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ABBREVIATIONS
Abbreviations used in this thesis are those recommended

in the Biochemical Journal "Instructions to Authors" (1972),

with the following exceptions :

bis-MSB - p-bis (o-methyl styryl) benzene
BSS - balanced salts solution

cpm - counts per minute

DOPA - L-(B) 3,4-dihydroxyphenylalanine
dpm _ - disintegrations per minute

EDTA - ethylene diamine tetraacetic aoid
PBS - phosphate buffered saline

PPO | - 2,5-diphenyl oxazole

SDS -~ sodium dodecyl sulphate

TCA - trichloracetic acid
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SUMMARY

The literature concerning the growth and differentiation

of skin cells is reviewed, The interaction bet%een the
dermis and epidermis of postembryonic skin is compared with
other forms of mesodermal-epithelial interaction, and the
possible involvement of gap Jjunction-mediated transfer of

molecules between the two tissue layers is discussed.

Cultures of epidermal keratinocytes and dermal fibroblasts

were established from newborn mouse skin and adult guinea
pig ear skin, The ability of these cells to form gap
junctions with one another in vitro was examined by auto-
radiographic analysis of 3H-uridine nucleotide transfer
between prelabélled donor cells and unlabelled recipient

cells,

A novel statistical approach was used to analyse the
transfer of radiolabelled molecules between cells in
culture. -Comparison-of the autoradiographic grain counts
of recipient cells in contact with prelabelled donor cells
and recipient cells not in contact with donor cells was used
to generate a probaﬁility value Which was used as a measure

of cell-cell communication.

This method was used to demonstrate gap junction formation
between epidermal keratinocytes and dermal fibroblasts in

culture.




Junction formation between skin cells is in contradiction

to published proposals of epithelial-fibroblastic specificity
To determine whether this is an unusual situation, two other
mouse primary cell types, epidermal melanocytes and renal
epithelial cells, and cells of several established cell
lines, were examined for gap junction formation in vitro.

It was shown that epidermal keratinocytes, dermal fibfoblasts:
renal epithelial cells and epidermal melanocytes communicate
non-specifically with cells of the fibroblast line C1l3 and
the epithelial cell line BRL. However, cells of the canine
kidney epithélial line MDCK form gép junctions with one
another but do not communicate with cells of the Jjunction-
competent C1l3 and BRL lines, From these results it was
pfoposed that specificity in cell communication may be a

more general property of established cell lines.

The epidermal structural protein prekeratin was used as a
bibchemical marker for epidermal cell differentiation in
‘culture. Prekeratin from newborn mouse skin was purified
by ciltrate buffer extraction, and shown to consist of
polypeptidé chains of 61,000MW and 69,000MW in a 2:1

stoichiometry.

A further method for the study of keratinocyte different-
iation in vitro was developed, based on the relative uptake
of the amino acids histidine and leucine. Using these
\techniques it was demonstrated that epidermal keratinocytes
undergo only limitéd differentiation in dispersed cell

culture.,
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The dermal-epidermal interaction was also studiedAusing

a transfilter organ culture system, Direct contact
between dermis and epidermis was shown to result in
stimulation of epidermal protein synthesis. This
stimulation does not occur when the two tissues are
separated by porous filters with a mean particle retention
size of 0,.8um, However, no de ngg prekerafin synthésis
was detected by labelling of skin organ cultures with

35 3

S-methionine and “H-leucine.

The implications of these observations for the normal

growth and differentiation of skin in vivo are discussed.




Chapter 1 - INTRODUCTION




"I pray for inspiration, to tell how it all began"

Virgil

The Aeneid



1.1  The Biology of Skin

Adult mammalian skin is now recognised as a
morphologically and biochemically complex organ, consisting
of several distinet tissue layers containing cells of widely-
varying embryological histories (Hsia, 1971). The functions
of skin are similarly diverée, including thermoregulation,
sensory perception and secretion, but the generai role of N
skin is as the interface beitween the aqueous cellular
environment of the body and the non-aqueous external
surroundings. Thus, normal skin functions as a resistant
barrier to physical and chemical démage, ~and also forms
a mechanism of sensory transduction between the organism and
its immediate exterior, :The resistance of skin is due to
the continuous production of an outer epidermal layer of
dead cells filled with insoluble keratin filaments; the
biological function of the epidermal cell may only be realised by

its death.

The mammalian epidermis is a keratinising epithelium,
and, as the outermost layer of the organism, may be considered
the evolutionary successor of the plasma membrane or cell wall
of unicellular organisms. The highly-organised epidermis of
vertebrates has evolved from simpler external structures of
lower multicellular species. The cell wall of'plants consists
mainly of the polysaccharide cellulose, which is locally
hardened bj incorporation of lignin. Similarly, the cuticle
of insects is largely composed of the N-acetyl glucosamine

polymer chitin (Wigglesworth, 1964). The extreme hardness



of the insect'epidermis is due to the presence of sclerotin,
which consists of protein chains cross-linked by benzene
rihgs. The disadvantage of the insect exoskeleton is that
its rigidity does not permit growth of the immature organism;
this is overcome by a series of moults, succgssive sheddings
of the cuticle followed by deposition of a new layer, until
the adult étage is reached and growth ceases, In fish, the
epidermis is a squamous epithelium composed of several distinct
cell types, but no morphological keratinisation appears to
occur (Flaxman, 1972). As an adaptation to the terrestial
environment, the amphibian epidermis has a uniform cornified
layer containing o-type keratin similar to thét of mammaiian
hair, Unlike the mammalian epidermis, cornified cells are
not shed continuously, but in a periodic, hormonal-controlled
sloughing of the amphibian epidermis which appears analogous
to the insect moult. The surface epidermis of birds is
similar to that of mammals, but keratinised cells are charac-

terised by the presence of large lipid inclusions.

Normal mammalian skinAmay be regarded as consisting of
four main layers (Hsia, 1971). In order, from exterior to
interior of the body, these are the epidermis, dérmis, sub-
dermal adipose tissue, and the panniculus carnosus, The
epidermis is a stratified squamous epithelium, and is separated
from the dermis by an extracellular junctional structure often
referred to as the basement membrane or basal lamina, The
dermis is a well-vascularised tissue of mesodermal origin,
which merges into a layer of subcutaneous fat derived from

mesodermal cells of the deep embryonic dermis, In most



animals a region of smooth muscle, the panniculus carnosus,
underlies the fat layer, but this structure is vestigial in
man, The dermis, epidermis, and dermal-epidérmal junction

will be considered in more detail below.

1.1.1 The Dermis

The dermis of adult skin is derived from embryonic
mesoderm. The free cell population of the defm&s includés‘
dermal fibfoblasts, which secrete the collagenous iatrix or
ground substance, and various cells of the immune system
(Breathnach, 1978). A phagoeytic function is probably
performed by the histiocytes, or "dermal macrophages",

Mast cells and lymphocytes have also been unambiguously
identified in mammalian dermis, The cutaneous appendages

of skin comprise another cell population in the dermis, Hair
follicles, sebaceous glands and sweat glaﬁds are all derivéd
from embryonic ectoderm, but extend downward into the dermis,
and the epithelial cells of these appendages are capable of
regenerating the epidermis de novo in the event of its removal,
Also located in the dermis are the arrector pili smooth muscles
(associated with the hair follicles), sensory nerve endings,
which may extend across the dermal-epidermal junction, and an
extensive vascular network responsible for the dissipation of

excess body heat,

The cells of the dermis are embedded in a secreted macro-
molecular matrix, which contains collagen, elastic fibres, and
glycosaminoglycans. The elastic fibres are oriented at right

angles to the skin surface in the superficial dermis, where
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they may be associated with the dermal-epidermal junction, and
parallel to the skin surface in the deeper layers, The

. ecollagen appears to be relatively unpolymerised, highly hydrated,
and may have the physical characteristics of a gel (Jarrett,
1973a). Glycosaminoglycans found in the derﬁis are mainly
dermatan sulphate, chondroitin sulpﬁate, kerétan sulphate,

and hyaluronic acid, and these may form a proteoglycan complex

'with dermal tropocollagen (Jarrett, 1973b).-

1.1.2 The Dermal-Epidermal Junction

The dermal-epidermal boundary region is seen to be
extensively convoluted by protrusions known as dermal papillae
or as (epidermal) rete pegs when examined in fhin section by
light microscopy. In addition, irregularities in the basal
epidermal cell plasma membrane constitute a further pattern of

invagination visualised by electron microscopy.

