage on (Figs 18 18) This hine 1s obscured
only wlen melanocytes are present m the matnx  Scattered granules
of glyeogen often arc present in the cells of the pypila with even mare
1n the subpapillary pad

The cells of the matnx are alwavs free of glycogen They are tall

100
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grpluc Plates VII/VIIL from Stobr (1903) Original size 111, X T34 1nches

columnar in young stages and arrainged somewhat fan shaped (Figs
18 24) Later denscly pached smaller cells surround the papilla While
these cells seem to form an undifferentinted mass 1 most stuming pro-
cedures starmung with PAS shows that glycogen contaming cells of the
outer root sheath extend down to the lowest extremty of the follicle as a

Fic 24 Fetus 1 scalp Frontal section of the furthest advanced follicle seen
i this speaumen with one early secondary germ on exther side  Large amount of
glycogen present in root sheath none 1n matnx  PAS  Magmficaton X 180

Fie 25 Fetus 7 dorsal shin Curved hair follicle extends into the subcutaneous
fat and exhibits sharp differcnce between the glycogen filled lower folhicle and
bulge and the glycogen free matre hawr and upper segments Loss of glycogen
i the epidermal basal layer PAS Magmification X 72

Fic 26 Fetus 7 scalp Hawr bulb with papilla and matnx and deeply pig
meated hur  Some melanocytes are visible along the basal layer of the outer roct
sheath Hematoeyln and eosn  Magmfication X 224

Fic 27 Fetus 9 scalp Har bulb contuns numerous melanocytes above the
entical level of the matrix  Scattered melanocytes i lower part of matrix and outer
root sheath Tolurdine blue Magnification X 295

Fic 28 Fetus 9 scalp Swumlar follicle swith melanocytes Vitreous membrane
appears as a clear space between the outer root sheath and the fibrous sheath
Toludwme blue AMagmfication X 295

For hey to lettering sec legends to Figs 1-7
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thin outer coat (Fig 25) Round melanocytes are found between the
epithelial cells of the Negro fetus even before the bulb 1s fully formed
Later numerous lwrge dendntic cells 1iden with pigment granules are
present 1 the upper half of the bulb (Fig 27), above the “cntical
level”, described by Montagna (1956) as the border between indifferent
matrix nd differentiating cells of hair and root sheath In contrast
to adult conditions, there are also scattered melanocytes in the lower
half of the bulb and in the outer root sheath for some distance above
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16 HERMANA PINAUS

the bulb (Figs 27, 28) 'The bulb 1s surrounded by numerous meso-
dermal cells, the beginning of the connective tissue sheath  They be
come partienlirh prominent around the lower end where thev form
1 thick pxd (Fig 26) Capilliy blood vessels approich the follicle
netr its lower end and hie betw cen the fibroblasts of the pd and 1round
the bulb but i spite of close search none was seen to be present
within the paprlly The border between mesodermal and ectodermal
cells alwws outhned by 1 thin PAS positne membrane soon becomes
accentuated by the begmnnings of the vitreous membrane which will be
desenbed 1in more detul in Section I, C 2 It usually can be followed
to the lowest pomnt of the external root sheath (Plate IIT 14) In older
specimens 1t seems to be continnous with PAS positive fibnlle entering
the pipillv The shipe of the bulb usually 15 asvmmetrical 1n sagittal
sections of the follicle The nech of the papiila pomts toward the sub
cutis nd the wnterior upper nim of the matnix 1s longer than the pos
tertor lower one

2 The Louwer ollicle

Above its bulbous end the follicle 1s 1 cylindrieal structure consisting
of stratified epithchum  Solid at first 1t later has a central lumen con
tanmg the hur and ats sheaths It then has become the outer root
sherth In young stiges radinlhy arringed columnar cells form 2 basal
layer (Plate IT 9) around poorly orrented central cells which soon be
come elongated and arrnged longitudimilly, even before the internal
root sheath pushes up from the matna  These central cells practically
always contan some glycogen The basal cells soon acquire more and
more and eventually are so full of the substance (Figs 25, 29 30) that
onh 1 framework of cvtoplism remuns Thus, they appear hight and

Fics 20 30 Fetus 9 scilp Detuls of glycogen distribution m bulge tsthemus
sebiceous gland and mfundibulam of fully developed follicles Note cell sharp
boundiry between glycogen free epidermal basal cells and ctlls of infundibulum
mFig 29 Dark granules in Hunley s layer are melyun PAS Magsfcitions X 144

Fic 31 Fetus 7 dorsal skin  Stronely cuned bur follicle wath ewl lank
between bulb and lower follicle Cinnt separating folliculir tube from sebaceous
duct  Arrector muscle mnserts at shelfihe upper border of bulge Tolmdime blue
Magmficition X 72

Fic 32 Fetus 7 sealp Duct of sebaceous ghind  Melun sludge in infundib-
ulum and remnant of hair cwnal the roof of which has hrgely diswppeared Part
of arrector muscle extends beyond bulge Hematoxyhn and eosm  Magmfication
X 108

For key to lcttening see legends to Figs 1-7
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empty with all other stuns (Figs 4 31 40) By this time several lavers
of prickle cells have developed within the tube of basal cells and form
a sohd covenng for the hur No Lerttohyilin or any evidence of kern
timzation 1s observed m the lower follicle

The mesodermal sheath soon shows arrangement of nucler n two
directions and fine fbnls form the arcular and longitudinal Iyers of
the fibrous root sheath (Fig 26 Plite III 17) These fibnls stam red
with PAS and with acxd fuchsin They are young collagen fibnls Elas
tic fibers appear much later and were seen only in the furthest advanced
speaimen At the junction of ectoderm and mesoderm a hyalne mem
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brane soon appears and may become 2-3 p thick This glassy or vitreous
membrane stams pimh with eosin 1 hematoxylin-eosin and orcein-
Gremsa preparations (Figs 28, 40) It 1s pale blue to purphsh green
m PAS slides counterstamed with hight green and secms to possess very
thin outer and inner red hmits 1n some specimens It 1s pale blue and
not metachromatic with toluidime blue and thionine The acid fuchsin
of Van Greson’s micture shows imnstead skeins of thin and sharply stamed
fibnls which seem to form a f d b as 1ll d by
Stohr (1903-1904) m sumlir preparations

3 Area of the Bulge

Above the eylindrical tube of the lower follcle the pilary complex
again exhibuts its bilateral symmetry There is a projecting mass of
epithehal cells at its posterior circumference  This bulge, often the most
conspicuous detul of the young germ, 15 as lirge as the bulb and 1s
otten Iirger than the sebaccous gland (Figs 3, 23, 25) It 1s hemu-
spherical, or 1t may have a slanting lower end and a shelf-hke upper
contour (Figs 32, 41) It often reaches somewhnt around the follicle
and c1uses the antertor wall also to be shghtly thickened (Fig 30)
1t consists of more or less ridially arranged large epithehal cells con-
taming almost as much glycogen as the outer root sheath, but never
exhibiting rarefaction of the cytoplasm The vitreous membrane ex
tends around the bulge and ends abruptly at its upper Imit The
tunetion of the bulge 1s obscure While 1t serves as the point of nsertion
of the arrector muscle later i Ife, 1t develops much earher than the
muscle and the hitter seems to ongmate quite mdependently 1 the shin
near the sebiceous gland and 1n many mstances streaks by the bulge
before approaching the lower follicle below 1t Unna (1876) named the
bulge area of the adult follicle the hair bed (Haarbect) believing that
the club hair became implinted there and derned additional growth
from 1t Stohr give it the neutral ntme Wulst (bulge or swelling)
Some texts state that this 15 an arer of marked proliferitie activity,
but no mutotic figures were observed m the bulge even if other parts of
the follicle contuned them Whatever its function the bulge marks the
lower end of the permment follicle” later n hfe Everything below it
1s expendable during hur change (Montagna, 1956)

4 The Isthmus

The part between the bulge and the sebaceous gland has been called
the ssthmus It 15 a border zone peculiurly devoid of specific features
The vitreous membrane does not cover it~ After this segment has been
holl d out by the ad g hair, the posterior wall consists of two
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or three rows of flattened cells (Fig 41) the nuclei of which exulnt
a charactenstie change of duection (Figs 29, 30). Those of the lower
part slant from the mside up and out and the cells resemble those of
the bulge The nucles of the upper past of the isthmus slant daweward
and those 1n betw een are quite fat and parallel to the axis of the follicle
The cells are more or less devord of glycogen and contrast with those
of the bulge and lower folhcle {Fig 25) The transition 35 not quite
so abrupt along the antenor wall, but the cells also are less high and
contam much less ghycogen The nucler of the central cells of the
wsthmus become pyknotic before the p of the root sheath reaches this
area, but true heratumzation is absent

5 The Sebaceous Gland

The sehaccaus gland at fixst 15 a sohd hemusphercal knob at the
posterior wall of the follicle (Figs 22, 43) Often 1t 15 somew hat smaller
than the bulge and practically alwavs devoid of glycogen Soon the
central cells, often yust one or ohvo, begim to show the typcal foamy
structure of the cytoplasm that indicates the accumulation of lipid (Fig
23} As the gland gets luger its basal cells begn to contam some
glycogen (Figs 29, 30) The number of hpdized cells wcreases and
cells of this tvpe now form the snper hmng of the postenor circumfer-
ence of the hallowed out follicle (Figs 30, 44) The anterior wall »
hined by kerwimzing cells of mfundibular character Thus at first, the
sebaceous gland has no duct Oaly at & later stage, when the gland
already begms to show lobulation, do we see a carma-hle septam
dwiding the folhele into the tube for the har and wto a short Leratmiz-
wg tube leading to the sebaceaus gland (Figs 31, 32)

& The Infimdhbulam and the Huyr Canal

The uppermost portion of the follicle 15 the first structure m the
developmg shin to contamn keritohyahn granules and keratn (Fips 23,
43) Tins happens before the har 15 formed and before the sebaceous
gland has matured enongh to require an outlet This porbon may he
subdwided mnto a subepidermal part the wfundibulum, and an ntra-
epidermal part, the hawr cann}  The divston s didachic rather than real
s both parts hwe a smbar strocture and develop simultaneousty

It 15 smportant to keep m mind that the poing at which the eprdermus
and the follicle form an acute angle, that s the junction of antenior
folhentar wall and epdermal stratum brsale, 15 the sole fivedd pomt of
reference m the topographical development of the prlarv complex  This
pomt marks the sharp antenor boundary of the early haw germ The
postenar boundary usually 1s much less distnct (Figs 13, 12), and as
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the hair bud grows shinting forward mn the corium, a solid strand of cells
grows bachward 1n the epidermis (Iigs 21 22) This cord of somewhat
darker stamng cells scems to form only in epdermis that s several
hyers thick It extends almost horizontally above the basal layer and
very gradunlly reachies the lugher hyers and the peniderm (Fig 33)
Very soon keritohyalin grinules appeir in the central cells sometimes
first ner the superfiennl postenior end of the structure somctumes decper
down A lttle Inter the centril cells become quite eosmophilic with
pyhnotic nucles and form a heratimzed core surrounded by a tubular
Inyer of grnulwr cells and one or two outer layers of prickle cells In
cross section (Figs 7 35 Tlate II1, 15) this structure, the har canal
looks very much like the Reratinized antraepidermal portion of the
eccrine sweat duct of adult shin (it lacks however, the PAS resistant
cuticle of the duct)

The hair canal may be relwtively short (Figs 34, 37) or very long
(Fig 36) If the follicle extends down 1nto the conum rather steeply
there 15 a shaup hink between 1t and the cwnal (Figs 21, 33) 1f how
ever the follicle slants as 1t usually does n the Negro fetus its approach
to the epidermis 1s almost tangential and the hur cwnal obviously 15
Just the extension of the mfundibulum mto and through the eprdermis
(Figs 31 38) The old authors wrote that the epidermus forms the
hair canal 1 1ts substinee It 1s preferable to say that the follicle from
its origin 1 the basal layer grows upward through the epidermus just
as 1t grows downward through the conum  We shall see Iter how the
hur canal a purely fetal dierentiition eventually disappears  Its
lower part however remuns wnd becomes ncorporited n the infundib
ulum of adult skin  The pilosebaceous apparitus, throughout hfe ends
at the surfice of the shin 1nd not t the bise of the epidermis  There
1s n mtrepidermal infundibulir umit  (Pikus and Steele, 1955) just
s there 1s an  epiderml eccrine sweat duct untt (Lobitz et al 1954)

Fic 33 Fetus 3 Long solid cord of hur canal cclls m epidermus Hematoxlin
and coun Magmficition X 280

Fic 31 Fetus 4 Angle between mfundibulum and hair canmil Haw and
dark (b philic) root sheath m lumen of ctal distal end of canal blocked ty
Iight (acidophil ¢) whorled kerttn  Toludine blue  Magmficaton X 133

Fic 35 Fetus 7 dorsal skin  Cross scctions of Iite har canals Somu are
open some plugged Note hesatimzation of roof of canal farthest to nght Hem?
tosylin and eostn  Magmbeation X 132

Fic 36 Fetus 7 pectoral skin Very long ha canal Hematoyyhn and cosi
\Magmficition X 90

For key to Icttenng sec legends to Figs 17
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The unity of the subepidermal and intriepidermal portions of the
harr folhcle 1s pirticularly evident i PAS preparations  The cells hning
the mfundibulum and the hur canal at first contain much less glycogen
than the epidermis evenly scattered through all the living cells from the
basement membrane i The epiderrms on the other hand at first 15
so packed wath glycogen that few details are apparent Later the basal
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lnyer loses 1ts glycogen completely while the upper strita retun it untit
fully heritimzed (Fig 25) At the ncute angle between the anterior
will of the follicle and the epidernus there 15 a cell sharp boundary be
tween the two structures with glycogen free epidermal basal cells usually
extending 2-3 cell widths down on the outer surfice of the follicle
(Fig 29) The cells of the hur cmal are shaply outhned as adnexal
elements within the epiderms

7 The Hawr and Inner Root Sheath

The harr and 1ts inner root sheath are formed by the matnx at the
lower extremity of the follicle We hue seen thit the mitnix consists
of 2 mass of undifferentizted small epithelinl cells en the circumference
of the egg shiped mesodermal papullr  The cells rround the lower half
of the paprlln undergo frequent mitotie division  Their products ascend
Iigher and through mechamisms unknown are differentinlly converted
wto five dissimular end products The first cells to show differentiition
are those 1djomng the mner surfice of the glycogen rnich outer root
sheath This one tubular Iiver of cells forms trichohy hin granules while
still within the bulbous part of the follicle and soon after becomes
keritimzed (Phite I11 17) This »s Henles Iyyer Itas a perforated thin
tubulir sheath consising of Inrge elongited squamae arringed to re
semble wicker work It 1s generaly assumed thit at forms 1 ngid con
stricting net that helps to mold the still soft inner structures

Another tube several cell Inycrs thick begmns to form trichohy i and
heritimzes 1 hittle higher up thw Henles Iyyer  This much thicker
sheath 1s Huxley s layer It 1s coated on its mner surfice by yet another

Fic 37 Fetus 4 Tip of mternal root sheith mn 1ar canal tle distal end of
which 15 blocked by dense kerattn  Hematoyylin ind cosin Magmfication X 133

Fic 33 Fetus 7 shin of chest Sudden fading of basophiic dwk stun of m
termal root sheath m region of sebaceous gland Acid orcen wnd Giemsa Vg
nmfication X 101 °5

Fic 39 Fetus 9 scilp Fading of mternal root steath i distal purt of isthmus
Free melanin granvles n infundibulum  Toludine blue  Magnification X 10875

Fic 40 Fetus 9 scalp Scattered clumps of melamn m Huey s Inyer contrast
with dense fine granuliion of harr shaft Hudey s hyer incompletely “heratimzed
at nght end of picture becommng ncrersingly basoplubic toward left  Tolmdme
blue Magafication X 2775

Fic 41 Fetus 9 salp Melanm sludge i mfundibilum  few grandes m
intact Huxley s layer m isthmus  An eccrme glind 1s seen descending perpend eulirly
from the epidermus  Hematoxylin and eosin Magmficition X 135

For hey to lettering see legends to Figs 1-7
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thin tube of shinglelike squamae the cuticle of the inner root sheath
The mnner sheath thus consists of three distinet layers

Centrally placed m this system of tubes 1s the hair which consists of
an outer cuticle and the main body called the cortex Fetal lanugo has
no medullh The tip of the forming hir 15 extremely fine and alw ays free
of pigment It 1s often ifficult to sce n paraffin sections unless stamed
with pieric 2aad and s best recogmzed by its refractiity When fully
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developed the hair shaft 1s a solid eylindrical structure contaming vary
ing amounts of pigment (Figs 29, 30) 1Its diameter remuns relatvely
small and aften 15 not Jarger than the thickness of the root sheath wall
The dnmeter of the cross section of the enbire mass formed by the
munix therefore 1s about three times the diameter of the lnugo hair
(Fig 42)

Pigment 1s present m the hur as very small brown granules disposed
n longstudina] rows (Fig 29) It 15 denved from the dendntic melano

Fic 42 Fetus 10 dorsal shin  Elastic fibers in the bulge wrea  Acd orcem
and Ciemsa Magmfication X 465
For key to lettenng see legends to Figs 1-7

cytes m the matnx  Contrary to what 1s true mn adult Ife the lanugo
haw has no monopoly on melamin  Huxlev s ltyer 1 the Negro fetus
practically always contams some pigment disposed irregulirly in clumps
of vanng sizes (Fig 40} Another fetal chiractenstic 1s the presence
of occasional flakes and clumps of PAS positve matenal in the mner
root sheath most commonly found i the cuticle (Figs 24 29)

It 15 generally stated that the mnner root sheath 15 formed as a pomted
cone and that 1ts tip pushes through the solid epithelium of the lower
and upper segments of the follicle as the hard tip of a sprouting tulip
bulb pierces the mest earth This description 1s based on the conditions
of hur replacement later in Iife  In embryonte skin, the first cells of the
snner sheath form when the follicle 1s very short It 3s more appropriate
to s1y that the matrix moves away from the tip of the root sheath and
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burrows decper rather than that the tip perces the solid follicle The
relatively short distance which the root sheath has to traverse before
1t reaches the surface 1s marked out by the central cells of the folliculwr
peg which are arranged longitudinally ot an ewly 1ge wd seem to
undergo some form of degeneration or partial heratiieation Actually
one sees sometimes a chsarrangement of central nucler resembling 2 log
jam 1 the 1sthmus while a hittle hngher up the hiprdizing cells of the
sebaceous gland begin to lewe a preformed lumen  Shll hagher up the
harr sheath meets the already heratinized porhon of mnfondibulum
and hair canal While some canals have a central lamen when viewed 1n
cross section (Fig 35) others contan a sohd plug of whorled heratm
Favorable sections show the tip of the root sheath resting agunst this
plag (Fig 37) Paradoucally therefore the so called hair canal seems
to offer a more sobd obstruchion to the advancing hair than the lower
segments At this time however the wall of the canal 1nd prticululy
1ts roof become more mad more heratinzed {Fag 34) 1t seems lkely
that by continuovs outward growth the distl plugged end of the cmnal
1 gradually sted and eventually its roof disintegrates settng the harr
free (Fig 41)

While 1n tlus first push the tip of the hair 15 sheathed by the fully
stamnable inner yoot sheath later these coverings re not present 1bove
the level of tl e sebaceous gland Montagn (1956 p 190) suggests that
the disappearance could be caused by chemical changes culm nating n
reabsorption or dissipation of the mner sheath and that this could be
bre ght about by an enzyme {leratinase) possibly contmned m the
outer sheith Observations on fetal Negro skin lend some support to
this thesss  The fully keratimized 1nner root sheath and especiaily Hux
ley s layer stan deep blue with Giemsa solution or tolmdwe blue (Figs
38 39) This basophiha 1s lost rather abruptly in the isthmus but the
sheath 15 still compact Then near the sebiceous gland opemng 1t sud
denly disappears leaving perhaps 2 few stll basophilic flakes (Fig 39)
As was pointed out Huxley s layer contains scattered clumps of melanin
m Negro fetal hair The space around the nude hawr shaft i the mn
fundibulum contans 4 much Jarger number of free pigment gruns often
mived with PAS positive debns (Figs 32 41) The impression 1s gained
that pigment and polysaccharrdes remain as a sludge after the keratinous
sheath 1n whech they had been embedded has been dusolved aw ay

8 The Arrector Muscle

Tt e last regular T of the prioset follicle 15 the mus
culus arrcctor pilt Stohr (Plate I 5 7) ponts out the mesodermal nucler
between the rudiments of the bulge and the sebaceous gland as the
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first anlage of the muscle The first trace of the arrector muscle 1s seen n
an area of increased metachromasia 1n the undifferentiated mesenchyme
some distance from the follicle and usually at the level of the sebaceous
ghind Nucler of mesodermal cells begin to arrange themselves 1n chams
and acquire more distinct elongated bodies The thin cord of cells ex-
tends upward toward the eprdermis and downward almost paralle]l with
the follicle (Figs 4, 31, 41) It usually reaches the tip of the bulge, but
sometimes streaks pist it and approiches the follicular whll farther
down (Fig 32) The muscle cells connect with the early collagenous
fibers of the mesodermal root sheath Elistic fibers, which later in Iife
seem to form a tendon at both ends of the muscle, do not develop until
the entirc conum acquires them (Fig 42) The region around the
muscle remuns the most metachromatic area 1n the cortum for a long
time and also contamns considerable amounts of PAS-positne ground
substance  There 15, however, no glycogen 1n the cytoplasm of the
muscle fibers until a relitively late stage m development (Fig 30)
Striated muscle below the skin contamns glycogen i much younger
embryos

9 The Apocrine Gland

Many ammal spectes have apocrine glands associated with the pilary
complex In adult man, only a few specialized regions possess apocrine
glinds regularly, 1n other regions they occur occasiomally Face and
scalp are the most common sites of such “ectopic” glands  Although 1t
has been stated that the embryonic human hair follicle always shows an
apocrine glind anlige and that this later regresses, apocrine ghind ruch-
ments were found 1 only 3 out of 10 fetuses and only on a mmonty
of the follicles of the scalp and not in the other two regions (chest and
bick) While this does not rule out that apoenine glands are a regular
constituent of the human fetal prlary complex the evidence rither
suggests that rudiments of demonstrable size develop 1n some regons
only and develop 1 ectopic’ regrons on some follicles but not on all

-

Fic 43 Fetus 4 scalp Buds of apocrne gland sebaccous gland and bulge
on postenior wall of follicle The spur in the angle between anterior wall and
epdermus probbly 15 1 secondary follicle n and eosn M
X 180

Fios 44 45 Fetus § scalp Two follicles showing more developed apocnne
gland buds  Several other follicles nearby showed no evidence of an apocrine gland
Hematoxyhn ind eosin  \agmficaion X 180

Fic 46 Fetus 5 scalp Longest apocrie gland rudiment found in tlus seres

yln and eosn Mag X 90
For key to lettermg see legends to Figs 1-7
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The apocrine gland bud appears on the posterior surface of the
follicular infundibulum above the seb gland It t visible
as a small round knob of cells and grows mto a sohd cord with a pointed
tip and a more or less wregular shape (Figs 43-45) quite different from
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secondary hur germs with which 1t possibly mght be confused The
longest rudiment observed (Fig 46) curves around the sebiceous glhnd
and ends 1n the cortum above the bulge

1V TopocRaPiY

Hwurs are arranged m patterns, keeping reltively constant distinces
from therr neighbors nd hwe a umform regronal shnt  They wsually
are arringed 1 groups of threc 1 min and n many other species The
laws governng the devclopment of a hmited number of follicles at
regular distances probably are similar to those regulating other pen
odetties in embryogenesis (field eflects, etc )

In a recent detuled tnalysis bised on exxmination of stamned spreads
of fet\l human eprdermis  Fleischhwer (193%b) concluded thit the
first hurs develop randomly over the surface, but at relatnely fived
mtery s (Figs 47 48) Distnbution curves show median values of 274
to 350 p for different regrons Visth continved growth of the shin the
first germs become more widels sepirated and new anlagen develop
betwecn them when 1 enitical distance his been rexched (Fig 49) The
first hairs develop more densely m some regions thain in others and
regions with closely set pumary germs lso hwe smller entical distinces
for new anlgen In 1 fetus of 12 cm CR length hair groups begin to
form and the devel of mdependent germs gradually subsid
(Fig 50) In the common three hair group 1ll hairs are arringed on a
straight short ine more or less transverse to the direction of hair shint
(Figs 20 50) If onls one sccondary hair develops tlus may be Iateral
or mterior to the first hur (Fig 22 Plate I, 14)

In order to explamn specific detuls of distribution the phylogenetic
ongin of mammahan hur commonly his been mvoked  Many hypotheses
have been 1dvanced ind hurs have been considered homologous to
reptiian seales or to certun hurlike structures and sensory receptor
orgws of lower forms The most plhusible mterpretation assumes that

Fies 47-50 Sprewds of shin sheed off tle preserved fetus with a razor bhd
and stuned in foto  \agmfications X 21

Fiw 47 Fetws 3 shan of thgh stumed with hematosybn Seewmondy vandom
istnbutio 1 of evealy spiced very euly round hair germs

Fic 48 Fetus 1 shin of arm stuned with hemtoyyln  Shghtly more 1d
vanced germs with a few very eurly ones in betwecn

Fic 49 Fetus 3 shin of wm stamed with hematoxyhn Hair stream mdicated
by bilateral symmetry of follcles Early pnmary germs in btwen

Fic 50 Shde of Dr A A Ztmmermann {¢f Fig 20) stuped with sibr
Mostly three hair groups some two-hawr groups and some eher indwad il germs
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hairs develop behind the free edge of a scile without specifymg whether
this 15 the reptilian scale or an mdependent analog The tail of rodents
13 one example where this arrangement 15 obvious The "ssumption that
development behind a scale 1s a general law expluns at once three
1 1stics of the top phy of pilary pl the slant of the
harr the disposition of the three members of a group m a straight line
perpendicular to the slant and the quincunxlihe distnbution of the
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groups themselves Even the nnglike arrangement of ccermne glands
around hair groups may be explamed on the same basis F. Punkus
(1927) introduced the term “Haarbezuh” (hair district) for the sum
total of all the structures routinely associated 1n a compound and called
attention to a nervous end organ, the “Haarscheibe” (hair dise) which
if present also accupies a fived position behind the three-hair group

Fletschhauer (1953a) has recently shown that the regional slant of
the hairs, the hamr stream, 1s foreshadowed 1n the Inlateral symmetry of
epidermal nucles, which are almond-shaped with three diameters of
unequal length and are arranged n streams long before the hair germs
develop This finding of course just pushes the unsolved question one
step back, but makes 1t perhaps easier to explan hair streams and har
slant through general growth processes m the ectoderm

That harr slant and general deselopment of the follicle are intimately
assocrated, and that the concept of a postertor and antenor side of the
pilary complex 5s more than a play with words, can be scen at pomts
where har streams meet, as illustrated 1 Fig 5 In this section the slant
of hais reverses atself, they pomt to the left in the left half, to the nght
i the nght half of the picture  Simul ly, the site of sel
gland and bulge 1s changed, remuning on the posterior side of the
follicles

A vanation of the theme occurs i Negro shin  The follicle dunng
1ts growth downward sooner or later curves so that 1ts posterior wall
becomes concave and the bulb i extreme cases occupies a position di-
rectly underneath the follicular opening (Fig 31) The entrance into
the papilla, iowever, remams dirccted down toward the subcutss, and
thus a sharp kink develops at the junction of bulb and lower follicle

vV Svwniam

The morphogenests of humn harr has been delineated m close con
formuty with the descriptions of the old antiomists A few pomts that
were clanfied by personal investigation or seem new n fact or interpret1-
tion are the following

1 The harr germ is a differentiation product of the hasal layer
While there 15 probably a minor imvaginition of cellular matenal m the
very begmnmg, the follicle develops munly by mitotic division of the
germ's own cells It cannot be considered an invagination of the entire
epidernus and 1ts Iayers are not homologous to those of the epidermus

2 The pilary complex comprises ectodermal and mesodermal com-
ponents almost from the begmmng and develops through close co-
ordmation and mutual mfuence of either one on the other The hur
follicle 15 a fibroepithelial structure
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3 The hur canal1s a continuation of the hur germ upward 1nto the
eprdernis and 1s not part of the epidermus In consequence the adult
follicle has an mtraepidermal component which may be called the
infundibular umt nd ends only at the shin surface not at the bottom
of the eprdermis  This fact 1s of considernble mmportance in the n
terpretthon of pathological processes such as epidermal carcinogenesis
(especially keratosis semulis) and wound healing

4 The fetil hur follicle at least that of Negro shin contamns func
tiomng melanocytes not only 1n the matnx of the hair but also i the
matric of the inner root sheath wnd m the basal layer of the outer root
sheath The nner root sheth contamns melamn as small masses of w
regular distrthution

5 The mner root sheath covers the tip of the hair during its ascent
mto the hair canil but later disappewrs through disintegrtion of its
K ) m the infundibul Thus i Negro shin a
sludge of clumps of melammn and PAS positive matentl s left behmd
m the infundibulum

6 The mesodermal papilly of the fetal lanugo n contrast to that
of later generations does not contun a blood caplary It 1s not meta
chromatic until the hair 15 fully developed

7 Stumng for glycogen reveals ebbs and tides of this substance 1n
the varous segments of the folhcle The early hair germ cells loose
glycogen quichly The mitrx and the hair and nner root sheath are
always practically free of glycogen The outer root sheath and the bulge
reacqure glycogen soon but the sebaceous gland remams free until
lipidization sets m  Then the peripheral cells show granular deposits
While the eprdermnl basal cells contan glycogen only in the young
fetus and not later the epithelium of the outer root sheath contams gly
cogen through ] its Inyers and especially 1n the tall basal cells of the
lower segment The arrector muscle acquires 1t relatvely late

8 The vitreous membrane wd specifically arrnged collagenous
fibers of the mesodermal root sheath develop early but elastic fbers
here and at the isertion of the arrector muscle differentiate only con
temporaneously with those of the remamder of the corium

9 The musculus arrector pili develops through the alignment of
mesenchymal cells at some distance from the folhcular wall 1n a region
of early and pronounced metiwchromasta of the ground substince It
becomes secondanly cannceted with the fibrous root sheath in the region
of the bulge

10 Apocrine ghind of visible & develop on a
minonty of folliclcs on tle scalp They were not observed on chest or
backh Thev probally are not v constant part of all human hur folheles

1
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1 InTrovuctioN

The methods used by Schultz (1931), Mner (1951), and Thom-
son (1954) in studying the distribution of hair follicles and sweat glands
1n human sk yielded imterestrng results, but are not complete In this
mvestigation the total number of hair folhcles and sweat glands was
estimated by counting them 1 whole mounts of epidermal preparations,
obtamed by the “skin sphtting” techmque (Medawar, 1941, Szabé,
1855) Smce all specimens were treated n enactly the same way, no
attempt was made to correct these figures to correspond to those 1 un-
fixed, normal skin, and the results are valid for comparative purposes

All types of hair follicles, coarse and fine, and 1 all stages of the
hair growth cycle were counted The figures, therefore, mclude all fol-
hcles, and not just those of macroscopreally visible haws  The averages
gwen m the following tables are eshmated for 1 em? and the standard
error of the mean 15 also given In all the tables, counts for the hand
and foot are excluded from the averages of the extremities

II  Resuvrts

Table I shows that hair follicles are most numerous on the cheek
and forehead and their rehtive proportion to sweat glands 1s also the
most favorable for them Scalp 1s not included since good specimens
were too few to gne sigmficant data

The standard error 15 very ligh in Table 1, due to the great individual
Manzton and to the relatnely small field which could be counted by
this method Table 11 however, which gnes the summanzed averages
for these appendages, shows a smaller stindard error

There are about 4 to 6 times as manv appendages per cm? m the
cheel and forchead than in the trunh of extrermties Although the 1n

33
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dividunl variation 1s large, there 15 no significant sexual vanation i the
distribution of hair follicles on the face (Table III)

TABLE I
Tre ReciovAL FREQUEncy DisTrisution oF Ham FOLLICLES AND SWEAT GrAnps
N THE ApuLt Skiv

Numberof ~Number of hur  Number of sweat  Proportion
specumens  follicles = SE  glands = SE  sweat glands

Area msestrgated mean mean hair follicles
Check 33 880 = 60 320+ 60 036
Forehead 4 770 = 60 360 = 50 048
Forearm 5 100 + 50 220+ 30 22
Thigh 21 55 § 125+ 5 23
Leg 5 50 = 20 150 = 20 30
Upper arm 10 40 %10 140 = 20 35
Abdomen 3 (40 = 30) 210 + 20 (52)

TABLE II
REGIONAL FREQUENCY DISTRIBUTION OF SKIN APPENDAGES IN THE ADULT
Number of
specimens Number of 1ppendages
Area mvestigated +SE mean
Forehead 4 1120 £ 70
Cheek 1 1030 = 80
Forearm 5 320 = 30
Ahdomen 4 280 & 20
Chest 4 250 % 20
Leg 5 200 % 20
Thigh 21 180 10
Upper arm 10 180 = 20
TABLE III
SEXUAL VARIATION IN Tnie Distrisurion oF Hair ForuicLes v 7HE CHEEX
Number of
specimens Averyge
Male 4 770 = 160
Female 4 730 * 130

For the study of the development of this greit regional vanation
the summary 1n Table IV gives the averages of appendages for the
mun body regions

Taking the sum of the four averages for one hundred, the relative
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density per umt area is 58% on the head, and 11 to 16% i the rest
of the body.

Assuming that m a full term fetus the shin appendages appear in
equal numbers 1 all of the four man body regions, the percentage
distribution would be 2525 25.25 However, dunng postnatal develop-
ment, the total surface increases about three times in the head and
about ten tumes mn the rest of the body (Boyd, 1935). Supposing that

TABLE IV
AvERacE NUMBER OF Skiv APPENDACES Fon THE Marv Bopy Brcions
Area Average Relatiye density/unit area
Head 980+ 10 58%
Trunk 270 + 10 16%
Upper
extremuties 230 + 10 15%
Lower
extremities 190 = 10 11%
TABLE V

Tie Drunov of AN OmeraLiy Evesey Distrisutep Poptramion or Smv
ArpenDACES Duning PostnaTar DEVELOPMENT

Full term fetus Rate of Adult

Area appendages % gowth  appendages %
Head 1000 25 « 298 335 52
Trunk 1000 E] x 902 1 17
Upper

extremties 1000 a5 x 955 104 16
Lover

extremities 1000 25 x 1046 93 15

the number of appendages, once established 1n the fetus, does not n-
crease in later life, a corresponcing threefold or tenfold “dilution” of
the originally evenly distributed population of appendages would then
take place (Table V)

The hypothetical percentage figures of 52-17-16-15 are very close
to those 1n Table IV 58-16-15-11

A percentage distnbution has also been calcalated assurming that the
number of appendages 1s established between the third and ninth fetal
month  Table VI gives these figures, showing that the actual distribu-

tion of appendages in the adult fits between the fifth and sixth fetal
month
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Tables VII and VIII show the actual number of appendages found
in the fetus.

Table VII shows that the rapid decrease i the number of ap-
pendages mn the thigh corresponds to the calculated tenfold decrease,

TABLE VI
VARIATION IN TiE PERCENTAGE DISTRIBUTION OF SKIv APPENDACES FER Unir AnEA
N THE ApLLT SKiv, ACCORDING TO THEIR ArPEARAME IN FETAL LiFE

Months i utero

Arca 3 4 5 lz 6 7 8 9
Head 68 62 59 58 56 54 53 52
Trunk 18 17 17 16 17 17 17 17
Upper

exiremitics 9 12 M 15 18 18 16 16
Lower

extremitics 7 9 10 1n 12 13 14 15

@ ! = actual vanation found 1n adult (Table IV)
TABLE VII

AGE CnaNges IN THE REGIONAL FieQUEnCY DISTRIBUTION OF SKIN APPENDAGES
1 Feras Skiv

Average
24 weeks 7 months Full term for adult
Cheek 4780 % 110 320 = 40 1670+ 70 1050 + 80
Thigh 3980 = 780 2300 £ 70 2040 = 300 180 2 20
TABLE VI
AcE CHANGES 1¥ THE FREQUENCY DISTRIBUTION OF SKIn AFPENDAGES v THE THIGH
Bahye Adult Senule
710 % 50 180 % 10 150 =20

o Average of four estimates each under 2 years old

and on the cheek (with the exception of the yet unexplaned data on
the full-term fetus) to the threefold decrease It 1s also shown n Table
VIII that there 1s a raptd decrcase mn the density of appendages
the thigh during postnatal development, whereas the difference between
the averages for the adult and semle skin are not sigmificantly different

Finally, Table 1X shows the total number of appendages in the
four main body regions
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This table shows that although the regional vanation in the fre-
quency distnibution of appendages per umt area 1s high, their absolute
numbers do not differ much betw een the head and the rest of the body

‘TABLE I\
Totat Nuvmen oF SkiN Appespaces 1v tE Mawd Bopy ReGiovs, CArCuLATED
FOR THE WHOLE SURFACE AREA of A 24 Year OLp Aptrt

Area Total number k3
Head 1,087,300 224
Trunk 1640 250 337
Lower

extremities 1,282 500 264
Upper
estremties 850 000 175

III  CovERT
There 15 a correlation between the differential rate of growth of the
body surface and the regional frequency distrnbution of skin ap
pendages  Consequently, 1t 1s assumed that sweat glinds and har
follicles do not form de novo 1o adult shin, and that their absolute
number does not increase This, however, does not exclude the possi-
bility of the neogenesis of hair follicles under expenmental conditions of
wound healng (Breedss, 1954, Billingham and Russell, 1956)
There 1s no large scale destruction of hur follicles during postnatal
lop as it was d, but there 1s a dilution of
an ongmally dense population of appendages duning the growth of the
body surface The relative proportion of sweat ducts to har follicles
varies greatly from region to region The number of epidermal down-
growths appear in sumlar numbers m all of the mamn body regions,
they, however, are met by a high number of dermal papillac only 1n
the head, giving mse to a dense population of har follicles The
chfference 1n the regional frequency distribution of dermal hair papallae,
1t seems, 1s very high even in the earliest stages of fetal development
The relatively low number of such papillac, combined with a lugh rate
of expansion of the body surface n the trunk and extremitres 1s the
reason for a low density of hair follicles
Skin appendages do not appear simultaneously everywhere The
eyelashes and hairs on the face develop in the third to fourth fetal
months and the harr growth i the trunk and extremibes follows later
The time given 1n Table VI (fifth to sixth months) 1s only a mean time
:et\\een the development of the hairs on the head and the rest of the
ody

)
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‘These observations show that the number of hur follicles of the cheek
do not differ sigmificintly i men nd women Secondary sexual dif
ference i the piliary system of the face therefore must be physiological
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I InTRODUCTION

Withm biological systems the hair follicle offers a reltively simple
model for studymg growth and differentiation A folhcle of the human
scalp for ple prod appr 1y 035 mm of hur shaft per
day (Myers nd Huamulton 1951) Regardless of its size, only a small
mass of cells at the base of the follicle, the matrix produces the haw
The daily metabolic requirements to carry on mitotic actity by this
germinatine tissne and for the synthews of complex protens farther
up m the follicle to produce this much hair 15 of 1 magmtude greater
than 15 found 1n most other tissues  Within each follicle mutotic actnvity
of the cells of the matrix and synthesis of protem go on unceasingly s
fong s the hur 15 growing growth however, 15 perodically abruptly
arrested and generation of a hur cexses At this time there 15 a de
struction of the mmjor portion of the haur root, and what cells remam
enter 1 pentod of 1bsolute quiescence  After a vanible mterval of time
the dormant follicle bursts 1nto actvity, 2 penod of organogenesis
follows during which an entirely new hair root 15 regencrated nd the
production of 1 hur 15 resumed

Growth regultion of growth cellular death and destruction and

39
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tissue regenerttion are perhaps not so clewrly volved mn the normal
phystologic beh1vior of other brologie systems as they are in the har
follicle  Many of the cytologicil nd Instologieal changes assoctated
with thesc phenomena huve been described but the mechanisms that
control growth and differentintion are hrgely unknown To understand
some of the biologie\l prinetples that regulate hair growth it 1s neces
sary to hecp m mind the wmatomy of the hair and fts follicle The de
scriptions that follow deal primanly with humin har follicles and al
though dufferences occur the basic pattern of the follicles m other
mammals 1s the same  For a more extensive treatment of the histalogs
and cytology the render 1s referred to “The Structure and Function of
Shin” (Montagna 1936)

II  Gross AnATOMY
A The Hair Follicle

Those who are familiar only with the occasional frigment of har
follicles cut at vanous levels 1n histological sections of skin have lttle
concept of their three dimensional aspect  The relations of the various
structures the differences n the sizes of different folltcles and at differ
ent states of 1ctivity 1nd the general groupings of follcles can only
be appreeited m models reconstructed from complete senal sections
This tedious and punstaking sork 1s mostly out of faver in an era con
cerned with ultrastructure but there 1s no substitute for it and the
results are gratifying  The seres of photographs whch follows his been
chosen from a large number of models reconstructed n balsa wood
(Figs 1-6) Ech of these figures shows the reconstructed model on the
left arrows from certamn levels of the models pomt to photormerographs
on the night representative of that pirticular level of the follcle In
all cases the sebaceous glands are represented n white These re
constructions were made at the identicrl magmhication nd the differ
ences 1 size are real

Figure 1 1s 1 cluster of three prlosebiceous umts from the scalp
The follicle on the left of the group much shorter than the one on the
night 1s quiescent and contasns 1 club harr marked C 1n the Histologrea!
section The large follicle on the sight 1s growing and the Tower of the
three photomucrogriphs shows its proliferative matrn with the derm1l
paprlla n the center The muddle arrow 15 from the level of the kera
togenous zone 1n the middle photomicrograph I indicates the inner root
sheath I the outer root sheath The middle umit of this cluster contains
no har which was probably lost through 4 degeneration and 15 now
a duct for the sebaccous gland  All three of these units share a common
ontfice at the surface Figure 215 a model of two follicles from the upper
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back, sharing the same pilary canal The small follicle on the left, seen
just under the sebaceous gland, 15 quiescent, the one on the nght is
growmg Figure 3 1s a group of four follicles from the scalp sharing one
canal, the follicle on the extreme left, abscured by the sebaceous glands,
and much shorter than the others, is quiescent, the other three follicles
are growing This shows clearly the difference mn the size of growing

Fe 1 Balsy wood reconstruction of a cluster of three pilosebacrous umts
from the scalp of an 1dult man
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and resting follicles  The follicle at the night hs no sebaceous gland,
but this 15 not rare In Fig 4, a reconstruction of a group of follicles
from the upper bick, two follicles come together just above the entrance

e — = - -

Fic 2 A piloscbiccous unit from the upper back of an adult man

of their sepirate sebaceous glnds and they share the stme cwnl n
dicated by the middle arrow These relatnely short follicles are both
quiescent Several vellus hur follicles re found on cich side of the
prmepal follicle  Figure 5 shows two growing follicles from the upper
back of a child These are much smaller than the follicles of adults
and the sebaceous glinds are dmmutive comp ire these with the other
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models which are all from adult shin  Finally, Fig 6 15 a follicle of a
beard hair of a man  Beard hwurs are thich and have relatively enormous
folicles which have some distinctive features The upper photomicro
graph shows the onfice of the pilary canal, divided mto two distinct
channels separated from each other by keratinous matenal The hair

Fic 3 Croup of four piloscbiceous umts from the scalp of an adult man
The quescent follicle on the extreme night 15 barely visible under the sebaceous
gland
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Fic 4

Fic 5 Twe ptlosebiceous umits from the back of a girl 7 years old Compare
with Figs 1 and 3
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passes tlrough one channel and the sebum from the associated
sebaceous gland passes through the other This 1s a peculanty of the
p loscbaceous tmits of the beard The lower three photomicrographs
sho the changes 1 the contours of the hair and outer root sheath at
different levels of the foll cle Several vellus hur foll cles s wroun 1 the
mam plary umt

Fo 6 Do boeos ntof the beard of 7o s
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B The Harr

Haur 15 the keratinized gross fiber produced by the hair follicle Its
morphologic charactenisties vary from one species of mammal to another
Even within the same species, the hairs from one regon of the body
may differ markedly from those from another region some are stff,
some mtermediate, and others soft and woolly. Even within a smgle
region, hars of different length and teture are charactersstically found
The longer and coarser ones are the terminal haws, the shorter, soft

Fic 7 A Surface of the scalp showing haws emerging singly or m groups
B Ovil hur, twisted along 1ts 1is € Round hur

ones, vellus hairs, constitute the underfur m other mammals A shap
classification of harrs into these two types cannot be made on the bisis
of length alone  For example, the hars of the scalp are charactenstically
longer than those of the back, but termmal and vellus has are present
i both regions, and the length of terminal hairs of the back may ap-
proumate that of vellus haws of the scalp  The length of hairs m each
region 1s mtermedate between that of the “termmal” and *vellus™ hairs
of that region

Hayrs show extreme vauations 1 color, diameter, and transverse
contour Some haus myy be almost perfectly round, while others are
so markedh fhittened or oval thit they resemble ribbons Twisting of
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such nbbonlike hawus along the longitudmal axis may give the impression
that the har varies widely m diameter (Fig 7), although this 1s not
the case, except 1n certam pathological conditions

Haurs emerge from the shin exther singly or in groups of two or more
(Fig 7) Two hairs may anse from a single pilosebaceous umt, as 1s
frequently the case on the back of man The emergence of several
hars from a single folhcular onfice, however, does not mdicate the
presence of a compound type follicle, in the scalp several mdivaidual
pilosebaceous umits frequently converge near the surface and share a
common folhcular opening (Figs 1-6)

III  Microscoric ANATOMY
A The Hair Follicle

Harr follicles are fauly simple organs which consist pnmanly of
sleeves of epithehum contimuous with the surface epidermis  Follicles
grow slanted mto the derms, and the base of the longer ones extends
below the level of the dermus mto the panmculus adiposus  The follicle
attauns its greatest diameter at the base, where 1t 1s dilated into a clavate
bulb Inside of the bulb 15 an egg shaped cawity that 1s completely
filled with loose connective tissue, the dermal paplla The arrectores
pilorum muscles are attached to the bulge of the follicle, on the side
of the follicle that forms the obtuse angle to the surface, and extend
to the surface of the dermis (Fig 8) Clusters of sebceous glands are
couched above the muscles and enter the upper part of the follicle
through a duct of varymg length Some folhcles have more than one
sebaceous gland growing from them

In the center of the follicle 1s the hair, whose root extends down
to the bulb  Around the har 15 the inmer root sheath, and on the outside
15 the outer root sheath (Fig 9) Harrs have a medulla of variable thick
ness which 1s often discontinuous or absent, a thick cortex, which forms
the bulk of the hair, ind a one layered cuticle on the outside The mner
root sheath 15 composed of an nner layer one cell thick, the cuticle, a
middle Huxley s layer one or two cells m thickness, and an outer Henle's
layer one cell thick The cuticle cells of the inner sheath are flattened
and shingled, and therr free cdges are directed downward, mterlocked
with the cuticle cells of the hair, which are directed upnard Outside
the outer sheath 15 a hyaline “glassy membrane The entire follicle 1s
surrounded by a connective tissue sheath, composed of an nner layer
with fibers oriented horizontally, and a thicker outer layer with fibers
oriented vertically The connective tissue sheath 1s actually a continua-
tion of the papillary body of the dermis and 15 attached to the dermal
piplla at the base of the follicle In this way, the hair follicle 1s not
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1n contact with the fibrous reticular layer of the dermus, but 1s separated
from 1t by the connective tissue sheath

NG

Fic 8 The dugram on the upper left shaws a growing follicle the ane on
the upper nght a quiescent one The lower diagram shows a fallicle 1 anagen
on the left one in catigen i the middle and one 1n telogen on the nght

When follicles cease to produce a haur, they shrvel up and the lower
part, or bulb, largely degencrates Quiescent follicles are simpler and
shorter structures than actne ones At the base of a resting folhele, the
hair forms a club that 1s anchored by thin keratinous strands to the ep1
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thelial sac around 1t The club is surrounded by a hyalne capsule, or
vestige of the mner root sheath, this continues up to just below the
duct of the sebaceous gland, where 1t becomes wrinkled and fragmented
Around the capsule, the remamng outer root sheath forms a thick
epithelial sac, at the base of which 1s a peg of cells (Fig 10), at the

Outer sheath
Henles layer
Huxley s loyer
U\ Cuiele of mner sheath
Y

A—— Hau

Cuticle of inner sheath

SRRy

\ T Cuticle of cortex

/}’ /‘} L Radix pilt

A1 Baw
. N [I if
N
N

N Opemnginto
pepilia canity
Fic 9 Stereogram of the lower part of an actve follicle

flattened base of the peg 15 the ball of dermal papilla cells, no longer
weapsulated by a bulb This pedicle of cells and the lower part of the
epithelial sac compnise the hair germ, from which the next hair genera-
ton develops

Growmg hur follicles are smd to be m anagen, quescent ones 1n
telogen, and the penod of transition between the two catagen (Dry,

1926) \Whether or not one likes the terms, they are m common usage,
and they are convement
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rers
L

- pad - ORI
Fic 10 Montage of 1 quescent follicl, from the external auditory metus
The arrow pomts to the basal epithehal peg
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B The Bulb

The bulb of the hair folkele can be divided mto a lower region of
undifferentiated cells and an upper region 1 which the cells become
differentiated to form the inmer sheath and the hair (Figs 11 and 12)
A line across the widest part of the papilla would separate the two
regions at the cnitical level (Auber, 1952) Below the entical level 1

Permanent

Keratogenous
zone

Transient

Cniical level

Fic 11 Diagam of an acuve follicle showing the vanous tegions The ar
tector pili muscle and the sebaceous glands have been drawn debberately on the
wrong side 5o as not ta mterfere with the labelng

the matnx or gernunation center of the follicle, where every cell 1s
mitotically active From the matrix cells move to the upper part of
the bulb where they increase m volume and become elongated vertically
(Fig 13) Some of the cells 1n the upper bulb still show some mtotic

activity, but these are too few to account for much of the growth of the
hur
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region, where the cells align themselves vertically and become shightly
larger (Auber, 1952) Above this region, where the diameter of the
bulb is narrower and the cells become conspicuously elongated, 15 the

Fio 12 Lower thud of a folhcle from the scalp The lower lmne 15 drawn
across the cntical level, the upper hne pomts to the medulla

cellular elongation region Farther up, mn the cortical preheratinization
region, distinct fibrls stanable with basie dyes can be seen Immed:i-
ately above this region, 1n the heratogenous zone (Giroud and Bullard,
1930), the cells become hyalimzed, and the heratm of the har 1
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stabilized, distinct fibrils can be seen only with certam techmques and
under polarrzed hight Depending upon the length of the follicle, the
keratogenous zone terminates at approumately one-thud of the way

Fic 13 Detaled photograph of the matrie, below the lLne showmg the
cells streaming up mto the upper bulb

between the tip of the papilla and the surface of the skin The mature
hair above the heratogenous zone shows no distinct cellular elements,
and has a narrower diameter

Melanmn m the follicles 15 distubuted 1n a remarkably ngid pattern
Since the matrix 15 nearly free of 1t, the separation of the upper from
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the lower bulb at the cuitical level 1s very clear The outer and inper
sheiths are free of melamn Traces of pigment may occasionally spill
mto the mner sheath, and svery small dendntic cells are found there
on rare oceastons, but the dividing hne 1s very sharp between the cells
of the hair proper, which are prgmented, and thase of the sheaths, which
are not

Most of the tall columnar cells kning the dermal papilla are melamn-
producing, dendntic melanocytes The dendntes that radinte from these
cells are insinuated between the undifferentiated cells of the cortex and
the medullr These melanocytes are larger, but otherwise simular to
those found m the epdermus  As the cells of the hair cortex move up
from the matrix, they acquire pigment granules

The upper bulb 1s comparable to the spmous layer of the epidermis
In both places, mdifferent epidermal cells become lrger, acquire pig-
ment, synthesize fibrous protems, become reoriented, and undergo the
finnl steps of keratimzation

C  The Hawr

All hairs have a enticle on the outside, and a cortex, some of them
a medulla i the center The cutcle 18 a smgle layer of imbricated
scales, wath the free margins directed up they are translucent and free
of pigment The cells of the cuticle of the hur are mterloched with
those of the mner root sheath, firmly anchonng the hur in the follcle
The cuticle binds the cortex, which without this protection would be-
come frayed and fall aput Cuticles are clissified as coronal when
each cell completely surrounds the hur, and as imbncate when they
do not The free edge of cuticle cells may be sumple, dentate, or serrate
Cuticle cells may be elongate, acummnate, ovate, and flattened

The mass of the hawrs 15 formed by the cortey, which 15 composed
of fusiform, heratimzed cells cemented together, i pigmented hurs,
mehmn granules are algnred longitudinally m these cells Between
the cells of the cortex are found varable numbers of delicate arr spices
called fusi (Hausman, 1932, 1944) In the hning portion of the har
root the fusi are filled with flnd, as the harr grows and dries out, ar
replices the flmd

The medulla may be continuous discontinuous, or fragmental In
coarse has 1t 1s usually continuous or fragmental (Fig 12), m fine
hairs 1t is ciscontinuous or absent The type of medulla present can
vary even withmn the same haw The medulls 15 composed of large,
loosely connected heratinized cells Large intra- and mtercelluhr arr
spaces n the medullr determine to a large extent the sheen and color
tones of the hair by mnfluencing the reflection of hght
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Changes occur m the scalp hawrs from cmldhood to matunty (Dug-
gms and Trotter, 1950, 1951, Trotter, 1930, 1932, Trotter and Dawson,
1931, 1932, 1934, Trotter and Duggns, 1948, 1950) The diameter of
hairs mcreases less rapidly and umformly durimg the first 3 or 4 years
after birth, 1t increases less rapidly and less uniformly dunng the next
6 years, then 1t mcreases slowly or not at all Few of the hairs have
a medulla at birth, the percentage of medullated hairs mncreases rapidly
during the first 7 months From 7 months to the second year, the per-
centage of medullated haws decreases, a2 period of great uregulanty
follows and then the percentage tends to nse shghtly at 5 years From
birth to 2 years of age, the percentage of hairs with a medulla 1s shghtly
higher 1 guls than 1n bays, from the ages of 2 to 6, the percentages
are siular, and from the ages of 6 to 14 the percentage 1s much higher
1 boys Boys exhibit a hugher percentage of scalp haies with broken
or continuous medullas than girls Negro children have a higher per
centage of medullated hawrs than do white children Usually, the
number of cuticular scales per umt area drops shghtly durmg the first
year, but later there 15 no specific trend  Although adult human scalp
haurs are beheved to be rarely medullated, when viewed under polanzed
Light, all hairs, with the exception of the very fine ones, show a frag
mental or discontinuous medulla  The medulla may be only one or two
cells i diameter, but 1t 15 present nonetheless Such hairs would appear
nonmedullated when observed under the hght microscope

1 The Cuticle of the Hair

The cells of the cuticle can be recogmzed 1 the upper part of the
bulb as they sweep upward as a smgle row from the matrx  About
mudway 1n the bulb these cells are cuboidal and stippled with numerous
basophilic granules When the cells reach the upper region of the bulb,
they become columnar, with the long axs onented radially They retain
this orientation for a short distance above the bulb, and then thewr outer
edges begm to be tipped upward as though the inner sheath lateral to
them were growing faster than the hair and swept the edges upward
Since these cells are at Jeast twice as broad as they are Ingh, they
become imbricated when the outer sides shift apreally ~ As their orienta
tion shifts from a horizontal plane to a vertical one the cells become
fattened sq s 18 pieted below the mdway
mark of the follicle In the upper half of the follicle, these cells become
hyalinized, their nucler disappear and the mature cuticle adheres to the
cells of the cortev

The inner sheath must grow at the same rate as the har, or faster
If the cuticle cells of the mnner sheath moved upward faster than those
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of the hur, they could pull the lateral borders of the cuticle cells of
the cortes 1n an upward position and reorient them, other factors, how-
ever, could bring about these movements

The cuticle cells have different staming properties than the surround-
ing structures  Unlike the cells of the inner sheath the cuticle cells of
the cortex do not elborate visible trichohvalm With Altmann’s acd
fuchsin-methy ] green, the cuticle cells of the cortex stan with methyl
green from above the bulb up to the lesel of the sebaceous ducts, above
which they become gradually fuchsinophi} (Montagna, 1956) 1In these
same preparations the cortes stains with meths ] green onh 1 the region
just above the bulb, the cortey 1s fuchsmophil from the ker.
zone upward The medulla cells stan with methy] green untl they
become keratinized, 1n the upper hilf of the follicle This stunng re-
action mdicates that the cuticle 1s not fully keratinized until 1t reaches
the upper third of the follicle The cells of the mner sheath are brlhantly
fuchsinoplul as soon as they acquire tnchohyahin

The selectne stamability with acid fuchsm and methy] green my
denote chemical differences m the keratins The heratin of the cuticle
of the cortex seems to be different from that of the cuticle of the mnner
sheath Tiis mght explun the spht that occurs between the har and
the 1nner sheath

D The Inner Root Sheath

The mner root sheath of active hur folkeles consists of Henle's and
Huxley s layers and the cuticle All three hyers anse from the penph
eral and central and lateral mass of cells of the matnx The cells move
upward and laterally from the matrrx (Fag 13) and become arrnged
mto three concentric layers m the upper bulb The cells m all three
lavers of the mner sheath accumulate charactenstic, hyilme “tricho-
hyahn” granules

The cells of Henles Jyer acqurre tnchohyahn granules immediately
after they hue ansen from the matrin These cells are first cubordal but
become elongated vertically n the upper bulb  When they first appear,
granules are very small as the cells move upward they coilesce mnto
Iarge homogencous globules and parillel rods In the upper region
of the bulb the celfs become compietel hyahmzed ther nucfer becorie
indistinct and finally disappear  Unlike the cells m other heritmmzing
tissues those of the nner sheath do not decrease appreciably m yolume

In the cells of Huxley s Inver, truchohs ilin grinules first appear at the
summit of the bulb at which pomt the cclls of Henle’s hyer are com
pletely hyalinized Some cells without trichohyvalin granules send lateral
cytoplismic processes across Henle's Iner, and penetrate as fir as
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the aval layer of the outer sheath These socalled Flugelzellen
{Hoephe 1927) represent Ining bridges of cytoplasm across the dead
Henles lyyer All nutrients or energy sources from the outer sheath
to the hur root come =cross these bridges About mdway up i the
folhicle the cells of Huxley s layer are hyalmzed

The cells of the cuticle of the mner sheath do not acquire tricho
hyaln granules until they are about halfway up n the follicle They
are the smallest cells 1 the follicle ind can be recognized even 1in the
lower bulb Above the bulb the nucler of the cuticle cells become
elongated vertically They remam small and compressed up to nearly
halfway m the folhcle where they begm to show a few small tncho
hyaln granules At this level the cells are somewhat flattened and
the proumal edges become shghtly dislocated avally so that they
overlap the distal ends of the cells below them Shortly after they ac
quire trichohyalin granules the cuticle cells become hyalmzed and
therr nucler fade away Above the muddle of the folhcle the three
Iyers of the mner sheath all become fused and hyalimzed

The mner sheath s el d m the piloset canal The
disappearance could be due to chemical changes which culminate
m 1 dissipation of the inner sheath by some enzyme perhaps keratinase
(Stankovic ot al 1929) which would digest 1t selectively The har
shaft being shightly more acidic and covered by an epicuticle consist
g of lipids and carbohyd: would be p d from
achon At the place where the muer sheath begmns to be dissipated are
concentrated large amounts of AS esterase (Montagna and Elhs 1958)
which may also play a role mn heratmolytic actwity

Since 1t 1s imterloched with the hair the wmner sheath grows and
travels outward at approumately the same rate as the har The
outer side of Henles layer must shde over the axal border of the outer
sheath which 15 stattonary  These two I1yers have very smooth surfaces
at the mterphase which facilitates the movement of the mner sheath
The cells of Henles layer are heratimized immeduately after they nse
from the matnx and shde easily agunst the partially keratinized avial
cells of the outer sheath

E  The Outer Root Sheath

The thickness of the outer sheath 1s uneven causing the hair to be
more or less eccentric in the folhcle Most of the follicles have some
degree of swelling of the outer sheath on the side of the bulge When
the bulb 15 bent or curved 4s n the scalp of Negroes the outer sheath
15 thicker on the comvex side At the level of the sebaceous glands
and above the outer sheath 15 mdistinguishable from the surface ep:
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d?rmls, below the sebaceous glands the cells contam Jarge amounts of
glycogen, and 1 h gical preg lons appear lated The
cells m the mddle third of the follicle, which contain more glycogen
than those elsewhere, are reduced to flimsy, spongy sacs

The outer sheath extends all the way to the tip of the bulb, around
which 1t 15 composed of two layers of greatly flattened cells Just above
the bulb the outer sheath attans three layers It becomes gradually
plunstranfied and attamns its greatest thickness a third of the way
up the follicle At this pont nearly all of its cclis are nddled with
vacuoles with the exception of those 1 the axal border The periph-
eral cells are tall columnar and oriented perpendiculir to the axis of
the follicle In the upper third of the follicle, none of the cells of the
outer sheath are highly vacuolated and the penpheral cells are cubodal

The penpheral columnar cells 1 the lower half to two thids of
the follicle possess mmute basal cytoplasmuic processes which push
laterally through the thickened vitreous L best developed m
the region just above the bulb The peripheral cells 1n the upper third
of the follicle have a fauly smooth base

Over the entire length of the outer sheath, the cells at the perphery
are more vacuolated than those 1n the avial border, which show a rela-
tnely intact cytoplasm Intercellular bridges, nodes of Bizzozero, and
tonofibrils are particularly well developed mn the more axally located
cells The cells that rest agamst Henle’s layer are rich mn tonofibnls,
about halfway up the follicle their cytoplasm becomes hyahnized and
undergo partal keratimzation (Gibbs, 1938)

Some mutotic activity 15 encountered 1 the upper part of the follicle,
where the outer sheath blends with the surface epiderrus This part
15 sumilar to the surfice epidermis and forms a keratimzed surface layer
which 1s constantly being sloughed off Lower down in the follicle the
outer sheath 15 a morphologically static structure Both necrotte cells
and mutotic figures are occasionally found m the outer sheath, cell
death and cell division seem to bear a direct relation to cach other

Active harr follicles can be dnided into upper and lower halves
(Fig 11) The lower half 1s mostly a transient structure that comes and
goes with the prohferatne activity of the harr follicle Durng catagen
and subsequent telogen, the outer sheath in the upper half of the folhele
forms at least part of the “hair germ and the epidermal sac around
the club har

F  The Vitreous Membrane
The vitrcous membrane 15 a noncellular partition that separates the
external soot sheath from the conncctive tissue sheath It is thicker
around the lower half of the follicle and thickest around the widest part
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of the bulb 1t 1s very thin around the lower pist of the bulb and nearly
impossible to demonstrate in the papilla cavaty

The membrane 15 composed of two layers 1llegedly secreted by
the cells of the outer sheath (Spuler 1899 Stohr 1903) Cooper (1930)
believes that only the inner layer of the vitreous membrine s formed
by a condensation of granules secreted by the basal cells of the external
sheath others clum however that the glassy membrane ongmates
from the connectwve tissue sheath (Hoephe 1927 “Merkel 1919) The
outer layer of the vitreous membrane surrounds the entire follicle and
15 continuous with the bisement membrane of the emdernus 1t 15 com
posed principally of dehcate longitudmall ged collag fibnls
In the lower half of the follicle around the tall columnar basal cells
of the outer sheath 1s a second mmer layer This 1s a tangled skemn of
fibnls wound honzontally between the cytoplasmic processes of the
peripheral cells of the outer sheath The mixture of these Bbrls and
the cytoplasmic processes of the basal cells gves nise to the wregular
heterogeneous inner lamma The fibnls stan a bnlhant red with the
penodie acid Schiff techmque and they stain metichromatically (Mon
tagna 1956) Fibnls are more prominent around the region of the
outer sheath m which the basal cells are particularly rich i meta
chromatically staming grinules This close relation between the meta
chromatic granules and the fibnllar lamina suggests that these fibnls
may be derived from the metachromatically staming granules (Cooper
1930)

The skem of fibnls m the inner layer becomes extremely thick during
early catrgen but the outer layer remuns unchanged The hyper
trophied inner Jayer forms a wnokled sac around the degenerting
lower part of the follicle during catagen At telogen the hypertrophied
glassy membrne around the degencrating lower half of the follicle
becomes fragmented and 1s resorbed Resting haw follcles are sur
rounded only by a thin hyaline membrane which corresponds to the
outer lamma

G The Connective Tissue Sheath

The connective tissue sheath 15 composed of an inner layer with
fibers arranged circularly and a thicher outer Inyer with longitudinal
Ewees Both Tayers are composed of coifigenous fibers a few elashe
bbers and fbrobl neither layer al ds 1n cells but more may be
found sn the outer one

The blood vessels of the follicle to be deseribed later are embedded
tn the connective trssue sheath Plevuses of capillanes are found mostly
i the mnner layer the straight parallel arterioles in the outer layer
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The morphology of the connectne tissue sheath chinges together
with that of the follicle dunng actaty 1nd quiescence In early catagen
the connective tissue sheith becomes wrnkled 1nd the mner Iuer 1s
enormoush thickened 1In Ite catigen when the lower half of the
follicle degencrates and the basc of the follicle withdraws withm the
dermis the connectne tissue sheath becomes ecessnely folded nd
wrmnkled (Fig §) At the completion of catagen quiescent follicles
are less than half their former length and the connectise tissue sheath
tround them 1s not ensply delneated The tlickened connectine tissue
sheath becomes frigmented and 1s resorbed lewing only a wispy tral
n the are1 vacated by the follicle

The connectine tissue sheath 15 continuous with the thin Inyer of
areolir tissue that surrounds the sebiceous glands and with the
papillary layer of the dermus It 1s greatly attepuated around the bulb
and its fibers are arrnged most longitudmally At the bise of the
follicle 1t 15 attached to the dermal papilla by a stalk  The connectne
tissue sheath then the papillary layer of the dermis and the dermal
ppilla comprise 1 continuous umt of tissue

H  The Dermal Papilla

The term dermal pipillh should be used to designate only the con
nechve tissue element which 15 enclosed by the bulb of the follicle
during anagen and which forms 1 compaet ball of dermal cells under
neath the “hur germ during telogen  The dermal pyplia 15 attached
to the connective tissue sheath by a basal stalk It 1s richly saseuhnzed
1 large hair follicles less so i smaller ones ind not 1t 4l in the follicles
of Inugo hars

The papilla 1s pomted at 1its summut (Fig 3) In the follcles of
pilt multigemn the papillh 15 spht nto two or more parts rnging
from one paptlly with two apices to completels separited pipillae

In a growmng follicle the papilla 15 volummous and the cells are fir
apart The nucler are large and ovoid and stun 1 pale color The
cytoplism wlhich s vicuolated stamns hightly with bisic dyes Between
the cells 1s the hyaline ground substance nd 1 loose argsrophalic frime
work In the resting follicle the dermal paptila 1s 2 fluttened compact
ball of cells with dense round nuclu wnd bareh visible cvtoplism
Some prgment grwmules myy be scittered between the cells It 15
generally believed thit duning catagen there 1s 2 reduction m the number
of papill cells and that i early anagen the cells dnade and increise m
pumber (Wolbach 1951) Howeser degencritwon of papillt cells 1s
rare and cells remun mtact even fter \ urridntion (Montagna wd
Chase 1936) The occisional mitotic figures found 1 the paprhe of
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human hair follicles usually prove to be m the nucler of endothelal
cells The number of papilla cells remains constant, and what changes
do occur are mostly due to fluctuations 1n the number of endothehal
cells, to the changes 1n the size of its cells, and to the changes in the
wtercellular substances Dunng the growth of hair the dermal papilla
stans metachromatically, 1s penodic acid-Schuff reactive, and contams
some alkaline phosphatase Dunng periods of follicular quescence
these properties are lacking The details of these changes wall be de-
senbed - subsequent chapters

IV Growm AND DIFFERENTIATION

Growth of hair 1s achieved by the proliferation of cells 1n the matrx
and by their mcrease m volume as they move up mto the upper bulb
The over all archutecture of the follicle may play some role m the
dynamics of growth The mass of cells m the bulb 1s funneled through
a relatively narrow neck, mamtaming the rate of growth of the hair with
greater ease than if the matnix and upper bulb were of the same diameter
as the hair  The cells may be under pressure as they pass through the
neck of the bulb, and there must be a constraining mechanism to funnel
them upward and to keep them from expanding laterally Henle’s layer
of the mner sheath, the first ngid part of the funnel, becomes keratmized
precociously just above the cntical level The outer sheath, the vitreous
membrane, and the connective tissue sheath give the funnel resiliency
and firmness The cells outline patterns of shearing lines as they move
up from the matrix, but these physical factors may be fortuitous The
reconstructed models show that the back and the scalp contam true
compound follicles, in which several hairs, each produced by a separate
follicle, share a common orifice to the outside Multiple berd hairs are
occasionally produced by a single follicle, these hawrs may range from
single ones with a doubled medulla, to cony or pletely sep
hairs (Giovannim, 1907, 1908, 1909, 1910)  When such pili mulhgermm
oceur, there 1s a corresponding duplication of the dermal papilla of the
follicle (Pinkus, 1951) Such close correspondence between the sub
diisions of the papilla and the number of hairs formed m a single
follicle focuses attention on the dermal papilla as the mductine agent
Each lobe of the papilla n such follicles induces hair formation from
% WmrRn TRAT on (S own aceord, with exds Yrur surrounded by its
own mner sheath, but with all the hurs sharing the same outer sheath
This also points out the fact that the matrix gwves rise only to the hair
and the mner sheath, the outer sheath s self propagating

At the completion of 1its growth cycle, a follicle forms a club hair
above the bulb, and the bulb lugely degenerates At the omset of
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catagen, mutotic achvity in the matny stops The hair root becomes
clavate with numerous keratinized fibers radiating from 1t The club
becomes surrounded by a capsule of partially keratinized cells, around
which 15 a vanably thick epithelal sac of indifferent eprdermal cells
Below the epithelial sac, m place of the bulb 1s a strand of undifferen
tiated cells Most of the cells 1n the center of the strand degenerate,
and the follicle becomes shorter Scattered among the cells of the
strand and the epithelial sac are a few remunmg pigment cells The
matrix has degenerated and the dermal papilla 1s free, but remams 1
contact with the base of the epidermal strand (Fig 8) At the begnning
of catagen, the connective tissue sheath around the lower part of the
follicle and the 1nner layer of the glassy membrane become very thick
When the strand 1s formed, the connective hissue sheath hangs loosely
around it The retreat of the follicle upward seems to be brought about
by the orderly progressive degeneration of cells both in the epithelial
sac around the club hair and m the epidermal strand beneath it The
cord of cells and the lower layer of the epithelial sac compnise the hair
germ

The cycles of growth of each follicle consist of the building up and
tearing down of the structure After a penod of rest, the follicle s
built anew from raw matenals, and each hair follicle goes through the
dentical processes The process of degeneration that takes place m
catagen follows a profoundly orderly pattern If such degeneration
were brought about only by impaired nutrition, the cells would die alt
at once (Gluchsmann, 1951) This 1s retrograde morphogenetic trans-
formation and not degeneration 1n the usual sense

The cycles of growth and rest, as well as the rate of growth of har,
vary 1n different follicles and m different regions of the body In man,
cach follicle has 1ts own cycles of growth, more or less mndependent of
neighbonng ones With minor differences attributable to age, sex, and
particular region, hair grows approximately 035 mm per day (Myers
and Hamulton, 1951) The q pertods of individual follicles may
be very short, as i those of the scalp, the beard, and the axlla, or very
long, as m those of the general body surface

When the club hairs are pluched, new haws begin to grow at once,
chipping and shaving have no cffect on growth The bme required for
human follicles to regrow hairs vartes from 147 days for the haus of the
scalp to 61 days for those of the eyebrows (Myers and Hamilton 1951}
Substantial information about this, however, 1s lacking  When a growing
hair 1s plucked from the sealp, nearly all of the lower half of the folhcle
15 pulled out with 1t The recovery penod of such follicles 15 necessanly

very long
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The Histochemistry of the Hair Follicle
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1 IntrODUCTION

The aim of histochemstry 15 to demonstrate certun compounds 1n
cells and tissues and to armve at conclusions about functional phe
nomena Histochemistry has developed rapidly mn the last few years
This becomes obvious when we consider the recent increase in the
number of hustochermeal mvestigations dealing with the skm of ammals
and min Montagna did great service when he clearly summanzed our

ledge of the k h ry of normal shin m lus monograph on
“The Structure and Function of Shin (1956) In this chapter we shall
discuss biefly the results obtamed with histochemical mvestigations of
the hr follicle It will not be possible to discuss mdvadual methods

65
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Il Histotopocrarny oF INORCANIC SUBSTANCES

When microinemnerated, hair follicles are found to be rich 1n muneral
ash The nucler of the hair cuticle contan abundant calerum, but the
hair does not (Gans and Pakheser, 1924) The hair follicle 15 cx-
ceptionally nich 1n | and fiu calcrum phos-
phate, and sulfate groups {Cornbleet, 1941, Herrmann, 1932) Un
fortunately, except for iron, a precise localization and recogmtion of
muneral ashes i tssues 15 very difficult and not reliable (Montagna,
1956)

Zine 1s localized 1n the outer root sheath of hair follicles, but not 1n
the 1nner root sheath and the cuticle The outer root sheath m har
follicles of the gunea pig has large quantities of zinc (Braun-Faleo
and Rathjens, 1956a) In zinc nsufficiencies n the rat and m the pig,
the hair follicles atrophy (Follis et al, 1941, Kemkamp and Ferrm,
1953) In psonasis, the epidermis contains comparatively small amounts
of zmne, but the hur follicles are normal (Braun-Falco and Rathjens,
1956b)

It would be of great interest to demonstrate copper in hair follicles,
since 1t plays an important catalytic role m the formation of disulfide
bonds (Rothman, 1954, 1955), but nerther the techmique of Mallory and
Parker (1939) nor that of Okamoto and Utamura (1938) are sensitive
enough to reveal 1t

HI  HistotoPOGRAPHY OF CARROHYDRATES
A Glycogen

The outer root sheath of active hair follicles 1s laden with glycogen
(Fig 1), and the greatest concentration 1s found 1n the middle third
(Sasakawa, 1921, Montagna, 1956) where the cells are so full of 1t that
they appear to contain large vacuoles i ordmary lustological prepara-
tions The upper and lower thirds of the outer root sheath contamn Jess
glycogen The cells of the inner root sheath are practically free of it even
before they become keratintzed n the bulb, this 1s perlps related to the
precocious keratinization of these cells The cells of the cuticle of the
w o+ mmbee o1 wennon sl alnoa ke te Th, plycogen decreases and
rrogresses The cells of the
the cortex, and, as i the
cortex, 1t disappears as the cells become keratmized The matrix cells 1

the bulb are always free of glycogen
The content of glycogen changes during the hair cycle (Shipman
¢t al, 1955) In the mouse glycogen begins to increase n amagen nr
and reaches a maumum between anagens V and VI and disappears
abruptly m catagen The cells of resting follicles 1n the mouse s}m\\:;m
glycogen but those of man still contamn some (Montagna et al, 1952)
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The dermal papilla contams no glycogen During ctagen, or after
x irradiation, large amounts of 1t can be found 1n the papilla cells and m
the ground substance (Montagna and Chase, 1936) The papllla 15 nch
wm pertodic acid Schiff (PAS)-positive 1 that 1s tod
(Fig 2), this substance, 1n contrast to the acid mucopolys:\cchandes
and to alkaline phosphatase, does not disappear from the papilla of
restng follicles

Tie 1 A Pranwerse scetion through o buman haw follicde showing much
glyeogen in the cells of the outer root sheath B Sume follicle as 1 A with the
ehcogen removed by sahva digestion (Courtesy of De W \Montaga )
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Mitotieally actwe eells or Reratiuzing cells 1re always free of gly-
cogen (Montigna 1956) The eells of the basal hyer of nommal sk
epidermis contun no glycogen those of the outer Iyers of squimous cell
caraimomas are also free of glycogen but the less mitoticallv actne cells
toward the center of tumors contun great quantities of it (Brn Falco
1934) Glycogen mn the celis of the outer root sheath mav indicate that
these are practically mert during har growth

e -

- -,
Fic 2 Strong PAS reaction m the connective tissue sheth and dermal papilla

of a harr follicle from the scalp (Courtesy of Dr W \lontagna )

Glycogen m hur follicles m distnbuted nversely to the rate of
heratmzation when keratmization begins 1n cells glycogen disappews
Montagna (1958) ssumes that the glycogen i the outcr root sheath is
the source of energy for protem synthesis during hur growth but this
assumption 1s premature

B Acid Mucopolysaccharides

Metachromatic staimng often masked by the intense bisophilta of
the cells of hair follicles oceurs mostly 1 the peripheral cell Inyers of
the outer root sheath which are also rich m glycogen The cells of
the hair bulb at the border of the dermal papilla also show intense
metichromasin  The dermal papillx 15 strongly metichromatic m grow
mg hair follicles but orthochromatic 1n quiescent ones The sime m
teral also 1s strongh positne with Aleiin blue or Hales reaction Based
on enzymologieal tests Montigna et al (1951b 1952) suggest that this
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metachromatic matenial 15 a sulfate-contmiming  mucopolysacchande,
probably chondroitin sulfate B Sylvén (1950} believes that acid muco-
polysaccharides play a role m supplying sulfur for heratimzation and that
they are labile sulfur-contaming substances He also believes that these
substances are denived from the dermal papilly, which 1n growing hair
folheles shows strong metachromisia (Montagna et al, 1951a, Sylvén,
1950) The connective tissue sheath of hair follicles stams meta-
chromatically The glassy membrane 1s strongly PAS positive and be-
haves Iustochemically Lke the PAS reactne subepidermal basement
membrane (Braun Falco, 1933)

IV Tue HistororoGraPHY OF LIpips

Few have mvestigated histochemically the lipids m hawr follicles
The cells of harr follicles contun only traces of sudanophilic lipids
(Nicolau, 1911) ‘The outer root sheath 1s said to contain phosphatides
and cholesterol, and the mnner root sheath cholesterol, glycerol esters,
soaps of fatty acids, and glycerol Montagnt et al (195la) found
sudanophihic granules with an eccentric, sudanophobe vacuole 1 all of
the nonkeratimzed cells of acte har folhcles located permuclearly
and bunched 1n the upper pole of the nucleus Kretbich (1922) also
observed p lear fat granules often d 10 a chamlike fashion
m the region of the Golg bodies m eprdermal cells The nodules of
Bizzozero 1 the cells of the outer root sheath are weakly sudanophilic
(Dupré, 1952) The cells of the pilary canal, beginning at the level of
the sebaceous glands, have sudanophil granules that pond to the
Golgt apparatus (Montagna, 1950) or Lipochondna (Baker, 1950)

Discrete ipid granules are found i the cells of the presumptive
tner root sheath 1n the upper portion of the bulb, these disappear when
tnchohyalin forms 1n these cells (Montagna, 1950, 1956) The frag
mented mner root sheath becomes strongly positive because it 1s 1m-
pregnated with sebum at the onfice of the sebiceous glands The nner
root sheath also 15 sudanophilic below the level of the onfice of the pilo
sebaceous canals The keratimzed cortex and the medulla of hairs are
relatiyely free from Lipids The papilla cells contam only traces of lipids
With Nile blue sulfate, the entire hyahnized snner root sheath stamns
blue, the sebum which contawns neutral fat, stams a rose pmh  The
blue rerction m the inner root sheath may mndicate the presence of acid
hpds With Baker's acid hematemn method, the mner root sheath and
the matnix cells are shown to contain much phospholipid  The amount
of these substances m the hur root d with the of
Reratinization ths 1s slow er m the cells of the medulla than m those of
the cortex The distibution of these liprds demonstrates that the lipids
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are an intrinsic part of the cells and that phospholipids scem to play an
mmportant role in the formation of hur keratin and mmer root sheath
trichohyalin

In resting hur follicles nearly all of the cells of the epithelal sac
contun small sudanophilic grinules but the cells of the hair germ and
those of the papillt possess none (Montagna 1956)

Great amounts of plasmal cin be demonstrated n human har fol
licles with the method of Feulgen and Voit (1924) An mtense puk
stam marmly 1 the cells of the outer root sheath 1s strongest in the
peripheral cells This 15 1n agreement with findings 1n the epidermis
where the lower cell layers of
but the cells i the upper Inyer
lso can be shown mn the cells ot the har matny  1he nyatmzed et
root sheath and the heratimzed medulla are free of plasmal

V' Asno Acios aND ProtrinNg
The available histochemical methods for the demonstration of pro
tems are relatively crude The demonstration of simple protems 15
possible only 1n a imited w1y For the study of ammo cids the Millon
reaction and the tetrazomum method of Dansell (1947) are used for
tyrosme the techmque of Sakaguchi (1950) for arginine (Steigleder
1957) that of Wielind nd Biver (1955) for tryptophan none of these
methods give convineing results  The inner root sheath 15 rich m argy
mne The medullr of the hur contuns greater quantities of tyrosine than
any other part of the follicle (Groud et al 1934 Stoves 1933) Har
keratin contans tryptophan The alloxan and minhydrin Schiff reaction
of Burstone (1955) shows only the free alpha amino acids and not
those bound m dipeptide chans  In the active human harr follicle be
sides a weak cytoplasmic reaction 1 all of the cells there 1s n intense
positve reaction m the keratogenous zone which corresponds to the
region nich in sulthydry! groups  The keratogenous zone has great con
centration of free ammno acids probably 1s a result of protein syn
thesis connectcd with an wncrease of short chuned protens  The fully
formed hair 15 free of Iustochemueally demonstrable amino terds but
cells of the outer root sheath directly bordering the hyalnzed mner
root sheath abound 1n them
VI Susstances CONTAaIsiAG SuLtHYDRIL anp Disurtor Grours
Protein bound sulfhydryl groups are important 1n the production of
hair keratin (Giroud nd Bulllard 1933 1934 Giroud nd Leblond
1951) They are also necessary for the activity of many enzymes and
function 1s chemicil bonds betw een proteins and therr prosthetic groups
Several authors have mvestigated the distrbution of the thiol groups
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i the harr follicle Buffr (1904) found them in the haur bulb and
the root sheaths Raye (1924) found a strong positive —SH reaction
m the hair folhcle and 1 the haur root of the ox Walker (1925), and
Giroud and Bullnrd (1933) called attention to the mverse relationship
between mcreasing Leratimzation and the content of —SH groups Barr
nett (1953) found a uniform distribution of —SH groups n the outer
root sheath, in the cuticles of the hair, and the mner sheath, and less
of 1t in the mner root sheath in the rat The cells of the bulb also have a
moderate amount of —SH groups, and the dermal papilla has very hittle
of it In the heratimzing cortex of the hair, the reaction 1s progressively
more strongly positive, up to about one third of the hair shaft, compns
ng the keratogenous zone (Fig 3) Distal to the Leratogenous zone,
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no —SH groups are found A positive retction n the medulla extends
farther up 1n the hair than the heratogenous zone In the skin of the
mouse wnd guinea pig there 15 an increase of —SH groups mn the cells
of the outer root sheath during early 1nagen (Eisen et al, 1953) The
cortex of the fully heratimzed hair 1s negative but the cuticle remams
positive up to the level of the pilary canal The mner root sheath and
the medullt also contun —SH groups In catagen the brush of the
keratmizing hair club 1s rich in —SH groups while the outer and mner
root sheaths contain more —SH groups than dunng anagen

The distribution of —SH groups m human follicles 1s simular to that

Fic 4 A —SH reaction m the cells of the mner root sheath the tnichohyalin
granules are negatve B —SH reaction in the keratogenous zone The upper
part 15 strongly reactive reactive Fbrly can be seen mn the lower part of the
keratogenous zone (Courtesy of Dr W \lontagna )

of the mouse and guinen pig (Figs 3 and 4) (Montagna et al, 1954
Odland 1953 Foraker and Wingo, 1955) A strong positive reiction
1s found 1 the outer root sheath, 1 the mner root sheath, Henles layer
1s more mtensely positive than Huxleys layer Tnchohyalin 1s always
free of —SH groups, the mntercellular bradges and the nodules of Bizzo
zero are strongly positive, mdicating that the tonofibrils are the anlagen
of keratin  The reaction 1s particulirly strong in the keratogenous zone
of the hair root In the resting follicle the epithehal sac, contaning
the har club 15 weakly positve while the club itself shows streaks of
reaction There 15 a finely fibrous and mtensely positne zone between
the cells of the epithelnl sac and the keratmized hair club The har
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germ, which extends from the epithehal sac to the resting papilla, s
only weakly positive (Montagna, 1956).

The distribution of protemn-bound disulfide groups 1s sumilar to that of
the thiol groups, except that the keratimzed bair cortex 1s the most
strongly positive element (Montagna, 1956), the club m a resting fol-
Iele is weakly reactnve

VIL. Nucterc Acps
Abundant ribonucleic acid (RNA) 1s characteristic of those cells that

carry out appreciable protemn synthesis Deoxynibonucleic acid (DNA)
1s found only mn the nucleus Like that of RNA, the content of DNA

-

~ - . .