The junction between dermis and epidermis consists of
four discernable components : (i) the plasma mémbréne of
basal epidermal cells; (ii) the lamina lucida; (iii) the PAS-
_staining basal lamina; and (iv) the sublaminar dermal

filaments (Briggaman and Wheeler, 1975).

The plasma membrane of the cells in the Basal epidermal
layer constitutes the first component of the dermal-epidermal
junction, and is characterised by the presence of hemidesmoéomes
bn basal keratinocytes. A 20-40nm thick "attachment plaque"
on the cytoplasmic side of the hemidesmosome appears to be
associated with tonofilament bundles, epidermal intermediate

filaments containing keratin polypeptides (see section 1.3.1).
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The nature of the interaction between desmosomes and tono-

filaments is unclear,

Beneath the epidermal cell layer lies an amorphous,
electron-lucent zone, the lamina lucida. This region is
impermeable to tracers of the intercellular space such as
lanthanum hydroxide and ruthenium red (Wolff, 1968). Fine
fibres of unknown composition termed anchoringAfilaments cross
the lamina lucida in the vicinity of hemidesmosomes, and are

thought to be involved in dermal-epidermal adhesion.

The basal lamina component of the dermal-epidermal
junction consists of a fibrillar reticulum embedded in a
neutral glycoprotein matrix which stains with periodic acid-
Schiff (PAS) reagent. However, it has been suggested that
the ultrastructural appearance of the basal lamina is an
artefact caused by macromolecular precipitation during

fixation (Jarrett, 1973c).

On the dermal side of the basal lamina are found various
filamentous structures, including single collagen fibres and
dermis-specific anchoring fibrils which contain collagen of

irregular periodicity.

The dermal-epidermal junction is thought to function in
adherence of the two tissues and as mechanical support for the
epidermis (Murray et al, 1979). This structure may also be
involved in molecular and cellular transfer between dermis and
epidermis. Nutrient and gas exchange is presumed to occur
across the junction, as the epidermis is avascular, Passage

of macromolecules from dermis to epidermis has been demonstrated
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experimentally. Injection into the dermis of horse-radish
peroxidase (about 4Q,000MWO was followed by rapid appearance

in the lower epidermis; where it freely penetrated the inter-
cellular space (Squier, 1973). The 1imit to peroxidase
permeation in the granular layer correlated With the appearance
of membrane-coating granules at cell margins (Eee section'l.3.2).
Particles of Thorotrast (colloidal thorium dioxide) of 5-12.5nm
diameter introduced into the dermis were largely retained at

the dermal-epidermal junction, but significant penetration into
the épidermis was observed (Wolff and Hgnigsmann, 1971).
.Initially, the Thorotrast particles occupied the intercellular
space, again éxcluded at the granulér layer,‘but phagocytosis

of the particles by basal keratinocytes resulted in their
subsequent appearance in cornified cells. It was surmised,
therefore, that the dermal-epidermal junction is at least
partially permeable, even to large molecules and small particles,
These substances enter the extracellular space of the epidermis
except the upper

granular layer and stratum corneum, where the 1ipid matrix
derived from membrane-coating granules acts as a diffusion

barrier.

Occasional discontinuities in the basal lamina occur, and
the dermal-epidermal junction is also interrupted where nerve
endings cross (Briggaman and Whéeler, 1975). The presence of
dermal lymphocytes in the epidermis, where they are suspected to
perform an immunosurveillance role, is observed in adult skin

(Breathnach, 1978).



Figure 1, - The Epidernmis

Electron micrograph of a thin section through human
epidermis, The dermis is visible as a lighter area at
the bottom of the field, and several layers of cornified
cells in the stratum corneum at top left. The small cell
with lighter cytoplésm and darker nucleus in the epidermal
basal layer is a melanocyte. Note the presence of abundant
tonofilaments and numerous granulér structures, ahd the loss

of nuclei in the upper epidermal layers. (x 3750)

(Reproduced by permission of Dr. C.J. Skerrow, Department of

Dermatology, University of Glasgow).
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1.1.3 The Epidermis

Whereas the dermal fibrous network provides the
flexibility and resilience of skin (More john and Pratley, 1979),
the epidermis is responsible for its physical and chemical
resistance. This is'achieved by the production of a layer
of keratin-filled dead célls, whiéh represents the ma jor

differentiative function of the epidermis,

The principal epidermal cell type is the keratinocyte.
This epithelial cell is unique to the epidermis, but closely-
related cells termed keratocytes occur in the cornea and
conjunctiva, and, in common with the gland and follicle cells
of the dermis mentioned above, are capable of differentiating
into mature keratinocytes upon appropriate stimulus (Sun and

Green, 1977).

Other cell types occurring in the epidermisAinclude
melanocytes, Langerhans cells and Merkel cells. Melanocytes
are derived from primitive neural crest, and migrate to the
epidermis dﬁring embfyogenesis. The function of this cell is
the manufacture of the pigment melanin, which provides protection
against solar radiation. Melanin granules are transferred to
epidermal keratinocytes by the process of pigment donation.

In vitro anélysis of pigment donation has led to the view

that this occurs by a cytophagocytdtic mechanism, in which
blobs of cytoplasm derived from melanocyte dendrites are
actively engulfed by neighbouring keratinoeytes (Okazaki et al,

1976).

Langerhans cells are often included with melanocytes in

the epidermal dendritic cell population,. However, because of

¢
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their resemblance to the sarcoma histiocytosis X, they are
possibly of mesodermal origin (Nezelof et al, 1973). The
distinguishing features of the epidermal Langerhans cell

are its histochemical staining with reagents‘specific for
5'-nucleotidase (ATPase) and the presence of the characteristic
Langerhans cell granules (Wolff, 1972). Potten has suggested
that these cells may be involved in the regulation of basal
keratinocyte growth and differentiation (Allen and Potten,
1974), but an alternative opinion holds that epidermal
Langerhans cells function in the immune response (Silberberg,

1976; Stingl, 1977).

The Merkel cell has a lobulated nucleus and 80-100nm
diameter cytoplasmic'granules (Winklemann and Breathnach,
1973). Like the melanocyte, this cell is thought to
originate in embryonic neural crest gnd migrate to the epidermis
~during development. Merkel cells are often associated with
Schwann cells and epidermal nerve terminals, and therefore may

be tactile receptors.

The epidefmis is stratified horizontally, and four ma jor
cell layers are generally recognised: +the basal layer, the
spinous layer, the granular iayer, and the outermost stratum
corneum (Breathmach, 1975). The ultrastructural differences
responsible for this stratification are due to the brocess
of keratinocyte differentiation known as keratinisation.
Keratinocytes undergoing this maturational sequence arise by
division in the basal layer, successively become spinous and
granular cells, and are eventually shed from the surface of

the skin as terminally-differentiated stratum corneum cells,
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or corneocytes,

1.2 Epidermal Proliferation

Epidermal proliferation occurs continuously in
order to replace the cornified cells shed from the surface
of the skin. Cell division is localized mainly in the basal
layer, but significant mitoses may occur in the suprabasal
layers (Penneys et al, 1970). A hundred-fold difference in
thymidine'ineorporation has been observed between suspensions
of basal and differentiated keratinoecytes (Vaughan and
Berstein, 1971), and the amounts of nuclear DNA and RNA
decrease in the upper epidermal layers (Suzuki gi‘gl,;l977).
Thus the mammalian epidermis may be considered to consist of
three stages : a proliferative stage, consisting of the
basal (and possibly spinous) layer; a synthetic stage,
corresponding to the spinous and granular layers; and a
transition stage, in which upper granular cells are converted

to stratum corneum cells.

1.2.1 The Epidermal Proliferative Unit

Studies on epidermal proliferation have revealed
the existence of a basic, vertically-organized unit of
keratinocyte proliferation, the epidermal proliferative unit
(EPU). The thin epidermis of furred mammals such as mouse
and rat has a regular cellular architecture, in which the
flattened cells of the upper epidermal layers are stacked
above a group of cuboidal basal keratinocytes (Christophers,
1974; Lawrence and Christophers, 1976). Subsequently the

EPU was shown to comprise 10-11 basal cells, surmounted by



Ve

one spinous and two granular cells, and 4-6 hexagonal flattened
’cornified cells (Potten, 1976). ' Potten and co-workers have
identified a Langerhans cell in the centre of the EPU basal
group, and speculate that this may be involved in controlling
the order of differentiation of the associated keratinocytes
(Allen and Potten, 1974). In any case, it appears that one
keratinocyte leaves the basal layer from the pefiphery of'

the EPU and commences further differentiation. As thé keratin-
ocyte flattens into a dehydrated squame and joins the. hexagomnal
cornified cell column in the stratum corneum it interdigitates
with squames of adjacent columns, and this may provide a
mechanism for ordered desquamation between units (Potten and
Allen, 1975). It should be noted that epidermal cell columns
do not ocecur in fast-growing and hairless regions such as the
palm and sole, and the central position of the Langerhans cell

is apparently restricted to mouse dorsal epidermis (Mackenzie,
1975).

- The epidermal proliferative unit could provide an internal
epidermal mechanism for regulafing epidermal thickness by
coordinating basal cell proliferation and corneocyte desqua-
mation, indepéndent of dermis, epidermal nerves, or minor
cell types (except possibly the Langerhans cell). However,
the existence of conditions in which epidermal proliferation
is greatly altered, such as wound healing and epidermal
transplantation, suggests that other mechanisms exist

regulating epidermal cell growth in vivo.
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1.2.2 Epidermal Growth Factor

The rate of epidermal proliferation 13 Xizg and in
culture is increased by epidermal growth factor (EGF).
This substance was isolated by Cohen from mouse submaxillary
glands, and shown to cause precocious eyelid opening and tooth
eruption in newborn animals (Cohen, 1962). Eﬁidermal growth
factor is a polypeptide of molecular weight 6,000 which has
the unusual properties of being heat-stable (100°C for 30 min)
and lacking lysine and phenylalanine (Cohen, 1962; Savage
et al, 1972). The effects of EGF on newborn rodents appear
to result from a general stimulationof epidermal proliferation.
The grthh of chick embryo epidermis in orgaﬁ culture has been
shown to be increased by EGF using whole skin, epidermis plus
killed dermis, and isolated epidermis (Cohen, 1965). Similarly,
the culture lifetime and subdulture efficiency of human keratin-
ocytes is enhanced by the addition of EGF (Rheinwald and Green,
1977). Epidermal growth factor is therefore a potent keratin-
ocyte mitogen, but the biological role of this protein is

unclear (Carpentier, 1978).

1.2.3 Epidermal Chalone

It has been suggested that epidermal proliferation is
regulated by a negative feedback mechanism involving a mitotic
inhibitor called epidermal chalone (Bullough, 1962; Lozzio,
1975). Extracts of epidermis with antimitotic activity have
been partially purified, and the chalone is thought to be a
protein or glycoprotein of molecular weight 30-40,000, and an
isoelectric point betweén 5 and 6 (Duell et al, 1975).

However, two or more inhibitory substances may be present in
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the chalone preparation. Adrenalin -stimulates the mitotic
inhibition of the preparation, and could be a cofactor of

chalone action (Bullough, 1969).

The following model for the chalone-dependent regulation
of epidermal proliferation has been proposed (Bullough, 1975).
Basal kératinocytes at a certain point in the G1 phase of the
mitotic cycle (dichophasej must "choose™ whethef to undergo
mitotic division or to become post-mitotic, differentiate,
and eventually die. The choice is governed by the intra-
cellular chalone concentration,. At each division in the
basal 1ayer,‘a progeny cell is expelled into the spinous
layer, which is a region of highér chalone effectiveness.
This cell therefore differentiates, whereas the other pfogeny
cell remains in the basal layer and will divide again., The
large increase in epidermal proliferation which follows
wounding is explainéd in this fheory by loss of chalone across
damaged cell membranes, followed by a consequent wave of
mitosis. This model is compatible with the general feafures
of epidermal proliferation and also explains the partial
keratinisation which accompanies wound healing, However, it
does contain certain inconsistencies, such as the improbability
of severely-damaged cells undergoing further division, and in
the absence of evidence for the chemical purity and mode of
action of epidermal chalone, the chalone theory remains

speculative.

An alternative view of the chalone theory is that these
substances are extracellular and act via a cyclic AMP second

messenger (Iversen, 1969). The evidence for cyclic nucleotide
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regulation of keratinocyte growth and differentiation has

been derived largely from in vitro systems (see section 1.4.2).

Normal homeosfatic epidermal growth involves a bélance
of keratinocyte proliferation and desquamation, which should
not require a chalone mechanism. Wound healing, however,
may.involve either a positive feedback (Wound hormone) or
negative feedback (chalone) control of keratiﬁoéyfe prolifer-
ation. Regulation of epidermal growth and differentiation

by the underlying dermis also occurs (see section 1.3.3).‘

1.3 Keratinisation

1.3.1 Keratin

Keratin may be defined as the insoluble fibrouéA >

protein of the outer epidermal layers, which ié characterised

by an o-type X-ray diffraction péttern (Baden and Maderson,
1970) . The first successful extraction of epidermal protein
was probably achieved in 1902 by Ramsden, who observed that

"A dead frog placed in saturated urea solution becomes trans-
lucent and falls to pieces iﬁ a few hours .... the skin brushes
away with the slightest touchn (Ramsden, 1902). Preliminary
biochemical analysis awaited the work of Rudall, who extracted
bovine epidermis with 6M ﬁrea (Rudall, 1952). One fraction

isolated retained the @~diffraction pattern, had a ‘low sulphur

content, and was termed epidermin,.

Matoltsy devised an extraction procedure using citric
acid-sodium citrate (CASC) buffer which specifically solubilised
the fibrous protein of cow snout epidermis (Maltoltsy, 1965).

As CASC buffer only solubilised material from the living cell



layers of the epidermis, the extracted protein was called
prekeratin, and thought to represent monomeric units from
which the stratum corneum @-keratin was constructed. Bovine
prekeratin was subsequently found to have a native molecular
weight of 375,000, comprising four subunits éf 60,000 MW and
two subunits of 72,000 MW (Skerrow, 1974), and ié capable of
forming filaments in vitro (Matoltsy, 1965). ~ Other workers
have claimedrthat "prekeratin” consists of larger numbers of
polypeptides, and this may indicate that the native epidermal
protein is microheterogeneous (Steinert, 1975; Baden and Lee,

1978).