Fic 5 Distnbution of DVA in a growng follicle from the scalp (Courtesy of
Dr W \ontagna )

increases mn cells dunng division  An increase 1n DNA content appears
to be indirectly related to an increase 1 proten synthess The
nucleus 1s supposed to control the number of microsomes which, prob
ably by autoduphication, represent the agents responsible for protein
synthesis (Brachet, 1952)

ymik leic acid 1s with the Feulgen reaction
At the begmning of each hair cycle, most of the cells of active har
follicles have nucle: that are umformly strongly Feulgen reactive, but
the nucler of the mitotically active cells react the strongest (Fig 5)
With the beginming of L the d ting cells progres-
snvely lose therr stamabiity (Montagna, 1936, Hardy, 1952) Dunng
the early actwve stages, the nucler of the paplla cells are strongly positive
Tahng mto consideration that the DNA content 1s constant n a diploid

eoxyT il d
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cell (Mirsky and Ris, 1949, Schrader and Leuchtenberger, 1950), the
changes an the intensity of Feulgen reaction 1s ikely to be connected
with differences 1n the nuclear volume

In an active follicle the nucler of the undifferentiated cells of the
matrix possess the greatest quantity of RNA The differentating cells
of the hur cortex rctam strong concentrations of RNA up to the lower
part of the keratogenous zone, where active protemn synthesis ceases,
and RNA disappears abruptly Birefringence 1s increased here, andicat-
g an mcreasing onentation of submicroscopic aggregates of molecules,
and also an mcrease n protem-bound thiol groups The other parts
of the follicle have smaller amounts of RNA In the slowly heratizing
cells, some RNA can be scen up to the muddle third of the follicle In
the nner root sheath, RNA d and disapy with
hyalimzation In completely hyalinized snner root sheath, however,
there still 1s RNA demonstrable

The distribution of RNA 1n the hair follicle shows that this substance
15 closely hnked with the rates of protemn synthesis Ribonucleic acd
disappears from the cells of the bulb at the same pace that the forma
tion of protein fibnls mcreases m them, and 1s related to the keratmizing
activity of the hair follicle

VIII Tuc HiSTOTOPOGRAPIY OF ENZYMES

The aim of enzyme histochemustry 15 to obtain a topographic Jocaliza-
tion of enzymes 1n tissues Unfortunately, histochemical methods employ
unphysologically ligh concentrations of substrates In living tssues,
the amounts of enzymes present surpisses the necessary mmmum for
normal metabolism and 1s up to 600 times higher than 15 needed (Swe-
bert, 1956) and an mhibttion of about 99% would not necessanly affect
the rate ot metabolism Furthermore, the actual metabolsm may be
normal even m tissues where histochemcally only a weak enzymalic
activity can be demonstrated Consequently, the results of enzyme histo-
chemustry should be mterpreted with the greatest caution (Stebert,
1936)

A Phosphorylase

Most of the energy for metabolic synthesis and secretion 15 denved
from the physiologeal breakdown of carbohydrates, fats, and proteins
The intermediary carbohydrate metabolism comprises all enzymatie 1e-
actions that take part m the breakdown of glycogen through glucose
\nto carbon diovide and water The two hnown phases are anaerobic
glycolysis and the biological oxidation in the Krebs cycle Fat and pro-
tem are also oudized 1 the Krebs cycle after they have been sphit
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In contrast to b olgocal ouidation anaerobic glycolysis provides only a
small amount of the total phosphorus bound energy (Lardy 1949)
1

Since a sertes of of the e glycolysis have been
demonstrated 1n shin (Rothman 1954) there must be a glycolysis chain
although 1t 15 not yet posssible to d k; h lly each

step mn the react on In the last step for glycogen synthesis the reaction
gl cose 1 phosphate glycogen 15 reversibly catalyzed with the enzyme
phosphorylase  If the skin 1s incubated 1n glucose 1 phosphate with the
addition of such actwators as msuln muscle adenyhe acid and gly
cogen the tissue specific phosphorylase forms a polysacchande which
stains blae with Lugol s 10dine solutton (Takeuchs and huniaki s method
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1955) Such a polysaccharide 1s probably a chain polymer of amslose
type (Braun-Falco, 1956a) The unkeratimized cells of the har follicle,
particululy m the bulb, possess strong phosphorylase activity (Fig 61)
‘The cells of the outer root sheath (F1g 6b), particulurly in the mddle
and upper thirds of the follicle, and those of Henle’s laycr, are strongly
positive (Braun-Falco, 1956a) ANl lving epidermal cells, then, are
capable of synthesizing glycogen from glucose-1.phosphate It can be
assumed that an increase of glycogen synthesis in cells takes plice when
particular energy-demanding functrons are performed

B Aldolase

The enzyme, aldolse, catilyzes the reaction that sphits fructose 18
diphosphate mto glycerm ldehyde phosphate and oy phosphat
Although biochemical methods have demonstrated aldolase actvity m
the epidernis (Wust 1936) Sprer and Martin (1956) have not suc-
ceeded in demonstrating this enzyme m hur follicles with the techmque
of Allen and Bourne (1943) In pilot expeniments, we have demonstrated
this enzyme with an azo couphing techmque 1n the harr follicle, but these
mvcstlgahons are not yet completed

C  Sucaimie Dehydrogenase

Succame dehydrogenase, the most i estigated enzyme of the Krebs
eycle, 1s topographically related to the regions of cell growth and encrg)-
demanding, cell functions Colored mtracellular formazan crystals are
tormed from various tetrazolum compounds at the sites of sucomic
dehy drogenase activity

Enzyme activity has been observed in the hur follicle of the sheep,
mouse, rat, guinea pig rabbit, dog, and man (Formisano and Montagna,
1954, Braun-Faleo and Rathjens, 19541, Padykula, 1952, Montagna andl
Formisano, 1955a, Serri, 1955), and the distribution 15 similar in all
of these species Dunng the resting phase of the hair growth cyele l":c
follicles show httle enzyme actvity (Argyns, 1956 Padyhulh 195,
Formsano and Montagnn, 1934) In actne follicles the Inghest enzyme
achvity 15 1n the matrx of the hair bulb  The cells mn the vpper bulh
and m the dermal papilla also show enzyme actimity, actnaty decrenies
aud ceases m the keritogenous zone (Fig 7a)  The glycogen nch oufer
root sheath shows enzyme concentration, pirticularly 1n the upper p¥t
of the hair follicle Tl cells of the mner root sheath are weakly active
1 the bulb, while those n the hyalimzed portion are negatine
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D Cytochrome Oxidase

Rothman (1854) has deseribed n detail the biochemical importance
m the skin of cytochrome oudase, the yellow respiratory enzyme of
Warburg  Usmg the nadi indophenol blue techmque (Graff, 1949}, the
Iustochemical distribution of this enzyme corresponds to that of suceime
dehydrogenase The cells of the matrix are the most strongly posiive
The zeaction 15 positive also m the outer root shetth and m the hawr
bulb, while the more distal portions of the follicle are negative (Rogers,
1953)

E  Monoamino Oxidase

Harr follicles are only weakly posiive for moncammo owudase
(Shelley et al,, 1935) The special tash of this enzyme 1s not engaged m
the general metabolhsm

@ Oudases in melanin formation  The histotopography of the ox-
dases n melanin formation are discussed elsew here 1 this book by Fitz
patnch et al (Chapter 13)

F  Esterases

In this group of enzymes belong the esterases that act on inorganic
esters, 1 e, phosphomonoesterases, alhaline and acid phosphatases, and
the large groups of esterases that act on orgamc esters, 1, hpases,
cholinesterases, and others

1 Phosphatases

Phosphatases play an 1mportant role m the intermediary metabolsm
of carbohy drates and n the synthests and breakdown of nucleic acids
Trnnsphosphorylahon may occur mn the presence of adenylic acid sys-
tems under the action of alkalme phosphatases (Lang 1952) It 1s
remarkable that alkaline phosphatase 15 not present 1n all metabolically
active organs (Sprer and van Caneghem, 1957) This, however,
could be explaned by the fact that the Itberation of morganie phosphate
1s a subordinated phenomenon m vivo

For the demonstration of phosphatases, either the azo dye methods,
or the method of Gomon (1945) are used, the techmques, however
have different sensitvities {Moretts and Mescon, 19562, b)

@ Acl phosphatase The distnbution of this enzyme 1 hair fo)
Licles 15 somewhat complicated (Morett: and Mescon 19562, Spier and
Martin, 1936) Similar distnibution of acid phosphatase can be demon
strated with vanious methods using different substrates A positive re
action 15 obtained 1n the cells of the lower bulb, the proumal portion of
the medulla and the nner root sheath the mtensity of the reiction in
creases distally toward the hur (Figs 7b ¢,d) The outer root sheath
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2 Esterases Acting on Esters of Organic Acids

Two groups of enzymes, aliesterases, and cholinesterases belong to
this category (Gomon, 1939, 1945) The aliesterases are the simple, or
nonspecific esterases, which hydrolyze the esters of short-chamed fatty
acids with simple aleohols, and the lipases, which spht the esters of
long-chained fatty acids with glycenn Lipases are actwated with
sodmm twrocholate, whereas the simple esterases are mhbited by it
(Nachlas and Seligman, 1949a)

Nonspecific esterases can be demonstrated with the azo dye reaction
using a naphthylacetate or a-naphthylbutyrate as substrates (Nachlis
and Seligman, 1949b, Gomon 1945, Pearse, 1954a, b}, and also with the
indoxyl method (Barrnett and Seligman, 1951) The Tween method
demonstrates the hipases (Gomon, 1949)

The hair folhcles of rabbits and guinea pigs show only httle esterase
activity 1 compnson with those of the mouse, rat, cat, and prg (Mon
tagna and Formisano, 1955b) There 1s surprisingly httle nonspecific
esterase activity m the Leratogenous zone of hair follicles Enzyme
actwvity 15 strongest mn the lower half of the follicle and 15 confined
mainly to the outer root sheath There 1s greater enzyme activity m
the growing than m the quescent follicle

Human hair folhicles also show appreciable esterase actvity (Brun
Falco, 1956¢c, Findlay, 19551, Montagn1, 1956, Steigleder and Loffler,
1958) The outer root sheath 1s strongly positive, witle the activity 1
the mner root sheath, contrary to the assertion of Findlay \1955a) 18
weak The dermil papilla probably does not react at all The de
generating cells of the bulb are nch 1n esterases duning catagen (Mon
tagna, 1956), a situation corresponding also to that of the mouse (Argy
nis, 1956) In the resting phase, the outer root sheath shows only weak
activity, except for a few strongly positive cells in the epithelinl capsule
When eserme (2 X 10 M) 1s added to the indovyl acetate method the
esterases are not imhibited (Braun Falco, 1956h) This means that
cholinesterase 1s not a part of the reactive enzyme n the hur follicles
Since sodium taurocholate and eserine (104 M) partially inhibat the
indoxy] reaction 1n the follicle (Braun-Falco, 1936b), one should assume
that lipases as well as nonspecific esterases arc present in hair follicles
Steigleder (1956b) did not succeed i demonstrating Tipase follicles
with the Tween method of Gomon

Considering the distribution of esterases m normal shin, the nch
zone under the stratum corneum 1s compelling evidence of the relatron
of esterases to heratimzation 1 the epidermis It 1s surprising there
fore, not to find such a parallel m hair follicles
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3 Cholinesterase

The h pography of chol wse s di d by Montagna and
Ellis on page 224 of this book

G B Glucurondase

Beside hydrolyzing conjugated gl de B glucuronidase 1s prob
ably relted to cell prohiferation Its role m coupling estrogen wath
glucuronic acid 1s also important (Fishman et al 195¢) B Glucurom
dase catalyzes the breahdown of disacchindes to monosicchanides The
disiechandes anse from hyaluronie acid as spht products through the
action of hyaluromdase (Meyer et al 1951)

In human hur follcles f glucuromdise 1s concentrated m the hair
bulb enzymatic activity decretses m the Leratogenous zone There 15
also a strong rerction m the inner and outer root sheaths The keratin
1zed structures are all negative (Braun Falco 1956g)

We have only hypothetical knowledge of the biological activity of
f glucuronidase  The mereased activity n the upper portion of the
epidermus and in the mner root sheith indicite that this enzyme 1s
important 1n keratimzation

H Carbonic Anhydrase

Carbomic anhydrise catalyzes the reaction CO + HO — H COy
1t 15 particularly important 1n gas exchinge m the erythrocytes where
the hydration of incorporated molecular CO 15 greatly speeded up
Carbone anhydrase activity 1s responsible for the production of hydro
chloric acid in the cells of the gastnie glands i the kidney cirbome
anhydrise strongly mfluences the electralyte composition of the urme
In shin the greatest activity 1s found 1n the ducts of sweat glands
(Braun Falco and Rathjens 1955b) Hair follicles have a weak enzy
matic actiaty and ats sigmficance m hair growth 1s not known

I The Anunopeptidases

The breakdown of protens 1s parallel with synthesis In shin keratn
1s continuously synthesized and mtense peptidise activity would be
expected to be found in the keratogenous zone of hair follicles where
the important synthesizing processes tike place The histochemical
demonstration of protemise and peptidase actvity 1s relatvely difficult
but good results can be abtuned with the freeze drying techmque and
with frozen scctions (Briun Fileo 1956¢)

Surpnsingly amimopeptidise 1s not particululy heaily concentrated
mn the keratogenous zone (Braun Falco 1936c) a stronger actmty 1s
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found m the marginal zone of the outer root sheath and 1n the matrix
of the bulb In the upper two thirds of the follicle aminopeptidase
activity 15 hmted to the outer root sheath (Fig 8a) Because of the
solubility of azo dyes mn lipoids there 15 a diffuse, pmk coloration in the
hyalmzed inner root sheath this 15 an artifact The dermal papilla
shows 1 lttle enzymatic activity

The histotopography of ammnopeptidise indicates that this enzyme 15
not particularly mmportant n the process of keratmization This 1
understandable if we consider that the reversal of the hydrolytic effect
of peptidases 15 very unhkely on thermodynamical grounds and that

)
e
4

Fic 8 A Ammopeptdase activety n tle epidermus and in the outer root
sheath of hair foll cles (arrows) B Klair keratin stamed with the peracet ¢ acd
aldehyde fucl sin reaction showing a positive react on

the biosynthesis of peptides from ammo acids takes place with other
enzvmes utilizing phosphate energy (Hoffmann Ostenhof 1934)

This enzyme 15 present in normal eprdermes and hair follicle 1 an
ntubited state and 1s hberated only when damage occurs For instance
there 15 an mtense epidcrmal aminopeptidase activaty m the begnning
of vesicle formation 1n dermatitts and in pemphigus ( Braun Falco 1956c
1957) Amunopeptidase may play 1 role in the cxchange of materals be
tween the epithehum and the connective tissue

IX HisrocuensistRy oF Keratrn OF 1L Ham CoRTEX

Keratm 15 charactenzed by high concentrations of the basic ammno
acids argimne lysine and histidine and the sulfur containing amno
aerd cystme The wentificuton of formed keratn by ats resistance t0
trypsin and pepsin 1s of some salue (Pearse 1954b) The method of
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Burstone (1955) for demonstrating free ammo acids, particularly the
alloxan and nmhydnn Schuff technique, 15 not suitable for the demon-
stration of the fully keratimzed hair cortex, however, the reaction 1s
positive only mn the keratogenous zone, where the content of —SH
groups 1s very lugh, and where the mcorporation of radicactive cystine
15 the strongest (Bern, 1954, Bern et al, 1955) This seems to indicate
that the fully kerabimized hair cortex contuns only a small amount of free
ammo acid

The techmque of Sakaguchi (1850) for the demonstration of arginme,
modified by Warren and McManus (1951), 1s very speaific but not
of great value i differentiating between strong and weak positvity,
this techmque acts 1n a strong alkaline solution and affects the tissues
adversely (Pearse, 1954b)

The demonstration of tyrosine with the Millon reagent does not gie
convineing results Tyrosme 15 said to be more abundant m the medulla
than 1n the rest of the hur (Stoves, 1953) Wath the tetrazolim coupling
method {Dantelli, 1847), tyrosme 15 found mostly 1 the hair keratin,
because only small amounts of hishdine and tryptophan are present m
the harr (Block, 1939)

The methods for the of —5—§ g com-
pounds m hair are very useful, the method of Barrnett Sehgman (1954)
reaction gnves good results

Haur keratm 15 normally not basophilic when stamed with basic dyes
buffered to pH 4 or below Strong basophilia develops i the hair shaft
after 1t 15 treated wath penodic acid, potassum permanganate, and
chromic acid, this has been explamed to be due to sulfomic aads
(Dempsey et al, 1950) After oxidation with peracetic acid, or treat-
ment with 1 or neutral p permang; a strongly
acidic compound develops 1 the hair keratin, which takes basic dyes
even at pH 12 (Lallie et al, 1954, Lalle and Bangle, 1954) This 1s more
strongly resistnt to methylation as are the basophil substances m mast
cells and m cartilage It 1s Likely that the resulting metachromatic baso
philia 15 connected with the oudative spht of disulfide groups, with the
formation of cysteic aad The rest of the cystec acid 1s not free m the
oudized Leratm, but 1s bound m peptide chuns, and therefore does not
@ 2asly who shottom {Lilee o o, W04

Oudation of keratin with peracetic acid does not cause a sphtting
of peptide chams and the hiberation of carboxyl groups (Alexander et al,
1951)  After peptides are spht with such strong ouadizing agents as
Potassium permangannte, there 1s loss of —NH, groups and the libera-

tion of numerons carbovyl groups, which could fgve nse to meta-
chromatic staning
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Hair keratin 15 staned red with the Schiff reagent after previous
oudation with performic acid or peracetic actd (Pearse, 1951), or after
long oudation with acid KMnO, (Braun-Falco and Rathjens, 1954, b,
19554, b} The disulfide bonds 1n hair are said to undergo oudatine
sphtting with peracetie oudation, and the newly formed almne-1 sul
finie acids, representmg an mtermedary product m the cudation of
cystne to eystime acid, are reactive to the Schiff reagent Neither
acetylation nor previous bromination ifluence the results of the reaction
with performic acid or with the Sclnff reagent (Braun Falco and Rath-
Jens, 1954a, b) This indicates that neither a glyeol nor a amimno ilcohol
and other ethylenie groups could be responsible for a positive reaction
the hair keratin, and aldehydes do not play an 1mportant role i the
positive reaction (Findlay, 1955b) An unsaturated, insoluble complex
may be responsible for a positive peracetic-Schiff reaction n the har
keratin (Lillie and Bangle, 1954) A positne performic acid Schiff re
action m the hair heratm 1s bound to the presence of disulfide linkages
and not to the oudation products of —SH groups n tissues (Braun
Falco and Rathjens, 19541 b) A performe acid $chiff reaction 15 nega
twve m the stratum corneum, when —S—S— groups are first transformed
into —SH groups with thioglycohe acid If, before applymng the per
formic acid-Schiff reaction, the ~SH groups 1n the epidermis and hair
follicle are oxidized into —S—S— groups with potassium rodide they
are also positne The oudation products positive to the Schuff reaction
could be disulfoude and disulfone

The aldehyde-fuchsin reaction of Gomon (1950) 1s switable for the
demonstration of bair heratin that has been previously treated with
peracetic ad (Fig 8b) (Scott, 1933) or acid potissium permanganate
(Braun-Falco and Rathjens, 1954a, b, 19552 b) Besides heratin, chstic
fibers and mast cells are also stanable with this method, mdicating that
munly sulfur contaiming tissues react After previous sulfon ition, collagen
15 also positive with aldchvde fuchsin (¢f Braun Faleo, 1956d e) Pre
treatment with acetyltton, bronunation potassium 1odide, and thiogly-
colic acid does not influence a positne performic acid or potassium per-
manganate actd fuchsin reiction 1 the hur keratin (Braun Falco and
Rathjens 1954b) The performic or peracctic acid and KMnO,-Schiff
technique from a histochemic1l pomnt of view therefore cannot be com
pred with the performic or peracetic acid or KMnO, aldehyde fuchsin
method

Keratm of epidermis can be demonstratcd with the gram stam
(Ernst, 1896), and the positwe gram reiction mw depend on —SH
groups (Fischer 1953) The keratmn of hur and nails 1 negttnf Gram
negative wool keritin beeomes positive when treated with KOH and
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with reducing pounds The gram-positwity of epidermal keratins
can be abolished with a previous blochmg by monolodineacetate (Steig-
leder, 1856a) The blockmg of —SH groups and the conversion of
~S—S— groups into —SH groups results 1n a corresponding gram
staming

In summry, although a senes of techmques can be used to 1dentfy
keratin, and particularly har keratm, the majonty of these methods
are not absolutely specific

X Tue Histocuevussy oF TRICHOUYALIN

All three layers of the imer root sheath contun hyalme granules,
first descnibed by Vorner (1903), and called trichohyaln  These tahe
up basic dyes more quickly than acid stams and ave isotropic  Tricho-
hyalin 15 more fuchsinophil than keratohyalin  When first formed, tn-
chohyalm granules are relatively small but later they unite into luger,
round or rodlike, homogeneous structures The cells of the mer root
sheath finally become hyalinized and their nucler shrink and disappear
Duning this process, the cells do not decrease m volume, probably be-

cause they are already d with trichohyalin (Montagna, 1956)
Ribonucleic acid decreases m the cells of the mner root sheath as tr-
hohyal These granules can be d d well with the

pyndine extraction method of Baker Lipids disappear mn the cells when
trichohyalin granules appear Trichohyalin has been regarded by some
as an mtermediary product of heratimzation (Branca 1911, Marston
1946) Tt does not contzin DNA or RNA, glycogen or other polysac
chandes (Hardy, 1952) sulfhydryl or disulfide gronps (Montagna et al,
i854), and 1t seems to have no enzyme activity Simce the granules can
be digested with trypsin, they may partly consist of protens Tricho
hyalin'1s deeply staned after mcubation i dopa, pyrogallol, or adrenalin
(Lille, 1936) They are also stained with the polyphenolic dye gallo
cyammn after bemng exposed to 1t for 2 or 3 days, and with hem toxyIin
This reaction seems to require ovygen and 1s whibited by a stochio
metrical concentration of sodum sulfate or cystene, which seem to
compete for oxygen The polyphenol activity of tnchohyalin 15 inhubited
by formalin fixation but resists warm methanol chloroform fivation and
parafiin embedding

Al

Histocueucan Aspects o THE KFRATINIZATION OF THE Ham

Reratmizition of the hair cortex 1s a gradual process that 1s com
pleted 1n the upper portions of the hur root The formtion of the fully
Keratinized hair s o process that takes part m the entire length of the
Barr root (Mercer 1949) The most important transformation of the
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polypeptide chains by the change of —SH to ~S—S— bonds can be
demonstrated Mistochemucally The hugh —SH group content m the
fibnllar zone of the A o zone my nd that the folded
polypeptide chns straighten out, and Indden —SH groups appear
and disappear agamn as the formation of —S—S— groups mcreases
(Rothman, 1954). During Leratinogenesis there 15 also a new distnbu-
tron of amine acids, hur keratin 1s richer i sulfur than the protems i
the still viable cells Sylvén (1950) regards the metachromatic mtenal
1 the bulb cells of the growing follicle as the sulfur source for heratin
synthesis, but tlus 15 not easy to accept since large amounts of this
matenal are present in the outer root sheath, and there are pmchc'ﬂl)
none 1n the prekeratotic zone The localization of aminopeptidase also
indicates a particular state of metabohsm in the same zone There 1s a
hydroly tre sphit of amine acids simultaneously with heratimization, which
15 combined with a resynthesis of heratin (Rothman, 1954, 1955) The
small concentration of ahiphatic monoamine acids m keratin ndicates
that these are spht from protemn molecules, as there also occurs an ap-
parent ncrease of —SH contumng radicals (Sammartino, 1922} Many
free amino acids are recovered 1n cold aqueous extracts of hurs, but
there are no sulfur-contumng ones (Rothman, 1934) There 1s active
protem transformation 1n the keratogenous zone of the hair folhcle The
specific uptake of radio cystine 1n the heratogenous zone 1s also important
i this connection (Bern, 1954, Bern et al, 1955) The pathway of
radiocystine from the circulating blood into the keratogenous zone 1s not
yet known Beside the absorption through the haur bulb, one should also
constder the possitbility of the transport through the capillaries around
the follicle, the mucopelysacchandes in the bulb could also be a memns
of transport  The considerable uptake of $% in the follicle js also of 1m-
portance {Bostrom et al, 1953) Consequently, 1t also becames obvious
that cells m the keratogenous zone form keratin de nove Their nucles,
although mornbund, still contun DNA and RNA  Thus, these cells m1y
snll play an important role 1n protemn synthesis

In k tion, copper gly catalyzes as a coenzyme, the
oudative transformation of —SIH 1nto —S—S-—— bonds ( Rothman, 1954}

Basophilic stamng strongly decreases with mncreasing heratinization
(Odland, 1953), whercas basic dyes are tiken up in the fibrallation zone
at pH 4 and lugher, the fully kertimzed cortex does not stun below pH
7 The decrease mn basophihia 1s related to the disappeirance of acid
groups, as they build salt brdges between monobasic and dicarboxylre
amno acids such as glutamime acrd and lysme  These bridges break
when the keratin swells in weak acids or alkalies (Rothman, 1954 1935)

The uptake of acid dyes 15 practically the same iz the vanous zones
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of keratimzation The fbrllar structures m the Leratogenous zone
howeser, take up the dyes at pH 3 to 7 The exrhest microscopically
demonstrable fibers then are already sumilar to the hard cortex in their
electrochemical nature, and the tonofibnls probably can be regarded s
the precursors of keratinized structures

All physiological breakdown of nucler 1s mduced by an enzyme de
polymenzng DNA and there 1s increased DNA depolymerase content
mn the heratogenous zone (Spier and van Caneghem 1957) at the same
time that the Feulgen reaction becomes negative There 1s an ntense
concentration of acid phosphatases 1n the prekeratotic zone where the
physiological breakdown of the nucler takes place A small concentra
tion of 5-nucleotidase 1s present in the keratogenous zone (Spier and
Martin 19368) In the inner root sheath where less heratinization takes
place the loss of nucler proceeds more slowly and RNA can be demon
strated 1n the hyalimzed portions of the root sheiwth Histochemcally
we do not know the fate of the free breakdown products of the nucleo
protemns hecause purine cinnot be demonstrated Aqueous extracts of
hair contain pentoses uric actd and other purmes 1n great quantity these
are certainly hberated from the nuclei as by products duning heratiniza
tion (Bolliger 1951) The liberated purine transforms completely nto
uric actd  The high concentration of free amino actds m the hair may
dicate that the histone of RNA also breaks down

‘The findings discussed here show that 1t is possible to throw some
Lght on the comphicated process of hair growth with histochermieal
methods We are at the begmning of these mvestigations and there
are sml great dlﬁicu]ncs mn methods These methods provide a valuible

gical morphol 1 findings Only 2 mehculous
imcsugatmn :md an contact b der 1 bio
chemistry and p logy and 1 h ry and bioph ¢ bring

real progress to our know ledge
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1 InTopUCTION

Electron microscopy has become an indispensable adjunct to cytol
og) When 1ts findings are combmed with those of classic histology
and histochemistry, a complete picture of the structural elements of
tissues and cells becomes possible, which must surely carry us a great
Way toward understanding their function Few organs lend themselves
better to this ntegrated approach than shin and har  They are ssmple
In structure and function relative to, let us say, hver or bran, and,
manly for econom:e retsons, have come 1n for a fair share of hrologreal
and physicochemical study yrelding a vast amount of data to be cor-
related with fine structure

The first step of the electron microscopist 1s to identfy already
farmbar by his 35 10 2 manner mmediately
comprrable with light microscopy Now that the method of prepanng
thin sections of biological matenal for use m the new instrument has
been perfected, thus step offers no particulr difficulty Low magmfica-
tion electron micrographs of sections may be directly compared with
the light micrographs of the same sections and thew common features
identitied When components have already been analyzed Tsto

——
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chemically, this wformatton may be directly read mto the electron
micrograph

To obtamn sections for most forms of microseopy, the materal must
be fixed and cmbedded There are by now well-established standard
techmques m electron microscopy (Palade, 1952, Rhodin, 1954, Ross
1956) but, 1n our hands and in those of others, these procedures often
gave poor results with keratmized tissues  Fuation atself may not be
satistactory, apparently because the derms and stratum corneum are not
easily penetrated by the fixative Fration of follicles 15 good, how-
ever, when these are pluched out of the skin and immedsately immersed
i the standard buffered osmum fixative (Palade, 1952) Keratimzed
shin remains difficult, but farr results have been obtamed by placing a
drop of fixatnc on the shin and immediately making a number of vertt-
cal cuts before the fragment ss sheed off Embedding leads to other
defects When methacrylates are used as the embedding substance, as
1s almost umversal, the specimen may swell and actually fragment dur-
ing polymenization Thes type of damage (“explosion”) 1s due to uneven
polymerization, a local catalytic effect of the tissue, and canses low
molecular weight monomers to enter and swell the pnlymcr-xmpregmted
tissue We have overcome this trouble by abandonmg methacrylates
m favor of an epoxide resm {Glauvert et af, 1936}

Certamn types of problems are more surtable for electron microscopy
than others Some are hest solved by low magmfications and a view of
many cells, others require the utmost resolution avarlable Among the
latter are the fine scale cvtological aspects of growth, differentiation,
and synthests The fanuly of epidermal cells poses several such prob
lems and the lustology of the tissucs 1s favorable for their solutton
There are numerous specralizations with a correspondmg vaniety m
differenttation and 1n each mstance, the hie historv of the cells, from
dwvision to disintegration, 1s recorded 1n a linear sequence which may be
read off 1 a single section

The synthetic repertowre of the epidermis has become hmited during
development, but 1s sufficrently vaned i that 1t includes several hinds
of keratin, heratohyvahn (trichohyvalm), mucns hpids, and a number of
other mtenals produced in smifl amounts  Rudall has recently sum-
marzed some of the problems met with here (1958) The type of
matenal which a particulir cell produces in quantity depends upon the
situation n which 1t finds itself, and the contral scems to be effected
largely by hormonelike compounds i the food supply  Electron micros-
«<copy might be expected to enlirge our knowledge of the euly fine
structural changes accompanving drffercntrition and to reveal 1 greater
detail the steps by which the syntheses are ellected
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Epidermal cells retun the products of their synthetic activities within
therr confines and seem to “choke themselves to death”™ Montagna
(1956) has i fact likened the whole cutaneous system to a huge holo
crme glind muntaned by constant proliferaion  No stabilized perma
nent fabric of fixed secreting cells 1s produced s m apocrme and ept
erine glands and this 1s reflected s we shall see 1 certam aspects of
therr mtracellular fine structure

There are some keratins which seem exceptional m bemng extra
cellular In some birds the gizzard 15s ned with a horny, secreted cuticle
satd to be keratin Also brrd and reptile eggs have membranes with a
fibrous Leratmous component secreted by certain oviduct cells While
these cells have not yet been examined egg shell membrane keratin
his proved to be composed of fibers quite different mn appearance from
ntracellular Leratin

The discussion that follows will be of a comparative character being
based mamly on a study of the germmal tissues of sk har and
feathers There 1s not a large hterature deahng with the electron
microscopy of these tissues which needs reviewing here The first 2t
tempts yielded meager results Vore recently Porter (1956) and Selby
(1955) have gven excellent accounts of certam aspects of the basal
Layers and the adjwent dermts Our work on the harr follicle has just
appetred {Birbeck and Mercer 1957)

Il Tue Basar LAYER Certs anp THE DERvAL EPIDERMAL JUNCTION

Beneth a heratinized epidermal fissue we can always distinguish
a dermal epidermal junction a boundary which separates 1 commu
mity of cells whose charictenstic product 1s the extracellular fbrous
protein colligen from another more closely kmit commumty the ep:
dermis producing typically heratin Here one finds in each nstence
germunal cells attached to the dermal epidermal junction and cell
streams moving outward from the junction exhibiting an orderly se
quence of differentintion

The cells of the basal layer wre usually columnar and appear to be
attached at one end to the dermnl eprdermil membrane  The situation
1s essentially the same 1n shin hair and feathers (Figs 1 2 and 3)
The dermal epidermnl junction to the electron microscopist consists
of a stri )| € Ilular membrane (m) distinet and
separated from the plasma membranes of the basal cells which are
fastened to 1t by a cementing Iner of poor electron scattering power
(Porter 1956 Selby 1955 Ottoson ef @l 1953) In shin numerous fine
extracellulir strted fibnls (CF) are closelv pphed to the membrane
on the dermal sule (Porter 1956 Weiss and Ferns 1954) It s a matter
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of defimhion whether part of this fibnllr lyer 15 included m a “brse
ment membrane Porters pictures of the skin of 2 newt lany (Porter
1956) guve a more definite impression of 1 discrete well attached Ebrous
layer than one finds m mammahian shin In the hur and feather follicles
the basal Iyers abut on 1 ppilla contunmg blood vessels with ther
associated membranes and 1 vanety of cell types

The basal cells themselses hnve very simihr charactenstics m all
epidermal tissues  Although fistened to the basal membrane they show
httle attachment to each other and great surfice aetivaty mamfested by
many fine fingerlhe projections (Selby, 1955) Their cytoplism 1s
densely populated wuth fine dense granules of the type wlich Pihde
(1955) has gnen rewsons to regard as “nbonucleoprotemn”™ particles
(RNP) Neither 2t this level nor farther from the basal layer are these
particles associated wath a system of membranes to form an endoplsmic
reticulum This situation—large numbers of free RNP particles (strong

phika) and an ab of a reticul e take to be a fetture
of well differentinted cells which have 1 great potentrihty for protem
synthests but no machmnery for secretion The epidermal cells are
capable only of 1 single burst of synthetic activity which fills their con
fines and brings their Life to an end Undilferentinted embryonic cells
also have many free RNP particles but m this case cell dmvision ac-
compantes synthesis wiuch 1s not yet speciahized toward the mass pro
duction of single products

III  Cerr MEMBRANCS AND DIFFERENTIATION

An mnportant structure not directly visible i the light mrcroscope
but which 1s readily visible in the electron microscope 1s the cell mem
brane or plasma membrane A striking fenture of the basal cells and of
the cells lying mmmediately 1bove them 1s their very comvoluted plism1
membranes wnd hmted arets of close contact Vie take these features
to be evideace of poor 1atercellufir adhesion 1ad of 1 related mobilty
of the unattached membrines It miy scem 1 matter of logie as well
1s observation that if cells are to move grow and dnide they must
have a measure of independence On the other hand as umts of 1
stabilized cellular community they must stick together This 1s m fict
what we observe Unstabiized Iree cells huwe irregulir convolnted
surfices The common form of contict m an established tissue 15 1
broad smooth are1 of membranes separated by a rather constant spicing
of the order of 100-200 A which appears to be muntamed by an inter
cellulir cement of JTow density

The epidermis offers us an admrible opportunity to obsenve the
estabhishment of 1 tissue smee the whole story from divsion to dead
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Fic 1 Vertical section through the thick skin of a rat’s paw showmng the
dermal-eprdermal junction and the basal layer cells Longtudinal and cross sections
of collagen fbrils (CF) appear in the dermas on the lower right the thick membrane
of the junction appears at m N, nucles P, groups of RNP particles, \I, mito
chondnia At F small bundles of heratin fibrils (tonofibnls) can be seen Notice the
wregular membranes of the Malpighian cells at G Cell contacts appear at T
Inser  An enlargement of a portion of Fig 1 showmg the detail of the basal
membrie (m) Matenal fived i buffered osmum tetrouide and embedded n an
epoude resin
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and hardened tissue 1s preserved at one time  The hair root yields per-
haps the most information, since as many as six cell streams form from
the same germinal matrix, each with a distinetly different course of dif
ferentiation, shown by the time of appenrance and type of intracellular
product

While the causes of these events remain obscure, we have been able
to observe some differences 1 the way in which the cells m the several
streams settle down and estabhsh neighborly relations ({Birbech and
Mercer, 1956) The presumptive cuticle cells lead the way i these
changes, followed closely by the cells of the inner root sheath Contacts
m the germinal matnx are not conspicuous and are himited to small local
patches (Fig 4), but the cuticle cells soon become recognizable by
tenson of a thickening of therr membranes and an merease n the area
of close cell contict It 15 as if the cell surfaces were becoming sticky
and, mn a zipperlihe fashion, were effacing the intercellular gaps by the
spreading of the area of contact (Figs 4 and 8) The membranes of
the cells of the inner root sheath also become closely opposed but re
maun less conspicuous than those of the cuticle In contrast, the pre
sumptive cortieal cells retain their surfice actvity, contact 1s Jocal with
many intercellular gaps which are occupied by the processes of the
mefanocytes if the hair 1s pigmented The talang up of pigment by the
cortex may thus be seen as a consequence of contmued membrane
activity (Bicbech and Mercer, 1956)

While these changes may be seen as early events n the progress of
differentiation, they are not pnmary and we are still faced with the
problem of why the cuticle leads the way Perhaps its posihon relative
to the outer root sheath and the dermal layers 15 crucal, but we e
offer no electron micoscopie evidence beaning on the pont

The early cell contacts are charactenzed by a spacing between the
plsma membranes of the order of 150-200 A (Fig 4) This type of

Tic 2 Section through germnil layer of humtn hair follicles showing the
prpliany membrane and severtl germmal cclls In the papillt (Pap) may be seen
vanous cells and membranes denved from the dermis A matochondron T cell
contacts m membranes  \Matcrual fived i bnflarcd osmm tetroude and embedded
in an ¢povde rsin

Fic 3 The germmnal layer of the feather The papila (11p) contuns numerous
celfs not belontang to the keratin forming systum which is separated from them
by the membrane (m)  Notice the hiek of <o)l wdhesion and the scctions of small
mendopods between the Malpightin cells () N mudars Pogroup af RAP

Prtides Matertal fised fn buffered oomium tetsonde and cmbedded in an epovide
restn



E U MERCTR




THE ELECTRON \IICROSCOPY OF RERATINIZED TISSUES 95

spating 1s found m Tmost tissues and mught be referred to as normal
Hugher s the hur follicle the intercellular gaps widen to sbout 400 A
with a further deposttion of matenial between the membranes In the
harr cuticle and i the sheath several mtercellulyr sheets myy be found
(Figs 6 and 7} {Burbech and Mercer, 1956} The niture and fanction
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Fic 8 Vaneues of cell membranes and contacts found m epidermal cells
A Convoluted unattached membranes s the basal layers B Localzed contacts
fourd partculady m shin outer vost sheath and fewher Choracterized by a
localired thuckenmmng of the b due to an Nular deposit and an
mtscellular deposit  Tofts of fhnls may be found evtending itracetlalarly from
these contacts € Cemented condstion normal m stabihzed bssues {spacmng
196-200 A} £ and £ Elabosations of uterceliular deposits (cements) found
| kesatoized lagers £ Proposed model of fibrovs keratn The fibrous com
Ponent o fliments {dameter abaut 80 A} 15 cemented together by an amorphous
tomponent ¥ contaimng more cystine than the Blaments

¥ie 4 Cell contact near muddle of haw folicle showing unattached convoluted
areas {L) and aress with demser plmi mewbranes nd wmtercelluler depossts
{eement} which have formed defmte cotacts (D) P group of RNP particles
Matenal fixed 1n buffered osmsum tetrpude and embedded w an epanide resin

i 5 Plate type contacts {T) hebween feather cells charictenzed by dense
membranes over huted aress, smtesceliular depostts cements and wathin the cells
2 gathenng of dense material  Such contacts abo occur m shin and the owter Yoot
sheath Stawmed with phosphotngstic acsd {PTA)

Fio § Cell routacts i cuticle cells of har heratn depostts appear at &
famorphous tr cutmle cells) The plsma membranes have opened o & distance
~ 400 & nd several sheets hase appeared between them  \Materal fred i buffered
emmium tetroxide and embedded 1 an epoude resn

¥ 7 Contacts betseen Henle layer cells of the hawr A single demso Jayer
oocurs midway in the cement umiteg the cells Matenal fived 1 boffered osouwzt
fetrouds and embedded 1n an epovde Tesin
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of these extra deposits 1s not known, but they may contribute tovard
stabihizing the membranes agamst keratmolyhic solvents (Mercer, 1953)
A comment may be added concerning “nodes” and “mtercellular
bridges” (Porter, 1956) These structures appear to be deduced from
the light microscopic 1images of the formatons, seen greater detal at
N Figs 1, 5, and 12 These are local contact patches, with thickened
membranes, backed by amorphous intracellular dep and
centers from which tufts of fibnls spreid out into the cytoplasm There
1 no continusty of the fibrls through the contact

IV Cerr SynThESIS

In the hair root we find several cell hnes which speaialize n the
production of different products in a state of comparative punty the
cortical cells produce fibrous keratin, the caticle cells a pecuhar form
of amorphous keratin, and the nner root sheath cells trichohyalmn, a
vanety of keratohyalin Al these cells hase sumlar cytoplasmic and
nuclear equipment to begin with an “actne” looking nucleus, with a
well-marked nucleolus and RNP particles immediately beneath the
nuclear membrane, a cytoplasm well-stoched with RNP particles, 2
variety of agranular vesicles (Golgi type), and a poor development of
endoplasmic reticulum  There seems nothing m this equipment which
we can seize upon to account for the different substances which soon
appear The only onigmal difference seems to Lie 1n their distance from
the papilla and outer root sheath, but how this varable operates 15
still speculative

A Tnchohyaln

The first product to appear 1s tncholyalin m the cells of Henle, the
outermost layer of the mner root sheath This substance appears as
small amorphous droplets, TR (Fig 9), without a retamng membrane,
which rapudly aggregate to form larger droplets At about the Jevdd
of the constriction of the follicle, at a pamt casilv recogmzed m the
hght mucroscope, particularly between crossed polarauds, the tricho-
hyalin droplets suddenly transform into a fibrous birefringent modtfica-
tion These cells can be pin ponted m the electron microscope and
S I

Fic 9 The pomt of transformion of the tuchohyilin droplts (TR) wto
fbrls (F) i the cells of Henle 1n the mner root sheath of the hur (PTA st uned)

Fic 10 Larly formitions of keritmn fibrils m the cortica) eclls of humn bras
At £ 15 scen a few indiidual Bliments, the irger masses (F) would be visthlu lr]l
the light microscope as fibrls Many R\NP particles are present () Matenal fised
10 buffered osmiwm tetrotide and cmbedded m methicryhte
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interesting photographs of this hung ntracellular transf

from the amorphous to fibrous form can be obtuned (Fig 9) The
fine fibnls, F, are seen to be moy g out 1 a drrection parallel to the
axss of the hair root from eich end of lenticular-shaped droplets Cross
secttons of the transformed trichohyalin are difficult to interpret They
could be erther sections of closely associated filaments or of crumpled
sheets The fibrous form 15 not drawn out of the droplets by cell ex
tension because the elongation 1s far greater than could be produced by
the lengthening of the cell A better evplmation would be that the
fibrous form 15 “crystalhzing out at the surfice of the droplets and
moving away as further erystallization occurs  The longstudinal onenta
tion 1s probably mitinted by the flow of the cell contents Unfortunatels
Dittle 1s Anown chemically of trichohyaln but it appears distinct from
the fibrous keratin of the cortex (Montigna, 1956, Rothman, 1954)

B Fibrous Keratin

Fibrous kerahn 1s first detectable in the cortex as wispy clumps of
fine filaments, a little above the widest portion of the bulb (f, ca 60~
100 A) (Fig 10) On first appearance these filaments are already
ortented parallel to the axis of the hair  The long mutochondri are also
onented Since the cells here are already elongated by therr movement
toward the follicular constriction, we may suspect agam thit the shght
shear of the cell contents due to flow 1s responsible for mtrting the
ornentation

As far as we can sec there is no precursor to the flaments of keratin
It may be present m too small quantities or be of too low molecular
weight for current microscopy In any case, there 1s 2 strking contrast
between the formation of the two fibrous products—keritin and tricho
hyaln (of Figs 9 and 10)

Fic 11 Cross section of humn hur follicle showmg the edge of three flat
tened euticle cells and portion of the mner root shexth Mid keratimzation Zone
At m are cell membranes of type shown in Fig 6 M of type i Fig 7 (ner root
sheath) The keratin forms dense lumps (R) picked agamnst the outer cell mem
brane m cach cuticle cell The rest of the cell 1s occuped by the cell apparatus
nucleus (not visible here) RAP particles (P) and vesicles (Golg) Alatenal fired
i buffered osmum tetroude wnd embedded 1n an epoxide resin

Fic 12 Portion of a cell forming fbnls of feather keratn {domestic chicken)
Ths eell 35 typreal of cclls formng brous keran  The nucleus (N) shows 2
nucleolus and a double membrane mutochondria appear 1t \[ A cell boundary
crosses the picture from the middle bottom to the top rght hand corner Two ce
contacts of type shown i Figs 5 and 8B appear at T Clumps of heratin Ebnbs
are seen at F P group of NP particles \Matertal fived i buffered osnuum tetroside
and embedded In an epoude resm
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In the mid and upper bulb the cortical cells also recene therr pig
ment from the melanocytes stationed a hittle below the tip of the papilla
This will be discussed 1 Chapter 12 of this volume

Synthesis 1s more delayed 1 the cuticle cells These cells are de
formed nto thewr familiar overlapping condition m the upper bulb and
it 15 not until near the levcl of the constriction that droplets of a peculur
amorphous type of keratin, K, appear i small clusters and move toward
the outer membrane of each cell (Fig 11) The packing of these drop
lets mto a Iyer agamst the membrane 15 responsible for the lamellar
structure of the cuticle cells (Birbeck and Mercer, 1957)

The physical difference between the fibrous heratin of the cortey
and the sheet of essentially amorphous keratin of the cuticle 15 respon-
stble for many of the differences 1n the propertics of these cells

Turning to feathers (Fig 12) and skin (Fig 1) we find situations
essentintlly stmilar to that found in the cortical layers of har  Parallelism
of fibrls 1s less appirent in feather cells (Fig 12) and m sk, man)
filuments seem to form tufts runmng away from the areas of close mter-
cellulr contwct (Fig 1) The same complex of mitochondris, RNP
prrtscles, and agranular vesieles charactenizes the cytoplasm

V  KerativizaTion N Har

In the cortical cells of the har, the filaments of heratn rapidly ac
cumulite m the upper levels of the bulb and cluster to form sheaves
which become wisthle mn the ight microscope as fibnls  These are most
clearly secn n cross sections (Fig 13) In the “prekeratinous zone™ 1m
mediately follaw g the constriction of the folkecle, these fibrils become
denser and more discrete A certain amount of Juteral fusion of the
fibnils occurs and 1ncreses as the fiber becomes more fully heratiized

In cross sections, i the prekeratinous zone the ndwnidual flaments
withm the fibnls can still be made out as hight dots on a darker ground
(Fig 15) In other words the filiments now appeir to be embedded
1n a materal denser thn themselves Sice this specimen has been fived
m an osminm tetroude solutton the densitv observed is due 10 put to

e O,
Fic 13 Cross stction of the cortex of the humn hur at the mrddle of kera
timzation zone showmnz the accumulition of fibals (F) before they have hgun
to fusc  Irregular hncs of cell membranes (m) cin be found csossng the Bd
(G), pigment gramles N podens  (FTA stuped ) Maenal fred in buffered
osmum tetroude and ¢nbedded in an epouide resin

Fic 14 Portion of cortical ccll showmg the whorl structure of the fbnls
Cut w the edge of the cuticle Material fived 1n buffered osmmm tetroude and
erabicdded 1n an cpoude resin
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level of the keratohyalin transformation there 1s a very sudden ri e m
birefringence and 1ts orientation 1s more nearly parallel to the shin
surfrce in contrast to that of the lower layers where st 1s dispersed but
on the 1verage at nght angles to the surface

“"""

luJ

Fic 168 Iorton of a vert cal sect on throu gh the upper Iayers of the ¢p uerm §
of the plantar sk n of a rat show ng keratohyal n gran les (Kil) transforming nto
£hnls and other fibrls (F) of pres mably keratn Cell membranes and compl ¥
contacts appear at T (see alo Fg 5) \ mtochondnon P group of HAP
part cles Matenal fived n 1 flered osm m tetroxide and eml Id d fa an epovde
Tesin
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With such evidence we could make a case for the horny component
of shin bemng 1 mixture of fibrous keratin (hwur cortex type) and fibrous
Leratohyalm  Tlus 1s not too far from opumons held earher by certamn
lustologists  We could perhaps try to check such a view if reliable
analytical data of the several layers of skin were available but the post
tion 15 not hopeful for such an attempt The difficulties 1n the way of
obtaming and interpreting such dat1 have been discussed recently by
Rudall (1936) and by Ward and Lundgren (1954)

VII  Sunstary

1 Electron microscopy of thin sections of hair and feather folhcles
and of skin provides 1 picture of the developing cells of these tissues
Durect comparison with hght micrographs permits an unambiguous
entification of structures

2 In each case a dermnl epridermal junchion can be found con
ssting of a single continuous membrane (200-300 A thick} distinct
from the plasma membranes of the basal layer cells and separated from
them by a layer (ca 200 A thick) of matenal of low electron density
which may represent a cement layer

3 The basal layer cells columnar 1 the hard Lerttins and less
markedly so mn skin contain an abundance of dense particles presumed
to be b leap particles hondna a few agranu
lar vesicles and no orgamzed endoplasmic reticulum  This situation
15 thought to charactenze cells with a great potential for protein
synthesis but without the means for secretton extracellulrly

4 The cell membranes of the basal cells and those mmmediately
above them are extremely convoluted gving the mpression of a poor
degree of intercellular adhesion and great surface actity This condh
tion 15 mterpreted as a charactenstic of undifferentiated cells 1n n
unstabilized tissue

5 Dufferentiation seems to be imtnted by an merease in nter
cellular adhesion mcurred as a result of the appearance of an mnter
cellular “cement” of low electron denuty This development can be
followed most clearly 1n the haur root where the course of differentiation
1s different 1n the several cell streams leaving the undifferentiated zone
of the follicle to form the several layers of the follicle

The mtercellular deposits uniting the membranes become more
conspicucus higher n the follicle as a result of the widening of the
ntercellulr spices and the deposion 1 them of denser layers of
matenal

6 The course of synthesis of fibrous keratn 1n the hair cortex of
amorphous heratin m the cuticle and of trichohyalin 1n the inner root
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I INTRODUCTION

Brological fibers are more or less regular aggregates of micromole
cules whose dimensions may extend from the malecular into the histo
logical level and beyond When we consider specifically the synthesis
of such systems we fiel 1mpelled over and above the pnmary bo
chemical problems to pay special to the suf lecular as
pects and to gwve an account of the genesss of these large structures
For this rexson microscopy in its vanous forms plays a much lrger
part in our mvestigations than is the cise with the smaller soluble
molecules found 1n hving, systems

In the formaton of many natural fibers we may distinguish two
mam steps which cn be mvestigated separitely and by different tech
mques The first which 1s more properly the synthesis n the biocherm
cal sense 1s the formation of a high molecular weight nonfibrous pre
cursor  This step 15 most convemently studied by comventional bio

h 1 techmques Ve e probably on safe ground n assuming that
the findings of biochemsts concerning the synthesis of macromolecules
are applicable to the special class of macromolecules destined to form
fibers  One of the objects of this article 15 to show that the cytology
of fiber forming cells 15 sufficiently like that of other synthesizing cells
to sugest that the ewly stages are the s1me in all cases  Unfortunately

113
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finlity has not emerged s yet concerning the biochemicn! steps m the
synthests of macromolecules wnd ttle would be guned here by trng to
summarize a perplcung situation (Smhin and Work  1957)

The second step 15 the comversion or transformation of the pre
cursor into the fibrous form Here, with the appearwnce of umts of 1
suitable size electron microscopy begins to play an essential part
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Fic 1 Steps m the syntl esis of fibers 1s expluned m te text On tie 1Mt
hand s le the ringe of tle vano s mstruments 13 mdicited

Probably not 1l fibrous systems will conform to this scheme nd too
Iuttle 1s hnown to be Invish with gencralizations In at least one cvample
fibrous kerttin 1 precursor his not actunlly been found by electron
microscopy

When two stiges occur the first alwys trhes phce withi the liyng
cell The sccond may oceur either nside the cell or outsde of t—
even m uiro Not only 35 the hyng cell unnecessary but no product
of 1t such 15 1n enzyme may be required Naturally this stcp en be
more castly studied and 15 better understood Tt 1s 4 great adv ince “h’en
a precursor can be 1sohted—erther from the formatne cells or from the
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fiber atself by reversing the process of transformation—and 1ts 1 vitro
behavior studied When 1t also proves possible to cause the precursor
to form fibers 1 vitro we have the opportumty to study this process in
detarl  With appropriate mechameal or other onenting 1nfluences
Ebrous masses with a structure apparently identical with some natural
formations may be produced It 15 4 further problem to dentify such
mfluences 1n the natural state

1t will be advantageous to separate the process of fiber formation
mto several steps which have been set out diagrammatically m Fig 1
The scheme 1s purely formal and the occurrence of any step n the
formation of 1 partrcular fiber can be decided only by observation The
first step already descnbed above we shall refer to as the prnmary
synthests  The actual process of transformmg the precursor into a
matenal having a fibrous texture will be cilled fibrogenests By or
gant.ation 1s meant the stages following fibrogenesis 1 which the fibrous
matenal 15 bt into lurger sized umts  Stabifi.ation (tanmng kert
timzation etc ) 1s a process which may follow orgamzation and convert
the fibers mto a more durable materiil

The central importance of the electron microscope m the study
of the structure and formation of fibers anses from the fact that it 1s
umquely suited to study objects with dunensions i the range 20-1000 A
and most of the structures we are concerned with macromolecules
protofibrils and their early aggregations hue sizes included n this
range

11 Tue Five Stnucture oF Fiser Forvne CeLis

Current research mto the niture of biological synthesis 1s charac
tenized by the attempt to relate the visible structural elements of the
cell and the underlying biochemical activaty The prevaling opiion 1s
that the nucleic acids are somehow mvolved 1 protemn synthesis In
particulyr the nibonucleoproteins (RNP) of the cytoplasm which are
found 1n the microsome fraction when homogenized tissues are frac-
tionated are closely coupled with synthesis (Simhm and Work 1957)
Since microsomes are beyond resolution 1 the hght microscope special
efforts hve been made with the use of electron microscopy to discover
the WP m e urgmd edlt Tms
mtensne study associated particulwrly with the names of Palade Por
ter Sjostrand, and Bernard has now established the main features of
the fine structure of cells which synthesize protein Palade and Siehevitz
(1956) have summanzed the reasons for believing that the microsomes
result from the breakdown of an eliborate system of particle studded
membranes m the ongmal cell which was named the “endoplasmic
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rcticulum by Porter (1953) Palade (1955) has identified the dense
paticles (100-300 A diameter) attached to the membranes with the
RNP of the cell The function of the membrines or for that matter
their evict morphology 1s not fully understood They unlihe the par
ticles are not necesswy for synthesis since they are ahsent from ep
dermnl keratin forming cells (Mercer this volume Chapter 5) but
they may be 1 device for facilitating the orderly transport of metabo
lites raw materals and products which buld up 1 2 cell having 2 pro
longed life as a protemn former The dense particles are associtted with
the basophiliv d rated | h lly aind earhier related to
synthesis (Brachet 1947)

A further charictenstic of active cells 15 a Jarge basophilic nucleoh s
and basophilic depostts at the nuclear membrane " In the electron micro
scope the nucleolus 1s equally well marked and contams pticles ap
parently sdentical wath the dense prticles of the eytophsm  These same
particles often gather inside the nuclear membrane This membrane s
double nd the mner lnyer appears to have pores Watson (1934) has
shown micrographs to suggest that the RNP particles pass through the
pores and becoming associated with the outer membrane form part
of the endoplsme reticulum

Most secretory cells also have vesicles often elongated whose mem
branes e free of RNP particles When these cluster i a small
compact group they are 1dentified with the Golgi apparatus of clissic
histology It cwnnot be said that electron microscopy has helped much
1 clewrng up the mystery of 1ts function

Tlus work was carned out mostly on hver and certun glnds nd
Iittle has been done on cell systems whose products are the precursors
of fibers To see whether the generihizations outlned 1bove have a
wider applicatton the following cells making well characterized fihers
have been stuched

1 The silk producing cells of the sikworm (Bombyx) The fime
of the silkworm as 4 protem factory 1s well based and one might reason
ably expect to find an hypertrophy of the synthetic appiratus in the oclls
of the sikk glnd

2 The cells of the left colleteral gland of the female cockroach
(Penplancta) which produce the protem of the egg case Interest m
cgg case matersal 1s due to Rudrll who has shown at least mn the e1s¢
of a mantid that it yrelds a remarkably detuled a type x ray pattern
(Rudall 1957) The a type x r1y patterns are given by many protemns
of which the type exmple 1s mammalian hair heratin (Astbury 1947)

3 Certam cluitin s distinct from protemn producing cells of tle
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shworm and cockroach Chutin 1s an example of a fibrous polysac
chanide found either as well oriented fibers or as membranes made from
fine fibnls eg the pentrophic membrane secreted by the mid gut cells
{Mercer and D1y, 1952)

4 Collagen forming cells (fibroblists)

5 To these we may add, for companson, the epidermnl cells of
the skin already described 1n a previous article (this volume, Chapter
)

There are, of course, great numbers of other cells 1n which fibers are
found erther as specsal products or as part of therr normal structural
equipment, which could htve been evammed However, the cells
chosen will sllustrate the formation of an eximple of each of the three
mam classes 1nto which Astbury has divided fibers (the a, fi, and col
lagen types) and also will mnclude mtricellular and extracellulwr fibers

1T Swk FormmnG CELLS OF THE SILKVWORM

Silk 15 synthesized 15 a soluble precursor by the silk glands of many
caterpallars and stored 1 a dilited porbion of the gland, the storage
sessel In the common silkworm, two different protemns are formed
fibrown, the silk thread proper, and serictn which glues the threads of
the cocoon together The fibromn 15 formed munly by the cells of the
more distal portions of the gland which were those exammed The
ghind has a structure of dugrimmitic simphaty  The walls are a um
cellulir layer of cells, the raw materials of synthesis diffuse 1n through
the outer surface and the protein produced prsses through the mner
face mto the lumen of the gland The cells are thin but very lrge mn
other respects, being visible to the unaided eye The nucler are extraor
dinanily Jarge nd arborescent m the mature lirva

Electron microscopieally (Fig 2), by the entena described above,
the prcture 15 one of mtense actinaty The nucleus reveals a multitude
of nucleolarlihe bodues, the cytoplism 15 packed with dense granules
(P) arranged 1n stnking patterns with many mitochondria (M) scarcely
visible 1n the crowded array The membranes, to which the particles are
attached, are not reidily made out i osmium fixed materinl such as
shown m Fig 2 They can however be shown more clearly if potassium
Permanganate 15 used as the finatne (Luft, 1956) This fixave a
valuable new addition to the clectron microscopast’s armory, destroys
the RNP paticles nd reveals the membrnes i therr full clanty (R)

(Fig 3) In other prctures the fibromn (F) may be seen moving towrd
and gathering in lumps agunst the iternal membrane, which 1s often
cast into long fingerlike projections



18 F H MFRCER

Fc © Porton of cell from tie sIh glands of the s lkworm The caterp lar
vas fully gro vn and about to ceasc eat ng pror to commenc ng sp nnng Tl e ¢e
sle n as in the dstal porton of the sIk gland  here t s tlo ght fbron s
tle man product The lole cell s closely picked wtl part cle stu lded mem
branes form ng a complex retculum  Nearer to the inner fae of the ccll {not
stown herc} the slk colle ts n large amo plous 1 mps M a mtxtonl on P
dense part cles of RNP T sectons of fine trachcoles [Mixed in | fle ¢ o msum
tetrox de solut on (Porter 1953 Palade 1955) and embe lded in an epo ile resn
(Mercer ths olume Clapter 5) ]
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Fic 3 Portion of silk-forming cell of the silkworm, fired m buffered (7.2)
Ppotassum permanganate (27%) (1 hour at 5°C) to be compared with Fig 2, which
is of maternal fived 1 osmmm tetroude soluton The RNP particles have been
destroyed but thewr supporting membranes (R) are preserved and clearly seen i
contrast to Fig 2. \litochondna (M) have their external membranes preserved
but the 1atemal structure 15 damaged indicating a differcnt compositon
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IV Tne Lrrr CoLLeteriaL GLanp

Cytologically the left colleteral gland resembles the silk gland 1
consists of an aborescent clump of tubules, each a monolayer of cells
losing a lumen t: g secretion Internally, another group o
cells secretes 2 chittnous cuticle (L) which Imes the lumen and open
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Fic 4 Secreting portion ( end apparatus ) of a protemn prod
the left collctenial gland of the cockroach Closely packed particle studded mem
branes of the reticulum are seen at R almost flling the entire cell Tte nucleus
15 beyond the left hand end of the cell The secreting membrane 15 seen evtend
imto long fingers (F) and drops of secretion (S) evtending beyond the fingers are
seen moving out of the cell to collect 1n the lmen to the nght Portions of two
chitin producing cells (C) seca at each side of the cell opening produce the dense
chitinous cuticle (L) which hines the lumen nd opens mto each protem producing
cell to form the pecultar funnel ke formanon The distended plasma mem
brane of the cell plunges into the funnel but is everywhere continnous although
greatly convaluted Many mitachondna (M) and sgranular vesicles (V) are abo
to be scen [Fived tn huffered osmum tetroude solution (Porter 1053 Palade
1955) and embedded 1n an epoade restn (Mercer this volume Chapter 51 )

ucing cell of
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mto each cell to form a funnel complete with turned back edges
mto which the cells pour their secretion (S) (Fig 4) Tins structure
1s referred to as the “end apparatus

The endoplasmic reticulum (R) 1s agun extraordinanly well de
veloped and the nucleus possesses a large granular nucleolus The
clutin forming cells have no reticulum and few RNP particles

The plasma membrane extends in long fingerlike processes into the
funnel and the secretion (S) 15 seen n droplets separating from the end
of the fingers The droplets are not vacuoltted at tiis tme

V  Curriy Forvune CeLis

Chutin forming cells are found 1 many sites mn wmseets Those in the
colletenial gland have been mentioned Others secrete an external mem
brane to organs and also form the tracheoles The md gut cells secrete
the pentrophic membrane which will be discussed later

All these cells have active nucler very many mtochondra and
vacuoles but few RNP particles Thus the nucleic acids and endoplas
mie reticulum seem to be associated with protemn synthesis and not
with carbohydrate synthesis as 1s already known from brochemical
studies starch can be formed enzymatically 1 pitro m the absence of
nucleic acid  The large development of o granular vesicles may rep
resent a reticulum without RNP particles and concerned with secretion

VI Corracew Foratng CeLrs

Collrgen 15 m1de 1n cells found scattered about m connective and
dermal tissue and are often referred to as fibroblasts The cross strated
fibrils of collagen form e llularly and a p “procolligen
an elongated particle 1s supposed to be secreted by the cells {Gross
1956)

The fine structure of certam fibroblasts has been described {Jack
son 1955 1936) They contain an endoplasmic reticulum (R) and a
special lnd of small vesicle (V) that may be seen in Fig 5 which
shows a portion of a cell from rit skin  Tine threadlile particles also
occur particularly adjacent to the nucleus somewhat similar formations
may be sometmes seen outside the plasma membrane (M)

VI Epmersar Protenns (Sxiv Ham anp FeaTuen)

The cytology of the cells of the epiderms has been discussed
angther article i this volume (Mercer Chapter 5) and only certain
features will be mentioned here for purposes of companson  Both
heratin and leritohyahn (or trichohy"ln) remamn within the ep:
dermal cells In epidermuis two types of protemns are produced 1 the
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same cell but n the hair follicle they occur n separate sublmes of cells,
each denved from the matrix Keratohyalin is an example of a fibrous
substance formed as an amorphous precursor—the famihar keratohyaln
droplets of histology. Keratm does not seem to have a precursar or it
oceurs m too small quantities to be seen

Eprdermal cells are basophilic and contam large numbers of RNP
particles, but these are not associated with membranes to form an endo-
plasmie reticulum although many e-granular vescles are present  We
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Fic 5 Cytophsm of a collagen-producing ccll (* fbroblast’) from the dermis
of the rat The cell was surrounded by mnture collagen fibrils recognized by thew
characteristic transverse stiattons (CF)  The nucleus 1s not shown The partide
studded membranes (R) forming the reticulum are very open and may form 2
continuous system leading to the surface (e at §) A charactenstic feture of
collagen formmg cells 1s the numerous smll vesicles (V) which e not apparently
patt of the endoplasmue reticulum M 15 the cell membrane  {Fived in buffcred o5
mium tetroude solution (Porter 1953 Palde 1955) and embedded m an epovde
resin (Mercer, this volame, Chapter 5) ]

beheve these features to be charactenstic of cells which retan thetr
products within them (Mercer, this volume, Chapter 5)

Summanzmg these finthngs, the cells forming protemn-fiber precur-
sors have essentially the same fine structures as other cells seercting
soluble protems and hence p bly the same broch 1 p
occur However, if the cells retam therr products, an endoplasmic
reticulamn may not form, although RNP particles are present Chitin+
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forming cells have no granular reticulum and few RNP particles free
m the cytoplasm, but have many agranul les near the 3
surface of the cells

VIII Frovr Precursor 10 FISER

In thus section we shall discuss fibrogenesis and orgamzation, the
steps following synthesis, mdicated m Fig 1

A Fibrogenesis

When we consider this change, we must bear 1 mind that there 1s
no reason ta think that we are dealing with a single umversal process
The end result, the appearance of a material having a fibrous texture
from a nonfibraus precutsor, may be much the same, but may be reached
by dufferent routes  For example, F-actin! may be produced by a hnear
aggregation of large corpuscles (Szent-Gyorgyi, 1947), on the other
hand, the femle mantid, when mrhing the raw matenal for the egg
case, prefers to “blow” bubbles and pull these mto ribbons (Rudnl,
1957) In short we have to consider each as a special case and nvesti-
gite 1t separately

Several fibrous systems seem to have as an elementary bulding untt
a long thin filiment, which can be called a “protolibnl ™ Tlus filament
seems ta farm dicectly from the precursor Its lateral dimensions are
usually greater than those of a single molecular chaun (10-20 A), so
that we must assume that it has an mper structure made up of several
chain molecules In a theoretical sense this conld be formed (a) by
the aggregition of single molecular chuns produced by the mnfolding
of precursor molecules (Fig 64) or (b) by the aggregation of pre-
cursor molecules without unfoldmg (Fig 6B) This phenomenon re-
sembles enystallization

The unfoldmg and sp g hy pothests, lly comes first to mind
because 1t 1s the theory behind the mnufacture of artifienl fibers The
silkworm 1s supposed to form sik in this way but, as we shall see,
there are compheations 1w this simple view  When we constder some
of the ways m which fibers appear 1n biological systems, it 1s not so e1sy
to suppose thit they are produced by spmning and drawmg based on
unfolding  Fibnl formation 1n a solutton of the precursor can be imtiated
by a slight change of vanables and can be reversed by an equally small
change * The fibnls may separate from a solution contamming other
macromolecules, much as a pure crystal may separate from a mned
solttion A mechamical factor, which could be thought to “draw the

1 F = Fibrons form
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fibnls out,” is often lacking  Further, the resulting filaments may have
a constant width and a neat appearance, not at all Iike the “fnnged
micelle to be expected from the nggregation of long chuns The x ray
analysis of many fibers reveals an elaborate inner structure, suggesting
an ordered rrang from m lecular to aJmost atomic dimen
sions and resembling that of a protein erystal {Astbury, 1947)

Fibrils can be formed from msulin a protemn which owng to the
cross Imking of its four chams, cannot unfold completely Figure 7, for
example shows some filaments of Finsulin X ray amilysis reveals a
well ordered structure (Bear, 1952) The biologically active msulin can
be recovered by reversing the fber forming process

O A
00 v™smm =t=
O G A

a

Fic 6 Two methods of formny, protofibnls from a precursor molecule of the
corpuscular type A Unfolding The precursor moleculo 15 supposed to unfold
into polypeptide chams which aggregate as fbrls (erystaflites) 1n which the mole
cules Le parallel in the B type configuration B Lincar aggregation of corpusculer
molecules without unfoldmg A vamation of this type of fiber formation (hehcal
aggregation) s shown m Fig 8

Q
ODD -~ Qo - o

Hypothesis (b) avoids most difficulties since 1t supposes that the
precursor molecules remam mntact when mcorporated nto the proto
fibnl which 1s then more properly regirded as a vanety of long thin
crystal
An aggregation of large umts has been suggested in the case of
F actin (Szent Gyorgyr 1947) and Finsubin (Pauling 1933) (Fig 7)
both of whteh are found m the form of long filaments of very constant
chameter capable of being reconverted into the soluble form  The width
of the filaments 15 much greater than the diameter of the molecule of d;e
precursor form so 1t 1s clear that we are not concerned with a simpic
Tmear aggregate of the parent molecules It 15 possible that the ﬁ;ﬂ
step 1s the formation of a larger symmetrical corpuscle wlich 16 the
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umt that later undergoes hnear aggregation (Szent Gyorgyi, 1947)
Alternatvely, the actual structure may be a spiral (Fig 8) which may
ge filaments of a vanety of diameters (Pauling 1953)

There 15 an mpressive and growing hst of such fibers with structural
aspects most easily explained 1 terms of aggregation collagen (Gross,
1956), keratin (Farrant e al, 1947), feather keratin (Astbury and Mar-
wick, 1932), fibromn (Mercer, 1951), hbnn (Hawn and Porter, 1947),
trypsmogen {Gross, 1951), paramyosin (Hodge, 1952), and meromyosin
(Philpott and Szent Gyorgy:, 1954) Many of these can be obtaned as
fibnils or parierystalline formations from solutiens n vitro

Fic 7  Electson murograph of fibnls of F msubn made by heating an acid
solution of msubn  Shadowed with platnum  The arrows mark breaks m the fbnls
produced dunng dryng and probably indicating planes of weakness at nght angles
1o the avis of the fibril which may be related to the wmner structure  Photograph
taken from Farrant and Mercer (1952}

Unfortunately no electron micrographs so far obtamed have the

1 q to justify confid ! The filtments must
usually be shidowed with metal and this precludes the possibibity of
observing small scale structures within them One 1s forced to plce
weight on the finding of discrete filaments of untform diameter Occa
;?mll} a regular nodulation or fracture suggests 1n mmer periedicity

g 7)

Since some form of aggregition must occur m the formation of fbers
2 number of wnters have speculated g 1ts h Opin
tons duffer as to whether the forces causing aggregation should be con
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sidered specific or nonspecific Rees (1951) has shown that n certam
conditions 2 lnear aggregate may be expected from the same non
specific forces that cause coagulation of colloidal susp Barbu
and Joly (1953) have found that fibrous aggregations can oceur in solu
tions of protens not normally regirded as fiber forming

The ~ggregate wmtiated by nonspecific forces may later become
consolidated by other forces effective 4t close contact Some have sup
posed that there are certam “stichy patches” on the large molecules
which are the seats of a speaific ttraction (Anderson 1936) There
is an important general principle pointed out by Crane (1950), that a
helical structure must result from the successive addition of asymmetn
cal elements (Fig 8) The Imewr aggregate 1s a degenerate case of

trical

Fic 8 A helial aggregate formed by the additton of unsy
monomer particles  The lnear aggregate (Fir 6b) 1s the speaitl eise of the 2dds
ton of symmetncal purt cles

the heln - A helix also results if several different units participate These
1s hittle doubt that Cranes prineiple should apply to the aggregihion of
macromolecules and accordingly that many of the single fliments we
observe are helices

Stk fibromn should be given special note since 1t 15 usually ated
as an example of unfolding Vve have earher described the formation
of the precursor which 1s stored mn the dihted portion of the glnd
until needed An ultracentnifugal analysis of an extract of the gland
reveals three components hut 1t 15 not known whether they arc all
associated with fiber formation hen an extract 15 affowed to stund
st grows tusbid nd more viscous nd electron smicroscopy shows (I-mt
long thin fibnls (ca 100 A dameter) have formed (Mercer 1931
hobayashi and Goto 1936) (Fig 9) Assuming that the same events
occur dunng spinming wn two it would seem that some kind of ag
gregation formmg 1 fibnil 15 also occurring here
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B Organization
Assuming, that the basic fibril has been formed, we hive now to
consider the means by which this 15 used as a umt for the construction
of ligher ordered structures The geometrical form of the structures
15 most easily discovered with the electron microscope, although 1t may

be deducible from x ray photographs or even with the hght microscope

Fic © Electron micrograph of the fibnllar aggregate formed by allowing a
solution of the coutents of the silk glind of the silkworm to stand without disturb
ance  Well formed fibnls (protofibnls) e formed but there 13 no omentation
Shadowed wath platimum

The problem is to find the factors, mechanienl or otherwise, which
orgamze 1t There 1s often a relation © the + I £
of the fibrous system and 1ts structure, which may provide clues

Some examples of the arrangement of the fine fibrls observed are
shown i Iig 10 Tangled “brush heaps” (Fig 10A) anse in the ab-
sence of onenting nfluences, such as 1n a fibrin clot  Fibers in which
all the elementary flaments are purallel (Fig 10B) have been sub-
jected to an onenting influence either duning or after the formation of
the fliments The most obvious mfluence 15 the shear due to flow,
which probably mitiates the orientation of silk thread Drawing after
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extrusion, 1s also a factor 1 mmproving the orentation of silk, as 1t 15
many artificial fibers

The onenting factor 1s Jess obvious mn the case of the keratin and
trichohyalin fibers of the hair follicle The cells 1n which these filaments
form, are beng slowly distorted 1nto a spindie shape as synthesis pro
ceeds, but the ncrease m Jength of the cell 1s not sufficient to draw out
the filaments In fact, the filaments grow parallel to the long us of
the cell We are here forced to assume that the shght flow onented the
first formed filaments and that growth from these muntamed the same
onentation Lateral assocration between neighboring fibrls probably
also plays a part In skin cells the fibnils Iie paralle] to the shin surface

s

W

>

E F G

Fic 10 Vanous structures which may be constructed from rodlets and fibnls

but unonented m other respects The orentition seems to be due to
the flattening of the cells as they reach the upper Inyers of the epidermis
The keratohyalin fibnils grow out of the droplets m a direction mostly
parallel to the surface (Mercer, this volume, Chapter 5)

Tactords (Fig 10C), famibar from their oceurrence i tobiceo
mosie virus (TMV) sol have been proposed as fiber formng
elements The rodlets of TMV are not unlike the protofibrls under
consideration here and 1t seems quite probable that, in some instances,
eg, the bundles of fine filaments of keritin in hur cells, the same
forces which tactords are op g Unfortunately physical
chersts are still argming about the nature of these forces (Pauling
1933)

Spherulites and sheases (Fig lOD_:md E), cg, m F-nsulin ([F.xr-

1he DLADIEI LWL didU UL SUPPUILL (0 Pusdtad st s w
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Some of the more mteresting structures are to be found among the
fibrous membranes (Figs 10F and G) Collagen in skin and certan
cuticles are often found arranged mto parallel sets of fibnls forming
approumately a nght angle with a similar set above and below 1t
(Reed and Rudall 1948 Porter 1936) The ultimate orientng mn
Huence 15 clearly the surface of the ammnl which ensures that the
whole formation lies parallel to 1t The ot lling mnfh
1s not 50 obvious In other mstances (Fig 10G) the geometry 1s even
more complex and sometimes of surpnsing regularty

Such sheets may be formed by exfoltation from a surface composed
of the cells that secrete the precursor Here we can concewne of two
hinds of orgamzer (1) a pattern or “die” on the cell surface or (2)
the eusting pattern of the preceding sheet which acts as a template
for the assembly of 1ts successor The pentrophic membrane (Fig 11)
bining the mid gut of msects could be an example of the first suggestion
(Mercer and Day 1952) The secreting cells are covered with project
mng microvillh (the brush border of histology) with a cross sectional
diameter about the same size as the holes m the membrane We could
mmagme the filaments forming 1n the grooves between the studs on the
surface (Fig 12) Sections of the cell surface although showmng the
pattern of microvilli and the liyers of shed membrme have not yet
provided an example of a membrane m the act of formation therefore
decisive evidence 15 still wanting

The collagen meshworks 1n shin and 1n earthworms seem to form
some chstance from the cell surfaces which are covered with amorphous
material (Porter 1956) The “self template seems more likely here
We can form a conception of how this could operate by supposing that
the upper surfaces of fibrls have studs on them whch fit mnto “holes”
m other fibnls when these are Iud ncross them at night angles

This di of fibrog and org 1on has been Limited

to the special case m which the elementary fibrous unit 1s a fine filament
(or ibbon) While thus 1s apphcable to many systems we must expect
that other devices will be found Rudall (1957) for example has
deseribed fibrogy n the of the colletenal gland of a
mantid i which nbbons are produced by the elongition and Hatten
mg of vacuolated drops of the secreton Further some fibers appear
directly as bers This occurs when the structure forms mside the cell
A distinction can be made here between fibers directly bult from
micromolecules and those formed from macromolecules which enter the
Bber as soon as formed Ve do not know 1f two such processes exst
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C  Stabilization
This final process, which takes plice m certam fibers and senves to
harden them for special funchions, 1s usually a chemical rather than a
structural problem The two forms of stabilization which have attracted
most chemical interest have been the keratimization of hair, and the

Fic 11  Electron ph of the p pl b of the cockroach
Notice the well formed hevagonal pattern 1 places (I) and defectine structures
elsewhere The hge object 1s 1 bicterum (B)  Ihotagraph taken from Mercer

and Day (1952)
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tanming of the hard parts of msects These chermeal changes must take
place after the final structure has been formed, and do not alter 1t
Fibrous heratin, for example, has much the same molecular structure
before and after heratimzation  We emvisage the change occurring out-
side the “crystalline” filaments and not altering thewr mternal structure

1t 15 clear that httle 15 known for certan about formation of these
structures which are the direct products of lhiving cells and which dis
play, i therr often elahorate orgrmzation many atttibutes thought
pecubar to living matter It would seem, however, not beyond the
mmmedte resources of an mtegrated biochemstry, physical chemstry,
and electron mecroscopy to unravel the group of problems referred to

Fic 12 Drawing to show how a meshwork such as that in Tig 11 (see also
Fig 10G) could be produced on a sutface beaning a hexagonal pattern of *studs”

as is found on the cells secteting the pentrophic membrane (Fig 11) m certam
insects

above as “fibrogenesis” and ‘orgamzation” The more difficult question,
the primary synthesis of the macromolecular raw matenal, does not lack
attention but 1s hkely to prove a tougher problem to solve
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1 GengraL INTRODUCTION
A Biological Viewpomt

The term Leratmization” defines the achvity of epithelial cells by
which horny structures, such as hair nm) stratum corneum are pro
duced From the biologteal i A may be considered
a speaific differentiation process m which three hinds of epithelnl cells
are imolved d:iff d cells diff g cells, and termimnal

cells (Hanson 1947 Matoltsy and Smes: 1957, Montagnt 1956 Werss
1953)

The duff d cells of X 5 bissues are mitotically
active they produce cells of the same hind nd cells which enter the
course of difierentiation  The heritimizing tissues are renewed by these

* The expenmental worh described in this piper was sturted in the Dermato
fogical Research Laboratones Harvard Medical School and Massachusetts General
Hospital and was alded by grants from the American Cancer Society and National
Instity te of Health (RG-3921)

135



136 A GEDEON MATOLTSY

ﬁel]s erther continuously, as m nails and eprdermts, or m cycles, as
atr
The differentiating cells are actne m (1) synthesis of preheratin
b s, (2) decomposition and el 1on of nuclear and certam
cytoplasmic elements, (3) release of water, and (4) coalescence of cell
contents mto a horny mass  Although differenttating cells of each
Reratinizing tissue show such activities, the actual mechanism of dif-
ferentiation appears to be different m the various keratmizing tissues
This 15 suggested by the markedly differing morphological appearance
of differentiating cells which may be illustrated by the following ex-
amples The cytoplasm of differentiating medullary cells of the har
changes mto a horny mass by a simple coalescence of components
Drfferentiating cortical cells of the harr show intense cytoplasmic
fibrillation  In the cells of the mner root sheath of the hair follcle,
tnchohyalin granules appear  In epidermal cells cytoplasmic fibnllation
and formation of heratohyalin granules can be seen Keratmtzing cells
of the nail show cytoplasmic fibrillation without keratohyalm formation
The terminal cells are metabohcally inactve and consist manly of
keratin The cortex of the hair, the nail, and the stratum corncum of the
epidermus, all contan an a-type of heratin (Astbury and Woods, 1934
Derksen et al, 1937, Groud and Leblond, 1951, MacArthur, 1943, Ru-
dall, 1947) ‘The medulla of the hair contans a f-type of keratin (Stover,
1946, 1947, Ward and Lundgren, 1954) and the cuticle of the hur 15
amorphous (Mercer and Rees, 1946, Stoves, 1947)

B Chemical Viewpont

From the chemical viewpoint keratimzation appears as a maost com-
plicated process Chemical compleuty scems to reach its maumum in
the prekeratimzation and keratogenous regrons where the production of
preleratin substances and the elmmation of nonkeratin substances
progresses simultancously In different heratimzing tissues such pro
ductive and resorptiv e activities are of different intensities As a resully
cormfied cells are produced which contun heratin and nonheratin sub-
stances 1 different ratios  For mstance, while the mature cortical cells
of the hair hecome Blled almost entirely with keratin, and the medulla
cells of the har contan about 95% keratin (Matoltsy, 1933), the
cormfied cells of the eprderm:s contain only about 60 to 70% heratin
(Matoltsy and Balsamo, 1955a, Sprer and Pascher, 1953, Szakall, 1933)
The nonkeratin components of cormfied cells are nuclear and eytoplasmtc
remnants consisting of protems, peptides, free ammno acids, carbo-
hydrates, Iipads, etc (Matoltsy and Balsamo, 1955, Rothman, 1934,
Spier and Pascher, 1953, Szakall, 1955) Formation of keratin 1n various
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kexnhmzmg tissues scems to proceed according to different principles
and consequently chemmeally differing keratins are formed  For instance
while hair wool and nail keratins have emmently high sulfur contents
(Block 1939 Wilkerson 1934) epidermal keratin contuns about half as
much sulfur (Eckstein 1935 Muting et al 1955 Wilkerson and Tulane
1939} the medullary keratm of the hur contans only a very small
quantity of sulfur (Matoltsy 1953 Stoves 1947) Thus generthzations
regarding the mechamsm of heratmization (Giroud and Leblond 1851
Leblond 1951) meet with vanious difficulties and 1t 1s more appropnate
to consider herntinization n each tissue s a separate mechanism

In the subseq d of ker 10n only the harr cortex®
and the cpidermis of mammals will be considered Chemical and
physical aspects of keratimzation will be relited to morphological con
cepts and cytodifferentiation of the hair cortex and epidermus will be
briefly outlined The charactenstic features of cormfied cells and the
properties of their heratm component as well as the charictenstic
features of differentiating cells and the properhies of their prekeratin
component will be presented A few mechamsms which appetr essen
tial for herttin formation will be set forth

I Ham
A Differentiation of Cortical Cells®

The cells of the matnv of an active harr follicle are round and small
(Fig 1) and possess a high potentinl for mitotic activity When the
newly produced cells ascend to the level of the pre elongation region
of the hair bulb they are still capable of dividing Near the neck of
the hair bulb 1n the clongation region the nucler of these cells change
from a round to <n oval shape munute fibrils develop 1 the cytoplasm
and the cells mcrease m size  As the cells pass through the neck of
the hur bulb and reach the prekeratint ation region they become still
larger and become elongated they reach thewr mvamum size in the
Reratogenot s zone The cells m this zone contun thin rod shaped
nucler and a cytoplasm filled with long and coarse fibnls The cyto
plasme fbrils are onented with long ases parallel to the longitudinal
aus of the hair In tl & precortex reg on the cells coalesce leaving empty
Spaces which at lower levels we et witn fmd but in the mature
cortex are filled with air

2 Because of the paucty of d ta for | man Tar occas onal reference will he
made t0 smr d ta a 2l tle for nonmed U ted slcep vool fbers strict res con
s dered penerally con paral le to funan lar

2 Termnol gy s adapted from W Montigna (1906)
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B. Characteristics of Mature Cortex and Properties of Haw Keratin

The mature hair cortex appears as a transparent, homogeneons homy
mass, and single cortical cells cannot be distinguished 1 1t The cortex
forms about 90% of the wool fiber and of most haurs.