Fibrous protein extracted from the stratum corneum using
urea and mercaptoethanol has an épparently similar polypeptide
composition to prekeratin (Baden et al, 1976), although no
molecular weights were quoted in this study. As the stratum
corneum protein is extractable in the absence of disulphide
reducing agents (Steinert, 1975), it appears that the assoc-
iation of prekeratin units into @-keratin filaments involves

non-covalent interactions.

1.3.2 The Keratinisation Process

The basal layer keratinocyte is a cuboidal epitheliai
cell, forming desmosomes with its neighbours and hemidesmosomes
with the underlying basal lamina. Associated with the
desmosomes (in fibre-desmosome complexes) and also free in
the cytoplasm are bundles of 10nm diameter tonofilaments,
Thevtonofilament protein is thought to consist of prekeratin
polypeptides which form larger structures in the higher

epidermal layers. Mitosis of basal layer keratinocytes forces
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progency cells upward into the spinous layer,

Spinous layer cells are typified by the presence of
villous projections on the cell surface, and by cytoplasmic
vesicles containing lamellar structures about 2nm thick,
These "membrane-coating granules!" are destined to fuse with

the keratinocyte plasma membrane (Hayward and Hackemann, 1973).

The granular layer cell contains keratohyaiin granules
(KHG), the chemical nature and function of which remain
unknown, Autoradiographic studies have shown that protein
synthesis proceeds in the granular layer cell, and that the
amino acids cysteine, histidine and afginine are preferentially
incorporated into keratohyalin granules (Fukuyama and Epstein
1966; 1967; 1975). Attempts have been made to isolate KHG
and characterise their protein composition. Matoltsy and Matolt:
(1970), using a citric acid-Brij extraction procedure, found
that newborn rat KHG protein contained large amoﬁnts,of cysteine
but very little histidine. Sibrack et al (1974) isolated
KHG from newborn rat epidermis Wifh phosphate buffer, but
showed that these were histidine-rich and contained no cysteine.
The histidine-rich protein of rat KHG has been isolated from
- the granular layer of the epidermis by extraction with both 1M
potassium phosphate buffer and with 4M‘urea, and shown to have
molecular weight 54,000, containing 7% histidine residues
(Murozuha et al, 1979). A slightly smaller protein of the
cornified layer, the stratum corneum basic protein, has similar
antigenic reactivity and amino acid composition to histidine-
rich protein, and is thought to be derived from it by a

precursor-product relationship (Dale and Ling, 1979). A
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lower molecular weight value of 27,000 for mouse histidine-
rich protein was reported by Balmain et al (1977), who used
the unusual staining properties of the protein with dansyl
chloride.to localise it in KHG. Further, the histidine-rich
protein appeared in extracts of embryonic epidermis con-
commitant with the first ultrastructural detectlion of KHG.
Messenger RNA thought to code for histidine-rich protein =
has been shown to occur only in the granular layer, leading
to the proposal that control of epidermal protein synthesis
is exerted at the level of transcriptioh (Bernstein et al,
1975). The cysteine-rich fracition of KHG isolated by Matoltsy
and Matoltsy (1970) may represent a disulphide-bonded protein
forming the amorphous component of cornified cells (Matoltsy,
1976) .

In the granular layer the membrane-coating granules fuse
with the keratinocyte plasma membrane, Their contents, which
appear to include poiar lipids (Lavker, 1976), are discharged
into the intercellular space and a dense layer is formed on
the inner surface of the membrane (Hayward and Hackemann,
1973). The cell envelope formed by this process is largely
responsible for the resistance of the stratum corneum cell
to protein denaturants. Recently, this chemical resistance
was explained by the discovery that the corneocyte'envelope
contains cross-linked protein (Rice 'and Green, 1977).
Approximately 18% of the lysine of cornified cell envelope
protein participates in €-(vy-glutamyl) lysine peptide bonds.
The formation of this unusual bond is presumably catalysed

by the soluble enzyme transglutaminase, which becomes detectable



in the embryonic epidermis concommitant with the omnset of
terminal differentiation (Buxman et al, 1979).Transglutaminase

activity in the epidermis increases in the granular layer as

general protein synthesis diminishes (Rice and Green, 1978).

The granular layer represents the end of the synthetic
phaselof the epidermis, which now enters a transitional phase
in which the granular cell is converted fo a dead cornifiéd
cell. Cells intermediate between the granular and cornified

layers are occasionally seen, and are known as transition or

T-layer cells.

T-layer cells are considerably flattened, and exhibit
organelle degeneration caused by fusion with lysosomes. Also
at this stage, keratohyalin granules merge with tonofilaments
resulting in an amorphous complex which is the sole intra-
cellular component of corneocytes. Because of the high
sulphur content of cornified cells (Matoltsy, 1976), it is
thought that a cysteine-rich keratohyalin prbtein stabilises
the keratin filaments. ‘Keratin itself is apparently not
disulphide-bonded, as it may be extracted in the absence of
reducing agents (Steinert, 1975), and has a very low cysteine
content (Matoltsy, 1965). The T-layer cell becomes
dehydrated, with consequent loss of much of the cell mass.
The resulting corneocyte is a flat hexagonal plate connected
to its neighbours by belt-like desmosomes called squamosomes
(Allen and Pbtten, 1974). The physical resistance of the
stratum corneum is therefore due to a-keratin filaments

stabilised‘by an amorphous disulphide-bonded protein, the cross-

linked protein envelope, and the impermeable intercellular

matrix of polar lipid.



1.3.3 The Regulation of Keratinisation

The postulated roles of epidermal proliferative
unit formation, cyclic nucleotide levels and epidermal
chalone in the normal growth and differentiaﬁion of the
epidermis have been discussed (section 1.2)f‘ Regulation
of epidermal keratinisation by the dermis is also thought
to occur (Wessells, 1967; Flaxman, 1972). The dermis clearly
performs a permissive role in epidermal differentiation, by
supplying nutrients to the epidermis in vivo. In organ
culture the epidermis degenerates except in the presence of
dermis (Wessells, 1962; Briggaman and Wheeler, 1968),.
However, the dermis also has a deterministid effect on epidermal
differentiation, by a form of mesodermal-epithelial interaction

which determines the type and extent of epidermal keratin-

isation.

The classical experiments of Billingham and Silvers
demonstrated that the dermis is capable of a site-specific
induction of epidermal differentiation (Billingham and Silvers,
1967; 1968). Epidermis transplanted to a dermal site
elsewhere on the body assumed the morphology of the epidermis
normally occurring at that site. For example, guinea pig ear
epidermis, which is 1lightly keratinised, when grafted to sole
of the foot dérmis became thick andvheavily keratinised 1like
normal plantar epidermis. The possibility that the hew
epidermis arose from transected hair follicles in the dermal
bed was eliminated by grafting pigmented epidermis to albino
dermis. Ear or so;e epidermis transplanted to a dermal site

on the trunk were reproducibly transformed to simulate normal



trunk epithelium, However, tongue and esophageal epithelial
grafts retain their morphology except when recombined with
trunk dermis, In the latter case, the possibility that the
newly-arising trunk epidermis developed from.residual‘trunk

epithelial cells could not be discounted.

In a similar series of exper iments, Sengel and co-workers
showed a dominant role of dermis in heterotypicqrecombinaﬁts
of chick embryo skin (Dhouailly et al, 1978). Recombinants
inecluding dorsal feather-forming dermis produced feathers,
irrespective of the origin of the epidermis, and the keratin
synthesised was characteristic feather keratin, Recombinants
including tarsometatafsal scale-forming dermis always produced
scales, containing scale-type keratin, Interestingly, the
dermal dominance was interspecific, Mouse plantar dermis
recombined with chick dorsal, feather-forming epidermis
produced six footpads arranged in a typical mouse pattern.

In this case, the keratin synthesised was of the chick scale
type (Dhouailly et al, 1978). Thus, the dermis determines
the formation of specific cutaneous appendages according to
its regional origin, and also induces the corresponding type

of epidermal protein synthesis,

Mammalian and avian dermis may be capable of activating
specific sets of epidermal genes both in embryonic and adult
life, The mechanism of this interaction is unknown, but
has usually ben envisaged as involving a diffusible inducer
molecule or molecules (morphogen). The inductive interaction
may be distinct from nutritive, support, or other functions

also performed by the dermis in normal skin.



1.4 Growth and Differentiation of Epidermal Cells in

Culture

The cultivation of mammalian epidermal cells in vitro
has been possible for many years (for review of earlier systems,
see Karasek, 1975). , Early culture systems consisted of full-
or sPlit;thickness skin (that is, epidermis plus all or part
of the dermis) floating on a layer of culture méﬁium or '
attachedvto a plasma clot (Medawar, 1948). Under these
conditions, outgrowth of epidermal keratinocytes occurred over
the cut surface of the dermis, a phenomenon known as epiboly.
A modification of this technique is explant culture, in which
skin attached to a solid surface permits outgrowth over the
substratum of multilayered epidermal cell sheets (Stenn, 1978;

Halprin et al, 1979).

'1.4.1 Dispersed Cell Culture

The growth of epidermal cells in pure dispersed cell
culture was first achieved by Cruikshank (Cruikshank et al,
1960). Manylvariations of the culture technique have since
been developed, but most methods rely on separation of dermis
and epidérmis followed by disaggregation of the epidermal
fragment (Fusenig and Worst, 1974; Prunieras et al, 1976a;
Liu and Karasek, 1979). It is thought that basal epidermal
keratinocytes attach to the culture surface and res&ﬁe pro-
liferation, whereas differentiated cells from higher epidermal
layers are incapable of attachment or division, In support
of this, a hundred-fold difference in 3H--'thymidine incorporation
between basal and differentiated rat keratinocyte suspensions

has been reported (Vaughan and Bernstein, 1971). Thymidine

incoporation by adult guinea pig keratinocytes has been



observed over two weeks in culture (peaking at day 9 under the
conditions used) [Regnier et al, 1973], and with adult mouse
keratinocytes Fusenig and Worst recorded a thymidine labelling
index of 17% and a mitotic count of 0,.6% after 7 days in
culture (Fusenig and Worst, -1974). Guinea.pig epidermal cell
cultures have been maintained over many passages (Regnier

et al, 1973).

The question of whether keratinocyte differentiation
proceeds‘in pure dispersed cell culture has not been
unambiguously settled. Mouse keratinocytes in primary culture
were reported to form a multilayered, keratinising epithelium
exhibiting desmosomes and thickened membrane production
(Fusenig, 1971). Constable et al (1974) claimed that guinea
pig keratinocyte suspensions reform three-dimensional
aggregates which show stratification from a lower living cell
layer to a fully keratinised layer. Regnier and co-workers
have cultured guinéa pig epidermal cells for up to eleven
bassages, demonstratiﬁg“their epithelial origin by leucine
aminopeptidase staining. It was found that primary
keratinocytes reconstitute tonofilamen;s and desmosonmes,
but thatrsubsequént subculture resulted in the loss éf these
ultrastructural differentiation markers and epithelial
morphology (Regnier et al, 1973). From these results it
appears that primary cultures of epidermal keratinocytes are
capable of forming multilayered colonies which exhibit a
stratification pattern similar to that of normal skin, but
on subculture the differentiated phenotype of these cells

is not maintained. This is not surprising, as cultured



keratinocytes lack the normal inductive dermal influences

of whole skin. Also, the minor epidermal cell types, which
may perform an important role in keratinocyte growth
organisation (Allen and Potten, 1974), may be lost from
epidermal cell cultures. Melanocytes do not appear %o
divide in culture (Prunieras et al, 1976b), and the fate of

the Langerhans cell is uncertain (Regnier et al, 1973).

1.4.2 The Effect of Cyclic Nucleotides

The suggestion has been made that cyclic nucleotides
may be involved in the differentiation of keratinocytes in
culture, Addition of cyeclic AMP has previously been shown
to increase neuroblastoma differentiation (Prasad and Hsie,
1971), pigment production by melanoma cells (Johnson and
Pastan, 1972), and differentiation of early chick embryo cells
(Deshpande and Siddiqui, 19765. Chopra (1977), using
metaphase arrest and thymidine incorporation techniques, found
that dibutyryl cyclic AMP and theophylline decreased keratin-
ocyte DNA éynthesis. Guinea pig epidermal cells pretreated
with dibutyryl cyclic AMP in the concentration range 10-4 to
1072M showed reduction in thymidiﬁe incorporation by 50-95%,
and a similar inhibition was caused by adenyl cyclase stimulators
and phosphodiesterase inhibitors (Delescluse et al, 1974).

A study of the effect of cyclic AMP on keratinocyte differen-
tiation revealed increased staining with the dye Rhodamine B,
which specifically reacts with cornified epidermal cells
(Liisberg, 1968), and increased uptake of the amino aclds
histidine, arginine and cysteine, which are preferentially

incorporated into epidermal granular cells (Fukuyama and



Epstein, 1966), by cultures pretreated with cyclic AMP
(Delescluse et gl, 1977). These effects of cyclic AMP may
be relevant to the reciprocél relationship between keratino-
cyte proliferation and differentiation proposed in the
chalone theory (Bullough, 1975), if epidermél chalone works

via a cyclie nucleotide-mediated mechanism,

More recently, however, it has been reported that cyclic
AMP increases the growth and thymidine incorporation of
epidermal cell cultures (Green, 1978; Marcelo, 1979).
A stimulatory effebt was also induced by the analogue 8-bromo
cyclic AMP and.by cholera toxin, which raises intracellular
cyclic AMP levels, but cyclic GMP had no effect on keratino~
cyte proliferation. Sfimulation of keratinocyte different-
iation by cyclic AMP was demonstrated by histochemical

methods (Marcelo, 1979).

These results are in clear contradiction. The varied
effects recorded by diffefent workers argues against a simple
role for cyclic AMP in the proliferation of keratinocytes.
However, all these authors are in agreement that cyclic AMP
promotes differentiation of epidermal cells. By analogy
with the expression of differentiated phenotypes by cyclic
nucleotides in other systems, this may indicate mediation of

the keratinocyte response to extracellular effectors.

1.4.3 Growth on Collagen ‘Gels

The long~standing hypothesis that epithelial.
differentiation is induced by mesodermal matrix macromolecules
(Grobstein, 1964) has a functional correlate in the technique

of growing epidermal keratinocytes on collagenous subsirata.



The attachment and proliferation of epidermal cells from
rabbit, mouse and human skin have been found to be enhanced
by growth on collagen gels (Karasek and Charlton, 1971).

In the same study, keratinocyte growth ond differentiation
were increased by the presence of viable skin fibroblasts or
fibroblast-conditioned medium, and this stimulation was
subsequently claimed to be localised in a stable low molecular

weight fraction of the medium (Melbye and Karasek, 1973).

A role for collagen in epidermal,attachment and growth
is also indicated by the preferential adherence of keratinocytes
to Type IV (basement membrane) collagen (Murray et al, 1979),
and the requirement for epidermal collagen synthesisiin
epidermal migration (Stenn et al, 1979). Guinea pig keratin-
ocytes grown on collagen gels produce an incomplete PAS-
staining basal lamina at the cell-collagen interface (Ménn and
Constable, 1977). Dead pig dermis has also been reported to
stimulate human keratinocyte differentiation, and this leads
to lysis of the dermis beneath the epidermal cell colonies

(Freeman et al, 1976).