MATURE CORTEX

KERATOGENQUS
20NE

= D

PREKERATINIZATION
REGION

B\  ELONGATION REGION

©| e ~ELONGATION
REGION

@/ umatax

Fic 1 Schematic illustration of diffcrentiwion of cortical cells of the haw

The main component of har and wool 15 wateransoluble  keratin
1s present in the largest quantity, isoluble membranous subst inces such
as the epicuticle, cell membranes, ctc, form a relatvely small part of
these structures (Schurninga et al, 1952) Water-soluble substances
such as pentose, phenols, une acid, ghcogen, glutamic acid, m_lm(‘, and
leucine have been identified 1 minute quantities ( Bolhger, 1951)

Harr and wool keratin 1s butlt up of amino acids  Cystine 1s prcwn]l
in large quantities, sarying from 11 to 18%  Histidine, l)rs‘mc.]-m{
argimne occur s the charactenstic molar proportion 14 12 {Block,
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1939) The amuno acxds of wool, as hsted in “Hndbook of Biological
Data” (Spector, 1956) are shown in Table {

TABLE T
AMivo Acios oF WooL Keratmv®
Amino acaid Per cent®
Glyeine 68
Alanine 40
Vahne 54
Leucioe 86
Isoleucine 43
Phenylalamine 40
Proline 80
Senne 99
‘Threomine 85
Tyrosine 55
Aspartic aad T4
Glutamic acd 140
Arginne 106
Lysme 33
Histidme 11
Tryptophan 15
Cystme 138
Methionine 07

©® From Spector (1956)
* Per 100 gm of protcin on a mousture free and an ash free basis

Har and wool heratin contan amino acids m different sequences
and groupings (Blackburn, 1950 Middlebrook, 1948, 1951, Speakman,
1952) On the basis of end group analyses it 15 assumed that at
least seven duifferent types of polypeptide chains occur in it {Ward
and Lundgren, 1954) The polypeptide chams are considered to
be arranged n the ahelical configuraton of Paulng and Corey
(1951} The hehces are stabilized by tramoleculir hydrogen bonds
between amide groups of one turn of the helix with the amde groups
of the preceding and succeeding turns (Flory, 1936) Strong covalent
bonds, such as the —S—S— bonds, occur munly between cystine
residues of polypeptide chams A few -—S-—S— bonds are also assumed
to be along the mam chams (Alexander, 1951, Alexander et al, 1930,
Mercer and Olofsson 1951b) Weak bonds such as salt hinkages and
van der Walls forces also combine and hold together the polypeptide
chains, adding to the strength of heratn structure (Alexander, 1951)
Tlus 1ntensely cross-inked system forms a highly resistant network of
Practically unhnuted moleculir size and molecular weight  Several
attempts were made to breik down heritin in order to identify 1ts com-
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ponent molecular building umits  So far only extremely large untts
and very small ones have been 1dentified Electron pe studies
of wool cortex show rod-shaped particles measuring about 2000 A m
length and 110 A 1n width (Farrant et al, 1847)  Molecular kinetic
studies of wool, dispersed 1n 35N sodium sulfide, indscate elongated
molecules measuring about 170 A 1 length and 11 A m width, corre
sponding to the approuumate size of a polypeptide cham (Olofsson and
Gralén, 1950) By the use of saturated urea m bisulfite solution at 50°C,
somewhat larger molecules were 1dentified, measuring about 1150 A in
length and 128 A m width (Mercer and Olofsson, 1951b}

According to this, keratin of the hair cortex can be considered to be
laxd down 1n the form of submicroscopie fibrils with parallel and cross
hinked polypeptide chamns This amsodimensional system shows charac
tensstic physical properties X ray diffraction studies reveal a crystalline
structure of the a-keratn type (Astbury and Woods, 1934, Giroud and
Champetier, 1936, Giroud and Leblond, 1951, MacArthur, 1943) The
composite bodies g e nse to posiive double refraction with respect to
the long avus of the system (Schmdt, 1924) The magmtude of double
refraction 1n wool was measured as 0011 to 0013 (Mercer, 1949) M
hair or wool 15 heated to about 130°C, 1t shrinks m the longitudmal di-
rection In cold water, 1t can be stretched to about 50 to 70% of s
ongmal length (Frey-Wysshng, 1948) In a steam bath, 1t can be re
versibly stretched to about twice its onginal length (Astbury and
Woods, 1934)

Hwur and wool keratin are msoluble in aqueous salt solutions, i
weak acids, m weak alkahes, and mn saturated neutral urea solution
They also resist the action of trypsin  Human hair normally does not
contan more than 9% water (Voit, 1930) IF 1t 15 suspended m water,
1ts water content may ncrease up to about 30% (Chamberlam and
Speakman, 1931, Valko and Barnett, 1952) In acid solutions, betweent
pH 1 and 2, moderate lateral swelling occurs In alkaline solutions at
about pH 10, Iateral swelling 1s intense At pH 12, unhmited swellng
takes place and keratin dissociates, the components passing into solution

Dissociation of keratin has been readily achieved by chemicals which
open peptide bonds, reduce —S—S— bonds, or break hydrogen bonds
The most effective solubilization 1s obtained with sodium sulfide (Jones
and Mecham, 19432 Olofsson and Gralen, 1950), potassium C}ﬂmd"
(Gillespre and Lennox, 1953}, alhaline thioglycolate (Gillespre and Len-
nox, 19554, b), mercaptoethnol (Jones and Mecham, 1943b), chlonse
dioude (Das and Speakman, 1950), peracetic acid {Alexander et El.
1950), and urea brsulfite solution at 50°C (Friend and O Donnell, 19>3i
Mercer and Olofsson, 1951b, Ward, 1952, Woods, 1952} Goddrd ant
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Michaelts (1834) found that nitive sheep wool can be completely solu
bilized within n few hours at 30°C 1 05 A sodium sulfide or 05 M thio
ghycolate adjusted with alkali to pH 12 or m a mixture of 05 A sodium
cyamde and 01N sodiwm hydrouide The soluble wool preparations
contam practically the same amount of sulfur mtrogen and cystine as
did the onginnl matenal The 1soelectnic pomnt of soluble wool prepara
tions 15 estimated to be between pH 41 and 47

The action of solubihizing agents on keratin appears to be complex
rather than specific Dissociation of heratn appears to depend upon
the manner and degree to which cohesive bonds are reduced and upon
the number of chain molecules which are ruptured \olecular kinetie
studhes reveal a considerable vanety of products The molecular weight
of solubilized keratins ranges from 10000 to about 80000 (Friend and
ODonnell 1953 Mercer and Olofsson 1951b Middlebrook 1951 Olofs
son and Gralén 1950 Ward 1952 Ward and Lundgren 1934) Frag
ments of keratin which show an average molecular weight of 70000
and contun a few polypeptide chains held together by a few mtact
—~S$—$— bonds are d to a basic building umt of
nttive wool keratin

P

C  Charactenstics of Differentiating Cortreal Cells and Properties of
Preheratin

In the & 2 zone the pr ptive cortical cells appear as
distinet hydrated umits "The cells contain flattened nucler and numerous
corse cytoplasme fibnils (Fig 1)  Synthesss of nuclerc acids 1s very
low m this region as indicated by studies with rachophosphorus (Bern
et al 1953) Studies with radiocystne and radiometinonine show that
sulfur containing amino acids are taken up m large quantities and are
ncorporited anto the protemn constituents (Belwnger 1956) The cyto
Plasm of the cells ean be staned with both basie and aeidic dyes (Mon
tagna 1956) whereas the fully cormfied cells show affinity only for
acudic dyes (Auber 1950 1951) The cytoplasmc fibrils ein be best
seen 1n polarnized light They revenl mtense double refraction which
35 of 1dentica] value to that of mature heratin (Mercer 1949) XNray
diffraction studies show an « type heratin structure This prekeratin
however 15 ook fully salulaed, 1 2 plud od ba 5 heated ko 9P -05°C
the heratogenous zone collapses without contraction The cells show
moderate swelling mn distlled water and are dissociated 1 saturated
urea when the hydrogen bonds of prekeratin are opened (Mercer 1949)
Histochemcal studies show that —S—S— bonds are not yet formed
The preleratin contains only free —SH groups in large quantibies
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(Barrmett and Sehgman, 1953, 1954, Hardy, 1952, Montagna et al,
1954, Odland, 1953)

The cells of the prekeratimzation and elongation regions (Fig 1)
are metabolically more actrve than those of the heratogenous zone and
contan nuclesc acids m large quantihes (Montagna, 1956). Radio-
autographic studies with P** indicate an ntense rate of synthess of
nucleic acids 1n these cells (Bern et al, 1955). Radiocystine and radio-
methionme are taken up in smaller quantities than 1 the keratogenous
zone, indicating a lesser degree of incorporation of sulfur contamning
amino acids nto protems (Bélanger, 1956, Bern et al, 1955) In addi-
tion to small cytoplasmic fibnls, these cells also contamn a considerable
amount of solid materal, and the cytoplasm shows affimty for base
dyes (Auber, 1950-1951) The fibnls reveal weak double refraction
polanized hght (Mercer, 1949, Montagna, 1936). Under the electron
microscope, fine filuments can be seen 1n the cytoplasm of these cells
The cell structure 15 quite labile, 1t swells i distilled water and rapidly
dissoctates m saturated urea (Hardy, 1952, Mercer, 1949) Xeray dif-
fractton studies reveal no characteristic pattern 1n the elongation region
An a-pattern 1s apparent only at the level of the prekeratimzation
region (Mercer, 1949) Histochemical preparations show a moderate
amount of protem bound free —SH groups 1 the cells of these regions
(Hardy, 1952, Mountagna et al, 1934, Odland, 1953}

Birochemrcal studres show that there 1s less sulfur in woal fiber roots
than 1 mature wool fibers (Ellis et al, 1950) Sulfur was 1dentified 1n
wool roots m both the —SH and —S$—5— forms The presence of
—8$—S— bonds 1 the wool root 1s not fully understood About 6955 of
total —SH sulfur of the wool root was found to be nonestractable
About 29¢, was found to be extractable but nondalyzable, and onlv
45 was found to be dualyzable It 1s thought that the major portion of
—SH mught already be present i the heratin precursor because most
of the —SH sulfur 1s of the nonestractable type

Glutamic acid glycine, alanine, valine, leucme, isoleucine, histidine,
Iysine, argumne, serine, aspartic acid, taurine, and cysteic acrd were
identified at the site of formation of prekeratin n the wool root (Elhs
et al, 1950} Al of these, with the exception of taurme and cysteic
acid, are found m the mature wool keratin

D The Mechanism of Keratin Formation n the Har Cortex

The production of kerwtmn precursors probably starts i the cells
of the upper bulb The imtial phase of keratin formation 1n these cells
1s obscure It 15 not clear 1f the presumptive cortical cells synthetize 8
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specific heratin precursor with an amimo acd composition charactenstic
for final heratin durectly, or if the keratin precursor corresponds to a
stmple cytoplismic protem which will gradually be converted”into
keratin by a speaific mechamsm

A fibrous keratin precursor apparently first appears mn the form of
fine submicroscopic filaments These increase 1n number, associate
laterally, and eventually form mcroscopic fibnls which can first be
seen 1 the cells of the elongation region They reveal weak double
refraction mn polanzed light, mdicating some orgamzation at the sub
microscopic level These fine fibnils have relatively few cohesive bonds
and appear to be poorly stabihzed

The cytoplasrmic fibrils 1 cells of the prekeratimization region ap
pear to be aligned parallel to the longitudinal aus of the har and
correspond to the final onentation of the molecules of mature keratm
In the orgamzation of prekeratm, the natural tendency of asymmetric
particles to aggregate n parallel fishion might be a prevailing factor
(Flory, 1956) Morphodynamc forces, however, mght also play a 1ole
Huxleys layer forms a ngid keratimzed funnel t the neck of the hair
bulb ~As the cells ascend and pass through this funnel they may be
under lateral pressure and become orented by shear forces (Mercer,
1949, Montagna, 1956)

The hugher amount of protem bound —SH groups i the pre-
keratmzation region might be due either to increased production of
preheratin or increased meorporation of sulfur contuning ammo acds
mto the cytoplasme fibrils  The prekeratin of this region 15 still weakly
stabilized, 1t swells i distilled water and dissociates m saturated urea

The coarse cytoplasmic fibnls 1n cells of the Aeratogenous zone mn-
corporate a large amount of sulfur contamning amme acids and reveal
a large quantity of —SH groups The org of keratin molecul
at this level appears to be complete, since the fibrls reveal a structure
charactenstic of @ heratin and show double refraction :dentical to that
of mature heraun final orgamzation apparently takes place at the
submcroscopic level This preheratin 1s more firmly stabiized by
hydrogen bonds

The final stage of heratin formation consists of coalescence, con

hid , and hardemng of cj topl, £ibnls 1n the cells of the pre
cortex and mature cortex High stability 1s achieved by the formation
of a dense, dry structure and by the oudation of all —SH groups mnto
—S5—S— bonds In the oudation of —SH groups copper has been
considered as a catalyst (Marston, 1948) The mechamsm of —S—§—
bond formation 15 not fully und, d The p of a

g
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substance between the coaleseng fibuls has been assumed and might
constitute an important part in the formition of mature keratm The
cherfical nature of this ccmentimg substance 1s not well known (Stoves
1947, Ward and Lundgren, 1954)
IiI  Epmersus
A Differentiation of Eprdermal Cells

The basal cells of the eprderms are euboidal, columnar, or fusi
form, the spnous cells are polyhedral at lower levels and increasingly
attened at lugher levels (Fig 2) Both contamn tonofibnilie onented

STRATUM CORNEUM
STRATUM LUCIDUM

STRATUN GRANULOSUM

STRATUM SPINOSUM

STRATUMN BASALE

Al

Fic 2 Schematie illustration of dilfercntntion of epidermal cells

preferentially 1 a plane perpcndiculir to the shin surfice (Matoltsy
and Simest, 1957) As the spmous cells ascend and chinge to grﬂ""”"
cells, they ncretse m size In the cytoplism, numerous heratohy thn
granules develop, tonofibnllic ppear fragmented and mntodmnd;n
disapperr  The cells of the stratum lucidum are flattened  The nue ;‘A
distntegrate and keratohy iim granules cannot be recogmzed as single
bodies The cells of the stratum corneum arc strongly fhattened and
ughtly assocrited munly by toothlike edges at their periphery In
some corntficd cells, remmants of nuclear membranes can still be recag:
mzed The cytoplasmic componcnts cotlesce and form homogencous
appearing horny misses
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B Charactenstics of Stratum Corneum and Properties of Lpidermal
Reratin

The stratum corneum of the epidernis 15 marked by mregular

grooves That of thick epidermus, as on the fingers or soles has regular

deep grooves and high ndges (Fig 3) Polanzation optical studies of

thick stratum corneum of human plantar shin (Matoltsy and Odland

Fic 3 A Human plantar skin showmg regularly arranged grooves and
ndges on the surfacc B Cross section of human phintar shin showing a thick
stratum  corneum

1955 1956) show that in groove areas keratin 1s ornented parillel to
the shin surface 1n the direction of the grooves (Fig 4) In ndge arcas
the structure 15 more comphcated beciuse the mdvidual cornified cells
are randomly onented In the crossbands of nidge areas keratin 1s
onented 1 a transverse direction bung 1t night angles to that of the
groove areas The arcumferentially ortented cells around the sweat
ducts gne nise to 1 continuous wnnullar structure  In other parts of
ndge areas the cells arc irregularly disposed and show a randomly
onented heratin structure



146 A GEDEON MATOLTSY

Ic 4 Upper pcture shovs an unsta ned hor zontal sccton of t! ch strat m
comcum of human plantar skn n polar zed Ight Parallel b efr ngent Ines cot
respond to groo e ar 1s the b reft ngent cros banls are component stn t $ of
rdge areas Lawer poture slo s sclem teilly tle or entat on of herata ous
port ons of thick stratum co neum
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The groove and ndge areas of thick stratum comeum stan dif-
ferently (Patzelt, 1926) and they show differences n reactivity to aleohol
and distilled water Ridge areas shnnk more m alcohol and swell more
1 distilled water than the groove areas do (Cauna, 1954)

Aray diffraction studies reveal an a keratin structure 1n the stratum
corneum (Derksen and Hernga, 1936, Derksen et al, 1937, Giroud
and Leblond, 1951, Rudall, 1047, 1952) Epidermal keratin shows a
positive crystalline double refraction (Fig 5) and no form double
refraction (Matoltsy and Balsamo, 1935a) The value of crystaline
double refraction was determined as 218 X 104 The lack of form

Fic 5 A single evtracted cormfied cell of human plantas skin 1 shown in
polanzed light It consists matnly of epidermal heratin

double refraction indicates that the keratm molecules are densely
packed and are not separated by defimite phase boundares Electron
microscope studies of the stratum corneum show a dense and non-
fibrous  structure (Selby, 1936) Thermal contraction of stratum
corheum 15 at about 80°C, or approuimately 50°C less than the tempera-
ture at which thermal contraction occurs 1n the harr In a steam bath
the stratum corneum can be stretched from 100 to 150% of its ongmal
length (Rudall 1952)
Both histochemical and biochenucal studies reveal the presence of
bonds as well as free —SH groups 1n the stratum comeum,
indicating that epidermal keratin 1s not as fully stabilized by —S—S—
bouds as 15 hair heratin (Esen et al, 1953, Goldblum et al, 1934 Van
Scott and Flesch 19341,b) In the stibilization of epidermal heratin,
lydrogen bonds, salt hnkages, and van der Walls forces are considered
to play a sumilar role as m hur keratin
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The 1mmo acids of the total stratum corneum removed from the
palmar skin of human bemgs were studied by paper chromatography
The averige values of these analyses (Muting et al 1955) are shown
m ‘Table 1I

Chemically the stratum corneum 1s more complex than har or wool
That of human plintar skin consists of approumately 20% soluble
remnnts of nuclear and cytoplismic components (10% dralyzable

TABLE II
Arino Actos oF Totan Staatunt Corneune of Human Paunan Sgn®
Am no actd Per cent
Clycine a7
Alamine 69
Val ne 87
Leucine 102
Isoleucine 21
Phenylalamine 71
Prohine 66
Serme 83
Threonine 60
Tyrosme 37
Aspartic aad 17
Glutamic acid 132
Arginine 13
Lysine 79
Histidine 29
Tryptophan 25
Cystine 91
Meth on ne 20

© From Mutng et ol (1955)

substances and 10% nondialyzable matenal) 65% msoluble epidermal
Leratn and 5% resistant membrane materal About 7 to 9% of ethanol
extractable lipids re also present Thick stratum corneum normally
contams about 10 mg water per 100 mg dry matenal In an atmosphere
of about 100% humidity its water content might increase to 70 mg per
100 mg dry maternil (Blank 1952) The thin stritum corncum on the
skin of the thdomen back or forewrm contmins 30 to 42% soluble rem
nants of nuclear 1nd cytoplasmuc substinces an amount greter th_a_n
that found m the thick stratum corneum (Grunberg and Szakall 1953
Szakall 1955) Lipids also occur mn a somewhat larger amount being
about 12%

The components of the stritum comeum were studied in most detail
m the thick human plwntar skin (Matoltsy 19561 Matoltsy and Bal
samo 1955a b} Isolated pieces of the thick stratum corneum (Fig 3%)
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were ground 1n an Abbe pebble ball mull, using porcelan balls, at 2
constwnt speed of 115 rpm for 17 hours The resulting powder con-
sisted mamly of smgle cormfied cells, a few cell clumps and some cell
fragments (Fig 8) These isolated cormfied cells can be fractionated
into their constituent elements according to the scheme shown m Table
m

Tasie 11t
Pulvenzed cormfied epithelum

Neutral solution

Soluble fraction Tes due

{Insoluble epdermal
Yeratm and vesistant

componeat)
Dualyas Solution of pPH 10-13
Dalyzable Nond alyzable Saluble Resistant
componest compoment companent compment
Free amno Salahle Ep dermal Resstant
acids and ep dermal keratm cell membranes
unknown keratn denvat ve of
substances. Keratin A Kesatin B cormified cells
?}U?c- (AT R S H
» 3 O v
el S e Al )
Po08te JUs &Y £ Tn sl
Q.0eon T, e iy 2

& > VAR N
e’ b A oul e 8 whifv.~e %5‘3'3‘ PARGS
=R T A T e R JSUPIELLY. - ad

Fic 6 Photomicrograph of puhenzed stritum coreum showing smgle comi-
Beld cells cell chumps and cell fragments
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Fic 7 A Separating components of soluble fraction of pulsenzed stratum
corneum of human plantar shin B Dualyzable component of the soluble frac
ton Lie 1 15 formed by acidic amino acids hme 2 by neutral amino acids and
small peptides lines 3 and 4 by basic ammo acids € Nondalyzable component
of the soluble fraction It consists of soluble epidermal keritn (Reratin A) Con
tinuous zone electrophorelic patterns were obtamed after 3 hours of electrophorests
in Sgrensens phosphate buffer of pH 52 and developed by sprayng minhydnn
solution on dry filter paper
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The soluble fraction of pulvenzed cormfied epithelium 1s best ex
tracted with Sgrensens phosphate buffer 1t pH 71 Continuous zone
electrophoresis of this fraction reveals a very complex nature (Fig 7A)
Only o portion of the soluble fraction passes through a collodion bag
and approumately 60% 15 nondilyzable the dialyzable component con
tains munly small peptides and free ammno acids (Figs 7B and 8) The

A A B 8

B e e S e
8 8 8 o
0O O HIS
PO

sw<Q o% gg‘é
TYRG 00 Um

PHEO OO OPHE

Fic 8 Tracings of a ¢l romatogram of the d alyzal le component of pulverized

com fied epithelum of | man plantar shn (AA} Tracigs of a knovn amino acid
miture (BB)

nondialy.able component consists of 1 single protem (Fig 7C) which
was called Reratin A (Matoltsy and Bilsame 19551) and 1s considered
to be a naturally occurring soluble type of epidermal keratin

Keratin A can be precipitated by acrdificttron of the soluble fraction
to about pH 4 and the precipitate can be redissolved at pi 71 and re
pPrecipitated in the same manner  Kheratn A s electrophoretically
homogeneous and has its 1soelectric pomnt at pH 41 (Fig 9) keratmn A
contams 157 total mtrogen about 03% cystine and 177 total
carbohydrates Tests for phosphorus ribose and deoxynbose nucleic
acids are negune In the ultricentnifuge Reratn A appears heteroge



152 A CEDLON MATOLTSY

neous (Matoltsy, 1956a) About 40% sediments rapidly and shows a
sedimentation constant of 17 About 4264 of 1t scciments slowly and
has 2 sedimentation constant of 12 (g 10) At the present time 1t 1s
not known whether Reritin A corresponds to a precursor moleculir
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Fic 9 Mobilty of Reratin A (x) and Aeritin B (o) determmed s 1 functa
of pH by Tisehus moving houndary electrophoresis  The 1soelectnic point of bot
Reratin A wnd heratin B s at pH 41

KERATIN A

-5 iis

ST

Fic 10 Tracmgs of schbieren diagrams of Reratn A Solsent 01V glycint
buffer of pH 89 herin A concentration 157%

o
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species of epidermal keratin or of 1t represents a natur:l degradation
product of decomposing cormified cells

The residue (Trble 1UI) of powdered cormfied epithelium consists
of app itely 929 luble epid 1 heratin and 8% resistant
membrane matertal These two components cannot be separated with
out serious damage of their constituents The amino acid composition
of epidermal heratin therefore had to be detcrmimned by analyzing the
whole restdue  Columnar chromatogriphic annlyses reveal the amo
acid composition shown 1n Table 1V

TABLE IV
Aviro Acos oF Epmersal Reratry IsoLatep ¥ROM Hunan PLANTAR Szt
Amino aad Per centt
Glycme 90
Alanine —
Valine 23
Levcine 72
Isoleucine 26
Phenylalanine —
Prohne —
Serine 69
Threonine z1
Tyrosine —
Aspartic acid 39
Glutamie acd 142
Argmme 76
Lysine 69
Histidine 16
Tryptophan —
Cystine —
Methionine 09

* Per 100 gm af protem on o manture free and ash free bass

This eprdermal keratin preparation 1s stable m weak acids and in
weak allalies (Fig 11) In acd solutions between pH 1 and 4, or n
alkaline solutions between pH 8 and 10 moderate swelling occurs In
alkahine solutions at about pH 119 unlimited swelling takes place lead
g to dissociation of epidermal keritin this can also be achieved by
reducing substances and mivtures of reducing substances with alkal:
and alkakine urex  The solubilizing effect of such chemicals 15 demon
strated 1n Tig 12 Efficient solubilization of epidermal Keratin can be
achieved by using any of the following solvents (pH between 10 ind
13) 002N NaOH 0023 NaS 100 oM RCN 1 002N NaOH 25
mM CH SHCOOH m 002N NaOH and 500% (NH ) CO i 002N
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NaOH Epidermi] keratin, solubilized by any of the above solutions,
was called Keratm B (Matoltsy and Balamo, 19351)

'z SWELLING
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Fic 11 Upper curve shows volume of 100 mg pulvenzed cormfied epithelum
of human plantar shin m glyene-HCl nd ghoneNaOH standard mrstures of
different pll  Lower cune shows alues of double refraction (retardition) of a
single cormfied ccll mmersed m the same solutions In solatrons more alkihine
thn pH 11 retardation 1s ereversibly deereased and abolwhed wnplsme disocition
of epidermal heratin molccules

Keratin B can be precipitated at pH 4 and recdissohed m mildh
alkaline buffers Charactenistic chemical and physical data of Keratin
B preparations are shown m Table V' Keratin B, prepared by 002N

TABLE
CueEmicaL axp Pitssicocnevicat. Data o Reratn B

Per cent

T Carbeo- T Mobilty

Preparation obtaned by N hydrates  Cystine X 10°
002N NaOH 1588 09l 023 755
002V Na S 1557 024 023 829
100 m\f KON 1n 002 ¥ \aOH 1572 068 — 954
25 m\t CILSHCOOH 1n 002 \10Il 1568 057 — g:é

7

50% (\NH,),COmn 002 V\aOH 1508 098 017
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NaOH, 15 electrophoretically homog Its ) pomnt was
determined at pH 41 (Fig 9), comcrding with that of Keratn A In
the ultracentrifuge about 35% of keratin B sediments rapidly and shows
a sedimentation constant of 38 About 56% sediments slowly and shows
a sedimentation constant of 22 (Fig 13) (Matoltsy, 1936a) Keran B
preparations obtuned by sodim sulfide, potassum cyanide, alkalne
thioglycolate, and alkaline urea all reveal (a) onme large component,

onide

(-
L

o 3 o3 o o2 o3
NDRMALITY of NoON NORMALITY of NaOM.

Fic 12 Percentages of nondialyzable (sohd lnes) and of undissolved frac-
tons (broken hines) are shown after of pul d cormified epithel

of human plantar skin for 24 hours with alkali redvcing substance, and mixtures
of reducing substances with alkali and alkaline urea

(b) two small rapidly sedimenting components, and (c) one smll,

slowly sedimenting component These results indicate that different

solubilizing agents spt epidermal keratin mto particles of different
1

molecular weights A I for specific

weight deter has not yet been obtamed
Resistant membranes (Table I11) can be isolated by suspending
single corntfied cells 1n 01 N N1OH  The cells swell greatly in this solu
tion the cell membrines becoming ruptured, and the cell contents flow -
mng out Most of the cell membranes which are collected by centnfuga
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tion appear wrinkled when viewed under the mtcroscope (Fig 144),
but some retamn the form of the ongmal cell, idicating a farrly ngd
structure (Fig 14B) These membranes are resistant to strong reducing
agents and do not dssalve 1 sol Iike 05 N thioglycolate in 15N
sodiwm hydroxide, even after immersion for several days (Matoltsy and
Balsamo 19552, b) One per cent sodium sulfide solation at 50°C was
also used to dissohe the eprdermis, collected from human sunburned
backs, and agun resistant cell membranes were 1solwted (Lagermalm
et al, 1951) These cell membranes examined under the electron micro

KERATIN B
il i
W (I .
]
Minutess 7 Py 13 21

‘,.
/\~ /\.,/\.

37 53 69 1ot 133

i
Fic 13 Photograph of schlieren diagrams of keratin B Solvent 01V glyeine
bulfer of pH 89 heratin B concentration 10%

scope were found to have 1 thickness of 100 A The cell membriaes

consist munly of protemn  Col chromatograph Tyses show the

amino acid composttiont o be as i Table VI

C Ch wtics of Diffe g Epdermal Cells and Properties of
Prekeratin

The cells of the stratum Iuctdum (F1g 2) are flat but more hydmtcd
and less hardened than the cells of the stratum corneum They show
positive double refraction in a plane parallel to the shin surface, in
dicating that prekeratin 1s onented i a manner sumilr to that of the
mature heratin (Fig 15) Electron microscope studhes revel the hetero-

o of 01N sodsam hydroute

18 the analyzed materstl was 1solated by the us
ok i lues presented n Table V1

whicls 15 known to damage various amino acids the va
can be considered only approvmate values
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geneous structure of this layer having alternating phases of high and
low densihies In areas of high density hyalimzed tonofilaments appear
(Selby 1956) Histochemical studies reveal a high concentration of
protein bound —SH groups (Barrnett and Seligman 1954 Euscn ef al
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Fc 14 Isolate] nentrans f ¢mF 1 cells of | man plantar skin A
Wonkled membran s colle t d Jy contrl gtin B T pty coll emdd ps r
sembl ng the or g nal form of omf d cells

1933 Montgna et of 1934)  Studies with radocystine  nd ridio
methionine sto v that s 1fur containing 1m no acids are Incorpor ted 1in
these eclls n large quar tities (Belanger 1956 Bern of ol 1955) 1F
the straty m Iucidum 15 cxposed to water it stows moderate swelling
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Saturated urea penetrates this layer rapidly and causes dissociation of
its cells (Fig 16) (Matoltsy and Herbst, 1956b)

TABLE VI
Avno Aciws oF IsoLaTep Ceit Mesrases oF Corneriep Crits of Husaw
PLANTAR Skiv

Ammne acid Per cent
Clyaine 56
Alanine -
Valine 18
Leuctne 55
Isoleucine 47
Fhenylalanine —
Proline -
Serme 47
Threomne 25
Tyrostne —
Aspartic aad 44
Glutame acid 84
Argiine 15
Lysine 30
Histidine 12
Tryptophan —
Cystine —_
Methionime 23

The granulsr cells are nucleated cells (Fig 2) They reveal the
presence of birefningent matenal only at the cell penphery In the
electron microscope densely packed fine filaments with a hyahne type
structure can be secn distributed throughout the cytoplasm (Selby,
1956) The cytoplasm of granular cells 1s mildly reactive to tests for
—SH groups Keratohyahn granules occur m both microscopic and
submicroscopic dimensions m large quantities  They show a negatne
test for —SH groups Most mvestigators consider them to be compost
of protein and of some nuclerc acids (Leuchtenberg and Lund, 1951)
According to some views, k yal it 2 prek bstance
(Favre I950) or cytoplasmic debnis which s not imohed mn keratn
formation (Flesch, 1956) It has alse been proposed that the Xerato-
hyalin granules represent complex coiervates which are formed by
removal of water from the sohation layers of mtcracting collords (Ma
toltsy, 1954) Swnce the granular cells are m an advanced stage of dif
ferentiation 1t 15 possible that some basic protemns (histone) 37¢
already released from the nucleus and mteract with acidic proteins
of the unstabilized cytoplasm (Matoltsy, 1936b) This may gwve nse
to such mtracellular entitics as the heratohyalin granules The obsena
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tion of Mercer (Chapter 5 this volume) on the nature of keratohyahn
granules sheds some light on their relation to keratin formation

The basal and spinous cells (Fig 2) are rich 1 nucleic acids (Demp
sey et al 1930) Rad 1me and rad hionine are mcorporated 1n
a small amount 1n these cells ndicating 2 low metabohsm of sulfur
contammg ammo acids In the electron microscope the birefrmgent
tonofibrils are seen to be posed of 1

ne
measuring from 50 to 100 A m diameter (Selby 1955) The tonofibnls
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Frc 15 Usstamed cross section of human abdomunal skin m polarzed Lght

Most intense double refraction occurs 1 tl ¢ stratum corneum and stratum lucrdum
Below this birefringent matenal 1s oriented at nght angles to the surface plane

which contain moderate amount of —SH groups dissociate readily
when exposed to the action of saturated urea (Fig 16) or of reducing
substances (Carruthers et al 19552 Matoltsy and Herbst 1956b) X ray
diffiriction studies of the Malpighian layer reveal an « keratin structure
possibly present in the tonofibnls Alpha keratin 15 weakly stabibzed
and shows thermal contraction at about 65°C approumately 20°C less
than the temperature at which thermal contraction 15 shown by ep1
dermal keratin (Rudall 1952)

A fibrous protein called eprdermin (Rudall 1952) was isolated from
the Malmghian lnyer of the parakerttotc epiderms of the cows nose
by the use of 6 urea Films of dry epidermm preparations show
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Saturated urea penetrates this layer rapidly and causes dissocation of
its cells (Fig 16) (Matoltsy and Herbst, 1956b)

TABLE VI
Avivo Acms OF IsoLatep CeLr Meuibranes oF Coawimiep Ceits or Humsy
PranTar Sxiv

Am no acid Per cent
Glyene 56
Alanine -
Vahne 18
Leuaine 55
Isoleucine 47
Phenylalanine -
Proline —
Serne 47
Threonme 25
Tyrosine -
Aspartic acid 44
Glutamie acid 84
Arginine 15
Lysme 30
Hisdine 12
Tryptophan —
Cystine -
Methionme 23

The granular cells arc nucleated cells (Fig 2) They reveal the
presence of birefrmgent material only at the cell perphery In the
electron mucroscape densely pached fine filaments with a hyaline-type
structure can be seen distnibuted throughout the cytoplasm {Selby
1956) The cytoplasm of granular cells 1s mildly reactie to tests fos
—SH groups Reratohyalin granules oceur 1 both microscopic an
submicroscoptc dimenstons i hirge quantities  They show a negatve
test for —SH groups Most investigators consider them to be compos
of protem and of some nucleic acids (Leuchtenberg and Lund 1951)
According to some views heratohyaln represents a prekeratin substanct
(Favre 1950) or cytoplasmic debns which 1s not smvolved 1 heralin
formation (Flesch 19356) It has also been proposed that the kerato
hyaln grnules represent complex coacervates which are formed by
removal of water from the solvation layers of mteracting collosds (\‘IL“‘
toltsy 1954) Smnce the granular cells are in an advanced stage of d
ferentiation 1t 15 possible that some basic protems (histone) ar®
already released from the nucleus and interact with acidic protemns
of the unstibilized cytoplasm (Matoltsy 1956b) This may give T8¢
to such mtracellular entities as the keratohyahn granules The obsena



THE CHEMISTRY OF KERATINIZATION 161

urea from the human epidermis (Matoltsy and Herbst 1956b, Roe
16562 b) In the eprdermis of human shin, large quantities of soluble
protens are extrictable with neutrl or shghtly alkaline buffers (Fig
17) (Matoltsy and Herbst, 1956a, Sprer ¢t gl 1954) These protemns sup
posedly are present m the Malpighian layer They have not yet been
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i PHOSPHATE ACETATE SO0IUM CHLORIDE
} EXTRACTS

Fic 17 Cross section of human abdonunal shin showing separation of ep:
dermis from dermus after incubation at 58°C  Extracts of separated epidermis were
obtuned by 1715 ¥ phosphate buffer of pH 72 veronal acetate buffer of pH 83
and a2 wuxdure of 10 \! sodum chlonde m 1153 phosphate buffer of pH 7.2

Electrophores s pattern of eachh extract (lower picture) reveals two distinct com
ponents
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sufficiently charactenized to cnable one to draw conclusions about
whether they originate from tonofibrils or from other cell consttuents

In a biochenncal study Van Scott and Flesch (19543, b) report equal
concentrations of —S—S— bonds n the cells of the Malpighnan layer
and mn the cormified cells of human epidermis and postulate that keratin,
contamnmng —S—S— bonds, is already formed at the base of the epi
dermis  This viewpont awaits coordmmation with Instochemical and

d graphic findings Rad graphic studies mdhcate the high-
est uptake of sulfur-containing ammo acids to be below the stratum
corneum and histochemcal studies show abundant —5—S—~ bonds to
be formed only i the stratum corneum

D The Mechamsm of Keratin Formation wn the Epiderns

The mechamsm of keratin formation i the epidermis 1s still a
problem A gradual increase mn number and thichness of fibrous ele-
ments m the cytoplasm of differentiating epidermal cells 1s not as ap
parent as it 15 m the differentiating cortical cells of the hur Further-
more the amount of tonofibrillae produced by the differentiating epy
dermal cells, does not seem to account for the amount of keratm occur-
ring m the cormfied cells

In the granular cells, in addition to fibrous elements, keratohyahn
granules and nonfibrous substances are also present in relatively large
quantibes  Which )2 of granular cells reg a preheratin
substance and which one will be elimmnated or utilized 1n the formation
of final keratin 15 not clear at the present nme Rothman {1954) pro
posed the 1dea that the cell p mght first d and then
reuntte an order to form a final keratin This 15 a probable mechansm
for the formation of final keratin 1n the epiderms

Below the stratum corncum, at the level of the keratmous zone, 2
prekeratim 1s formed with a relatively high sulfur content Tlattemng
of cells and loss of their water content might create favorable condtions
for the prekeratn molecules to aggregate and umte mto a highly or-
gamzed structure  The onented prekeratin molecules appear weally
stabihzed and are held together only by electrovalent and hydrogen
bonds This prekeratm contains no strong covalent bonds, such as the
—S—~S— bonds, only —SH groups are present i Jarge quantities, a3
mdicated by Iistochermeal studies

The final step 1 the formation of epidermal keratin conssts of 1n
tense withdrawal of water and association of molecules mnto a densely
packed structure The —SH groups of prekeratin become ovidized only

artrally to —S—S— bonds This fact accounts for the relatn elv poot
stabihity of epudermal heratin
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The potental of eprdermal cells at vanous layers when considered
from the viewpomt of keratimzation appeus to be quite different
Adequate systems for keratin synthesis and for stabihization of
keratin seem to develop and work efficiently only above the basal layer
This was observed n tissue cultures of adult human abdeminal skin
(Matoltsy and Smest 1957) When differentiation was mduced by
the removal of the stratum corneum nd proliferation was inhibited by
adequate culturing techmques both spmous and granular cells changed
n situ nto keratin contaming anucleated horny cells The basal cells
did not change but d therr unduff; d state (Fig 18)

IV Discussion

The nitial mechamsm of herattmzation i ether the hair cortex or
1 the epidermus 1s not clear For 1 better understanding of the mtial
phase of kerttinization more knowledge 15 necessary on properties of
the differentiating epithelial cells and on the nature of the keratin pre
cursor substinces

In the carly stage of keratimzation cytoplasmuc fibnillation appears
to be a basic ) winch later t assocnnted with the de
composition nd elimination of certun cytoplasmie and nuclear ele
ments  Although these are common properties of keratimzing cells of
both hair cortex and epidermus the actual mechanism of heritimization
15 different In the differentrating cells of the hur cortex the cyto
plasmie fibnls dually reach a high ation and the cells prac

tically consst ‘of fibriis when the nuclear and cytoplsmic activities
cease nd an efficient ehmination of nonkeratn conshtuents takes
phee In the differentiating cells of the epidermis a gradual cytoplasmic
fibrillation 15 less apparent and the elmmation of nuclear and cvto
plasmic nonkeratin components 15 also less effectve than in the dif
ferentisting cells of the hair cortex

The final phase of keratimization takes plice i “nonviable” cells In
the cortical cells of the hair the cytoplasmic fibnls sunply umite and
form 2 hardened mature keratin  Prekeratin of the epidermis appears to
undergo complicated collotd chemical and physicochemical changes as
it forms 1 hnghly orgamzed nal mature Keratin

Duff cn be recognized m the ch 1 P of the
heratin winch 1s formed in both hatr 1nd 1n the epidermis  If Table T
15 compared with T-ble I1 or IV 1t c1n be seen that the ammo acid com
position of wool kerahn 1s basically different from that of epidermal
Leratin Thus 15 consistent with the cancept that there are different hinds
of heratins as ymplied by others by the terms “eukeratin® and “pseudo
heritm” 1t would appear that either the avulability of amino acids




163 A GEDEON MATOLTSY

Fic 18 A Cross section of adult humm <bdommal shin from which the
stratum comneum was removed by 30 stuppings of the skin surface with Scotch
Tape B Cand D Cross sections of stupped skin which was cultured i hwngng
drop preparations for 7 days The preparation shown in B 1s staned with hema
tovylm and eosm Note the wide keratinized upper portion In preparaton €
the —S—S§— bonds were reduced to —SH before apphcation of Barnett an1
Selgmins techmjue Note intensely reactne upper portion of the cpidermis
Prep Dis d and was ph hed tn polarized hight Most intense
double refraction occurs at about the muddle of the epidermis an rer correspond
ing to newly formed heratogenous zone (From onginal of Plate 1A Tigs 2 and 4
Phte 1B Fig 4 and Plate 2 —5—S— Fig 4 Matoltsy and Sines: (1907) p 63)
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mght be different 1n the hair follicles and the epiderms, or that keritn
synthests proceeds according to different principles in these Leratimizing
tissues

Eptdermal keratin 1s not only of different composition but 1t 15 also
Jess ressstant to physical and chermcal agents than hair or wool keritm
The relative weakness of epidermal keratin 15, however, compensated by
the presence of cell membranes which consist of matenal of considerable
ngdity and high resistance  These cell membranes appear to be specific
protectrve elements of single cormified cells, and together with epidermal
keratm form a most efficient protective system along the entire surface
of the organism
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I IntronucTiON

Although the bulb of a harr follicle 1s an epdermal denvative, 1ts
pattern of mutotic actvity 1s strikingly dufferent from that of the surface
epuermis  While the rate of cell replacement n the surface epidermus
is relatively steady, varying only within narrow lmits according to
dwrnal and hormonal rhythms (Bullough 1952, 1955b), the rate of
cell production n the follicle 1s rhythmic, varying sharply between the
violent mitotic actmaty associated with the formation of a new harr and
the total lack of activity once that hair has been formed There may
therefore be physiclogical differences between the mitotic activaty of the
surface epidermus and that of the growng follicle

A physiological study of the mitotic activity of the normal eprdermis
of the mouse has already been undertaken and the results have been
reviewed by Bullough (1952 1955b) In brief, the following conclusions
can be drawn

1 Active mitosis only occurs when the eprdermal cells are able to
absorb adequate supphes of carbohydrate and of oygen These are
normally obtamned from the blood capillanies, the carhohydrate being in
the form of glucose Some ovygen may enter through the skin surface
and, as in the cornea some carbohydrate may be i the form of Iictic
acid derned from the dermis In ether case the carbohydrate is ov-
dized through the Krebs cycle to provide the energy necessary for

mitosis
.
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2 This energy is evidently stored 1n some readily avmlable form
during the antephase with the result that, once a dwision has visibly
commenced, the cell does not need to produce any further sigmficant
amounts of encrgy Cell division 1s thus an all-or-none reactron, and
even the death of the ammal does not arrest 1t (Bullough, 1950b)

3 In a normal animal the maumum epidermal mitotic actwaty 15
seen dusing rest and sleep, and the mimmum during active muscula
exeresse Whle the precise reason for this has yet to be demonstrated,
1t 15 possible that it 1s basically due to the openmg of the surface
capillavies of the dermis during sleep, and to their closure dunng mus-
cular actity Probably the mutotie mhibition scen 1 an active anmmal
1s due to a shortage of glucose and oxygen m the epidermis  When m-
hibited skin 15 1immersed 1n a saline culture medium containing glucose
and with a gas phase of oxygen, mitotic activity commences at once

4 A fusther factor imiing mitotic activity n the eprdermus seems
to be the relatve meffciency of the glucohnase reaction whereby glo-
cose 15 enabled to enter the cells When thus reaction 1s stimulated, for
wnstance, by either msulin or an estrogen, the resnlt 1s an increased
eprdermal mitotic rate

5 The general conclusion may be drawn that cell replacement
the epidermus 1s dependent on active respiration within the basal cells,
although mere epidermal survival can be ensured by gheolysis alone
(Medawar, 1947) Any factor which shmulates respiration also stiumu-
lates cell dnision, while any factor which inhybits esther respiration of
the processes of energy transfer also inhabits cell division

Wath these conclusions i nund, the followng study of the mitotic
actnity of the harr folliele was carned ont using Strongs CBA and G
mice In 2-month-old animals a new hair coat s produced by 2 wave of
follicular actvity which starts on the bellv, passes up the sides of the
bodv, and ends dorsally After the body hair had been removed with
electnic chppers, the region of new harr growth could easily be deter
muned, and the subsequent studies were confined to this regon

For the study of follicular actvity 1 vtvo it was standard prachice
for 01 mg colcemid 10 025 ml saline to be mjected subcutaneously 5
hours before Mlling For the w witro studv the ammals recened no
colecemud  After they were hilled, their shin was removed, and, by
means of a hugh speed rotary punch, small crreles (approumate duimeter
5 mm) contmning actn & follicles were cut ot These shin samples were

1 1n a phosphate-buffered sahne 1 Detals of this medi-
um and of the 1 itro techmque are gren by Bullough and Johnson
(1951a) 5 din

Brrefly, this technique depended on the immersion of up to 5 sk
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samples, each from a different mouse, 1 4 ml saline 1n a Warburg flask
mamtained at 38°C and constantly shaken The mutoses present i the
skin when 1t was separated from the body were allowed to go to com-
pletion durmg the first hour, and then 004 ml saline contaimng 0018
mg colcerid were added from the side arm to arrest all the newly-
developmg mitoses m the metaphase After 4 further hours the expen-
ment was ended

The shin sumples were fixed 1 aqueous Boum, cut at 7 i to gne
longitudmal sections of the follicles, and staned mn Ehrhich’s hematoxylin
and eosm to show the mitoses To demonstrate the distnibution of
glycogen, other sections were fived 1 Zenher-formol, and stained by
the penodic acid-Schiff method

In estimating the numbers of mitoses present, the cell matrix of the
hur root was regarded as a homogeneous tissue The follicles were
examined 1 strict sequence along the length of the skin sections, and
the total number of mitoses arrested by colcermd were counted m each
follicnlar matrix Al follicles were wncluded n the count, whether the
section passed centrally through the matrix or whether 1t included only
a small shee of the outer matnix edge From each ammal an average
was derned from 50 such counts, and since each experimental group
normally consisted of skin taken from between 5 and 10 mice, there
were between 5 and 10 figures from which a grand average and standrd
error were denved

II  Growrn Cycre or tHE ForLicte
A The Resting Hair Follicle (Telogen)

In such a follicle two physwologreally distinct regions can be dis
cerned easily, the one above the level of the sebaceous glind duct and
the other below In the upper region the cells of which are i direct
continuity with the surface eprdermis the mitotic actvity of the basal
cell layer 1s similar to that of the basal layer of the epidermss, but 1n
the lower region the cells are mitotically ert In the upper follicle
there 15 an open channel between the follicle wall and the hair shaft
In the lower follicle the walls press closely on to the hair shaft which,
at ats base, has a strong brushlihe attachment to the surrounding cell
mass Beneath the follicle basc 1s the small dermal papilla

B Early Follicle Growth (Anagen I)

The first sign of that mitotic actnty which results n the production
of a new hur 15 seen 1n the basal cells of the lower follicle, which then
grow downwards as a solid column of undifferentiated and dividing cells
to surround the dermal papilla There 1s no mitotic activity 1n that part
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of the lower follicle which surrounds the brushlike base of the old hair,
while i the upper follicle normal mutotic actwity continues (Fig 1)

derme pop .

sebaceouy glond
Srwah attoehment,

pew Ror

herotogenous sone.
onenfahion sone.

matex

Fie 1 Diagrams of elongating hatr follicles to show the areas of high mitote
actvity (shaded black) Notice the four separate regions (1) The upper follile,
{2) Zone of no mutosts, (3) Zone m which mutoses are transiently present during
follicle elongation, and (4) The matric

C  Later Follicle Growth (Anagen II and 111)

As the new follicle elongates rapidly, the mner follicle sheath and
the tip of the newly forming hair begin to differcptiate, and the cells
mnvolved cease to show mutosis From the base upward the sequence
of zones 1s as follows

(a) The basal region of very high mitotic activity takes the form of
a nng which surrounds the dermal papilla All the cells for the new har
shaft are formed m this region

(b) A narrow region of diffierentiation m which no mutoses are
seen

(¢) A rapudly elongating region contans centrally the newly-
duff ing hawr and penpherally a zone of active mitosis 1 which
are produced many of the new cells mvolved in the lengthening of the
follicle Until the follicle 1s fully grown the lengthening of the follicle
Lecps evact pace with the lengtheming of the new hair shaft ConSCE
quently, the hair tip remams static beneath the brushlike attachment 0/

the old hair
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(d) The nonmitotic zone surroundng the brushhke attachment of
the old hair remains unchanged

(e) The cells of the upper follicle now show an increased rate of
mitosss and a similr mcrease m the mitotic actvity takes place m the
overlymg surface epidermis (Chase et al 1953)

D The Fully Grown Follicle (Anagen IV to VI)

When 1ts growth 1s complete the follicle 1s at least six times longer
than 1t was in the resting condiion From the base upward the se
quence of zones 15 as follows

(a) The cells of the basal nnglike cell matrix show violent metotic
activity which however ceases abruptly at a pomt level with the tip
of the dermal papilla

(b) Above the dermal papilla 15 a zone in which the cells arrange
themselves nto columns and 1n which they begm to elongate and
differentiate  No mutotic activity 1s present

(c) Above this 15 the keratogenous zone m which the cells are

d to form n gmizable hair No mutotic actvity 1s seen
1n any of these cells or m the cells of the surrounding follicle wall

(d) With the pomnt of the new hair now forcing upward the brush
Iie attachment of the old hair and the surroundimng cells are pushed
to one side These surrounding cells show no mitotic activaty

{e) The cells of the upper follicle show a subnormal mitohc rate
and a simlar subnormal mutotic rate 1s found m the overlying epidermis
(Mottram 1945)

E  The Final Stage (Catagen)

When the new hair 15 fully grown mitotic activity n the basal ring
like cell matny suddenly ceases and the new hair develops a brush
Dke attachment to the cell mass which surrounds its base There
follows the rapid degeneration and destruction of a greater part of
the lower follicle This 1s 2 complex and orderly procedure by which
the follicle returns to its normal resting length

III  Mrrotic Activiry oF THE MATRIX

Ina fully grown and fully active follicle the only mitotic actvaty 1s
thak <k Wne nnglile matrix which surrounds the dermal papifla A colum
har epithelium of apparently static cells 1s based on the dermal paplla
Every division 1 these matrix cells 15 onented 1n such a way that the
niew cell wall hes parallel to the surface of the dermal papill1 and the
new cell 15 therefore pushed outward In the first division of the new
cell which evidently takes place within a few hours the position of
the chromosome plate mdicates that the long awus of the cell has tilted
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upward through some 30° to 60°, The outermost of the two cells result
ing from this division les agamnst the outer matrix wall, and on further
division st can be seen to hve turned through 90° so that uts long avs
powts upward toward the newly forming harr Thus, the new cells len-
ing the busal epithelum on the dermal papilla swing outward and up
ward, dviding as they go, to provide a steady stream of cells up the
center of the follicle (Fig 2)

Fic 2 The orentstion of mutotic figures in the materx A new cell ongnates
from the columnar epithelium which ensheaths the dermal pipulh and jts avs fms
through 90° as it travels outward and upward

The mitotic actwaty m the whole matrix 1s violent By the use )Df
colcermd 1t can be seen that, i a pertod of 4 hours, seme 307 of lh\c
matnic cells entermg dvision are arrested m metaphase  Making ; "

p that the col 1 itself 1s without effect on the num ;‘l‘
of cells entering division, this would dicate that about 757% of the
matrix cells enter mitosss during each hour  On the further assumphf’:
that all the matnx cells are equipotent, this would also indicate the
every cell undergoes diviston once 1n approaimatcly 13 hours T:'sz;
ceptionally Iugh rate 15 mn extreme contrast to the situabion m the
face eprdermis (Bullough, 1950a) St

The results of the experiments performed to discover the ﬂppl’q‘( op
duration of each mitosis are given 1n Table I Some 18 mitoses dev
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m 4 hours m the amount of matnix represented by an average random
section {7 y thick) After the fourth hour, the colcemud treatment re
sults 1n 2 mitotre nhibition so that there are shll only 18 mitoses present
after 5 hours From this information the following rough caleulation
my be made Approumately 45 mitoses reach the metaphase per
hour, but at any one moment (1n the absence of coleemid) only about
2 mutoses can be scen at some stage between prophase and telophase
Thus each mitosis must normally be completed 1n between 15 and 30
minutes  This concluston, although only approximate, 15 1 marked con-
trast to the situation in surface epiderms, where the duration of a
mitosis may be four or five times as long (Bullough, 1950a) Ewvidently,
therefore the follicular matrix 1s 1ly actine not only i terms of
the agh proportion of cells undergoing mitosis per day, but also 1n the
extreme speed with which these mitoses are completed

TADLE 1
Errects oF COLCHICNE OY Mrrosis?
o Time after injection 0 1 mg colcermd per mouse
colchicine Lhr 2hr 3hr 4hr Shr

175011 277040 580041 13042122 1846113 1822+019

@ Average numbers of mutoses in one hair bulb section 7 i thich  Numbers of
mice studied per grovp = 4

IV Mmootic Acrvy asp Respmation tn Vitro

In view of the known dependence of epidermal mitosis on the active
respration of the epidermal cells (Bullough, 1952), a series of expen-
ments w1s carmed out to discover whether the mitohie achvity
of the follicular matrix 15 sumilarly dependent 1In the first expeniment,
performed n vitro, the mmportince of an ovygen gas phase and of 1
carbohydrate substrate was assessed (Tible I11) In this first expen

TABLE If
EFFECTs oF GLLTOSE AND ONMWGEN o8 Mrrosis?
Substrate
- Saline 4002Vt
Gas phse Sahne alone glucose
Nitrogen 0 (Shght necrosis) 0 (Shght necrosis)
Aw 118015 213x017
Ongen 189017 509018

* Average numbers of mitoses arrested by colceud in one hair bulb section
7 w thick after fncubation for 4 hours at 38°C phosphate buffered saline  Each
Bzure 15 denved from observations on shin samples taken from 8 adult male mice
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ment the volume of 1sotome glucose solution introduced was sufficient
to ensure 2 final concentration of 0022f, which had previously been
found to gne excellent results in the case of normal epidermis

The results obtained indicate the importance to mtosis of the energy
produced through the oudation of carbohydrates No mutotic actuly
was possible i the absence of oxygen, and some apparent damage to the
cells was evident However, even mn the absence of oxygen, those
mitoses present m the matrix at the time the skin was separated from
the body passed safely to completion As in the case of the surface
epdermus, mitosis m the matnx 1s an all or-none reaction, and oxygen
1s anly of cntieal importance 1n some stage preceding the visible pro
phase  This stage has been named the antephase, and 1t 15 envisaged
as a period dunng which sufficient energy reserves are accumulated to
maintamn the cell dunng the whole of the division

Table II also mdicates that considerable mutotic activity may des elop
1 the absence of glucose n the medium, and 1t may be presumed that
ths actvaty is based on carbohydrate reserves present in the skan  Apart
from these possible reserves a fully active follicle contamns a consider
able quantity of glycogen, present mainly in the outer root sheath
the region surrounding the zone of keratimzation In the absence of
glucose, much of this glycogen tends to disappear within 5 hours

Experiments were next carried out to discover whether or not the

concentration of 002 M glucose 15 1 fact close to the opttmum, as it 1s
m the case of normal eprdermis  Using isotome glucose solutions the
£inal concentration 1n the saline mixture was vaned between 001 M and
006M The results of the experiment are given in Table III In contrast
to the surface epidermus, the harr bulbs are able to utilize with egual
facility a wide range of glucose concentration from 001 Y to 0053
At a concentration of 0063 glucose, however, there were signs of
mitotic inhibiion  In normal eprdermis a symlar mhilntion 1s evident
at app Iy 003 M (Bullough and Johnson, 1951b)
The value of alternatve carbohydrate energy sources was nett
tested Vanous intermeduates of glycolysis and of the Krebs cycle were
used with the results shown m Table IV Fructose and pyruvate pro-
wided a good energy source, although neither was any better than
glucose  The threc krebs cycle mtermediates were far less actnne
a conclusion which 1s m general agreement with results already recorded
for epidermus (Bullough, 19552)

To obtan further evidence regarding the dependence of the mtotic
actisity of the hair bulb on respiration, expeniments were next carr
out with 2 sariety of well known carbohydrate nhibitors These l;’d
cluded eyamde which hibits the cytochrome syvstem and so shoul
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be comparable m 1ts action to mtrogen, axide, wlich also inhiluts the
cytochrome system, malonate, which interferes with the oxidition of
succinate to fumarate but which, being a competitive inhibitor, ceises
to have an effect when, after a few hours, sufficient succinate has ac-
cumulated, and fluorde, which 15 an mhibitor of glycolysis The results
shown 1n Table V demonstrate that all of these cirbohydrate mhubitors
are pow erful mitotic mhibitors, and hayving regard to the concentrations
used, the degrec of mhibition 15 xpproumately the stme 1s that obtuned
with surface epidermus (Bullough and Johnson, 1851b)

TABLE III
EfrECTS OF VARIOUS CONCENTRATIONS OF Grucose oN Miosis?

Concentrations of Isotonic glucosa

None 001 M 002 0030 001 M 005 M 008 M
123+ 619 814=x 625 618+ 603 198 %
027 022 038 024 031 049 030

@ Average numbers of mitoses arrested by colcemid in one haw bulls section
T p thick after ncubation for 4 hours at 38°C in phosphate buffered saline and
an oxygen gas phase Lach figure is derived from obscrvations on skin samples
taken from 5 adult male mice

TABLL 1V
Errects oF VARIOUS CARBOIYDRATF SUBSTRATIS ON MiTosis®

Substrate 002 M

None Clucose  Fructose Pyravate  Curate  Suceimte Tumarate
__fone  Glucose  Fruc Py _ Cun uce

084+ 668 = 578 473 % 179 % 191 083 %

013 044 013 024 013 007 007

¢ Average numbers of mitoses arrested by colcemid in one bair budb sectlon
7 1t thick after ncubation for 4 hours at 38°C in phosphate-buflcred wline and an
otygen gas phase Each figure is derlved from obscrvations on skin sampl 1 taken
from 5 adult male mice

Fimlly, the effects of 2,4 dimtrophenol were studied, and the results
are shown 1n Table VI The action of dinitrophenol on the <ncrgy trans
fer systems of cells 1s not yut clewly defined hut the antimitotic wchion
shown here 15 probably caused by m Interfcrence with acrobic phos
phorylation (Loom:s and Tipmann 1919)

V. Meotie Activiry in Vico
From carlter studies of the mitotic 1ctivity of the surfice ¢pidermis
1t has been concluded that the two most inportint £ictors determining
the degrec of actiity devddaping in tivo are nutritwonid and hormonal
(Bullough 1952) The cffect of the nuteition st factor Is scen prticulaely
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clearly 1 the diurnal alternation between the igh mutotic actwaty de-
s A P N N

the low actinity dunng exercise to the closing of those capillanies When
the mitotically mactne eprdermis 15 removed from an evereising mouse

TABLE V
ErrecTs or CarmomyprATE INHIBITORS O\ VMTOSISS
Sahne 4
Salne 002V
alone glucose Salme 4 002V glicose + mhibitor
Cyande
00001 1 00005 M 0001 M
178002 464=017 350073 0
(Some necrosts)
Ande
00001 Vf 00005 \ 0001V
Oooory  oobesw 0 00
129+ 038 0 0
\falonate
oo1y 002V 003\
omyM
006 =005 0 0
(Shght necrosis)
it necrosis)
Flionde
00001 Vf 00005 VI 0001Y
342%018 156 = 026 Tox=oll

@ Average numbers of mitoses arrested by colcermd 1 one harr bulb sccnog
7 j thick aftes mcubation for 4 hours at 35°C wn phosphate buffered salne a0
an owgen gas phase Each figure 15 derned from observations on shin sumples
taken from 4 adult male nuce
TABLE VI
ErFFecT oF 24 DinrrrormenoL oN Mivosts?

Salne + 002V glucose + I

Saline + 000001 ¥/ 000005\ 00001 Vf
Saline 002y dimutro- imitro- imatro-
alone glucose phenol phonol _phenol
1782002 461=017 197032 o 0

a Average numbers of mutoses arrested by colcemid tn one hair bulb sectiot
Tn thick after tncubation for 4 hours at 38°C an phosphate buffered saline a{x!
an otygen gas phase Fach figure 15 derned from obserations on skin sampic

taken from 4 adult male mice
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and 15 1mmersed m a sahne medium with glucose and a gas phase of
ovygen, mitosis recommences at once Similarly, when the mitotically
mactive eprderms 15 taken from a sturved mouse and 15 pliced 1n such a
medium, mitots recommences ymmediately

No suggestion of a dwrnal thythm 1n the mutotic activity of the fol-
heular matrix has been recorded, but to test the possibility that such a
rthythm may ewst, mice with growing harr were hilled during a pertod
of rest and after 6 hours’ exercise m a revolving box Such forced ever-
ase 1n a boy revolving once every 7 mmutes about 1ts horizontal axis
has already been shown to reduce the mutotic actvity of the susface
epidermus almost to zero (Bullough, 1948) The results of these expen-
ments are shown mn Table VI, and 1t 1s clear that the behavior of the

TABLE VII
Errgct or ExERCiSE oN \Mrrosise

Mice after 6 hours m
Resting mice revolving box

1883 =052 1850 = 049

@ Average numbers of mitoscs arrested by colcerid m 5 hours m one hair bulb
tection T B thick  Ench figure 15 dermed from obsemvations on shin samples
talen from 10 adult male mice

hair bulbs 15 different from that of the surface epidermis  Mitotic achv-
1ty of the matrix cells continyes at a Iugh level, whether the anmal 15
asleep or active, and no drurnal rhythm 15 present

The effects of starvation were next studied, the mice bemg deprived
of food but not of water for pertods of 24 hours and 36 hours After 24
hours the animnls were still active, but after 36 hours they were 1 a
state of collapse The results histed 1 Table VIII show httle or no
effect after 24 hours, after 38 hours the mutatic actwaty of the haw roots
was almost ehiminated Thus the mitotic activity of the matrnix continues
ata hugh level until the last stages of starvation, which 15 1n contrast to
the surface epiderm:s where the mitotic rite 15 depressed after only 12
hours” starvation (Bullough, 1949)

It was considered important to discover whether a shortage of
glucose may be the only factor muting the mitotic actvitv of the
matnx cells of mice m the Inst stages of stanition  Mice were staned
for 36 hours when they were 1n a state of collipse, and the results are
lsted 1n Table IX  As before the mitotic acty ity of the hur bulbs was
greatly reduced It should be soted thit the law control figure of 175
was due to the fact that colcermd was not used When shin from the
two groups, control and staned, was incubited with glucose or with
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fructose, a similar degree of mitotic activity was obtamed This shows
that the recovery of the shin taken from the starved mice was immedtate
and that the only nutrient lacking 1 the shin of these mice was the
carhohydrate
TABLE VIII
ErreCT OF STARVATION ON MrTosise

Mice starved for
Normal mice 24 hours 38 hours
1883+ 052 1723+ 037 164013

© Average numbers of mitoses arrested by coleemnd in 5 hours in one hair bulb
section 7 u thick Each figure 15 denved from obsersations on shin samples
taken from 10 adult male mice

TABLE IA
Recovery oF MrroTic AcTivry in Vitro AFTER STARYATIONS
Condition of mice Substrate
Trestment Alitotie fate 0023 Clucose 002\ Fructose
Normal 175+ 000 512+033 529041
Starved for 36 hours 068 + 008 554024 587017

@ Average numbers of mitoses arrested by colcernd m one hur bulb section
7 y thick after meubation for 4 hours at 38°C i phosphate buffered saline and an
oxygen gas phise  Each figure 1s derved from observations on skin «amples taken
from 5 dult male mice

The state of collapse of a starved mouse 15 smltr 1 appearance t0
that of a shocked mouse Shock has a powerful inhibutory effect on m!
totic activity (Bullough, 1952), and the possibihty was considered that
the mitotic mhibitton noted above was due not so much to starvation
as to a condition of shock

In shock a great many physiological processes are distorted, and
there 15 still no common agreement as to which of them 1s basic How-
ever, the shock state certainly mvolves a profound alteration m carbo-
hydrate metabolism (Stoner ef al, 1950), and 1t was decided to test the
effect of shock on the mitotic activity of the follicular matrre eells

Shock was induced m two ways In the first tourniquets were 2p
pled to both hind limbs and were left 1n place for 2 hours During flus
period the mice remuned active and in good condition but on rcmma}
of the tourmquets shock developed gradually One hour after remova
of the tourmquets colcerid was m)cclc(l and was allowed to act for
a further 5 hours The results shown in Table X indicate that this
treatment causes a deep mutotic depression It 1s possible that the few
mitoses seen m the shocked mice all onginated dunng the Srst hovr
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or two after the removal of the tourmquets and before the shock state
was fully developed

In the second expeniment shockh was mnduced by the injection of
the sodum salt of adenosine triphosphate (ATP) The treatment given
mvolved erther a smgle mjechon of 25 mg ATP given 1 hour before
the colcemid njection, or by two mjections each of 25 mg ATP, the first
being given 1 hour before the colcemud mjection, and the second 2
hours after the colcemid mjection  With only one mjection, shock did
not develop fully, but with two mnjections shock was mamtamed for
the greater part of the 5 hours after the time of the colcem:d injection
In this latter case the mice remamed m a state of complete collapse
and were cold to the touch The results given in Table X show that if
the shock state does not develop fully, the mitotic activaty of the matric
1s not greatly affected, but that m full shock, mitotic actvity 1s almost
completely eliminated

TABLE \
LrrECTs OF SHOCK ON Mrrostsd

Mice shoched by mjcction

Normal Mice shocked by 25 mg A
mice tourniquet removal 1 Injection 2 Injections
1883+ 052 417+082 1563070 076 +003

© Average numbers of mutoses arrested by colcemud 1n 5 hours 1 one hair bulb
section 7 p thick Each figure 1s dernved from observations on skin samples taken
from 10 adult male mice

In a further companson between the effects of starvation and of
shock, the possibility of a mitotic recovery after a shock inhibition was
considered  Shock was mduced as before both by the removal of
tourniquets and by two mjections of ATP, and small pieces of skin con-
tamng hair bulbs 1n which mitosis was mhibited were cultured 1n 2
phosphate-buffered salme medwm with glocose and an oxygen gas
phase The results Disted 1n Table XI show that the har bulbs from
both groups of shocked mice made an immediate recovery when the
shin was separited from the body and inmersed 1n the siline medium
with glucose

VI Discusston

There are at lest three cntical processes m the procuction of a new
hair Fusst, there 15 the formation by mitosis of the mass on new cells,
second, there 15 the onentation of these cells mto concentric sheaths,
and third, there 1s the process of herwtimzation whereby the hair atself
is formed  Ryder’s evidence, derved from a study of the absorption of
radiotetive maternals suggests that glucose enters raprdly and selectively
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mto the matrix cells, while cystine 15 more readily absorbed m the region
of keratimzation This provides corroborative evidence that the great ac-
twity of the matrix cells results m a high demand for glucose as the raw
matenal for respiration In addition, the matrix must also make a high
demand for all those other substances which form the structural basts of
the new cells  However, 1t would seem that, as m the case of the surface
epidermis (Bullough, 1952), these other substances are never normally
i short supply, even mn the hair bulbs of a mouse which has collapsed
from starvation

TABLE X\
Recovery oF Mitotic ACTIaTY in Vitro AFTER Stock TREATMENTS
Conditton of mitce Substrate

Treatment Mitotic rate 002 M Glucose 002 M Fructose
Normal 175009 562038 666052
Shock by
tourniquet

removal 081009 680034 647 059
Shock by

Injection
22X 25mg

ATP 069 %013 629+023 628030

@ Average numbers of mitoses arrested by colcemid 1 one hair bulb section
7 g tuck mn 4 hours at 38°C in phosphate buffered saline and an oxygen gas phase
Each figure 1s derived from observations on skin taken from 5 adult male mice

Such a nghly active system as a growing har follicle would be m
possible unless 1t had access to an excellent blood supply As a follicle
begns to elongate there 1s an apparent heavv deposition of fat 1 the
hypodermis  This fat 1s probably mert and 1t may perhaps have itle
functron except to provide the space m which the elongition ctr occur
However, with the deposition of this fat, the capillary networh of the
shin becomes more obvious, and the impression may be gamed that new
capillanies have been formed (Durward and Rudall, 1949) Houwever,
work now bemng done by LClsa M Furth (personal communication) sug-
gests that this 1s not the case Rather 1t seems that the already eusting
capillary network 1s stretched out, and that possibly more blood prsses
through 1t Firth has shown that m the mouse the derml and hypol-
dermnl capillaries do not form close networks around the follicles, and
that furthermore there 15 no blood supply to the dermal papillac In the
rat (Durward and Rudall, 1949), the stouter follicles are closely en-
sheathed 1n a basketlike network of capillaries, while the largest follicles
of all, those of the vibrissae, are enclosed 1 a blood sinus Esen m these
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cases however, the dermnl papillae we reletwvely lightly vasculanzed
Evidently, 1n all these cases the ertical supplies of glucose and of other
raw maternls yeach the matny cells not through the dermal papilla
but through the outer surface of the bulb

Howener, the most fascmnating problem concerns the nature of that
stmulus whereby the quiescent follicle bulb 15 forced nto ugh actwaty
This stamulus 15 not nervous, 1nd 1s not caused by the diffusion of some
substance from follicle to follicle (Durward and Rudall 1949) To
this 1t may be added that the stumulus most probably does not emanate
from the capillary system A plausible hypothesis would seem to
be that the control of growth resides m the dermal papilla which
in the mouse may be supposed to resume its actvaty at approximately
monthly mtervals On this hypothesss, the stmulus from the papilla
has the pnimary effect of mducing active mutosis 1n the matrix and the
secondary effect of mnducing a hewvy fat depositon and possibly an m
creased blood flow m the dermss In the mouse, follicular reactivation
passes like a sertes of recurrent waves over the body surface while i the
sheep and on the human head each follicle operates as an mdependent
umt The really fundimental problem yet to be sohved concerns the
nature of the recurrent sttmulus to active mitosis whether i whole areas
or in single follicles

VII  Suinanry

1 The distribution of mutotic activity 1n the growing follicle of
the adult mouse 15 described In the fully grown follicle such actwity
1s confined to the matrix cells of the bulb

2 Observations in titro

(a) It 15 shown that for the development of active mitosis i a
hatr bulb, adequate supplies of oxygen and of some swtable carbohy
drate substrate are essentril In the absence of either, the mutotic
etivity 1s powerfully mbitnted

(b) Ideal carbohydrite substrates for the support of mitotic activ
ity are glucose fructose nd pyruvate The varous Rrebs cycle mnter
medittes tested were not efficient m this respect

(¢) Any substance winch 1s known to inhabit the process of gly
colysis of the hrebs cycle or of the cytochrome system also inlubits the
mitotic activity of hur balbs  The substence 24 duntrophenol which
1s saud to mhibit the process of energy trinsfer has the same effect

(d) All the w ulable evidence thercfore points to the concluston
that the hugh mitotic ctisity of a hur bulb ¢an only be muntaincd by
a ugh level of energy production m the cells Therefore 1t must be ex
pected that mutotically netne hair bulbs will normally absorly large
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quantities of glucose and oxygen, and tlus 1s supported by the obsena
tions of Ryder on the rate of uptike of radiorctive glucose

3 Observations 1 vive

(a) Unlke the surfice eprdernis the matrix cells of 1 rapudly
growing harr follicle show no signs of any dwrnal thythm No mttote
depression 1s seen after 6 hours of forced exercise

(b) In starved mice the mitotic activity of the matnx cells does
not become depressed until the amimals are in a state of collapse after
about 36 hours, and at that time the addition of glucose 15 all that 15
needed to restore the mitotic activity to normal

(c) In full shock induced by the removal of tourmquets or by the
mjection of ATP the mitotic actwvity of the matrre cells 1s almost com
pletely inlubited, but in partinl shock mitotie actvaty 15 not greatly af
fected In skin taken from fully shocked mice and ncubated with
glucose, mitotic activity returns to normal almost immediately

VIII  ACKNOWLEDGMENTS

We wish to acknowledge our gratitude to the Brtish Empue Cancer Campugn
to Orgmon Laboratorics Limted nd to the Centril Rescarch Fund of the Unt
versity of London for grnts 1n aid of this research

I»  Rercrences

Bullough W § (1948) \litotic activity 10 the adult male mouse Mus musculs
L The dmmal cycles nd therr relaton to waking and slecpme  Proc Roy
Soc B135 212 233

Bullough W S (1919} The effect of 1 restncted diet on mutotie tctivity n
the mouse  Briz ] Cancer 3 275 282

Bullough W S (1950a) The mutogenic actions of starch wnd ocestrone on e
epiderms of the adult male mouse J Endocrinol 6 350-361

Bullough W § (1950b) Mtotic activity in the tssues of dead mice and in
tissues kept in physiological salt solutions  Expel Cell Rescarch 1 410 420

Bullough W S (1952) The energy relitions of mutotic actinty Biol Reet
Cambridge Phd Soc 21 133 168

Bullough W § (19552) A study of the hormonal relations of epidermal mitotic
activity 1 wtro 111 Adrenahn  Lxptl Ccdl Rescarch 9 108 115

Bullough W S (1055b) Hormones and mitotic actty Vitamincs and ot
mones 13 261 292

Bullough W 5 and Johnson Al (1951a) A simple techn: jue for muntuning
mammaban epidermal mitosis i witro  Exptl Cell Rescarch 2 415453

Bullough W S and Johnson M (1951b) The encrpy relatians of mitotic acti
ity mn adult mouse epidermus Proc oy S:c B138 562 575

Chase ¥I B Montagna W and Malone J D (1953) Changes in the skin in
relation to the har growth cycle  Anat Record 116 75 81

Durward A and Rudall K M (1919}  Studies on halr growth in the at
] Anat 83 323-333



THE MITOTIC ACTIVITY OF THE FOLLICLE 187

Loomss, W F, and Lipmann F  (1948) Reversible inhibition of the coupling
between phosphorylabon and oudation 1 Biol Chem 173, 507 808

\!zdz\mr P B (19%) ‘The b lan skin under

trictly t Quart J p Sci 88 2737

'\(D!!xam ] C (1945) Effect of change of coat on the growth of epidermal
warts 1n mice Nature 165 729 730

Stoner, H B, Green H N, and Threlfall C J (1950) Carbohydrate metabolsm
in adenosme triphosphate shock Proc 18th Intern Physiol Congr p 473







CHAPTER 9

The Vascularity and Patferns of Growth of Hair Follicles
A Durwanp ano K M Ruparyn

Department of Anatomy and Dey of Bromolecular Structur
University of Leeds, England
Page
1 Introduction 189
A Histonical Note 189
B A Cnticsm of Termunology 191
€ Vasculir Supply of Skin and Its Denvatives 192
1 Independence of Areas 192
2 Dermal Anastomoses Only 192
3 The Double Plewus 193
Il Vascular Patterns in Rat Skin 195
A The Vascular Plexuses 193
B Hair Growth Waves and Associated Vascular Changes 199
1 Telogen-Anagen Areas 199
2 Catugen-Telogen Areas 199
€ The Vascular Supply to Different Follicle Types 202
NI Vascular Patterns m Rabbit Skin 206
The Vascular Plesuses 208
B Har Growth Waves and Associated Vascular Changes 207
1 Telogen Anagen Areas 207
2 Catagen Telogen Ateas 208
IV The Vascular Plexuses 211
A Ideahzed Plan 211
B Comparative Review of Cutaneous Plexuses 212
1 Mouse and Hat 212
2 Rahbit 213
3 Guinea py, 213
4 Dog e 213
5 O and Sheep 213
6 Man 214
C  Vascular Plexuses and Hair Growth 215
¥ Summary 215
VI References 217

1 InmmopucrIoN
A Hustorical Note

Our knowlcdge of the blood supply to the shin and 1ts appendages
1s based prmcipally on obscrvations by German workers during the
latter half of the last century Therr studies were concerned with two
mam aspects, the blood plevuses of the “whole” sk and the specil

189
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blood supplies to hair follicles sweat glands sebaceous glnds and
arrector pili muscle Unna (1908) summanzes all these observations
some of which will be recalled here Studies of the vasculir system
of citagen telogen follicles were mcidental to other problems in the
work of Stieda (1910) Segall (1918) and Merhel (1919)

Comprehensive nccounts of the vasculir supply to the whole human
shin have been reported by Spalteholz (1893 1927) Bellocq (1925)
and Salmon (1936) Spalteholz (1893) described the vascular system
m terms of three well defined arterial plevuses fascinl cutaneous and
subpapillary The deepest lying in the superfienl fascia connects to
gether the artenes from the body wall to give 2 wide meshed net—the
fascral plexus—from which branches pass to the subcutancous fat
Branches from the artenes n the subcubs pass upward to reach the
zone of junction between the cutis and subcutis where they form tn
other plexus the cutaneous plexus The vessels of this net are not how
ever strictly 1n one parallel lnyer but frequently project beyond and are
embedded m the undermost fayer of the more densely fibrous corum
Agun from the cutaneous net fine branches pass toward the dermal
papillac and 1n the outer half of the corum give a narrow meshed sub
papillary plesus In turn this plevus sends single loops mto the dermal
ppiilae beneath the epidermis or where papillie are absent or m
conspicuous 1 network of fine vessels 1s formed close beneath the epr
dermis (s mn human hend shin)  Spalteholz (1927) gives an mpostant
list of English and French synonyms as follows

cutane Netz subcutineous plexus réseau sous dermuque oder
hypodermique oder profond

subpapillaren. Netz  subpapillary plexus résean sous papillure
oder sus dermique oder dermigque

A fourth arterial plexus found in certun plices 1s especlly c]nmc;
teristic of the human scalp This Spalteholz calls the sub cutane Netz
which my give nise to confuston 1f the above list of synonyms were
strictly adhered to This “sub cute Netz  which we will refer to as
“subcutaneous plexus ” lies 1n the subcutis and on the musculo tponcs
rotic Inyer  We wish to emphasize its existence for 1t 1s so similar to that
occurrmg 1n the skin of \arous amunals  The above study of the
\aseularization of human skin has provided 1 basic plan to which stu
dents of ammal skin have attempted to relate their findings However
the terms used are not always clear and this denves from tl ¢ unneces
sary multipheity of terms for shin structures
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B A Crrricisv oF TERAINOLOGY

We will dnerge here to seek a simphfi of the logy
Koelliker (1859) gnes a beautifully measured description of the struc-
ture of sk with easy and clear defimtion of his terms In this Leder-
hwt (conum) and Unterhautbindegewebe (stratum sut ) are
the two main divisions of the cutis or dermis Hoepke (1927), however,
abandons all terms except “comum” and prefers that this include the
stratum adiposum There 15, of course, wide usage of terms hike cutis
and subcutis, dermis and hypodermus, stratum adiposum  subcutaneous
fat and panmeculus acdiposus  Swmce the one unnersally agreed term m
the structure of shin 1s the epidermus, there seems mno case for any
other term thin dermus for the underlymg tissue The word dermis
has 1ts ongun 1n the act of flaying and thus refers speaifically to the skins
or hudes of ammals The root has been so widely used for other im-
portant purposes, ecto , meso , endod: that there 1s undoubted re
striction m the employment of Greel prefixes

In this article we shall think m terms of three superposed lnyers, ept-
dermis, dermis, and hypodermis  The epidermis has ats stratified layers
of epithelral cells and the lower strata transform nto the upper The
dermis has 1ts layers too, but these, of course, are not changing the one
into the other They are relatively fixed parts of a whole and consist of
a subepithelial pars papillamns, the pars retculans and perhaps in thicker
shins a pars fasciculs, to adopt the term suggested by Proctor (1922)
Together these fibrous layers are the equwvalent of the conum as de
fined by Koelliker, but we should regard the combined pars papilans
and pars reticularis as the wreducible mmmum structure of the thinnest
dermis and m that sense the really chartctenstic parts of the dermus

Underneath the derms there 15 tissue of a much less densely fibrous
mature which may or miy not be abundantly filled out with fat cells,
but 15 potentially fatty Stratification often occurs, there bemg layers
which have the chiracter of superficial fascta some which are compact
masses of fat cells and others such 1s the strated muscle of the pan
meulus carnosus with its tssoctated epimysium above and below e
cannot refer to all this tissue s the hypoderms but have restricted the
term to that hyer of tissuc in between the densely fibrous dermis and
the panmculus cirnosus  Tissue below the shin muscle between 1t and
the body wall, we call subcutaneous tissue We refer to the several
concentrations of fatty tissue wathm the shin as follows If there 1s a
distinct fatty layer within the dermis such as often occurs m sheep
shin between the pas reticulns and pars fasciculi then we refer to
this 15 the dermal fat A fatts laser just beneath the dermis we refer
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to as the hypodermal fat, while fatty deposttion 1n the superficial fascra
beneath the pinniculus carnosus we refer to as subcutaneous f1t

C  Vascular Supply of Shin and Its Dernatices

The above diversion to explan our termimnology 15 necessary so that
we can describe the relitionships of the blood plevuses i the shin of
man and animals  The terms used by Spalteholz do not swt our termn
ology, but those used by French worhers are drectly apphcable For
example, the subpapillary and cutaneous nets become dermal and hypo-
dermal, respectively, in French usage In the general case we heleve
there 15 also a subepidermal plexus above the dermal plexus which be
comes mare obvious mn the shins of larger ammals  The outermost sub
epidermal dermal plexuses are the mportant ultmate supply to the
growng epidermis and the appendages of the shin, while the hypodermal
plevus 1s more m the nature of a conducting network to brng about
even distnbution to the metabolically mmportant plewuses above

Bellocq (1925) has distinguished m human shin three hinds of
supply mvolving the derm1l and hypoderml networks

1 Independence of Arcas

Neighboring areas are 1solted from one another and the dermal and
bypodermal anastomoses occur only within each area and do not sprexd
uniformly throughout the shin It 1s frequently met with m the nes-
born 1 our studres of an advanced sheep fetus a situation of this nature
was very obvious This mdependence of areis m very young anmals
1s looked upon as due to mcomplete development of the vessels, m the
aged 1t 1s regarded as beng due to the Semle degcneration of shin
artertoles  Without greater experience with the maternl we are ot
entirely comvmced of the reality of Bellocqs concept of mdependent
arcas vagartes resulting from incomplete or irregular myection mght
pln some part m producing an appearance of mdependence Spalte
holz (1927) does not believe that apparent 1solation of areis 1s due to
lack of amastomoses between them

2 Dermal Anastomoses Only

This 15 the situation where there are fine anastomoses i the dermal
plexus and none at the hypodermal lesel It s encountered 1 mn
chiefly 1 the dors1l and ventral regions of the hand and foot where
hypodermal arterics are particalarly numerous  Bellocq rem whs that
thus assures the supply to the metabolcally actvve eprdermal derm 1
region
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3 The Double Plerus

This 15 the classical type of Spaltcholz where widesprend anasto
moses occur at both dermal and hvpodermal levels

In man the disposition of these pletuses (1-3 above), and their
variapons mn different body regions and with age, have been carefully
studied It 15 sard, concernng the shin of the head that with age the
anastomoses of both dermal and hvpodermal plevuses decrease pro
gressively so that ulimatelv some areas of the shin are poorly supphed
with blood (Hoeplke, 1927)

Such knowledge of the shin circulttion 1s important 1n understanding
the varyng supply to special shin structures, such as the fat lobes or
groups of fat cells, the bar follicles, sebaceous glands, arrectores ptlorum
muscles and sweat glands hoelliker (1889) descnbes the situation
where harr follicles are sparse, the fat lobes are discrete and well de-
veloped, and the sweat glands are not crowded In this case he 1s able
to speak of the capiflary supply to each as bemg quite separate The
supplies anse 1 series from a principal artery, small branches of which
go first to the fat lobes, higher up to the sweat gland and finally at
the Jevel of the sebaceous gland there 15 a recurrent branch to the
folicle  All these branches give nise to capillary nets of which those
to the fat lobes are so rich that often each fat cell Les n a scparate
capillary mesh The next richest supply 1s to the follicle wall from the
lowest regions of which a loop passes mto the hair papilla while sparse
branches from the follicle wall network go to the sebaceous gland and
the arrector pili muscle The sweat ghind 1 man recewves much more
blood than the sebaceous gland

Unnt (1908) reviews earher work as well as describing hus own
studies He recalls that Tomsa (1873) found especially in man that
the commonest arrangement was for the follicle to be supplied at the
sebiceous gland level by a recurrent branch from the dermnl plexus
From his own work he fiods 1 man as well as i all other ammals
studied by hsm that the supply was often from the hypodermal plexus
below Tlus may occur from a large vessel which passes beneath the
follicle giving, branches into the pipila and to the follicle wall The
network on the surface of the follicle had been described previously
{Koelliker, 1889) as consisting of longitudinal artern! capilnes wiuch
give off mostly honizontal cross-connecting branches, likened to a ladder
Unna prefers the picture of an arregular thombie Jattice work with no
marked longitudmal elements From the lowest Joop of the follicle
network there anses 1 loop mto the har papilly and this 15 deseribed
as being better developed i antmals than in mmn The follicle network
m1y be so closcly meshed as to cover the follicle completely, or again
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it may be quite open and most irregular. Where Unna’s observations
were made on fetal and newborn material he did not press the general
applicabulity of his findings

Spalteholz (1927) summanzes s views as follows. the appendages
of the skin, bemg denved from the epidermis, get thewr artenes at an
early stage from the subpapillary net, just as do the papillac protruding
mto the eprdermis  As the hair bulbs and sweat glands grow nto the
subcutis, they come into closer contact with vessels ansing in the sub-
cutis or from the cutaneous net Finally there 1s, for the larger haus
and sweat glands, a twofold vascular supply-—the upper parts derive
therr arterial blood from the subpapillary net, the lower parts from the
deeper vessels

Durward and Rudall (1949) described especially dense capillary
networks in the lower half of monotrich follicles mn the rat Awl or
auchene follicles were shown to have less dense capillary networks whtle
the smaller follicles (zigzags) had an inconspicuous supply These ob-
servations suggested a relation between the follicle wall crrculation and
the amount of fiber substance bemg produced Furthermore, the resting
follicles were still supplied by vessels ansing from the lower regions of
the skin Goodall and Yang (1954), by means of diagrams, report on
the supply to the shin appendages i 3-month-old calves, where the
follicles are shorter and of less dameter than the largest we hue il-
lustrated for the rat skin  The networks to the follicle wall are consider-
ably less conspicuous than in the case of rat monotrich follicles or many
awl-producing follicles However, the papillae i the calf shin follicles
have 2 nich network of vessels The arculation to the sweat glinds 15
poorly developed, while that to the sebaceous glands 1s by contrast, most
abundant Goodall and Yang summarize the origin of the varous capil-
lary supphes as follows the sebaceous glands are supphed from the
uppermost plexus (= subepidermal) while the supply to the lower
follicle wall 1s quite separate from that to the papillh, but both supplies
anise from the middle plexus (= dermal) Curiously, the meager supply
to the sweat gland 1s figured as ansing from the vessels which go ar-
reetly to the hair papilla Ryder (1955b) descnibes the circulation to
different follicle types 1 many breeds of sheep and 1n embryos, Tus
paper should be consulted 1f detarl 15 required In the papilla there mYy
be a single loop 1n small follicles or a well-developed network mn larger
folhicles The papilla supply generally anses from the network of
capillanies on the follicle wall, occasionally, especially in larger follicles
the papilla may be supphed from the deepest plevus (hypodermal),
from the muddle plexus (dermal), or from vertical vessels jounng these
two networhs Ryder also gnves descriptions of the less prominent cie-
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culation around the upper part of the follicle and of that to the sebaceous
glands, both ansing from the uppermost or subepidermal plexus The
sweat glands are poorly supplied with capillaries as 1n cattle skin

In summary we can say that the upper parts of the follicle and
the sebaceous glands receve thewr supply from the subepidermal and
dermal plexus, the main follicle supply comes from exther the dermal
or hypodermal plexus or from vertical vessels connecting these two,
the supply to the papilla may be Just a loop or network arsing from
the follicle wall circulation, or 1t may be quite separate Just where
the supply comes from might be of importance to the functiomng of
the follicle 1n cases of superfictal njury, or where there are marked
changes m external temperature, or again, where there are depositions
of fat at a certain level in the shin

It must be remembered that follicles cn develop and grow without
2 blood supply, as 1s shown by tissue culture techniques (Hardy, 1951),
however, they then produce smaller hairs In the mntact sk the
blood supply to the follicle elearly vares accordng to the size of the
follicle and the type of fiker bemng produced There 15 2 lesser supply
to the upper part of the follicle (excepting the nich supply to the se-
baceous glands) The major supply 1s to the lower half or third of the
folliele or st may even be oncentrated over a comparatively small zone
Just above the bulb of the follicle The follicle may have a neh circulr-
tion to 1ts wall, with or without a circulation to the papilln  Or agam,
the vessels 1n the papilla may be relatively well developed, while those
of the follicle wall may be relatively poorly developed All these various
arrangements may not be without significance in rehition to the kind
of fiber being produced and the rate of 1ts production There 1s always
the possibility that they may have 1 meaning with reference to factors
or structural features we have as yet failed to recogmize

II  Vascurar PATTERAS IN Rar Sxov
A The Vascular Plexuses

We hwe concerned ourselves only with the mam areas such as bacl,
flank, and ventrolteral regtons where frequently there are Jongitudinally
disposed bands of hair growth, which move from venter to dorsum and
eshilut the standard range of pehge fiber types, monotnchs, awls,
auchenes, and zigzags (Dry, 1926, 1928) The ammils, mostly n the
third or fourth hur generation, are of an wdeal size for mjecting the
vasculir system, only altuno types have been used to avord possible
confusion between prgment and the Indit ik injection