1.4.4 Feeder layer Culture

" The studies described above were principally
descriptive rather than quantitative, and can not be comnsidered
unambiguous proof of epidermal keratinisation in dispersed cell
culture, Conclusive demonstration of keratinocyte
differentiation in vitro has only been possible using the
feeder layer method of Rheinwald and Green (1975a). In this

technique human foreskin cells inoculated onto a layer of



lethaliy-irradiated 3T3 fibroblasts form a keratinising
epithelium which can be serially subcultured. Keratinocyte
differentiation was demonstrated by electron microscopy and
Rhodamine B staining (Rheinwald and Green, 1975a). The feeder
layer epidermal culture beﬁaves like a wet-surfaced epithelium,
shedding nucleated cells, but suspension of the desquamated
cells in methyl cellulose permits nuclear degeneration and
terminal differentiation (Green, 1977). The presence of
keratin filaments in feeder layer-cultured keratinocytes has
beén shown by immunofluorescent staining with a specific
antiserum raised to human plantar callus protein (Sun and
Green, 1978a; 1978b), and purified bovine pfekeratin (Franke
et al, 1978). Using this culture system, it has been shown
that cornea and conjunctiva epithelial cells (kératocytes) are
also capable of keratinisation in feeder layer culture (Sun
and Green, 1977). A recent modification of the technigue
employs growth of feeder layer keratinocyte cultures on
Millipore filters rather thén on plastic substrata (Komndo

et al, 1979).

Epidermal cell cultures are thought to consist principally
of basal layer keratinocytes. These cells constitute a stem
cell population in normal skin, but exhibit ultrastructural
markers of keratinisation such as tonofilaments, and therefore
must be regarded as partially-differentiated cells,

Maintenance of differentiated cells in pure culture is not
normally possible, with the exception of teratocarcinomas
(Rheinwald and Green, 1975b; Illmensee and Stevens, 1979),

and 1t is consistent with the published data on keratinocyte
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differentiation in vitro to conclude that pure epidermal cell
cultures are capable of limited differentiation only in
primary culture, Growth on collagenous substrata appears to
facilitaté keratinocyte proliferation, but insufficient
quantitation of epidermal cell growth and differentiation in
this system is available to determiﬁe whether this effect
relates to the specific mesodermal induction pfoposed by
Grobstein (1964). That the induction of epidermal keratin-
isation in Xiiﬁg is non-tissué specific and nonéspecies
specific is suggested by the growth of human epidermal cells
on feeder layers of mouse embryo fibroblasts (Rheinwald and

Green, 1975a).

1.5 Mesodermal-Epithelial Interactions

Regulatory interactions between mesodermal and
epithelial tissue layers occur at ma ny stages of embryonic
development and also in adult life, Mesodermal-epithelial
interac¢tions include primary induction, the neuralisation of
primitive ectoderm by associated mesoderm, and embrYonic
induction, the interaction‘of mesoderm and epithelium to
pfoduce differentiated organs in either tissue (Saxén, 1976;

1978).

The early experiments of Spemann showed that presumptive
neural plate from early amphibian gastrula ftransplanted to a
new site on the embryo develops according to its new
surroundings (Spemann, 1928), At late gastrula stage, however,
the grafted tissue develops as an eétopic neural plate. The
neurectoderm is therefore determined during gastrulation by

the underlying mesoderm.



The study of embryonic induction has led to proposalé of
possible mechanisms for inductive mesodermal-epithelial
interactions : (i) mediation of inductive stimuli by
diffusible inducer molecules or by extracellular matrix
moleculés; (ii) direct physical contact between reacting
cells, possibly involving formation of specialised junctional
structures. Investigation of mesodermal-epithelial interaction
in a variety of tissues has indicated that different mechanisms

may apply in different systems.

Thé development of the mammalian tooth requires a series
of interactions between the dental mesoderm and the enamel
epithelium. The mesodermal cells differentiate into odonto-
blasts and secrete predentine, which is mainly collagen, and
this induces tﬁe epithelial cells fo differentiate into
ameloblasts and synthesise the organic matrix of enamel.
Transfilter culture of mouse toofh mesoderm and epithelium
resulted in normal development oniy across filter which
permitted cell_penetration (Thesleff et al, 1977). Odonto-
biast differentiation was dependent upon resynthesis of a basal
.lamina by the enamel epithelium, and this only occurred when
mesodermal cell processes crossed the filter to contact the
‘basal lamina (Thesleff et al, 1978). As differentiation
only oqcurred in explants in which a basal lamina was formed,
and direct membrane contacts between mesodermal and epithelial
cells did not appear to be required, it was proposed that
components of the basal lamina were responsible for the
induction of odontoblast differentiation. In this type of
study it should be noted that causal relationships are

difficult to establish, the experimental conditions which



permit cell-cell contact may also allow expression of the

differentiated phenotype independently.

Extracellular matrix macromolecules have also been
implicated in the development of chick cartilage and
pancreatic epithelium, The somites of the chick embryo
differentiate into cartilage by association with notochord
or spinal cord. An extract of embryo eartilagehwhich is.
mainly proteochondroitin sulphate has been shown to increase
in vitro somite chondrogenesis (Kosher et al, 1973). This
is of interest because notochord and spinal cord normally
synthesise proteoglycans. In fact, treatment of these
inducervtissues with trypsin or hyaluronidase resulted in
the loss of their ability to stimulate chondrogenesis
(Kosher and Lash, 1975).  The development of chick
pancreatic epithelium is induced by a wide range of inducer
tissues or even by embryo extract. A fraction of competent
mesoderm, which appears to be proteinaceous, stimulates the
thymidine incorporation and in vitro development of pancreatic
epithelium (Ronzio and Rutter, 1973). In these systems,
induction of differentiation appears to be relatively non-
specific, and may bear only limited resemblance to mesodermal-

epithelial interaction in general.

A role for extracellular matrix substances in embryogenesis
is also indicated by study of mouse submandibular gland
development (Banerjee et al, 1977; Bernfield and Banerjee, 1978).
In this tissue, the epithelium develops from a primordial bud
of cells into‘the highly-branched adult salivary gland under the

influence of the associated mesodermn, Treatment of the
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isolated epithelium with collagenase removes the basal 1amina?
and on recombination with mesoderm no branching morphogenesis
occurs. If the collagenase-treated epithelium is incubated
for two hours in organ culture a new basal 1gmina is synthesised,
and on recombination with mesoderm the gland develops normally.
A model has been proposed in which site~specific degrédation

of the basal lamina by an enzymatic activity localised in the
mesoderm stimulates local epithelial proliferation and results
in the lobulated morphology of the adult gland (Bernfield,
1977). These studies offer'more conclusive evidence for an
inductive role by matrix components, as the experimentalb

conditions more closely reproduce the in vivo situation.

Chick corneal differentiation appears to depend upon
contact between corneal epithelium and the extracellular
matrix of the lens capsule. Meier and Hay (1975) showed
that lens capsule killed by autoclaving or freeze-thaﬁing was
as effective as living tissue in promoting corneal differen-
tiation, and quantitated corneal collagen synthesis in trans-

filter organ culture with killed lens capsule by the

3

incorporation of “H-proline into protein. Epithelial collagen
synthesis increased directly with the size of the filter pores,
and decreased as the number of interspersed filters was
increaséd. Induction readily occurred across Nucleopore
filters but not across Millipore filters, and this correlated
with the observation that corneal cell processes penetrated

| the Nucleopore filters and could be visualised by electron
microscopy, whereas Millipore filters allowed no cell

penetration, These results on the transfilter induction of

corneal epithelium development have been interpreted in terms
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of a mechanism involving interaction of the cormeal cell
surface and the extracellular matrix of the lens capsule,

but are also consistent with direct cell-cell contact between

the tissues. ’

In several systems studied, embryonic induction may
involve different mechanisms. Primary induction of ectoderm
neuralisation by archenteron roof mesoderm in the newt Triturus
.did not occur in transfilter culture, although Nucleopore filters
were used which allowed penetration by cell processes
(Toivonen and Wartiovaara, 1976). Neuralisation in vivo is
associated with the presence of close membrane contacts between
cells of mesoderm and ectoderm (Grunz and Stéubach, 1979).
In contrast, induction of‘lens development by chick optic vesicle
occurred not only in transfilter organ culture, but also across a
dialysis membrane which only permitted the passage of molecules

nn n

less than 12,000MW (Karkinen-Jaaskelainen, 1978).