Where we have wished to study the vascular system assoctated with
the grawth waves we hne cut our sections in the dorsoventral pline
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across a band of growmg follcles and parallel to the slope of the hairs
In ths wy any plinar net of blood vessels then appears to be 1 brorder
band as mdicated drigrammatically n Fig 1 The distribution of blood
vessels 15 well shown in Frg 2, which 1s such a section at a dorsol iteral

Fic 1 Diagram to explun plane of section 1 the shce of tissue ndicated by
) the broken Jines 1s viewed from the position of the arrows then vascular plesuses
appear as etended networks rather than as cross sectony of phunr plesuses

PC = Panmculus carnosus

f ad
Fic 2 Rat Quescent dosolateral skin region immeduately m front of

\aneing ware  Mignification % 29
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region contamming quiescent follicles The obliquely cut section shows
the longitudinally disposed muscle fibers of the panmculus carnosus as
columns lymg perpendicularly to the shin surface, these bemng em-
phasized by fine capillaries between the muscle fibers Below the skin
muscle there are portions of a planar fascial plexus The greatest vessels
of the skin he immediately above the panmiculus carnosus as a well-
developed wide-meshed plevus, there being superposed venous and
artennal networks The next most eastly distmguished plexus les at the

B ’ 2R LS Pt ) R, £

Fic 3 Rat Early actine shin just ventral to Fag 2 Magmfication X 20

outer surface just beneath the epidermis and consists of a moderately
fine meshed net of small caltber vessels Tlus net 1s connected to the
main plevus on the panniculus carnosus by fauly promment vessels and
as the skun 1s contracted 1 thickness due to the quiescent state of hair
growth, these vessels are not straightened out but have a somewhat
sinuous course, especially m the deeper regions Between epidermms
and muscle there 15 much vascular tissue so concentrated about the
sebiceous glands as to suggest a fine plevus at that level too Many
small vessels oceur around the bases of the group of resting follicles
frolm which fine sinuous cross-connected vesscls lead to the maim plexus

ow,

More ventrally than seen m Fig 2, the follicles have grown down-
ward and Fig 3 shows the stage where fiber tips have formed and
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nearly reach the surface of the skin (this is the thud generation of
hairs). The skin 1s a little thicker, other changes which have occurred
wdicate that as the follicle grows downward 1t causes the cxpansion of
the persisting but condensed leash of vessels which remained below the
resting follicles  Further ventrally the follicles are still more developed
and haws have penetrated through the shin to a distance of 2 fow milh-
meters (Fig 4) The sk 1s now much thicker, while the capillary net-

\

N

R,

\,\\\MJ
PR

Tic 4 Rat More fully active skin ventenl to Fig 3 Magnfication X 29

works about the follicles have mereased, several awl-type follicles are
lustrated and are of greater diamcter than those of Fig 3 While one
follicle 1n Fig 4 still shows mamly horizontal capillary c)cmvnks,}pre-
sumably due to the rapid mcrease in the dameter of the follicle base,
from now on this wmercases httle and the capillary system finally ndo;;sts
a form best described as an irregular rhombic network  Tigure 4al ﬂl
shous the stouter nature of the yessels connecting the subcp:dcrm?‘
plexus to the mam supply plexus on the panniculus carnosus and ]S“Cs
vessels are also straighter than those shown mn Fig 2, being pcrnpn
extended as the shin increased in thickness In Figs 2 to 4 there 15
increase m the capillanies at the lesel of the hypodermic fat



PATTERNS OF GROWTH OF HAIB FOLLICLES 199

B Ham Growtn Waves anp Associatep Vascuran CHANGES
1 Telogen Anagen Areas

The progress of waves of growth in the rat often proceeds by pulses
m that the hair at one level having penetrated the surface, the zone just
dorsalward 1s not covered for many days Thus materal will be ob-
tamed esther yust before the new pulse occurs, or at some stage perhaps
Just after the pulse has occurred This latter stage 1s represented n
Figs 2to 4 The former stage 1s illustrated from another rat 1 Fig
5 and an abrupt transition 15 very obvious m the thickness of the skin

Tie 5 Rat Sudden transition zone from quiescent (left) to actne (mght)
Magmfication X 17

and in the follicle lengths Figure 5 also shows the very nch blood
supply to the sebaceous glands in this ammal, and that there 1s no clear
distinction to be made betwcen the supply to glands m the quescent
zone and to those at least just mside the active zone Well mside the
active zone we have observed the incretsed ealiber and comparatnvely
straight course of the vessels jommng the subepidermal plexus with that
of the panniculus carnosus

2 Catagen Telogen Arcas

At the receding edge of the growth wave the follicles shorten below
the level of the sebaceous glnds and the derms and hypodermis be
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come thinner so that the plewus on the panniculus carnosus remams
about the same distance from the folhcle brse The vessels i the lower
follicle wall become greatly compressed together by the contriction
m follicle length but there 15 little change 1n the diameter of the lower
follicle The dermus 15 now near its mummum thickness wd the next
step consists 1 the nsing of the hur club toward the surfice lewmg
behind the network of capillines as 2 tube This collapses and with
degeneration of some of the cipillnies appears as 1 system of fine wny
vessels These processes can be followed in Fig 6 where (1) the section
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Fic 6 Rat Vnscular cf anges assocuted with Far el b forati \gni

fication X 38
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just cuts mto the side of a follicle contracted 1 length, but whose base
15 shill deeply placed m the dermus, (b) a hair club 1s forming and the
base of the follicle has ascended i the dermus, at (c) the fully formed
club has moved near to the surface leaving belund a collapsed network
while (d) represents the final stage adopted by the vessels beneath
resting follicles  Frgure 6 also gives a more comprehensive view of the
blood plevuses We see now a better view of the planar plexus below
the panmiculus carnosus and the vascularization of the subcutaneous

A e 1 L5

Fic 7 Rat Vanation i blood supply to different follicle types Magmhea
ton X 120

fat Also the complex net of vessels at the sebreeous gland level 1s most
evident

We will not illustrate here the features assoctated with those regions
lacking an underlying prnmiculus cinosus In 2 previous paper (Dur
ward and Rudall 1949), Tigs 7 8 and 10 were from such a regon
namely, hterally and ventroliterally about the level of the forelmb
For our purpose on thit occasion it was a good choree s the folheles
are very strught not bemng deflocted into “golf club” shapes by pressing
ganst a panniculus carnosus  The mun plexus of vessels 15 not re
struned by attachment to the muscle layer and occupies in Tig 9
(Durward and Rudall, 1949) the lc\‘gl between dermus and hypo

P

dermis—a typical hvpoderm plcu;s/ —~
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C  The Vascular Supply to Different Follicle Types

It 1s immedtately obvious from Frg 4 (nd from Fig 7 Durward and
Rudall 1949) that only the largest follicles have a pronounced bashet
work of captlliries around them and this varies somewhat from follicle
to follicke There 15 a sharp distinction between the supply to mono
tnchs and anl type follicles on the one hand, and to mgzrgs on the
other In the former there 1s a close mvestment by a fine meshed net
work of capillanies while this 1s lacking m the case of zigzag types where
the blood supply consists of munly longttudmal fine vessels m the
fatty ussue filling the spaces withmn the follicle group This plan 15
very evident i the cross section shown 1n Fig 7 The section 1s made
below the level of heratimzation and shows a larger group contunmng
a monotrich follicle and a smaller group contuning an awl follicle
Both the large follicles have a closely adhering mvestment of capillanies
Iying yust outside the circular Jayer of connectine tissue fibers covenng
the outer root sheath The smaller follicles (zigzags) have no such
mvestment 1nstead newr them are 1 number of njected vessels lymg
parallel to the follicles wnd seen cut trnsversely

In general terms we can see that the volume/surface reltionshup of
the larger follicles 1s very much greater in the monotrich and awl
follicles than n zigzags and probably to a great extent this accounts
for the differences m the viscular supply Furthermore 1t may welt
be that the fibrous layer covenng the outer root sheath 1s thicker or
more compact i larger follicles These are the hinds of structural
features we should have to consider in assessing the significince of
varation n vascularization wath follicle type

Between monotrich and awl type follicles there are some pronounced
differences In general the capillary network on a monotrich follcle
15 closer meshed and 1s composed mamly of horizontal elements above
the bulb while on the bulb itsclf these form a more urregular mosaic
(Fig 6 Durward and Rudall 1949) In the fully developed anl follicle
the mosaic pattern 15 more general over the whole lower half or third
of the follicle However a major difference occurs 1n that we regularly
find the paprlla vessels mjected 1 monotrich follicles while we have
not found mjected papillac 1 awl type follicles The principal fcatures
of the vascular supply to a monotnch are shown n the sers 1l scetions
of Fig 8 Exch section 1s approumately 50 p thick either there are
very numerous capillinies within this papith or the anjection has caused
distenston. of the ndividual vessels thus making intercapillary  space
wnvisible there 1s no evidence of leakage

Thus the vascular supplies to monotrich and awl follicles differ m
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mmportant respects This situation 1s a crucial one 1n forming views on
some aspects of the relationship of vasculanzation and follicle activaty
As fibers monotrichs and awls duffer i many wiys The monotrich s
nearly arcular 1n cross section while the awl 15 shaped as a bean or
often approaches the dumbbell shape of rabbit guard hairs  Associated
with ths the papilla 1s more circular 1n cross sechion 1n monotrichs and

. Fic 8 Rat Serles of sections through injected monotnch follele Magmfica
on % 27

oval or much flattened 1n awl follcles the particular shape of fiber
€10ss section being determined mn the same general way as we have
desersbed for the rabbit (Durward and Rudall 1955) \ore smportant
differences concern the ratio of fiber diameter and rate of growth m
length At present we Iack suffi detailed but 1t 15
Possible that for equal sized follicles and papillae the monotrich can
Produce inner root sheath and fiber matenal at a greater rate We may
e able 1n time to associte o papilh circulation with an increased rate
of cell division
Tn a natural growth wave monotnch follicles are 1 httle precoctous
m restarting Fig 9 gives a view of a monotrich which 1s more ad
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vanced than any of the other follicle types surrounding it The
resting monotrich follicle would appear to have a greater supply of capil-
laries and this right help to reduce the length of the restig penod
Wiile the mouotrich is a httle precocious 1n recommencing growth, it
1s more remarkable for continuing to grow for many days after the
other hasr types have ceased growing  Such a fact 15 readily seen when

Fic 9 Rat Monotnch follicle in early actraty  Magmfication X 38

the hair 1s chipped, say on a dorsal or dorsolateral region, at a e when
most of the hbers have ceased growmg Then, scemmgh, only e
monotnchs continue and may reach lengths of %-1 em Wiale s 5
not possible to say that the posscssion of a papifla circulation S the
direct cause of this prolonged growth, 1t 1s necessary to sav that these
two features go together

We recall some relevant facts from Dry’s great studies of hair growilt
1 mouse and rat Concernung the second har generation in thex;%:
he says “the larger hairs finssh growing somewhat later than the smalle
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ones the monotrichs bemng especially late m becommg club hurs At
the begimming of the growth of G the higger hams Likewise have an
advantage over their smaller neighbors 1n a shghtly earlier start In
the second generition of the mouse these differences m commencing
and completing growth are not found” (Dry 1928)

We mught take the view that Il these phenomena are mherent m
the particular follicles and hne a primary cause which we are not likely
to see under the microscope Nesertheless there are many features of
the vascular system which would seem to give a reasonably adequate

pl. of these ph

Rat (G, and G, generitions) Larger follicles when resting have
a nicher vascular supply to thetr bases than smaller follicles The larger
follicles begin to grow before the smaller ones

Monotrich follicles possess a vascularized papilla They contmue
to grow much longer than other fber types

Vouse Hardy (1952) gives some mformation on the blood supply
to hair follicles m the adult mouse Her illustration (Plate 1 Fig 11}
does not depict anything Ike the nich blood supply to actine follicles
i the rat  Relevant to our present argument she makes this import it
obsenation  No special blood supply to the cells of the new follcle
Toots was observed in the stages prior to hair formation  This situation
s quite different from that occurnng m the rat Therefore the ek
of differences n the time at which varous folhcle types in the mouse
recommence growth can be assomated with the Ik of outstanding
‘vascular supplies to the bases of resting foll cles

Furthermore Hardy states “In the mouse no blood vessels were seen
entering the dermal papillae at any stige of the growth cycle although
a careful search was made 1n senal sections and whole motnts ™ Thus
1if 1n the rat we can explam the delayed catagen telogen phase as due
to the possession of a vasculanzed papilly then the absence of persist
g growth in mouse monotrichs 15 equally evpluned by the lack of 2
vaseulanized papilla

The purpose of these arguments 1s to emphasize those points wkere
the type of blood supply may affect fiber growth and the haw gra« 3,
cycles For the rat these pomts are as hsted below

1 Follicles producing the largest hurs have the largest } et snp-
ply and this mereases in extent from the time the resting follie?» extmidg
mto the hy poderms until the maamum output of Biber 15 acf e g

2 Resting follicles which hne 1 nicher supply of bloes Cartllimas
Tecommence growth ewrher

3 Follicles which have 4 papilla circulabion are unus o) pmlrnme
n their growth period
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IIl  VaScurar PATTERNS In RaBBIT Shrv
A The Vascular Plexuses

In rabbit shin the study of vascular patterns 1s made easter by the
absence of hypodermic fat and by the relatively feeble development of
sebaccous glands  The phenomenon of Imited bands of growth moving
over the shm surface as a wave 15 not so regularly encountered as in the
mat but m our ammals we frequently found these longitudinal bands
which moved from dorsum to venter just as described by Hile (1945)

In the man dorsal and lateral areas behind the shoulder the prm
apal vessels supplyng the skin consist of large arteries and vems lying
on the upper surface of the panniculus carnosus supplying the musele

Fic 10 Rabbt System of vessels on s perfic al face of pann culus camosus
MagmBeaton X 4

stself and guang finer Dranches to fascia below the muscle The pasmett
lus carnosus of the rabbit 1s very easily stripped off as a layer and 2
portion from the anterior lateral region 1s shown 1 Fig 10 The man
vessels anse from deeper levels anteniorlv and large veins and ariencs
pass backward closely parallel to one another There are frequent anas
tomoses within each system, bath between farge vessels and smalt
vessels In type this plexus 15 very sumilar to the subcutancous plevws
of human scalp as described and figured by Spalteholz (1927)

As 1n the rat we have cut sectrons across the wave front 15at s @
a dorsoventral plane and parallel to the hair slope  Figure 11 ghves 2
wiew at the advancing edge of the hair growth wave At the bottom
of the section the pannrculus camnosus 1s seen with the supermpos
matn “subcutaneous plexus ™ Above this 1 a clear zone of loose con
pectne hssue which 1 the rat and guinea prg 1s occup:cd by fat cells
Above thus hypodermal region 10 the underJayers of the dermis there 8
0 open network of finer vessels—the equivalent of a very poorly de
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veloped hypodermal plexus In the upper levels of the dermus, stouter ves-
sels Tepresent portions of the dermal plexus, these are better lustrated
n Figs 12 and 13. Just beneath the epidermus are the much finer vessels
of the well developed subepidermal plexus The mam regons of the
dermis are seemingly without capiilaries and smaller vessels Large
vessels pass from the subcutaneous plexus to the dermal plexus, being
connected by smaller side branches to the hypodermal plexus as they
enter the dermes from below.

T

Fic 11, Rabbat Junction of quiescent zone and newly active zone of har
growth Magmfication X 23

B Ham GrowTn WAvES AND AsSOCIATED Vascuran CHANGES
1 Telagcn-Anagen Areas

This particular rabbt was killed and mjected when one pulse of
Browth was well established, while the next pulse of growth had not
*,‘f yet taken place. The obviously growing follicles to the right of Fig
** possess hbers Just penetrating through the shin while those im-
meduately to the left are quescent The follicles are 1n the charactens-
Be proups and each group has 1ts own separate vascular system In
the growing follicles stout vessels he between the follicles of a group
nd paralle] with them and are cross-connected by a few fine vessels

Y contrast, the resting follicle group has beneath 1t a characteristic
2ash of fine vessels of seemingly umform cahber, combining mto larger
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vessels below and having conncctions with the dermal plevus above
and with the hypodermal plexus hclow It 1s clear from the illusteation
that as the sk thickens due to the incrersing length of neighboring
growing follicles the wavy leashes of vessels hecome stretched out

We have noted that the wave bands often progress s a pulse but
on other occasions they seem to progress continuously but slowly
Figure 11 suggests that a movement of the Intter kind might be due
to regrowth bemng stimulated by the mechanical extension of the vessel
system of those follicle groups next to newly active follicles that are
lengthening

Well within the growing zone the follicles are longer than those at
the advancing edge of the wave (Fig 11) and the dermis in conse
quence appears thicker The hypodermis or clear zone between derms
and skin muscle remans the same thickness there 1s no deposition of
fat assocaated with hair growth i these rabbits  The mam vessels to
the lower half of the follicle are connected to the dermal and hypo
dermal plexuses

2 Catagen Telogen Arcas

At the receding edge of the growth wave we see the relatively sud
den transiion from fully growmg follicles to catigen and telogen
follicles There are 2 number of important features in Fig 12 whch are
described below

(a} and (b) Two groups contmming growing follicles and of full
length The groups have charactenstic small vessels joining them to the
hypodermal plexus

{c) The section has caught an isolated follicle 1n the process of
club formation which 1s seen at the level of ¢ having ascended nearly
to a rmd dermal Jevel Stretched out below this club 1s a tight Jeash of
vessels passmg down toward the base of the dermis

(d) A group m which there 1s one large central follicle and many
smaller laterals all still growing and without signs of club formation
The follicle lengths have dimimmished and with this there 15 much wavi
ness of the finer vessels on the lower quarter of the follicle As the
follicles contract n length the dermis becomes thinner

(e) The condition of the vessels 1s typical of that in catagen and
carly telogen follicles Only the “apex” of a comecal leash of vcssclls
appears n the section  Although this group 1s attached to that of d
both at the base and laterally by stouter vessels the fibers of e are N
a distinctly later stage than those of d -

(f) Only finer “fur” fibers are present n the visible part of the
group and their bases are at about a mid dermal Jevcl
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(g) Club hairs have formed and have ascended to their final level

(h} Portions of dermal plexus as 1t commonly appears withm grow-
lﬂg regmns

(1} Portions of dermal plexus more characteristic of quiescent zones

In both Figs 12 and 13 the hypodermis and panmculus carnosus
were Jost dunng manipulation and sectiomng The bottom surface
of the sections 15 2 natural cleavage plane The dermis to the left m

i '{t]iﬂ‘i L IACIEE

et e e - - [ |

Fic 12 Rabbit Transihon zone from actve (left) to quescent {right)
Magmficabon X 18

Fig 1215 the manimum thickness, but to the night 1t steadily decreases
n thickness, correspond ¢ at first to d hung Jength of the follicles,
but the Pprocess continues thereafter, even though the club haws have
formed and reached therr proper level Durning this process the vessel
Systems belaw the resting follicles reman especially conspicuous  In
Fig 13 some features d with this d m skin thick

are llustrated, as well as others of interest

1 A har club of a larger fiber 1s 1 process of formation at the
level of 1 and has been “pulled” through the mamly parallel vessels
which formerly surrounded the lower part of the follicle These are
visible extending from the bottom of the club toward the hypodermis
A remarkable feature of this hair group 15 that the smaller fibers stll
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extend to the bottom of the group, and there is no sign of club formation
in them

2. In this group the largest fiber has formed its club and has as-
cended to about its final level Al the smaller fibers of the group still
grow from follicle bulbs at the base of the group, there being no sign of
club formation

3 The plane of sectionng cuts obliquely through the group, but
the bottoms of the finer fibers are visible at the level of 3 and there 15
no evidence of club formation

£\ - . 7 -
Fic 13 Babbit Changes m the vaseular pattern with the desclopment of
the resting stage Magntfication X 23

4 The largest fiber of this group 1s a club harr and has ascended
to ats final level, but very many fine fibers still extend deeply to the
level of 4 The vessels in 4 are still moderately straight compared with
the conditton 1 5 and 6 where there 1s increasing waviness as the
dermis contracts mn width

5 This group and the two groups immediately to the nght of 1;
still contamn some fine fibers deeply extendimg to about the mid derma:

vel
N c‘6 In the senies of groups from left to night, this s the first m wiuch
1t can be sad that all the fibers are club hairs and have ascended to
1 Ievel
meit?:x:mn 1s drawn to the mterconnections between vessel bumih’:
seen at the bottom night of Fig 13 They rasse the question as to wha
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complex “circuits” exist wathin and between follicle groups It 1s Just
concervable that coordination of growth as represented by the growth
wave phenomeni may depend on specal vascular circuits

The rabbit provides outstandmgly clear pictures of the vascular
changes i relation to hair growth Compared with the rat this 15 due
to the absence of fat cells 1n the hypodermis while the follicles at their
grentest length merely stretch the dermis without penetrating through
it The greater degree of vasculanization within the growth wave as
compared with that m quiescent zones 1s caused in part by the
numerous stout vessels associted with the very elonguted actve fol
heles In addttion the vessels of the dermal plexus are clearly enlarged
m caliber as 15 suggested by Fig 12 but thus 1s more readily appreciated
by viewing cleared skins from the outer surface with the low power
binocular microscope The mam supply vessels nsng from the sub
cutaneous plevus are also larger 1n actne zones

The large guard haws of the groups form club haws and ascend to
the surface considerably before their surrounding “fur” fibers This
order of events 15 just the opposite of that 1n rat skin where the larger
follicles are delayed m club hair formation particularly the monotrichs
As larger follicles i the rabbat generally contun vasculanzed papillie
there 15 1 this ammal an apparent association between early club
formation and the possesston of blood vessels in the papilla Therefore
e conclude that within a hair group there 1s no widely applymg rule
connecting the possesston of a vascularized papilla wath more persistent
growth

IV Tue VascuLar PLEXUSES
A Idealized Plan

Quite a number of mammahan skins have been examined by various
Sorkers and the existence of well defined blood plexuses 15 established
It perhaps valuable to review the subject and to see what possisble
relations there may be to hair growth

We can best describe the vanations m different ammals by giving
2n idealized picture of skin with the greatest number of plevuses as 1
Fig 4 Iy the general case the outer half of the dermis shows first
the fine subepidermal plexus (1) wnd just below it the dermal plexus

2) which 15 wider meshed and consists of stouter vessels Between

the dermus and hypodermus there 1s the so-called hypodermal plexus
(3) Ifa Panniculus carnosus 15 present there are two plexuses one
0 1ts outer surface (4) and one on its 1nner surface (5) The lowest
Plexus (6) ocours m the subcutancous fissue between shin muscle and
body muscle (or bone cartilage etc) Vv shall refer to these plexuses
subsequently as Nos 1 2 3 ete
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B Comparative Revriew of Cutancous Plexuses

1 Mouse and Rat

In smaller ammals hke the mouse and rat there seems to be no
separate dermal plexus (2) but an obyious subepidermal plexus 15 present
as the illustrations of previous sections have shown In the rat the
possible equivalent of the dermal plexus 1s the apparent hnking together
of fine vessels at the level of the sebaceous glands, as ilhustrated
Figs 2and 6 The richest plecus in the rat shin (at the regions studied)
15 No 4 lyng on the surface of the panmculus camosus It differs from
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DERMIS

R =Rl TS 3

HYPODERMIS.
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PANNICULUS'
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Fic 14 Generalzed scheme of blood vascular plexuses of the skin Ex
planation m text

the others 1n that the supply vessels and the anastomoses are i the

same plane, while 1n the other shin plexuses the anastomoses are 1o a
” Te ool snsbn o maly vessels

of wavy vessels (5) beneath the skin muscle We have made no ucf
tailed study of a lower fascial plexus such as No 6 but a plexus ©
this nature 1s indicated m Fig 6 be
Apart from the dermal plevus the other network which seems lol .
absent 1n the rat 1s No 3 While some fine vessels such as those w“g“n
the layer of hypodermal fat, may represent this plexus where llhcrc“:e"
panmeulus carmosus, 10 regions where there is no skin muscle a
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developed hypodermal plevus {3) 1s present as ilustrated by Durward
and Rudall (1949, Fig 9) In the rat, because plexus No 4 1s so well
developed and the tissue between skin muscle and dermis 15 so thm,
1t seems that a plecus (3) 15 unnecessary and if present 1s very poorly
developed

2 Rabbu

In 2 larger antmal, the rabbit, both subepidermal and dermal plexuses
are present and m this case the dermal plexus 15 very conspicuous As
m the rat the great supply plexus 1s No 4, llustrated n Fig 10, but
a separate plevus can now be seen between dermus and hypodermts,
e, No 3 However, this 1s very feebly developed and consists mainly
of bne vessels forming an open meshed net Below the shin muscle there
;s a planar pletus (5) while the decpest plexus (6) has not been looked
or

3 Guinea Prg

Among the rodents we have studied the gumea prg which has the
additional mterest of presenting a pelage which Jacks any suggestion
of progressive waves of har growth (Dawson, 1930, Strangeways,
1933) 'As 1n the rabbat, plexuses Nos 1, 2, and 4 are present, but now
there 15 also an extremely well-developed plexus No 3 It lies above a
dense, but not very thick, layer of fat cells which occupies the whole
hypodermis between dermis and panniculus camosus  Large vessels
supply 1t and he n the one plane and the plexus 1s made especially
conspicuous by very numerous small vessels forming a fine-meshed net-
work In the same plane, they do not penetrate through the underlying
Lyyers of fat cells Below the skin muscle there 15 another planar plexus
(5), while no search has been made for a deeper plexus (6)

4 Dog

The principal observations on other ammals have been made by
Spalteholz 1n the dog (1893) Good+ll and Yang in the ox (1951}, and
Rvder in the sheep (1935a,b) 1t 15 not easy to reltte observations on
the dog by Spalteholz to those of the sehcme in T'ig 14 He does, how-
ever, describe a dermal plexus (2) at the mid leved of the corum, while
the hypodermal plexus consists of extraordinarily long vessels which are
the equivalent of those running, above the puniculus n the rabbit
(Fig 10) They muy be regarded as the min supply vessels to the shin

5 Ox and Sheep

In anmmals hike the ot and the sheep the blood supply of the skin
1s readily described 1n terms of Fig 11 Plevuscs which are subepi-
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dermal (1) and dermal (2) e ey recogmzed n the descriptions
given by Goodall and Yang (1954) for the oy fetus and 3 month-old
calses nd by Ryder for the fetus Jumb and sheep of mny breeds
Both these vmmals huwe 2 well developed hypodermn! plevus (3)
Ruder casts some doubts as to whether plexus No 2 1s alw 1ys present
m the rhanced fetus which we hue studied the situation 1s very
simlar to that dflustrated by Goodall and Yang for Ayrshire embryo and
clf Rvder establishes the pomt that i sheep the mun supph to the
shin 1s by 2 fasanl plewus of hige vessels Iving beneath the panmiculus
cirnosus  In an exmmmition of our advanced fetus we sce ths plevus
clearh but also all the plexuses of Fig 14 In this matennl there 15 no
dermal or liypodermnl fat but much subcutaneous fat beneath the shin
muscle There 15 1 well defined region of loose fascin constituting the
hvpodermms between dermis wnd pinmculus carnosus A hypodermal
plexus 15 present at the level (3) winle much less conspicuous plexuses
are present 1bove and below the panmeulus earnosus (4 and 5)

In the sheep fetus many finer vessels re distributed throughout
the lower half of the dermis and although lyng munly horzontally
they form three dimenstonil networhs  As 1 venn sumlir situation 1§
suggested by Goodall and Yangs Plte I Fig 3 for the sk of 1 3
month old cilf 1t would seem reasonable to assocrite these vessels
with the growth of the “pars fiscicult” of the dermis s we hwe de
fined 1t mn the introduction Possibly an additional plenus of consider
able dimenstons mny form from these vessels espeainlly where 1 sub
stantial lver of derml fat develops as at certun regions m sheep
(Frolich et al 1929)

6 Man

Fially m mwn plevuses Nos 1 2 3 4 and 5 e recogmized m
the scalp while i the mam body regions only Nos 1 2 3 and 6 1re
present Here of course we 1re equating the vessels of the dermal
papilla with 1 subepidermal plexus

The only plexuses which seem closely connected with hur growth
are Nos 1 2 and 3 or if No 31s absent then No 4 15 important  Parts
of the follicle system are supphed from the above plexuses or from
branches between them Our resiew shows that there are satisfactors
terms for plesuses Nos 1 2 3 nd 6 namely subeprdermal dermnl
hypodermal and fascinl At present however we are not able to sug
gest a suitable term for the plevus Iymg on the surface of the panmeulus
carnosus  for 1t vanes from bemg a reltnvely msigmficant supply of
locahized 1mportance to bemg the mun supply network to the skin as
in the rabbit and rat It appears that at the positions 3 4 wnd 5 tlere
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1s always some kind of plexus, these levels are m the nature of inter
faces between different tissue structures

C  Vascular Plexuses and Hair Growth

We see no significint relation between the mam plan of the plexuses
and the nature of the hair growth In a less comprehensive view one
might think there 15 some relation, for n the mouse, rat, and rabbut,
where harr growth waves are so charactenstic, there 15 absence or
very poor development of a hypodermal plexus, while m the guinea pig
where there are no growth waves, this plexus 15 very well developed
But 1n the rat, 1n body regions lacking slin muscle, a hypodermal plexus
15 well developed and har waves are still quite evident  The only rela
tion we have observed 1s that, at regions of active hur growth, supply
vessels in the dermis may be of greater caliber than in quiescent zones

Much remains to be learned about these blood supples, mn particular
we need to perform separate injections of artenal and venous systems
and to explore the relations of each of these to the follicle system

V  Suanary

Follicle development and hair growth can take place m the absence
of any blood circulation as 1n tissue culture However, in two a blood
supply 15 necessary for mamtenance of actve har growth, brnging
tutrients and oxygen as well as various hormones There are two
prncipal regions of the folhcle which are supphed, namely the
hair papilla and the outer surface of the lower half of the follicle

In the smallest hawrs of the rat and rabbut there are no blood vessels
m the papilla and, indeed, withm these small organs a bload corpuscle
would be a clumsy object, but 1n the largest hairs a papilla circulation
1s present Well developed papilla vessels are known to occur 1 man
o%, sheep, guwnea pig, rabbit, and rat, but are perhaps absent 1 the
mouse In most of these cases we can say that if the papilla reaches a
certan size 1t will have blood vessels within it We mught suspect that

¢ sheep shows the smallest follicles which have a well developed
Papilla circulation A feature of sheep papillae s that they contun
far more densely packed cells than the papillae of man, rabbit, and rat
A possible view would be as follows 1f the papilla 1s large or being
small 1t has a denser structure, then the flow of metabolites 15 m-
sufficient m the absence of a special blood circulation

The vascular system of the follicle wall consists of + network of
capllanies lying just outside the cireular layer of connectie tissue fibers
which cover the glassy membrane and the outer root sheath Extraord:
™n vanation occurs 1n the extent of this system of vessels In the
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smallest harrs of the rat there 1s no closely nvesting network, but instead
a number of vessels runs furly near the follicles 1n the tisssue between
them In the largest follicles very dense networks et and these ex
tend over the whole lower hnlf of the follicle length e have seen
nothing Iihe this density of capullanies i the rabbit or gumes pig but
Unna (1908) refers to some very closely meshed networks n his ma
tertal from the human fetus and newborn In spite of the circultr hyer
of fibers and the glassy membrane 1t 1s reasonible to assume that the
network of vessels 1s, 1n some mensure, concerned with activity 1n the
outer root sheath  Two contrasting follicle wall patterns are as follows
(a) a close network of capillaries completely investing the follicle below
the level of heratimzation, (b) a network largely restricted between
the level of kerahmzation and the upper level of the follicle bulb the
bulb surface 1tself bemg comparatively free of vessels The former type
1s charactenstic of monotrich and awl folhcles of the rat, where at
least 1 the awl there are no blood vessels 1n the papilla  The latter
type 15 charactenistic of sheep and cilf There 1s the suggestion that
the dense vessels on the follicle bulb my reinforce or serve instead of
a papifla circulation while those at and above the folhele neck have
another purpose namely, they are concerned with actity n the outer
root sheath

In the general plan, the blood plexuses of the skin are comparatively
umform i many ammals There 1s evidence that in any substantal area
which 1s growmg harr, the vessels n the dermis are enlarged for ex
ample, in the active zone of a growth wave or as a result of eprlition by
pullng This may cause the spreading of growth mto an adjacent
quiescent area since parts of this are inevitibly connected v a plexus
with the dilated vessels m the active zone Relted to this 15 the
evidence, that the earler start of a new growth phase mn monotrich
and awl follicles of the rat 1s due to the greater vasculinzation of resting
follicles of these types

In ammals which show these regular waves of hur growth the
length of the growing peniod of neighborng fibers 1s more or less
the same This umformity of growing period 15 not found in the guinea
pig and this ammal shows no hair growth waves We hue made some
study of the vasculr system in gunea pigs and do not find 1 groupmg
of biood vessels but rather the circulition to each follicle 1s separate It
may be generally true that where there 15 synchronous growth \\n)ur;
a regron the vessels of Iirge groups of follicles are intimately conncctet
her It 15 possible that the growth periods might be less umform

In ammals such as rabbit it
We

toget
if the follicles were entirely separate
and mouse, 1t 15 amportant to Anow how an 1solited Aber behwes



PATTERNS OF GROWTH OF HAIR FOLLICLES 217

attempted to study one aspect of this problem by pulling out single
guard haws 1n the rabbit but the procedure failed to induce 1 regrowth
which suggests that pulling 1n atself does not prouide the necessary
stimulus Where other arens had all haws pulled the regrowth of all
types ocenrred normally

Another aspect of the vascular supply to follcle groups concerns
the mtercommunications between them, some of which we have 1lus
trated These circusts wall be difficult to work out but knowledge of
them may be rewarding A stnkmg feature 1s the persistence of so
many vessels during the resting stage These are of small cahber but
appear to be quite open as dyestuff mjected 1nto the hving mmal flows
readily 1n these vessels This nch supply to a so-called resting folhele
suggests that there may be considerable metabolic activity there
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I Tex Broop VessELs

The capillary networks that surround the harr follicles of several
species of anmnals have been descrtbed Chapter 9 of thus book,
and those of the follicles of wool Sbers have been demonstrated by
Ryder (19562) For these demonstrations blood vessels were mjected
with India b There 15 always a question, however 1 such pro
cedures, as to whether all of the capillaries have been mnjected Mon
tagna and Efls (1957b), and mdependently Klmgmuller {1957), have
shown that the endothelum of capillartes and some end artenoles react
P ly for alkaline phosph By applymg the azo dye techniques
for alkahne phosphatase (Gomon, 1952) to thick frozen sections of skin
fixed m formakn the vaseular beds around the harr follicles can be
demonstrated clearly as shown m the illustrations which follow
naturally these illustrations have been chosen for therr photogematy
The detatls of this beavtifyl and useful techmque may be found 1n
the paper by Montagna and Ellss (1957b)

Har follicles are swrrounded by a dense and continuous plexus of
capillartes the pattern of which 1s different 1n actwve and 1n quescent
folhcles (Figs 1 and 2)

‘The lower third of active follicles from the base to just above the
bulb 15 emveloped by a rch vaseulr plevus composed of long more
of Jess parallel vessels connected by cross shunts (Figs 3 and 4) The
parallel vessels anse from the hypoderm! plexus, and course straight
down to the ppil pore (Fig 3) the horizontally oriented cross shunts
are often tortuous and have secondary shunts that outhne a latheeworh
pattem (Figs 1 3 4) The bore of the longitudina] vessels 1s larger
than that of the cross shunts and for this reason they are assumed to
be terminql arterioles From just above the bulb up to the level of
the sebaceous glands most of the cross shunts drop out and the follicle
is surrounded only by a palisade of parallel vessels In thick prepara
tions these can be triced from their emergence at the papillr pore all

219




220

o
iy

WILLIANM MONTAGNA AND RICHARD A ELLIS

.
.

Montage of the lower two thirds of an active hair follicle m the scalp

Fic 1
The lower capillary plews at the Aeratogenous zone and the parill] vessels are
evident  Magmficaton X 53

Fic 2 Montage of a quiscent hair follicle from the scrotum showing the
dense bundle of sessels at the base of the durmal papilla Magmfication X 55
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the way to the level of the sebaceous glands where once again the
vessels form a network that envelops both the glands and the pilary
canal (Fig 5) The parallel vessels lose their 1dentity around the pilary
canal and termmate 1n a loosely woven network that extends to the
surface of the skin Loops of capillanies form a vascular ring around
the onfice of the follicle under the epiderrus this collar 1s continuous
with both the vascular Joops of the epidernus and the network around
the follicle Sebaceous glands are nchly vasculanized by baskets of
capillanes that surround the acim and follow all of their contours

The dermal papilla at the base of the follicles contains a large taft
of capillaries (Fig 6) which estends to the walls of the mnner side of
the follicle and are often practically 1 contact with the wall The
capallary tuft of the papilla anses from the Jongitudinal vessels that stem
from the hypodermal plexus makes a straight descent down the sides
of the follicle flows around the hp of the papilla pore and enters the
demal papilla from below The vascular system of each folhele 15 a
continuous umt from the dermal papilla to the area around the infun
tibulum mcludmg the plexus around the sebaceous glands

The follicles of vellus bawrs in the body skin or m the bald scalp
are surrounded by very smple capillary systems A few capillanes
surround the lower part of the follicle but no vessels penetrate the
dermal papilla which 15 much more reactive for alkaline phosphatase
than that of large follicles (sce Chapter 20 p 480 of this book) The

b lands d with these follicles are hughly

vascularized  There are many follicles mtermedhate 1n size between
those of vellus hairs and those of small overharrs and the vasculanity
of thexr dermal papillae show a graded trapsition from one type to the
other There 15 also an nverse relation between the amount of phos
phatase activity and the fullness of the camllary plexus

During the transition from the active state to the quiescent one
the bulb atrophies and the base of the follicle moves upward m the
dermus and partally out of the network that surrounds 1t The dermal
Pipilla also recedes upward and shps away from its central capillary
tufts \ost of these capillary nets remain ntact but are collapsed at
the base of the resting follicle as a tangled bundle below and around
the free dermal papitla (Fig 2) Since only the lower part of 2 follicle
deg when 1t 1 q the palisade of parallel vessels
n the middle third remuns unchinged Higher up arcund the se
baceo1s gland and the mfundibulum the plexus also remains mtact
Vhen a quiescent follicle becomes active again the new bulb plows ats
way through the bundle of capillaries and grows inside st

The cipillary networks from any put of a foll cle and its sebaceous
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glands are a continuous system, and each vascular bed 15 a umt Simee
the pilosebaceous system functions as a unit, the vascnlar mechanism
may be responsible for this integration or at least shares the re
sponsibility

Nearly the entire lower third of the follicle consists of the bulb, m
its lower end, the cells of the matrrx proliferate constantly, move up,
and form the hur and the mner root sheath In its upper part, the
cells that have come from the matnx grow many tumes their ongmal
volume and synthesize heratin, the final phases of keratin formation
take place m the keratogenous zone m the upper limt of the bulb At
thus level of the follicle, the cells of the outer root sheath contain more
glycogen than those in other levels (Montagna, 1956, Montagna et al,
1951) and more and § gl dase (Montagna, 1955, 1957),
1t 1s also surrounded at this level by a glassy membrane that 1s thicker
than at any other level These characterstics suggest that this region
of the outer root sheath 15 a very active issue Ryder (1956b) has given
the strongest evadence for this by showing in the follicle of shecp that
only 6 mnutes fter the ijection of cystine labeled with §%, a strong
accumulation of radionctive particles can be recovered first around the
general region of the keratogenous zone This 1s the region of the
follicle surrounded by the densest capillary networks n the <heep, the
rat (Durward and Rudall, 1949), and man The region of he upper
part of the bulb 15 unquestionably an mnportant site of exchunge

Exchange must also take place through the dermal papilla The
amount of vascular tissue 1n a dermal papilla 1s dependent on its s1z¢
the wider it 15, the larger the capillary tufts 1t contuns (Ryder 1956a)
The dermal papillae of actrve buman follicles are very wide and contam
large quintines of endothelum During periods of quiescence either
the tissue of the papilla disengages stself from the capillary tuft by
flowing away from 1t or the capillines atrophy Such large numbers of
capillanies 1n the dermal papilla strengthen the belief (3 956

———

Fic 3 Blood vessels around the lower part of an active hair follicle from the
scalp The parallcl vessels ongnate from an 1rtery of the hypodermal plevus which
15 shown m cross section (arrow) Magmfication X 45

Fic 4 Two large active hur follicles from the scalp showmng the nich capiltary
plevus around the keratogenous zone as well as the parallel vessels and the capillary
tufts 1n the dermal papillae  \Magmficaton X 55

Fic 5 The capillary plevus around the upper end of a follicle mn the scalp
Aagmfication X 90

Fic 6 A sagttal scction through the bulb of an actne follicle &
showng the capillary tuft 0 the dermal papilla

n the scvlp
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that the bulk of the papilla cells remam relatively the same dunng
penods of follicle activity and quiescence and that the changes m the
size of the papilla are largely due to the increase and decrease in the
amount of capillary tissue and to the ncrease and decrease m the size
of the papilla cells
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II'  Tug Nerves

Suff hairs, called vibrissae, grow around the muzzle and the face of
all mammals except man These are sensory haws and their follicles
which are surrounded by a charactenstic blood sinws, are enwrapped
by numerous sensory nerves and end organs (Vincent, 1913, Melaragno
and Montagna, 1953) Vibnissae, however, are not the only sensory
hairs on the mammalian body The follicles of many of the haurs of the
face, and those wmn the perianal and gemital regions also have different
amounts of mnervation The follicles of haws elsewhere on the amimals
body are rarely associated with nerves Although a thorough regional
survey has not been made of the hair follicles of the human body, more
of them are innervated than in other ammals investigated, and they
may apparently be found anywhere on the body The brief desenptions
that follow are based on the follicles of the scalp, although generahza
tions can be made, let it be clearly understood that the patterns of
mnervation are not the same m all hair follicles and that many follicles
have no nerves at all

Hair follicles are surrounded by a network of interlocking nerve
fibers that converge toward two or more nerves from the cutaneous
plexus These run a straight course along the sides of the follicle from
the deeper cutaneous plexus (Weddell, 1941, 1945, Wollard et dl,
1940) Only the upper part of the follicle, just below the entrance of
the seb glands, 1s ded by nerves, the lower half or two
thirds 15 always free of them (Fig 7) If nerves are there as figured
1n most eusting diagrams, we have never succeeded in demonstrating
them with any of the techniques employed Below the level of the
sebaceous glands the nerves form a collar that 1s denser m 1its upper
than 1n 1ts lower mits (Tig 8) From this plexus fibers extend to the
upper part of the pilary canal and form a sparser network around the
fundibulum of the follicle (Fig 9), a few scattered fibers bear 2
casual relationship to the sebaceous glands Very thin fibers from the
fallicle plexus mise to the base of the epidermus, divide into barely visible
branches, and penetrate the epidermis  Fibers from the follicle network
also jon the nerves to the arrectores prlorum muscles and those around
the ccerne sweat ghinds  All of the nerves descnibed here contain
specific  chol il able with acetylthiochol 1odide
(Montagna and Ellis, 1957a) These nerves are so nichly supplied with
this enzyme that histochemical preparitions give an excellent demon
stration of their distnibution (Figs 7-10)  When harr follicles become

nt, they become shorter and the nerve collar around the stable
Quiescent

quiesce:
art of the follicle 1s closer to the base than it 1s 1 active ones

follicles may become so short that their base partally ships out of the
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Fie 7 Nerves 1 the sealp de by the <} hrique  The

nerve plews around the har follicle 1 the pyddle of the field (bracket) 1s seen 5
@eater detall jn Fip, 8 Magnification X 20

Fic 8 The entire lurger nenve plewus sround the follicle at the level of the
Sehaceons gland The upper part of the plevus 1 much more dense than the lower
Pat \Magnification X 80

Fic 9 The arrows mndicite the upper sparser nerve plexus which 15 very
delicate and located (st benesth the epidermes \lagaificaton X 90

Fic 10 The partlly collapsed nene plexusy aronnd the base of a quiescent

hair follele  Magmfication X 160
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nerve plexus, which collapses or shrinks at thesr base (Fig 10) The
nerves, however, remun mtact and rich 1n cholinesterase

That these nerves contamn speaific cholinesterase, 15 indicated by
ther reactivity with acetylthiocholine 1odide and not with butyrylthio
choline 1odide The complete mhubition of the reaction by physostig
mune 1s final proof of this specificity

Speaific cholinesterase, then can be demonstrated i motor a5 well
as in seusory nerves Smce the nerves around them subserve touch
bair follicles must be tactile sense orgwns (Weddell 1941 1945) The
function of har follicles surraunded by nerves 1s sunlar to that of the
follicles of the vibnissie (Vincent, 1913) and in both cases the nenves
are reactrve for speafic cholinesteraso (Montigna and Beckett 1958)
Cholinester1ses have also been found i Meissner and Pacmuan eor
puscles i the human finger and mn the nerves that emerge from them
(Beckett et al, 1956) 'The frec nerve endings in the epidermus which
subsenve pam (Weddell 1943), also contain ppreciable cholinesterase
This 15 not easily reconcilable with the concept that the presence of
cholinesterase 1s rare outside of the parisympathetic nervous system
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I INtrRODUCTION

The general mechamism of growth of the hair 1s known (Oyama
1904, Dry, 1926 Butcher, 1934, Schwamtz 1938, Chase et al, 1951,
Auber, 1952 Chase, 1954) but certain additional details concerning the
behavior of epithelral cells and prgment cells dunng the hair cycle may
be relevant to a more complete understanding of the processes of hair
growth

Il DevecopmenT oF Eprrueuiat CeLLs

There are two centers of intussusceptive growth 1o the early anagen
or “embryomc” stages One 15 the upper permanent external sheath
inclading part of the capsule around the club of quiescent follicles,
and the other 15 the cell group attached to and capping the dermal
papilla  From the first 1s formed the lower external sheath from the
second 1s formed the elongated bulb that surrounds the dermal papilla
The lower portion of the elongated bulb becomes the true matrix, the
nng of rapidly dividing cells 1 the later anagen or har producing
phases of the cycle The cells of the cap also form the first keratinized
product of the new growth, the upper part of the wnner sheath (Chase
et al, 1951)

The matrix cells form all of the lower and subsequent 1nner sheath
Thas early internal sheath does not push up through the solid external
sheath for anv appreciible distance, but the sheath remaas relatnely
fixed 1n postion and 15 added to on the proumal end as the bulb

* The original work of the author reported an this section has been supported
by Amencan Cancer Socicty Grantmad ENV 3 by US Pubhc Health Service
Crant in ad € 592 and has becn completed during the tepure of US Publi
Health Senvice Special Rescarch Fellowship (CF 6187) of the National Gancer
Institute
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elongates and the whole follicle grows n length  Only when the
follicle ceases its elongation do the inner sheath products of the matnx
ning push the distal sheath outward (Fig 1) By this time the hur s
bemng formed and will push through the end of the nner sheath then
through the cell mass immedintely below the sebaceous duct and thus
mto the pilosebaceous canal The civity under the early mnner sheath
which 15 soon filled by the hair 1s the result of the descent of the bulb

IR
T - Ty
C 2n o
Fic 1 Unsti ed sceton Conporatively short foll cle on riglt st < ftng
to produce a lar Note club and cipsule of prev ous lar gencraton On 14t dS
snner sheath enclosing nes lar tle old clyh has been meel anically d slodges
Magn ficaton X 300




BERAVIOR OF PIGMENT CELLS AND EPITHELIAL CELLS 231

In the wall of the follicle, mitotic activity ceases in the lower
external sheath with the accumulation of glycogen Around the ppilla
most mitoses of the matric are Jateral, ie, perpendicular to the papilla,
and gve rise to the three concentnic columns of the inner sheath and to
the cuticle aud cortex of the hair  Bounded by the cylinder of the corti-
cal cells, the medullary cells become arranged to fill the space In the
small zigzag harr of the mouse a single column anses from a small ing
of these medullary cells A new cell passes mto this canal about every
10 minutes as if they were passing from an outer, flared part nto the
tube of the funnel (Fig 2) The possibihty that the medullary cells are
the result of mtussusceptive growth m the matrx and are thus shp-

. Sal o b will
Fic 2 Unstuned section A follicle to show how medullary cells are *fun-
nelled” n a column  Magmificaton X 300

pmg off beyond the end of the pointed papilla to fll the space within
the cortical cyhnder 1s an attractive hypothests but seermngly 15 contra-
mdicated by the present evidence Instead, the distal porhion around the
dermal papilla appears to be relatively stable, 1t 1s the structural frame-
work 1 which the melanocytes are embedded, and 1t 1s the central
“stop” around which the cells for the mner sheath and hair must pass
and then converge

Although cells from the matrix may be seen to be 1n rows or streams,
sk, thak Whe west provemah e gves Tt to Herle's luyes, the Tk
to Huxley’s layer, etc (Chase et al, 1951, Auvber, 1952), this may be
largely the result of a forturtous angle of secttoning The mass of cells
from the matrix ning seems to be I vely ind, A p
labion of the very turgad bulb ¢an sometimes rearrange the “Joose™ cells
and a normal hair will desvelop following a “fault” in the shaft As the
cells link or cement in keratimzation they can no longer be exchanged
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The differentiation mnto five concentric columns plus the medulla are
probably the result of different pressures (Auber, 1952), mvolving the
ngid Henle Inyer and cortex and the meompressible, turgid Huxley layer
and medulla It appears possible that the cortex determines the size
of the outer cylinders but when an aregulanty occurs 1 the cortex
due to an unusually large pigment clump or whole pigment cell becom
ing mcorporated nto the medulla, this bulge 1s not reflected m the
Henle layer At present, in the mouse at least, 1t appears that the Henle
layer 15 the basic funnel determining the sizes of the other cylinders In
a z1gzag follicle when 2 constrichon 15 being formed (Fig 3), usually
with no medullary cells or with a few arranged longitudinally rather
than transversely, there 1s a smaller mass from the matrix cells and the
cvlinders are all smaller in diameter

I -
Fic 3 A zigzag har showing comstuction In which medullary cells are
areanged longitudinally  Magmfication X 300

III Bemavior oF Pioment CELLS

Pigment cells are located 1 the upper external sheath adjacent to
and often protruding into the dermus or connective tissue sheath just
as they are in the basal layer of the epidermus In the bulb they m‘i
correspondingly m contact’ with the dermus of the bulb the dermal
papilla In the elongation of the follicle an occasional pigment eell m;y
be found which has been carned along by epithchal growth from tbc
upper, permanent external sheath Likewise an occasional onc may be
observed temporarily i the elongated portion of the bulb the mam]x
carned from the ongnal upper bulb  Such a stray melanocyte is clc:u,y
the reason for the rare early appearance of pigment in the mner sheath
Such a cell 15 soon depleted of its prgment granules and also soon losﬁ
1ts attachment to the basal layer and may even become incorporate

xleys layer
lmOS:il}l‘ a{hs!or’uon and abnormal location of a melanocyte can be )l?r;’o
duced etpenmcntally When a turgid bulb s pressed 1n 1 dista
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proumal direction with a needle, cells can be so displaced that two
or three pigment cells will have descended to the lower bulb If such
afollicle remains competent, there will be pigment granules and melano
cyte remnants in the inner sheath during the next day’s growth

When pigment cells normally first develop melamn m anagen I
(Chase et al, 1951), their long dendnites follow the lines of growth in
the bulb  Soon they remam confined to the upper bulb region, become
relatiely large, the laryocytes project somewhat into the dermal papilla,
and the dendrites become shorter By a device not yet clear they mocu
late granules into the passing stream of cortical and medullary cells In
some cases the dendrites appear to be torn off and remain on the distal
sides of the passing cells The granules m some cases remaimn between
the cells, at Jeast for some medullary cells, but most of them are en-
gulfed apparently nto the recipient cells In dilute mice of the genotype
dd the melanocytes have clumped pigment, the clumps bewng torn off
and generally mcorporated between the cells rather than within them
In this case the whole melanocyte 1s also frequently dragged mto the
stream of cortical and medullary cells In the Light mouse, B*B" (Chase
and Quevedo, 1955, Quevedo, 1956 Quevedo and Chase, 1956), most
of the mature melanocytes are lost mto the stream leaving no mature
ones for the latter part of the har growth In albino mice, large
amelanotic melanocytes {Taylor, 1949, Chase et al, 1951, Silvers, 1953,
Quevedo, 1956) project mto the dermal papilla and apparently deliver
amelanotic particles to recipient cells These melanocytes are com
Pletely normal except for lack of the enzyme to form melanin  They
are even wjured by x wrradiation (Quevedo, 1956) m the sime manner
as normal melanocytes A white hair induced by x wradiation of a
colored animal has no mature melanocytes 1n the bulb, the upper bulb
hl\'lng cells of a umform size with none noticeably larger or projecting
mto the eavity of the dermal papilla This bulb resembles 1 every
detail the bulb of a white area of a white spotted ammal {Chase and
Rauch 1950} and 1s unlike the nomrradiated albino bulb The follicle
of a Light mouse swhen producing the white base of the hair, has a bulb
which also resembles the white spotted or irradted bulb and not
the normal albino bulb

The density of pigmentation m the upper bulb in normilly pig
mented follicles obscures the details of the behavior of pigmentary and
Tecipient epithehal cells (Fig 1) Pml eyed dilute, pp, mice and
© wradhated mice in which some follicles produce only one or two mature
Pigment cells are useful for these studies (Chase, 1949 Chase and
Smith 1950} From follicles of this latter sort mosaic hars anse A
single melnocyte “feeds” some recipient cells, others recerne only a few
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granules and still others receve none If the mehnocyte 1s near the tip
of the upper bulb 1t may contribute to all of the cortical cells of the tip
of the hair and to the medulla cells but further proumal and especially
m the farger hurs at 15 evident that many harr cells escape bemng fed
pgment In the larger normally pigmented follicles frequently hair
starts to form before the pigment cells are ready to moculate resultimg
n unpigmented tips The “Iife” span of a mature melanocyte 1s long
approaching the length of the growing time of the hair m the mouse
‘There may be replacements but they are rwre and have pever been de
tected 1n the mosaic ¢ases  If mitosts does oceur 1a a pigmented melano
cyte 1t occurs i the early stages and not m the short dendnite mature
form More mitosis of melanocytes may occur i sheep and m mwn
In normally pigmented mouse hamrs there is seldom an “uprooting of
a melanocyte but as the end of hawr growth approaches the melano
cytes regress in size produce fewer new grinules and often the granules
remuming are liberated mto the dermal papillhi  The mhibiton of
melnogenesis accurs before the complete mhubition of growth (Chase
1954 1955)

What 15 the source of melanocytes for the succeeding hur genera
tion? They may occur by revivals of the former melanocytes which
have become dormant they may nse from stem cells in the epithelum
which are themsehes unpigmented or they may anse from cells s the
dermal papilla 15 suggested for feathers (Foulks 1943) By observing
successne mosaic hairs from the same follicle 1t 1s apparent that al
though not identical in pattern there 15 a similanty 1n amount of pig
ment (the sime or less never more) and in the general arrangement
In B‘B* mwce where some melanoeytes are clearly uprooted the next
generation has an apparently new set of melanocytes although later
hairs have somewhat less pigment there 1s not the loss which would be
expected from the observed mcorporation of mature melanocytes mto
the hurs  The possibility of a dermal source has yet to be conclusively
proved or disproved The bulk of evid supports the contentron that
there are stem cells at defimite sites which gwve rise to the mature and
expendable melanocytes these cells enter the epidermis from the neural
crest {Rawles 1910) and become embedded n the basal layer When
the daughter of a stem cell (or the stem cell stsclf) becomes melano-
geme there 15 a tendency for it to protrude mto the dermss from the
epidermis or from the upper bully which 1s 2 displaced portion of the
eprdermis The melanocytes and presumably thewr ancestral stem ce}B
are spced and have definte sites as 15 particularly evident follic! e;
producing mosaic haws where most of the sites have been nactnated
or destroyed by x rrradiation
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Catagen s the short transition stage between active anagen growth
and the resting telogen stage It 1s the time of drastic shortening of the
follicle  Relatively little 15 known about the mechanics of this stage
The turgidity of the follicle as explored by pul de-
creases rapidly and the dermal papilla cavity opens to leave a rounded
condensed dermal papilla  The club which 1s the anchonng end of the
restng hair forms at this time from cells that would have formed cortex
cuticle of the har cuticle of the mmer sheath Huxleys layer and
Henles lnyer The formation of medulla stops shortly before thus time
{Dry 1926 Chase 1954) and thus the medulla takes no part in forma
tion of the club (Fig 1) Tius process of club formation does not
mvole the upper bulb 1n fact 1t does not occur while the upper bulb
15 still m ats normal relative posiion The club and its surrounding
epithehal capsule form from matrix cell descendants the more keratin
1zed cells being the club filaments the unkeratimzed cells to which they
are attached bemg the capsule The upper bulb now flattened but
still attached to the dermal papillh follows the club but 1s separated
by the large mass of normally degenerating cells These degenerating
cells are mamnly those of the lower external sheath which were earlier
laden with glycogen

If the upper bulb 15 normally the mam source of what has been
called the germ” of the telogen then the sites of stem-cell melanocytes
should be detectable A few p gment granules are often visible m un
stamed matenal but they appewr to be pigment remnants from the
precedimg generation (Fig 4) Occasionally 1 an anagen II stage
a precocious melanocyte 1s observed . umstmned matenal Except
for the pigment 1t appears similar to the other cells which border the
resting dermal papilla

Partrcularly 1llummating this connection 15 the type of catagen
telogen and subsequent anagen which occurs followmg x wrachation of
a growng foll cle (Chase and Rauch 1850 on the mouse Montagna
and Chase 1936 on human scalp follicles) Here degeneration 1s more
extensive and no club and capsule are formed The anagen 15 delayed
but when 1t occurs growth 1s almost entiely from the upper external
sheath a true reg Various ) may be due
to the loss of the normal upper bulb “germ” and its regeneration from
b upper wdereal sheath wath the patental melanesytes whadh ~ae
not usually called upon to prod tee pigment granules for the har The
follow ing situations may be explumed 1n this way the loss of pigmenta
tion 15 less m growin= * mre e £00 1 ith the
same dose of t rays 1000 ¢
on resting mo 1se fo mal
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creases mn pigmentation m mn following srrediation  The upper sheith
~ontinuous with the basal Iyer of the epidermis conshtutes 1 resene
supply of emthelial cells and potentil mehwocytes which unless com
pletely mactivated can respond to 1 dermal papilla

Fic 4 Unstuned section A resting follicle showmg a clib with cipsule 8
rounded dermal papilla and a germ which contams some pigment chimps front
previous hair growth \agmficition X 600

At present there 15 growing evidence that the lower part of the ex
ternal sheath forms from cells of the upper external sheith ff the
capsule and that the lower bulb (the matrix) forms from the “germ
which rem-uns relatnely stable as the upper bulb and defimtive site of
melanocy tes

IV ACKNOWLEDGMENTS

The wthor wishes to thuk Dr L H Gray and Staff for facihties
and help at the Bntish Empire Cancer Cumpaign Resewch Umt m
Radiobiology at Mount Vernon Hospital Northwood \niddlesex
England

V  REFERENCES
Auber L (1952) The anatomy of follicles prod song wool ftres with specul

reference to heratinzaton Trans Roy Sec Ednburgh 62 101254
Butcher E O (1934) Tle har cycles in the albwo rat  Anat Record 61 s
Chase H B (1516) Greying induced by ¢ rays in the mose Genefict

213214



BEHAVIOR OF PIGMENT CELLS AND EPITHELIAL CELLS 237

Chase, H B (1949) Greying of haw 1 Effects produced by single doses of
xays on mice J Morphol 84 §7 80

Chase, H B (1951) Number of enuhes mactivated by x-rays m greyng of
harr  Science 113, 714-716

Chase, H B (1934) Growth of the harr Physiol Reos 34, 113-126

Chase, H B (1955). ‘The physwology and histochemistry of hawr growth J Soc
Cosmetic Chenusts 5, 9-14

Chase, H B, and Quevedo, W C, Jr (1955) Haxr and pigment cycles in the
skin as mffuenced by gene substitutions Anat Record 122, 470

Chase, H B, and Rauch, H (1950} Greying of har IT Response of mdividual
haus m mice to vanations m tradiation ] Morpho! 87, 381-391

Chase, H B, and Smuth, V W (1950) X ray effects on mouse pigmentation as
related to melanoblast distnbution  Zoologica 35 (Pt 1), 24 25

Chase, H B, Rauch, H, and Smith, V W (1951) Cntical stages of hair de-
velopment and pigmentation in the mouse Physiol Zool 24, 1-8

Dry, F W (1926) The coat of the mouse (Mus musculus) J Genet 16, 287-

l-‘oulxs ) G (I1943) An analysss of the source of melanophores 1n regenerating
feathers Physiol Zool 15, 331-380

Montagna, W, and Chase, H B (1056) Histology and cytochemstry of human
skin X .\-madl;\bnn of the scnlp Am J Anat 99, 415-446

Oyama, R (1904) hte des Deckh: des wewssen Maus
Anat  Hefte 23, 565-608

Quevedo, W C, Jr (1956} Pigment cell behavior and hair growth cycles As

fuenced by gene and lly induced changes i the

san of mice and rabbits PhDThesxs, Brown Umiv, Providence, Rhode
Island

Quevedo, W C, Jr, and Chase, H B (1956) The coat color of the Light
mouse Genetics 41, 656-657

Rawles, M E (1940) The deelopment of melanopt
tissues grown in the coelom of chick embryos FProc Natl Acad Sci US
26, 673-680

Schwamtz, J (1838) 1 h hol und  Physiol des
Haarwechsels beim Hauskaninchen  Z Marphal u Okol Tiere 33, 496-526

Sidvers, W K (1933)  Histological distinction between hair follicles of albino
and spotted genotypes of the mouse Genetics 38, 691 692

Taylor, A C {(1919) Survival of rat skin and changes in hair Ppigmentation
following freszing J Ezptl Zool 110 77-111







CHAPTER 12

The Electron Microscopy of Human Melanocytes
and Melanin Granules
N A Barvicor anp M S C Bmseck

Department of Anthropology University College, London and Chester Beatty
Research Instiute, Instute of Cancer Research Royal Cancer Hospital Londen

Page

1 Intreduction 239
I The Structure of Isolated Melamin Granules 240
I The Cytology of the Melanocyte and Melanogencsis 241
IV The Graoules of Red Harr 249
V The Mel of the Human Epid 249
VI Acknowledgments 251
VII References 232

I Inmnopuction
1 ary melanmn 15 produced only by the melanocytes The

many accounts of the formation of melun, based on observations with
the light microscope, contam extremely diverse views on the particular
cell constituents mvolved i this process Some authors (Merrowsky,
1308, Meirowsky and Freeman, 1951) mamtam that melamn granules
anse from extruded nuclear matenal, others (Reny:, 1924, Makarov,
1929, Woods et al, 1950) regard dria as the pr while
others (Guttes 1953) favor the Golg: apparatus as the site of ther
formation Most of these studies were made on the embryonic pigment
epithelum of the retma or on melanotic tumor cells, there 1s lttle
wnformation about the detatled cytology of the dendntic melanocytes
of the mtegument The histology and function of these cells however,
have been ably dealt with {Masson, 1948, Brlingham, 1948, Billingham
and Medawar 1933 \edawar, 1933) In Iustological preparations the
pale cytoplasm of melanocytes 1s usually shrunken and unfavorable for
fine cytological observation most observations have been concerned
with their general form, location, and numbers as revealed after colora
tion with methylene blue the dopa reaction or gold mpregnation  Al-
though the details of mclar:ogencs:s may vary in different tissues and

The clectron microscope with its greatly extended range of resolution
offers a promising new line of attack A great vanety of tissues has
already been exumined with this mstrument and the structural charac.

939
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tenisties of the mitochondria: Golgr apparatus and endoplismic reticu
lum are sufficiently well established to enble one to identify them with
confidence 1 well prepared materl

The observattons which follow have been made munly on human
harr follicles thus 15 by far the esiest matenal m which to study
melanogenesis m man Hair follicles can be obtaned 1n quantity by
pluckmg scalp hairs and selecting for fixation those follicles with well
developed bulbs ‘The wide range of human harr color also affords the
opportumity to study the relabonship between color and the size struc
ture and devel of the pig granul

Hair follicles secured 1n this way usunlly wnclude only the upper
portion of the bulb but occasionally the Jower part together with the
papulla 1s also present Although some cells are no doubt mqured by
this method sufficient numbers of them are found with presumably
undamaged fine structure Earlier studies (Barnicot et al  1955) made
on matenal embedded and sectioned 1 methacrylate polymer after
fixation m Palades buffered osmic acid solution and examined under
2 Phulips electron microscope did not yield as detaled information as
the later studies of material embedded n epoxide (Araldite) and
viewed with the Siemens Elmikroshop I

Suspenstons of 1solated melamn granules have also been exammed
Melamn was 1solated from hair by 1 vanety of methods inclidmg
botling in N ROH prolonged hydrolysis 1n 3N HCI extraction with hot
phenolthioglycohie actd mmture (Laver ef al 1954) or digestion with
papain m the presence of sodium metabisulfite 1nd urea (Lennox 1952)

I The STRUCTURE OF ISOLATED MELANIN GRANULES

Isolated mel granules are e A s dned suspensions to
study accuritely their differences n size and shape Otler authars
studymg materral from various sources but prepared mn this way
(Mason et al 1947 Shackleford 1948 Laver et al 1954 Lion ¢t al
1957) have shown vanations i the size and shape of the granules de
pending on the species or tissue from which the matenal was obtained
Under the electron microscope the granules from darh human hair
appear s dense ovod or rod shaped bodies the length of winch vnes
from about 04 to 10 p and the breadth from about 01 to 05 pt {Barmeot
et al 1955) Although the myonty of the granules are about three
times as long as they are broxd there 15 1 continuous range from more
slender rods to almost circular forms In transverse cuts of the more
mature regions of the hair shaft the granules which are aligned with

their long axes parallel wath the keraun fibers are cireular n cross
les Ilittle evide of nternal struc

section  In susy of
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ture can be discerned Some of the elongated granules however show
a streak of lower density down therr long auis some of the more
rounded forms may have a less dense central area or a ragged incom
plete margin on one side These features can be seen even after cu
gestion with papamn which 1s mild enough to leave some mtact residues
of Leratin fibers

The nternal structure of the granules and the effects of chermical
digestion can be studied more accurately by centnfuging the pigment

T an of the sed (Burbeck et al
1956) The granules digested with papam have a sohd almost homoge-
neous mnterior but the granules that have been isolated by boiling the
hair for 15 mmutes at 100°C in N KROH show 1 more open granular
tenor sometimes they are reduced to a shell of dense material Reflux
g for 24 to 48 hours m 3 N HCI damages the granules less than the
bref treatment with alkalt

The asserhon of earher vestigators that the granules in dark
hars or feathers are larger than those in hghter colored ones (Haus
man 1928-1929 Russell 1949 Shackleford 1948 Hutt 1953) 1s con
firmed by the studies with the electron microscope The granules from
Negro hatr are conspicuously large and those from dark European haur,
mn turn average larger than those from blond and red haw

Il Tue CYToLOG: OF THE MELANOCYTE AND MELANOGENESIS

In sections of follicles of pig d hairs the mel. are easily
distinguished under the electron microscope since they have numerous
dense melanin granules i the cell bady and 1n the dendmtic processes
(Fig 1) Portions of dendntes cut 1n vanous planes he freely in the
mtercellular spices between developing cortical cells 1 a large area
of the bulb region The connection of these dendntes with the pen
Laryon can sometimes be found Melunin granules which for the most
part do not differ apprecinbly 1n size or structure from those that have
been 1solated from mature hair are widely distributed apparently at
random 1n the cytoplasm of the melanocyte In thin sections of osmic
fived tissue the granules are seen as sohd structures composed of a
dense relatnely homogencous materal The fact that they often
shatter or break out of the section 1s evidence of their hardness  Granules
with a hollow center are occapionally seen “Most of the pigmented
granules show 1 thin shell of 1 dense finely partrculate materinl some
however have none (Fig 2) This precipitate muy pethaps be caused
by a local reduction of the osmuic acid used 1n fixation

Other worhers hwve deseribed the processes of eprdermi! melano
ovtes termmating i expanded ¢nds on the epithehal cells {Billing
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ham, 1948), presumably melanin is transferred to the epithehal cells at
these points We have not been entely suceessful in elucidating the
details of the process of transfer. Compact bundles of melanin granules
similar 1 diameter ta melanocyte processes are occasionally found Iying

Fic 1 Low power view of melwnocytes and immature cortical ailk‘ m‘ c::
upper bulb regon of a pigmented follicle Two melanoeytes (M) and lu-m n‘“
processes (Pr) lying between cortical cells Nate wide spices between mdl v?n)c) o
and cortical cells Lndoplasuc reticulum (Ret) and part of Golgr zegion (G) a
indicated i the melanocytes  Magmfication X 5825
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within the eytoplasm of cortical cells, these seem to be the terminations
of melanocyte processes Such aggregites of melamn granules may
sometimes be surrounded by 1 distinct cell membrane Besides melinm

t o

Fic 2 High migmificition §eld of forming melamn granules in a melanocyte
from drk Evropean har Two graniles (M1) showing ewly stige of melanization
of lamella material Jeft hand grannle (M1) 1s perhaps a transverse section M2 is
a more advanced stage n which the lamella matenial is thickened 1n M3 the lamella
structure is barely discerntble  Note fine particulate matenal around and inside some
of the more mature granules Magmficaton X 90000
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honds N

granules, ia and frag of matenial are also
found 1n dendntic pi these cell constituents are perhaps trans-
ferred to epidermal cells, together with pigment granules The phenom-
enon of nfective spread of pigment-formmg capacity, which Billingham
and Medawar {1948) have inferred from therr studies on grafts between
white and black areas in guinea pigs’ skin, could be Que to transfer of
these structures

Pigmented melanocytes cut 1n a suitable plane have a differentiated
area distal to the nucleus, which scems to be a site of active melammn
formation This zone often contuns Al hondnia
together with many small vesicles (F1g 3) The center of the zone
has no melanin granules, but the periphery has small vacuoles about
05 g in diameter, which are surrounded by fine shells or contain con-
voluted strands of dense matenal These are undoubtedly ely stages
of formation of mel granules The granules appear to start as
hollow vacuoles in which a tenuous matersal appears mn the form of
a folded Inmella or sometimes as an mcomplete shell near the surface
This materil 1s rapidly thickened and defined by the deposition of
more dense matertal, until 2 solid body about twice the size of the
origmal vacuole 1s formed Some of the granules are elongated even at
an early stage and the folded membrane they contan appears 1n sections
as a series of parallel dense strands In occasional cases these strands
have a varicose appearance Traces of the lamellar structure 1n more
mnture granules can be seen in high resolution pictures (Fig 2) In
some preparations a considerable space may exist hetween the surface
of the granules and the vacuole which contains it

It 1s generally considered (Mason, 1933, 1955) that the formation
of melanin granules myolves the deposition of polymerized wdole-56
quinone on a protein matrix, to which 1t becomes firmly attached Per-
haps this 15 brought about by a tanning mechanism simlar to thit
described for the hardening and darkening of some msect cuticles

Ewvidence supporting this view was obtaned from the examuntion
of follicles from human albmo subjects Although the mclmocytes of
albmos contan po structure of comparable density to melinm granules,
they can be identified fawly ewsly by their dendntie process and_l}w
Inghly granular character of thar eytoplasm (Barmicot ef al, 1933)
The cytoplasm of both the penkaryon and the processes contains mll?-
chondria and aggregates of double ) and les repr
ing the Golgu matenal and numerous ovard or rod shaped bodies 05 #
ar less m length (Fig 4) These contun strands and Iamellae that are
comparable to the structures found 1 pigmented melanin granu]cs‘,
except that they remamn tenuous and no deposition of dense matesntd
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t further thickening oceurs (Fig 5) This matenal 1s presumably a pro-
in matrx on which, owing to the virtual absence of tyrosinase activity
1 the albino, the dark melamn polymer 1s never deposited These gran
le “ghosts™ are conspicuous 1n the dendntic processes and probably pass
1 small numbers mto corticnl cells, although they are difficult to 1dentify
ath certanty

AR <7, 2 4 ¢

Fic 3 \iw of formitne zone of a melinocyte from a human hair folbicle
Numerous Blimentous mutochondna (Mit) Center of Goly zone (G) contamug
numerous small sesicles penipheral to this are1 are melanin granules in successne

!:(-'Ig:ls of formation (M1 M2 M3) The nuclear membrane (Nm)  Magnification
21334
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There 15 no evidence of extrusion of nuclear materal or the ongmn of
melanm grnules from the nucleus nothing 1 these preparat ons sug
gests the origin of melnin granules by a transformation of m tochondr 1
The presence of oudatn e enzyme systems charactenst ¢ of mitochondr a

Fic 4 Low power view of a melanocyte f om a h man alb no Fair folicle

Ret)
The nuclens (N ) flamentous mtochonda (M) endoplasmic ret c;(l‘:u:‘ﬂ( i

odu 15 of the
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mn susp of pigment granules from mouse mel tissue may
mean that mitochondria fragments are present i the suspension
(Woods ef al, 1950) VUnder the electron microscope the pigment
granules m the cells of Harding Passey melanomas are spherical bodies
contuming dense subparticles concentrated near ther centers Mito

. T MR A
AN, S

g ST g

Fic 5 Thgh magmfication picture of albino melanm granules (M) note dense
surface layer and fant strands of lamella matenial 1 their mtenor Mitochondrnia
(Mit) and Golgl vesicles (G) Magmficaton X 106 667

chondria are well defined and distinct structures i these cells and there
15 not the slightest evidence that melanin granules onginate from them
Lerner et al (1949) 1n the same tissue found the bulk of the tyrosmase
activity 1n the microsome fraction which would doubtless contamn

Golgs matenal but not mtact hondna  The 1on of mito
chondna found around the formatne zone of pigmented melanocytes
which 15 less P n albmo melanocytes suggests that mito

chondria may nev crtheless play some part 1n melamin formation
In the melanacyte of the hair follicle the Golg: matenal 15 the most



2,
248 N A BARNICOT AND M S € BIRBECR

Fic 8 Low pover vew of a melnocyte in Evropen shin The £ 11sto s
a melanoeyte (M) wath its long aus lying along tie basement me ol rane (Bm)
The cell contamns limentors m tockonlia anl a Galgl zone (G) in s} ol eatly
stages of melanin granules can be seen 1nder hgh power Mlanin gran I's fn
the melanocyte and Malpiglian cells (top left) appear as dense ovo 1 strict r v
Bund! s of collagen (C) and 1 Bbrol 1 st (F) are seen n e dermis Magn Feation
X 7200
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probable source of the melamn granvles This 15 a seres of parallel
double membranes associated with vacuoles and lacking the adherent
dense particles which characterize the endoplasmic reticulum (Dalton
and Felix, 1957, Lacy and Chalhee, 1957) The cisternae of the Golgi
matenal are often varicose, tendmg to separate mto a series of vesicles
or a reticulate sheet i three dimensions Places m1y be found where
vacuoles contaimng rudimentary melamn granules appear to be con
tinuous with such a senes of vacuoles Frequently, the wall of a vacuole
i which an mmature granule les 1s drawn out to a fine pont as aof 1t
had been detached from adjacent Golgt matenial by constriction  Wis-
senfels (1956), h , studying cultured melanocytes from the silky
fowl with phase contrast and electron microscopy, describes the melanin
granules as arising m certain compact areas i the cell which he regards
as distinct and separate from the Golg: apparatus

IV THe GranuLes oF Rep Ham

Under the lght microscope the granules of strangly red hawr are
either very small or are not detectable There are reasons for thinking
that the pigment of red hawr may be chemically different from
melanm (Flesch and Rothman, 1945, Barnicot, 1956) Under the elec-
tron mucroscope the melanocytes n the follicles from subjects with
strongly red hair contain ovoid granules 05 p or less in diameter The
structure of these 1s different from the granules i the melanocytes of
other shades Sometitnes they are hollow, with a layer of dense material
forming an outer shell, more often they are composed of an aggregate
of loosely pached dense subparticles Granules of similar types can be
detected 1n the Leratimzing cortical cells and m fragments of mature
cortical cells prepared by digestion of the haw n strong acid The
presence of these granules, many of which would be barely detectable
with the light microscope, does not exclude the possibility of additional
diffuse pigment It 15 not known if granules of this hind are unique 1
red har, or 1f similar types may also be found 1 blond non red colors

V  Tae Meranocyres oF THE HumAN Epiperans

Pease (1951) has published electron graphs  of human
¢pidermal melanocytes, but his matenal affords httle cytologreal
detal  Clenr cells similir to those figured by Pease are occasionally
found both n the basal layer of the epidermus, in contact with the
epudermo dermal Junction and at ngher levels m the Malpighian layer
The cell shown m Fig 6 has a tapered form with the long aus lying
parallel with the basement membrane, the appearance of this cell fol-
lows the descriptions of mel seen n detached sheets of epid
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(Billngham 1948 Billingham and Medawar, 1953) The cytoplasm of
melanocytes Iicks the bundles of heratimous fibrls found in the Mal
pighan cells A differentiated area on one side of the nucleus consists
of small vacuoles and occasional double membrines, identifiable 15 the
Golgi mater1il mitochondrin also oceur in this wea A similar zone
adjrcent to the nucleus of another melinocyte is shown at hgh mag

Fic 7 Low power viow of a meloeyte (M) lng on the basement el rane
(Bm) of Negro skin The cytoplasm of the melanocvte contuns no £l il materia
which distingust es 1t from the epidermal cells <n etther stde It contuns a o fleren
tuted zone (C) on the side of the nuclens nearest the skin surfice s zone mn’
sists of Golge matnal and mitochondria  The el ts drawn ont into processe
porntiag toward the Malpigm Laer MagmBonon X 6730
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mfication m Fig 7 Although dense ovord melanin granules are scat
tered throughout the cytoplism the zone m question 2lso contans
smaller dense bodies that resemble the formative stages of melamn
granules described earlier 1n the melanocytes of har follicles this
region then can be regarded as a zone of melwmm formation In
other regions of the cell fragments of endoplasmic reticulum are
found The melamn grapules are about 0.3 p or less in length and are
thus smaller than those that occur 1 dark haw

The melanocytes in the shin of Negroes are similar to those in the
Euwropean but the melamn granules that they form are more numerous
nd Irger In wiite or Negro skin the melanogeme zone of the melano
Cytes 1s readily dentifiable but 1t §s smaller and less compact than that
descnbed i “hair follicle melanocytes This may mdicate that the
formation of melanmn 1s less vigorous than i hawr follicles This 1s
particnlarly evident m the melanocytes of Negroes in which the con
centration of melamn granules within the skin melanocytes 1s not as
great as 1t 15 1 those of the hur follicle Melwmin granules persist with
out apparent stractural change mn the stratum corneum In European
white skin the melanocytes have a restricted production of small but
fully mel d les 1n the hair mel of albinos numerous
granules are formed but they do not become melanized

The boundaries between adjacent epithelial cells are often difficult
to disingwish and do not show the consprcuous mtercellular spaces

obvious melanocyte dend: The penodic dense thicken

ngs of the cell membrane of the eprdermnl cells along the junction with
the dermis as described by Selby (1955) are also present in the cor
responding boundary of melwnocytes although they are less con
spicuous

B

ded cells with a nonfibniir ¢y toplasm hondnia frag

of Golgi matenal and a few very small melanm granules are also found
at higher levels in the Malpighian layer and even in the stratum granu
losum  The cells found 1 the stratum granulosum have only a finely
ranular cytoplasm and a much crenated nucleus Such cells may be
tentatively identified as the effete melinocytes or Langerhans cells
described by Billingham and Medawar (1853)

VI ACKNOV LEDGMENTS

We wish to thank Dr Jarrett of the Department of Dermatology
University College London for providing us with Thiersch grafts of
shn and M Mercer of the Chester Beatty Institute for electron micro
graphs of Harding Passey melanom



252 N A. BARNICOT AND M § C BIRBECK

VII. RefERences

Barnicot, N A (1956) 1he pigment tuchosidern from human red harr  Nature
177, 528
Bamicot, N A, Bibeck, M § €, and Cuckow, F W (1955) The electron
microscopy of human hur pigments Ann Human Genet 19, 231.249
Billingham, R E (1948) Dendntic cells J Anar 82, 93-109
Billnghim, R E, and Medawar, P B (1948) Pigment spread and cell heredity
in gmnea pigs’ skin  Heredity 2, 29
Billingham, R E, and Medawar, P B (1953) A study of the branched cells
of the mammalian epidermis with special reference to the fate of therr division
products Phil Trans Roy Soc London B237, 151-171
Birbeck, M § C, Mercer, E H, and Barmicot, N A (1956) The structure
and formation of pigment granules in human hair Exptl Cell Rescarch 10,
505-514
Dalton, A ], and Fele, M D (1953)  Phase contrast and electron micrography
of the Cloudman $91 mouse melanoma In “Pigment Cell Growth” (M Gordon,
ed ), pp 267-273 Academic Press, New York
Dalton, A ], and Felx, M D (1957)  Electron microscopy of mutochondria and
the Golgt apparatus  Symposia Soc Exptl Blol 10
Flesch, P, and Rothman, § (1845) Isolation of an fron pigment from buman
red hair [ Invest Dermatol 6, 257
Guttes, E (1953) Die Herhunft der Augenpigments beim Kamincher embryo
Z Zellforsch u mikoskop Anat 39, 168 202
Hausman, L A (1928 1929) The pigment granules of humin head harr, a
comparative racul study Am J Phys Anthropol 12, 273
Hutt, F B (1953) Genetic control of pigmentation m the fow! In ‘Pigment
Cell Growth™ (M Gordon, ed ), pp 29-40 Academic Press, New York
Lacy, D, and Challce, C F (1957) The structure of the Golgi apparatus in
vertebrate cells examined by Iight and electron mucroscopy  Symposta Soc
Exptl Biol 10, 62
Laver, G, Shorski, | Whewell, C S, and Woods, H J (1951) Electron
microscopy of melamn granules 1solated from pgmented mammalian fbres
Biochim et Biophys Acta 15, 174
Lennox F G (1952) Digestion of wool keratn by papun bisulplute urca and
related systems  Australon ] Sci Research BS, 189 209
Lemer, A B, Fitzpatnck, T B, Callins, E, and Summerson, W H (1949}
Mammalian ty prep and p T Buol Chem 178 185195
Lion, G. Maertens, G, and Vandermecrssche, G (1957)  Submicroscopw. mor
phology of the retmal pigment epithelum  Proc Stockholm Conf Flectron
Microscopy, 1956 pp 196-197
\akarov, P (1929) Studien uber di Pigmentgencse Uber den Antell der
\fitochondrien an der Bildung des Melanins e den Zellen des Pigmente pithels
der Betinn  Arch anat histol et embryol 8 309-326
Mason, H § (1953) The structuse of mchmins In “Pigment Cell Growth
(M Gordon, ed ), pp 277-300 Academic Press New York
\fason, H §  (1955) Reactions between quinoncs and protems  Adfure s 771
Mason, I § Rabler, H and MacCardle B C (1947) Chemistry of mclimi
IV Electron micrography of miteral melamins  Proc Soc Exptl Biol Med

65, 421




ELECTRON MICROSCOPY OF HUMAN \ELANOCYTES 253

Masson P {1948) Pigment cells ;m man In Buology of Melinomas (R W
Miner ed} Vol 4 p 15 New York Acad Set New York

Medawar P B (1953) The of the Lan epid Quart
J Mcroscop Sci 94 481 508

Metrowshy E  (1908)  Uber den Ursprung der melanotischen Pigmente der
Haut und des Auges” Lepag

Mewrowsky E and Freeman 1 W (1051) Chromatin melanin relationships m
malignant melanomata ] Invest Dermatol 16 257

Pease D C (1951) Electron mucroscopy of human skin Am ] Anat 89 460

Renyt C (1924) Studies on pigment genesis I The nature of the so-called
“pigmentbiddner ] Morphol and Physiol 80 415 433

Russel,l E § (1948) A quantitatne histological study of the pigments found
m coat color mutants of the house mouse 1V Interdependence among the
vanable granule attributes  Genetics 34 133

Seby € C~ (1955) An electron mucroscope study of the epidermis of mam
mahan skhin i tun sections I Dermo-eprdermal junction and basal cell layer
J Biophys Biochem Cytol 1 429-444

Stackleford R M  {1948] The nature of coat colour differences  munk and
foves Genetics 33 311

Vossenfels N (1956) YLacht Phasenkontrist und elek kroskopische Un
tersuchungen uber die Enstehung der prop granula In Melanobl
lulturen Z Zellforsch u mikroskop Anat 45 60-73

Woods M DuBuy H and Burk D (1950) Evidence for the mitochondrial
nature and function of melamin granules Zoologica 35 30-31







CHAPTER 13

The Nature of Hair Pigment®

Tuovas B Frrzeatnick, PETER BRUNET, anND ATsusit Kukrra

Division of Dermatology University of Oregon Medical School Partland Oregon
Department of Zoology Oxford Unwersity Oxford Englind and Department of
Dermatology Unicersity of Tokyo Tokyo Japan

Page

1 Introduction and Classification of Hair and Feather Pigments 255
1T The Inhentance of Hair Color 257
Il Metabolic Pathway of Tyrosine-\felanin Formation 259
A. Outline of the Pathway of Tyrosine to Melan 260

B Nature and Mechanism of Action of Mammahan Tyrosinase 262

€ Localization of Tyrosmase m the Melanoeyte 264

D Factors Regulating Melamin Formation (in Vitro) 265

1 The Availabibty of the Melamin Precursor Tyrosme 266

2 The Rate of Tyrostnase Synthesis 266

3 Presence of Factors Which Activate Tyrosinase 268

4 Presence of Tnhubutors of the Tyrosme Melanin Pathway 267

1V Cytochemical Studies of Tyrosine Melamn Formation n Hair 268
A" The Melanocyte System 269

B Cytoch 1 Studies of Melanobl. and Melk 270

C  Changes 1 Tyrosimase Actvity Dunng the Har Growth Cycle 270

D The Effect of Genehie Factors on Tyrosinase Actmity 280

V' Biochemical Basss of Changes m Hair Color 285
A Enzyme (Tyrosinase) Deficiency 285

1 Genetic 285

2 Nutntional Defcrency (Copper) 286

3 Agemg 286

B Enzyme (Tyrosinase) Inhibition 287

1 Compettive 287

2 Noncompetitne 290

VI The \Metaholic Pathway to Yellow Hair Pigment 291
A Theorses of the Nature and Formation of Pheomelamn 891

B Tryptophan Metaboltes and Pigment Formation 293

VI Appendix 297
VIII References 298

1 INtroDUCTION AND CLASSIFICATION OF HAmM AND FEATIER PICMENTS

Although superficial eximmation of harr would indicate 2 wide
range of color hues microscopic exammation has revealed only black
brown and yellow pigmented granules
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Contributions by the geneticists on the role of various whernited traits
as determinants of hair color have gren the brochemist important leads
Differences in harr color are biochemtcal differences, and the genctic
pattern of hair color indieates that brown and black pigment 15 under
the same genetic control, whereas yellow (pheomelhmn} 1s under a
different genetic control Thus two separate, but possibly nterrelated,
metabolic pathways of brown-black and yellow har pgment are sug
gested

Table I shows the most pertment facts known at the present time

regarding the ficatton of hur The facts which are well

Pig

TABLE I
CLASSIFICATION oF HAIR AND FeATHER ProvenTs

Tyrosine melantn®

* Pheomelanin ®

{Brown blacl.) (yellaw red)
Site of formation Melanocyte Melanocyte
Precursor Tyrosine Tyrosine
Tryptophan
Enzyme Tyrostnase Tyrosinase
Enzymes  nvolied  in

FPhysical properties

Chemicl properties

Brown or black granules

Oval or round

General  absorpnon  of
ultraviolet

Insoluble In diute alkall

tryptophan  metabolism
Aniine-yellow granules
Round
Exhrbits fluorescence with
3660 A ultraviolet
Soluble i diute ahali

Large  palymer coup
with _proten

@ Also known as eumelanin *
3 Partly from E § Russell (1846)

estabhished are prnted 1n regular type and the uncertmn or hypathetieal
ones are printed 1n atalics  The black-brown pigments are designated
as “tyrosme melamn” since they are formed in mammals by the enzy-
matic owdation of tyrosme to melanin The yellow-red pigment, hsted
as “phcomelanin,” has different solubility n afkal from the brown-hlack
pigment  Both tyrosine melamin and pheomelamn are formed within
the melanacyte and occur 1 the form of ¢ytopl tsmuc granules Although
tyrossne ts g 1l pted as the p of brown black pigment
(Table I), the origin of pheomelanin 15 unknown

A red prgment, first extracted from har by Sorby (1878), wis m
dependently rediscovered and named trichasidenin by Rothman and
Flesch (1943) Trichosiderin appears to represent only a small portron
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of prgments accurring with it 1n hair (Flesch and Rothman, 1945, Barn-
cot, 193562, b) 1t has been extracted from the feathers of many races of
fowl (Smyth et al, 1951), but has not yet been extracted from the hairs
of mammals other than man It has been suggested that trichosidenn 1s
not a natural pigment but that it anses during acid hydrolysis of harr
{Hanna, 1952)

In ths discussion we will present evidence that tyrosinase 15 required
for the formation of both tyr 1 and ph 1 The pre
cursor of ph lanin could be tryptophan or a tryptoph bol,
which ts enzymatically oudized to a yellow pigment only mn the presence
of mtermedates of the tyrosme melamn pathway

II  Tue Inuerrrasce of Ham Coron

Color of hatr 1n mammals 1s affected by a number of genes, of which
twenty four have been recorded in the mouse {Gruneberg, 1952), a
number of them bemng plerotropic, they may also affect other parts of
the body i addition to affecting hawr color Color of hawr depends on
the chemucal nature and on the quantity of pigment, and on the way in
which 1t 15 distnbuted within the hair  Not much 15 known of the -
hentance of hair color 1 man (Davenport and Davenport, 1909, Reed,
1952), although the geneties of harr color of laboratory rodents, domes-
tic and farm animals are well understood There appears to be a general

y 1n the pl of genes affecting color, one ammal may
have a gene which has no known counterpart m other anmals, but on
the whole there 15 a good deal of sumilanty m the complex of genes
aﬂectmg hair color in dufferent anmmals  This account provides only an
ontline of the genetcs of hair color to illustrate the pomts raised here
More detailed accounts of the genetics of mammals i general are found
elsewhere (Castle, 1940, 1954, Wnight, 1942, Russell and Russell, 1948,
Gmncberg, 1952, Lattle, 1957}

In many mammals, but not man, hair 1s not umformly colored, but
1t1s barred with a 1 or sub al band g p 2t
and the base contamning melamn  Many rodents and lagomorphs have
this bicolored or “agouti” type of hair The genes at the agouti locus
(A, and several other allelomorphs) affect the hair m this respect, but
wsually a second parr of allelomorphs, the extension genes (E.¢), must
be considered 1n expluning the effects of the agout: genes

A guinea pig or ribbit with a dominant agouti gene 4, 1s able to
produce a bicolored hatr with pheomelanic tip and dark melanm base,
it the dommnant evtension gene, E, 15 also present Ammals whose
genetic constitution contans A/ —, E/— have agout: hair (Table 11, 1),
if the recessne extension genes, e’c, are present no dark melanm 1s
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formed mn the hur and the har 1s uniformly yellow (Table II 2) With
only recessive agoutt genes a/a the haw 15 uniformly colored bewng
melanic with E/f — and pheomelnie with e/c (Table II 3 and 4)
Thus with the dominant A gene the tip of the hair 1s alwys pheo
melanic while the base 15 pigmented with melamin or pheomelanm ac-
cordmg to whether L or ¢/e 1s present  Viith the recessnes a/a hur
15 umformly colored and if L/-— 15 present it 1s dark if e/e is present
1t 15 yellow The mouse has no E locus and the presence of the 4%
gene top dominant in the agoutr senies leads to the formation of um
formly pheomelame hair (Table II 5 to 7) It 1s of biochemicn! sig
mficance that a hair bulb ean produce both melmn and pheomelanm
pigment
TABLE II
EFFECT 0F AcouTt anp EXTENsION GENEs on Covon oF Ham oF Guines Pics (1-4)
AND Mice (5 7)

Genotype Color of tip Color of base

1 A-— E/~ Yellow Dark

2 A/— ele Yellow Yellov

3 a/a E — Dark Dark

4 aa efe Yellow Yellow

5 Av/— lellov Yellov

6 At/~ Yellov Dark
7 _a/a Dark Dark

If the genetic constitution of the anmal leads to the formaton of
dark melinin 1n the hair the shade of the pigment 15 mfluenced by
genes at the black brown locus I B/ — 1s present the prgment will
be blackish of b/b s present the pigment 1s brown

Hairs whether colored by black or brown pigment or the yellowish
ph lamn can show different intensity of color and this 15 influenced
by a number of genes In albinos the domnant C 1f present potentiates
mtense pigmentition at the other extreme the recessnves c/c lead to
whiteness of the hair whatever ts the nature of the pigment present
or potentinlly present Sesveral allelomorphs at the C locus are known
from most antmals and these Jead to intermediate intensities of p g
mentition but they do not reduce the mntensity of melanm (1f present)
to the syme extent thit they reduce pheomelinin (if present) m animals
differing only m this respect

A number of other genes are known to affect the intensity of pig
mentwtion but only a few examples that have relevnce in liter dis
cusstons will be cited In gumea pigs the genes Pp (puk cyed dils
tion) affect eye and har color ammnls with P hune dak eyes and
intense pigmentation while those wath p/p have pink eyes with mehnm
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(if present) diluted, pheomelanin 1s not diluted by p/p A gunea prg
with the dommant gene F and ph 1 pig 15 ly colored
one with f/f has reduced pigment, melnmn 1s unaffected Pigments
may thus suffer dilution 1 connection with the presence of genes p/p,
f/f, or those of the lower albino sertes, but the effect of the genes 15
diferent according to whether melanin or pheomelanin 1s present  These
facts must be talen 1nto account when the brochemistry of the process
15 considered

Local farlure of pigmentation 1s affected by the spotting genes, 5,5,
and s/s leads to formation of areas of white hawr n the anmal A fur
ther gene at the extension gene locus, ¢f (tortowse shell), leads to the
prod of localized areas of ph 1 and melame (or agoutr)
har Ammals with et/e', s/s are tricolored, bemg white with patches
of melanie and pheomehnic har  The presence of haus of three colors
m one ammal has certain biochemical implications that will be dis
cussed later

NI Metasouc Pamway oF Tyrosive MEranmy Forvatiov

Melanms are among the most widely occurring pigments in nature
and are responsible for the brownig 1n plants, formation of the nsect
cuicle, and the teg ary pig of chord All mel
e formed by the achon of a group of enzymes known as phenolases
The phenolases are copper contamnmg oudases that eatalyze the ouda
tion of mone and o dihy drre phenols to o quinones (Mason 1956) The
phenolases my, therefore, catalyze the incorporation of one atom of
0%y gen 1nto a molecule of monophenol or the oudative dehydrogenation
of diphenols to o-quinone

phencl + O = oq HO
2 (o diphenol) + O = 2 (o qumone) HO
The ovygen which 15 not porated wto 2 phepol 15 reduced

duectly to water There 15 no hydrogen peroude formed

The occurrence and the function of phenolase 1n many classes of
Organisms are summarnzed by Mason (1953) Mason (1936) suggests
the use of the term “phenolase complex” mn Leu of phenolase to em
phastze the uncertunty of the nature of the actve centers which cat1
lyze the reictions m the above diagram In a panoramic sunvey of the
phenolase complex \lason {1953) cites its role mn the formation of
the mtermediates m biosynthetie systems which produce the flower
Pigments and related flavonords the lacs and lacquers the sumple and
Polymene tannins and their esters the phenoltc alkalods the quinones
tropolones and mmple plant melamns and the lignins  The phenolase
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complex catalyzes intermediate phases 1n cut 1on and 1 pig

tion of arthrepods and other phylx In chordates, the phenolase complex
catalyzes the ouidation of the phenol, tyrosine, to melanin whch 15
localized m the shin, feathers, hair, scales, and eyes “Each of the
numerous heterotypic expressions of the phenolase complex is d
by a unmque biochemical sequence which 1s charactenzed by (1) a
¥ lase specifiaity L g narrower with nise 1 the phylogenetic
scale, (2) a characteristic chemical position i a metabolic network,
and (3) a speatfic physical localization within the cell and organ”
{Mason, 1855)

The phenolase complex has reached the highest level of specificity
w mammabian tissue where among the various phenols it catalyzes most
readily the oudation of tyrosine to mel Henceforth, the lsan
phenolase complex will be referred to as tyrosinase

Knowledge of the bioch y of han tyrosi has lagged
behind studies of the other phenolase complexes present s plants and
unsects  Plant and insect phenolase complexes are available mn large
quantitres, while mammahan tyrosmase 15 present i small amounts 1n
tissues (shin and hair bulb) which are difficult to homogenize Most
of the wformation of the biochemistry of lian ty has
been obtained from studies of the enzyme present in the transplantable
mahgnant melanoma of the mouse Another difficulty 1n the study of
mammalian tyrosmase 1s that the enzyme 15 attached to parhcles that
are suspended 1 the cytoplasm of the melanocyte (Lerner ¢t al, 1949)
It has not been possible until recently to prepare a soluble mammaltan
tyrosinase (Brown and Ward, 1957, Alben, 1957}

This brief d shows, i persp ¢, the place of mammaban
tyrosinase m the spectra of phenolase complexes The section that
follows will present some of the facts hnown about mammahan
tyrosinase, and the reaction sequence 1 which tyrosine 1s comerted
to melinm

ph

A Outline of the Pathuay of Tyrosine to Melanin

Melanin formation mvolves the comersion of a colorless, naturally
occurning amino acid, tyrosine, to an insolubfe Brown pofymer Thts
process can be carmied out w mammahan tissuc only by the catalytic
action of an enzyme The chemical reactions occurnng mn the trans-
formation of tyrosine to melanmin are summarized in Fig 1 They were
established by Raper (1928), who studied the aerobc ovidation of
tyrosme and dibydroxyphentlalanie (dopa) mn the presence of tvrosin
ase obtamed from the meal worm, Tencbrio moltor  Mason (1918}
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confirmed the findings of Raper studymg tyrosinise from the malignant
melanoma of the mouse

Tyrosmase catalyzes tyrosine to dopa In the presence of tyrosmase
dopa 1s further oudized to dopa quunone which by an internal oxida
ton reduction eyclizes to 56 dihydroxy 23 dihydromdole 2 carbosyhie
acd this undergoes 1 nonenzymatic oudation to the corresponding
quinone dopachrome (formerly incorrectly termed hallachrome) Dopa

PHENOLASE COMPLEX~

CHy ~“wo,, €00 hes  Oc €00
\ oo 4 EgfeNd6 S »
OO e Erryme *NHy 0 TERTrmE iy
oy | 3 .