Difect cell contact betweeﬁ the heterotypic tissues has
been implicated in the development of mouse metanephrogenic
kidney. Early studies by Grobstein (1957; 1968) showed that
induction of mesodermal tubule formation by the associated
epithelium could occur across Millipore filters. Subsequeht
workers used Nucleopore filters, which are thinner than
Millipores and have holes of defined sige. It was found that
transfilter induction of kidney tubule formation by spinal cord
only occurred when cytoplasmic processes from both cell types
crossed the filter, and these processes formed regions of close
apposition betweer the two tissues (Saxén et al, 1976;

Wartiovaara et al, 1974).



Analogous heterotypic contact regions have been found
in vivo. Discontinuities in the basal lamina betﬁeen
epithelium and mesoderm of rat duodenal mucosa appear during
the period of embryonic duodenal differentiation (Mathan et al,
1972). Direct mesodermal-epithelial contact was also observed
during development>of the rat submandibular gland (Cutler and
Chaudhry, 1973), morphogenesis of the mouse incisor tooth
(Slavkin and Bringas, 1976), differentiation of uropygial
‘ectoderm in the duck preen gland (Bride and Gomot, 1978), and

lung development in the embryonic mouse (Bluemink et al, 1976).

The mesodermal-epithelial interaction in mouse lung has
been studied in more detail in vitro. Graihger and Wessells
(1974) performed an elegant experiment aimed at the detection
of RNA transfer from mesoderm to epithelium durihg embryonic
lung development, A modification was employed of the 3H-

uridine labelling technique used by Kelley (1968) to demonstrate

the transfer of nucleotides or RNA between chordamesoderm and

presumptive neurectoderm of Xenopus gastrulae. Mesodermal
cells were labelled with 130- and 15N-substituted ribonucleo-

sides, and with trace amounts of tritiated ribonucleosides.
After transfilter culture with respondingvlung epithelium,

the extracted epithelial RNA was analysed by equilibfium
centrifugation, and the radiocactivity shown to céincide with
RNA of normal density. The sensitivity of this technique -
was such that transfer of 0.01% of labelled mesodermal RNA to
the epithelium could have been detected. It was therefore
concluded that no transfer of intact RNA molecules had occurred

from mesoderm to epithelium during induction. Similar
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techniques, at a lower level of sensitivity (0.5%), demonstrated
that DNA was also not transfefred. © This indicates that
informational macromolecules are probably not traneferred
between tissues undergoing embryonic inductiqn, but does not

exclude diffﬁsible low molecular weight morphogens.

Mesodermal- eplthellal 1nteractlon in tlssues where dlrect
heterotypic contact is necessary may 1nvolve cell-cell transfer
of small inducer molecules. One possible mechanism for this
weuid be  the fermation of permeabie gap junctiohe between

cells of the two tissue layers (Wolpert,‘1978).

1.6 Intercellular Communication

Communication between cells in higher organisms»
involves long-range interactions, characterised by'extracellular
mediator molecules such as hormones and neﬁro+r mﬂtte”s
Many animal cells}also participate in short;range cellular
interaction, which involves direct communicetion between
adjucant cells vie a specialised membrane structure, the gap
junction (Furshpan and Potter, 1959; Revel and Karnovsky,

1967; for recent review see Loewenstein, 1979).

By thin-section electron microscopy the gap junction
is a region of close cellular contact, where the apposed plasma
membranes are separated by a 2;4nm ngap" (Revel and Karnovsky,
1967). The total width of the junction is approximately
'18-19nm.>‘The gap region is penetrated by lanthanum hydroxide
staining, resulting in a pentalaminar structure. Uranyl

acetate stains the intercellular gap and also between the



membrane bilayer leaflets, giving»a septilaminar appearance,
Obligque thin sections reveal the gap junction en face as a
hexagonal array of particles with centre-centre spacing of

9nm. Freeze-fracture cleaves the membrane between the bilayer
leaflets and results in a hexagonal lattice of protrusions én
the A,ﬁembrane face and a cofresponding pattern of indentatiomns
on the B face (McNutt and Weinstein, 1970). The junctional
particles, conﬁexons, are approximately 5nm in diameter with

an electron-dense central core of about 2nm diameter.

Jﬁnctionél membrane may be purified by its resistance to
solubilisation by the detergent n-laurolyl sarcosine (Sarkosyl)
[Goddenough and Stoeckenius, 1972],. This procedure has been
used to investigate the protein composition of the gap junction.
Goodenough (1974; 1976) analysed the junctional protein by
SDS-polyacrylamide gel electrophoresis and concluded that the
ma jor component consisted of two polypeptides of approximately
9000mw, which were normally disulphide-bonded. 1t has since
been claimed that the 9000MW bands were artefacts caused by
the proteolytic enzymes used in the isolation procedure, and
that the native junctional proteins have molecular weights
25,000 and 34,000 (Duguid and Revel, 1975). Evans and Gurd
(1972) found over 20 polypeptide bands in extracts of liver
gap juﬁctions, most protein occurring in the 40,000-80,000MW
range. Subsequent purification of hepatic junctions resulted
in a ma jor pblypeptide component of 38,000MW (Culvenor and
Evans, 1977). A recent isolation procedure using no
exogenous proteasé treatment yielded a junctional preparation
consisting of 47,000Mw and 27,000MW proteins (Hertzberg and

Gilula, 1979). The considerable inconsistency of these



studies may be due to the sensitivity of junctional protein

to degradatlion during isolation,

A structure of the gap junction has been proposed, based
on correlated electron microscopy, X-ray diffraction, and
chemical studies (Caspar et al, 1977; Makowski et gl,.l977).
X-ray diffraction of pelleted isolated junctions indicated a
structure with considerable long-range order, but short-rénge
disorder, Optical diffraction analysis and computer
filtration of negatively-stained images suggested that the
junctional particles have six-fold symmetry and a densely-
staining central core, which may represent the channel pore.
The volume of the connexon is approximately léO-2OOnm3, and as
the junction is 52-57% protein by weight, this corresponds
to 140,000-170,000MW of protein. If the connexon is a hexamer,
the individual subunit proteins would thus have molecular
weight 23,000-28,000. The proposed model for gap junction
structure is a hexagonal lattice of connexon particles with
centre-centre spacing 8-9nm. Each connexon is apposed to
another on the opposite membrane so as to form a hollow tube of

outside diameter 5.2nm and inside diameter 2nm joining the

cytoplasm of the two cells,.

1.6.2 Occurrence

The gap junction is a ubiquitous structure in multi-
cellular animals, being found in phyla as low as Porifera.
Invertebrates have a gap Junction with diétinct structure,
having a looser array of particles which freeze-fracture onto
the B membrane face (Flower, 1977). The gap junction does not

occur in plants, but they have analogous cytoplasmic continuities,
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plasmadesmata. As pointed out by Griepp and Revel (1977),
the presence of protoplasmic bridges as low in the evolutionary

scale as Volvox colonies may indicate a fundamental biological

role for this form of intercellular communication.