340 hyd oxypheny a omne Dope Quaane
Mox 280mu Spec rum unkaown

fas
Noneazymat ¢

oy AN ° £00_gozymat ¢ or M7, oo
%2 Hossnrymat
Ho " a Y b O N
L] Lo v

W

36 D nydrony nao e Dopach ome Levco Dopoch ome
Mor 278 mu 298 mu Mox  303mue 47Smu Soec um wnknown
Ceal
Enzymatc
Fay o
Noneatymot ¢

°
\ So= Me anoth ome —2 Me an n
+©E> Mot 300ms 340 mu (Gene s Abvo p on)
° W fovpel

W
ndos 56 qunone
i oe)

Fic 1 Enzymatc oudation of tyrosne to melanmn

chrome  also by mternal ovidation reduction loses carbon dioxide
formung 5 6-drhya y indole the diate p of melanin  The
Polymenization of the monomer 56 dihydroxymdole to a large polymer
(melanin) occurs first by oudation to indole-56 quinone and subse
Quently polymenzation through the 3 4 7 and occasionally 2 posi
tions to gne a polymer depicted m Fig 2 (Mason 1955) The melanin
Polymer 1s attached to protemn through its qumone linkages It 1s not
clear whether the quinone of the melamn polymer 1s attached to the
mino or sulfhydryl groups of proten Melanin 1 mammalian tissue
15 always attached to protemn

Ttas Iikely that the scheme of Riper (1928) operates in the human
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melanocyte, although all of the mtermediates have not been 1solated
from the system during enzymatic catalysis by tyrosinase The chromo
gen in human melanuna, however, 1s a mixture of conjugated derivatives
of 5,6 dihydrovyindole (Dalghesh 1955)

5,6-Dihydroxymdole HN. 0

)
l 0
o
. .
0. 0 NH
in —————p HN 0
0"~ 'NH u,
Indole 5,6-quinone b4 v

Fic 2 1 pol m melanin § Astenisks indicate sites
of coupling of monomers (After Dalghesh 1955 )

B Nature and Mechamsm of Action of Mammalan Tyrosinase

Although an enzyme hypothesis was postulated over 60 years ago
for the formation of mammaihan melanin 3t was not until 1942 that
Hogeb and Adams d, 1 with modern biochemical tech
niques the presence of tyrosmnase in crude preparations of Harding
Passey mouse melanoma These authors reported a partial separation
of monophenolase (enzymatic action 1n the comversion of tyrosme to
dopa} and diphenolase (enzymatie action 1n the oxdation of depa to
dopa quinone) achvities Vith the demonstration of tyrosmase and
“dopa ovidase” these authors revned the long standing controversy
of the one (tyrosinase) or two enzyme (tyrosinase and a separate
enzyme dapa oudase) hypotheses of melanin formation The solution
to this emgma now appears at hand Lerner ef al (1949) were unable
to show a separation of tyrosiase from dopa oudase activities  Using

sulfate precipitation fractional ethanol precipitation and
differential centrifugation they noted dunng the fractionitron pro
cedures 2 progressne ancrease 1n the mduction or Jig penod m the
cudation of tvrosne The dopa oudase actvity of Hogeboom and
Adams (1942) was tvrosimase achivity with a prolonged mduction perod
and no apparent action on the oudation of tyrosmme In the presence
of cataly tic amounts of dopa the inductton period was shostened hnearly
according to the loganthm of added dopa concentratton Thus Lemer
¢t al (1949) confirmed m mammalin tissuc the already well estabhished
phenomenon of the phenolase complex 1 plants A synthesis of opnion
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and a new one enzyme hypothesis of the phenolase (tyrosmise) and
diphenolase (dopr oudase) activities has recently been summarized by
Mason (1956) Both eatalytic activities (phenolase and diphenolase)
have been shown to occur together and are associtted with the same
electrophoretic and ultracentrifugal components In any gven prepara
tion of the phenolase complex both phenolise and diphenolase are
whibited to the same degree by metal bimding agents or compelitive

b Phenolase and diphenoclase activmty are proportionnl to the
content of copper and enzymatic actvity 1s lost when the copper 1s
removed It has not been possible to remove diphenolase activity from
phenolase activity wn any given preparation The oygen tracer studies
reported by Mason ef al (1955) have shed new hght on the mechamsm
of action of tyrosinase and some clear 1deas have been formulated on

ActvaTioy  Protem — Cut+; Dopa = Proten — Cu+s 4 Dopa
Quinone 4 H,0

0; CoveLex Forvatiov  Proten — Cu*a 4 O» = Protemn — Cu+,
— 0,

MovorrevoL Oxmatiox  Proten — Cup — O + Tyrosme = Protein
— Cu#; 4 Dopa Quinone + H.0

Fic 3 Mechan sm of action of tyrosmase (After Mason 1956 )

the manner 1n which a single enzyme 15 able to catalyze the first two
teactions m the scheme of Raper (1928) (conversion of tyrosine to dopa
and dopa quinone) In the presence of dopa two cupric atoms mn
tyrosinase re reduced to cuprous atoms In the absence of dopa or
other reducing agents hydroxyl byt does not occur Thus
the mitial step m the action of tyrosinase 1s a reduction of the enzyme
from the cupric to the cuprous state Dopa in addition to acting as
substrate can act as an actvator for reduction of the cupric to the
cuprous state of tyrosinase (Fig 3) In tiwo tyrosinase may exist as a
teduced enyzme active toward both tyrosme and dopa or because of
a lugh prevailing oudation potential may eust as an oudized form m

which tyrosinase 15 1nert but activable toward tyrosine wnd readily actne
toward dopa

Alben (1957) using the tyrosinase present on melamn granules
rom the Harding Passey mouse melanoma found a smgle enzyme
which may catalyze the cudation of either tvrosine or dopa \Mam
malian tyrosinase 15 relatively speaific for the v configuration 1n the
oudation of dopa and 1n the activation by dopa of tyrosme oudation
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Factors which change the rate of enzymatic dopa oudation lter the
rate of activation (mnduction pertod) and the maximum rate of oxygen
consumption 1n the presence of L tyrosine The rate of activation 1p
pears to be related to the rate at which dopa may be enzymatically
oxichized  Thus the induction period mn the oudation of tyrosme by
tyrosinase 1s prolonged as the tion of the enzyme 1s decreased
It will be shown later that this nverse relationship of the mduction
period and the enzyme concentration may offer an explnation of the
histochemical studies which show a difference of tyrosinase and dopt
ovidase actwvity m the melanocytes of the hair bulb and epidermus

€ Localization of Tyrosinase n the Melanocyte

The metabolic umt of melwnmn formation m the melanocyte 1s the
melanm granule These protein granules contam 1n additron to tyrosm
ase at least two other enzymes cytochrome ovidase and sucemnic de
hydrogenise (Herrman and Boss, 1945) The granules appenr to de
velop i specific prgment formation centers from cytoplasmic vesicles
by the deposition of concentric layers of melanin (Birbeck ¢t al 1936)
Structurally melanin granules are rounded and regular in shape tbout
015 to 04 n n human skin (Barmicot et al 1955) Melamn granules
present i the retinal pigment epithelium of the chick are much hrger
and vary from 10 to 30 y i dameter (Miyamoto and Fitzpunck
1957b) Melimin granules isolated from brown or blick human har
vary considerably 1n size and shape (Barmicot e al 1955) they cust
as slender rods and in some nstances appear crcnlar  Under the clec
tron mucroscope teas of lower density near the center of the granule
give them t “nng” shape In electron mucrogriphs a colorless “prc
melmn” core can be seen upon which the polymenzed denvatne of
ovdized polyphenols 1s deposited as a sheath or envelope (Laxer et al
1934) Dunng melantzation successive layers of melano protein appear
to be deposited on the surface of the granule In the formmtion of
melanin “cuticle  tyrosmase actnity may become successnely less de
tectable because the enzyme 1s mactivated by a process simifr to
“tanning ”

The relotionship of the melamn gruvle to mitochondn s 1s not clewr
at this ime  Although melanm granules ean be stained with Janus green
B they re structurally dissimilar to mitochondria The ergastoplsm
and hondna of the mel appear to be similar n structure
to those mn other cells (Barnicot ef al 1955 Burheck of ol 19%8)

The prgment forming abtlity 15 possibly spread by the transfer of
“some cellular mgredent” from the cytoplism of 4 pigmented melwo
cyte to the cytophism of a nonpigmented one endowing the latter with
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the eapaaity to form melanin (Billingham and Medawar, 1948) Ths
“cellular mgredient” may be cytoplasmie, metabolically active melamin
granules Since the melanin granules of the hair are contamed within
the compact, 1solated umt of the hair follicle there 1s no possibility of
“pigment spread” from one hair bulb to another The transfer of melamn
granules from cytopl of hair mel tes to the cortical
cells has been observed to occur i the form of rounded bundles closely
packed with granules which disperse as the cortieal cells elongate and
heratin fibrils form (Burbeck et al, 1956)

D Factors Regulating Melanin Formation (in Vitro)

11

The sumulus for the rather of of
melamn formation 1s largely the result of attempts to provide a chemo-
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Fic 4 Factors controlling melamin formation

(02,

therapeutic approach to the treatment of the mahignant melwoma Al
though melanmin fnnmhon may not he related to the mahlgnant

of melanocytes, the 1 of the tyrosine melanin
p\th\\'a) to the melhnocyte may senve as a means of localizing mitotic
inhubitors or destructive radioactive clements  The regulation of melanin
formation 1s dependent on at least four factors (Fig 4)
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1 The Avadability of the Melanin Precursor, Tyrosine

Mammalian tyrosmnase cannot catalyze the oudation of tyrosine
bound in a peptide hnk through 1ts amino group (Lerner et al, 1951)
In order for melanin formation to occur, free tyrosine must be made
avaable  Myamote (1957) has 2 C-t ! peptides of
L-tyrosme (L-leucyl, b leucyl and glycy]) as substrates of homogenates
of embryonte chuck retinal prgment epithchum  Only r-leucyl L-tyrosine
and glycyl tyrosme were oudized m the presence of the enzyme  Paper
chromatographic analysis of the reaction mixtures revealed that these
dipeptides sphit 1nto ammno acids, and that the amino acids, except for
Letyrosine, remuned unchanged The | of these peptidases m
assocration with tyrosmase 1s suggestive of their role n melanin forma-
tion, sice the melanocyte probably contamns tyrosine bound by a pep-
tide Iinkage rather than as free tyrosine

2 The Rate of Tyrosmase Synthesis

When concentrations of tyrosinase are low, there 1s a prolonged m-
duction period i the conversion of tyrosme to dopa In human skin,
tyrosinase 1s present in low and histoct al studies
have shown that although the conversion of dopa to melanin occurs
{Bloch’s dopa reaction), tyrosine 1s not comverted to melanin dunng
the period of mncubation (Fitzpatnich et al, 1950, Fitzpatnick, 1952)
In the malignant melanoma ({Frtzpatnich and Kukita, 19568) and 1o the
melanocytes of the brown or black human harr bulb (Kukita and Fitz
patrick, 1855 ), tyrosinase cancentration 1s apparently hugh since there is
a rapid conversion of both tyrosme and dopa to melanin It 1s not clear,
however, whether the relatnely rapid conversion of the tyrosme to
melanin by tyrosinase present n the brown or black hair bulb melano
cytes 15 related to an d rate of melanocyte prohf and
pars passu 1 of & or s related to the
actnation of an mhibnted tyrosinase duning the harr growth cycle

3 Presence of Factors Which Actiate Tyrosinase

The presence of dopa or other reducing agents provides the il
“prumng” step wa the hvdroxylation of tyrasine and thus the mitation of
the tyrosine to melamn metabolic pathwav It 15 unbikely that dopa
swhich 1s very unstable, can exst 1 ¢1eo in the absence of other reducing
agents such as ascorbic acid  In cutro, ascorbie actd can function i a
dual manner since 1t increases the rate of consersion of tyrosine to dopa,
and 1t allows the 2 of dopa by reducng dopy gmnone te
dopa (Lemer and Futzpatrich, 1950) Since L-dopa 15 relatvely speafic
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t ats action as an activator of tyrosinase (Alben 1957) it 1s perhaps
the most bolite in the of the tyrosme to melanin
reachion However, dopa can only be formed from the hydroxylation of
tyrosme by tyrosinase some other chemical reaction must provide re
ducing agents that phsh the red of cupnet to
cuprous tyrosmnase 1 order for dopa to be formed imtially Once dopa
has been formed it can act to reduce cuprc tyrosmase to cuprous
tyrosinase

4 Presence of Inhibttors of the Tyrosine Melanm Pathway

A large number of chemicals mhibit melanin formation tn wtro
(Lerner and Fitzpatrick 1950 1933) These include substinces that
mhibit competitively (3 fluorotyrosme N acetyltyrosine N formyltyro
sme and phenylal and 1ts degrad products) and a farly large
group of chemical agents that combme with copper prosthetic group
of tyrosinase phenylthuourea diethyldith bamate 2,3 dithiopropanol
cysteme glutathione etc ) Chemicals that alter the redox potenhal
hydrog; phenol mdophenol) may also it melanm formation
Finally ammophenyl compounds such as anihne 3 amnotyrosine and
P phenylene diamme can mhibit melanin formation by combining with
one of the il such as dopagq;

Despite a considerable knowledge of in vitro mlubitors of the tyro
sme tyrosmase reaction there 1s very little knowledge of the factors
which regulate melamin formation n tivo by hibiting the tyrosme
melanin pathway

The role of sulfhydryl groups 1n the regulation of melanm formation
has been studied by Rothman et al (1946) His hypothesis based on
m vitro studies states that tyrosine and an nctive functioning tyrosinase
In melanocytes are unable to react because of the presence of mhibitory
sulfhydry] groups Since Rothman used epidermal extracts s a source
of sulfhydry ] groups 1t 1s not elear whether the mlubation of the tyrosime
tyrosinase reaction was related to the sulfhydryl groups contamed
withn melanocytes or m the epidermal cells which are rich in sulf
hydryl groups Using hustochemical techmques 1t has not been possible
to “activate” the normally inhibited tyrosinase of human shin wath sulf
hydry1 powsons (10d d h etc) (Fitz
patnck, 1932) Some recent studies to be discussed below on the
changing concentrattons of sulfhydny1 groups and tyresmase duning the
harr growth cycle however provide at least circumstantial evidence
that sulfhydry! groups may be mohed m the regulition of tyrosinase
actiaty 1n the hair bulb

The possible role of phenylalanine wnd ats degradation products
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the regulation of 1 vwo melanin formation will be discussed below 1
the section devoted to biochemical factors that regulate melinn formn
tion m hair

The possible interphy of the four regulatory factors described above
te the avulability of tyrosine the rate of tyrosmase synthesis the
presence of activators or inhibitors of tyrosinase 1s 1llustrated m a study
of melnm formition 1n the developing retmal pigment epithelum of
the embryomc chick (Blach Australorp and Rhode Island Red) (Miyr
moto and Fitzpatrick 1957b) In this system there appears to be 2
sensitive regulitory mechanism of tyrosinase actvity during vanous
stages of development Durmg the growth phase of the retimal pig
ment epithchum there 15 a gradually increasmg tyrosmase activity that
ultimately achieves a QO; with tyrosine equl to that of the malgnant
melanoma  On the twelfth day of development when one would have
expected a more gradual fall in actwity there 15 2 curious sudden
cessation of tyrosinase activity  This sudden change in tyrosinase act
1ty ¢ best be expl: d by the app of an mhibitory factor that
blocks tyrosmase activity A sumilar cyche chinge n tyrosinase with
sudden cessation of activity 15 present m the harr growth cycle of the
mouse

IV Crrocuesicar Stupies oF TyrosiNe MeLa~NiN ForvaTiov v HAmm

One of the goals of modern biochemical research s to relate bio
chemistry to morphology to unravel the ntricacies of the mtermediary
metabolism and to locate the specific organ cell or cell fraction in
which they occur The problem of melanin formation 1s hoth biochem:
1l and morphalogic for although the brochemical conversion of tyrosine
to melanin m an extract or homogenate has been fully worked out an
understanding of the process of melamn formation as it occurs in the

yte requires cytock I studies

Tyrosmase present m extracts of human malignant melmomas 1s
identical to the tyrosimase present m the mouse malignant mehinom?
(Rertesz 1954) However progress i elucrdating the mechanism of
melamn formation 1n normal melwnocytes has been hampered by tech
nical problems The tyrosine tyrosmase reaction 1s ideally suited for 1
cytochemcal techarque  Tyrosine 1 water soluble stable amino sad
attaches stself to tyrosmase and the ovidttion and polymenzition to
insoluble meltmin occurs on the surface of the melanin granule D f
fuston of substrate 1s not possible since tyrosiase s bound to the eyto
plasmic granule of the melanocyte and a second step 1s not required
to vssualize the end product Furthermore the coniersion of water
soluble tyTosme to insoluble melanin presents 1 umque opportunity for
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utihzation of an mn wtro radioautographic technique The unreacted,
water-soluble labeled tyrosine 1s washed out of the tissue, and 1t 1s then
possible to record on the photographic emulsion only the newly formed
radioactive melanin

The use of Bloch’s histochemical “dopa oxidase” reaction (1921)
mn the study of melanin formation has serious hmtations Dopa
15 an unstable ammo acid and 1s nonspecifically ouidized to melanm
by a vanety of enzymes and oudizing systems other than tyrosmase
For example, dopa 15 converted to melanin by the ovidase m leucocyte
granules  Tyrosme, on the other hand, 1s oxidized to melanin only by
t d m the cytoplasm of mel The use of dopa
as a sub: for t m mel; ytes is valuable when low concen-
trations of the enzyme are present, as 1n normal human epidermal me-
lanocytes As mentioned previously, when tyrosinase 15 present i Iow
concentrations, the induction period m the oudation of tyrosine, but not
dopa, to melamn 15 markedly prolonged

A The Melanocyte System

The only site of melamin formation m the mammal 1s the pigment
cell or melanocyte (Bilingham, 1949, Becker et al, 1952) This 15 a
specialized, distinctive cell charactenzed by two or more dendntic
P and g 10 s pig d form mymads of brown cyto-
plasmic granules In man, melanocytes are present m relatively few
sttes at the epidermal dermal junction, rarely in the dermal connective
Uissue, 1n the upper part of the hair bulb, in the leptomenimges, the uveal
tract, and 1n the retmal pigment epithelum In other mammals, birds
and frogs, melanocytes may occur . many sites In the house mouse
{Mus musculus) melanocytes may occur 1n the metitans, hardenan gland,
parathyrord, and thymus, mn addition to melanocytes 1n locations
simlar to man (Markert and Silvers, 1956) Two distinct types of
melanocytes (Marhert and Silvers, 1956) are present m the mouse (1)
Nucleopetal, contamng long, relatvely thick, cytoplasmie processes with
melamn granules more or less concentrated m the penkaryon In man,
the nucleopetal type of melanocyte occurs 1n the dermis, uveal tract, and
leptomennges, (2) Nuclcofugal, with more numerous long dendntic
processes, and melamin granules more evenly distributed throughout the
perikaryon and dendntic processes In man, nucleofugal types of melano
Cytes occur 1n the bulb of black, brown, and red hair and the epidermal
dermal junction

Because of the similar cytologie and eytochemical properties of
melanocytes 1n the various sites mentioned above, it appears reasonable
to group all the melanocytes under the designation, melanocyte system
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bers of melanocytes are found mn the hair bulbs, and both tyrosmase and
dopa ovidase activity are ligh Twenty-four days after pluching (telo-
gen) tyrosinase and dopa oudase actvity are not detectable The results
are shown m Figs 5 to 10 and Table IV.

TABLE IV
Cirances v TyRoSvASE AND Dapa Oxmase Actnary 1N Ham Growrn Chcee oF
C57 Brack Mouse

Dopa
Tyrosinase oudise
Stages of harr cycle achuty activity
Anagen Negtnve Negatne Mehnocy tes
{proliferttrie phase) not wentificd
Anagen 11 Negatve Negrtne Melanocytes
ot identified
Anagen 1IT Weikly postne  Positne Melanocytes present in
har bulb
Anagen 1V Positive Positive Melanocytes present n
hair bulb
Anagen V Strongly positne  Strongly posttne  Melwnocytes present in
hair bulb
Anagen VI Strongly postne Strongly positne  Melanocytes present n
hair bulb
Telogen Negative Negatve Mehnocytes
(resting phase) not identifd

The melanocytes i the harr bulb seem to be self-perpetuating and
to undergo mitosis like other cells 1n the bulb (Montagna, 1956) The
appearance of tyrosinase actnity during anagen I to VI could reflect
either a proliferation of melanocytes, with increased concentrations of
active tyrosmase, or the activation of tyrosinase 1 eusting melanocy tes
of the hair bulb The latter explanation presupposes the establishment
of an optimal hochemical milieu for tyrosinase activity 1n the develop-
ing har bulb  Since the presence of tyrosinase actnity comeides with
the appearance of melanocytes 1n anagen I (Iig 3) and the enzymatic
actnity becomes mare strongly positive with the ncreasing melnocyte
population during anagen III to anagen VI, 1t 1s more hhely that the -
crease i tvrosinase actisaty ts associated with the prolferation of
melanocytes

A number of enzymes have been shown to vary with the yvanous
phases of the hur cycle (Montagna, 1956), but therr relabionship to
melanin formation 1s not clear  The level of tyrosmase actiaty p1m]lz-1$
that of suceimc dehydrogenase activity dunng the hair growth cycle
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16 7 Anagen 1T As the result of nutotie growth in the externil sheath and
the “germ  the follicke reaches its mavimum length and the bulb 15 fully formed
(A) \elwocytes appear (B) and reside along the papilla cavity and melamn
formation begns (Hematoxslin ind cosm - Maguification X 400) (C) as evidenced

by weak tvrounasc actmity  Radioautograph  Lathium carmine Magnification
X 400
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Fic 8 AmgenV The tip of the bair has grown to the level of the epudermis
the Fulb attnns its typ cal stape (A) and loth tle upper porton of the Fulb and
the hair shaft are pigmented (B) Hematovyln and cosn Magmfewi n X 400
\Marked tyrostnase actiaty is present in the region of the | Ih (C€) Rad »n tygraph
Litfwm carmine  Magmfeation X 400



THE NATURE OF HAIR PIGMENT 277

-

s
)
AR

-~ G

Fic 9 Anagen VI The hair has emerged beyond the surface on the skin
x

(A) and (B} Mematoxyhn and eosin  \ 400 There 13 2 marked
tyrosinase activity (C) Radioautogrph  Lithwm carmine  Magmificition X 400
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The matnecell prohferation has ceased and a hair hs

formed The germ or cluster of ctlls 1s located yust beneath the club  Mehnin

granules can be seen ;. germ region

(A) and (B) Hematoyylin and eosin

Aagmfication X 400 Milamn formation actually ceases abruptly at the catagen

stage

Although nonpigmented melanocytes are present wn the germ and pre

sumably contan tyrosmase there is no evidence of tyrosnase actwity (C) Radio-

aytograph  Lithum cumme

Magfication

X 400 The biochceal factors

responsible for the hlock of tyrasimase actiity dunng tclogen and anagen 1 and 1
are not known It s pessible that tyrosinase 1s present in such Tow concentrations
that 1t cannot be detected or the enzymrtic actimty may be masked by the presence
of an wmhibitor which 1s present doring early angen catagen and telogen
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Increased sucaimic dehydrogenase actvity 1s found only dunng the
proliferative (nagen) phase of the hair cycle (Argyns 1936)
Changes mn the sulfhydryl groups durmg the hair growth cycle are
possibly also ivolved 1 melanin formation and Rothman (1954) has
postulated their role 1 the control of tyrosmnase achvity During early
anagen when tyrosiase actvity 1s negative the hatr bulb 15 nch mn
sulfhydryl groups In later anagen when tyrosmnase activity becomes
strongly positive the concentration of sulfhydryl groups 1s localized
1

P ly to the K 2t zone which 1s far above the locale of
the melanocytes Vlontagna (1956) has emphasized however that free
sulfhydryl groups not d rated by L h 1 tech may

9
also be present m the growing harr bulb and glutathione (a tyrosmase
mnhibitor) may be abundant n the matrix cells smce 1t 1s 1mportant m
cell division

Which of the four factors regulating melamin formation mentioned
previously (availability of tyrosine rate of tyrosine synthesis presence
of activators nd presence of inhibitors) are operating n the changes
of tyrosmase actity during the hamr growth cycle 1s not known at
present. The rate of tyrosinase synthesis may parallel the rate of hur
bulb melanocyte proliferation  Activation of tyrosinase by reducing sys
tems formed durmng the prohferative phases of the hair growth cycle
may provide the nthal “priming  step 1n the hydroxylation of tyrosine
by reducing cupric tyrosmase to cuprous tyrosinase  The most interest
ing facet of this problem of hawr bulb tyrosinase regulation 1s the poss:
bility of an inhibiting substance whch changes 1n concentration dunng
the hair growth cycle Montagna (1936) has noted that melanin forma
tion 15 inhibited shortly before hairs cease to grow “as if the mncreas
1ng titer of this substwnce were first detected by sensiive mgment cells ”
Many important leads to factors regulating melanogenesss may be found
n a study of the various chumical changes occurring m the hair bulb
duning the growth cycle A 1 1 pp h to this problem 1s
probably not feastble because of the difficulty of obtaming large quan
tibies of hair bulbs The application of the Cartesian diver to the meas
urement of enzymatic changes m the hair bulb during the hur growth
cycle may provide quantitative data

The melwocytes of the hair bulb are the most rapudly prohferating
pigment cells 1n the mammal vet, their division must be ngdly con
trolled since mahgnant proliferition of hair bulb melanocytes has not
been found Thus the elucidation of the biochemical factors controlling
melanocyte proliferation 1 hur bulbs may ultimately lead to the de
velopment of chemical agents which anlubit the growth of melanoma
cells
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D The Effect of Genetic Factors on Tyrosinase Activity

The associition of ouditive enzsmes with melnie pigmentation was
first demonstrated by Bertrand (1896) Many mvestigators have since
then studied the relatne ability of shin and haur follicles of different
colors to oudize tyrosme nd dopr  Durhim (1904) showed that pig
ment was formed when ewtricts of shin of black rabbits guner pigs
and rts nd of yellow guner pigs were incubated with tyrosime
Onslow (1915) found that this occurred with extracts of shin of black
and brovn but not yellow rbbits estricts from recessne white b
bits failed to form pigment and extracts from dommnnt whites mhibited
prgment formation 1f 1dded to black shin extrict and tyrosme Onslow
ncluded ferrous sulfite and Durham included hydrogen peroude in
the meubttion media so that the mewnng of their results 15 unclew
(Pugh 1933 Charles 1938)

Frequently negitinc results hme been obtuned with tyromne 1s
substrite (Russell 1939 Gmsburg 1944) and dopa his been custom
nly used s substrate for the ovidatne enzyme system  The use of
trosme wis remtroduced by Fitzpatnek et al (1930) using human
shin and by Foster (1951) using the shm of mice The dopa reaction
has becn carned out with the tissues of ribbits gumen pigs nd mice
wd the ouditnve ictivity wis mewured by the amount of pgment
formed by ctracts of skin (Ginsburg 1944) by the mount of pig
ment depostted i harr follicles i histological sections (Russell 1939
Foster 19521 Foster and Cook 1954) and by mwmometnic methods
(Foster 1951 1952v b 1936 b) In spute of some differences m detuls
these results show a good measure of agreement Tollicles of white
hured guinet pigs 1 both ¢ ¢ llinos nd 1n the whte spotted ares
of s 5 mmls gine a negitne dopa reaction (Schultz 1925 hroning
1930 Russell 1939 Ginsburg 1944) \ehwwes L/ — and ycllows e/e
gne the dopa rewction usunlly the reaction has been found to be weiker
m yellows In brown b b melmes the dopa oudase actnaty 15 not
vary different from blicks B/ — Intensely pigmented anmals € —
show 1 stronger dopa reaction than ammals having other genes of the
lbmo senes present The effect that the presence of lower members
of the albino senes has upon oudase actnaty differs accordig to wlether

enes L — for melimsm or ¢ ¢ for yellow hur are present (Russell
1939 Ginsburg 1944) Of the other genes that dilute pigmentation ff
gies 1 weiker dop reiction than I/~ the reaction with P — or
p/p 1s sumilr

The amount of pigment naturilly present m the hair of ammals of
cifferent genetic constitutions has been studied by Russell (1938}
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Fies 11-16  Radwautographic tyrosmase reaction 1 hair bulbs of different
genotypes in anagen V]

Fic 11 Intense brown (aa byb € C, D/D P/P) (A) Unstuned Mag
mification X 700 (B) Radiwautograph Note complete obhteration of hur bulb by
siher grains  This genotype had the most marked tyrosinnse actiity in s seres
Lithum carmine  Magnificiion X 700

2,
A AT B:

">

Fic 12 Brown with Maltese didution (ae¢ b b CC dd PP) In this
genotype the number of mclanin grinales 15 the sime i the brown but e
granules arc clumped  (A) Note clumping of melwmin grinules Unstuned  Mognd
festion X 700 (B) Rachowtograph with almost ¢ juil mtcnsity of the tyrosinase
feaction 4s the intense brown  Lsthum cumne Magmficaton % 7
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Fic 13 Yellow (Ava B/B C/C D/D P/P) (A) Unstamed Magmnifica
tion X 700 (B) Racioautograph Naote that the intensity of the reaction 15 much
less than n the brown and brown with Maltese dilution genotypes Lithwm carmine
Magmificaon X 700

Fic 14 Black (eae¢ BB CC D D) (A) Unstamed Magrufication
X 700 (B) Radiwautograph The tyrosnase activity is marked but not as mtense
A raction as n the brown genotype Lithwm earmine Magmfication X 700
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A

Fio 15 Blak with puk-eyed dilution (a/e B/B C/C D/D pp) (A)
Unstained  Magmficabon X 700 (B) Radiowtograph  There 1y less imtense
tyrosinase actaty than m any one of the other genotypes including the yellow
Lithum carmime  Magmnificiton X 700

1
H
i
i
1

(RO S

Fic 16 Albwo {¢a BB ¢c DD PP) Rahwautograph There 13 no
tyrosurase actiaty  The few scittered siser grawns we artifacts Lell wem cany e
\fagnificibon X 700

tw 17 Human altino scalp har  Radiomtograplic tyrosmase methxl o
depostion of sthver grams 15 found i the regron of the upper matoye i wing 30
absence of tyrosinise activity  Lithimm carmine Magmfication X 400
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than pheomelamc ones The activty 15 lessened by the presence of the
lower membranes of the albmo series and by the recessive genes f/f
Genes at locr € and F appear to control drectly the actvity of tyrosin
ase It 1s neither understood why the actvity 15 greater m meliic than
1n pheomelime follicles nor why the dilution genes have an effect on
tyrosmase actiity, which does not correspond wath the amount of
naturally occurnng melamn found m the hur of ammals with these
genes

V  BiocienicaL Basis o Cnances v Ham Covor

With the present hnowledge of melanogenests 1t 1 possible to explain
only a few of the ples of the d ase or absence of
melanin 1n hair (achromotrichia) Dietary deficiency of certain vitamins
produce achromotrichia (Frost 1948) However none of these have
any known effect on the tyrosine tyrosiase reaction In the present
discussion only examples of achromotrnichia 1n which the hechemical
leston 15 known will be reviewed

A En.yme (Tyrosinase) Deficsency
1 Genetic

The production of enzymes 1s controlled by gencs and some bio
chemical geneticasts beheve that a single gene controls the synthesis
of only one enzyme Total alk an 1nt d cl m many
anmals 1s found where only the lowest member of the albino senes of
genes 1s present In total albmos no tyrosinase activity has been de
tected i hair follicles (Fig 17) Usually there 15 a number of allelo
morphs at the C locus each one being correlated with a degree of
tyrosinase 1ctivity C/— facilitating intense pigmentition other mem
bers facihtating dilute pigmentation and ¢/c which 1s assocrited with
albinism

Locahzed p y defi may also occur rangng from large
patches of white on the body to the wlte forelock often found 1 man
A number of genes both dommant and recessive control these effects
Some such as spotting 1n gutnea pigs are due to local absence of tyrosin
ase other cises such as in the “English” strain of rabbts are sud to be
partually white as 4 tesult of local mlubition of melanogeness

The nabihity to form melanin i the skin and harr bulb of the albmo
1s cased by the absence of the enzvme tyrosmase and not by the
absence of melanocytes (Lerner and Fitzpatnek 1950) Barmeot et al
(1955) have identified melanocyvtes n the human albino hair bulb with
the axd of electron microscopy
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2 Nutritional Deficiency (Copper) #

Since copper 1s the prosthetic group of tyrosmase absence of this
trace clement m the dict results 1n 1 loss of enzyme action as the apo
enzyme cinnot catalyze the owudation of tyrosine to melanin  Copper
deficient diets invanably result in achromotrichin m rats (hed and
Nelson 1931 Free 1940) cats (Gorter 1935) rabbats (Gorter 1935
South and Ellis 1947) and cattle (Sjollemn 1937) Further evidence
that copper 1s essential m melanogenests 1s provided by the development
of ach richin m chrome molybd (Mur 1941) Cattle grazing
on pastures contmning evcessne amounts of molybdenum develop
achromotrichia this 1s overcome by the ndmmstration of copper sulfate

3 Agemng

Bloch (1921) who studied the dopa oudise reaction i human har
bulbs noted that m agemng subjects with gray hair there was a markedly
dimmshed melamn formation 1n the bair bulbs after mcubation i dopt
In elderly subjects with white hair he found no melanin formation after
wcubating the haw bulbs 1w dops  Bloch concluded that the mlensity
of the histochemical dopa reiction could be correlated with the virying
amounts of melanin pigment present m the hair bulb  This conclusion
has essentially been confirmed 1 « study of tyrosinase activaty 1n humn
Irur bulbs using the histochemical radionutographie tyrosmise method
Tyrosinase activity of melwnocytes present 1 the hur bulb of black
human har s dlustrated i Fig 18 The radiwautograph of a hur bulb
from 1 gryy hured subject 15 dlustrated 1 Fig 19 The absence of
silver gruns 1 the hur bulb mdicates a deficiency of tyrosmise Mo
tyrosiawe 1ctnaty was detectable by the ridiowutogriphie tyrosimase
method m hur bulbs from seven additional griy hured subjects  Dopt
1s onicdized to melanm even mn the presence of low levels of tyrosinase
a positne dopt resction in the agemg gray hur bulb and 1 negatne
dopa reaction m the white har bulb suggests 4 gradual loss of enzymtic
activity

In summary the graying of hair associited with senescence appears
to be the result of 1 gradual loss of tyrosinase actwity of hur bulb
melanocytes It 1s possible that graying may develop s a result of
tyrosinase nbibition by metabolites that accumalate 1 the hur buib
duning senescence

Graying of hur never precedes but alsys follows melmnm pig
mentation and thus must be considered 1 mamfestation of melnoeste
ewg The Joss of tyrosmase ettty n the gray harr bulb whether

ES
c%used by farlure of enzyme svathesis or mhibition of enzymatic activ
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1ty, 1s perhaps the most constant biochemical lesion yet observed n
senescence

B Enzyme (Tyrosinase) Inhibition
I Competitive

Since enzymes are only relatwely specific, they can combme re
versibly with substrates which do not undergo a rexction and thus act
as competitive inhibitors by blocking the active site of the enzyme An
example of petitive mhib of t 1s found m phenyl
ketonunin, 2 Mendelian recessive traat charcterized by mental deficiency
and decre ' - e T "
syndrome
alanme to

amount or 'complete absence of L phenylalanine oxidase in the lwer, a
normal amount of the apoenzyme with a coenzyme mussing or a normal
amount of L phenylalmine oxidase mactivated by an mhitor (Dalghesh,
1955) In any event the metabolic block leads to an accumulation (in
blood or unne) of phenylal; phenyl Igl phenylpyruvie
acd and p hydroxyphenylacetic acid

A stnking evample of phenyletonuna 1s descnibed by Jervis
(1937) as “an 1diot baby with blond hair and blue eyes who belonged
to a famly of Sicihan extraction, all the members of which, for at least
three generations, were of a very dark Mediterranean race” In the
Asiabic race the decrease i hair color 15 more obvious, and Shizume
(1957) has observed, 1n four Japanese children, a brotwn hair color in
phenylketonuria while the normal hair color of the Japanese is black

Three possible hypoth have been ad d to explan the re-
duction of melanin formation m the hair bulb (Dalghesh 1955) (1) the
absence or decrease of the melamn precursor, tyrosine, (2) the absence
or decrense of tyrosmase 1n the hur bulb and (3) the mhibition of the
tyrosine tyrosinise reaction by phenylal or related ab: 1 aro
matic metabolites which accumulate 1n the blood of patients with
phenylketonuna  The Jatter 15 the most likely since a darkemng of hair
color occurs i patients with phenylketonunt muntained on synthetic
dicts deficient 1 phenylalamine (Bickel et al, 1954, Woolf et af, 1955,
Armstrong and Tyler 1933) Darkeming of hair color 1s associated wath,
the return to normal of blood—and pr ly tissue—pheny lalanme
levels 1n patients maintamed on the synthetic diet. Furthermore Dancis
and Balis {1955), using plant tyrosinase and Miyamoto and Firtzpatnch
(1957a) using mammalian tyrosinase, have shown that phenylalanine
and other aromatic metabolites present m the blood of phenylketonunics
can anhnbit the ouidation of tyrosine catalyzed by tyrosinase, the wmhib:
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tion 15 competitive Inlubttion of mmmalin tyrosmase by 1 phenyl
alamne at the same concentration as m the blood of pattents 15 abont
15-30%, however, both the enzyme (tyrosmase) and the substrite
(tyroswe) are present m the harr bulb mn much smaller amounts than

! £

|
- s ]
PRS- 1

AL e e

Fic 18 Normal humin black hair  (A) The melanocytes occtpy (l;r “FI;’
partion of the har matny  Hematoxyhn and eosin  VMagmficaon X a.% sn 1
Radioautogriphic tyrosinise method  Lithm carmme  Magmification ;( B.hhnon
tyrosinase contained wathin the hair bulb melanocytes has catalyzed the ov tlon
of Ct4 lubeled tyrosinc to C'4 Labeled melanin The sites of ridhoactne mela
are represented by the dense masses of siher grains
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were used 1n the 1n vitro studies Thus a greater inhibition by L phenyl
alanne might be expected m vio The mechamsm of the decreased
melanin formation 1n phenylketonuna 1s summanzed m Fig 20

e T e Bkt

SIS AR

L PR .. .

Fic 19 Human gray (with agemg) bhaw bulb (A) No melanocytes are visible
in the upper porhon of He matix bt electron micrographs mist be examuned

before at gray hair
bib Her uc tyrasin
ase methe rhion

L€ po
of the Tar matnx  Thercfore mo tyrosinase actwity 15 detectable 1a the himan
gray har b 1b

The 1ncorporation of tyrosine mto proteins of hiver shces 15 inhibited
by hugh concentrations of 1. phenylhilanine (Bichus et al 1957) Perhaps
the best evidence of a tyrosine deficiency at the enzyme site 15 the
darhering of hair color 1 phenylketonunc patents following oral
adminmistraon of large amounts of tyrosine {Snyvderman ef gl 1953)
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By supplying an excess of tyrosme, the normal ratio of the whibitor
(phenylalamine} to metabolite (tyrosine} 15 restored, and normal
melanin formation occurs  The tyrosne feeding experiments of Snyder-
man ¢t al (1955) also provide the first conclusive evrdence that tyrosne
is the precursor of melann in vivo

DIETARY PROTEIN

NORMAL

" OXIDASE
PHENYLAL AN NE|
itmg

TYRDSINE
{liver) 7

(igcann))

Har
me anocytes

DIETARY PROTEIN

PHENYLKETONURIA

Phenypyros  oc @ 7 €
Phanglocer ¢ ac d
p OH Pheny acercocd

Fic 20 Mech of d 4 melanm pig of hate in ph
nuria

Reto-

2 Noncompetitive

Although a number of chemienls may inhibit tn titro melanin forma-
tion, only 2 few have been shown to affect hair color m amm1ls
Hydroquimone causes a reverstble depigmentation 1 cats (Martin and
Ansbacher, 1941) and rodents (Oettel, 1936), but the mechanism of
its action 1 the tyrosme tyrosimase reactton 1s not completely under-
stood Hvdroqumone 1nlubits the first step or the conversion of tyrosine
to dop {Denton et al 1952), but nothing 1s known about the tvpe of
inlubition

Certan organic sulfur-contmning compounds hne been shown to
be effective anlubntors of har pigmentition (Diche, 1947) Phemyl
thiourea, at average darly levels of 25 mg /kg, caused a graving of hair
m black and brown rats but had no effcct on the hair growth
« Naphthy lthiourea, a rat powson mhibited har growth as well z;s
harr pigmentation  The effects of both phenylthiourea and a naphthyl-
thiourea are reversible since hair pigmentation and hair growth resume
after withdrawal of the drugs Phenylthiourea 1s one of the most potent
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hibitors of the tyrosme tyrosinase reaction, and causes a 50% mhibi-
ton at concentrations as low as 10 ¢ M (Lemer et al, 1950) Although
it has been reported that the mhibition of the tyrosine tyrosinase re-
action by phenylthiourea 1s caused by 1 binding of the copper prosthetic
group of tyrosmase (Lerner et al, 1950), this has not been proved
expenmentally The mhubition of tyrosmase by phenylthiourea cannot
be reversed by the addition of copper

VI THE MetaBoLic Pataway 10 YELLow HAR Pronent

Little 15 known about the chenustry and process of formation of
yellow pigment, and many of the expenimental findings are cunously
anomalous, nevertheless, some definite mformation has been obtamed
from genetical work, and 1t 1s worthwhile to attempt to corrclate this
with the rather sparse chemical information (Wnght, 1942, Russell
et al, 1948, Haldane, 1954) This section must be largely speculative
and heunistic

A Theores of the Nature and Formation of Pheomelanin

Pheomelanin and melanin have been considered to be denved from
the same precursor, tyrosme and each has 1 common metabolie path
way Both tyrosmnase (Foster, 1951) and dopa oudase (Russell, 1939,
Gmsburg, 1944 Russell and Russell, 1948) actwity have been detected
by mcubating tissue contamng  haur follicles n these substrates
Tyrosme 2 CH 15 ncorporated tn viro at sites of black pigment forma
tion (Kulita and Fitzpatnck, 3955) as well as n the pheomelame har
follicles of man, gumnea pigs mice and m the pheomelanic feather
Papillae of fowls (Brunet et al, 1937) Thus both pheomelame and
melanic hur follicles may oudize tyrosme and dopa mn hfe However,
dopa oudnse activity 15 more closely correlated to the content of pheo
melamn than that of melamn (Russell 1939 Gnsburg, 1944, Russell
and Russell 1948) On this, Haldane (1954) has commented that
“whatever dopa oudase 15 dong m mouse skins, 1t 1s not oudizing
3-4 dioxvphenylalamne though 1t 15 very probably concerned 1n some
phase of the production of yellow pigment from a precursor™ This dis
crepiney may sumply be the result of the abnormal conditions under
which experimental techmques are carried out Tyrosine oxidase activ-
ity has not been detected i pale pheomelanic hair follicles (Foster
1956a) but this probably reflects the ty of the
and colonmetnc tests used Until the more sensitive autoradiographic
techmique had been apphed to a range of color forms, these negatine
results remamed questionable

Should 1t prove to be the cise, as seems likely to, that all colored
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hur follicles show tyrosmise actraty the part that this enzyme pliys
i the formation of black and yellow pigment still remauns to be settled
Mammaban tyrosmase i1s thought to act specifically on tyrosine which
indicates that tyrosine atself 1s impherted n the formation of pigments
but 1t does not necessinly mdicate thit tvrosine 1s the chromogen In
mehnic pigment the deposition of pigment in titro closely resembles
the process of natural pigment formation and there 1s at present no
good reason for thinking that the natural blick pigment 15 amthing
but an oudized nd polymenzed product of tyrosme bound to the pig
ment granules This however 1s not the cise with pheomehmin when
pheomelanue follicles are mcubated with tirosine or with dopa they
oudize these substrites producing not 1 vellow pigment but an un
natural black pigment  Despite this observation the difference betwcen
melnm and pheomelinm his been vanonsly attnibuted to the degree
of polymerization of the tyrosine oudation product to tts method of
attachment to the protemn of the melnm granule to its stite of oudation
or to the two pigments being the end products of different pathwvs of
mctibohsm presumibly subsequent to the formation of dop1 quinone
These theortes are largely speculative The greater solubthty of pheo
melmm compired with melanm 1 dilute 1lkalis could restit from the
daff L 1on of ch g with themsehes or with
the proten of the prgment granule such solubihty difference might
also be cevpeeted 1f pheomelnn were 1 completely different type of
pigment from melwm  VMelinn and pheomelamn hise been con
sidered 1s reversible ovdition reduction products of each other  Saller
and \liroske (1933) considered that darh melimun was the pnmary
oudition product of dopt and tht snce hvdrogen peroude comerted
this pigment to 2 tin colored and then to 1 colorless substance these
chemicil oudition stages were represented by the senes mehinin
pheomelun 1lbino substince  Tlus 15 not possible smee no eudune
actinits such 1s would produce even the blick pigment from dop1 bs
becn detected m white hur follicles nd no enzyme capible of cudizing
dop1 melmin 1n this way 1s hnown (Daneel 1936 Russcll wd Russclt
1948) There 1s 1 v tht pheomelanin represents 4 further ¢udition
product of melania (Arnow 1938 Nickerson 1946} Conccrmng the
theory that black wnd yellow pigments re different an tht while both
are derned from trosine they are formed from 2 differcnt oudition
prhway it e onhy be sad that tyrosine 10 the presence of tyrosinis¢
1s comverted to 1 blick substince wnd no enzyme 1s known that kads
to the formatson of 1 stable vellow oudation product

The relation of melinin and pheomelin s on 1 soun
base The genes thit lead to dilution of pigment act different!

d genetica
s accord
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mg to whether melanm or pheomelimn 1s present In all ammnls
studied genes at the C locus (the albino series) affect pigmentation m
such a way that if C 15 present pigmentation 1s mtense and if c/c 15
present pigmentation 1s absent If genes productng mtermedate colory
tion are present the ratio of pigment present n the mutant to that of
the full colored form 1s dufferent 1 melamic and pheomelante anmals
In the gunea pig the genes for pink eyed dilution p/p reduce melann
but not pheomelanm lso the genes f/f dilute pheomelamn but not
melamn - The palomino horse has yellow body hur 1t has genes that
would potentiate the formation of 1 brown mane and tul were 1t not
for the presence of the dommant dilution genes D this dilutes the
brown melanin giving the amimal a cream colored mane and tail but
has much less effect on the yellow pheomelamc body har (Castle 1954)

Black and brown melanins scem to be closcly related chemieally nd
m their mode of formation Both have the sime solubility properties
and both re simlarly affected by the alhino series of genes and by the
dilution genes The difference n color could be caused by an oudation
reduction phenomenon by difference n polymerzation of the pigment
or by the nature of attichment of the melamn to the protemn granule

In summary black and brown melann appear to be closely related
chemcally and genetical evidence indicates that thewr modes of formn
ton are closely simlwr  Pheomelanm differs chemically from melwmn
and genetieal evidence mdicates 1 very distinct mode of formation for
the two pigments Tyrosmase 15 involved mn the formation of all the
Pigments and tyrosine may be dered to be the cl gen for
melamn  While tyrosine will act as 1 substrate for pheomelinic hur
follicles tn wvitro the pigment formed 15 abnormal and there 15 httle
mdication that tyrosme 1s the natural chromogen of pheomelwm the
oudation of tyrosme by pheomelanic harr follicles may be imvolved only
directly in pigment formtion

B Tryptophan Metabolites and Pigment Formation

In the formation of pheomelimn three pomts must be taken into
account

(1) Melnin wnd pheomelanin can coevist in any one ammnl together
with white Determmation of the type of pigment m the coat must de
pend on locil conditions in the follicles  Different tvpes of melmin
my occur m d flerent organs dark melanm often occurs n the 1ms of
the eye when the hur 15 pheomelame  In bicolored hairs such s the
agouth hur onc foliicle sccretes the pigments the tvpe of pigment
sccreted 1 ying with the stige of the hair growth cycle  Systemic
conditions m alter the intensity of the pigment present in anv Jocality
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(2) The actvity of the genes for pheomelimn production, e/e in
the gurmea pig, or A¥ 1n the mouse, “turn on” the production of pheo
melanmt 1n a definite way, and no intermediates between melanin and
pheomelamn are formed  This clear cut action of the genes presupposes
a clear-cut switch t probably lving only one enzymatie
step, which 15 probably present 1n the follicles

(3) Pheomelanmn formation must invelve the actvity of tyrosinase,
but without necessanily implicating tyrosme as the pigment precursor

A senies of red, brown, and golden brown pigments, denived ul
mately from tryptophan, occur in the eye and mtegumental pigment 1a
wmsects  cephalopod )i and  crust: B it ef al,
1954a, b ¢, d, Butenandt and Neubert, 1955, Butenandt and Beckmann,
1955, Ephrusst 1942, Tatum and Beadle, 1940, Becker, 1941, Kikhawa,
1941, Caspan, 1949} Xanthommatin, the most common and best known
of these pigments 15 a benzophenovazone, derived from the oudatne

1 of two molecules of 3 hydroxykynurenmne

The body flud of rb/rb mutant silkworms turns red m ar, while
the body fluid of the wild type turns black probably caused by the
presence of 3 hydroxykynure 1 the body flurd of the mutnt (Inagam:,
1954) 1Ie the presence of tyrosinase, solutions of dopa or 3 hydroxy
187 produce black pig 1 the mutant, a yellow solution i the
wild type, and a black brown, red brown, or red m muxtures of the
two The ct i< reaction depends on the conversion of dopa
to dopa qumone m the presence of t and the
owudation of 3 hydroxykynurente to xanthommatin by the dopa quinone
which was reduced back to dopa (Butenandt ef al, 1956) Another
o immopheno! denved from tryptophan 3 hydroxynthranthe acid 1s
also oudized to a pigment n the presence of dop: and tyrosmnasc
(Butcnandt 1957a,b)  This 1s represented in Fig 21 side chuns have
been omutted for sunpherty although they undergo change durmng the
reaction

\When the red harr bulbs (Fig 22) of man and those of wtense
yellow e/e, guinea pigs are meubated with dopa, they form black pig
ment but when incubated with dopa and 3 hydroxykynuremine mn the
molar ratio of 1 to 4 for 20 hours they produce a dark solution re
sembling the pheomelanic hur mm color (Brunet et al 1937) of the
ratio of substrates 1s 1 to 1, no black prigment 1s formed withun 4 hours,
but after 20 hours at 37°C blck pigment 1s depostted Phcomelamn
thus, 1s formed as the result of oudation of an o amnophenol by dopt
qunone produced by the cudatine 1ction of tyrosmase on dapr This
1s compatible with the fact that pheomelamc hur follicls contain
tyrosmase 3t alse expluns the pigmentary switch mechamsm leading
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etther to melanin or pheomelinin as a result of the absence or presence
of o aminophenol 1 the folliele The cntical enzyme operating the
switch could be one bringng about hydroyy Ition of an romatic amme
When Lynurenine 15 substituted for 3 hydroxykynuremne m the bove
expenments 1ts effect on the deposition of black pigment 15 very slight
The yellowish brown pigments formed by the oudative condensation
of 0 aminopbenols are soluble m dilute alkals as n pheomelanin  Aro
matic amines but not ammno acds combine with dopa quinone 1nd
form pigments (Glassman 1957) Pheomelamun might be such a mived
Pigment.

Tyeos nase

ox dotion

Dopa
trom Tyrosng m———y Dopa EY Ay 4

Reduct on

Ox dation

Am nophensxazons Am nophenol

[
1
NHy
e from
T rptophan
oH

Fic 21 Tyrosnase system and the oudition of wmmnophenyl compounds
{After Butenandt ¢t al )

Ph ) hair 1s when 11l 4 with hight of wave
length 3600 A and emts a lght varymg from dull orange to bnght
yellow (Brunet et al 1957) Yellow hair the pheomelanic bandmg of
agouti hair of mice guinea pigs and golden hamsters and human red
hair show this effect The fluorescence of a mixture of 3 hydroxy
kynurenine and dopa n which hair follieles had been incubated was 2
dark orange color hike that of an alkalme extract of pheomelanic hawr

No svstematic search for tryptophan metabolites has been made in
skin and hur but 1t 1s interesting that Rebell et al (1956) 1solated from
the yellowish hair of albina rats an unknown substance {ther F1 spot)
which 1s now known to be kynurenine (Rebell 1957)

Finally a separate metabolic pathway for melamin and pheomelanin
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1s suggested by the inhibrtory effect of chlorog 7-chloro 4 (4 dethyl-
amno-1-methylbutylamino) quinoline diphosphate, on the formation of
pheomelanie harr pigment, but not human black or brown hur prgment
Loss of hair color following admumstration of chloroquine was first re
ported by Alvmg and Eichelberger (1948) Fitzpatrick and Siunders
(1957) have observed twelve red, light brown- and yellow hured pa

) tion
(A) Mclanocytes oceupy the upper por
of the harr matny  Hematowylin and eosin Magnification X 320 (uznm:l;)nl:
autographic tyrosinase method  Lithum carmine Magnification X 32 o e
Jntense concentration of siver grains mdicates marked tyrosinase actity in

melanocytes of the human red hair bulb

Fic 22 Human red scalp hair
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tients recerving chloroq for lupus eryth and polymorphous
hght eruptions who have shown complete loss of har pigment while
mgesting the drug  The pigment returned following cessation of therapy
with chloroquine However, m one of the patients with red hr, cer
tam portions of the hur which had become white developed a brown
color after the drug was stopped Ths suggests an rreversible mhibi
ton of the metabolic pathway of red pigment One Negro patient re-
ceving large doses of chloroqume for 3 years bas not shown loss of
P‘lﬁmenhnon There has been no depigmentation m Japanese recewing

q! The 1 of chl mhibition of human red
hair color 15 not known but further mvestigation 1s 1n progress In a
recent study we have observed deprgmentation of the feather papillae
m Rhode Island Red chick embryos i which chloroquine was injected
mito the yolk sac on the fifth day of development Acetylkynurenine was
1solated ‘from these depigmented papillae but not from the normally
pigmented feather papillae of Rhode Island Red chicks

VII  AppEnpIx

Use tissue 1 mm tn thickness
Incubate tissue slices 1n followmng mucture
() G labeled tyrosme 03 micracuries (oL tyrosme 2-Ct4)
(b} O 1V phosphate buffer pH 68 1 ce
{¢) Pemailhn 3000 unsts
Dissolve CH4 tyrosine and pemcillin i buffer then add I ec buffer
to the solution for mcubation
For control Use a solution contammng {a) (b) (c) then add
1 cc of 001 Af chethyldithiocarbamate s phosphate buffer
Incubate for 24 hours in metabolic shaker
Fix m 10% formabn for 1 hour
Wash 1n running water overnight
Fix agun m 10% formahn for 24 hours
Imbed 1n paraffn
Cut tissie at 4
Flont tissue rbbons 10 distilled water at 42°C
10 Transfer fattened bissie nbbons to distilled water of room temperature
11 Tum off bright Ight use Wratten No 2 red flter for the following steps
12 Scoop tissue nbbon onto the emulsion s de of track Slm NTB, swiftly
13 Dry quichly with fan {about 10 minutes)
14 Deparaffiasze with two changes of cold xylene, 10 minutes 1 each solution
15 Dry agun with fan untl no wrinkles are visible (about 15 mum tes)
18 put fimished shdes 1 Iight tight bot  a desiecator 1 cold room for ex
posure (2 werks)
17 Deselop the flm with full strength hodak DR 19 for 10 munntes at 50+
18 Wash in distilled water for 1 minute
19 P hodik aad fiver (full strength) for 5 to 10 minutes or untl §lm
lers at 20°C
20 Wash sn runming water for 30 minutes

to

oo aaw
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21 Rinse 1n distilled water

22 Stam m cold bthem carmmne

23 Run through cold actd alcohol 70% and 95 alcohol saturate pieric acd
n 1007% alcohol 100% aleohol xylene

24 Brng shdes to room temperature and mount m permount.
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I IntrODUCTION

That diet influences the coat of an ammal has long been recognized,
but progress toward underst inding the effects of poor nutntion on hawr
growth has been slow One reason for this 1s perhaps the difficulty of
definng precisely what 15 meant by the lack of “bloom or dry and dis
ordered appearance of the coat of an ammal 1 poor condition Another
probable reison 1s that the hair growth cycles of different amimals have
only furlv recently been descibed A eonsiderable amount of work
has, however Deen carmed out on the influence of nutnition on wool
growth mn sheep in which most follicles are active at any onc time
(Fraser 1934 Rrsshnan 1939 Marston 1946 1955) A poor grazng
season produces flecces of low weight conversely abundnt food samu
lates wool production The maumum quantity of wool grown by a
sheep however 1s determined genetically  Although nutntion 15 1m
portant m providing the means whereby a shecp cn express ats genetic
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potentialities for wool production, no amount of extra feeding cm
mrke 1t exceed the genetic maumum If a sheep responds to an addi-
tion to its diet, then the diet must have been deficient m the substance
added (Fraser, 1934) It could be, however, that under normal cond:
trons 1t 1 rare for a sheep to produce wool at the mastmum rate of which
it 1s capable (Marston, 1955)

Van Koetsveld (1954) reviewed work on the mfluence of feeding on
the coat of ammals  Flesch (1954), in Ius brief review of the effect of
diet on hafr growth, states that wnpared growth or loss of har s
a and early pecific resp to mny nutntional deficiencies
i ammals  In human bemngs a very poor diet 15 needed to cause loss
of hur, probably because 2 smaller fraction of the total avulible protemn
15 dwverted to hair formation

II Tue IntLvenc: oF Dier ov tHE Ram oF Fiser Propucrion

The rate of wool growth 1n sheep 1s measured as the weight of clean,
dry wool produced by a certamn area of skin 1n a certan time The
area 1s tattoged i the skin and rutrlly clipped, the weight of wool
grown m a pre cxpermmental period can then be compared with the
weight grown mn the same area while the sheep 1s recerving different
diets In this way 1t was found that wool production n the Mermno
breed vaned over a range of 40055 under different grazing conditions
(Marston, 1955)

Studies of the rate of harr growth n ammals other thin shecp take
advantage of the fact that plucking the hairs from quicscent follicles
instiates regrowth of har Loewenthal and Montagna (1955) found thit
1f the diet of mice 1s reduced to one third of the normal diet and hurs
are plucked from the follicles on the dy the ammals are phiced on the
reduced diet, or 3 days before, the follicles remamn quicscent for s
long as the diet remains reduced When the hurs are plucked 5 days
before the amimals are placed on the reduced dict the folitcles show 2

lerable delay i the pl of the cycle of hur gromih 1,
however the hairs are plucked 10 days before the follicles complete
their eycle of growth in 1 normal tme  When haws are pluched 1t the
time the anmmals are placed on & reduced diet, the follicls remm
quiescent for as long as 2 months but they become active on the very
day the amumals are given food ad b

Let us now consider the importance of diffcrent dietary fictors

A Proten

Although the rate of wool growth 15 1nfluenced by the amount of
proten the diet, the protein requirements of a sheep are not pir-
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ticularly lugh (Fraser and Roberts, 1032) Fleece weights cwn be -
creased by giving supplements of protem to grazing sheep but addition
of protemn beyond a certain hnut has no further effect (Drummond nd
Bassett, 1952 Slen and Whiting 1952} Attempts to male use of urea
as a source of gen have been ful m g the prowth
of wool, even when sulfur was added (Slen and Whiting, 1955)

The ultmate nutritional conditton determming the rate of wool
growth seems to be the concentration of essential ammo acids 1 the
tissue flmds around the follicle and whereas the supply of amino acids
to the ammal 15 determmed by the amount and kind of protemn i the
diet (supplemented 1 sheep by protemns synthesized by the microflora
of the rumen), the quota that eventually becomes avalable for wool
production 1s determined by the nutritional state of the animal (Marston,
1955) When the energy requirements of the animal are not completely
met by carbohydrate and fat, protein 15 used for fuel and there 1s less
for other purposes The synthetic potential of the proliferating cells
of the follicle bulb 15 high relatne to that of other tissues, a fasting
sheep 1s believed to continue growing wool virtually at the expense of
1ts other tissues  Although mn these circumstances the rate of wool pro
duction 15 considerably reduced, 1t 1s not much less than when the
ammal 15 provided with just suffi fodder to atself 1 energy
equhbrium, and the call on proten 1n the fodder to serve as fuel 1s
cansiderable  The effect of adding protem to the diet seems to lessen
the competition of other tissues

B The Ammo Acid Cystine

Since heratin 15 not a homogeneous protem, there are discrepancies
between the many different analyses that have been published The
results of three analyses are shown in Table I However, a consistent
fexture of all analyses 1s the relatwvely high content of the sulfur contain
mg wmna aad cystine, the amount of which approaches 10% Thas
high cystine content of heratin and the low cystme content of grass
(1-2%) led some to beheve that the capacity of sheep to produce wool
might be determined by the capacity of the plants to produce cystine
One of the assumptions of this hypothesss 15 that the sheep could not
synthesize cystme  Studies with radioisotopic techmques show  that
sheep can synthesize eystine from sulfate, but not so easily from sulfur
(Hale and Garngus, 1953) Marston (1935) considered that because
the cystine and potential cystine content of grass total only about one
third that of wool, only about 30¢% of the other ammno acids ean be used
for wool production Thus percentage, howeer, 1s rarely approached

and seldom more than 10% of the plant protem 1s used 1 wool produc-
tion
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The cystine of wool and hur has been of considerble nterest, par-
ticularly in determining whether or not additions of cystine to the diet
are beneficial (Fraser, 1934) Subcutaneous mijections of cystine increased
wool growth for a period of 3 weeks afterward Du Toit ef al (1935)
tound that a supplement of cystne did not produce more wool, but

TABLE 1
AdiNo Acwp Anavyses or Woor my Various Avrnors®

Nitrogen as % total mtrogen of wool
Corfield and ~ Graham % uthoff, and

Amno aad Simmonds (1934) Robson (1955) ther (1949)
Alanine 351 412 —
Amide N 746> 873 —
Argimne 2030 191 211
Aspartic 1cd 424 438 47
Cystie 793(4 95) 730 99
Glutime zend 858 848 92
Glycine 580 649 -
Histiding 148 191 18
Isoleucine 197 244 30
Leucme 490 585 53
Lysine 325 392 39
Methionie 039 032 04
Pheny lalmme 175 212 21
Proline 533 503 61
Serine 725 866~ —
Threonine 461 512 48
Try ptophan 173 082 -
Tvrosine 297 262 27
Vahine 357 416 42
Unknown (1) 118 - -
Unknown (2) 07 — -

5389 9939 792

@ From Corficdd and Robson (1935)
» Uncorrested for dccomposition of senne and threonine during, hydrolysis
¢ Corrected for loss dunng hydrolysis

Varstarr ¢ 1955) found & et & cyyéure supiplonsont wdded by @ kvt prodese
diet did  The ek of ¢ystine retarded hur growth in rats, and the cystine
content of the hamr was reduced (Smuts et e, 1932), but fecding excess
cystine did not alter the cvstine content The presence of either cystine
or methionne 1n the dict 15 essentnl for hur growth in rits and when
rats were fed on & diet contaming bttle sulfur the ¢ystine content of the
hur was reduced (Block, 1949) The fur of rabts was found to under-
go seasonal varntions m the sulfur content, hut no differences occnrred
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1n sulfur content when rabbits were fed extra cystine (Barntt et al,
1930) Reports indicate that the addition of cystne to the diet led to an
merease m the weight of the fur of rabbits (Deravley, 1935), and that
the feedmg of a hydrolyzate of human hair to rats produces cystine con
tents three times as high as those of control ammals (Tahkahashr and
Shirakama, 1940) The cystine content of hair vanes wath the age of
an ammal (Van Koetsveld, 1954)

C  Substitutes for Cystine

Naturally occurning cystine 1s L-cystine The rat can outdize ¢ cystme
(presumably be.), but ats value for the bullding of tissue was only about
half that of r-cystme (Lawne, 1932) Du Vigneaud et al (1932) found
that p cystine could not be used for growth i leu of . cystime Dyer
and du Vigneaud (1936) found that glutathione could be used as a sub-
stitute for cystine  Methionine 15 the most efficient substitute for ¢ystine
1 seseral species (Knshnan, 1939), and methionine can be converted to
cystne m the body (du Vigneaud et al, 1941) Nether sulfur nor sul-
fate increased wool growth (Knshnan 1939), although sulfate can be
converted into an orgame form by sheep

Lambs are said to utilize sulfur and to retun more mtrogen than
lambs receiving no additions of sulfur (Starks et af, 1953) The addi-
tional sulfur n the diet did not alter the sulfur and nitrogen contents of
their wool Loftgreen et al (1953}, on the other hand, found that the
addition of 027% of sodium sulfate to a diet 1 which urea provided
40<% of the mtrogen wus without effect on mitrogen retentron and wool
growth Additions of meth { mtrogen util m a diet
contaning urea {Gallup et al, 1952) Small amounts of radioactive
cystine have been recovered in the harr of a rat following injection of
labeled sulfate (Dziewnithowsh, 1954) Inorgame sulfur would, there
fore, scem to be all that 15 essential for rummants although other ammals
appexr to need ammo acids contarming sulfur

D Carbohydrate

When sheep were gnen a stuch supplement, there was a sigmificant
mcrese 1n the weight of the body and that of the fleece Carbohy drate
mn the diet converts a negatine mtrogen balance mto a posiive one
{hnshnin 1939) Pierce (1951) found that the addition of starch made
urea utihizable  The explanation that carbohydrate frees proten for
wool production which would otherwise have been used to provide
energy 15 probably too simple  Carbohydrate 1s needed mn order that
amimo acids e be utihized, and unless carbohydrate 1s fed at the same
time as protemn, the Litter 1s not so readily utihzed and mtrogen exeretion
mcreases (Munro, 1957) Carbolndrate 15 needed for mitosis to take
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place (Bullough, 1952), and the 1mportance for hur growth of glveogen
m the follicle has been amply demonstrated

E Fat

It 15 unusnal for shecp to have a defimte adipose layer, clumps of
fat cells are sparsely distributed throughout the skin, and the amount of
fat vanes over the year In rats, during the actwe phase of hair growth,
there 15 a considerable thickening of the adipose layer {Durward and
Rudall, 1948) Borodach and Montagna (1956) found, however, tht
this crease m volume of the fat 15 brought about largely by the down-
growth of the follicle bulbs mto the adipose layer, chemical analysis
showed that except for shght increases 1 the early stages of follicle
growth the fat content of the shin remumned unaltered duning the cycles
of harr growth This suggests that there 1s no specific assoctation of
fat with hair growth

Marked changes occur in the shin of dogs on a low fat diet (Hansen
et al, 1934) These mecluded shrinkage and fragmentation of the hur
shafts condttions became normal when fat was added to the diet It
has been suggested that fat may act through the secrehon of the
sebaceous gland (Van Koetsveld, 1934), 1€, the change in the conditron
of the hair caused by fat or grease 1s probably due to its deposition on
the surface of the fiber Horses are fed oats with a high oil content 1n
order to mamtam hair gloss

F  Specific Deficiencies
Only those deficiencies that seem to have a speaifie effect on har

growth are emphasized here because any deficiency that causes a re-
duction 1n food consumption will affect hur growth

1 Vitamins

The following deficiencies are sud to cause impured har growth
witamin A niboflnin, botin mosite), pantothenic acid, pyndovmne, and
vitimn E (Flesch, 1954)

Vitamm A 15 said to prevent the heratinization of cpithela that are
not normalfy keratmzed Deficrencs of vitariu A docs not seem to hare
any effect on wool growth (Picrce, 1945) Deficrencey 1n the mouse 1
hibited spontancous growth of hair, but not growth imtted by phuck-
ing (Montagna, 1956) The local depilatory action of vitamun A un ant
mals 1s probably not specific ( Flesch, 1933)

ool production 15 not complicated by defieiencies of the vitamm B
complex, the sheeps supph of these vitamins being assured by the
activaty of the microflora of the gut (McElroy and Goss 1910 Marston
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1946) The vitamuns of the B complex are, however, important 1n other
ammals, and vitamin B, taken over long pertods, was found to restore
human hair pigmentation (Lanczos, 1941) During biotin deficiency
mice maintamned the cycles of hair growth, but the haurs were shed at the
completion of growth (Rauch, 1952) Riboflavin deficiency caused a loss
of hair 1n rats (Sullivan and Nicholls, 1941), deficiency of pantotheme
acid causes poor hawr growth and loss of pigment Deficiency of ribo
flavin and pantothenic acid 1 Negro children not only caused depig
mentation, but made thewr hair grow straight (Hughes, 1946) Ths de-
ficiency seems to be associited with the utilzation of copper The
sk of rats deficient mn pantothenic acid may contamn as much as five
times the amount of copper n normal shin, 1€, the copper cannot be
utilized and accumulates (Hundley and Ing 1951)

2 Mmerals

Deficiency of copper apart from causing loss of pigment mn hair and
wool ciuses sheep to produce wool that lacks waviness or crim
(Marston, 1946) Additions of copper to the diet or applcations of
copper 10ms to the skin surface restores the growth of normal crimpy
wool {Marston, 1955) An excess of molybdenum in pastures mduces
copper deficiency 1 sheep by fixing copper m a form that cannot be
utilized (Dick, 1954, Wynne and McClymont, 1956)

A defictency of zinc caused rats and mice to lose hair (Day, 1942,
Day and McCollum 1940 Follis et al, 1941), and won deficiency
caused harlessness 1 rats (Cunminghim 1932) Cobalt deficiency has
a marked effect on the d of r (Cutht 1954), and
although cobalt deficient sheep produce less wool with weak fibers
(heener et al, 1850), there 15 apparently no specific effect on ool
growth Phosphorus deficiency 1s a major agncultural problem mn many
parts of the world Phosphorus deficiency reduces body weight and
fleece weight (Duerden et al, 1932) The deficiency does not affect
wool growth if protein consumption 15 kept constant Changes m cal
cium mntake caused no differences n wool growth and 1odine deficiency
has no effect However, 1n thyroid deficiency caused by Jow 10dme 1n
take there was loss of hair and wool (Cuthbertson, 1954) This i
dicates the importance of thyrosine in controlling hair growth

IIT  Tue InFLUENCE OF DiET on THE NATURE oF W ooL anp Ham

Propucen
A reduction m clean flecce weight 15 associated with a reduction
m the length and diameter of individual wool fibers ( Fraser, 1934 Coop,
1954 Ryder 19562) It has been suggested that change 1n fiber diameter
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1s manly due to change 1 the w1dth of the medullr (hnshnan 1939}
But Coop (1954) and Ryder (19561) found that it was caused by
changes 1n the thickness of both cortex and medulla

The differences in the divmeter of a fiber at dufferent levels of nutn
tion seems to be due to the relwve size of the bulb (\arston 1935)
The size of the keratimzed cells of fibers remains practically unaltered
whatever the size of the fiber although the cells of coarse fibers may
be hurger than those of fine fibers (Appleyard 1957) Change m the
length of fibers grown depends on the rate of cell dviston wherets
change 10 diameter depends on the number of the cells

A The Mechanism of Hatr and Wool Loss

Harr and wool are thought to be shed under poor nutritional cond:
tions but 2 factor that comphcates such observations 1s the hereditry
tendency of many sheep to shed or molt seasomally (Ryder 19561
19572) The fibers form brush ends” and fall out after = short resting
stage a new fiber grows \lolting wlich takes place n spring probal b
contributes to the winter break 1 fleeces This 1s a level of the flecce
at winch the fibers re thmner probably s a result of poor wmter feed
Some fibers are so thin that they breik but athers my have stopped
growing Fiber thinmng and fiber shedding by brush formation ar two
distinct phenomena one 1s due to poor nutritton and the other to com
pletion of a growth cycle

In an attempt to determine whether or not 1 poor diet would mnduce
brush formition two sheep were pliced on a diet similar to one that
they often recewve m winter (Ryder 19561) After 5 weeks they lost
one quarter of their body weight whercas two control sheep guned i
weight Lattle fiber shedding occurred Fiber shedding took phee dur
mg the following winter even when the shecp were fed well Fiber
shedding by brush formntion 1s apparently seasonal and not causcd by
nutritton Molting 1n cattle 15 1ssocinted with changes in the number of
hours of dylight ind probably with endocrine secretions ( Yeates 1954)
Good feeding apparently hastens regrowth of fibers  After shedding m
sheep a sigmficantly greater number of fibers regrew an 1 group of ant
mals recewing supplementary feeding (Ryder 19351)

Malnutition reduces the breahing strength per unit eross sectional
area and makes wool fibers thinner (Ventner 1953) The average v ilues
of tensile strength of fibers from sheep corresponding to pertods of suﬂf
fictent poor and agan adequite feeding e 109 075 and 121

x 10t gm cm



FACTORS INFLUENCING HAIR GROWTH 313

IV Tug IntrLuesce oF Dier Durine i Pentop or Forucie DEVELOP
MENT o8 THE ULTRMATE CAPACITY OF ANNIMALS To Propuce Ham anp
WooL

A sheep stunted by malnutrition may not be able to express 1its full
hereditary powers of wool production {Marston, 1055) The quahty of
food availible duning fetal and early life could mmpose a permanent
limitation on the subsequent wool producing capacity by reducing the
number of follicles developed However, although poor nutrition re
tarded fleece develop It had no subseq effect on wook pro-
duction (Henderson, 1953)

Poor nutrition does not prevent nmewborn rats from growing hair
(Jackson, 1932), although harr formation 1s considerably delayed
{Butcher and Richards, 1939)

In sheep 1t 15 1mportant to distingwish between the primary follicles,
which are all formed before burth (ch: 1zed by the p of
sweat glands and arrectores pilorum muscles) and the secondary follicles
which continue to be formed after birth (Ryder, 1957a) One can then
mveshigite the nfluence of nutrition on the development of wool follicles
by determining the ratio of secondary to pnmary follicles 1n skin samples
taken at different ages from lambs whose mothers are on different planes
of nutntion

There are two confiicting views on the cffect of nutriion on the
postnata] development of follicles One states that the number of fol-
hicles a sheep will form cannot be miluenced by feeding (Hugo, 1933,
1954) The other clawns that sheep, kept on a poor nutntion from 6
weeks until 3%4 yeurs of age, have, at the end of the penod, a smaller
total number of follicles than control ammnals (Marston, 1955}

Ryder (1953a) took skin samples at birth and at weanmg from two
groups of Cheviot lambs whose mothers were on supplemented and

unsupplemented diets dunng p and 1 No fi
difference w1s found m the secondary to pnmary follicle (S/P) rato
between the groups at either pling time, which ind d that the

diet of the mothers had not influenced the number of secondary follicles
formed However, the S5/P ratio at birth and at weaning, were both
correlated with body weight at barth, lustrating the importance of
fetal environment for secondey follicle formation and final /P ratio
The correlation between S/P ratio at birth and hirth weight supports
Schinehels hypothesis (1933) that the amount of food avulhble to a
fetus can make a difference n the number of secondary follicles formed
The hek of significant difference m S/P rtio hetween the groups at
wewng when there was a sigmficant difference m body werght, sup-
ports Hugo's hypothesis (1953, 1934) that the number of follicles a
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lamb produces cannot be influenced by feedmg Schinchel, howeser,
was considering the amount of food available to the fetus, and Hugo the
plane of nutrition of the mother Smce Hugo showed that body weight
at birth had been affected by the diet of the mother 1t would scem that
the development of follicles could be hastened by giving the mother
large amounts of food, but this would probably be mpossible m prac-
tice  The prenatal penod of secondary follicle formation 15 more sensi-
tive to nutritional change than the postnatal period (Wildman, 19572)

Schinckel (1955a) clearly distinguished between the mitiation of
follicle development and the growth of fibers, which he termed follicle
maturation  Follicle maturation m the Merino follows a sigmoud curve
when judged from S/P ratio figures 1 which only those secondary fol-
Lcles contaiming fibers are meluded, the most rapid rate of maturation 1s
during the second week of hfe All, or many, of the secondary follicles
are imtiated before birth, the adult §/P ratio 15 determined prenatally
and 15 not influenced appreciably postnatally (Short, 1955, Ryder,
1955a2) In British breeds many of the follicles are mutiated after birth
(Ryder, 1957a) Early postnatal nounishment might permanently re-
duce the number of mature secondary follicles mn the adult flecce re-
gardless of the effects on folhele mnitiation (Short, 1955)

The maturing of follicles i sheep under the same condttions shows
a correlation between body weight and S/P ratio at bisth, genetic fac-
tors contribute to vamations 1z adult S/P ratto (Wildman, 1957b,
Schunckel, 1955b) There 1s a positive correlation between gan 1 S/F
ratio and gam m body weight from birth to 28 days The bigger the
lamb at birth the more hkely 1s sts coat to be advanced in development,
nutritional factors (mulk supply) from birth to 28 days of age affect the
sate of development of secondary follicles and determine whether the
genetic maumum S/P ratio for an inchvidual hmb 1s attained relatively
early, late, or not at all 1n the period between birth and weaning Thus
it seems that nutrition cannot cause lirge differences 1n the number of
follicles formed bevond the hmits imposed hy genetic factors

V  Tur Nurtririon of THE FOLLICLE
A Blood Supply

The blood vessels associated with the follicles are densest when the
hairs are actively growing (Haddow and Rudall, 1945, Durward and s
Rudall, 1949) There 1s no association of vessels with follicles n mouse
shin before irth (Hardy, 1952), and vessels i the fet1l Jamb do not
become assoctited with the follicles until wool growth commences
(Ryder, 1956c) The rate of wool growth in sheep hept on a constant
dict was correlited with atmosphenc temperature (Terguson ¢f al,
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1949) High temperatures may influence wool growth by causing vaso
dilation and a consequent ncreased flow of nutnents to the follicles
Vasodilation caused by umlateral sympathectomy increased wool growth
on the side of the body n which the nerves had been cut (Ferguson,
1949) There seems to be an assocration between wool production and
the temp of the surroundings i sheep kept on a constant diet
and a constant period of electnc hight over 24 hours (Wildman, 1957a)
It 15 not certam, however, that environmental temperature has a dircct
effect on wool growth (Coop, 1954) Apart from the direct effect of
temperature on blood flow, one must also consider the possibility that
m cold conditions a greater amount of food will be used 1n keepng an
ammal warm thus leaving less for wool growth
Our understinding of the vascularization has been largely based on
that of human skin (Spalteholz, 1927) A distinction must be made
between the supply to the whole skin (the fleece) and the supply to
the follice The differences m wool production by different regions
of the fleece and the differences between the fine wool on the shoulders
and the coarse wool of the hunder parts have prompted the suggestion
that there are great dufferences 1n nutnent supply to different regions
of the skin (Henderson, 1953) The sk 1s supphed by numerous
small arteries which are fairly evenly distributed over the body (Ryder,
1955b) The density of these vessels i the dermal network does not vary
greatly i dufferent parts of the skin However, the density of vessels 1s
greater m the lamb than the adult, the decrease 15 probably due to
skin expansion There 15 also a greater density of follicles per square
centimeter of shin area 1 the lamb than m the adult Therefore, 1t
seemed that the density of follicles m the shin might be associated with
the density of the dermal network of blood vessels Although there 1s
much varation in follicle density between different breeds of sheep
{Carter, 1955, Ryder, 1957a), the many shins of different breeds ex-
ammed showed no noticeable differences i the density of the blood
vessel net  Thus, no anatormical differences were found which would ac-
Emm(; for differences 1n flecce growth either over the body, or between
reeds
With the cvanol staining method of Ryder (1933), apart from the
derml networl, two more horizontal nets can be seen 1n the skin, the
mddermal vessels and the subepidermal vessels The wool follicles
are supphed from either the dermal or middermal vessels deeper fol
licles are not necessarily supphed from the Jowest level
The immediate supply to the follicle consists of two parts (Ryder,
1956c) Capillimes enter the papilla beneath the growing paint of the
fiber and there 1s a bashetlihe network of capillary vessels surrounding
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the lower thurd of the follicle (Fig 1) This extends from the base of
the follicle to 1bout the level at which the fiber 15 keritinzed The
supply wd drunage vessels of the papilla are usually connected with
the vessels of the surrounding net There 1s a straght vertical vessel
1 the center of the papill1 suggesting that the blood nises to the pek
first after which 1t druns down the outside ncar the surfice of the
papilla The liuger the papilla the more vessels 1t contuns this 1s

F-w—w»—w- T

Fic 1 Dense cap llaty networh sirovnd ng larger (prmary) foll cle i skin
from advanced f tus of Border Lecester breed of steep Magmficaton X 170
(From Byder 1926¢ )

interesting beeause there 1s a relition between papilla volume d
fiber drameter (Burns and Clarkson 1930)  Thus vamtions i fiber
dimeter seem to be assocrated with the number of vessels n the pyllt

In small follicles the surrounding vessel network has no particultr
arrangement or pattern In general the Tirger the follicle the denser
and more elaborate 1s the net  The vessels are denser on one side of the
follicle immedintely above the bulb than anywhere else This dcnsn;y
15 usually brought about by 2 hosizontal arrangement of the vesscls
so that thes are frequently horizontal on the dense side and vertical on
the other  This pattern seems to consist of a vertieal supply vesse) on one
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side which gives off obliquely vertical branches These branches wrap
around the follicle and become horizontally arranged on the other side
The vertical supply vessel often continues into the papilla, and the
honzontal vessels often run at nght angles nto a vertical dramage
vessel probably onginating in the prpilla This concentration of vessels
on one side of the follicle 15 interesting because 1t suggests that one half
of the growing fiber has a better blood supply than the other Efforts
to assocate 1t with the bilateral nature of the fiber (thought to be
connected with the crimp of wool) have failed because the concentra-
tion lies on the side opposite to thit on which the keratimzation of the
fiber commences

Possible differences were sought in the blood supply of the follicle
that would evplan differences n fiber growth The only difference
found was the greater number of vessels associated with follicles pro
ducing coarser fibers However, 1 large follicle has an extensive blood
supply because it 1s large, and 1t 1s not the extensive blood supply that
makes 1t large

The vessels of the papilla are undoubtedly the source of nourishment
for the cell division taking place around the papilla Gradients are
more likely m the follicle tissue than in the blood stream as imphed by
king and Nicholls (1933), substances leave blood vessels at pomts
nearest to the sites 1n which they are required

The capillary net around the lower part of the folhicle provides a
possible source for substances necded at later stages mn fiber formation
King and Nicholls (1933) thought that it was impossible for substances
to diffuse through the follicle wall The suprabulbar region m which
radionctivity appears soon after n mjection of labeled cystine, 1s nearer
to thus source than 1t 15 to the capillaries of the papilla (Ryder, 1957b)

A possible additional or alternative function of the surrounding net
15 the removal of substwnces from the outer sheath (Durward and
Rudall 1848} Glycogen stored there could be removed and passed mto
the papilla as glucose, but this 15 not always supported by the pattern
of the net

That the vessels of the follicle are important for hur and wool growth
1s shown by therr reduction in number when the fiber forms a brush
prior to moltmg (Ryder, 1056c Durward and Rudall 1949) The re
duction of vessels accompames rither than precedes the shedding
process fiber shedding then, 15 not caused by the reduction of vessels

The vibnssal follicles of sheep do not have a blood sinus dinaded
wito upper and lower halves (Ryder, 1936b) as 1t 1s 1n the rat and mouse
(Dnidson and Hardy, 1952 Melaragno 1nd Montagna, 1953) The
folliele has a surrounding network (Scott, 1955), some of the vessels
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being small artenies (Ryder, 1956b) The assumption that the sius
blood 15 assocrated with hur growth (Hudy, 1951) 1s not necessanly
true

There 15 evidence that hormones control hur and wool growth
seasonal varrtions m wool production are thought to be brought about
by changes 1 the length of daylight acting through the endoerme
system Certun hormones cuse erther constriction or dilation of vessels
(Chambers and Zweifnch, 1944), and the admimstration of thyrotne
to rats ciuses an mncrease mn captllary fragility as well as earher eruption
of hmr (Kozam 1952) The admumstration of 1 thyrovme incretsed
wool production (Hart 1934) Thus 1t 1s possible that at lewst part
of the seasonal change 1 wool production 1s brought 2bout through
the blood strewm by the direct dihting or constricting effect of hormones
on blood vessels

B Sulfur

Samples of shin of mice taken from 1 to 8 hours after the wmjection
of cystine hbeled with sulfur-35 showed apprecble actvity m the
Leratogenous zone after one hour, but the follicle bulb was only shghtly
radioactive (Bern 1954, Bern et al  1955) ‘Tlis suggests that the
cystme (or 2 denvative) 15 taken up by the heratogenous zone drrectly
and does pot pass up from the bulb Bélanger {1956) noted that Ibeled
methionine and cystie are also taken up by the hur follicles ot the rit
In the skin of mice there w1s an mntense loctlization in the kertogenous
zone of 1ctnve follicles, the distrbution remuning the same from 1 to
6 hours after the mjection of Ibeled cystine, although the quantity m
creased progressively with tme (Harkness and Bern 1957)  Follicles
m catagen displayed a regron of actinity at the base of the hur shaft but
follicles n telogen showed no radioactiaty  After 2 days the bulk of the
actinsty was m the hair shaft above the keritogenous zone and it tihes

Fis 25 Autoradiographic prepirations made with hodak AR 50 fifm of
thick frozen sections from the snout of mice killed at different times after injection
of cystine labeled with sulfur 35 (Figs 3 and 4 from Ryder 1957b )

Fic 2 Vathm 2 minutes there 15 radioactvity in the suprabulbar region un
rediately abose the bulb  Magmficaton % 78

Fic 3 After 20 mmutes the actmaty has extendcd some distance mto tte
fbnllary regon bt has not yet rexched the prekeratimzaton (keratogenous)
regon Magnification X 75

Fic 4 After 3 hours there 15 a defimite peak of actity in the lower put of
the fiber Magmficatron X 112

Fic 5 The peak of activity m the fiber reaches the shin surface fn abort
48 hours Magmficauon X 068
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6 days for the activity to appear above the skin surface After 16 days
the activaity m the follicle decrensed vartually to zero

In order to find out the time taken for the active compound to dhf
fuse from the blood stream mto the foliicle Ryder (1956d) hilled mice
6 minutes after an intrapenitoneal injection of labeled cystine and found
moderate activity in the follicles That passage around the body 1s ex
tremely rapud can be demonstrated by injecting the tail vein of mice with
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India ik the entire vmmal becomes black immeduately (Ryder 1955b)
1t takes almost 10 minutes for @ mouse to become biue after an ntra
perttonenl injection of chlorzol sky blue (Ryder 1957b) Intr
peritoneal mjections are slower although cystine might not be retarded
s much 15 a large dye molecule  Cystine was thercfore mjected with
the dye vi1 the tul vem m order to be sure that the vessel had been
entered Appreciible actvity was then detected in the vibrssal follicles
of a mouse Mlled only 2 minutes after njection (Fig 2) nd there was
even shght activity in the folleles of a mouse kalled only 30 seconds after
mjection  The time ttken for cystne or denvative (possibly cysteme)
to diffuse nto the follicle from the blood stream must therefore be only
2 few seconds

Edwards (1954) applied methiomne labeled with sulfur 35 to the
shin of gumer pigs and found that the sulfur-35 wis incorporated m
the harr a5 cystine The sulfur-35 content of the hair w s sumilar whether
the specimen was from the aren of application or remote from it It
would thus scem that the active compound reiched the follicles n the
blood strexm The active compound enters the follicle quickly and 1t
appears first at 1 level immediately above the bulb (Fig 2) Labeld
cystine does not form 2 dense autoradiogriph m the bulb One hour
after an mjection of glucose libeled with cirbon 14 the densest uto
radiograph 1s from the bulb (Fig 12)

Actvity cid not begin to extend into the preherihimization region
until about 2 houss after imjection (Ryder 1956d) The amount of
actvity 1 the follicle increises during the first few hours after mjee
tion and 1 peik 1s formed after ahout 3 hours 1n the lowcr part of the
fiber (Fig 4) This peak was in the keratimzed part of the fiber within
24 hours of mnjection nd reached the shin surface 1n 48 hours (Ryder
1957b) (Fig 5) The difference found m different ammals (Harkness
and Bern 1957) m1y be explained by different growth rites The petk
of activity 1n that part of the fiber grown soon after mjection 1s scen
clearly 1 Fig 6 1n the vibrissac of 1 mouse Jalled 3 weeks after mjce
tion This shows the gradual decrease of activity in the fiber with 1
small amount still entering the follicle even after 3 wecks

In a guantitative study of the uptake of hibeled cystine by the lamb
(Rvder 1957b) the number of gruns per umt wea were counted m
cach region of the follicle (Fig 7) wd the results we shown mn Fig 8
The histogruns show the grun density 1 different regions of the woct
follicle at different times after injection  In the first simple tiken 30
minutes after mjection the peik of activity wis m the suprabulbrr
region and there was less activity n the bulb below 1nd 1n the lower
put of the fibrillary region abose There was more actmaty n the
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follicle after 8 hours, the peak had moved up mto the fibnllary region
and there was a lot of actwity in the prekeratimzation region, whereas
the activity 1n the lower part of the follicle was begmmng to decrease
What 15 imnteresting here 1s that there was an mcrease 1 actiity be
+ tween the fbnllary Tegion after 8 hours and the fully keratimzed region
after 21 hours This corresponds to the enrichment of sulfur on keratim

o e e e
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Fic 6 Autoradiogriphuc preparation made with x ray film of two vibnssie
from 2 mouse lilled 3 weeks after an wjection of labeled cystme When this
photomicrograph was taken the x ray Blm was resupenmposed on the thick (frozen)
sections with the mage displaced to the nght of the ber A peah of actwity can
be seen m tlat part of the fher grown soon after mjection Magmficaton X §

zation (Rothman 1954) The lick of actmity m the prekeratimzation
and upper part of the fibnlliry regions 1n Figs 2 and 3 after 2 and 20
minutes n the mouse and in Fig 8 after 30 minutes m the lumb, sug
gests that although sulfur does enter aboe the bulb 1t does not enter
at such a Ingh level One his therefore, to fall back on the explanation
that the <nrichment of sulfur on X 15 a
probabhy partly due to the removal of other substances
The occurrence of 1 peik of 1ctinity 1 the follicle soon after mnjee

effect
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tion suggests that the bulk of cystine mjected goes immediately to the
follicle  In other words there 1s a rapid turnover of cystine in the body
much of the compound apparently gomng into haw and wool This i
n accord wath the view that metabolic protemns have a high rate of

Dawe Reserions
FULLY KERATINIZED part of
L X Pt Stans with p ene acid

Sery weak thiol (sullhvdryl) ree
acton

regon o Weakto h ot rescio
s g eak to moderate th ol resction
Zone F of Hardy (1952)
FIBRILLARY regons regon of U Aot ST
Ebrllary  structures Strong thiol vesction

Auber (19852)
Zones D and E of Hardy (1952)

Lower part has nadioactinty 30

P S

FABULBAR reg
Zone € of Handy (1352) Weak to moderate thio! reaction

Hag radioact vity a short time after
Injection

BULB
Zomes A and B of Hurdy (1952)

Fic 7 Diagram showing the tenmnology of the diffcrent segions of the
follicle used by Ryder (1957b) m describing the uptake of radiotctity after in
jection of cystine fabefed with suifur 35

turnover (Doell 1957) The small amount of activitv that enters the
follicle later may be a breakdown product from protemns nto which
the cystine has been synthesized elsewhere i the body  Structural pro
temns have a low turnosver or none at all (Doell, 1957)

After 48 hours the peak has passed out of the shin and the grun
denstties 1 that and subsequent samples probably mdicate the rehitne
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amounts of sulfur normally present wm the different regions (Fig 8)
Gram counts (Ryder, 1957b) suggest that the secondary folhcles con
tan the same amount of sulfur as the pnmary Gram counts suggest
that the two halves of the cortex associated wath the bilateral nature
of the wool fiber contan sumilar amounts of cystne (Ryder 1956d)
The ilateral nature of wool 15 associated with the fiber being kera

Grain density
@
foliicks

=29 days exposure

BSFPRBSFPKBS FPKE
J2hour Bhours 24hours 48hours Sdays  2idays
Fic 8 Gram densties 1 the autoradiographs from dufferent segions of the
wool follicle at different times after mjecton Fourteen days exposure hev B
= Bulb S = Suprabulbar regon F = Fibnllary remon P = Prekeratinzation
region K = Fully keratmized part of fiber (From Ryder 1957b )

timzed first 1t a lower level on one side of the fber than the other
(Auber 1932) The follicle wall 1s thinner on the side at which the
fiber 15 Reratmized first nd 1t fias been thought that substances are able
to reach the fiber more quickly through that side In every sample of
skin from the lumb for a short distance at the upper Limut of the auto
radiograph the actinity 15 on one side of the fiber only (Fig 9) suggest
g that the actne compound has begun to enter that side of the fiber
before the other It 1s unhkely that sulfur enters only from one side
and 1t enters so quickly that the difference in the thickness of the follicle
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wall 15 untkely to have any cfect Asymmetry 1 heratimzation there-
fore seems to be wherent m the follicle

Sheep can synthesize cystine from sulfate (Hale and Garnigus, 1953),
and small amounts of radionetive cystine have been found i the
har of the rat following an mjection of Iabeled sulfate (Dziewrthowshs,
1954) The sheep may be able to synthesize cystine m the follicle
{Fraser and Roberts 1932) Sylven (1950) found metachromtic stun
ing (polysacchande ester sulfate) in the papillh and 1 lower parts of

v~ .

Fic @ Autoradiographic preparation made with hodih AR 10 film from
thin wax scction of skin tiken from lamb 48 hours after ijection wath hibled
cystine  The preparation w1s staned with saframin and shows that at tle distal Lumet
of the autoradiograph of the fiber at the shin surfuce there 1s actinity n only onc
(the dye-accessible) half of the cortex Magnification X 400 (From Ryder 1957h)

the rat follicle He suggested that this might supply sulfur for heritin
syathess However neither Harhness and Born (1957) nor Ryder
(1957b) were able to detect much 1ctvats 1 the follicles of muce
jected with labeled sulfate In shecp radtoactsvity was detected after
the mjection of Iabeled sulfate 8 hours aftarward actiaty was prosent
in the bulb and outer sheath of the lower part of the follicle (Rvdes
1937b) (Fig 10) There was some actisity up to 5 days after injection
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However actiity was found m the fiber after 24 hours and this had
reached a level 1bove the skin surface after 3 days \lontagn: and Hill
(1957) found uptake of labeled sulfatc in the rat papilt comcident
with metachromasia  The actiity found i the bulb and outer sheath
15 possibly bound m a polysacchande ester sulfate This 15 not evidence
that polysacchande ester sulfate gives nse to the actwe sulfur m
the body The results obtuned with cystine suggest that sulfur nor
mally enters the follicle 1n 1n ammo acid possibly cysteme

Fic 10 A torid ographc preparaton of thek frozen secton of skn from
lamb 48 hours after an wnjection of stlfate labeled with sulfir 35 Most of the
7ad tact vity is s the bulb and outer sheath wit! lttle m the fber Magn ficat on
x 90

C  Copper
Copper deficient sheep produce wool that lacks crimp (Fig 11) and
according to Marston (1946) the region m the fiber that gives a strong
reaction for thiol groups 15 extended toward the shin surface He
thought that copper probably acts 1s a catalyst for the oudation of thiol
groups to dithio links  There was less cystine (Marston 1946) and more
thiol groups (Burley 1934) n wool from copper deficient sheep Wool
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“roots” contamed more copper than the shafts (Ellis et al, 1950) and
copper may be tightly bound 1n an enzyme (Ryder, 1957b) Rats and
mice injected with copper 64 (half hfe only 128 hours) and Milled from
1 to 13 hours afterward do not show localization 1 the follicles The
copper of ascorbic acd ovidise cwnot be evchinged for cupric 10n 1n
solution, which mdicates a type of bonding close to covalent bonding

i
b
H
{
i
!
!
L

Fic 11 Staple of wool from a naturilly prgmented Austrahan crossbred sheep
which was copper deficent when the distil part of the staple was grown (newest
to the hottom of the figure) The wool here Ticks crimp and is of a bghter color
On dosing with copper sulfite the wool immeditely began to grow crimpy and
stmmult wncously acquired morc pigment (Staple gnen by H R Alarston ) Redue
ton X 23

(Joselow and Diwson 1951) This might explan why Ruder (1957D)
was unable to detect copper 64 1n the folircle

D Glycogen

Glycogen 15 stored n the outer sheath of the follicle and 1s present
n the hur (Bolhger and McDonald 1919)  Human hair follicles
abound m ghcogen (Montagna et al, 1951 1952) Glicogen s found
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m the unkeratmized part of the wool fibers of sheep (Ryder, 1956b)
It was found lower down on one side than the other

In discussing the function of the glycogen m the follicle let us first
consider that in the outer sheath That this 15 important for hair
growth 1s shown by the amount becomng reduced dunng Bber shedding
1n sheep (Ryder, 1956a), and 1ts absence during the restng stage of the
harr growth cycle i other ammals (Shipman et al, 1955) As long as
a hair 15 growing there 1s glycogen in the follicle, whatever the nutn-
tional state of the animal {Loewenthal and Montagna, 1955) When the
food imtake of a mouse 15 reduced immeduately after pluching haus,
hawr growth m mice 15 inlubited, whereas if the ammals are pluched
5 to § days before restrichion of diet, hair growth 1s only retarded Dur-
g the first 6 to 7 days of the cycle the follicle 15 merely bemng built up,
once the follicle 15 mature a poor dhet could not inhibit hair growth,
only retird it, the mmpetus for hair growth probably bemg provided
by stored glycogen Sheep kept on a poor diet showed no reduction
the amount of glycogen in the outer sheath (Ryder, 1936a)

Bullough (1952) showed that carbohydrate 15 essential for mitosis
to tahe place, and the glycogen of the cell t d hed durng
mutosts (Groppe, 1952) Emdermal mitosis m the mouse only occurs
when the amumal 15 at rest, when glucose 15 deposited from the blood
stream  There are no such dwrnal rhythms i follicle mitosis (Bullough,
1957) In sheep, glycogen 1s often d 1n the snner part of
the outer sheath (Ryder, 1936b) not 1o the outer part (Auber, 1932)
The Jack of glycogen 1n the outer parts suggests a removal outward,
possibly by the surrounding vessel network (Ryder, 1956b)

The presence of glycogen m the fiber suggests that glucose cnnot
diffuse readily through the follicle wall mto the fiber and that the
glycogen 1s stored here to provide energy for keratization Ths 1s
supported by the mitnl asymmetry of the reiction 1n wool fibers It 1s
bekeved that glycogen 15 needed in epidermal heritmzation (Bradfield,
1851) Epdermal cells could store glycogen as they leave the basal
layers, and use 1t later to supply energy for protemn synthesis by anaero-
bie glycolysis This, however, does not explam the large amount of
“unused” glycogen found by Bolliger and McDonald (1948) 1n fully
formed fibers

In an attempt to throw hght on the deposition of glycogen in the
follicle six mice were mijected with glucose labeled with carbon 14
(Ryder, 1957c) The mice were hilled 1 hour, 8 hours, 24 hours, 3 days,
and 10 days after mjection, the preparitions were stuned with the
modified Hotchhuss method and autoradiographs were made In vibrs-
sal follicles, after one hour, there was a dense autoradiograph of the
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bulb with less actvity at higher levels (Fig 12) In the 8 hour and sub
sequent samples the activity becime dimumshed in the bulb and there
was more actity at higher levels

In the coat follicles there was rctivity m the outer sheath of the
lower part of the follicle 1n addition to the bulb The 1utordiographic
grun density from the outer sheath seemed to be simlar to that from
the bulb  After 8 hours the situation was stmilar but m some follicles
there was more activity in the outer sheath than the bulb and this

-k el dd e

Fic 17 A torad agrapl ¢ preparat on of f ok frozen sccton ff ot mo se b U
one hour after w injecton of gl cose hiclel with carbon 14 Tie | 1b of € s
witni sal follcle ¢ ntans mect radoactviey Magnficston X 100

comerded with 1 strang reaction for glycogen  There was Jess ichivty
m the fiber thin the surrounding outer sheath  After 24 hours the ato
radograph of the outer sheath was clewly denser than that of the
buib 1nd now there seemed to be ictnity m the mnncr sheath too Thus
the radicactive glucose scums to be deposited 1 the outer sheath s
gheogen The Jirge amount of activity found mn the bully after one hour
15 mteresting becawnse this must be glucose or 1 compound such s
glucose 6-phosphate and 1t 1s ipparently bang deposited there to
provide energy for mitosis  Also the concentrition of activaty m the
Dbulb contrists with the concentrition of actimaty followingg imjection of
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labeled cystine thus supporting the hypothesis that substances enter
the follicle at ponts nearest to the region m which they are required

E The Injection of Other Labeled Compounds

Leblond (1951) njected newborn rats with carbonate labeled with
carbon 14 and found moderate activity i developing hur follicles which
were 1n stages prior to hur formation 2 and 24 hours fter injection this
activity had decreased or disappeared after 3 days

Bern et al (1955) found a similar amount of actiity in the bulb
and “keratogenous zone 8 hours after mnjection of an algal protemn
hydrolvzate Inbeled with curbon 14 and obtained similar results after
an mjection of labeled carbonate Harkness and Bern (1957) obtamed
o shghtly greater concentration of actvity i the “keratogenous zone
than 1n the bulb which they thought suggested that other amino acids
m addition to those cont uning sulfur might be ncorporated here too

Bern et al (1955) and Hirkness and Bern (1957) mjected mice with
phosphate lnbeled with phosphorus-32 and found actnity m the bulb
8 and 16 hours aftermard Activity was evident in the keratogenous
zone” after 24 hours but there w1s never much actnity i the harr
shaft Tlus accords with the mncorporition of phosphate 1nto the nucleic
acids of dividmg cells and the known distribution of ribonucleie nd
deovynibonuclere neids (Hardy 1952)

F Follicle Competition
Fraser and Short (1952) considered that differences m follhicle nd
fiber size are due to the competition between follicles for fber forming
b, from the sur ding tissues  The farther aput are any two
follcles the less lihely they e to compete Since each folhcle 1s sur
rounded by a network of blood vessels in the adult (Ryder 1936c) wny
competition 15 hikely to be caused by the varying alty of different
follicles to draw substances from the blood stream rather than to the
distance of one follicle from another Competition m this way 15 no
doubt possible 1 the fetus among primary follcles before they get
2 speenl blood supply but the smaller size of the secondry folhcles
could not be explained by such competition because they are formed
Inter thin the primary ones
There 15 2 sigmbi negune reg of the 4 ter of a fiber
m a central position on the sum of the squares of the diameters of
swrounding fibers (Friser and Short 1932) However the lack of
random arrangement of follicles i the shin must hmve some bearing
on this problem (Rvder 1937:) smce follicles are in groups with the
larger primary follicles on one side and the smaller secondaries on the
other
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I Inmopucriov

Observations on the effects of hormones on hur growth are fre
quently discordant incomplete and hmited to spontaneous replicement
(Bahker 1951 Cooper 1930 Houss1y 1953a) The studies presented m
this chapter partially clinfy the action of gonadal and adrenocortical
steroids epinephrine thyroid hormone nsulin and pitwitary hormones
on har growth in the rat (Mohn 1955 1956 19572 b) Spontaneons
replacement of hair 1s compared with growth mitited by plucking hawr
from resting follieles 1n gonad 1 drenal 1 hvpophy
sectormzed thyroid hormone deficient duabetic and normal mile and
female blek rats of known ages The effects of various hormone
prepirations are lso observed in these expenimental animals

The pilary system of rats readily lends itself to studies of the elfects
of different hormonal imbalinces In such studies it 1s imperatine how
ever that the compleuity of the processes of hur growth be understood
In the rat and monse hur growth 1s cyclie that 1s hur follicles hune
alternate periods of ictvity and quiescence  VWhen actmaty s first
mtiated the quescent follicle grows through the differentintion of 2
bulb and the other features necessary for the production of 2 hur
When differentintion 15 completed 1t forms a hair  When the hur has
grown for 1 specific period of time 1ts production suddenly stops nd
after 1 brief pertod of transition the follicle becomes quiescent It re
muns in a resting state for days or months depending on the nge of
the ammnl

The follicles over the entire shin of an ammal do not spontincously
become 1ictne at the same tme In the rat spontancous follicular
actnaty begins on the belly and spreds dorsally and posteriorly i 2
warelike fashion  Of the scveral waves of growth which occur duning
the amim1ls hfetime the ttming of only the frst four or five 1s furh
predictible  Spontancous wnes of growth can be easily followed 1
pgmentecd ammals 1f the hur over most of the body 1s chpped close
to the shin Chpping stself s no effect on the hair follicles If the




EFFECTS OF DIFFERENT HORMONAL STATES 337

hairs are plucked from resting folhicles h growth 15 diatel
mtiated within the follicles although 1t 15 not known how plucking
nttiates hair growth Chemcal imtation and mechamcal mjury also
stimulate hair follicles to activity (Butcher 1936 1940 1951 Rauch
1952) Plucking 1s a useful techmque for mducing actity n resting
harr follicles and for insurng that the folhcles in large arexs of shin
are at precisely the same stage of actwaty Plucking also permits an
accurate determmation of the time requred for complete regrowth
of harr under different expenimental conditions Heretofore this tech
nque has been used sparmgly 1n the rat

It should be stressed that once a follicle becomes active the cycle
of growth 15 the same regardless of how activity 15 mmtiated The early
stages of growth wre concerned with cell prohiferation and the morpho
geness of a growing folhcle The principal actwaty of a fully dafferen
trated folhicle 1s the production of a hair  After a specific amount of time
growth cewses and the follicle becomes quiescent agam In order ta
study the effects of hormones =% = thhafallaoxfo s s o
be considered (a) the it
follicular differenttation (c)
extent and pattern of sponnneous replicement and (f) the qualty of
the pelage which 15 produced Whenever 1nvestigators have failed to
distinguish among these features the results have been discordant

The present studies were designed with the above mentioned aspects
of hair growth m mind  Approumately 540 black rats ranging in age
from one to 6 months were used (Table I) Laitter mates were chosen
for each experiment whenever possible when not possible anmals of
the same age werc utilzed Rats were studied at ages when all the
hair follicles on therr backs were resang and spontaneous follicular
actvity had just appeared m the follicles of the belly shin The left side
of each ammnl was then clipped 1n order to observe the speed and
pattern of spontaneous replacement, and the nght side was plucked
to mnduce folliculwr actity experimentally (Fig 1) After imposing
a hormonal imbalnce sponhneous growth and growth imtiated by
pluching were penod: 1 10 each indindual Also the effects
of each hormonl imblunce were compared with those of other expen
mental conditions  Body weights were recorded at regular ntervals
duning the expenments wlich lasted for a period of 1 to 7 months
Care was tihen to muntain an aquu e nutnitional ]evel mn ﬁdren«\lec
tomized and hvpoph d rats  Hypophy 1 rats
a dnnling solution consisting of one part of evaporated milk to two
parts of water Adrenalectormzed rats recenved a sumilar milk solution
to which 07 NaCl and 03 \HCO; had been added
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1 IntRODUCTION

Observations on the effects of hormones on hur groy
quently discordant incomplete and limited to spontaneous r
(Baker 1951 Cooper 1930 Houssty 19331) The studies pt
thus chapter partilly clnfy the action of gonadal and adrc
sterords epinephrine thyrord hormone nsubn and pitwtary
on hair growth mn the rat (Mohn 1955, 1956 19571 b) Spo
replacement of hur 1s compared with growth imtrated by pluct
from resting follicles in g d adrennl 1 In
sectomzed thyroid hormone deficient ditbetic and normal m
female black rits of known ages The effects of vinous he
preparations re also observed 1n these cxpenmental ammals

The pilary system of rats readily lends itself to studies of the ¢
of different bormonl imbalinces  In such studes 1t 1s imperitne |
ever that the compleuty of the processes of hair growth be underst
In the rat and mouse hur growth 15 cyche that 1s hur follicles |
altermite periods of actity and quiescence When actvity is [
miated the quiescent follicle grows through the differentiation of
bulb and the other features necessry for the preductron of a hu
When differentiation 1s completed at forms 2 har  When the hair by
grown for 1 speeific peniad of time ts production suddenly stops nd
after 1 bnef period of transttion the follicle becomes quiescent It re
muns 10 a resting state for days or months depending on the age of
the amimal

The follicles over the entire skin of an ammal do not spontancously
become actne it the sume tme In the rat spontwncous follicular
activity begins on the belly and spreds dorsally and postenorly in a
wavelike fashion  Of the several waves of growth which occur dunng
the ammals Iifetime the timing of onh the first four or five Is farrly
predictable  Spontancous waves of growth cn be exsily followed in

gmented ammils 1f the hur over most of the body 1s chpped clase

to the shin Chpping stself has no cffect on the hair follicles 1f the




EFFECTS OF DIFFERENT HORMONAL STATES 339

pmh shm ndicating that follicular development 15 not far advanced
After 2 or 3 days the skn of the back becomes blush  The color grows
progressively darker until the seventh or eighth day, by which time
the tips of the hawrs are clearly visible above the surface of the epr-
dermis Differentiation and growth of hur, as detected by the bhush
color of the shin, spreads from the dorsum to the head, rump, and
belly Hawr proliferation continues untd the amumal 15 3 weeks of age,
when the first pelage has completed its growth and all follicles are
resting At 4 weeks the harr follcles of the belly become active agam
Follicular actvaty quickly spreads to the dorsum, and the second coat
completes sts growth shortly after 7 weeks The third wave of growth
appears on the ventral surfice at about the exghth week of age This
wave spreads Jess rapidly than the preceding one and does not reach
the rmd dorsal region for nearly 2 weeks At 12 or 13 weceks of age the
follicles of both the belly and the central portion of the back are rest-
mg  Those m the sacral region reach this stage at about 14 weeks
The fourth spontineous wave of growth 1s present on the abdomen at
13 weeks and 15 completed at 17 weeks except for a narrow md dorsal
strip an the lumbar region  Speaific observations were not made on the
ensung growth waves, however, spontaneous waves subsequent to the
fourth one can be recognized by the presence of pigmented skin, usually
m stnpes along the length of the body

Histological examination of skin during the first week after pluck-
mg reveals that 4 or 5 dys are required for the differentiahion of a
new hair bulb and the of melanoge whereas the
remamng 2 or 3 days are used for hair production and elongation of
the foliele The tips of the hairs emerge about 8 days after plucking,
and hairs contnue to grow for 18 or 19 days Growth 1s completed
m most of the follicles of the back about 26 days after the day of
plucking  Once an are1 has been plucked of 1ts hawr, the folhcles re
mam out of phase with those m the surrounding skin  If a pluched area
15 Jeft undisturbed after the harr has regrown, 1 spontaneous growth
wave will eventually be established withtn this area  This wave, as well
as subsequent waves, spreads 1n the usual ventral to dorsal fashion, but
1t 1s always mdependent of spontaneous growth waves which occur
m the surrounding areas of shin that have not been plucked

B Sex Differences

Although some 1ny estigators observe no sex differences i hair growth
(Dieke, 1947, 1948), and others report retarded growth mn females
(Borum 1954 Emmens, 1942, Fraser and Nay, 1953, 1935), m the
present studies the shin and hair of imtact rats consistently showed
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sex differences (Table 1I) The juvenile coits of young ammals are
very similar duning the first two waves of growth but after the third
wave the males have a coarser coat of hair than do the females Con
firming the results of Emmens (1942) spontaneous growth waves
m female rats tend to lag behind those 1 intict males however the
growth cycle of 1 follicle 1s the sme m both sexes Endogenous estro
gens are probably the maimn factor in delaying the spontancous growth

{ .
;o
t
“!
" Ny R
/;‘ Ny T ¥ [
1 S
Start (m} Start (f)

Fic 1 A male (m) and fmale (f) rat after olpping tle rytt sde nd
plucking the left Tlc dather skin in the nale 18 d ¢ to oxd 7ed 1p 1

wuwes 1 females since stmilar cffects can be obtaincd by injecting
estrogenic substances mto crstrated ammals  In addition to these sex
differences the shin of male rats 15 covered with brownuh flkes pre
sumably oudized hprd (Diche 1947 1948)  These flikes we pir
ticularly discermble in amimals that have just been chpped and pluched
(hg 1)
C The I ffects of Pregnancy and Lactation

Spontancous growth s mhibited 1n pregnant and hetiing mice

{Fraser and iy 1953 N\ and Friser 1955) and i orats (Tille
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II) Regrowth after plucking, however, 1s normal eveept for a shght de-
lay The shin of pregnant rats disphys httle coloration 1 week after
plucking, but after 2 weeks the haws are growing actnvely  Growth con-
tinues at a normal rate and the hurs are fully regrown after 4 wecks
Spontaneous replacement 1s shghtly retarded on the clipped side of preg-
nant rats, in contrast to the normal replacement n nonpregnunt fe-
males  After parturiion, spontancous growth 1s markedly nhibited if
the mothers nurse their young (Fig 2) If they do not, however, there

1s abundant sp growth Induced growth 1s imtially delayed
but 1s otherwise normal m lactating females  After weaning the young,
the mothers show a marked leration of the next sy growth

wave (Fig 2)

Consideration of these findings n pregnant and lactating rats sug
gests that the following hormones could be mvolved estrogen and pro-
gesterone during pregnancy, luteotropin and progesterone dunng Iacta-
tion  Estrogen production is known to increase doring gestation but
not dunng lactation (Turner, 1948) Increased estrogen production m
pregnant rats may, therefore, account for some of the mhibition of
hair growth duning pregnancy, since mjections of estrogenic substinces
mhubit har growth n rats, mice, and dogs (Emmens, 1942, Forbes,
1942, Gardner and DeVita, 1940, Hooker and Pferffer, 1943, Houssay,
1933a b, Mulligan, 1943, 1944, Zondek, 1936) Progesterone also m-
creases during pregnancy, but this hermone does not inhibit hur growth
when given to female rats, as will be shown later Progesterone dacs,
however, delay the replacement of har 1n mice (Dancel and Kahlo,
1947) It appenrs, then that progesterone 1s not responsible for the -
hibitton of spontaneous hair growth 1n pregnant or nursing rats

Luteotropic hormone (prolactin), m contrast to estrogen, 15 not
abundant duning pregnancy, but the level of this hormone ncreases
m the prtuitary of pregnant rats just before the young are born and
remamns high dunng the peniod of nursing {Mestes and Turner, 1930)
Stnce luteotropin could theoretically account for some of the nlibition
of the spontaneous replacement observed during lactation, experiments
were conducted to examne the effccts of this hormone on hair growth
1 fermale rats  The results of these expertments are summarnized below
(also consult Table VII)

When young rats are injected intramuscularly with 10 1U of lutco
tropin® 1n saline daily, both spontaneous and induced growth appear
normal The waves of growth spread as rapidly as in rats treated with
saline alone, and regrowth on the plucked side 1s normal Similir ob-

"3 E R Squbb and Sons
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Preg & Nursing 4w Preg & no Nursing 4w
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Post nussing 4w Norm 4w

Fic @ Adult females chipped and plucked 4 weeks earher dlostrating the
effects of pregnancy and lictition on hair growth Compare the amount of spon
taneous replacement duning lactation wath the replacement after weaning
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servations have been reported elsewhere (Emmens, 1942) If, however,
adult females that have been nursing for one week are separated from
their young and placed on luteotropin treatments, spontancous growth
remums shghtly mhibited  This inhibition 15 by no means comparable,
however, to the amount of retardation observed in untreated femnles
that continue to nurse their young The quality of the pelage 1s not
affected, and mduced growth 15 normal

The reasons for inhibited replacement of hur dunng pregnmey and
Iactation are not fully understood Changes 1n the levels of endogenous
estrogen, progesterone, and luteotropin may be responsible However,
differences 1n the secretory actnaty of such glands as the thyroid and
adrenal should not be overlooked

Il Tue Errects or Gonapal Horvioves on Ham Growtir
A Gonadectomy

There 1s controyersy concermng the effects of gonadectomy m rats
and mice Butcher (1934) found that although spontaneous growth
1s correlated with activity 1n the rat ovary, ovaniectomy produces no
change 1n the appearance of the growth waves Emmens (1942), on the
other hand, stated that spontwneous growth waves m femnle rats often
lag behind those 1n males and that this sex difference disappears after
ovariectomy  Similar observations have been reported n mice (Borum
1934 Fraser and Nay, 1953 1955) Dicke (1947, 1948), who found no
sex differences m the hawr growth of intact rats found a dely n the
waves after gonadectomy Others have observed that whereas castra
tion has no cffect on the growth of hur m rats (Baker and Whitaker,
1949 Houssay, 19531, b, Kozam 1952), it accclerates the onset of
growth m mice (Houssay and Higgins 19492) Although this contra
dictton might be attributed to differences in spectes and strans (Hous
say 1933a), 1t scems bkely that it 15 the result of different expenmenttl
conditions and entena, }3 1 with i af the
detals of hair growth

Growth of hur on the plucked side 1s normal in gonadectomized rats
of either sex {Table III and Fig 3) The hair 1s completely regrown
4 weeks after pluching however, the har coat looks and fecls nter
mediate n texture between that of males and that of fomales The
spontancous hatr growth waves scem to spread faster in young ovanee
tomized rats than m mtact females of the same age In orchiectomized
anumals spontancous growth waves are similr to those i unoperated
males  As in mtact ammals spontancous replicement of har in s
trated ammals 15 slower m older ammals
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B Lstrogen

It 15 agrecd that estrogemic hormones mhtbit hair growth Injections
trogens retard ! of hair m rats mice, and

of T
dogs (Emmens 1942, Forbes, 1912‘ Gardner and DeVita, 1940 Hooker

Gade & EB 4w Gody & TP 4w

Gnde 4w

m3e
N
Ly
P o

¥ L
b, & }
1K )
¢ oA
W Y. {
w8 > N \’ N

v
Gndy & Cort gu Cndx & Cort & EB 4w  Gnde &Cort & TP 4w

Fic 3 Har growth m gonadectomized {Cndx) rats treated with 50 ng of
extrathol henzoate (EB) 200 ug of testosterone proplonate (TP ), or 1 mg of
cottisone acetate (Cort ) for 4 weeks The 15 sparse after  rogen treatment

and coarse after andragen treatment
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and Pfeiffer, 1943 Houssay, 19531,b, Mulligan, 1943, 1944, Zondek,

1936) Even topical apphicat “Tective
m inhibiting spontaneous hay 1942,
Whitaker and Baker, 1951a, estro

gen also produce a reduction in the size of the sebaceous glands and the
thickness of the epidermus (Baker and Whitaker, 1949, Ebling 1953,
1954 Hooker and Pleiffer, 1943, Ingle and Baker, 1951) This 1s par-
ticularly mteresting, since estrogens are said to have a mitogemc effect
on the epidermss (Bullough, 1950a, b, Bullough and Van Oordt, 1950)
Ebling (1954) has demonstrated, however, that estrogemc substances
have independent effects on mitosis and differentiation 1n both the ep1
dermus and sebaceous glands

Daily intramuscular njection of 50 pg of estradiol benzoate! mn ol
for 1 month delays and partially inhibats induced hair growth 1 young
castrated rats The entire growth cycle proceeds more slowly dunng
estrogen treatment, and the pelage 15 fine and sparse, particularly m
older ammals (Fig 3) There 1s little or no spontancous growth m
estrogen treated rats, although in the untreated castrated ammals the
haws on the chipped side are fully regrown If 1 mg of cortisone 15
given in addition to the estrogen, the mhibition 15 even more pronounced
{Fig 3) When estrogen or estrogen and cortisone treatments are

ddenly d d, growth on both sides of the animal

In summary, 1t appears that estrogenic hormones mhibit the imtiation
of growth i the follicle and prolong the entre growth cycle of the
follicle (Table INI) The pelage 15 fine and sparse n estrogen treated
ammals, and the skin 1s thin and has few Lipoid scales The mechamsms
underlymg these effects are not fully understood Presumably, the
presence of the adrenal cortex or corticosteroid 1s necessary for the
complete action of estrogens on harr growth (Baker, 1951, Baker and
Wintaker, 1949, Ingle and Baker, 1951, Whitaker and Baker, 19512)
The terrelationships of gen and ad; tical hy are dis
cussed later However, since small of gen applied topicall
to the skin mnhibit har growth m the treated area (\Whutaker, 1956,
Williams et al, 1946) 1t seems hkely that there are some direct effects
on the shin and hair folbeles Capillary fragility 15 decreased during
estrogen treatment (Kozam 1952) and perhaps less nutnitse material
reaches the hair follicle than under normal arcumstances Smmlarly,
since vitamm B,z counteracts the mhibition of body weight by diethyl-
stilbestrol (Meites and Shay, 1951) and that vitumins are often com-
ponents of enzyme systems estrogens might exert their effects on haux

4 Ciba Pharmaceutical Froducts
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z~=ath by mmhibiting certan enzyme systems withm the shin or hair
RSt
C  Progesterone

Daly intramuscular injections of 50 or 200 pg of progesterone® in oil
have Little of any effect on spontaneous and induced hair growth n 8-
weel-old female rats (Table III) Spontaneous waves appear to spreiwd
2y rapudhy m rats mjected with progesterone as m rats recerving oil
alane. Also, the cycle of induced growth 1s normal  Sumlar results have
teen obtuned by Emmens (1942) and Kozam (1952) Moderately
large doses have no effect on hur growth in dogs (Trentin ¢t al, 1952)
but intubit the replacement of hair in mice (Daneel and Kahlo, 1947)

D Androgen

The role of androgens 1n hair growth 1s not clear  Androgens are
sud to “protect” hur growth agamst estrogenic mhibition m - the rat
(Hooker and Pfexffer, 1943) but not in the dog (Gardner and DeVita,
1940) Androgens are the mcitant factors in human male alopecia
(Hamlton, 1942} Testosterone usually has no effect on the amount
of spontancous replacement 1n rats (Emmens, 1942, Kozam, 1952), hut
moderately lirge doses nhibit growth (Forbes, 1942, Houssay, 19533a)
FEven smull amounts of androgen inhibit replacement 1n mice (Houss1y,
19531) These mhubitory effects, however, may be the result of a gen
¢ralized tovie reaction rather than a physiological response

In the present studies, hair growth 1s norm1l on the plucked side of
gonidectomized antmals treated ntramusculrly with 200 pg of testos-
terone propronate® in ot (Fig 3)  Four weeks after plucking, a heavy
cort of predomnantly course hur 15 fully grown, and the thick shin
1s covered with brownish flakes  There 1s httle difference between the
amount of spontancous growth in the androgen-treated castrated animals
and that 1n the untreated castrates of the same age If, howeser, 1 mg
of cortisone 1s given 1n addition to the testosterone, spontincous growth
1s markedly reduced (Fig 3) Growth on the plucked side remuns
normal but mitially delayed, and the pelage 1s coarse and ke that of
normal males  Stopping of the combmed androgen cortisone treatment
1s followed by spontancous growth, which quickly spreads over the
clipped side  Testosterone also his no effcet adrenalectomized
hypophy sectomized, or thyrod hormone deficient amimals, as will be
dusenbed Inter

In the rat the effccts of androgen are himited to the production of a
course pehge and a thick shin covered wath flikes of oudized Ipud

T8 Ciba Pharmaccutical Products
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(Table 11}  Androgen has no effect on capillary fragility 1n the shin
of rats (Kozam, 1952), but 1t mcreases cutaneous vasculanty m human
bemngs (Edwards et al, 1941, Hamlton, 1939) Although testosterone
exerts a mitogeme effect on the epidermus of mice, rats, and rabbits (Bul-
lough, 1952b, Bullough and Van Oordt, 1950, Eartly et al, 1951, Mon-
tagna et al 1949) 1t has no apparent effect on the hair follicles

IV Tue Errecrs or Aprenar Homvioves ov Ham GrowTtn
A Adrenalectomy

Adrenal mduces g follicles to become active 1n rats
and mce, and 1t 15 said to “accelerate” hair growth (Baker and Whtaler,
1949, Butcher, 1937, Houssay, 1833a, Ingle and Baker, 1951, Diehe,
1948 kozam, 1952) After growth 1s completed i the folhcles, the
ensmng quescent period 1s short and the subsequent waves of replace
ment are also accelerated (Baker, 1951, Dieke, 1948) Adrenalectomy
accelerates hair growth even m ammals with follicles markedly mhibited
by reduced food intale {Butcher and Richards, 1939), pantothemc acid
deficiency (Ralli and Graef, 1943, 1945), or copper deficiency (Hundley
and Ing 1951} It 1s not clear from previous studies whether the entire
growth cycle has been affected by adrenalectomy or merely the imtiation
of growth The observations reported here provide an answer to this
queshon (Table 1V)

Harr growth induced by plucking on the day of adrenalectomy 1s
similar m adrenal d and sham op d amimals (Figs 4 and 5)
Growth 15 not detected earher than usual, and the hair follicles do not
complete their growth cycle until the usual 4 weeks after plucking 1f
the club harrs are agamn pluched 1 month after the operation, the growth
which 15 1mtiated proceeds at a normal rate and 1s completed within
4 weels Spontaneous growth, howeser, commences immediately after
adrenalectomy, regardless of the age of the ammal Instend of progress
mg 1n a ventrodorsal wave as n intact ammals follicular activity com
mences almost simultaneously on the entire chipped side Two weeks
after the operation the hur on the unplucked side has grown nearly as
well as that on the plucked side, whereas 1 sham operated anmmals
spontaneous growth has spread m a wavelihe fashion (Fig 4)  After
4 weels, al} gronth as complete on the chipped side of the adrenalec-
tomzed rats but the hair 15 still growing m control amimals (Fig 5) If
the left side 15 agun clipped 4 weeks after adrenalectomy, the next
spontaneous replacement proceeds m a wavelike fashion, but 1t spreads
more rapidly thwn in sham operated ammals

It 1s important to empl that after adrenal only the
mitiation of growth 1s accelerated and the time required to produce
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a hair remamns unchanged This acceleration of follicular activity 1s a
direct result of the lack of adrenocortical hormones (Butcher 1937)
changes i the output of thyrord or pitwtary hormones nfter adrenilec
tomy are not sigmificantly imolved (Butcher 1941 Zechwer, 1953a)
However Parnell (1953) has observed n greater acceleration nfter
adrenalectomy m male rats than 1n females and more acceleration m

Adx 2w Adx & Cort 2w Sham Adx 2w

[

£

Adx & TP 2w

Fic 4 Male rats adrenilectomized (Adx) for 2 weeks Harr growth 1s less
advanced in the estrogen treated rat than 1n its untreated lttermate  Androgen and
ACTH show no effect Cortisone prevents the acceleration of spontaneous growth
wnduced by adrenalectomy

A \
Adx & ACTH 2w Adx & EB 2w



332 MELVIN P MOHN

normal ammals than in castrates If one of 2 pair of parabotic rats 1s
adrenalectomized, there 1s immedinte har growth m 1ts shar but no
change 1n haw growth n the skin of ats intact partner  If, however,

Adx 4w Adx & Cort 4w Sham Adx 4w

Ady & ACTHY 4w Adx & F D Aw Ady & TP dw

Fic 5 Adrenalectomized (Adx) rits anjected duly with 1 mg of cortisone
acetate 230 ug of ACTH 50 ug of estradiol benzoate (EB ) or 200 pg of testos
terone propionate (TP ) for 4 weeks  Cortisone has mbibited spontancaus replace
ment only whereas all the hatr 15 still growng in the estrogen treated animt The
pelage 15 coarse 1 the rat reenang androgen
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salt 15 later withdrawn from the water, the mtact rat shows signs
of adrenal hypertrophy and its hair growth 15 retarded At the same
time, 1mtittion of growth 1s no longer accelerated i the adrenalecto-
mized partner (Zeckwer, 1953b) The adrenal cortex must normally
exert constant restramnt on the mibation and the amount of spontaneous
follicular activity but has no effect on hair growth once mitiated

B Cortisone

Treatments with cortisone and similar corticosteroids mhibit hawr
growth 1n rats and mice {Baker, 1951, Baker and \Vhitaker, 1948, Hous
say, 1953a, Meates, 1951, Ralli and Graef, 1945, \Whitaker and Baker,
1948, 1951a,b) However, only the mbation of growth and ewly
stages of follicular development are affected by cortisone, once started,
both spontaneous and induced hair growth proceed unhampered (Table
iV) Daily intramuscular injection of 1 mg of cortisone acetate” 1 a
saline suspenston has lttle effect on the growth mduced by pluching of
mtact, gonad d, or adrenal d rats (Figs 3-6) After an
mutial delay of 1 or 2 days the pelage develops at 2 normal rate and 1s
fully grown 4 weeks after plucking If the hawrs are plucked agam, they
regrow normally Spontaneous growth, however, 1s markedly nhibited
by cortisone treatments Only scattered areas become active, but once
growth has started 1t proceeds at a normal rate  Females usually have
fess spontaneous growth than males Cortisone does not affect the qual
ity of the hair produced or the amount of melanin i the hair

The mhibitory effect of cortisone on the muiition of har growth
seems to be a direct effect on the hair follicles and skin, since only those
follicles m the treated area are affected by the topical application of
cortical hormones (Baker et al 1948 hitaker and Baker, 1948,
1951a b) An appreciable amount of tritim labeled cortisone reaches
the shin of rats from 3 to 8 minutes after mjection but the level
quickly falls and most of the cortisone eventunlly reaches the hwer
where 1t 1s metabolized (Bradlow ef al, 1954)

Reports that haie follicles become “refrictory” to cortisone (Baker,
1951, Castor and Biker 1950) have not been substantiated by the
present imvestigation (Tible IV) Nor 15 there any cumulative effect

cortisone on har growth Intact Tats Were mjected ntramustwiarly
with 1 mg of cortisone duly for 7 months yet follicles plucked and
allowed to regrow 7 times produccd good harr each tme (Fig 6)
Spontancous growth waves were retwded throughout the entire period
of cortisone treatment Hur 1s very gradually replaced spontaneously
during prolonged treatment with cortisone but once actvaty has com

T \ferck and Company
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Cort. 6mo
Saline 4w

Cort 6ma
Cort 4w

\ o

X4, -~ '
Cort  6mo Cort  6mo
Saline 4w Cort 4w

Fic 6 The eflect of stopping cortisone injections after prolonged treatment
1 intact rats  Each rat was plucked on onc side and clipped on the other after
6 months of treatment Obsenve the abundant spontancous growth in rats receh-
ing enly silne for 4 weeks and the abscnee of spontancous repheement in rats
continued on cortisone  Induced growth wae essentially normal in each animal
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menced 1n a prticular area of skin 1t goes through its cyele at a normal
rate When after several months of treatment cortisone mjechons are
suddenly discontmued and the anumals are chpped and plucked spon
taneous growth begins at once on the belly and proceeds to the dorsum
m a wavelike fashion (Fig 6) Har growth induced by pluching re
mams normal The cortisone treated control rats usually show no
spontaneous growth duning this period and normal rats of the same age
never have as much spontaneous replacement

Larger amounts of cortisone have a more pronounced effect on har
growth of 8 week old rats (Table IV) Ammals injected with 5 or
10 mg daily for 4 weeks show no spontaneous replacement and growth
after plucking 1s confined to a few 1solated haurs or groups of haws (Fig
7) The shin of these ammals 15 very thin In ammals treated with
2 mg of cortisone delay of growth mduced by pluching is noticeable
even after 2 weeks of treatment and spontaneous growth 1s practically
stopped After 4 weeks the hair on the plucked side 15 almost fully re
grown but growth 1s restnicted to the belly on the clipped side As
described earher after 1 mg of cortisone growth mitiated by pluching
1s normal except for a slight mitial delay Spontaneous growth 15 m
hibuted but less so than m older ammals recerving 1 mg of cortisone
In control rats treated with the sakne vehicle alone for 4 weeks growth
1s completely normal If after 4 weeks the hormone mjections are
stopped and the backs are chipped both sides of the cortisone treated
ammals show abundant actvity after 1 week and after 4 weeks the
entire pelage has nearly regrown on both sides Progressively greater
mhibition of spontaneous replacement also occurs when larger amounts
of cortisone are apphed topically (Whitaker and Baker 1951b)

Although cortisone reduces mutotic activity m the eprdermus (Baker
and Whtaker 1948 Bullough 1952a) 1t does not do so m the hair
follicle  Once sufficiently started growth m the follicle 15 not affected
by Capillary permeabihity and fragility increase
after adrenalcctomy (Bmtton 1930 khozam 1952) Conversely then
cortisone should decrease vascular permeability Any change m the
Permeabihity of capillaries supplymg the follicles could either decrease
the availabilty of nutnitional el 1 for the of
growth or fail to remove some “mhibitory agent” (Chase 1955) from
the folicle Cortisone could force a reduction m some building block
required for the imtiition of hair growth through its effects on the gen
eral metabolism of carbohydrate protein and fat  Lastly inhibition of
hair growth could be the result of enzyme mhibition 1n the shin or hair
follicles Vitamins munerils nd sulfhydryl groups are known com
ponents of enzyme systems and changes i either the amounts of these
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1 Cort 4w

5 Cort 4w
Fic 7 Companso of huir growth in
cortisone acetate ¢ 4wt
spontancous growt! g

cortisone

2 Cort 4w

treated with 1, 2, 5 or 10 mg of
the progressive intubition of
ented with 5 or 10 mg of
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components or m the amount of adrenal steroids will affect hair growth
(Anderson et al, 1951, Hundley and Ing 1951, Mestes, 1951, Rall and
Graef, 1943, 1945) For example, cortisone mhibits the synthesis of
chondroitin sulfate by the skin (Layton, 1951, Schiller and Dorfman,
1957) This acid mucopolysaccharide 1s normally present in the dermal
papilla and the internal sheath of growing hair follicles but absent
resting follicles (Montagna ef al, 1952)

C Deoxycorticosterone

In contrast to cortisone and other corticosterords, deoxycorticosteroids
have ittle or no effect on skin and hur growth i rats and gonadecto
mized mice (Emmens, 1942, Houssay, 19531 Houssy and Higgins
1549b) (Table IV) Dwuly or weekly intramuscular mjections of 1 mg
of deosycorticosterone acetate? m ol per week or per day for 1 month
have no effect on growth mitiated by pluching or on spontaneous re
placement of har m intact rats (Fig 8) Swumlarly, intramuscular
treatment with a saline suspension of deoxycorticosterone trimethyl-
acetate® produces no effect on har growth, whether guen as a sigle
mitral anjection of 5 mg or as weekly injections of 5 mg (Fig 8) The
quibty of the fur 15 also normal after erther hormonal preparation
Furthermore the hair follicles of adrenalectormzed rats do not appear to
be affected by deoxv 1ds When adrenal d rats are
treated with 5 mg of deoxycorticosterone on the day of the operation
induced hair growth 15 normal and spontaneous replacement remans
accelerated, as mn untreated adrenalectomized rats Cortisone treated
ammals on the other hand do not have an accelerated replacement
of har  Some 1nvestigators have reported an inhibition of hair growth
duning deovycorticosterord treitment (Baker, 1951, Ralli and Graef,
1945, Whitaker, 1949) These mvestigators used different expenmental
conditions and different cntena for hair growth Although electrolyte
metabolism 15 the primary target of the deoxycorticosterods, they also
have some effect on carbohydrnte metabohsm, and this could exert an 1
hibitory tendency Regardless of these considerations even relatively
large doses of deoxycorticosteroids have decidedly less effect on hur
growth than do cortisonelike compounds (W hitaker and Baker 1951b)
I gly, deoxy has httle or no effect on the mitotic
actvity of the eprdermis (Bullough 1952a)

D Epincphrine

Ni

effects of epmephrine would suggest possible influences
on the hur follicle This hormone produces 1 general disturbance m

8 Ciba I armcent cal Products
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DOCA 4w

DOCA? 4w Saline 4w

Fic 8 Intact rats treated wath 1 mg of deoxycorticosterone acetate {DOCA)
r day or 5 mg of deovyeprticasterone tnmethylicttate (DOCA3) each week
After 4 wecks neither treatment shows any effect on hair growth
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carbohy drate metabolism marked hyperglycemia, and decrensed glucose
uptake mn vanous tissues (Sutherland, 1951), and 1n low concentrations
it d capillary permeability (Gellhorn, 1933), increases capillary
resistance (Kozam, 1952, Lavollay, 1944), and 1s a cutaneous vaso

constrictor  Epincphnine also stimulates other endocrine glands whch,
in tumn, affect skin and hair growth From experiments with implinted
cortical tissue 1n adrenalectomized rats, Butcher (1937) concluded that
alack of medullary tissue has no effect on hur growth, but others (Stem
and Wertheimer, 1941) have observed an increased hair loss m medul
lectormzed rats, and a decreased loss of hair m epnephrine treated
animals

Two preparations of epmephrine were used m these studies Some
ammals were given an aq solution of epmnephrine? suk 1y,
others recewed intramuscular injections of this hormone m an ol sus
peosion ¥ The dosage for either preparation was 01 mg twice daily,
administered erther to the nght or to the left hund leg Regardless of
other hormonal treatments all rats receving epmephnne gam weight
less rapidly than comparable untreated anmals and usually show signs
of hyperglycerma and glycosuna O1l frequently accumulates 1 the hind
legs of some rats treated with epnephrine m o1, and stenle abscesses
occasionally develop Abscesses rarely form dunng treatment with the
aqueous preparation, but a small necrotic area of skin appears 1f the
mjections are administered frequently at the same site  The results were
sumilar for both preparations of epmephrme The results of the different
experiments are summarnized m Table IV
When intact rats of either sex are treated with 0 1 mg of epinephrne

m ot twice daily, the mitial response of the plucked follicles 1s markedly
retarded (Fig 9) After the mtial delay, however, growth of these
follicles 1s normal, and the hairs are fully grown after 4 weehs If the
resting hawrs are agam pluched regrowth 1s normal except for another
mtial delay Regrowth after plucking 1s normal m o1 treated control
animals Epmephrnne markedly inhibuts spontaneous replacement on the
chipped side (Fig 9) Follicular activity spreads much more slowly than
m control ammals, and the site of mjection appears to be “by passed”,
that s no growth 15 seen near the hind leg which recened the hormone,
altfiough spontaneous actvity slowly spreads dorsafly and posterioriy

When treatment 1s continued for 4 more weeks spontaneous growth
eventually reaches the shin of the leg but the hairs are white Similar
nonpigmented hairs are found at the site of epmephnne injection re

gardless of other hormonal mmbalances Tlus effect on migmentation 15

9 Lederle Laboratones
10 Park Davis and Company
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not merely due to the mechanicil injury sustuned by frequent mjections
sice the ammals recewing the carner solution rarely grow white hars
m this area Epinephrme also produces local effects when mjected
1nto the leg on the plucked side

Epmephnine 55 poorly tolerated by adrenalectomized rats, and many
of the ammals die within 2 weeks Only two rats in these expenments

Epineph
o)

}
% \
|
’.
.
&
)
P v ©
k4 ] 1
Ol 2w dw 6w 8w

Fic 9 Two female ttermates listrating the elicets of ¢p nephnne dirtag
8 weeks of treatment  Bth sats chpped and plucked agun after f weeks Obserse
the imbubition of spontincous growth m the epinephrme-treited animal ant the
dilas m response t> plucking Locil effects are suen dn b th hind lgs of this
ammal white hairs are clearly visible aftcr 8 weeks of treatment

sunnved more thin 4 weeks of wnpeetions The ammals usuilly disply
hvperglscemit and glhycosuria and they gum Jess waght than untreated
adrentlectomizid rits Despite poor hoilth however regrowth of hur
after pluching 1s normal 1n adrenalectomized rats tre wed wath ¢pueph
mme (Tible IV)  There s no amtial deluy n response to pluckmng
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and the hairs wre fully grown 4 weeks later (Fig 10) In addition
jections of epmephrime do not affect the accelerated replacement of hair
on the unplucked side Growth commences over this entire side 1m
mediately after adrenalectomy and the haus are fully regrown after
4 weeks of epmephrine treatment, as in untreated ammals Growth 15
hibited locally however m the shin of the two hind legs where the
bormone was admimstered When 1 mg of cortisone acetate s admms
tered intramuscularly three tunes each week n addition to the ept
nephrine there 15 a | d delay in the resp to plucking but
once the follicles have developed sufficiently the rate of growth 1s nor
mal (Fig 10) Spontaneous actvity on the chipped side spreads in a
wavellhe fashion but more slowly than that of adrenalectomized rats
recening cortisone alone The local inbitory effects of epmephrine are
especially promment 1n these ammals

In summary contmuous treatment with epinephrine inhubits spon
taneous hair growth 1 intact rats and delays the response to pluching
Once growth has started m a follicle 1t proceeds normally Unlike the
epidermus (Bullough 1952a 1955 Chaudhry et al 1956) the epineph
nne has no effect on the mitotic actvity of hair follicles and the rate
of growth 15 normal once the follicles have become active Prolonged
B with epmephrme also prod a local unhit of hair
growth whether spontaneous or mnduced growth waves tend to by pass
the are1 of mjection and mmduced growth 15 locally retarded When
haws eventually grow near the sites of injection they have no pigment
The role of epinephnine 1 melamm production is not clearly understood
{Lerner and Fitzpatnick 1950 Lerner et al 1954)

The whibitory effects of medullary hormone on har growth are
probably not due to hyperglycema (Bullough 1952a 1955) but may
be caused in part by a change m the vascular system The oundation
product of epinephrine adrenochrome may also be involved m these
results (Bullough 19322 1955) Data to be presented later in this
chapter indicate that the effects of epmnephrine on har growth are
nether mediated nor potentiated by thyrord hormone They are how

ever partially linked to ad tical actiity epinephnne inhibits
hair growth more m treated adrenal d rats than 1n
adren ect; 1 rats not 2

E  Relationship of Adrenocortical Hormones to Gonadal Hormones
I Cortisonc and Lstrogen
Injections of estrogen stimulate the adrenal cortex directly and
directly v1a the hypophuvsis and 1drenocorticotropin It 15 enturely
possible that some of the inhabition observed in estrogen treated antmls
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Ade dw Adx & Epineph 4w

Ade & Cort 4w Ads & Cort & Cpincph 4w

Fic 10 Adrenalectomized (Ady) rats treated sath 01 mg of epincphrine
twice ewch day 1 mg of cortiont actate every other diy of o combination of
the two treatments  Treatment with epineplirine alone producedd Jocal flects only
cortisone restored the wavelike replacemant of halr injection of both hormones had
more «fect than mjction of either alone
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may be due to an increased level of endogenous cortical hormone  Such
a mechansm cannot be the complete explanation, however, smce topical
ppl of estrogenic pounds also produce local effects (Whit-
aker, 1856 \WVilhams et al, 1946) Furthermore, estrogen not only m-
hibits spontaneous growth and delays the response to plucking m intact
rats, but, 1n contrast to cortisone, 1t prolongs the entire cycle of growth
and produces a fine sparse pelage

It has also been suggested that adrenal hormones potentate or
facihtate the action of estrogen on hair growth and that estrogens have
Little effect 1n the absence of cortical hormones (Baker, 1951, Baker and
Whitaker, 1949, Ingle and Baker, 1951, Whitaker and Baker, 1951a) In
the present mvestigation hawr growth 1s particulaly mhibited when
gonadectomzed rats are mjected with cortisone m additon to estro
gen (Fig 3) However, estrogen also tends to mhibit harr growth
even In adrenalectomized rats (Table III) Daly intramuscular m
jection with 50 pg of estradiol benzoate m ol 15 uswally fatal to adren-
alectomized rats, but a suffcient number survive to permit a de-
termination of the effects on hair growth The skun on the plucked side
of these ammals shows little coloration after 1 week, whereas it 1s deeply
colored 1n rats not recewving estrogen After 2 weeks the estrogen treated
ammals consistently have less induced growth than do untreated adrenal
ectomuzed rats or sham operated ammals (Fig 4) After 4 weeks of
treatment, the follicles have not completed their growth and the harr
1s soft and sparse (Fig 5) Spontaneous growth 1s also affected i these
ammals Dunng the first 2 weeks of iid 3
activity tends to spread in a wavelthe manner, whereas 1n adrenalecto-
mized rats not receving gen 1t 1 ly over
the entire side  After 4 weeks of treatment, the clipped side 1s covered
with soft hair, much of which 1s still growing

Estrogen produces several effects on the shin independent of adreno-
cortical hormones When amimals are adrenalectomized all the resting
harr follicles become active and the effects of estrogen are less apparent
Parnell (1933) has reported that adrenal 1 3
growth more 1 male rats than in female rats, and Ingle and Baker
{1851) have observed some whibition of har growth n adrenalecto
mized rats trcated with estrogen Sumlarly, Bullough (1952b) has
desenbed g effects with on the ep of adrenal
tormzed mice The present msestigation and the work of Whitaker
(1958) show that estrogen affects the entwe cycle of growth mn the
follicle and has an action independent of that of the adrenal cortex
Whitaher (1956) observed a local wnhibition of har growth 1n guinea

Pigs g topical appl of a diol  Since most of the
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follicles are growing at any given time m the guinea pig estrdiol must
mhibit growing follicles a5 well as those just begmning to gron Corti
sone on the other hand has no effect on the har follicles of the gumea
rig
2 Cortisone and Androgen

The effects of androgen are not medinted by adrenocortical hormone
(Table I1f) Duly mtramuscular treatment with 200 pg of testosterone
propronate 1n o1l does not affect the growth of follicles plucked on the
day of adrenalectomy Follicultr actinaty 1s detected at the sume time
as that of ~drenal d rats not g androgen nd hair growth
1s complete after 4 weeks (Figs 4 and 5) Animals treated with testos
terone however hawve coarse haw typical of males Male hormone has
no effect on spontancous replacement the follicles become actne 1m
mediately after rdrenalectomy as do those of untreated rats and the
pelage 1s completely grown m 4 weeks

V  Tne Errects oF Tnynom Homvove on Hamw GrowTtn
A Thyroid, y and Gourog Comy 1.

Thyrordectomy 1s reported to mhibit hair growth i rats (Baker
1951 Butcher 1941 Chang 1926 Chang and Feng 1999 Diehe 1948
Emmens 1942 Zeckwer 1953a) and to alter the pattern of spontneous
replacement (Dicke 1948) Freud (1934) found however that har
growth 1s not irhibited when th d d rats are plucked Certam
goitrogenic substances also nhibit hair growth n rats (Diehe 1947)
others produce a graying of the bair but httle mhibtion of growth
(Dieke 1947 Richter and Chsby 1941) The present studies
extend these observations and clinfy several details of hair grosth
anmimals liching thyroid hormone  Ammals were made defictent m thy
roid hormone with propylthiourzcll (PTU) Each rat wis given 1 single
subeutancous njection of 10 mg of PTU per 100 grams of body weight
from a stock solution of 2% PTU and 5% gum arabic 1n 1queous solu
tion After the mjction of PTU the anmnls were mamtamed on a
dnnking solution of 002 PTU in water

Except for an mitial delay induced hur growth 1s normal m rats
treated with PTU and the quality of the pelage 1s similir to that of
normal aimals (Table V) One week after plucking the skin appears
uncolored but after 2 weeks the hurs have emerged a httle thove the
surface of the epidermis (Mg 11} Growth 15 normal t} ereafter and
the hwrs are fully grown 4 weeks after plucking (Fig 12) If tl ¢ hairs
arc agun plucked thev regrow normally within 4 weeks eveept Fr
another imtial dely  Spontaneous growth on the other hand s re
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PTU 2w PTU & Thy 2w Norm 2w

PTU & Cort 2w PIU & ER 2w PTU & TP 2w

Fic 11 Rats made thyreid hormone-deficient by treat with
Propylthiouracil (PTU)  Growth 15 deliyed on the pl};d\ez sr:ge f:; ie“::l:d rt&
telving PTU only but 1s normal in the rat recenving thyroune (Thy) Androgen
Ins nesther stmulited nor whibited haie frowth  Growth hys Leen —reatly velored
in the estrogen treated rat No regrowth 1s observed in the rat lrn id“ )"h e
of cortisone daily eated wif g
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tarded for the entire period of study Folliculir actinaty spreads very
slowly, but once a follicle becomes actnve the cycle of growth 1s normnl

A deficiency of thyroxd hormone, therefore, inhibuts only the imti-
tion and the carly stages of har growth Once growth has stitted,
whether spontancous or mduced by plucking, the follicles are not af.
fected No reversal of pattern his been observed in PTU-treated anr
mals, except for a few rats maintuned on PTU for long perods of time
Any chunge 1n pattern 15 probably due to influences not directly related
to thyroid hormone In contrast to other goitrogemc substances (Dicke,
1947, Richter and Clisby, 1941), PTU does not affect hair pigmentation
m the rat, and produces no chinge 1n the texture of the fur Although
rats are reported to have an mfantile pelage if thyrordectomized when
young (Scow et al, 1949), and congenttally hypothyroid children fre
quently retun their lanugo hair (Ruera ¢t al, 1956), these findings
probably can be imterpreted as retention of nfantile hur owing to
mnhibition of normal hair replacement

B Adrenal y and Gonad iy e Thyrowd: 1 Animals

1 1 1

Adreml y 1 hair repl m thy
ammals (Butcher, 1941 Zeckwer, 19532) One report stites that ad-
renalectomy accelerates growth less in thyrordectomized rats thwn
intact ammals (Zeckwer, 1953a), another reports the same amount of
acceleration m thyroidectomized and ntact rats (Butcher, 1941) Ac-
tually, adrenale 1 gonad. 1 rats recening PTU show less
acceleration of hair growth than do animals wath intct thyrowds {Table

Several litters of young rats were pliced on continuous PTU treat-
ment as previously descnibed Since prelminary attempts to remove
both adrennls on the same diy were unsuccessful, adrenalectomy w1s
performed n two stages One adrenal and one ovary (or both testes)
were removed after several days of PTU trextment The second adren1l
and ovary were removed approumately 3 weeks hiter, at which time
the antmils were plucked on one side and clipped on the other side
The results described below are bised on reasonably healths ammals
that sunned longer thin 1 weck (Tables I and V)

Except for an imtial dclay, regrowth on the plucked side 15 normal
m rats deprned of adrenal, gonadal, and thyroid hormones One weck
after the remoyval of the sccond adrenal, the skin of the plucked side s
barely colored, whereas 1t 15 darkly colored in ammals not recening
PTU  After 2 weeks the hurs hve barely emerged, after 4 weeks they
are fulls grown The tevture of the fur 1s mtcrmediate between that
of males and females  Spontancous replicement of hur s delued m

2
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companison with replacement mn rats laching only their adrenal glands,
but after the 1mtial delay the entire unpluched side responds as a umt
and 15 almost completely regrown 4 weeks atter the removal of the
second adrenal Sumlar observations were made on rats which were
adrenalectormzed and placed on PTU several weeks later Induced
growth was normal but imtially deliyed after PTU was given, and there
was less acceleration of spontaneous replacement (Frg 13)

€ Thyrotine '
Although 1t 1s believed that thyroune hastens the growth of hair
rats (Butcher, 1937, 1940, Kozam, 1952), Emmens (1942) reports that 1t
does not affect harr growth 1n rats, and Chang (1926) claims inhibitron
of growth n hypertt a Daily mtr. Jar ¢ with
20 pg of thyroxine!! m salne accelerates spontaneous growth waves n
12-weck-0ld 1ntact rats but has no effect on growth iitiated by plucking
Spontaneous activity spreads more rapidly than in untreated ammals,
and subsequent waves appear sooner when treatment 1s continued for
8 weeks, the cycle of growth 11 each follicle remuns normal regardless
of how growth 1s mitiated When 10 pg of thyroune are admmmstered
daily to PTU treated rats, mnduced growth and spontaneous replacement
are normal (Figs 11 and 12) In adrenal d-gonad d
rats recetving PTU, daily treatment with 20 pg of thyroxine elimmates
the delay found in ammals not treated with thyrosmne The shin 1s well
pigmented 1 week after plucking, the hairs are fully grown within 4
weeks, and the pelage bles that of gonad d rats  Spon-
taneous growth wn these thyroxin treated ammals 1s accelerated, and is
stmilar to that found i rats Jacking only their adrenals Acttvity com-
mences immediately after the removal of the second adrenal, and
nearly all the harrs are fully grown after 4 weeks
Th then, 1 the sy pl of hair m
mtact and thyroid hormone deficient ammals (Table V) The cycle of
growth remamns normal regardless of how activity 1s mtiated i the
follicle The mechamism of thyrord action on hair growth 15 not known,
but thyraxine treatments are Anown to ncrease capillary fragility w the
skin (Kozam 1952), this may enhance the utihzation of essential nutr-
ents Thy prod a local 1 of the feather papillh of
hens (Juhn and Harns, 1955) and may have a similar action on the hair
follicles of rats It also incrcses the amount of acid and alkaline
phosphatase 1n the shin and feithers of pigeons (Rhobayasta ct af, 1955)
Thyroxine decreases ovndatne phosphorylation in preparations of livcr
mutochondrn (Bever 1956, Martius and Hess, 1951) but it Is suid 4y

T F R Squbb and Sons




370 MELVIN P MOHY

enhance sucemoudase actwity (Lipner and Barker 1953) Perhaps
thyroune stimulates the skt and hair follicles directly and acts at the
mitochondral level of orgamizition on owidative enzyme systems

D Relationslup of Thyrowd Hormone to Gonadal Hormones

1 Thyroxine and Androgen
Thytovine and testosterone are said to be antrgonists m mamtumng
the eprdermus of rats (Eartly and Grad 1951 Eartly ct al 1951 Eastly
and Leblond 1851) Thyroune produces a thin epidermis with de
creased mitotic activity whereas testosterone has the opposite effect
Combined treatment with thyrovine and testostcrone produces effects in
termediate between those of the two hormones Antagomsm has not
been found 1 hair growth (Table I} Daly mtramuscular treatment
with 200 pg of testosterone propionate has no effect on growth imitrated
by plucking PTU treated rats (Figs 11 and 12) the hairs emerge at the
same time as those of rats not recewving androgen and the coat 1s fully
grown after 4 weeks of treatment The pelage feels thick it 1s glo sy
and coarse and the skin 1s covered with flakes of ouidized hpid  Spon
taneous repl. remains snhibited during androgen treatment as m
PTU treated ammals recewving no testosterone (Figs 11 and 12) Male
hormene 1s also meffective on hair growth of adrenalectormzed gonidec
tomized animals treated with PTU except for producing a coarse pelage
3 growth 1s ] 1 to the same degree s that of rats not
recenving androgen and induced growth 1s normal The shin however
1s cavered with Hakes of kpid

2 Thyroxine and Estrogen

Estrogen does not require the presence of thyrowd hormone for 1ts
effects on hair growth Intramuscular mjection with 50 pg of estradiol
benzoate each day noticeably retards growth on the plucked stde of
PTU treated animals (Table III} After 1 weck there 1s no coloration
of the skin and after 2 weehks the tips of the hairs are less visible than
those of rats on PTU alone (Fig 11) Har continucs to grow more
slowly m the estrogen treatcd ammals and st 1s still growing after 4
weeks of treatment (Fig 12) the skin 1s thin and the fur 1s soft and
sparse  As m untreated ammnls there 15 no spontincous hair growth
dunng the 4 weeks of estrogen treatment  These effects are not depend

ent on the p of ad roids  Estrogen delays the re
sponse to pluching and prolongs the entire cycle of growth cven in
drenall 1 gond d rats ¥ PTU  The follcles

g
hase nat completed thewr growth 4 weeks after plucking the pdlage is
fine and sparse and the shin 1s thin and has few flikes of lipid  Animals
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1 ¢
tecerving no female hormone have abund P P

whereas estrogen treated rats show httle growth Only small patches
of hair are found on the clipped side after 4 weeks of mjection

E Relationship of Thyrowl Hormone to Adrenal Hormones
1 Thyroxine and Cortisone

Thyroune and cortisone have opposite effects on hair growth Daily
mtramuscular 1njection of 1 mg of cortisone acetate mnlubits spontaneous
replacement of hair 1 intact rats, whereas intramuscular treatment with
20 pg of thy ) p repl nether hor
mone has an appreciable effect on growth induced by plucking If in
tact rats are treated with both thyrowne and cortisone however, spon
taneous growth 15 neither 3! d nor inhibnted and r bles the
spontaneous growth of ammals not treated with any hormone Induced
growth 1s normal 1n these ammals and the quality of the pelage 1s not
affected Thus the mhibitory effects of cortisone are offset by the stumu
lating effects of thyroune 1n mtact rats Conversely, the accelerating
effect of adrenal y 0D 5p pl t of harr 15 d
when the level of thyroid hormone 1s decreased

When PTU weated ammals are mjected with 1 mg of cortisone dmly
for 4 weeks practically all hawr growth 1s mhubited (Figs 11 and 12)
Isolated hatrs occasionally grow on the plucked side at a normal rate
The shin remains extremely thin and pale during the cortisone treatment
When treatment 1s continued for another month hawr growth continues
to be inhibited on both sides of the ammal If however cortisone 1s
discontinued after 4 weeks follicular activity can be detected on the
plucked side within 1 week, after 4 weeks the coat has fully regrown
on the plucked side Spontaneous growth 1s mummal even after corti
sone injections have been discontinued Similar results are obtamed
when PTU 15 discontinued instead of cortisone and the ammals are
subsequently given 10 pg of thyroxine If both PTU and cortisone are
discontinued and thyrowine 1s given to these ammals, both sides grow
a full coat of hair within 4 weeks

Combined treatment wath 10 pg of thyroune and 1 mg of corhisone
daly produces good regrowth of hair after plucking 1n rats mamtamed
onI'TU  Although no activity 1s observed 1 week after plucking patches
Uk ¥nort hawrs are present a wech Tater  After 4 weéks the plucked side
15 almost completely cosered with fully grown hair Spontaneous growth,
however is inhibited dunng the entire 4 weeks of treatment

Similar results are obtamed when cortisone or thyroune and cortt
sone are ad 1 to adrenal d d

g d rats recen
mg PTU  Hur growth 15 almost letely mhibited by daly

It
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with 1 mg of cortisone  After 4 weeks 1 few 1solated hurs are present
on the plucked side but the rest of the shin 1s thin and devord of hair
(Fig 13) Rats recenving this treitment gun no weight and may cven
lose some lthough they are active and appear healthy If, in ddition
to cortisone, the ammals are gnen 20 ng of thyroune duly, mduced
growth 15 normal except for an mial delay  After 2 weeks the hurs
have grown well above the surface of the epidermus and are fully
grown 2 weeks hiter (Fig 13) Spontaneous growth however, 1s 1n

hibited during the 4 weeks of treatment

T !

i

=
=~ AN
B , ~,
1 P -
Adt & I'TU 4w Adx &Cndx & PTU Adx & Cndx & PTU
Cort 4w Cort & Tly 4w

Fic 13 At nght two PTU treated rats 4 weehs after adrenalectom) gonulee
tomy (Adc & Gndy ) One mulligram of cortisone acetate injected daily prevents
all hawr growth while treatment with 20 pg of thyrovine (Thy) n addition to cortt
sone results m regrowth after plucking

Atleft PTU has reduced th e amount of spontineous replacerwcnt in an adrendl
ectomized mile

In summary thyroune and cortisone huwe opposite effects on har
growth i the rit and one hormone counteracts the cffects of the ather
Excess cortisone coupled with 1 Iick of thyraid hormone nhibits hur
growth profoundly Comversely thyroune treitments in adremilecto
mized anmals sttmulite the follicles of rits (Butcher 1937)

2 Thyroxme and Lpnephnne
Although ¢pmephrine produces calongenic effcets only of thyroid
hormone 15 present (Swnson 1958) ats cffects on hur growth are not
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mediated or potentrated by thyroxine (Table 1V) Epmephrine pro-
duces 1ts typical effects with or without the presence of thyroid hormone
When PTU-treated rats are mjected twice each day with 01 mg of
epmephre, there 1s a greater delay m response to plucking than n
rats treated with PTU alone, but after 4 weeks growth 1s nearly com-
plete As mn control ammals, sp pl of hair 15 mhiated
m the ammals recerving epinephrme If this hormone 1s frequently n
jected mto the same site, induced growth becomes retarded locally and
several white hairs are present at the site after 4 weeks of treatment
1f, 10 addition to epinephrne, 1 mg of cortisone 1s given three tiunes each
week to hypothyroid ammals, induced growth 15 more markedly delayed
than 1 ammals recewmng epmephrine or cortisone alone Once suf-
ficiently developed, however, the follicles grow normally One mulligram
of cortisone myected every other day does not suppress induced hair
growth in PTU-treated ammals
Daily treatment with 10 pg of thyroune produces an expenmentally
controlled level of thyroid hormone 1n PTU-treated rats If epinephnne
15 admimistered to such rats, hair growth resembles that of normal rats
treated with epmephrine, spontaneous replacement 1s inhibited but re-
growth of hair after pluching 15 normal except for an 1itial delay Also,
local effects are observed near the site of mjection, and white haurs are
lly produced Combined with epmephrine and corti-
sone produces effects sumilar to those just described but they are more
Ppronounced

VI Tue Errects oF DIABETES aND INsuLy on Har GrowTti

Few stuches have been made of skin and hair growth m diabetic,
msulin treated, or glucose-treated ammals Glucose has a marled effect
on epidermal mitotic activity (Bullough, 1950, b, 1954, Bullough and
Johason, 1951) Changes m the levels of msulin and glucose m the
blood should modify hair growth, dietary caloric restriction, for example,
whibats hair growth m rats and mice (Butcher, 1939, Kozam, 1952,
Loewenthnl and Montigna, 1955)

A Alloxan Duwbetes
Nonfasted rats were gwen a single mtrapentonel wgection of 20
mg of allosan monohydrate!® per 100 grams of body weight at least
2 days before they were used for study Thes dose was fatal to some ant-
mals, but the survivors developed symptoms typical of alloxan diabetes
Except for an mitial delay induced growth 1s normal 1 4 or §
weeh old rats treated wath alloxan (Table VI)  Four weeks after pluck-

12 Eastmin hodah Cempany
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ing, the hawrs are fully grown (Figs 14 and 15), but spontaneous growth
1s markedly retarded Older ammals have no spontaneous replacement
after 4 weeks (Fig 15), whereas younger ammals have less growth
than do normal anmals or diabetic amumals recensing nsulin treatments
(Fig 14) The sigmficance of this will be discussed later

B Phlorlnzin Diabetes

Eaght week old rats become diabetic for 2 mmmum of 2 weeks when
mjected subcutaneously each day with 10 mg of phlorhizin!® suspended
m ol per 100 grims of body weight During the third and fourth weeks
of treatment however phlorhizin and ail frequently accumulate beneath
the skin and the rats are not consistently diabetic

Harr growth mtiated by pluching phlorhizin dinbetic rats 1s normal
(Table VI) growth commences at the same time as m untreated am
mals and the hawus are fully grown 4 weeks after plucking (Fig 15)
The texture of the pelage 15 normal and spontaneous growth waves re
sembled those of control rats

C Glucose

Injections of 1 ml of 10% glucose three times each day mto the
pentoneal cavity of mtact rats produced mconsistent effects on har
growth (Table VI) Spontaneous replacement was greatly retarded
in some rts, less so 1n others (Fig 15) Regrowth of plucked hamws on
the other hand was normal 1 all ammals Sumlar effects on hair
growth were observed m rats ginen a drnnking solution contanmg 5052
glucose

D Insulin

Daily treatment with two units of protamine zinc msulin' restores
spontaneous replacement to normal 1n alloxan diabetic amimals (Fig 14)
Although there 1s no longer an mtial delay m follicular actnity after
plucking the eycle of growth remains normal (Table Vi) Daly mjec
tion of 7 umts of msulin proves fatal to intact rats, however a few
ammals have survived more than 2 weeks of treatment Induced growth
appears to be normal despite the poor health of these animals There 15
some spontaneous growth in the rats recetsing msulin but rebable ob
servations could not be made on the sprexd of actnity

E  Analysis of the Effects of Glucose and Insulin
It 15 difficult to disingwish the effects of wnsubn from those of blood
glucose on hair growth since these two factors are ntimatelv related

13 Amend Drug and Chemical Gompany
1 Eli Lilly and Company
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Allox 4w Phlor 4w

taas

Glicose 4w Norm 4w
Fic 15 Hax gowth in 8 week old rats treited with allovan (Allog ) phlor
ban (Pllor) or glucose for four weehs Spontanevus growth was mbibited by
alloxan diabetes but was not affected by phlorhizin treatment Glucuse njections
often caused 2 delay in spo pl t as alh d Induced growth
as normal 1 all these ammals except for @n mitial defay in ¢he alloxan-disbetic rat
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An attempt h1s been made to overcome this obstacle by obsersing hur
growth n rats treated with alloxan phlorhizm msulin nd glucose
Allox1n diabetic rats have no source of msuln and their level of blood
glucose 1s elevated Phlorhizin treated ammils hwe 1 low leved of
blood glucose and their msulin production 1s mimmal  Insulm 1mjec
tions raise the circulating level of this hormone but automatically lower
the blood glucose level whereas glucose mjections rusc the concentra
tion of glucose m the blood nd strmulite insulm production  Compan
son of the results obtuned from exch treatment should reveal the separ
ate effects of nsulin and glucose on hur growth (Table VI)

Evcept for an mitial delvy n alloxan treated ammals regrow th after
pluching 1s normal 1n both alloxan and phlorlizin ditbetic rats and
the tevture of the pelage 1s not affected  Spontaneous replicement 15
markedly retarded after alloxin treatment but js normal 1 rats recen
mg phlorlizm  Insulin then is needed more entically for the earlv
stages of hur growth than 1s glucose This conclusion 1s supported by
the following facts (1) Insuhn t abolish the mbitory cffects
of allovan on hur gronth (D) Injections of nsubn 1 normal rats mun
tun growth despite the low level of circulating glucose (c) Growth
after plucking 1s normal 1n glucose treated ammnls whereas spontancous
rephicement 1s often mhiluted  This wmhibitory effect of glucose prob
ably represents @ generalized “stress reaction  since stmilwr effects are
obtuned when either epinephrine or cortisone 15 rwdmimstered to mtact
rits  Prelminary observations of cortisonc trented allovan dinbetic rats
show 1 pronounced inlubition of hur growth

Insultn and not glucose seems to be the critical fictor n the growth
of hur follicles Unlike the eprdermis (Bullough 19303 b Bullough
and Johnson 1931) hur follicles nre able to grow normally despite
changes in the concentrition of blood glucose  Although both ovvgen
and a cirbohydrate source e essential for muntunming the matotic
actiaty of 2 hair follicle i vitro drastic conditions such s styn stion of
shock e required to wfluence such actiity i wiwo (Bullough ind
Lausence 1958) The abundnt supply of glycogen m growing hur
follicles m1v partrally ccount for the rclitiwe mdependence of the hur
follucle from the level of onculavng ghicose (Jebmson wd Bevebder
1946 \lontagna ct al 1931 1952)

Insul n Ins + mitogemie effect on the eprderms provided that gle
cose 1s prescnt by aceelerating the hexolinase rewction { Bulbugh

1951) Some sich mechusm muy be mvohed i the enhincement In
msulin of the mtation wnd the ey stages of hur growth  This m1s
also explun the decrease n chondroitin sulfune acid wmd s ! ironie
acid 1n the shin of alloxn dithetie rats (Schiller ind Dorfmin 19351
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VI Tue Errrcts oF Prrvirary Hormoxes on Ham GrowTn
A Hypophysectomy

Investrgators do not agree on the effects of hypophysectomy on hair
growth (Baler, 1951, Cooper, 1930, Houssay et al, 1955) Early studes
on the effects of hypophysectomy 1 dogs reported mlubition of hair
growth (Houssay, 1918) = Later, Freud (1934) reported that plucked
haus regrow slowly m hypophy sectormized rats and that treatment with
growth hormone prevents this retardation  The results of these workers
are difficult to assess, since thewr methods of study are not clearly de-
seribed  Snow and Whitehead (1935) found that hypophysectomy de-
creases the rate of spontaneous replacement and that treatment with a
growth hormone preparation restores the pilary system to its normal
state In therr mvestigations, however, Iittle or no attention was paid
to the peniodic waves of spontaneous haur growth nor to the age of the
ammals  Dieke (1948), who was familar with the penodicity of spon
taneous growth waves, also found an mhibstion of hawr growth after
bypophysectomy Hundley and Ing (1951), m contrast, reported an
ummediate mitiation of hair growth after hypophysectomy  Others have
also observed that hypophysectomized rats grow a considerable amount
of hair, probably caused by adrenal atrophy (Baker, 1951, Houssay
et al, 1955)

Under scrupulous experimental conditions, hypophysectomy acceler-
ates the mtiation of spontaneous growth (Table VII)™ Follicular activ
ity develops immediately over the entire chipped side One week after
the operation the skin of the entire side 15 umformly colored, whereas
m sham operated anmmals only the belly skin 15 colored After 2 weeks
the follicles are actwvely producmg hur (Fig 16), and har growth
1s completed after 4 weeks except near the tul (Fig 17) If the entire
back of these amumals 15 clipped 1 month after hypophysectomy, a full
coat of soft hair grows back withm the next 4 weeks Induced growth
1s normal, but the har which grows after hypophysectomy 15 very soft
and resembles that of immnture ammals

Acceleration of hair growth after hypophysectomy 1s attributed to
atrophic changes in the adrenl cortex {Baker, 1951}, which commence
at once after removal of the pitwitwy (Deane and Greep, 1946) The
pitwitary exerts a restramnt on hur growth probably by way of the ad-
renal cortex and hypophysectomy removes this restrunt  In rats hypo-
physectomized for a Jong period of time there m1y be a decrease in hatr
growth, resulung from the loss of appetite, poor physiologienl and
metabolic conditions and atrophy of the remaning endoerme glands,
especially the thyroid gland
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B Grouth Hormone (Somatotropin}

The hair of hypophysectomized animals 1s fine and infantile (Smith,
1930), and prtustary implants, or mjections of growth hormone restore
an adult pelage i hypophysectomized rats (Smuth, 1930, Snow and
Whitehead, 1935, Thompson and Gaiser, 1932) Changes mn the quality
of the pelage after hypophysectomy and the prevention of these changes
by the admimstration of the growth hormone arc probably not due to
nutnitional factors The ammals used m the present studies developed a

Hypr & Cort 2w Hypt & ACTII 2w Hypr &EB 2w

'

- n W
PR - Ry A N~
Sham Hypt 2w Hyps & TP 2w

Fic 16 Rats hypophysectomized (Hypy) for 2 wecks  Compare the -
abitory effects of 1 mg of cortisone acctate with those of 250 ug of ACTH  Fstrogen
has mirkedly mhibited growth whereas androgen has not - Spontancous growth in
the untreatcd  hypophsscctomized rat 15 clewly more advanced than that in the
sham-operated animal
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Juvenile coat after hypophysectomy even with milk added to the det
Furthermore, somatotropmn (STH) does not appear to produce 1ts effects
on harr quality by influencing other endacrine glands Growth hormone,
ttself, seems necessary for the production of an adult pelage

The effects of growth hormone on the growth of hair are not clear
Although Freud (1934) and Snow and Whitehead (1935) reported that
growth hormone enhances the growth of hair m hypophysectomized

Hypx & Cort 4w Hypx & ACTH 4w

i
A ~ |
1

-y,

.

Hypx 4w Hype & L¥ 2w

Fic 17 The same hypophysectomized (1lyps ) rats shown in Fig 16 2 weeks
later There is still no trace of hawr in the cortisone treated ammal Testosterone

{TP) has no effect on the quality of the fur Estradiol benzoate is fatal to these
ammals
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rats Emmens (1942) found that of severil preparations of antenor
pitwtary extracts only one affected the rate of spontaneous replicement
1 normal femle rats Also other investigators {Butcher 1937 Houssay
et al 1935 Scow et al 1949) have reported that growth hormone has
no effect on hair growth m intact adrenal ] th !
or hypophysectomized ruts Interestingly somuotropin depresses ept
derml mitotie rwchvaty i vitro (Bullough 1951)

In the present studies daily treatment with 100 pg of growth hor
mone'® given intramuscularly had no effect on hur growth m 14 week
old rats although these ammals usunlly guned more weight than did
the untreated control ammals  Spontineous growth wrves spread as
rapudly sn the control rits as m rats receiving growth hormone and i
duced growth was similar i the two groups of ammals {Table VII)
In 4 weck old rats however there appeared to be 1 tendency toward
more rapd replacement of hair when the growth hormone was ginen

C  Adrenocorticotropin

Adrenacorticotropin (ACTH) 1nhibits hair growth n intact and
gonadectomized rats (Ashing et ¢l 1951 Baker 1951 Baker cf ol 1948
Moon 1937) (See Table VII) Daly wtrunuscular treatment with
250 pg of ACTH™ produces effects i imtact rats simular to those
produced by cortisone Spontaneous waves of growth are retarded
but once the follicles become nctive thev grow at 1 normal rate

The pelige that grows dunng treatment with ACTH 1s infantile in
hypophysectomuzed rats  Growth mnduced by plucking immediately
after the operation 1s retarded One week after hypophysectomy the
shin of ACTH treited ammals shows only traces of color but there 1s
abundant color in the shin of untreated rats  After 2 weeks hur is not
1s long s that of control rats (Tig 18) and after 4 weeks the harr
follicles are just fimshing thewr growth (Fig 17) ACTH also retards
spontaneous gronth One week after hypophyscctomy no actuity 1s
evident after 2 weeks only shght actwity is discermble on the bellv
(Fig 18) after 4 weeks the follicles are shll growing especially 1n the
sacral region (Fig 17) If the ACTH treatment 1s discontinued after
4 weeks one can see by chpping the entire bick that 1 completely new
coat of hair grows on both sides within 4 more weeks  Other mvestigy
tors (Ashng et @l 1951 Houssty et al 1953) hne also reported suc!
wnhibition of spontincous growth

The inlubitory cffects of ACTH on hair growth are mediited throigh
the adrenal cortcx since ACTH has no effcet on either spontanco s or

——n
73 Armo r and Co npany
18 Nat onal Drug Company
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mnduced harr growth 1n adrenilectomized rats (Table VII) Spontaneous
Teplacement contmnues to be accelerated, as in adrenalectomized rats not
treated with ACTH, and follicular activity imtiated by plucking pro
ceeds at the normal rate (Figs 4 and 3)

ACTH preparations often contam intermedin (melanocy te stimulat-
g hormone, MSH), which may produce changes n pig 1on m
the shin (Hall et al , 1933, Lerner et al, 1954, Sulman, 1952) However,
o changes in prgmentation have been observed in intact, adrenalecto
mized or hypophysectomized rats, whether receving ACTH or not
(Figs 4, 5, 16, and 17)

D Thyrotropin

Hypophysectomized rats treated with cortisone are strkingly sumlar
to those receiving cortisone and PTU (Tables V and VII) Hypophysec-
tomized rats treated intramuscularly wath 1 mg of cortisone acetate each
day for 1 month have practically no harr growth (Figs 16 and 17) A
few hairs emerge on the belly from folhcles which were growmg at
the start of the expenment These haws grow at a normal rate The
Test of the shin remains bare and 1s very thin  When treatment 15 con
tinued for another month, cortisone continues to prevent harr growth
I, however, cortisone treatment 1s stopped after 1 month, follcular
actity 15 seen on the pluched side withn 1 week, and by 4 weeks a
completely new coat of juvemle hair has grown

Stnce sumlar results are obtamned if cortisone 15 given to thyrowd
hormone deficient rats, the great inhibition of growth produced by

Tt m hypophy d ammals probably reflects the dumn
shed actvity ‘of the thyrod gland which follows hypophysectomy
The pitmtary gland not only tends to mhibit hawr growth by the pro

((luctmn of ACTH but also enhances growth by producmg thyrotropm
TSH)

E Gonadotropins

Chononic gonadotropin 15 said to mhubit hair growth n hypophysec
tomized rats (Houssay et al, 1955) The results of expenments with
gonadal h 10 hypopt d ammals indicate that gonado
tropin, through 1ts effects on the gonad, may control the texture of the
rlage vrky A wm additoonah pratary et o present

Estrachol benzoate 15 very touc to hypophysectonized ammals and
none of the animals which received 50 pg of this substance intramus
cularly each day survived longer than 15 diys  After 1 week of treat
ment, traces of pigmentation are seen only on the plucked side, after
2 weeks hur has just emerged on the plucked side and on the clipped
side a moderately colored band extends along the body from the belly
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haliway to the dorsal midline (Fig 16) Hypophysectomized htter-
mates not recening estrogen show abundant growth on both sides 2
weeks after hypophysectomy Estrogen, then, nhibits both spontaneous
and induced hair growth in hypophysectomized rats (Table VII)

In contrast, androgen has no effect on hair growth in hypophysee-
tormzed ammals (Tables I1I and VII), the skin on the plucked side of
rats treated daily with 200 pg of testosterone propionate 1s umiformly
colored after 1 week, and the hair follicles are actnvely growing after
2 weeks (Fig 16) Growth 1s completed within 4 weeks, but the pelhge
1s mfantile (Fig 17) Spontaneous growth 1s also unaffected by treat
ment with testosterone, and growth 15 nearly complete after 4 weehks of
treatment

These results suggest that gonadal and gomadotropie hormones
modify the type of hair produced only if some prtwntary factor 1s present
Presumably, this prtwitary factor 1s growth hormone since 1t does affect
the quahty of the pelage Estrogen inhibits hair growth even 1 the
absence of the piturtary

VIII Tur Errects oF SELECTED HoRvtovaL InteaLances oy FoLLICLES
In DIFFERENT STACES OF GROWTH

The concluding expenments of this study were designed to test
whether or not hair follicles 1n different stages of actwity are equally
affected by experimentally imposed endocrine imbalances One expen-
mental group consisted of 10 amumals that had been receiving PTU for
several wecks A sccond group consisted of 7 4 week-old and 14 8-weck-
old ammals which had received no previous treatment The back of
each rat i both groups was prepared for study in the following manner
the postenor night quarter was plucked 6 days before the day of the
experiment the postertor left quarter, 4 days bedore the anterior nght
quurter, 2 days before, and the anterior left quarter, the day the ex
peniment began  Those follicles plucked 4 or 6 days erher would be
faurly well differentiated and would be commencing to produce hur
whereas those plucked on the day the expenment began, or 2 dys
before would show only the ewher follicular ifferentintion

Of the 10 rats recesing PTL, 4 were given 1 mg of corhsone acctate
intramuscularly in sahine each dy, 3, 1 mg of cortisone and 20 pg of
thyrovne, alse 1n saline, and 3 received nothing Twelve animals from
the second group werc hypophysectomized, 7 of these recened 1 mg
of cortisone darly, the other 5 recerved no cortisone Of the 9 intact
ammals now remuning n the second group, 5 recewved 10 mg of corti-
sone each day and 4 were left untreated  Each area was studied at
weekly mntervals from the time 1t was first pluched until 4 weeks alter
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the mjections were begun The results of these experments are sum
manzed m Table VIII and are illustrated m Figs 18 and 19

In ammals made thyroid hormone deficient with PTU daily treat
ment with 1 mg of cortisone completely inhbited growth in areas
plucked on the same day cortisone treatment began or 2 days before
1t began (Fig 18) Hair growth 15 normal m the area plucked 4 days
before imtiation of cortisone 1njections but the haws are sparse there
1s abundant growth n follicles plucked 6 days before the starting of
the expenment PTU treated ammals which recewved no cortisone show
essentially normal induced growth mn all four quarters The same 1s
true of ammals which received 20 g of thyroxmn per day in addition
to cortisone (Fig 18)

Intact rats treated daily with 10 mg of cortisone show a marked 1n
hibition of hair growth (E 1g 19) No hair grows 1n the areas plucked
on the day the treatments were started or 2 days before sparse growth
appears near the belly m the area pluched 4 days before the begmnng
of the expeniments and 1n that plucked 6 days before and proceeds
normally  Young rats 4 weeks of age die dunng this treatment

When hypophysectomized wmmals are treated daily with 1 mg of
cortisone there 1s no hair growth 1n areas plucked on the day of the
operation or 2 days before (Fig 19) The cycle of har growth 1s normal
m the area plucked 4 days before hypophysectomy but not all follicles
grow In the area plucked 6 days before the operation growth is
rormal - All hair growth 1s infantile 1n hypophysectomized ammals In
duced growth 1s normal regardless of the stage of actwity at the tume of
hYPOPhysectomy provided no hormones are mjected and the hamr 15
nfantile (Fig 19)

IX  Sunary

The growth of hur 1s highly resistant to endocnine disorders but
20 intricate balance of many hormones 1s required for the normal oc
currence of the periodic waves of spontaneous repl (Fig 20)
Hormonal imbalances upset the normal penodicity of spontaneous re
Placement i rats The exact nature of cach hormonal mmbalance de
termnes whether or not follicles become active but except for estrogen
hormones have Lttle cffect on the cycle of growth once 1t has been
tmbated  Estrogen prolongs the entire period dunng which eustent
haws grow  Some hormones also seem to control the type of harr
produced

In the norml rat there tre alternate periods of actiaty and rest i
the hair follicles  Follicular activity begins spontanecusly on the belly
and spreads dorsally 1n a wavelike fashion  As the amimal grows older
the waves of replacement are less frequent and spread more slowly
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Norm start PTU 4w

Ao

«'&\‘

i~
PTU & Cort 4w PTU & Thy & Cort 4w

Fic 18 The effects of varlous hormonal states on hawr folliles in different
stages of growth When the experiment stariud, the wpper tight quadrant had been
plucked for 2 duys and the upper left hiad just been pluched The lower sight and
Ift quadrants had been plucked 8 and 4 days earbir, respectiscly  Obserse the
appearance of an ammil at the begining of the experment then compare the
amount of regrowth i the four qurdrants of each ammal 1 month later
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Hypt & Cort 4w Hyps 4w

i:
i,

o
P

\

\l

A
10 Cort 4w Norm 4w

Fic 19 Results of an expenment sumilar to that in Fig 18 an which add
tional hormanal states were used Compare the effects of daily treatment wath 1
mg of cortisone acetate n the hypophysectomized (Hypx ) rat wath sts effects n
the PTU treated rat slown 1 Fig 18
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Male rats have cowrse hair and their skin 15 covered with Bakes of
oudized pid  The pelage of females 1s finer, the skin has no lipord
seales and the occurrence of spontaneous growth waves tends to lig
behund that m males After gonadectomy the texture of the fur 1s mter.
mediate between that of males nd females, and spontaneous waves
resemble those of males Testicular hormone then promotes coarseness
of pelage and ovartan hormones prevent it and retard the waves of hair
growth The successive phases m a particular follicle durmg one cyele
of growth are the same m both sexes

Fic 20 Schematic representation of the effects of hormones on har growth
The spantanecus conversion of resting follicles tata growing cnes 1s profoundly
infiuenced by several hormones as illustrated In growing folbeles androgen merely
Promotes a coarse pelage whereas estrogen prolongs the entwre penad of growth
and prevents the development of coarse hair  Growth hormone 15 necessary for an
adult oot Rey ~— Stmulates ~—~~| | Inubits ——X No effect — ~— ~— ~
Effect uncertamm

Datly treatment with estrogen retards the imtizhion and the rate
of both spontaneous and nduced harr growth i normal gonadecto
mized and thyreid hormane deficient rits The mhibition by estrogens
15 Jess apparent after adrenalectomy or hypophysectomy since removal
of these glands accelerates growth  Estrogen causes the growth of fine
sparse hur m all amm-s except i those which have been hypophysec
tomized 1nd produces some of sts effects mdependent of the adrenal
eortex  Datly treatment with androgen bas no apparent effect on hair
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growth except that 1t produces a coarse pelage n all except the hypo
physectormized rat

During pregnancy and lactation spontancous replcement of hur
1s noticeably retarded but spontaneous growth 1s transiently accelerated
when the young are removed from the mother The time required for
replacement of plucked hairs 1s normal 1 these amumals  Endogenous
estrogen may be volved in the retardation found i pregnant tmmals
whereas lutcotropin may inhibit replacement during lactation  Proges
terone appears to have little effect on hur growth

Adrenalectomy accelerates the imtiation and the spread of spon
taneous follicular activity but st does not affect the rate of growth of
the indwidual folicle Conversely daily treatment with small doses
of cortisone wnhibits the spontancous imtiation of growth mn ntiect
gomd d or adrenal 1 rats Once growth has started
however cortisone has no apparent effect There 1s no cumulative effect
after long pcriods of treatment with cortisone and the follicles do not
become refractory” to the hormone Large doses of cortisone mhubit
hur replicement 1n intact rats even after plucking except in follicles
which were plucked 4 to 6 days before the treatment started  Sumlar
effects are obtuned when small doses of cortisone are gnen to PTU
treated rats or to hypophysectomized oncs 1In all these cases growth
commences as soon 15 the cortisone 15 discontinued  Since duly treat
ment with di t has no detectable effect on hair growth
mn intact or adrenalectomized rats 1t appears that the adrenal cortcx
normally restrains the nstintion of spontancous growth by means of ats
glucocorticoids

When rats re made deficient 1n thyroid hormone through treatment
with PTU spontaneous repliccment of hair 1s prevented for 2 con
silertble period of time but induced growth 1s relnvely normal
Conversely thyrouine nccelerites spontmncous replacement of harr i
PTU treated rats and 1n normal ones but the cycle of growth 1s norml
whether induced or spontaneous The thyroid glind must normally
exert 4 stimulating effect on the hair follicls which balances the m
hibitory effect of the adrenal cortex Thyroxine and cortisone huwe
antagomstic effects nd one hormone can be used to offset the cffects
of the other There 15 no such ratsonship between thyroune nd
gonadal hormoncs

Ci

with cpmephrine mhibits spontincous hawe
growth in intact ammals and delays the response to pluching but once
growth has stuted 1t proceeds normally ~ Prolonged tretment with
epmephrme produces 4 local luition of spontincous and nduced

growth Growth waves tend to In pass the area of ijection and mnduccd
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growth 15 retarded there The haws which eventually grow near the
sites of mjection have no pigment The local effects of epinephnine may
be due n part to changes in the vascular system, while the general
effects may be mediated through the adrenal cortex Thyrord hormene
does not appear to be nvolved m any of the effects of epmephrme on
hair growth
Spontaneous replacement 1s markedly retarded n alloxan diabetic
amumals, but induced growth 15 normal after an mitial delay Phlorhizin
treatment does not affect growth, even though there s contmued gly-
cosunia and hypoglycerma Insulin restores spontaneous replacement
to normal m alloxan-chabetic ammals and tends to enhance growth m
mntact anumnls, despite the low blood glucose level Glucose treated
ammals display normal regrow th after plucking, and spontaneous growth
15 often retarded Insubin seems to be more directly mvolved in hair
growth than glucose, provided that sufficient glucose 15 present to
mantun growth .
Hypophysectomy accelerates the mmbiation and spread of spon-
taneous follicular activity The cycle of growth 1s normal after plucking,
but the pelge 1s mfantile The admmstration of ACTH has an
Iibitory effect on hair growth 1n mtact and hypophysectomized ammals,
but st 15 without effect 1n adrenalectomized anmals~ The prtuitary, then,
tends to mhibit hair growth 1n the normal ammal by means of the ad
renal cortex  However, 1t probably sttmulates hair growth through the
thyroid gland  Growth hormone restores the pelage of hypophysecto
mized rats to an adult texture, but gonadal hormones do not Sex hor-
mones modify the hair produced only if growth hormone 15 present
Asde from this, growth hormone appears to have httle effect on harr
growth
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I Inmropuction

Methods have been formulated to permit quantitative measurements
of har i circumseribed regions i man and studies have been made of
each sex at successive ages From data for approumately 3000 subjects
(Hamlton, 1951a, Hamlton ct al, 1955, 1958) stwdards have been
constructed for use m studies of endocrine status and assessment of
some aspects of physiologic age

Attention 15 paid to the actions and imterrelaionships of endocrine,
agemg, genetic, and nutntional factors As part of an attempt to dis
tinguish between genetic and environmental influences, Caucasian and
Mongohan populations were compared since these two groups tend to-
ward somewhat polar extremes 1n the degree of development of many

y sex ct luding certamn pilary areas In a further

effort to separate genehc and environmental factors, mvcstlg.ltmns were
made of twins and families, and of the effects of environment as in-
dicated by companison of subjects of Japinese ancestry Iiving 1n Tokyo
vs New York City

A primary amm of this work was the quantitative measurement of
certan aspects of maleness, i the hope of furthering the understanding
of factors responsible for the predilection of males (1 companison with
females) for a large number of pathologic states and for a substantially
shorter duration of ife  The nature and significance of the poor vitbr' ty
assocation with maleness i1 man and many other speetes his been
e d clsewhere (Hamil 1948, Haml et al, 1958), here at
suffices to note the mmportance of ths lesser viability of the male which
represents, 1n its totahty, a consnderab]y greater loss of potential hfe
than that from any specific disease exeept heart diseases, which 1s atself
a condition that occurs evher and more frequently 1n males than m fe
males

Since the methods employed have not been pubhished in dctail, men-
tion need be made of vanables encountered, potentil crrors, and re
lLiability of these procedures Some of the techmques are based upon
weight of har grown per 24 hours, as calculated from shivings of the
beard at mtenals of 48 hours and of the aulla at intervals of 42 days,
the procurement of releible datt with these procedures requires ebmina
tion of dwrnal yanation and the mmimization of errors due to hygro
scopte properties of haws and to contamnation by hpids and epithehl
debnis  Detailed studies hne shown that no important crrors are
mtroduced by shaving or by environmental changes, at least in adults
in the north temperate zone of the United States, i the adolescents
under i estigation we have avorded the possibility of seasonal vanation
Moethods, other thin those bascd on the weight of timed and specrally
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processed collections mclude measurements of the areas with coarse
hurs the total number of course haus and the number per square
ma lardized site the | of gray hans and the

microscopie study of shavings after most downy hurs and debns bhave
been removed m processing the sample

The microscopic measurements of beard hauwrs were made at the
base of cut hurs and are reported as mean values per subject as de
termmed for 15 randomly selected hurs studied as to breadth of (a)
the hair (b) its medulla and (¢) its cortex plus cuticle

Measurements af sallary has recorded 1s mean values per subject
were made of the lengths of the 3 longest hairs m the fully grown mass
and the breadths of these haurs 2t their bases

The percentage of gray hurs was determmed from exammation of
approsimately 160 harws randomly selected from beard shavings and
from mspection of all haws w mullary shavings

The procedures employed were chosen after pilot studies and
provide closely compnrable data m duphcate analyses In serial studtes
of the sime subjects the degree of agreement was evcellent for the
sarous mesurements of beard the coefficient of vanation was as low
as 7 1 measurements of the area covered by coarse haus and only as
high as 15 1n random samphing of breadth of hairs collected from the
entire bearded area of face and neck The vamation mn sera} studees of
awllary hasr i the same subject tended to be greatest m data for
weight of hair grown per day fluctuations were as much as 50% i 1
few subjects

This battery of g lures was designed to elucidate different facets
of harr growth and the methods are applicable whether the growth
of hawr be Iimited or extensive The correlations of data obtamed by
different methods for varwous pilary regions and ranges of ages require
more detailed analysis than can be given here

I  Resurts
A Beard

1 Comparisons of Tiwins and Less Closely Related Males

Studies were made (H wnilton et al 1938) of 10 pawrs of monozygotre
(MZ}) twins of 6 patrs of dizygotic {DZ) twins and of nontw in brothers
and fathers 1n 24 famihes

Canfiguratian of the hearded area was almost exactly alike 1n 1dentical
twins seldom so !etween other male siblings even 1n fraternal twins
and quite vanible wmong unrelated mles of the same age and ethnic

group
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In werght of beard grown per duy, itraparr differences were sig
mficantly less m MZ and DZ twins than m unrelited males of the same
age (Hamlton et al, 1938) Intrapur differences between father nd
son or between brothers who were not twins were not sigmficantly
smaller than between unrelated mnles

The breadth of hairs and of therr component parts also tended to be
much more stmilar 1o 1dentical twins than m paws of males of similr
age who were less closcly related genetically

These dat1 pont to the importance of genetic factors in the regula
tion of beard growth

2 Compansons of C and Jap Malcs at § e Ages
in R 7, Iy Selected P })
Y ¥

a  Waeght of beard groun per 24 hours (Thg 1) In Caueasin as
compared with Japanese males the weght of beard grown per day was
considerably greater and peik vilues were ittamed carlier in hfe
Among females too facral hirsutism tended to be much less m Japanese
than in Caucasins  No mstance of facial hirsutism was obsened 1n a
survey of 333 Japanese females 5 to 83 years of 1ge which contrasts
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sharply with the meidence of 10 to 28% observed mn white females by
Trotter and Danforth (1922) Pedersen (1942), and Dupre and Duflos
(1902) Other differences presumably genetic have heen reported
prestously (Trotter 1942) i that the thickness and length of mdividual
hars of cheek and lip are greater in white than m Negro females

In each age group of males the standard deviation (SD ) of ralues
from the mean (shown graphically as vertical lines m Fig 1) andicates
a large degree of vanition among subjects of the same age and ethnic
group Waide vanition from individual to mdividual 1s charactenstic not
only of the beard but of all ten secondary sex characters and traits
which we have mvestigited for possible use as endocnme indicators
That genetic factors are responsible for much of this vanation 1s strongly
suggested by the greater concordance of values m identical twins than
1 fraternal twns or m less closely related males of comparable age

Data i the following paragraphs indicate that the divergence be
tween Caucasian and Japanese males m weight of beard grown per
day nses i large part from differences mn the size of area with coarse
hairs and m the number of such hairs m these regions The dispanty
n beurd weight between these two groups of males 1s not attributable
to differences mn the breadth of mature hairs

b Area of face and nech with coarse beard harrs (Fig 2) and the
number of coarse hairs per sqtare centimeter of a standardi.ed region
of the cheek (Fig 3) Both the area covered by course haus nd the
number of such structures per square centimeter of 1 standardized
region of the check were significantly greater (P <0001) i Caucasian
than in Japanese males as nalyzed for all subjects 30 to 70 years of age

¢ Breadth of coarse hawrs i randomly sampled shauvings of all arcas
with coarse beard has (Fig 4) The mean diameter of beard hairs
and of those component parts of the hars which were studied was
comparble n Caucasin and Japanese mnles after 25 years of age
Between 15 and 24 years of nge the breadth of hmrs was sigmficantly
greater (P = 0001) in Caucasiwns than n Japanese presumably as
sociated wath an earker age of attamment of peak values for beard as
mesured by various methods

d  Percentage of gray haws (Fig 5) ‘The mcidence of this en
tenion of agemng 1mong coarse hairs of the beard was significantly higher
(P <0001) i Cnucasians than in Japancse of all ages This was evi
dent not only 1 mean values (Fig 5} but also m the medians for cach
decade

Mewm (Fig 5) and medimn salues for the 70-79 year old group of
Japinese were low m companson with those of younger and older sub
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2 Mean surface area covered by coarse beard hairs in males  Studies

of Japanese subjcts were himuted to the fourth through the eighth decades
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BREADTH OF BEARD HAIRS 4
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entire bearded area 1 males

= B
& 8 8 S

3

PERCINTAGE OF GRAY HAIRS
IN BEARD

0+ ey
AGE YEARS O ﬁv__}l) 4 % © n ® 0w
foCASMNS BT B 15 7 5 B u oW
MOMPANESE B BB 2 2 B 15 M s

Fic 5 Mean percentage of gray hairs in beard shavings of mafes
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Jects, but the peculiarity of this or any one age group was not responsible
for the lower incidence of grayness i Japanese than in Caucasins, n
calcuhtions that omut all subjects in the eighth decide in both ethmic
groups, there was still a sigmficantly ligher erdence of grayness i
Caucasian than 1n Japanese beards, as tested m subjects from the
fourth to the ninth decades (P <0001)

B Axidlary Har

1 Comparisons of Twms and Less Closcly Related Subjects

Studies were made of 17 purs of MZ twins and 10 purs of DZ twins,
and members of 36 families

In general the sumlanty in values for wesght of hairs grown per day
among genctically related subjects was less for aullary harr than for
bewrd  Nonetheless, mtrapar differences 1n mcasurements of aullary
hairs were significantly Jess mn wdentical twns than m more distantly

240
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Fic 8 Mean weight of fully grown mass of hairs in right aulla of males
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related subjeets with regard to configuration of the hawry area, weight of
hair grown per day, and certain microscopic measurements

2 Comp s of C and Jap Males and Females at Suc-
cessive Ages® n Randomly Sel 1 Popul

8 Weight of fully groun mass of hawrs i nght avilla (Figs. 6 and 7)
and midligrams of hawr groun per day i right axilla (Figs 8 and 9)
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Fie 7 Mean wesght of fully grown mass of haws mn nght axilla of females

Data from these two types of measurement showed the same trends
and are not discussed separately

Shavings were substantially heavier 11 Caucasians than 1 Japanese
The difference between these ethme groups was more pronounced 1n
females than 1n males The ratio between the two ethme groups at the
age of peak values was 4 11n females and 2 1 1n males  Growth of axil

2 Axllary hair is present mn males and femalos of all ethme groups so that
its progressne and tetrogressive changes may be compared m both sexes of various
populabions  Values for the weight of hmr grown per day show closely smilar
trends to those observed with studies of the full grown mass of hawr and may be
substituted f cosmetic practices prevent study of the fully grown mass of hair
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lary hais contmued for several yeurs after the menopause m many of
the Caucasian women but 1n very few of the Japanese women

As tested 1 males the dispanity between the ethnic groups in weight
of hair grown per day was not as great for axilliry hair as for beard

In both sexes the values reached 1 peak i the third decade and
declined steadily thereafter In femnles, as contristed with males
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Fic 8 Mean weiglt of hars grown per diy in nght adlla of males for
whom dita are presented m Fig 6

growth of aullany hurs tended to begmn at 2 shightly eurher age (com
pare Figs 8 and 9) peak values were substannally Iess (compare Figs
6 and 7} and the deerese by the sixth decrde was much more marked
(compare Figs 8 and 9) Presumibly the earher growth of these hurs
1n females than 1 males 1s duc to ¢ irher maturation whercs the more
marked decrese in Hiter deeades m females 1s asenbable to the abrupt
and drastic dechne 1n gonadal secretions n the female sex

b MNumber of hairs in shatings of fully proun mass of hais in right
anlla In compnison with Japinese Cavcasians had considcrably buger
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numbers of hairs at all ages (Figs 10 and 11} At most ages the ratios
were 2 1 or more At the age for the menopause or later the dispanty
between Caucasians and Japanese was greater m females than in males
In both ethme groups the mean values for menopausal women werc
considerably igher than the medians, since the presence of large num-
bers of bairs 1n & few women weighted the averages unduly
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Fic 9 Mean weight of haws grown per day in nght aulls of fomales for
whom data are presented m g 7

In males and females of both ethme groups, peak values were at-
tamed in the years following sexual maturation and the number of hurs
decreased progressively and substanttally thereafter (Figs 10 and 11)

The age cunves for number of hairs approximated those for the
weight of hars 1n males (compare Figs 10 and 6) The relationship
between valves for werght of the fully grown mass and the number of
its constituent hairs was close i males and females of both ethme
groups, for esample, the coeficents of correlation were -£0924
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(P <0001) n Japanese males and 4-0941 (P <0001) i Japanesc
femnles

¢ VMecan length and breadth of the 3 longest hawrs m shauings of
the full grown mass of haws i the nght anlla (Figs 12-15 These
hairs were longer (P <0001) 1 Caucisian than m Japanese as tested
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between 20 and 89 veuws of age These differences were apparent at
all agps (exceph for fomales w the second wod thand deads of bic),

As tested between 20 1nd 89 vears of age the hurs were iho sig
nificnth, (P <0001) broidcr 1in Cersiin than an Jipanese females
but the breadth was greater (P <0001) in Japnese than i Caucrstin
miles

d  Calculated mean wci ht of indiidual axdlary hairs (Figs 16
and 17)  The cilculited mewn weight per avillig hur was estunated
for each subject by dniding the waght of the fully grown mass Iy the
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number of its constituent hawrs This caleulation 1s wfluenced by the
fact that the haurs at the periphery of the axilla are smaller, appear later,
and disappear earher than the Inrger hairs mn the center of the axlla
Obviously, changes with age 1n values for the calculated mean weight
per hair are n some part a refl of duff m the

of the population of hairs

1400
FEMALES
1200
10004

800

NUMBER OF HAIRS N AXILLA
o
3
3

AGE YEARS

M CAUCASNS B TGE 5 13 1 9 1 0 N 2
G

YOMPANESE A6 T S 20 2 22 M 8 44

Fic 11 \fean number of hars 1n nght axlla of females Because of cosmetic
practices fully grown masses of hairs were not made avadable by many of the
Caucasian females Probably as a result of the hmited numbes of subjects none
of the Caucasian females in the fourth decade had counts as low as those i some
subjects at all other ages Therefare the occurtence of peak values 1 the fourth
decade (wnstead of 1n the third decade as observed i other types of measurements
wath larger groups of females) 15 considered to be spunous

In males betw een 20 and 59 years of age the calculated mean weight
for individual hares was significantly lower (P == 001} n Caucasians
than 1 Japanese In females (Fig 17) the curve of means was not
markedly dissimlar for the two ethmic groups until the age of the
menopause after which many Japanese women lost all axillar hair
a status which was recorded as a zero value

It 15 concluded that the greater weight of aallary hair shavings n
Caucasians than m Japanese 15 due more to 2 markedly larger number
of coarse hayrs than to smaller cimenstons and weight of the individual
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of hairs in the nght axilla of fomales The Jow curse of means for old Japance
women is duc to the fact that many Jpancse females lost afl axillary Doies after
the menopause, a status recorded as zero
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couse hairs A simlr concluston was drwn from studies of the waght
and breadth of beard hairs 1 males of these two ethnic groups

e Percentage of gray hawrs In Caucwstan, s compared with
Japanese males (Fig 18), graying tended to occur erher and to a
greater extent (P = 002, as tested 1n subjects 40 and 89 years of age)
The extent of the dispanty between the ethnic groups 1s shown much
more clewrly 1 median than 1 mean values since the latter e dis
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Fic 16 Cakulated mean werght per mdnsdual 1air of te nglt avila of
makes

torted by data for 3 Japnese men who were extraordmanly griy even
graver than any of the Crcistain men of comprrible age

n Cwicasian females (Fig 19) 4 small percentage of the hairs wert
grov an the 6ifth and sivth decades of hfe wherers Al hurs were bk
1n Japinese females In women 60 or more vears of ige the compinson
of ethnic groups was imitcd by the absencc of avillary hurs i 196 of
the 200 Japancse subjects Excn i the § older Japinese women who
did have aullry haws the number of hars was so small that the
represuntatieness of the dats for grayness is quostiomble Wath these
rescnations m mind it may be stited that mew and mediin values for
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the maidence of grayness tended to be higher m Caucasian than i
Japanese females

Among Caucasians sex differences in grayness were apparent after
the sith decade The females were sigmificantly grayer (P = 001)
than males as tested i 89 subjects 60 to 89 years of 1ge {compare
Figs 18 and 19) In the Japanese the studies of sex differences in the
graying of axillary haws was handicapped by the great reduchion m
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z: o] L
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£5 1
2z H
5 <
2
5% o
3z
g o
=
£ 020
o
AE YEARS
NO_CAUCASIANS

Fic 17 Caleulated mean weight per ndividual har of the nght aulla of
females The curve of means for the older Japanese females 15 low because many
of these women lost all axllary haus after the menopause and ther values were
recorded as gero

number of hars that occurred n females after the menopause as well
as by the fact that grayness was considerably less frequent m axllry
than 1w beard hans {compre Figs § and 18)

{  Other measurcments Studies of axillary haus by several tech
niques mcludmg those for the area covered by coarse hairs and the
number of hanks per umt length of hair are incomplete but the data
obtaned thus far confirm the findings with other techmques to the
effect that the sequence of retrogressive changes with advancing age
“as 1n some regrds the reverse of the order observed upon sewual
maturation  The forms of 1trophy associated with aging occurred more
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women aftcr the menopause and no values for gray hafts were recorded in thes
subjects
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extensively and with greater rapidity after removal of the testes and
are considered m the section pertaming to eunuchs

C Acq of Common Baldness of the Scalp and the Development
of Coarse Hairs on the External Ears

Brief reference may be made to differences between Caucasian and
Mongohan populations 1 other matters mvelving pilosebaceous ap-
paratus With ageing, one or both of the pilary states of common bald
ness and auricular hirsutism appear 1n some men and progress to various
degrees (Hamulton, 1946, 1951b), whereas m females, balduess 15 un-
common (Hamlton, 1951b) and coirse aunicular hawrs are never present
under normal conditions (Hamilton, 1946)

In males advanced degrees of common bildness are more frequent
and develop at an earlier age m Caucasian than i Mongolian popula-
tions Coarse harrs on the external ears are more numerous and larger
m C. than in Mongolian males (Harml 1946}

A somewhat analog duff Iving the pil ap-
paratus 15 the higher ncidence of advanced stages of the pathologic
state, acne  Severe acne 1s more frequent 1n both male and female
Caucastans than m Japanese of comparable sex and age Dietary dif-
ferences cannot be excluded as a compheatng factor but are 1n them
selves not a complete explanation, since the disparity m values between
Caucastans and Japanese was greater 1n the female than m the male
8ex, as was also the case m growth of anllary and beard hairs

In brief, extensive development of these three maleselecting traits
Is more common, and occurs at an earher age m Caucasians than m
Jﬂpanese

L

D Studies of Caucasan Eunuchs
The eunuchs under imvestigation were inmates of a home for the
feeble minded In many feeble minded subjects, quite apart from those
Who have also undergone gonadectomy, values for many traits used

as endocrine ind tend to be sigmificantly lower than 1 males of
pormal mentality This 15 tlustrated 1n Fig 20 by data for weight of
beard  After acknowled t of this ph 1t may be noted

that, even n the feeble minded castration resulted m a further sig-
mficant decrease 1 w eight of beard grown per day, n area covered by
“;1“51? hairs, and 1n number of such haws per square centimeter of
cheel
1 Influence of Age of the Subject at Castration

The beard grew but httle 1n subjects operated before 16 years of
age and tended to be progressnely heavier the longer the interval be-

—
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theen sexual maturation and the age at castration (Fig 21) When
orchiectomy was delayed until 21 or more years of age, the beard
weights were considerably hugher than m subjects castrated by 20 yewus
of age (Fig 22), values remamed Tugher throughout hfe m the late

than m the early operated group (Fig 20) The heaviest weights of
beard were observed m men who had not been castrated untl 30 or

more years old (Fig 22)

45
40
35
30
25 N
20 L

15

WEIGHT OF BEARD MG PER 24 uR

AGE YEARS 0 10 20 30 40 S0 60 70 80

NORMAL_CONTROLS BT B B W 4 ¥
MENTALLY DEFECTIVE ——
INTACT 268 2 28 9 7 -
CASTRATED AFIERAGE20 1 12 16 13 7 —
— —
CASTRATED BY AGE 20 7T a5 T ——

Fic 20 Mean weight of beard grown per diy by eunuchs  Note the pir
ticularly poor beard growth i males castrated at or before 20 years of age ¢
pror to edensne development of the beard As a result of orchiectomy growth
was reduced even in the feeble minded 2 group with subnarmal values before
castrabon as shown by data for intact feeble minded males vy those for males of
normal mentahty  The list pomnt on the curve of averages for cunuchy castrated
after 20 years of age 1s exceptionally hugh bectuse many of the subycts mn this
age group had been castrated at a late age when they had develaped ¢stensive

beards
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Prolongation of the time between sexual maturatton and castration
also resulted 1n sustaned mcrements for breadth of coarse beard hairs
(Figs 22 and 23) Deferment of castrihion after 29 years of age how
ever produced Lttle further augmentation of breadth beyond that ob
tamed with postponement of operation untll this age (Fig 22) Thus
the heavier werght of beard observed when the operation had been
delayed after the thud decade 1s attnibutable only in small part to

i

404

o«
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<
«
5
& 304
©
=
2
= 20
]
S
= 104
AL
o . 'Y]I[. l'n | 3
10 20 30 40 50 60

AGE AT CASTRATION
Fic 21 Incretse in weiglt of beard grown per day with prolongation of the
interval between sexual maturation and castration Tl curve of means smoothed
through the platted pomts by the method of least squares 1s based upon data for
108 eunuchs Vertical 1nes which termmate mn hnobs represent the average for
o or more s bjects of the same age

Sreater breadth of the coarse hars (Fg 22) presumably an mcrease
the number of coarse hatrs 15 the chief factor

The tnerease 1n breadth of hars upon extension of the mterval be
tween maturation and castration (Fig 23) was due to greater breadth
mot only of the cortex and cuticle but also of the medulla In absolute
Values the increase i diameter was tbott the same n the medully
s m the rest of the hair

2 Influence of the Interval Since Castration
Zero order correlitions of data for 31 men who had been gonadec
tomized by 20 years of age suggested (P = 004) that the breadth
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of coarse beard hairs increased with agemg of these men while they
were In a castrate state The statistical procedure of partial correlations
also mdicated that the breadth of haws mcreased (P = 0006) during
the castrate state However, the weight of the beard grown per day did

not increase sigmficantly with ageing of these eunuchs while they were
1 a castrate state

MD-}

120

1004

®
S
i

@
<
I

A
=1
1

BREADTH OF BEARD HAIRS,

~
S
1

L1 T 1
10 20 30 40 50
AGE AT CASTRATION
Fic 23 Increase m breadth of coarse beard haws with prolongation of the
Interval between sexu1l maturation and castraton Data and smoothed curve of
2verages are for 41 eunuchs Consult legend of Fig 21 for details

It would appear that beard hawrs have an inherent tendency to be
come somewhat coarse with age even 1 the absence of gonadal secre
tions and 1n spite of a known decline m the 17-ketosterords denved from
extragonadal sources Urnary titers of 17 Letosteroids were subnormal
i the young eunuchs and further reduced 1n older eunuchs Moreover,
values for unnary 17 hydroxycorticosteroids were found to be similar
n castrate and intict men Thus assessment of adrenocortical function
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by both methods of assay provides strong evidence that steroids derived
from extragonadal sources did not exceed normal values and thereforc
were not responsible for the mcreasing coarseness of beard hairs with
advaneing age

The merese with age m thickness of facial hurs 1n eunuchs 15 1n
Leepmg with a similar phenomenon observed 1n young and middle aged
women (Trotter, 1942) We have previously demonstrated a statistically
sigmificant tendency to an increase with age i the thickness of another
mtegumental appendage, the nail (Humlton et al, 1955) This 1s not
a unversal praperty of integumental appendages, however, since there

115 a decrease wath age i thickness of haws of the scalp (Wynkoop,
929)

3 Arca of Face and Neck with Coarse Beard Hairs and the Number
of Goarse Hars Per Square Centimeler of a Standardized Region of
Cheek

Values were markedly low 1n eunuchs, particulrly 1n those orchiec-
tomized by 20 years of age

After castration of adult men, retention of coarse beard hars tends
to be greatest in regions where hasr develops imtially (Danforth, 1925)
upon sexual maturation These sites are the upper Lip, especally 1its
lateral porhions, the center of the chin and the skin 1mmedsately antenior
to the ears

‘; )Obscrumons of the Same Eunuchs Before and After Castration (Fig
24

It was possible to study a few males before and after castration Since
such subjects serve as their own controls, varation 1s not introduced
by companison of data for different groups of mdividuals

These studies provide further evidence that, after eastration, some
of the late sequelze of sexual maturation tend to regress eather than
Phenomena that appear soon after puberty The weight of beard grown
per day, maumal values for which are not attamed until the fourth
decade of life (Fig 1), decreases more readily than the mean breadth
of coarse hairs (Fig 24) for which values are Ingh by the third decade
of Lfe (Fig 4) Some of the late sequelae of sexual maturation dis-
Appear entirely after castration such as'the growth of coarse haws m re-
glons at a distance from the primary centers of har growth

Orchiectomy exerts somewhat parallel effects upon grow th of axillary
hairs 1t 15 known ( Crampton, 1908, Danforth, 1925, Greulich et al,
1942) that upon sevual maturation hairs develop first 1n the central
Portions of the awlla and later at the periphery  these haws also
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acquire pigmentation before they become kinky  Following gonadec-
tomy 1n 1dults the size of the hun 1ren 1s reduced centripetally and
the hurs that remun tend to lose their kinkiness while they retun some
pigmentation

I Discussion

A Interpretation of the Obseriation that Graying of the Beard and
Axllary Hawr Oceurs Earlier in Caucasian than w Japanese Males

The graying of hurs 1s commonly regrded as an mdex of ageng
What 1s responsible for earher graymg of the bewrd and aulliy hur
s Crwceasian than i Japanese males® Possible factors mclude differ
ences m the size of haurs methodol Tifficul m distingmshing
which haurs are gray the effect of the il degree of pigmentition
upon rate of graying differences of 1 genetic mature and nongenetic
mfluences upon rates of agemng such 1s abesity

The drmeter of hairs which 1s commonly clumed (Terid: 1936)
to bear a reltionship to graying 1s not responsible for the differences
obsersed between ethme groups in the present study  As tested in men
30 or more vears of age the mean breadth of hars was greater
Caucastans than i Japinese for beard whereas the opposite was the
case for vallay hur

The corse hars were umformly blick i the Japanese wherets in
Caucastans thev were of various hues nd usually highter 1n color Dif
Bculties i distingwishing the hairs which are gray do not scem to be
1 mayor source of error however since the omession of data for Caversi
ans with blond hurs did not alter the mnaidence of graving obsened m
the entre group of subjects

Subjective errors in determing swhich haws were gru do not
appear to have been consequential perhaps partly becsce decrstons
were made under standardized hghting and by the same two persons

The relability of the evluations was tested in trnpheate studies of
the same shassngs of beard from 13 males with 1 ringe of 19 to 88 vewrs
Periods of seseral months 1ntenyened between each of the three examinl
tions The triplhcate values were m good agreement with 1 mean co
efficsent » imnon of 10¢

The earlier graying of har in Ciucasian than in Japanese men might
be interpreted as another frcet of the phenomenon evident i many
of the datn reported in this communication to wit a tendencs to
greater derelopment i Crucasians than in Japnese of mam secondry
sex differences  Terad: (1956) has shown that in Japanest subjects
graying of the hawrs 1n mamy bodihy sites occurs carbier i mades than
m females
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We have observed considerable sumilanty between wdentical twins in
graying of the hur  Familinl tendencres to graying are common knowl
edge It seems wisest to consider, tentatwvely, that genetic factors are
responsible for the differences i graymng between the ethmc groups,
but the present datz do not el 1 infl such as
obesity that might affect the rates of agemg

B Factors Regulating Grouth of Haws t Regtans Under Study
1 Beard

That the beard 1s a male secondary sev character 15 attested by the
following facts Under normal conditions 1t achieves full development
only m males It fuls to grow 1n eunuchs castrated prior to puberty,
and undergoes regresston after orcliectamy of mature males Growth
of whishers 15 stimulated by androgenic treatment in eunuchs and old
men (Chieff, 1949)

Despite dependence of the beard upon androgenic stmulation for
gowth and mmuatenance, the present obsenations of ethnic groups
and twins show that genetic factors eert a mnjor degree of control
aver the extent of beard growth An estensive beard owes far more
1o genetic predisposition, abetted by age (and possibly by prolongation
of the pertod of androgenic stmulation) than 1t dees to quantities of
androgens an earculation that are 1 excess of those i the mature man
with 2 sparse beard This almost tnggerhke action of physwologie
Quantities of androgens is sumilar to the sitnation demonstsited m ewher
studies of baldness and acne (Hamilton 1941, 1942, 1951b),
vammely, the promotion by androgens of phenomena the very occurrence
and extent of which are controlled by genetic ageing and other factors *

The interselations of endocrme, hereditary and agemg factors ob
sened 1n studies of the beard seem relevant to coarsemng of hurs 1
many other regions such as eycbrow nasal vestibule, externil ear,
n é“ﬁf 1 most of the body with the exception of the scalp, avlly, wnd
Dubis
2 Asillary Hair

Coarse aullary hurs are sccondary sex characters since they appear
ooly upon sevual maturation fail to grow m men castrated prior to
Puberty, and are not muntained exther i number or m 3 fully desveloped
State wath ad. g age or after of adults (Hmiton 1951a)

3 There are disstmilarities as well as similarittes in the Factors which regulate
e pliy states of beardedness and baldncsy as shown by their differential
weidence 't males and by dif in the porm: of the condh once
stablished
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In maturing boys awllary hajrs appear first 15 2 central tuft that
comes later to extend centrifugally The hairs begin as fine silky struc
tures then acquire prgment and finally become hinky (Crimpton
1908) these steplike stiges are 1ssociated with mcrements i titers of
unnary wndrogens (Greulich et al 1942) Ths sequence of changes in
rallary hr at puberty tends to be reversed with ngeing or etstration
The hurs ful to be replaced espeenlly around the penphery of the
tuft and many of the remunmng hurs decreise in hinkiness thickness
length and somcwhat n pigmentation  Retrogressne chinges after
castration occur more rapidly than those which accompany agemg the
trophy 1s also more extensive 1 eunuchs thin in intact subjects until
the Intter reich very old age

The atrophy of vuallary hars with ageing may be presumed to relite
i part to 2 body wide loss of cells (O Leiry 1952) and 1n part to the
known slhchening of gontdal sceretions (Hrmburger 1948 Hamburges
et al 1945 Humlton et ol 1948 1954) The mean age cunve (Fig 6)
for werght of wllry hair m Crucistin males corresponds to the mein
age cun e for titers of urmary aindrogens 1n these men (IHamburger et al
1945 Hamulton et al 1954) But in indi1dual subjects the rehitionship
of aullary hair growth to titers of uriniry androgens 1nd hetosterords
1s poor perhaps beeause of genetic dufferences 1 the extent to which
willary hurs grow 1o response to stimul ton

3 Uscfulness of Quantitative Measurements of Beard and Axillary Har
i1 Stucies of Endocrine Genetie and Agemng Processes

Mesurements of beird and axillary hurs ean serve s assyy pro
ced mres  Growth of the beard is chiefls an mdctor of maleness wherers
valliy hur 1s stmulated by estrogens as well as androgens  Under
ordinary crreumstances rowth of hur in both of these regions 15 al
most completely dependent upon testieular and ovarran secrctions

Growth of the bewrd and aalliry hurs ke growth of the comb
n fowl sums up responsiveness of the orgimsm s well as the symula
tion provided In our studics of other secondary scx charieters nd
argns and of sev selectne pathologic traits the responsneness both
of tuget organs wnd the orgamsm was found to be of great smportance
(Hamlton 1941 1942) a simlar phenomenon has been reported in
wmmals (Emmens 1939 Gardner 1933)

Beard ind axdliny hur the growth of which is ¢ summated response
to several factors provide useful tools 1n genctic and gerontologte
studies Component Factors can be vaned separately  for example the
influence of varous degrees of genetic predisposition can be anbvzed
by studies of twins ind other siblings Mantpuhition of certam environ



REGULATION OF HATR GROWTH 4329

mental factors 15 also possible For mstance, males of Japancse ancestry
who Ived 1n New York City and ate American diets had values for
beard and awllary har similar to those i men of comparable age who
Inved i Tohyo and adhered to Japanese modes of diet (Hamulton et al,
1938) 1t ean be concluded that geographie, climatic, and dietary fac-
tors are of no major etiologic importance 1 the lesser growth of beard
and aullary hair i Japanese than in Caucasians

C  Spectrum Extending from Tend: to Highly Developed Sec-

P

ondary Sex Ch to Certain Pathol. States, Raprd Ageing and

<
High Mortality Rates

Values for the beard, and those for any endocrine mdicator studied
thus far, do not assess all aspects of maleness and do not correlate
closely with data for one another Indeed, the responsiveness of differ-
ent endocrine indicators may alter 1n opposite directions upon ageing
The beard 15 slow to develop but well mamtained i old men despite
4 demonstrated dechne n testicular secretions In contrst, values for
axillary haur, or for acd phosphatase m prostatic exprumate (Rark, 1952)
attam a peak more quickly after sexual maturation and undergo retro
gression after young adulthood, these changes conform more closely
than 1n the case of the beard, first with the flow and then with the ebb
of gonadal secretions

The respective roles played by vartous factors in the regulation of
beard growth, and of other endocrine imdicators, suggest prciples
which desenve eval of their applicability to pathologic
states volving pilosebaceous and other structures It must be fully
apprecrated, however, that many sccondary sex characters, as well as
sex selective pathologic states, exhibit considerable specificity m re-
Sponsiveness, age at development, and manner of regulation

With the above comments 1n mind 1t 15 of wterest (a) that pre
Pubertally castrated males develop nerther secondary sex characters,
such as beard and axillary harr, nor the pathologic states of common
baldness and acne to which males are particularly susceptible, (b) that
In intact males the Japnese, as compared with Caucasiwns, tend to
lesser growth of these same secondiry sex characters, to a lower mnci
dence of severe forms of common b1ildness and acne to slower agemng as
mdicated by retamned pigmentation of haurs, and to lower mortality rates

US Bureau of Census, 1935), and (c) that also m females the Ja-

Panese, as contrasted with Caucisians, exhuibit lesser growth of facial
and axllary haur, fewer mstances of severe acne, and lower mortality
fates (US Bureau of Census, 1955)

1 the modes of regul of dary sex ch are partilly
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analogous to those of the highly important sex selective pathologic
states, the specifictties exiubited by these characters and ther com-
ponent parts deserve study with regard not only to their nature but alsa
to ther degree of plasticaty, changes with age, and responsneness to
environmental factors  As an illustration, beard growth i itact sub-
jects, once established, persists as do the male form of gemtahn and
the pattern of baldness of the scilp The deyelopment of male gemtalia
15 mduced prenitally by testicular secretions in mammals (Burns, 1955,
Jost, 1953) and requires a plashaty of embryome structures that dis-
appears i hiter e Baldness of the scalp represents the other extreme,
a condition more readily eheitable with advancing postnatal age It
may be expected that various combinations of factors will be operative
i different entities, and to varymng degrees at different ages and that
these factors will include Al anfl such as

and stress

IV Suntaramy

Techniques have been formulated to provide repeitable quantitatine
measurements of hurs and their rate of growth n certun regions of the
body ath these methods data have been obtuned for each sex
throughout the hfespan i Caucasimn and Japanese populations The
standards constructed from these values can serve to assess some aspects
of physiologic age, lo study endocrme status, and to gun further
understanding of the nature and interdependence of endocnine, ageng,
genetre, em 1, and other latory factors

Beurd growth, m Caucasin as compared with Japinese males, was
found to be considerably greater and peak values were attamed earher
m ke Tius was shown by measurements of weight of hur grown per
dav and was ssocrtted wath higher values tn Cauetsins for the area
of shin with coarse hars and for the number of such hatrs per square
centimcter of 4 standardized region of the check The breadth of -
desidul coarse hurs was simtlar 1n the two cthme groups  In pasallel
with the lesser growth of beard 1n Japanese than 1 Caucasimn males, no
mstance of factil hirsutism was found in a large sentes of Japanese
females whereas a lugh merdence 1s reported for Caucastin women

Growth of aullwy hur was alo more pronounced i Cucasiing
than 1 Jipanese of comparable age, as tested separately for each sex
The dispanty 1n values between the two ethnic groups was even greater
1 femiles thin in males

These data for beard and aullary brur ase in heeping wath a greater
tendency an the part of mles of Caucasian than of Mongohm popufi-
tions, ta certan other changes in integumental appendages, such as
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the dex elopment of coarse huurs on the esternal ears the hngher mcidence
of extensive baldness of the scalp and the greater frequency of severe
acne

Graying of the beard and of wxllary hair occurred earlier in Caucasi
an than 1n Japanese males

Studies of eunuchs showed that secondary sex characters and certun
sex differing pathologic states farl to develop 1n men who do not mature
sevually These tratts and states once fully developed differ in the
degree to which their mamtcnance depends upon continued secretions
of the testes In decreasing order of dependence are aullary hur beard
and common baldness

Although the traits under consideration are ordinanly dependent
upon gonadal secretions for development and mn some instances for
mamtenance the requistte endocrine stimulation tends to act somewhnt
n a triggethhe fashion The extent ta which these states develop and
even the occurrence of certain sex selective pathologre states 1s regulated
chiefly by ihentance and agemg Studies of twins ind members of
hrge famhes supplemented by compansons of Caucisians and Japan
ese (mcluding Japanese hving 1n Tokyo vs New York) delineate and
emphasize the large measure of contral everted by genctic factors

Endoerme ndicators of the quintitative type employed in these
studies are thus to be regarded 15 somew hat anilogous to the comb mn
fow] reflecting not only the nature and type of the eustent endocrme
stm ilation but also the vitally importint responsiveness both of target
organs and the total orgamsm

The imterrelations of endocrine hereditary and agemng factors ob
served 1n studies of the beard seem relevant to growth of hairs m many
ather regions such as eycbrow nasal vestibule external ear and in fact
much of the body with the exception of scalp axilla and pubs

The mean age curves for axilliry hair conform more closely than
those for beard to the waxmng and wamng of gonadal secretions as
judged by titers of urmary

Secondary sex charactes male
selecting pathologic states severe
orms of acne There are suggestions that this spectrum may extend
to some of the more lethil male selecting pathologie states Seemungly
there 15 a spectrum wn which tendencies to hughly developed secondary
sex characters merge with tendencies to sex selectne pathologic states
rfapid ageing high mortahty rates and a short duration of life Through
out this spectrum these tendencies are greater m males than in females
this 15 50 1n both Chucasian and Jipnese populations The tendencies
are also greter m Caucasians than m Japanese in compansons either
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between males or between females Furthermore, imtact males outstnp
eunuchs 1n the degree of development of secondary sex characters and
i the meidence of certun pathologic states
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1 InxtrobucTion

In hair follicles, there are certam conditions and processes which
are subject to certain influences and others which are relatively immune
to them Hair growth 1s cychic m terms of each follicle Presumably,
haxr production could be increased by the (1) mhation of a new anagen
m a telogen follicle, the (2) delay or complete prevention of tclogen,
the (3) transformation of a follicle mto one having longer anagen and
shorter telogen phases, the (4) production of new follicles or multiple
follicles, 1 ncrease in the number of hairs per umt area, and the (5)
meretse m the anagen growth rate of a follicle

Taking the above categories mn reverse order, number (5) the n
crerse in growth rate, cannot be achieved to any pronounced degree
The anagen follicle seems to be producing hur at a near maximal rate
Warmer temperatures may increase the rate shghtly (Trotter, 1933),
but this 15 doubtful I there 1s any drnal vanation 1 rate (not found
n the mouse and probably not m man), the lower rate might be abol
1shed  Sem starvation only shightly reduces the rate of growth of an
nlre1dy growing follicle 1n the mouse (Loewenthal, 1956} Tt 15 doubt-
ful 1f any agent can increase sensibly the already extreme rate of mitotic
activity m a follicle

In the cse of number (4), neogenests of follicles 1n a sparsely hared
area can posstbly restore such an arca to a normal population of follicles
(Billingham and Russell 1956) but the production of more than a
normal population 1s not yet possible Muluple follicles, by some -
duction of twinming mught be possible eventually (cf Wilcoxr, 1950,
for clunchillh and Lyne, 1957 for sheep)

¥ The ongnal work of the 1uthor was supported by Amencan Cincer Society
Grant \V-3 US Pubhc Heith Service Grint €592 US A Force Contract
AF.33(616) 2055 and w1s completed while a Special Rescarch Fellow (CF 6187)
of the National Cancer Institute of the US Public Health Service
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In number (3), the transformation of a follcle nto one hwing a
longer anagen relative to its telogen phase would be of considerable
practical and cosmetic value In hereditary pattern baldness m the scalp
of man follicles change from a type with a long anagen to one with a
very short anagen This change can be prevented by castration (Hamil
ton, 1942) but the reverse change has not been achieved VWhen more
1s hnown about the change 1 follicle type, the accumulation of -
Tubttors (Chase, 1935}, or the access to stmulators of anagen, 1t may be
possible to change the follicle back to 1its long anagen behavior

In number (2), delay or complete prevention of telogen 1s not yet
expenimentally feasible Perhaps the normal accumulation of an -
hibitor can be prevented Incid lly, n pattern bald m man, the
transformation to the new type of follicle, seems ta occur at telogen, the
har lost being a club hair If a follicle could be prevented from reach-
mg telogen the transformation might be prevented Folhcles 1 sheep
have infrequent resting phases Angora hairs 1n rabbits have a very
short telogen a stage which may even be bypassed entirely by clipping
(Crary and Sawin, 1953) The prevention of telogen, whether 1t be by
preventing the accumulation of grow th inhibitors or by the muntenince
of unknown stimulators may be practicable when more 1s known of the
dynamues of the cycle of the follicle

II Facrons INrLuencine Ham Growrn

At present the only effective controls of haw growth are related
to the first category, the imtiation of a new anagen 1 a telogen follicle
Several methods are applicable at this point  Chemrcal irmtants are
effective (Rauch, 1932), as are also methylcholanthrene m-benzene
(Chase and Montagna, 1951, Chase, 1954), and probably anything tht
causes extensive epidermal hyperplasia  If about 1500 r of x-ray are
delyered to the skin of the mouse with resting follicles new hurs grow
from these follicles, lower doses are neffectine (Chase, 1938) Tlus
phenomenon also occurs 1 the rabbit (Jolles and Greemng, 1957)

Mechanical wounds cause b h beyond ' edge of the wound
(Argyns, 1933, Chase, 1¢ uve being i terms
of loss of normal homeo, ha . , custs that

stimuliwting metabolites ' d

Plucking 15 the most 5 mitiating
new growth frorr , Chase,
1949, 1954) T 3 Tullas,
cats, and cver® are
antermingled from

, but

the capsule,
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equally effective 15 the situation wheremn the hair breaks off just above
the club In this case, however, the club, although remaining for a time,
15 Ioosened and falls out with the next growth of har In the mouse 2
club from which the hair has not been plucked can remam embedded
even after several generations of spontaneous hair cycles have occurred
The simlanty between experimental sloughing of epidermal corneum
(Pmkus, 1952) and plucking of club hurs m terms of induced mitotic
actmity 1s striling and may be explained by loss of the normal whibitors
m the homeostatic systems (Chase, 1955, 1958) There 15 evidence that
vigorous groommg 1e, pullmg the haws but just short of dislodgmg
or breakmg them 1s effective sometimes mn imittating anagen m the
mouse  Vigorous massaging of the mouse shin, sufficient to produce
erythema does not imitiate growth 1 the resting follicles

Factors influencing hair loss must also be considered m relation to
the hair cycle The falling out of a growmg hair 1s a different process
from the falling out of a resting club harr In the former case there will
be an effect on the rapudly dividing cells of the matrnix of the bulb In
the latter, there will be an effect on the mutotically mactive cells of
the capsule and anchoring club A single panting of 06% methyl-
holantt mb , for does not affect the growmng hair
follcle but causes depilation of resting hair by damaging the capsule
(Chase and Montagna, 1951) Tlus “damage” results i mrtotic activity
of the external sheath and capsule and consequently a new hawr growth
Freezng (Taylor, 1949), severe heat, actd, 1n fact probably any severe
trertment which damages the matrx of a growing follicle, causes the
harr to stop growing, and with no club formed deplation ensues Com
parable treatments to resting follicles do not cause depilation unless
the treatments also cause severe erosion of the skin, or mitotic activity
to occur in the capsule and external sheath

Although cutting or shaving, without pulling has no effect on the
har cyele, dekenhmzmg depilatory agents, such as barum sulfide, do
ave an effect. There 1s no effect on a growng folhele except the loss
of the Keratimzed hair, but on a resting follicle 1t has the same effect
as pluching

lontzing radiations well illustrate the difference between the epila
tion responses of growing and of resting folhicles An xray dose of
400 r causes temporary epilation at 4 days i growing follicles of muce
(Chase, 1949, Argyns and Chase, 1956) through a disorganization of
the vital structure of the bulb (Fig 1) A dose of about 1500 r 1s
necessary to epilate a resting follicle 13-21 days after treatment ( Argy-
us, 1854)  Some follicles become permanently unable to produce a
harr at doses of about 2000 r and higher (Chase, 1949 Geary 1952),
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but some of them are stll competent although greath delyed even
after 5000 r Damage to early anigen or “embrome” follicles 1s par
ticularly devastiting nd although permanent epilition 1s not always
the consequence the time for restoration of a competent follicle 15
decidedly long  Strauss ¢t al (1934) have suceceded m protecting the
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Tic 1 Unstained scction This growing follicde received 1000 r 4 dns pre
viotsly  Note the disorgantzation of tle Tulb the descent of melmocytes anl tle
lortne keratiized hur produced after frrad abion Magnification X 300

shin of mice igunst \ ryys by making 1t moxic with 1 surgeal elimp
and with mjections of epinephrine  For studics on the effects of < rradin
tion on humtn hur follicles see Halberstaedter (1929) and Montagny
and Chuse (1936)

III - Stanvgamy

In conclusion the phasc of the hur cycle 1t the time of the p
plicition of 1y physical factor 1s very importnt Only onc of the five
possible w wvs of incresing hur growth 1s at present pricticil 1e the
imtintion of 1 new naigen from a telogen follicle W ath more information
on the controlling mechimsms of the hur evcle howeaver it mw be
possible to dcdyy or even prevent the onset of catagen telogen and thus
produce n ever growing or at least angora type hur
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1 InTRODUCTION

Certam chemical agents, 10nizing radntion, and particular illnesses
cause the loss of scalp hair The type and extent of damage that occur
tn the hair root m each wnstance are not known The following account
deseribes some of the morphologrcal changes that have been observed
Certam types of hr loss may be 1dentified on the bass of these changes

I Monrnorocy or NomuaL Ham Roors or Scarp
{Van Scott et al, 1957)

The structural pattern of hair roots can be seen well in hawrs that
are plucked from the scalp, immersed n water, and viewed micro-
scopically by transmutted Light Haurs in anagen, catagen, or telogen
Phases of growth can be easily 1dentnfied The root of an anagen hair 1s
characterized by the typreal structure of its bulb, and the presence of
the dark keratogenous zone immedsately distal to the bulb (Figs 1, 2
Internal and external root sheaths may ether be present and intact,
Partially present, or absent A telogen hair has no keratogenous zone
Its proumat tip 1s club shaped and 15 kerattmzed Neither internal nor
external root sheaths are present, the harr club being surrounded by
the epithelial sac (Fig 2) A catagen har also has a club shaped,

eratinized tip, but 15 distinguished from a telogen hair by the presence
of both an internal and an extemnal root sheath (Fig 2)

Normally, the proportion of anagen hasrs 1n randomly plucked hairs

—

! National Institutes of Health Public Health Serice US Department of
Health Education and Welfare
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of the scalp 15 85-90% of the tota] The range of tlus percentage may
be considerably vared and m1y be as low as 85 i some mdmiduals
and as hugh as 95% 1n others Catagen haws are mirequently found
n the sealp, normally accounting for less than 165 of the total The
lihelihood of extracting a hur i am gnen phase of the grawth cyele

30
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i 1 Roots of minually cxtracted gnagen hawrs of the sealp viewed mtcro-
scopically by trsmitted hght A Root wath sheaths intict A portion of the
comnective tissue hair papils remams attached to the matre portion of the balh
a dreumstimee onks wfrequently found in plucked hurs B Beot of 3 hur
with onb ts ioternal sheath ntict at the bulb € Root of hur with ats antereat
and cxtermaf sheaths twn it the leved of the hcratogenous zone

1s proportion it to the durttion of the cycle concerned  The time r
qured for 1 hur to pass through citagen the transitional phise be
tween amigen and telogen 15 short sn comparison to esther anagen of
tlagen Ilence most hurs of the scalp are found to be anagen and
telogen m tipe
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I Ham Roors ForrowinG METHOTREXATE (AMETHOPTLRIN)

Changes that oceur 1n scalp hair roots have been studied 1n patients
who have recenved thus folic acid antagomst as therapy for neoplastic
diseases (Van Scott et al, 1957) The dose of the drug effecting changes
m the hair root vartes from individual to individual The degree of

Fic 2 Companson of different stages of the growth cycle in roots of haws
©tracted from the sqalp A Hur root in catagen (mvolutional) phase of the
frowth cycle The evternal sheath and mternal sheath are present The bulb,
osever, 15 heratinized and a keratogenous zone cannot be detected B Har
*oot in telogen phase of the growth cycle (club har) The external sheath
temal sheath, and keratogenous zone are absent The keratinized bulb is surrounded
by the epithebal sac  C A group of four hawrs thit had emerged from the shin

rough a common follicular pore The three lower hair roots are wnagen in type,
the upper one 1s telogen 1 type

effect on the harr m a gnen 1 1s further
foute and schedule of admmstration of the drug

Four days followmg a single large miravenous dose of methotrexate
A dumnished diameter of the bulb may be detected anagen hairs

upon the
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extracted from the scalp The degree to which the dimeter 15 dimin
1shed does not however foretell the seventy of changes that may sub
sequently appear 1 the hur shaft Six davs following the single dose
and thereafter a constriction 1 the hair shaft 1s evidence of the previous
msult to the hur bulb (Fig 3) When the drug 1s no Jonger adminis
tered the hur bulb bruptly recovers and resumes producing 1 hus

A 8

Fic 3 Effects of methotrevate (amet! opterin) on anagen 1air roots of the
scalp A Constriction i the shaft of a hair following mcthotrexate B Hair
shaft which has broken off at 1 site of sevete constnction cause] 1y methotrevate

shaft whose diameter 1s again normal The constriction subsequently
moves distally as the hair continues to grow In a gnen pattent the
degree of constriction 1s praportionate to the amotmt of drug recened
I the dosc 15 sufficrently large the degrec of constriction 1s scvere and
the hair shaft may break at the zone of constriction when the haw 1s
pulled or casually manpulated 1s in combing or brushing (Fig 3)
The rate of production of hur docs not appear to be greatly disturbed
so that a focal constriction in the hair shaft occurs following a single
dose of the drug whereas an extended zone of dimumished dimeter
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appears 1 shafts of hair following more prolonged courses of the drug
In no case observed has the njury of the hawr bulb been severe enough
to mterfere permanently with the growth of hawr Weeks to months
following a single dose or short course of the drug, the tune of ad
mustration of the drug may be reestablished by dividing the distance
(0 millimeters) between the site of constnction n the shaft and the
hair bulb by 035 mm  the average normal daily rate of growth of scalp
hair {Myers and Hamulton, 1951, Trotter, 1925)

Marphological changes do not occur m roots of telogen hair mas
much as they are lly, and p bl bolically, at rest

1V Ham Reors ForLowné Iovzine Rapration

In contrast to the reversible effects of methotrexate on the roots of
growing hairs of the scalp, the effect of 1omazing radiation generally 1s
Progressne (Van Scott and Remertson, 1957)

Roots of extracted hawrs frst show detectable alterations 4 days
[OIIO\Vlng radiation of the scalp area i which they were growing The
mittal change consists of thmmng of the har bulb (Fig 4) Melanin
pigment, normally confined to the portion of the hair bulb that gwves
mse to the cortex of the haur, 1s dispersed and may be seen mn the mternal
root sheath The entwe hair bulb undergoes a2 progressive atrophy
d\mng the next few days App! ly one week foll g rad
the hur bulb 15 so disntegrated that 1t no longer remams attached to
the extracted haws At 2-3 weeks followmng radiation the root portion
of extracted haus are tapered, and appear to be entirely keratinized
Neither the internal root sheath nor the external root sheath are ex-
tracted with the harr at this time

The progressive atrophy of the harr root descnbed above occurs in
almost all anagen hair roots that show any visible effects of radmation
The roats of a comparatively few hurs partially recover from the
effects of radiation and continue producing harr  The hawr shaft pro
duced, however, 1s left with a constricted zone stmilar to that followng
methotrexate This type of defect in haurs following radiation was noted
as early as 1906 by Willams

The response of most anagen hays to radiation seems to be pre
domm_mdy an all or none phenomenon The exceptional harr that ap
pears to recover may represent a partial Tesponse to radiation, this, how
ever, 1s not correlated with the dose of radiation On the other hand,
there is a correlation betw een the dose (at least up to 300 r) of radiation
recened by the hair roots and the percentage of anagen hars showing
morphologic changes (Van Scott and Resnertson 1957) The percentage
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of haurs so affected has been found to be directly proportionate to the
dose of radiation and also to the time nterval following rdiation

No morphologic changes have been observed to occur 1n hair roots
following iradiation of neighboring areas of shin or distant parts of
the body

Degeneration of hair roots of the albmo rat following epilating doses
of xrays has been studied histologically by Geary (1952) wha de

.

A ¢ ]

I 4 Cffects of x rays on anagen har roots of the scalp A Appearance
of anagen air root 4-6 days follos ng radiaton Beginning atroply of the 1 1
1s appatent Gran les of melamn prgment are d spersc ] in the suro 1 ng intermil
root steath B Har root 6-8 duvs following radiation  Atroply of tle 1 I s
scvere The kerato enous zone 15 sistble Canl D Hair roots 3 we ks following
ralaton stawing compl t atropts

tected changes 1in the matnic of the hair bulb as soon 1s one day lollow
ing exposure  \Mfontagna and Chase (1956) have descnibed the histo
Togrcal changes occurning 1n the sealp of man followng epilating doses
of xravs These changes are companible to those detectable in manu
ally extracted hurs  They further descnbed an interesting phenomenon
occurnng 1n the connective tissue sheath surrounding the hur root the
witreous membrane  Within the first few dns following radition the
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membrane becomes wrinhled and markedly thickened and remams
50 for several weeks thereafter Normal morphologic appearance of the
membrane 15 regamned 10 to 11 weeks later, at which time the entire
folliele agan appears normal and regrowth of harr occurs

No structural changes are known to occur in telogen hairs following
doses of x rays that cause temporary epilation

V  Ham ROOTs ¥ ALOPECIA AREATA

Changes occurring 1n scalp hur roots m this disease are claded
here for companson with those resulting from methotrexate and 1omzing
raduation

The etiology of alopecta areata 1s unknown Loss of scalp hair begms
either abruptly or gradually, leaving circulr areas of alopecia that may
enlarge to mvolve the entire scalp Hair loss may occur on other parts
of the body, but 15 first apparent and most conspicuous on the scalp

Sabouraud (1929) has called attention to the fact that the hair
follicles n this disease repeatedly attempt to produce harr Roots of
harrs that spontaneously fall out are markedly dimimshed in diameter
and thewr proumal ends arc ponted These are similar to haws 93
weeks following epilating doses of x ray The root portions of plucked
haurs 1n alopecra areata are thinner than normal Therr attenuation may
be exther uniform or markedly wrregular  The bulbs of such haws may
be small, but otherwise appear to be normal, or they may show varymg
degrees of atrophy and distortion These changes resemble those pro-
duced by methotrexate In the latter mnstance, the hair bulb abruptly
Tecovers and resumes producing a normal harr when admimstrahon
of methotrexate 15 discontinued The harr bulb m alopecia areata ap
Pears to be under adverse mnfluences of varying seventy, over an ex-
tended period of time  When remission of the disease occurs, the bulb

pparently pletely, as m the case followmng methotrexate

Hstological observations {Van Scott, 1n press) show that most harr
Toots 1 alopecin areata are n an anagen phase of the growth cycle
The hair roots produce a morphologicilly normal mternal root sheath,
but the har shaft produced 1s d e, and pletely k 1
Such roots m alopecia areata are comparable to those of a particular
stage of early anagen seen normally Tlus stage has been identified
and described 1n the shin of the mouse by Chase et al (1951) who
termed it anagen IV The stage 1s normally transient, and 15 quickly
followed by the production of a fully keratimzed hair of normal di
ameter In alopecit areata the hair bulb appears to be restramed from
proceeding beyond the comparable stage of anagen IV and fails to
produce morphologically normal hair
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VI Ham Roors FoLLowING ILLNEss

Tius type of har loss has been particularly associated with hugh
fevers accompanying mfectious diseases  Abnormalities of the hair that
Pinkus (1917) desenbed m postinfectious hur loss include thinming
of the hur shaft and hur root and loss of pigment m the har The
author has not observed these changes in cises where hair loss has
occurred 1n the absence of infection  Where loss of hair has oecurred
n cancer patients without fever m post partum patients who have not
had fever, and 1n patients who have had igh fevers without apparent
infection the abnormality has consisted only of an increase in the
proportion of telogen haurs

The hind and extent of changes that occur m hur following tllness
scem to depend upon the disease condition nvolved and its severity

VII  CovaeNTs

It seems important to emphasize that only hair roots m the anagen
(proliferative) phase of the growth cycle arc susceptible to the chemicil
and physical influences dealt with in this account Hairs 1n the telogen
(resting) phase of the cycle fail to show any detectable morphologicil
changes following these agents and there 1s no evidence that they fill
out sooner than they normally would The failure of telogen haus to
be affected 1ccounts for the fact that hur Joss following these agents
1s apparent on the sealp alone where most hrurs are 1 anagen The
amount of hair left on the scalp after hair fall has actnely occurred 15
an mdication of the proportion of hurs in telogen at the time of ex
posure Simtlaly httle or no loss of hair 1s apparent on the eyebrow
following these agents since most hairs here are normally m telogen

Responses of the anagen hair root to the mfluences enumerated
herem may be divided into two general types The induction of catt
gen and conversion to telogen 1s one type This transition and con
verston oceurs normally but m man insolves only a small proportion
of the populition of scalp hairs at one time The converston of most
anagen hairs to telogen as may oceur following fevers illness and
pregnancy for example may be regarded as an exaggerated physio
logical response  On the other hand the mnduction of alterations in the
norm1l structure of the anagen hair root as occurs following the other
influences has no normil counterpart and constitutes another tvpe of
response  The defimtne factors operating upon and within the hair
root 1n each case would seem to be different These factors are how
cver largely unknown

The hair root n having phases of metabolic actuvaty and quiescence
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wheremn responsiveness to various influences depends upon the phase
molved, 15 not umque m bological systems The phenomenon may
have apphcability to unsettled questions nvolving reactions of other
hssues i man
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1 INTrODUCTION

Most authories believe that the complement of hair follicles that
3 mammal 1s born with or that 1t acqurres soon after birth 1s not sub
sequently remforced by the production of new follicles (Wolbach
1951 Rawles 1955) The mdividual follicles however are almost
pPhoenidike entities that show alternating phases of activity and
actmity, with “ccompanying gross structural changes duning the hair
growth cycle The purpose of this contnibution 1s to present a critical
review of some of the evidence beinng upon the question of the neo
genesis of har follicles 1n relation to healing wounds 1n adult shin and
' mtact normnl adult shin

As a baseline, a brief account of the changes undergone by a hair
follele durmg tts normal growth cvcle will be presented and this will
be followed by a consideration in some detul of the cipaaty of ex
Penmentally damaged follicles to regenerate from their varous com
Ponents or therr capacity for regulition in the terminology of expen
menta] embryology Information on this latter subject dernes from
Studies on the influence of a vanets of treatments on skin which nclude
the topical application of carcinogens wrachation freezing m situ and
transplantition

451
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II  Cicricar DEGENERATION AND RECENERATION 1N THE NORMAL
FoLucLe

The events underlying the cycheal activity of 1 hur follicle first
worked out by Dry (1926) have subsequently been imestignted in
great detail notablv by Chase (1954t 1935) and by Montagn (1956)
who have related them to cyclical changes n the whole integument
The only epidermal portion of 2 follicle that 1s normally permanent
1s the sebaceous glands and their ducts and the apical put or neck
of the follicle between the openings of these ducts nd the surfice of
the shin

On completion of 1ts growth phase mutotic activity m the matnx of
a follicle cevses and degeneratne changes follow which lead to the
establist of aq follicle g 1 club hur The bulb
and lower portion of the externil root sheith become reduced to a
column of epidermal cells Most of the cells m this column wlich n
clude pigment formmng cells or melinocytes derned from the ongmal
melanocyte population of the now degenerated matrx (Butcher 1951)
degenerate and there 1s 1 great shortening of the follicle so that the en
capsulated club—the Lkerttinized brushlike anchoring base of the hur
shaft—bes just below the level of the sebaceous glhind  The surviving
cells of the hair stem which include melanocytes constitute the “germ”
wluch 1s continuous with the upper external root sheath The dermil
piplln now represented by 1 compact group of small densely stuning
cells sometimes referred to as the papilla “rest” becomes free of its
ltherto almost but not quite complete 1nvestment of eprdermal cells
Only distally does 1t remun 1n contact with the hur germ  The form1
tion of a new hur from the germ and papilla rest 1s essentially a repets
tion of the 1mtinl embryonic process which resulted i the formation of
the first hur from the follicle The persistence of the dermal papslh:
dunng the resting phase and ats partiopation n the formation of the
succeeding hair remained for Jong a controversial question  Hertwig
(1892) w1s of the opinon that a new papilla was formed at each suc
cesston

Apart from the nech region of a follicle the only other permanent
clement from one hur generntion to the next 15 the collagenous connee
tive tissue sheath or dermnl lnsket nround the uppcr purt of !hc fofhcfc

f

from the epidermal cells of the outer root sheath by the Llass) xfm‘m

brane " regarded as a homolog of the b the
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superfictal epidermis  The proximal end of the arrector pih muscle 1s
attached to this sheath This sheath may play an important role 1n the
formation of the club har (Chase and Montagna, 1954), and 15 far
from static, 1t und goes cycheal changes m length, thick and
stammng properties The fact that the hurs which regenerate m a graft
that has been removed, rotated through 180°, and replaced 1n 1ts donor
site, preserve ther ongmal graft specific direction of slope, may be
held to give strong support to the concept that the connectnve tissue
sheaths are permanent structures

Il Tt Reccvemative Capaciry oF EXPERIMENTALLY DANAGED
Fotricres

A Har Regeneration After the Application of Carcinogens

Attempts to appraise the sigmficance of the many studies on the
action of carcinogens on sk are comphcated by the complete neglect
on the part of authors for the existence of hair growth cycles and thewr
wavelike progression over the skin in most rodents (Wolbach 1951,
Chase, 19542) From his own extenswve mvestigations of the effects of
single and of repeated apph of 3,4 benzpyrene and 20 methyl
cholanthrene on murme skin, Wolbach (1951) drew attention to the
differential results obtamed by applymng carcinogens at different stages
of the haw growth cycle Applications during active growth are less
Wjurious than those made duning the resting stage (Andreasen and
Engelbreth Holm 1953) Complete destruction of the sebaceous glands
follows within 4 days of a single panting of mouse skin with 06%

thylcholanthrene 1n b (Simy and Cramer, 1943, 1943),
whereas the superficial epidermis, apparently less susceptible, merely
undergoes hyperplasia Complete regeneration of these glands occurs
from cells of the outer root sheath as soon as there 15 active hair growth
m the follicles (Montagna and Chase, 1950) When har development
IS arrested or delayed, however eg by x irradiation, new sebaceous
glands fail to develop unt:l har development recurs (Chase and Mon-
tagna, 1951)

Complete necrosis of the epidermis and other epithelial structures
occurs within 7 days of a smgle topical appheation to mouse skin of
a 05% solution of 9,10-dimethy! 1,2 benzanthracene in acetone (Orr,
1955) Resurfacing of the lesions takes place by centripetal migration of
epithelum from the shin at the margins  On the basis of careful histo-
Iogical studies of the repawr process, it has been clumed that har
follieles and set glands are d by duffe de
novo from downgrowths of the new superficial epidermis mto the pre-
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eusting dermal bashets of the old follicles if still available (Orr, 1955)
If the treatment destroys the architectural pattern of the superficial
dermis regenerition of the hair follicles and their glands no longer
occurs  Grllmann et al (1955a b) have also championed the cause of
hair neogenesis from their findings on the effects of repeated pamtings
of murine skin with methylcholnthrene This caused an almost com
plete destruction of the hair follicles and sebaceous glnds and damaged
the papillary Inyer of the dermis  They state that durng the epidermal
hyperplasia following this trauma rete pegs invade the dermis and “may
be induced to form new follicles with re epilation if the underlying tissue
can respond by the neogenesis of har papillie  According to them 1f
gross alteration of the dermis has occurred then hur formation ceases
the epidermal downgrowths fuling to form hurs In both of the above
studies n the complete absence of evidence 1s to the fate of the dermal
papillae which very probibly sunied the validity of the clums to
have demonstrated the de noto formttion of har follicles must be
questioned

For some mexplicable reason newuly everyone who has studied ept
dermnl earemogenests m the mouse has used albino stocks  Not only
has thus greatly obscured the sery evstence and progress of hur growth
cycles—in migmented mice the actiaty of the follicles 1s revealed by 2
consprcuous deep sented leaden blue color of the shin mactnaty bemng
ndicited by 1 pinkish white calor—1t has also precluded the possthility
of obtaimng useful information concerning the fate of the melnocytes
nd mrde 1t prectieally impossible to follow the fate of the papillae by
virtue of their accumulation of residual pigment (Dry 1926)

More rclevant to the problem of hur ncogenesis 1s the work of
Silberberg wnd Silberberg (1947) who mude a quintitatne study of
the cffect of reperted applications of 20 methylcholanthrene 1 benzene
on gumnea pgs shin This treatment did not cause necrosis and re
sulted 1 an ncreise mn the number of hur follicles  This increise poscd
the question whethcr 1t merely represented acceleritcd growth and
replicement witlun the same follicls or whether it was indicttn e of
the formation of new foltles The authors hebieved that many of the
epudermal pegs or cords which ipparenth arosc from the superfiern!
epithcum ind which showed small club shaped thickenngs at thar
dermal ends might represent new hurs bemng formed the new dermal
pipilie developing under the ifluence of the epidermal downgronths
Thev suglested that under ordman condittons new papillic do not
devclop i postnitsl e the anfluence of potent growth stimul such
as pahevelie hvdrocarbons bang essential
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B Hair Reg ion After Irrad

Harr folhcles are more susceptible to damage from xirradiition
than the superficial cpidermis the cells of the matrix of the growmng
follicle bemng among the most sensitive elements of the skin to the
damaging effects of 1omzing rachiations The dermal papillte on the
other hand, are relatively resistant (Geary, 1952 Chase 1954b)

Growing follicles are more sensttive to wradiation than resting ones
{Chase and Montagna 1951, Geary, 1952) In the mouse exposure of
a growmng follicle to 300 r causes the hair to fall out within a few days
Its mtrx undergoes degenerative changes and the follicle enters the
resting phase prematurely without the formation of a club har and
without undergomg the usual shortening m length which normally brings
its base almost up to the level of the sebaceous gland Eventually
Shortemng does occur, and then the dermal papilla induces the forma
tion of a new bulb A dosage of 1500 r will cause loss of the hairs and
therr farlure to regenerate on account of damage to the papilla Wath
the more resistant resting follicles a dosage of the order of 1500 r 15
required to cause even a temporary epilation This seems to be caused
by damage or destruction of the p1d 1 responsible_for
anchmmg the club harr (Geary 1952) The melanocytes of the har
germs and matrices are susceptible to x rays their destruction resulting
m the production of depigmented hars Other things being equal for
2 given dosage of radiation destruction of these cells 1s more complete
n 2 resting than 1 an active follicle (Chase 195%a)

Complete necrosis of both the superficial and the follicular eprderms
follows within about 10-20 days of the exposure of mouse skin to a
dosage of 5000 r (Argyns 1954) The lesion 1s made good by mgrowth
of epithelum from the neighboring ! d superficial epiderms
and the external root sheath of follicles

The action of ultraviolet hght on the skin of newborn mice was
vestigated by Lacassagne wnd Laterjet (1946) who found that a dosage
of 1500 finsens caused necrosis of the full thickness of the skin down
to the panmeculus Duning the healing of the lesions the mgrowing
epithelium tended to dip down 1to the underlying connective tissue
Although most of these eptdermal downgrowths degenerated a few so
1t 15 stated found conditions switable for their differentiation nto new
follicles Here as with the expeniments cited on the action of carcmo
gens on shin there 1s no evidence of destruction of the dermal papillae
which may have been responsible for the production of the new hairs




456 R E BILLINGHANM

C  Hawr Regencration After Freezing Shin in Situ

The general conclusion that may be drawn from the work considered
so far, namely that follicles can regenerate completely provided that
the derml papillie survive and eventually make contact with epidermal
cells again s strengthened by Taylors findings (1949) on the action
of mtense local coolng of the skin of rats 1 st He apphed solid
carbon diouide (temperture —79°C) to shin areis beanng prgmented
haws  Although there was a marked differential susceptibihty of the
melnocytes 1n folhcles that were tctive at the time of freezing this
d 1l was not d rable with resting follicles Rapid freczing
of the shin by contact with soltd CO; for 5 seconds caused only tem
porary edemn but resulted in the falure of 1 large number of follicles
to produce hairs and consequently 1 sparser growth m the frozen arey
There was no interruption 1n the actiity of the follicles which sunvived
When contact with the refrgerwnt was extended to 20 scconds how
ever there was complete devitalization of the full thickness of the shin
and of the underlying panmiculus carnosus  Eventually, through under
minng by mgrowing epithelum from the wound margins, the eschar
sloughed lewing a thin bald Inyer of shin without 1 muscle Iyer
and without follicles  Within this area some hairs began to appear fter
a long dely but they were mvanably white in color and at first fine
and short Taylor very reasonably attnibutes the slow re epilatron of
these areas to the de noto formation of hur follicles independent of old
preexisting follicle rudiments  He considers that de novo formtion of
hur buds from the brsal lyer of regenerated epidernus 1s an inductive
pracess wuch “accurs only when the tissue underlying the new emthel
um 15 old derms or after newly formed dermis has become fully dif
ferentited ™

D The Regeneration of Follicles After Transplantation of Skin

In the carly healing m phase of a skin autograft, 1¢ 2 graft trins
planted to the same indnvidual from which 1t s 1s removed there 1s 10
amocboid upward migration of the entire follicular epithclum toward
the surface and 1 dilitation of the follicle openings The tremendously
enhanced mutotic activity of the superficial eprdermis around the fourth
to exghth postoperattne days accompamed by thus mgratory actisity
of the follicular epithelum  culmimates 1 1 throwng off or shedding
of all the ongnal hurs of the graft wlich are trapped in the theek
cuticle or “ghost™ shed by the superficial epidermis The graft surfice
becomes indented with cone or flask shaped epithelinhzed pats at the
sites of former follicle openings and at the bases of these pits he the
aciu of the sehaceous glinds  Regeneration of the follicles takes phiee
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within a few days of the shedding of the onginal haws so that from
about the fourteenth day onward, fine new hawrs begin to prerce the
surface  Eventually, provided that the graft was not too thick, and
that it was transplanted to an adequately vascular bed, so that there
was no 1schemic necrosis, the graft regenerates a rephca of 1ts previous
hawr crop, faithful wath Tespect to its cnentation, the arrangement of
1ts follicles into clusters, and 1its pigmentation  This healing in phase of a
shin graft was first described 1 detail 1n the rabbit (Medawar, 1944)
Subsequently 1t has been found that the events are very stmilar 1n other
mammals (Billingham and Medawar, 1951) Despite the great transient
uphewals which normally occur 1 skin grafts, the new haws are m-
dubitably generated within the original connective tissue sheaths under
the influence of the onginal dermal papillae

IF a shin autograft 1s transplanted 1n such a way that its revasculaniza-
ton 15 greatly delayed, as for example, when the full thickness of the
skin, with ats fatty layer and panmeulus still mtact, 1s transplanted to
a poorly vascular bed, then the graft no longer regams 1its status quo
ante The hairs 1n such a graft usually remam m place for a long time,
being trapped 1n the superficial layers of the derms which ulcerate, be-
ome necrotic, and give nse to a firm eschar Eventually, after a matter
of weels, the eschar 15 undermned by epithehum from the host skin
at the wound margins and 15 sloughed off Haurs may appear agam but
:helr onentation 1s usually random and, i the mouse, they are usually

P d This 15 evid that mel 1n the hair germs have
been destroyed (Werder and Hardin, 1955) Unlike that of the gumea
P1g the superficial eprdermis of rats, mice, and rabbits possesses only a
Very sparse pl of )] Y Ci q ly, although the
MalPlghmn type cells of the follicles can be replaced by those origmating
from the new graft epithelium, mel tes are not lly so replaced
Pepper’s work (1956) with mel it d. that repig-
Mentation of the hair would probably take place 1f the melanocytes were
forth, g from the superficial epid The d of the
hairs 15 evidence of the reparable damage to the fibrous endoskeleton of
the graft Many of the dermal papillae probably survive, being situated
fauly deep in the graft corum, they should be less severcly exposed
to the 1sch i P ling at more superfictal levels For
want of evidence, 1t 15 prudent to assume that the hairs on these grafts
are of regenerative ongmn These experiments emphasize the amazing
capacity of follicles for regulation or reconstruction The reappearance
of fingerprints following attempts to efface them by scraping off the
eprdermis or destroying 1t with corrosive agents points to essentially the
same thing
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A question still unresolved 1s whether anatomical preservation of
the fibrous connectise tissue follicle sheaths i the absence of viable
papillie can result m the production of new hars The speculations
of Werss (1944 1950) mught encourage one to beheve this to be the
cise Two hines of evidence having some beanng upon this question wall
now be considered

If shin 1s transplanted between different individuals of the same
species the “foreign” cells in the homografts provoke an immunologicl
reaction on the part of the host the so called homograft reaction After
2 severe vascular inflammatory reaction within the graft ats entire cellu
lar populition 15 destroyed lewang its collagenous endosheleton vir
tually mtact (Medawar 1944) Under the appropriate conditions this
collagen pad becomes overgrown by epidernus from the host while 1t
the same time some new collagen fibers are Jud down within st by 1
vasne host fibroblasts  Columns of epitheltal cells that appear to be
new hur follicle primordin grow down into the old follicle sheaths
These “follicles however arc aborted and the undersurfrce of the
superficial epidermis assumes 4 pline configuration  The foreign” der
mis becomes progresstely aviscular and disappenrs after a fow months
If 1instexd of transplanting shin homografts to hitherto unsensitized

prents they are 1 d to ammals which have previously re
acted against shin from the same donor the sccond sct of grafts 1s
destroyed more ripudly nd without the intervention of an mflammatory
upheaval The result 1s a much better anitomical prescrvation of the
dermss with its fibrous follicle sheaths than i the cise of first set
grifts Despte these considerations however therr collagenous remuns
also fail to produce hairs when they become re epithelinlized (Meda
war 1945)

In the course of studies on wound contracture Billingham and
Russell (unpublished) froze dnied grafts of full thickness shin removed
from the dorst of riblats ears and then after reconstitution in evcess
normal saline transplinted the “desitalized” autologous shin to vasculir
beds prepared 1n the skin of the thoricic wall Despite the fict that
the collagenous remnnts of the grafts were re epithchalized and were
of autologous ongin they were gradually resorbed and no hurs wp
peared

Although these studies with devtahized grafts are inconclusne they
provade no indieation that the presenvation of the fibrous framew orks of
follicle sheaths 1s sufficient to “mold” downgrowing epidermis ta differ
entiate into proper follicles i the absence of snible papidlic No direct
expentment has yet been performed in v mammal to prove whetl er the
pipila rudiment done fter complete destruction or removal of the
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e epidermal cell population of a follicle 1s capible of interacting
with subsequent epidermal downgrowths to regenerate a normal follicle
Thes might be practicable with some of the larger vibnissae  The sound
ness of the concept 15 suggested from the analyses of the regeneration of
feathers 1n adult burds (Yalle and Wang 1941 1941 Wang 1943)
The papilla 15 an idispensable component of the feather and evercises
an mductive mfuence on ts covenng layer of epidermis dunng feather
regeneration the regional type of feather which 1s produced 15 deter
tmed by the mtegnty of the epidermis  In anv consideration of the
mdlspensab\hl) or otherwise of the integuty of the connective tissue
sheath for follicle regenerition heed must be taken of the view that
the causative defect 1 genetically hawless mice (hrhr}) Les m the
folliele sheath (Chase 1934c)

N Ham Receveramion rrovt Hearep Fuil THICKAES VWOUNDS 1N
Ragsirs Sk

In the rabbit the natural healing of experimental lesions produced
by the remonal of the full thickness of the skin down to or even through
the panmiculus 15 the outcome of two distinet but largely simultancous
Processes that provxdc m turn a temporary and a defimtive repar
Duning the first week or two the defect becomes filled with Inghly vas
cufar granulation tissue which 1s gradually surfaced by the mgrowth of
epithelum from the wound margins The conclusion of the temporarv
repair is marked by the closure of the raw wound surface by epithehum
Defimtye repur 15 achieved by contracture a forced mward movement
of the wound mirgins m response to tensile forces generated witlin the
Branulation tissue “HI” of the wound or its denvatives (Abercrombie
etal 1981) This provides an ephemeral “organ of contrictire (Bl
gham and Russell 1956a)

Because of contracture 1t 15 normally mmpossible to muntam an
euensive area of epithehalized granulation tissue for more than a week
ofr two Ip an mgenious ~ttempt to obtun an unmterrupted sheet of
skin epithehum m the rabbit Breeds (1954) prevented contracture of
eteular full thickness excision wounds by mens of stunless steel
Spints  Scattered oiffuse thickenings appeared i the epithelum which
Brew m over the wound From these by tbout the thirticth post
Sperative day there developed downward projections into the grnaly
Bon hissue which was undergomng a fibrous transformation These
Projections were 1dentifiable as mapent §ur follicles By about tle
ortieth day recognrzable follicles <ppeared m gre it numbers

These findings of Breedis hive now been confirmed and cstended
by Billingham and Russell (19362 b) duning the course of a quantitt
tne analysis of the phenomenon of wound contricture in rabbut skin
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It was found that contracture 1n the dressed wounds 20 to 40 em™ 1n area
took place at a constint specific rate ranging from 5 to 8% of the wound
aren per dvy  In about 605 of the ammals contracture proceeded so
far that only a narrow hnear scar remained the wound as such having
been completely ehminated through approumation of its erginal mar
gins In the remander of the ammals however for some mnexpheible
reason contracture ceased after the wounds had been reduced i extent
to about 5 ¢m” and therr size thereafter was more or less constant and

{hr‘ -~
S

.

Fic 1 An cxtens ve crop of white tais of new format on growing in tle scr
tisst e of an incompletely contracted wound prepared 70 diys previously by removal
of the full thickness of the skin from an estensne rectangular arca on the side of
the chest of an ad:lt brown agout rabbit  Magn fication X 1

therr margins masne  From about the fortieth diy onward commenc
ing at the periphery the smooth epithelial surfaces of these wounds be
gn to be picreed by fine hurs Wath the production of hurs the wounds
became transformed nto 1 sort of ad hoc skin (Figs 1 and 2)
In no sense however did this hair bearing sear tissue resemble normal
shin It remuned chronieally edematous and shightly infhimed—hence
its conspicuous pink color when the hur was clipped—for at lewt 3
months and probably for much longer It was much thicker than normal
shin and had a soft ‘cheesy consistency when cut and its collagen fibers
were disposed manly honzontal phne mstead of mn the three
.
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dimensional packing characteristic of skin 1t could be transplanted,
when ats hairs were shed and subsequently regenerated

Normal shin 1s never properly regenerated in any type of wound m
whech the dermis is nvolved In man (Gillman et af, 1955c, Gillman
and Penm, 1936) the trvial wound represented by the donor site of a
Theersch graft never regains 1ts origmal morphology, even after many
years In the healed site not only does the anatomy of the dermoep-
dermal junction differ from that of normal skin, but also the morphology

. Fic 2 Transverse section through the hair-beanng scar tissue of an mncom-
Pletely ¢ontracted wound of 70 days standing Magmification X 45

of the new connective tissue which replaces the lost dermms differs
considerably from that of true derms, although 1t 15 not scar tissue

In the rabbit wounds, despite the fact that nearly all ammals were of
Pigmented breeds, the new haus were mvanably whtte m color (Bl
ingham and Russell, 1956b) Thewr onentation bore no constant rela-
tonship to that of the neighboring normal fur, and they tended to slope
outward from the center of the wound Thew density of distnbution,
however, was normal and they were grouped together nto small follicle
clusters Guard hairs were not identified WVell developed sebaceous
glands were present and the hairs were medullated  Apart from their
lack of pigment, the only other anomaly of these hairs was the absence
of arrectores prlorum muscles



462 R E BILLINGHAN

As with Breedis expeniments 1t 1s practically inconcenable that any
of the bases of the natne hur follicle population could have been Jeft
hehind v hen the wounds were prepared the follicle bases m pigmented
brecds of rabbits are easily sdentifiable  Moreover the vast number of
bairs present in such wounds (up to 3500) makes a postulited ongin
from pre existing follicle rudiments completely untenable In hus care
ful study of the ustogenesis of these hairs Breedis found that by the
tme the epithelinl buds were identifiable as mempent follicles  they
already had dermal papillie beneath them so that it was mpossible
to determme whether or not one structure induced the other IHisto
logical studies on the development of vibrissae indieate that the pipilla
rudiment my be the first to appear (Rawles 1955) In very young
chieh embryos the mesoderm establishes where feathers shall form
(Curns and Swnders 1954) when embryonie mouse shin 1s culuvated
mn vitro no eprdermil thickenings form m the absence of mesoderm
and no dermal papillie e be found 1n areas from which the eprdermis
has been removed (Hardy 1951) There cn be httle doubt that an
mntertction of eprdermus and dermis 15 invohved 1n mitiating the devclop
ment of hurs nd the process of hur neogenests s seen in wounds 1n
adult rabbits probably does not differ significantly from that which
oceurs normally n neonatal life

That the pkh of hair g n ribbits shin hts only
recently been discovered 1s exphieable partly i terms of the ugh pro
portion of wounds which undergo complete contricture and partly be
cwse several weeks must elapse before the hairs appear  Furthermore
the mjonity of previous studies on wound healing and even on shin
prifting have not entarled the applicition of dressings  Contracture
under these crrcumstances t1kes plice too quickly and too complctely
for the phenomenon to reveal stself  The formation of a thich layer of
grmulition tissue mav be 1 essentil prerequisite for hair ncogenests
mn rabbits (Vi der Brenh 1936) In 1 transparent chamber techmque
1t 15 possible to follow the regencration of ¢pithchum mn wounds pre
ped by ramoving the full thickness of the skin from rabluts ears In
such cises regencration of hurs does not take phee

The onhy other mammal 1n which hur neogenesss s been reported
i healed full thickness shin wounds s the rat  Incipient devclopment
of mew harr follicles has been observed in healing undressed full thick
ness wounds of 21 days standing (Dann et al 1941) TDindquist
(1946) who carned out & ven comprchensnve studs of the healing of
shin defects 1n rats under a variets of conditions did not obscnve this
phenomenon
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V. Does Ham Neocenests Ocoun Dunine Nomwat. Grownir®

The most cbvious and long, standing cvidence that new folhcles are
not Jud down after the prlary system has developed m early hfe demves
from bistological studies on shin and depends upon the faet that follicles
dzHerenmrmg de novo have never been convincmgly demonstrated
Moreover from what 15 known about hur neogenesis in rabbits skin
wounds 3t mmght be anticepated that hurs of new formation 1 normal
shin would be whte i color m 4ll species 1 which there 15 1 poorly
deseloped system of melmocytes m the superficil epidermis nd that
they would he devord of arrectores pilorum muscles Yet save possibly
1 etreme old age the coats of ammnls do not undergo 1 progressive
dilation with white hurs

The more elaborate hypothesis that as an ammal grows n size and
s stun surface expnds new follicles might be formed sidiously thus
Preventing a growth dilution of the imtial follicle complement becomes
exceedingly difficult to sustain m the hght of the followmg evidence
Subo (1857) malung use of Boyds estimates {1935) of the changes
surface areq undergone by vanous prts of the human body from the
tme of burth to the age of 24 years has sl own that the actual differen
tial densities of distribution of hair follicles and sweat glinds n dhiffer
nt regions of the body of an 2dult are exactly what one would expect
on the assumphon that they were evenly distnbuted thraughout the
Integumnent mnstially

Billingham and Medawnr {1955) have studied the fite of “ishnds
of mntact shin or grafts left behind at the centers of large rw areqs
Prepared on the sides of rahbits chests from wineh e full thickness
OF the skan has been removed down to the pinmiculus By thns artfice
the tensile forces generated by the grinvlation tissue winch subse
Quently filled the wounds were concentrated on the central skan istinds
o grafts In response to these forecs thar arets merersed by n factor
of aboyt ¢ During this expnsion new collagen was Tnd down i rclation
fo the pre eusting fibrous structure and the grifts muntuned therr
normal thickness due to a process of mwtssusceptive growth  The
Mechanism of the expansion brought lout i these “nhnds” or grafts
1s probably the syme as that responsit I for the ordinary growth of the
shin Grafts transplante 1 from ad 1t to very youmg, mmals are hnown
{0 expand with the growth of thar Tastn g similw manner  In Billny,
ham and \fedwmars cxperiments 1y new follide dusters were formed
And the onmnal ones becune seprrated from thar neghbors by
thstance roughly propostion Wl to the linewr enlirgement of the Lraft



464 R E BILLINGIIAA

VI Ham NEOGENESIS AND THE GROWTIl OF ANTLERS

The antlers of deer are dearduous bony growths which are shed
annually on renewnl they may form progressively more branches or
tines as the anmmal grows older In the Virgima deer (Odocollens vir
gmanus) 1 ats natural habitat the antlers begm to grow n Apnl or
May and reach matunity 1n August The mature antlers consisting of
bare dead bone remam firmly attached m place until midwinter when
shedding occurs  The particular mportance of antlers for the present
purpose lies in the fact that from the time they begin to develop until
they reach matunty they are covered with 1 lnyer of hair bearing shin
the “velvet  Vihen growth of the antlers 1s complete the velvet be
comes necrotic probably as 1 consequence of interference with its blood
supply (Waldo et al 1949) and detaches atsclf from the mature
antlers some months before they are shed

After the antlers have been shed each frontal bone presents n
antler pedicle whose free “raww” distal end s shghtly concne This
concwity becomes partially filled wath what appears to be grinulition
or fibrocellulr tissue (Macewen 1920 Wislock: 1942)  Epidermus
from the surrounding shin grows m oser the defect left by the buse
of the shed antler The distal surface of the pedicle remuns smooth and
bald at first but later downy hurs appear At the time of growth the
pedicles clongate at a phenomenal rate and tines or lateral processes
are budded off the mun bewms The rate of growth s prodigious
within 3 to 4 months the wtlers of ¢lk nd canbou reach lengths of
about 5 feet corresponding to duly mcreases i length of 15 to 2 em
The growing ntler consists of 1 bony core wiich 1s surrounded by a
Iyer of penosteum and shin  Structurally the hitter docs not bewr
the shightest resemblance to sear tissue 1t contamns all the elements of
cervine shin (Noback and Modcll 1928) although it 1s much thinner
than that covenng the skull (Macewen 1920) Trom the velvet el
tuely short soft hurs emerge 1t nght angles s opposed to the couse
hurs covening the forehead These hars e pigmented nd hawve well
developed sebrecons glhinds  This shin contains neither swett ghinds
nor arrectores pulorum muscles tssoerited with these follicles In the
wound heiling experiments of Billmgham 1nd Russcll (19361 h) tle
hurs of neogenic ongin 1lo hcked arrectores pilorum muscles

Although the corum of the vclvet Iicks 4 typieal subcutancous hyer
there 1s m ats place 1 demse Iner of prralld bundles of collwnous
tissue 1 which are located the mun blood vessels supphang the antler
This hyer has been consilcred to be 1 highh modified subeutineous
Tmina (MWislocht 1942) rather than the outer Tiver of the pornosteum
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of the antler At the tips of the developmg bewms and, later, at the
tps of the tnes are the germmnal caps from which the entwe antlers
diferentiate  These germmnl caps bewr more than a superfierl re-
semblance to the blastemas from which amputated limbs regenerate m
lower vertebrates  Macewen (1920) drew an analogy between the
gowth of an antler after the shedding of its predecessor with that
of 2 hzard s tail after amputation

In these germnal regions the velvet 1s firmly umited to the penosteal
bed 2nd fewer and more dehcate hairs are present than elsewhere on
the antlers Growth of the entire antler seems to be dependent upon,
and controlled by, the formation of a germinal periosteal bed dernved
from the shin and, 1n this sense, ‘growth of the antlers depends upon
the orgamizing influence of the skin” (Wislocks, 1942}

Thas ton of a derable expanse of new, hair bearing
shin each year 1s a umique achievement among mammals At present
the mechamsm 15 practically unknown, although the antler cycle tself
s hon'nonzllly controlled (Wislock: 1956) Intussusceptive growth of
skin overlying the growng bony pedicles on the frontal bones of the
skull clearly does not account for the enormous areas of integument
moled 1 elk and carbou the velvet may account for at least 20%
of the total shin surface of the body If imtussusceptive growth were
Tesponsible one would expect deer to become progressively more bald
Year by year as the follicles on their heads become farther and farther
apart  Baldness 1s not an affliction of the deer The only possible ex-
Planation of the facts 1 that neogenesis of both skin and follicles takes
Place year by year The whole problem awnts further elucidation and
ats fina) analysis may be of the utmost mmportance for the light it sheds
on wound healing the ongin of melanocytes n the follicles of new
Ormation and, the embry ogenesis of a complex organ

Obviously the velvet denves from cellular ingredients present m

e slin which hes over the ongmal bony protuberance of the frontal
bones When the antler rudiment of a one year old red deer was grafted
from ats normal position to the nasofrontal surface of the frontal bone,
an antler grew, showing that the competence of skin to form velvet 1s
’1‘3;6 r)lgldly arcumseribed to a small area of cramal skin (Jaczewsk,

It seemed fiting to conclude this review by ating 1 some detail,
the experimentum crucis on hair neog and on shin reg on
Performed by nature 1 2 group of adult mammals long before the
ph was dent-lly led on a small scale by laboratory
arhfice Even in the absence of any expenimental evidence, had some
of the older auth lted their zool Ty 1nf 1 coll

g
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the possibility of hur neogenesis might never hue been dismissed so
vehemently For once a heresy his been vindicated
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1 I~xTtRODUCTION

Studies of the capillanies that surround the hair follicles (Montagna
and Ells 1957) sebaceous glands and sweat glands (Elis and Mon
tagna 1958}, have called attention to some of the striking changes that
oceur during the ageing process 1 the human scalp These observations
have Ied to a comprehensive survey of the human male scalp from burth
10 senescence and 1t wall be shown that remarkable changes oceur
the Clutzmeous structures of the scalp and therr accompanymg blood
vessels

Certam agemng changes 1n the human male scalp such as the reced
g harlne the gradual thinmmg and graymng of the hair and fre
quently the partial or complete balding are quite apparent ‘These are
°h3"ges that mvolve the harr follicles and are the result of interactions
between the male sex hormones and the genehic consututin of the
indwidual { Ham! 1942) The epid and 1ts underlymg capillary
bed alsg undergq profoynd changes the sebaceous glands become larger
while the ecerme sweat glands are modified more subtly All these al
terations involve concommtant changes 1n the capillaries that accom
Pany these structures

I Arreran CrCULATION In THE ScaLp
To understind the changes that take place in the capillary beds dur
Ing agemg 1t 15 necessary to review first the arterial supply to the scalp
Of the five arteral plecuses formed i the scalp only three are re
mwcﬂ gation was suppotted 1 part by & grant from the Unsted States
Public Health Service RG 2125 (C7) admunistered by Dr Willam Montagna
469
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Iited to the vasculinty of the epidernms and the cutineous 1ppendages
The termmology of these three plexuses 1s unnecessinly confusing and
Durward and Rudnll (1958) suggest that the tcrms subepidermal
dumal and bypodermal be used in identifying them  These authors
equate the subepiderma! plexus with the eapillry loops which supply
the epidermis the dermnl plexus hes just beneath this and the hvpo
dermal plesus 1s Jocited deep in the dermis

At the earhiest stages of their development ll of the cutineous ap
pendages are supphed by blood vessels from the derml plexus (Spalte-
holtz 1927) However 1s the appendages mcreise in Jength and pene
trate decper mto the dermis thewr lower prts become imvested by
vessels branching up from the hvpodermal plexus The eapillary bed
around haurs wnd sweat glhnds then s derived from two sources their
upper parts are supplied by brinches of the dermnl plexus and thur
lower parts by vessels stemming from the hypodermal plexus The
sebaccous glands nd the arrectores pilorum muscles m1y also recene
their blood supph from both the dermil and hvpoderml pletuses  The
piprlliry body of the dernus which mterdigitates with the rete pegs of
the epiderms 1s supplied by the cipillinies of the subepidermal plexus
formed from superficial brinches of the dermal pleus dunng the de
velopment of the scalp

The vesscls of the subepidermal and dermal plexuses hwve the same
dinmeter as capillnes do and thar endothehum is nch n alkalne
phosphatise The hypodermal plexus consists of artcrioles with numer
ous side branches which may supply hur folhcles schaccous glinds
wrectores prlorum muscles nd eccrine sweit glinds  This system of
trunk artenoles sends branches to more cutancous appendiges than do
o f the plexuses ind has an endothelim wlich 1s usually rerctive
for WIkaline phosphatise

Three ploxuses cin be demonstrated 1n the sealp of young adult men
In Fig 1 a section through the seilp of 1 26 vor old man the arrow
pownts to n arteriole of the hypodermal plexus 1t the junction of the
fatty vpodermss (H) and the dense darmis (D) Branches from the
hypodcrmal plexus supphy the lower pats of the growing har follieles
which 1re embedded n the bypodermis Sescril trunk arterioles con
necting the hvpodcrmal and dermal plesuses ¢an be seen givmg off side
branches to the sweit ghinds wnd the sebiccous glhinds  The loops of
the subeprdermal plawus are seen just beneath the epdermus (E) - the
branches 1t the base of the subepidermil loops are part of the dermal
plews In the ald scalp of 1 67 vaar-okl man (Fi, 2) most of the
vasenlr architecture of the scalp has vamshed  Vestiges of the sub-
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Fie 1 Thick vertical section through the scalp of a 26-year old man The epiderms
{E) derm's (D) and hypoderms (H) are mdseated A resting and parts of several

growing bair follicles are shown and blond vessels of the subepidermal dermal and hypo-
hosph hght

emal (arrow) plevuses are wisible  Alkaline
Magmficabon X 15

':’ . .
N RN
The derms 15

Fic 2 A smilu section of e bid sealp of a 67 year old man
thinner and only lam go hairs are present eccnine sweat glinds and sebiceous glands are

3bmdant 1n the dernus Tle bload vessels i the scalp are reduced greatly in number
Alkalne phosphitase hght curmalum counterstun  Magmfication X 15
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eprdermt] and dermal plevuses form shallow arches under the e
dermus, and only the sebaccous glands and the eccrine sweat glinds have
a rich capillary bed Although the hypodermal plexus 1s not apparent
the hypodermal fat is penetrated by numerous capillwry twigs  These
o 2} then d that the crrculatory patterns of
the scalp undergo profound changes with increasing age

III  Acring CHANCGES IN THE ScALP

Specimens of scalp obtuned from subjects 2 to 6 hours after death
are entirely satisfactory for demonstrating alkaline phosphatase actiity
Scalp was always taken from the same region, close to the vertex, only
specimens of male subjects, ranging from birth to 88 years m age, were
used After fisation for 4 hours 1 cold, unbuffered 1056 neutral formahn
thick frozen sections were cut, some tangential and others vertical to
the surface of the epidermis Thin sections are less useful because they
show only fragments of capillaries 1 thick sections capillwes can fre
quently be traced from thewr parent arteriole to the structure they are
supplying The sections were processed through the Gomon (1952)
azo dye techmique for alkaline phosphatase The endothelum of the
capillmes of the skin stamns a consp blue black, nd; strong
enzyme actnity Even blocked or collipsed capillaries which would
be difficult to demonstrate with other techmques, are visualized here
Sice the capillanes and the terminal artenoles are almost the only
structures 1n the scalp which contamn the enzyme, they appear black
agunst a pale or unstmned background (Montagni and Elbs, 1957,
Ellis and Montagna, 1958)

To examine the detals of the agemng changes 1 the capillary eu-
culation each class of cutaneous structure n the scilp will be con
sidercd separately

A The Lpudermis

The eprdermis of the scalp of young men consists of an outer thick
stratum corneum a thick stratum spinosum, and the gencratine layer,
or stratum basrle The stratum basale and stritum spmosum are
thrown into folds the rete pegs, which protrude into the dermis

With agemng the thick eprdermus of youth with sts deep rcte pegs
changes to a thinner hatter laver, the rete pegs are reduced to mere
npples or they may completely disapperr In the subepidermal eireuln
tion, the number of capillary loops under the eprdermis become greatly
reduced, and the wdnidual loops become shorter  Frnally, fn scnes-
cence, the caprllany loops of the subepidermal plexus alinost completely
disappear (Chnle 1927)  These changes can be seen in Tigs 3-8
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Fics 3-8 Agemg changes In the epidermis of the male scalp and tle sub-
€p dermal Alkalms phosph Lo selp and e sl

jearold boy Fig 4 Thirty thee-yearold man Fig 5 Nonbald 66-year-old
man Fig 6 Bald man 63-years old
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In Fig 3 a vertical sechion through the scalp of a 3 yeur old boy
the eprderms 1s thick and thrown mto folds This 1s the characterstic
appearance of the shin of mfants and young children  The rete pegs of
the epidermis are wcll established and long capillary loops penetrate the
ppiliae of the dermis which are thrust up among the rete pegs These
capillary loops are close together and provide a nch blood supply to
the overlying epidermis  Both growmg nd vellous haur follicles were
present in other parts of this specimen

Figure 4 shows a portion of the scalp of 1 33 year old main Growing
hurs were predomnant in this specimen  The rete pegs or epidermal
ppillae which dovetul with the dermis at regulir ntervals are de
veloped maumally The total thickness of the eprdermus 15 somewhat
greater than that i Fig 3 The capillary loops are evenly spaced be
neath the epidermus they are fewer m number and shorter than those
mFig 3

The pattern of capifianies beneath the epiderms of the scalp from
2 68 year old man 1s shown in Fig 5 This subject was not bald but
had thinamg grey hair many of which were in the resting phase The
epidermus 15 thinner than i either Figs 3 or 4 The rete pegs have
nearly disappeired and are dentifiable only as shallow ndges which
make the damal epidermal junction slightly uneven In some regions
even such vestiges of the rete pegs are lost Low short capillry loops
are found at irregular inters 1ls beneath the epidermis  The total number
of the caprllary loops 1s considerably dimimished however around the
pilary canals the rete pegs miy be rdatnely unchinged nd resemble
those shown 1n Fig 4 In such places the cpillary beds reman stmlir
to those found mn younger shm

Figure 6 15 a longitudinal section through the bald scalp of @ min
68 veurs old 1n which only vcllous hurs were present The ¢piderms
1s dstinctly tlunner than m any of the three preceding figures 1nd the
rete pegs hwe been sroncd out flattening the dermaf epdermal junc
ton A suggestion of rete pegs remuns around the onfices of sweat
glinds and the piliy cnal of hinuge hurs Some cipillary loops my
1lso be present nerr these structures As can be seen 1 this figure the
cipillartes supplying the cpudernus are shallow and very sparse Josterd
of loops they form low arcades undcrneath the ¢pidermis ind the sub
eprdermal plocus ss newrly obliterated

A better impression of the agang chinges an the epudermus ind ts
cipiliy bed muy be obtuncd from tangential scetions through the
dermal epidermal punction Digure 7 shows such 4 tingentil section
through the scalp £ n infant 10 months old  The rete pegs form 1
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Fies 7.9 Tangentid sections through the dermal-epidermal junction  showing
the agemng changes m the subepidermal plews mi m th rete pegs  Alkalne
phosphatase \h,.,,,ﬁc_“,m,, X 851 Fiy 7 Infant 10 months ol Fig 8
Twenty six year-old man [ig @ Nonbald 63 sear-old man
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reticulum which surrounds 1slinds of pars pypillans  The eapillary twags
near the center of each dermal papilla connect with branches beneath
the rete pegs and together they form the subeprdermal plexus  Although
this specimen has many features of Fig 3 the capillary loops are not
as well developed In contrast with this the sealp of the newborn ehild
has scarcely formed rete pegs the eprdernus 1s thin and the capillary
bed at the dermal epidermal junction Ichs 2 definitive pattern

In Fig 8 a tangential section through the scalp of a 26 year old man
the capillary loops between the rete pegs 1s nchly developed The
scalp of this subject agrees 1n most respects with the longitudinal view
of the scalp of the 33 yewr old man shown i Fig 4 The true nature
of the rete pegs 15 revealed showing that they are m fact 1 network
of epidermi] ndges surroundng ishinds of dermus  The dermal
eprdermal junction 1s developed to sts peak of compleuty nd consists
of 1 multitude of protruding dermal papillae wlich fit nto epidermal
sochets ringed by the rete pegs Each dermal pypilla contuns 2 well
descloped capilliry loop which at 2 shghtly lower level m the derms
Jomns the subepidermal plexus The capillary loops are numerous 1nd
evenly spaced  Ench pilary canal 1s surrounded by - encle of six to eght
capillary loops Capillanies are also particularly abundant around the
onfices of the eccrine sweat glinds - At the Ieft i Fig 8 and at 2 decper
level the Imbs of the capillary loops which conncet with the dermal
plexus may be seen  The nich vasculrization of the scalps of this age
provides the eprdermis with an abundant blood supply

The differences between Fig 9 1 tangental section through the
scalp of a man 65 years old and Fig 8 are extriordinary The rete
pegs are almost absent and the capillary beds even those wround the
hair follicles are greatly reduccd The pattern of evenly spaced capil
laries found in the infant (Fig 7) and i the young adult (Fig 8) has
completely disappeared leaving only a few blood vessels that bear
luttle reltionship to the dermal and epidermal structures  The epidermis
15 very thin The deeper lying blood vessels in the eenter of the figure
arc few w number and show httle orgamzation In plice of the nch
capilin bed found at the dermal epidermal junction of the selp of
young men there arc only 4 few disorgamzed branches from the dermal
plesus  Under the epiderms rudiments of capillary Toops are all thit
remun of the subeprdermal plexus

It 15 probable that the deterioration of the subepidermal plexus with
agang m be responsible for the changes that occur in the ¢pidermis
Ratzberg (1957) also noted the gradual thinning of the epidermis and
a deeraase m the frequency and the size of the rete pegs with ageng
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resulting m a general decrease 1n the surface area at the dermal ept
dermal junction  He believes that there also occurs an mereise mn the
mitobic activity and in the desquimihon of the epidermus, with a de-
creise in the hie span of the epidermal cells These obseryttions, how-
€€r, were not made on the scalp  Since the respiratory quotient (RQ)
of the skin decreases 1 old age (Walter and Amersback, 1948), 1t 1s
not easy to reconeile the merease 10 mitotic actvity found m the ep1-
dermas by Katzberg (1957) Mitotic actiity m the eprdermus s de-
pendent upon an adequate supply of glucose and oxygen (Bullough,
1952) The scant subepidermal circulation 1n the aged scalp cannat
provide a very nich supply of nutnents to the epiderres  The loss of
rete pegs results in a considerable decrease i surface aren at the dermal-
epidermal yunctron, and this might be dered to be a It 'y
factor  All of these factors indicate, then, that the alteritions 1n the
steucture of the epiderms are direct results of the decrersed arcultion
mn the subepidermal plexus

The cause of the cculatory changes are not known There 1s 2
distinct correltion between the presence of har 1n the scalp and the
wntegrity of the subepidermal plexus Even the scalps of very old sub-
Jects have remnants of the subepidermnl plexus wround growing harr
follicles Perhaps the same endocrine and genetic factors which control
hair growth also have an effect on the subepidermal circulation of the
scalp The sebaceous glands and eccrne sweat glands, which seem to
be resistant to these changes, may be under different control

B Hair Follicles

Hawr folliles and therr adneva are arranged m groups which are
embedded 1n the dense connective tissue of the dermus (Koelliker, 1859)
The distribution of harr groups has been studed m the fetus by Kato
(1938) and Fleischhaver (1953) but changes i har groups with
ageng have not been descuibed m the scalp before

Hur groups are clewrly recogmzed 1n the newborn child and are
easily seen 1 the adult but with mereasing age the demarcations be
tween then becomes less evrdent (Ings 10-12) It appears that there
15 a reduction mn the number of hur follicles 1n each group, espeenlly
during early postnatal growth This may result from a separation of the
hair groups by the spreading and stretching of the sealp growth
The loss of demarcations between the hawr groups 1n older scalps is
caused by the divergence of mdvidut! hur follicles and the enlarge.
ment of the sebaceous glands associited with the hair follicle (Dig 12)

Chnges also occur in the typcs of hairs found within the hur groups
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The har groups of mnfants contan one to three large growing har
follicles and a vanable number of follicles of lanugo hars  The latter
can be identified easily m phosphatase preparations by the intense
enzymatic activity i the bulb of the follicle (Figs 10 15) In the non
balding scalp of young or ruddle aged men hair groups are defimite
and contan one to four actively growng large hawrs  Lanugo haws and
resting haws may occasionally be present (Figs 1 11} The sealps
of older men with thmning hair or partial baldness have il defined
har groups These scalps contan mostly resting and lanugo haws with
some growing hawrs (Fig 12) In totally bald scalps har groups are
indetectable and al] of the follicles are of the lanugo type

The circulatory patterns around growing and resting hair folhicles
have been described by Montagna and Ells (1957) The lower thud
of active hair follicles 1s enveloped by 2 nich vascular plexus composed
of long more or less parallel vessels connected by cross shunts The
paralfel vessels which are assumed to be termunal artersoles are of
wider bore than the cross shunts and are directly connected to the hypo
dermal plexus Some of these parallel vessels enter the papilla pore and
supply the dermal papilla Most of the cross shunts drop out just above
the Jevel of the bulb and up to the level of the sebaceons glands the
follicle 15 surrounded only by the pahsade of parallel longitudinal
vessels At the Jevel of the sebaceous glinds the vessels once agamn form
a network that envelops both the ghinds and the pilary canal The
parallel vessels lose their identity around the pilary canal and termmate
in a loosely woven network that extends to the surface of the skin
Capilhines from both the dermal and epidermal plexuses may also
contribute to the plexus surrounding the pilary canal at this level
Quiescent hair follicles have no bulb and they are much shorter than
active ones (Fig 1) A dense pallisade of capillaries connected by shost
transverse vessels surrounds the free dermal papilla and extends for a
distance below 1t A few straight vessels from this bundle rise along
the sides of the follicle go up to the Jevel of the sebaceous glnds and
form a network Like the one described 1n actne follicles A few cross
shunts form 2 sparse netw ork at the base of the epithehal capsule around
the club hur

In contrist the linugo haws have 1 sewnt papillary supply generally
consusting of only one or two vessels assoctated with the har bulb
These caprllanics may stem from the dermal plexus or the trunk ar
terioles connecting the dermal and hvpodermi! plevuses A hur of
this tvpe 15 shown m Fig 15

Remarkble vascular changes 1lso tike plice within the hur groups
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In the scalp of infants the majority of the capillantes are associated with
the hair follicles and there 1s httle development of the schaceous glands
(Fig 10) In the mature scalp the sebiceous glands are surrounded
by a rich network of capillanies (Fig 11) In the aged scalp the
capillary circulation around the sebaceous glinds achieves primary im-
portance and 1s much more extensive than that associited with the hur
follicles (Fig 12)

C The Scbhaceous Glands

In the scalp of infants, the scbaceous glands are smnll (Fig 10) In
a three-year-old boy, the sebaceous glands are present as tiny lobules
(arrow ) at the side of the upper part of the hair follicle (Fig 13)
Only two or three short capillanes ansing from the vesscls of the hur
follicle surround the small sebaceous glands of boys In young men,
the sebaceous glands are considerably larger, and consist of one to three
large lobules (Figs 11, 14) The entire gland 1s surrounded by el
lnes that are somewhat evenly spaced and which closely follow the
contours of the gland In the aged nonbalding scalp the sebaceous
glnds are generally large, showing as many as six lobules in a single
section (Fig 12) Capillanes encompass each lobule and arc fre
quently embedded 1n the delicate connective tissue partitions betwecn
adjacent lobules The charactenstic orsentation of the sebiccous gland
on one side of the hair follicle (Figs 10, 11), so typical of younger sc Mps,
becomes obscure  As n]rcady noted, the enlargement of the schaceous
ghnds m scalps of tins age 1s pnimanly responsible for the lack of
demarcations between hur groups

In the bald sealps the scbiceous glnds are much larger and consist
of miny lobulcs They are larger 10 some indraduals than they are 1n
others of a similir age In every case, however, the sebiccous ghnds
are the most conspicuous organs m the scilp A neh capillary plexus
mvests these ghinds covering the duet and acinar portions and pene-
trates the cripts between the lobules (Fig 15) The capiliry crcult-
tion may come directly from the hypodermal artenal plevus, from
neighboring linugo hur follicles or from nearby ccerine sweat gl nds
An increasing disorgimzution in the blood vasculir svstem of the sclp
scems to bring about thesc ageng chinges

The vanations m the size of the schaceous glands in subjects of the
same age maikes 1t difficalt to obsurve mmor agang changes  Howaver,
certun myor changes are notable The sudden increise m the size and
actnaty of the sebiccous glinds with the onsct of puberty is well knawn
(Miescher and Schonbcrg 1942)  The capillary bed of the glands,
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which 15 denved from the svessels supplymg the hair follicles 1s also
augmented at that tme  Although 1t has been reported that the fat con
tent of human har does not dimimsh wath agemg (Niwcoludes and
Rothman 1933) and that there 15 no sigmficant change in the sebaceous
glands which are correlative with old age (Epni 1937) the present
study shows thit with agemg the sebaceous glands actually mncrease
1 size become Jobular and acquire a ncher capillary bed In the bald
scalp the sebaceous glands are one of the few structures which retam
anch cipillary bed The genetic ind hormonnl factors which wipe out
the caprllary bed of the epidermis 1nd hyve such overwhelming effects
on the har follicles do not seem to affect the sebaceous glands or ther
capillary supply

D The Eccrine Sucat Glands

The eccrine sweat glands of the scalp are well developed at birth
(Fig 18) Each gland 1s a simple tubule that consists of 2 basal corled
segment and n straight duct that opens onto the emdermis  In the new
born the coiled segment hes precisely at the level of the hypodermal
plexus and denves its capillary supply from these vessels In succeed
ing years the dermss thickens but the coils of the glands remam sta
tionary and eventually come to he in the ymddle of the derras Waith
this change their capillary supply comes to be denved pnneipally from
the arternal trunks that connect the dermal and hypodermal plexuses
Some of these vessels accompany the straight duct all the way to the
epidermis and anastomose with the vessels of the dermal and subeprder
mn] plecuses In aged individuals the denvation of the capillary bed 1s
less cl t Capulanes ding the coiled portion of the eccrine
sweat gland may nastomose with the blood vessels surroundmg d
jacent hair follicles and sebaceous glands (Fig 15) as well as with
vessels of the hypodermal plexus (Figs 17 18) and branches of the
dermal plexus

Although there are mdiidual vanations in the length of the coiled
tubules of the eccnine sweat glands the length of the colled tube 1n
creases with age At any rate the sweit glands of the scalp do not
atrophy with agemng and therr capillary bed seems to become even
ncher (Figs 16-18)

In young people the secretory segment of the glands 1s consistently
nch m alkahne phosphatase (Fig 16) and can be rewdily disinguished
from the colled duct which shows no enzymitic activity Although
these two segments hwe many structural differences (Montagna 1957)
they are equally well supphed with capillines (Ells and Montagna
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1958) (Figs 17 18) With increasing age the content of alkaline
phosphatase 1 the secretory portion of the tubules becomes varible
and in some the enzyme seems to be laching entirely (Iigs 17 18)
The cipillanes surrounding them however remain reactive

Like the sebaceous glinds eccnine sweat glands do not become
atrophic with ageing and may even become larger In spite of the
reduction 1 the general vascular supply of the scalp with agemng (Fig
2} the blood supply to the ecerine glinds may actually be augmented
Thus ecerme sweat glands like the sebaccous glhnds are not affected
by the same hormonal and genetic factors that control haw growth
the structure of the epidermus and the subepidermal artenal plexus

IV Surstary

Agemg changes 1n the human male scalp have been studied from
birth to senescence usmng an alkaline phosphatase technique on thick
frozen sections

Vith 1geing the epidermis becomes thin and the dermal eprdermal
junction flattens the capillary loops supplying the epidernus disappear
and the subepidermal plexus deteriorates

The hur follicles which are aggregated mto groups m mnfants and
young men become separated 1n aged scalps and m bld sealps there
are no distinct hur groups Vith ageing there 1s 1 progressive trins
formation of growing hair follicles nto lnugo types The growing haw
follicles re nichly vasculrized but the lnugo hairs hive only one or
two capillanes assocrated with thewr hair bulb

The sebaceous glands merease in size with agemng and hecome
multilobulir they hwve 4 nich capillary bed even m bald sealps  There
are no signs of atrophy mn ageing eccrine sweat glands they my even
become larger with a nicher caprllary plexus  The abundant alkalne
phosphitase actraty which 1s always present mn the seerctory coils of
the ecenine sweat ghinds of mfants and young adults becomes vanble
with ageing

The sime hormonil nd genetic factors which control the grm\tll
of the hur follicles i the male scalp are correlted with the detenora
tion of the subeprdermul plexus and the accompanying agewng chnges
1 the epidermis  The eccrne sweat glands and the sebaceous glands
are resistant to agemng changes and are not affected by the endocnne
and genetsc influcnces thit produce balding
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CHAPTER 21

Summary
WitLianm MONTAGNA

Harr follcles are simple organs composed of cells that are mostly
alke, this plcity, | , 1s deceptive The cells of hair follicles
anse from the common pool of the matnx and do a vanety of simlar,
but subtly different things to form the hair  The precision of the penods
of growth and rest, the coordinated processes for the formation of differ-
ent keratns 1 cells that are in contact with each other, the ngorous
distribution of pigment m some cells and not i others, the energy re-
quirements for growth and differentiation, and the effects of physical
and chemical factors on the growth of har are now better understood
than they have been before With this knowledge at hand, the under-
standing of the prime factors that guide and control hair growth cannot
be far off

Harr follicles onginate m the embryo from focal prolferations of
the basal cells of the epidermis The anlagen of pilary complexes are
composed of ectodermal and mesodermal elements from the very begin
mng, nd the follcles perssh if this association 15 mterrupted  Fetal
hair follicles contam functionng melanocytes throughout the bulb, the
ner root sheath, and the basal layer of the outer root sheath, n the
adult folltcle, however, vistble pigment cells are found only m the
upper bulb, and i the cortex and medulla of the hair When the
embryontc follicle 15 becoming orgamzed, the first keratimzed structure
formed 1s the trp of the imner root sheath, which 1s contcal As the
follicle grows longer, 1t adds more nner root sheath from behind, and
the hair 15 formed side the mnner sheath When the follicle has attained
its defimtive length, the mnner root sheath and har move up toward
the surface, but the mner sheath becomes fragmented mn the pilary
canal and the haw emerges alone Mesenchymal cells 1 the conium be-
come aligned and form the bundles of arrectores pilorum muscles, which
become attached to the bulge of the outer shetth secondanly None
of the ewly fetal hair follicles 1s vasculanized As the follicles become
thicker and produce larger hairs, they become surrounded by eapilluy
nets, and the dermal papillae are mnsaded by capillary tufts

In man, the population of hair follicles 1s much denser m the fetus
than 1t 15 1n the adult The regional distnbution of follicles over the
entire body of the early fetus 1s similar, although there are more
follicles 1n the head than clsewhere As the body grows and takes shape,
hair follicles are spaced farther apart n the trunk and the extremities
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than they are m the head The vanations become most marhed dunng
postnatal ife and 1n the adult the head has about three times s many
haur follicles as the trunh the arms and legs hnwve the least These
regional varations must be brought about by the diferent rates of
growth of the body surface In spite of gross differences there 1s no
sigmficant difference between the distribution of hur in the shin of
men and women

To understand the function of a hair follcle one must know 1ts
structure  Misunderstandings can be 1vorded when one has 1 concrete
wder of what hair folleles really looh Ike Fehx Pinhus understood
this so well that he spent much of his precious time pamstakingly re
constructing three d \l models of appendages from
senal sections The mmpressive scnies of models reconstructed by Van
Scott shows that although the basic structure of all human hair follicles
15 smilir there cast mmor modifications and devittions from this
pattern that can serve to identify the haus from the different regions
For example the large hur follicles from the scalp occur singly or
groups those in groups remam septrate umts up to just below the
epidermis at which pomt they become jomed n 1 common folliculr
pore from which several hurs emerge The hur follicles of the male
beard oceur singly the pilary eanal of these follicles 1s charactersstically
divided into two channels the hair passes through one of the channels
the excretory duct of the sebaceous gland opens through the other In
the upper back approumately one half of the hur follicles are 1n groups
of two conjoincd at the pilary canal

The probferative part of 4 hur follicle 1s 1 small region tn the lower
half of the bulb the matrre where indifferent cells dinide move up the
bulb 1 orderly rows and differentiate mnto hur and the innes root
sheath  The outer root sheath formed in the early stages of the grow th
cyele remamns furly static The undifferentiated cells that hnve ansen
from the matrix move 1nto the upper part of the bulb where they be
come lirger and undergo differentizion  The cuticle of the inner sheath
1s interlocked with that of the hair and har and inner sheath must grow
at the syme rite In the upper pat of the bulb mehinocytes form
melamn and fced it out only to the presumptne eclls of the cortev
and medulla of the hur the cuticle of the hair and the entire inncr
sheath remam nonpigmented  When 2 foliicle approaches the end of
its growth cvele 1 club hawr 15 formed above the bulb and the bulb Is
largely destroved lowing the folliclk much shorter and having 2 hur
germ of undifferentisted cells wiich 1s the seed for the next generition
of hair When actiaty 15 st off agun the simple hur germ rebuilds
a bulb which then manifctures haur and nner root sheath again
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Active hair follicles are nch sources of chemical substances, many
of which have been studied with histochemical methods The findings
of histochenustry are nteresting and often suggestive, but thus far they
constitute only an accumulation of facts, these are steadily attainmg
significance A number of morganic substances, among them caleium,
magnesium zine, sulfates, phosphate, and on are present m different
amounts 1 quiescent and active follicles Glycogen, PAS positive, but

dastase resistant 1, and acrd P handes are much more
abundant m and around growing harr follicles than m reslmg ones We
now have a clear und ding of the } graphy of p holip

4
unsaturated hpids, and p]asmaL but the sxgmﬁc:mce of these 1s un
known Amimno acds, protemn bound sulfhydryl groups and disulfide
groups, as well as nucleic acids, have characteristic distributions dunng
different stages of hair growth Harr follicles contam many enzymes
It 15 premature to venture mterpretations of the significance of phos-
phorylase succime dehydrog ytoch oxidase, acid
and alkalne phosphatases, 5 nucleotidase, glucose 6 phosphatase, cholin-
estcrase, B glucuromdase, ammopeptidase, and carbome anhydrase
hair folhcles, but these enzymes all have a precise distribution in grow-
mg and quiescent folheles Hlstochemxcal studies of hair kemtms are
still hampered by the tecl 1 of the labl
These methods ind others will be refined and the chemical composition
of har follicles 15 slowly unfolding

Under the electron microscope, keratimzing epidermal tissues are
seen to be separated from the dermis by a continuous, structureless
membrane about 400 A The epidermal cells 1n the basal layer are
attached to this dermo eprdermal membrane, but thewr plisma mem
branes are sepamted from 1t by a less dense layer Epidermal cells
contan small and lar vesicles 7 g the Golgt
bodies They also contam large numbers of nbonucleoprotein particles
which unlike those m protein secreting cells, do not form an endopls
mic reticulum  VWhere adjacent cells touch at the nodes of Bizzozero
there 1s a plite of 1 thickened cell I and several
submicroscopic liyers of dense matenal within the cytoplasm  Keratin
fibnls sprout m tufts from these plates

Fibrous keratn first appears in epidermal cells as wispy bundles of

fine 4l ts thc i mg cells of thc hur these ﬁlaments
ER -t N R

between the filiments  In Iugh resolution electron micrographs fibrous
keratn appears to consist of a system of fine parallel a filaments about
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60 A i divmeter held togcther by the y component 1 cement subst nce
high m cystine and probably not fibrous

Trichohy alin granules are precursors of heratin After these grinules
have accumultted 1n the cells of the inner root sheath they transform
mto fibrils which re different from those that form m the cortex of the
hur and form a keratin different from that of the hur cortex

The formation of many fibrous systems 1s preceded by the synthesis
of 2 nonfibrous macromoleculir precursor this 1s transformed mto fi
brous protofibnls arranged into more orgamized structures and fimlly
the product 1s hardened or tinned Cells thit form fibroprotemn hwe
dense ribonucleoprotern (RNP) particles 1n their cytoplism  If the
fiber precursor 1s to be secreted from the cell the RNP particles are
assoctated with an endoplismic reticulum 1if the proten fibrls e
cumulate within the cells 1s 1n the hair the RNP partickes he freely mn
clusters m the cytoplasm In fiber formation the nonfibrous precursor
1s transformed 1nto protofibnls bv the formation of lmear or heheal ag
gregates n which the ongnal structure of the macromolceule 1s pre
served The orgamzation of protofibrils into parallel arrays nctworks
and membranes 1s due to some added control mechamsm such as shear
duc to flow or the presence of alredy orgamzed maternl Rerttin
protofibnls form spontaneously mn hair folliclcs they seem to owe their
onientation to 1 slight mitial flow 1n the deformed cells tlus controls the
direction of the fibnls which are added subsequently

In the ewly stages of keritimzation the formation of eytoplismic
fibrils 1s a bisic mechamsm which later becomes assocnited with the
decomposiion nd elummation of certun cytoplismic and nuelear el
ments  Although these 1re common properties of keratinzing cells of
hoth hur cortes and epidermis the mechansm of keratinization must I
different 1n the two structures  In the differentinting cdlls of the hur
cortex the oy tophsmue fibnls gr dually rcach such a lugh concentration
that the cells conast of practically ll fibnls At this pomt nuclear and
avtophismic etnatics cease and the nonheritin constituents are lmost
completch chminated  In differcntinting epidermal el the formition
of fibnls 1 less gridual ind the fibnls never seem to reach such lugh
concentritions 1o the (luminion of nuclir and cytophsmic non
keritin components 1s less complete

Hur heritin ind keratin formed by the (prdermss have different
quantitics of 1mino 1eds While hur keritin contams lustidine hsmt
and argimine 10 the char ictenstic ratio of 1310 this ritio 15 different
m eprdermal heratin AMatoltsy suggests that ather the av ulibility of
amino 1aids 1s different mn the hur follicle and the ¢pidenmis or that
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keritin synthesis proceeds according to different principles i these
tissues

The relation of the vascular pitterns to the cycles of growth has
been largely overloohed Peripheral blood vessels are small and &f
ficult to interpret n histological matenial, but by injecting whole animals
with India ik, Durward and Rudall, and Ryder have visualized the
major networks and plevuses that accompany the hair follicles of the
rat, rabbit, and the lamb In the pelage of the rat the monotrich has a
rich network of capillanies around the lower half of the follicle, and the
dermnl papilla contamns a tuft of capillaries Awls have a less dense
plexus of capillaries around the follicle and no capsllanes 1n the papilla,
the smaller follicles are not surrounded by an indmidual plexus, and
their papillae are not vasculanzed Naturally occurring hair growth
waves 1 the rat and the rabbit are d by a corresp
mtensification of the blood supply, which keeps step with the gru“th
or regression of the follicles

Caprtalizing on the fact that the endothelium of capillines 1s strongly
reactive for alkalme phosphatase, capillary networks can be demon-
strated cleuly around harr follicles m thick sections of skin  In man,
the capillary plexus around large follicles, hke that around the mono-
trchs of rats, 15 densest around the bulb of growing follicles The rest
of the follicle 15 surrounded only by a few artertoles and capillanes
The dermal papilla of large active follicles has a large capillary plexus
In man, as i the rat, rabbit, and lamb, progressively smaller follicles
have scantier capillary plexuses, the very small follicles of vellus hawrs
have prictieally no plexus, and the dermal pipillae are avascular Dur-
ing the transiion from active state to quiescence, the bulb largely de-
generates and the follicle withdraws from the capillary plexus, which
remuns mttct but collapsed at the base of the follcle The dermal
papilla also withdraws from sts plexus These observations do not
provide an answer to the question whether the mitiation of growth
1 a follicle 1s preceded by an engorgement of capillaries or accomp wmed
by 1t, but evidence favors the latter vien

Some follicles on the human bodv are surrounded by nerves, they
may be found anywhere on the bady but are more numerous on the
scalp and face, and m the perineum These follicles are surrounded
by a plexus of nerves just below the entrance of the sebaceous glands
nto the prlary canal the lower part of the folhele his no demonstrable
nenves  All of these nenes, hke those that surround the sinus hair
follicles of other mammals contan specific cholnesterase and are
probably sensory nerves

Until now nothing had been known about the energy requirements
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for mitosis m the cells of the matnx  Bullough and Lawrence applying
to the hair follicles of mice the same methods which they have used to
study the surfice eprdermns have opened & new ficld of research  Unlihe
the surface epidermis the cells of the matrix have no diumal rhythms
and no depression of mitosis occurs after forced everaise In starved
mice mutotie activity does not become depressed an the matng cells
untl after the amimals are mn a state of collapse even then the add:
tion of glucose restores mitotic activity to normal Full shock almost
completely mhibits mitotic activity of the matrix cells but putnl
shock does not greatly affect 1t VWhen shin from fully shocked mice 1s
meubated with glucose mitotic activity i the matrrx returns to normal
almost immedaately

Active mitosis m a hair bulb requires adequate supphes of oxygen
and of some sutable cirbohydrate substrate 1n the absence of either
mitotic actvity »s powerfully inhibited Glucese fructose and pyruvate
are 1deal substrates for the support of mitotic actnity the vinous
Krebs cvele mtermediates tested are not efficient Mitotic activity m
hur bulbs 1s mhibited by any substance that mnhibits the process of
glycolysis the krebs cycle or the cytochrome system 2 4-dimtrophenol
which 1nhibits the process of energy transfer has the same effect

The high mitotic activaty 1 a hair bulb can only be maintuned by 2
high level of energy produced in the cells Therefore it must be ex
pected that mitotically active hur bulbs will normally absorb lirge
quantities of glucose wnd oxygen this has been shown to occur with the
use of ridioietne glucose

The germ of quiescent follicles has two centers of growth one m
contict with the dermil papillx and giving nise to the bulb the other
alongside 1t 1nd producing the clongated lower external sheath  The
cells of the mtrrc have great power to orgamze themsehes even when
they are mechimcally displiced they give nse to the separate Iyers
of the snner sheath and the har shaft

Melnocites reside in the upper bulb eapping the dermal appill
Therc 1s evidence howerver that some melanocytes which do not form
mclamin under normal conditions are also found in the outer root
sheath as in the embryo  When active follicles of the human sealp are
irrachated  these quiescent melanoeytes rescal thesr presence by be
commng actne The follicles of some wmmals 1s for nstancc the
seal normilly contun a few small active melinocytes in the outer
sheath Mchnm grinules beng opaque mthe 2 microscopie study of
therr formation difficult This has been resolved by studhies of mclino
cytes in human hur follicles with the eleetron microscope  These studtes
have not only shown how melinm grinules are formed but also how
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they are transferred from the melanocytes to the cells of the cortex
and medulla In the cytoplism of the melanocyte 1 region near the
nucleus that corresponds to the Golg: apparatus contams numerous
vesicles that consist of an outer b and several 1c nner
ones Defintive grinules are formed by 2 gradual deposition of melinin
upon these vesicles The amelanotic melanocytes i albino haurs also
form these complex vesicles but pigment 1s not deposited upon them
The dendntic processes of the melwnocytes are msinuated m the mter
cellular space of the presumptive cells of the cortex and medulla these
cells phagocytose the pigment contuning tips of the dendntes and ¢
quire pigment of therr own This method of pigment transfer seems
to occur also 1n the cells of the epidermts

Haurs have a wide range of color hues although only blick brown
and yellow pigment granules ean be seen mn them under the mieroseope
The nature of har pigments and thewr possible metabolic pathways are
presented here for the first time by Fitzpatrich and s colleagues
Black and brown pigments are sumilar chemically and m the way they
are formed the yellow pigment pheomeluun 1s different

When by tyrosine 2 C! 1s used as a substrate tyrosine 1s incorporated
mto the pigment cells 1n the hair bulbs of mice Tyrosmase actvity
however 15 closely relted to the stages of the hur eycle In C37 black
mice tyrosmmase 1ctvity 15 not detected with this radiowtogriphic
technique during anagen I and II st appears weakly in anagen 11T and
gradually increases 1n amount duning anagen IV 'V and VI Enzyme
activity 1s absent during telogen The abilty to ovuidize tyrosine 15
greater 1 melame than i pheomelinic folhcles The hawr follicles of
albmo mice show no uptihe of labeled tyrosine

Tyrosinase seems to be the natural precussor of melanin  Although
pheomelanic hair follicles utilize tyrosinase 1s 4 substrate in vifro the
prgment formed 1s abnormil 1nd the oudation of tyrosme may be
mvolved only indirectly 1n the formation of this mgment The activity
of the genes in producing pheomeluun mn the gunea pig and mouse
15 very defimte and there are no intermediates between mehinin and
pheomelinin This clewr cut action of the genes suggests the presence
of 1 “switch mech ” probably lving one enzymatic step Two
things suggest that tyrosme and tryptophan intermedntes have 2 duil
role 1n this switch mechamsm  the formation of the red ycllow pig
ment xanthommatin which is depcndent on the conversion of dopa to
dopa qumone 1n the presence of tyrosmasc and the noncnzymatic
oudation of 3 hydroxyhy to 1 win by the dopt quinone
can be reduced bk to dopr Therc 15 no mehnmn formed in pheo
melwic huur follicles of mn wnd guner pig when skin s mcubat- ' *
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dopa 3-hydroxyhynurenine in a molar ratio of 1 4 for 20 hours If the
ratio of dopa 3-hydroxykynurenine 1s 4-1, no black pigment 1s formed
mw 4 hours, but black pigment 1s deposited after 20 hours, when all the
3-hydroxyhynurenmne has been oxidized The formation of pheomelnin
could, then, be the result of the oudation of an o ammophenol by dopr
quinone, produced by the oudation action of tyrosinase or dopa This
1s compatible with the observation that pheomelanic hair follicles con-
tam tyrosmase, and 1t would evplain the pigmentary switch-mechanism
leading to either mel or pl 1 { ding on the absence or
presence of ¢ aminophenol The critical enzyme operating the swatch
could be one bringing about the hydroxylation of an aromatic amme
Pheomelanic hair emuts an orange or yellow fluorescent light under
near-ultraviolet hight The fluorescence of a mixture of 3-hydroxy-
Aynuremmne and dopa 1n which harr follicles have been mcubated re-
sembles thit of an alkaline extract of pheomelanic hair

The hterature abounds in reports on the effects of nutntional de-
fictencies on the growth of har  These reports, however, have lumited
value, since most mvestigators have pud lttle attention to the normnal
cycles of growth of the hairs 1n their cxperimental animals  Ryder's
report m this book on the growth of the wool of shecp takes mto account
many of the factors that could influence hair growth  Swnce species dif
ferences oceur, his observations pertam only to the sheep, and must be
applied with caution to the hair growth m other amimals

The weight of wool that a sheep grows 1s controlled by the amount
and quality of the food avalable A poor dict reduces the breahing
strength, and the length and diameter of wool fibers, but the reinforce-
ment of the diet with both protemn and carbohydrate corrects these de
fects and mcreases wool production  Carbohydrate 15 needed to provide
energy for proten utihzation, and for the release of protun for wool
formation  Carbohydrate 1s alse an essential requirement for mitotic
actinaity n hair follicles, as shown by Bullough and Lawrence

Cystine or methiomne, while essential for hair growth in mamv
ammals, are not needcd by the sheep, which can synthesize cyvstme
from sulfate B svitamins are necessary agents for the growth of hur,
and pmtotheme aud seems to be associated wath the whlization of
copper  Deficiencies of copper causes a loss of pigment in hawr, and 0
wool, a loss of the enmp Copper 1s believed to catalyze the oxid ttion
of SH— to —S—S— groups, although 1t has not been possible to detect
copper 1n the folhcles either wath histochemical methods or with the

18

use of Cu
Within a few minutes after the mjcction of cystine labeded with S¥,
radioctne particles appear first 1n the outer root sheath above the
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bulb this substance must enter the follicle at this level from the sur
rounding capillary net and not through the vessels of the papilla
Soon after an injection of glucose Ibeled with C1* radioactive particles
are recovered m the bulb and not above it showing that they have
entered lurgely through cipillanies of the pipilla  These observations
give meaning to the plexuses of capillanes m the papilla and around
the bu

No less confusing than the effects of nutnition are the reports on
the effects of hormones on hur growth Statements that a certan hor
mone  accelerates” or “retards” growth arc meaningless unless one
first understands normal growth This problem 1s rendered more difficult
by the eustence of spectes differences For example cortisone com
pounds mitiate hur growth in nlopecia areatn 1n the sealp of man but
suppress hawr growth m the rat Most of our mformation at the
present time comes from observitions on the effects of hormones on
hair growth in the rat - This amimal 1s emunently suited for such studies
smce 1ts hair growth cycles are short and precise

In the rat spontneous growth begins periodically n the belly and
spreads dorsally as a wave when club haws are plucked from an area
the follicles all grow synchronously The cycle of growth of a follicle 1s
about 26 days regardless of how activity 15 mtated At the end of
26 days growth ceases and the folhcles become quiescent Male rats
have coarser hair than femnles and the shin of the male 1s covered with
flahes of ovuidized lipids Spontineous growth waves in females lag
behind those of males but the cycle of growth i each follicle 15 the
same m both sexes After gonidectomy sex differences disappear the
fur 15 intermediate 1n texture between that of males and females and
spontaneous growth resembles that of normal males

Daly with gen retards the and the rate of
both spontineous and induced hair growth n ammals that have been
d. adrenal d hypop d or rendered de

fieient 1n thyro d hormone Estrogen nduces the growth of fine sparse
hair 1n all ammals except those which have been hypophysectomized
Daily treatment with androgen has no appirent effect on hair growth
except that it promotes a coarse pelage mn 11l except hypophy sectomized
s

Spantapeans weplacement. of baur s noticeahly retarded. dumng, prag,
nancy and Iwtation although induced growth by plucking 1s normal
hair growth 1s transiently accelerated when the young are removed
from the mother These effects are not duplicated by treating intact
females with progesterone but are partiallh smmulated when nursing
females are treated with luteotropic hormone
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Adrenalectomy accelerates the imtittion and the spread of growth
waves but has no effect on the rate of growth of the individunl folhcles
Adrenalectomy has no effect on induced growth and the pelge re
grown 1s unaffected Dauly treatment with small doses of cortisone
nhibits the spontaneous nitiation of hur growth 1n intact gonadec
tormized or adrenalectomized rats but has no effect on follicles already
growmng  Large doses of cortisone completely inhibit hair growth n
intact rats but have no effect on follicles already growing All hair
growth 1s mhibited when propylthiouracil treated or hypophysectomized
ammals are njected wath small doses of cortisone In all of these cses
growth commences as soon 1s the cortisone 1s discontinued Daily
treatment with deoxycorticosterone has no effect on hur growth m i
tict or adrenalectomized rats

Continuous  tr with adrenaline 1hibits sp hur
growth in 1ntact ammals and delays the response to plucking but growth
procecds normally once it has started Prolonged treatment with
adrenaline produces a loeal mhibtion of spontancous or mduced growth
These cffects are neither mediated nor potentiated by the thyroid They
are however partially Iinked to adrenocortical activity  Adreniline m
Iibuts hur growth more i cortisone trented adrenilectormzed rats than
m adrenilectomized ammals not recewving cortisone the effects re
not due to the cortisone

Spontancous growth 1s markedly retarded m alloxan diibetic an
mals but after an atial delay induced growth 15 normal  Treatment
with phlorluzin does not ffect hair growth despite 1 continued gly
cosunti and hypoglycerma  Insulin restores spontaneous replicement to
normal 1n alloxan dibetic ammals and enhances growth in ntact
anmls despite the low level of glucose 1t produces mn the blood Glu
cose treated mtact ammals on the other hand have normal regrowth
after pluching but their spontaneous growth 15 often setarded  Insulin
then seems to be more dicetly imvolved 1 hawr growth than ghicose
pethaps by reguliting the utilization of glucose from the blood dur
ing the ewly stages of follicle growth

An mtake of propylthiouracil thit produces a deficiency 1n thyroid
hormone inlubits the spontancous waves of har growth Induced
growth however 1s practically normal  Injections of thyroune acceler
ate spontancous replacement of hair i propyithiouracil treated rats and
n normal rats the cycle of growth however rematns normal regardless
of how actnity 1s imtiated  Thyroune and cortisone have antagonistic
effects on hair growth and one hermone can be used to offsct the cffects
of the other Such a relationship does not exist between thyroune and
gonadal hormones
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Hypophy y, which the imtiation and spread of
spontancous growth waves, has no effect on the rate of growth, the
cycle of growth 15 normal after plucking, but the pelage 1s mfantle
The administration of ACTH inhubits hair growth mn intact, gonadec-
tomized, and hypophysectomized rats, but has no effect on that of
adrenalectormized animals This inhit 15 1 diated through
the adrenal cortex The pituitary also exerts a restraint on hair growth
by means of the adrenal cortex Hypophysectomy removes this restramnt

Implants of pituttary hissue or mjections of growth hormone restore
the pelige of hypaphysectomxzed rats to an adult texture Hair remains

fantile m hypop d rats even when treated with gonadal
hormones  Sex hormones, then, modify the type of har produced only
»f growth hormone 15 present

The rate of growth of hairs i man 1s more difficult to assess than
that 10 the rat Hamilton and hus colleagues have devised techmques
that provide repeatabl of the rate of growth
of hairs in certamn regmns of the body With these methods, data have
been obtuned for each sex throughout the hfespan i Caucasian and

1 The dards constructed from these values
can help m evaluatmg some aspects of physiologic age, and i studying
the endocrine status of the mdividual

The growth of the beard in Caucasian males 15 greater than that m
Japanese In contrast to the high modence of facial hwsutism n
Caucasian women not a single nstance of it was found m Japanese
women Males of both ethme groups have similar values for the mean
diameter of coarse hwurs and for the percentage of gray hairs with ad
vancing age Growth of axillary hair s more pronounced m Caucasian
than 1 Japanese men, and much more so i Caucasian than m Japanese
women of comparible ages Caucasian males also have a greater
tendency to develop coarse hairs on the external ears and to become
bald than do Japanese males

Secondary sex characters and certam sex differing pathologic states
fail to develop m men who do not mature sexnally The degree to
which of these cond once fully developed, depends
upon ponadal secretions 1s different and listed m decreasing order of
dependence are the xllary hair beard, and common baldness Under
ordmary conditions these traits are dependent upon gonadal secretions
for development and in some imstances for mamtenance The extent
to which these states develop 1s regulated chiefly by heredity and ageing
Studies of twins and members of large fumlies, supplemented by com
pansons of Caucasians and Japtnese, delincate and emphasize the
large measure of control exerted by genetic factors
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Secondary sex characters merge almost indistingmshably with male
selecting conditions ke common baldness 1nd severe acne There nre
suggestions that this spectrum m1v extend to some of the more lcthal
male selecting pathologic states nd to the shorter duration of e m
males than m females i man and other wmils In some waips the
control of pihary secondary scx characters seems to be anilogous and
m1y provide clues to those of certun sex selecting pathologic stites

During 1ts peniod of growth a follicle produces har to ats fullest
capraty and cannot be pushed beyond its hmits  Increased hair pro
duction then can only be aclieved by imtiating actiaty i quiescent
follicles and preventing them from going into the resting, state  Many
physteal agents that e1use enough dimage to stimulite 1 moderite ept
derma] hyperpluin are effectne m mitisting growth i quiescent fol
licles  In the human scalp doses of \ riy ligh enough to ctuse scvere
dimage to growing follicles actually mtivte growth m quiescent ones
In the mouse and rabbit a dose of x r1y of abont 1500 r stimulates rest
g follicles while dimging growing ones The most praictical and
widely used experrmental method for mmtiiting growth in follicles 1s
the plucking of club hasrs

After epilting doses of xrvy the bulb of active follicdes m the
human scalp lirgely degencrites N rays accelerate all the changes
of catigen 1 1ctwve follicles except that 2 club har 1s not formed nd
the hur falls out When the degeneritne changes hue coised the
follicles remun 1 telogen for a time and then grow normally i un
The cffects of 1omzing radintion on hur follicles cin be stuched by
examming under the low power of the microscope unstuned hur roots
plucked from the irndinted sealp  This methed should huwve useful 1p
phiciion m medieime  Changes ¢ be seen cleurly two dys after
wridation and become progressnely mmfest untl 10 to 14 dns
These changes which are confined to growing hur follicles begn i
the matrie nd progress to the rest of the bulb until 1t 15 completely
wtrophied At the end of 10 to 14 d1vs when complete disintegration
of the bulb has occurred the ends of the hurs are tapercd nd they
fall out 1t the end of 3 weeks In 1 few hurs the roots recover dunng
the first week assume 1 ostructurills normal bulb and continue to
produce 1 hur the hair shaft in these follicks has 4 smaller dimcter
ta 2 demreated zone wiich can be rdentifed s judged by #ts dhistanet
from the bulb as that portion of the hair thit was produccd dunng the
bme that the follicde suffered from the effects of the rdntion The
percentage of growing hurs showing morphological defeets duc to ar
ridinbion may be cileulated by examiming one hundred or more hurs
pulled from the are1s of the seilp cxposed to x rvs - Such examimtions
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repeated 2t mtervals during the week alter the wradiation show that

the 1 ge of damaged hairs bnearly m relation to both
time and to the dose of wradiation to which the scalp w1s exposed

M P! 1on of d roots of hairs pulled from the
scalp of pttents r g therapeutic doses of hopterin reveals a

transient but reversible mjury to the hair bulb The hair formed durmg
the time of administration of the drug his 1 smaller diameter when the
admmstration of the drug 15 stopped the bulb agam produces a har
of normal diwmeter As  result hars from patients who have recewved
amethopterm have zones of constrictions The degree of constriction
corresponds to the dose of the drugs employed and may be so severe
that the shaft brealks at this pomt when the harr 1s pulled or combed

A concluding statement must be made on the postnatal development
of hur follicles In the young of mice rats and rabbuts which are
born niked many of the hur follicles continue to develop from the
epdermis durmng the first 2 or 3 postnatal days In adult animals how
ever, the population of hair follicles 1s appwently fixed and does not
mcrease  Several mvestigations on the healing of cutineous lesions 1o
mice rats gunea pigs rabbits and cven man provide some evidence
that hair follicles can form anew from the adult epidermis During the
healing of extensive cutaneous wounds mn rabbits hair follicles muy be
formed from the eprthehalized scar tissue  Such new follicles possess
sebiceous glands but they lack arrectores pilorum muscles and pigment
although the rabbats used may belong to pigmented breeds This sug
gests that these haws are of completely new formation and have not
ongnated from follicle remnants left belund mn the wound bed

1 bl ! that pletely new follicles can be formed
m adult ammals 1s found 1 the antlers of deer These deciduous bony
prongs are shed i mdwimter and regenerited duning culy spring
When growing they are completely covered by “velvet” 2 Iyer of typ
cal hur beanng shin - When they are fully grown the shin dries and
peels off leaving the bone core exposed The hais in the velet are
pigmented and have sebaccous glinds but Iike the new hairs that grow
m the wounds of rabbits they lack arrectores pilorum muscles Thus
each year throughout 1ts hfe the deer regenerates a rclatively large area
of shin complete with its complement of hair follicles At lenst in these
cases then the ngid view that harr follicles cn be formed only i the
embryo or the newhorn cn no longer be sustamed

Lest the optimistic bald reader come to the conclusion that here is
hope far the solution of the problem of baldness let him be warned that
baldness and the regrowth of hair just deseribed are very different
things Ay uncritical obsenvations bave been made on baldness
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The chapter by Ellis however s the first good wmalysis of some of the
aspects of the balding scalp The concept that a bald sealp is devord
of hair 1s wrong  Although many follicles do pensh Istologists hne
hnown for 1 long time that most of them undergo 1 regressne trans
formation to vellous types and the hur they produce 1s short fine and
colorless Together with this transformation are dramatic changes in
the vascular pattern of the entire scalp and 2 many fold increase n the
size of the scbaceous glands The typieal arrangement of hur follicles
n groups found in the scalps of children and young men gridually
becomes diffuse and n old men hur groups cwnnot be recogmzed
There 1s a stnking relittonship between the vasculinty of the surface
eprdermus and the presence of large follicles when follicles regress to
vellum types the papillary plexuses mostly disappeir The agents that
control haur growth in the scalp must also muntun the subepidermil
cipillary plexus and the 1geng changes that tike plice in the epidermus
may be dependent upon those taking plice in the hair follicles Such
correlation 1s well known m the shin of the mouse The ccerme sweat
glands while undergomg some subtle agemng changes remun lrgely un
affected Sebaceous glhinds which become voluminous at the stme time
that the assocrated hair follicles become diminutive thrive an the bald
scalp perhaps they are controlled by different agents from thosc that
control hair growth

These 2re the beginnings of our understinding of the morphologienl
changes that occur in baldness  Future studies wall indubitably be more
fruntful
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