In higher animals, gap Jjuncitions are absent from mature
skeletal muscle and circulating bloéd cells. Skeletal muscle
fibres are multinucleate, and electrical coupling bétween‘fibres
would prevent incremental activation, but gap junctions do form
between prefusion myoblasts (Kalderon et al, 1977). |
Deficiency of Jjunction formation by circulatory leukocytes
is indicated by the lack of nucleotide transfer by PHA-
stimulated human lymphocytes (Cox et al, 1976), and the lack of
uridine nucleotide and 51Cr transfer between murine T-lymphocytes
and target mastocytoma cells (Sanderson et al, 1977). A
recent report of the occurrence of gap junctions between
rabbit lymphocytes probably arose from misidentification bf
the junctional structure, as these were of the B-type, found
only in invertebrates (Kapsenberg‘énd Leene, 1979). However,
gap Jjunction formation and ionic coupling have both been
observed between macrophages in vitro (Levy et al, 1976;
Porvaznik and MacVittie, 1979), although these observations

have not been correlated,

An absence of gap junctions in certain cancer cells has
led to the proposal that some forms of malignant transformation
may be caused by a deficiency of response to normal growth-

regulatory signals (see section 1.6.4).

Gap Jjunction formatlion is relatively non-species specific,

Mammalian and avian cells in culture form sitructurally and



functionally normal junctions with one another, but not with .
invertebrate cells, which have a morphologically distinct gaé
junction (Epstein and Gilula, 1977). Junction formation was
demonstrated between cells of the insect sub-order Homoptera,

but not between cells of Hdmogtera‘and either Lepidoptera or

Diptera. Although non-species specific, junction formation
may be tissue specific. Lack of junction formation between
epithelial and fibroblastic cells has led to the suggestion
that tissue specificity may ensuré the metabolic individuality
of different tissue layers in vivo (Pitts and Bark, 1976;

Fentiman et al, 1976).

1.6.3 Junctional Permeability
The presence of gap Jjunctions has been correlated
with the ability of adjacent cells to exchange ions and small

1, 1972). Cells connected by gap

molecules (Gilula et
juﬁctions are electrically coupled, Injection of a current
pulse via microelectrodes into one cell is followed by a
corresponding voltage change in adjacent cells (Furshpan and
Potter, 1959; Loewenstein and Kanno, 1964; Sheridan et al,
1978). Ton transfer has also been demonstrated by the
acquisition of beating synchrony by myocardial cells (Griepp
and Bernfield, 1978), and the "rescue" of cells treated with
the Na' /K -ATPase inhibitor ouabain by adjacent resistant
cells (Ledbetter and Lubin, 1979). Microinjection techniques
have shown the cell-cell transfer of fluorescent dyes,
including fluorescein (376 MW) [Loewenstein and Kanno, 1964],
Procion Yellow (630MW) [Johnson and Sheridan, l971],_énd

Chicago Sky Blue (993 MW) [Potter et al, 19651.
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Exchange of other small molecules has been demonstrated
‘by a variety of techniques, Cocultured mouse myocﬁrdial cells
and rat ovarian granulosa cells cross-respond 1o hormonal
‘stimulation, presumably due to transfer of the intracellular
mediator, cyélic AMP (Lawrence et al, 1978). . Cultured
animal cells have been shown to correct mutaﬁt phenotypes in
coculture by exchange of nucleotides (Subak-Sharpe et gl,«i-
1969; Cox et al, 1972). An extreme example of this is the
survival of cocultures of HGPRT and TK mutant cells in
medium containing hypoxanthine, aminopterin.and thymidine
which does not support the growth of either cell type alone
(Pitts, 1971). Coculture of prelabelled donor cells with
unlabelled recipiént cells has been used to show the inter-
cellular transfer of nucleotides, sugar phosphates and amino

aclds, but no DNA, RNA or protein (Pitts and Simms, 1977;

Pitts and Finbow, 1977).

The size 1imit of junctional communication has been
investigated using a range of fluorescent peptides. It was
found that molecules of less than 1200MW were transferred

between Chironomus salivary gland cells, but molecules larger

than 1900MW were retarded (Simpson et al, 1977).  Assuming
that the gap junction pore is an aqueous channel, factors
such as shape, charge and solvation may also determine whether

a molecule is exchanged between cells,

1.6.4 Properties of Gap Junctions

Estimates of the rate of formation of gap junctions
after cells come into contact vary from a few minutes up to an
hour (Loewenstein, 1967; Johnson et al, 1974; Griepp and

Bernfield, 1978). Junction formation appears to be a passive



process, occurring{in the absence of ATP production and

protein synthesis (Epstein et al, 1977), and in anucleate

cells (Cox et al, 1976). | Morphologically, the formation of
junctional regions apparently involves the accretion of connexon
particles. Particle-free "formation plaqueé" have been
suggested first to occur in areas of forming junctions, and 9-11nn
diameter intramembranous particles subsequently appear

(Johnson et al, 1974). These are assumed to be native
connexons, Which then aggregate to form the complete Jjunction.
As the unassociated connexons are presuﬁably not porous, an
interaction must take place between apposed junctional particles
to open the channel pore,. This may involve a conformational
change in the gap junction protein, or possibly proteolysis

of a pre-existing subunit (Revel et al, 1978). The demon-
~stration that the ionic coupling of junction-forming cells
increases in a quantal fashion supports the hypothesis that
Junction formation occurs by gradual recruitment of connexon

units (Loewenstein et al, 1978).

Removal of gap junctions occurs by internalisation of
the intact Jjunction, including a portion of the neighbouring
| cell membrane, These appear in the cell cytoplasm as
junctional membrane vesicles, or annular gap junctions
(Larsen, 1977). The detection of acid phosphatase activity
within gap junctional vesicles may indicate that the fate of
the annular gap junction is fusion with lysosomes (Larsen and

Hai-Nan, 1978).

The structure and permeability of the gap junction have
been reported to be altered by the intracellular concentration

of ionised calcium. Loewenstein and co-workers found that



microinjection of calcium solutions decreased ionic coupling

and dye transfer between Chironomus cells (Déléze and

Loewenstein, 1976), Quantitation of the cytoplasmic calcium
concentration using the calcium-binding fluorophore aqueorin
showed that the free calcium concentration in the junctional

7M to 5 x 10-5M (Rose and

locale increased from about 10~
Loewenstein, 1976). Electrical uncoupling was also caused by
calcium ionophores and prolonged exposure of the cells to
calcium-free medium, Mammalian cells, however, were not
significantly uncoupled by calcium ionophores (Gilula and
Epstein, 1976). Caléium apparently decreases junctional
transfer in a graded manner, Injection of péirs of fluorescent
peptides of different molecular weights at a calecium concen-

tration of approximately'lo-ﬁm resulted in preferential

retardation of the larger molecule (Rose et al, 1977).

Morphological alterations in the structure of the gap
Junction have been corrélated with the calcium-mediated
inhibition of ionic coﬁpling. Crayfish septate axon gap
junctions exhibit a more regular particle array with decreased
centre-centre spacing in the presence of calcium (Peracchia
and Dulhunty, 1976; Peracchia, 1977), and similar results
héve been observed using calf lens junctions (Peracchia, 1978).
It is suggested that the increase in lattice ordering |
associated with calcium binding reflects a conformational change

which closes the junctional channels,

Calcium-dependent modulation of Jjunctional permeability
is thought to be important in sealing the gap junction in the

event of death (and subsequent calcium influx) of adjacent cells.



Indeed, cardiac cells injured by cutting the heart tissue
exhibit an ordered jJunctional structure with decreased
particle spacing, similar to that of calcium-treated
preparations (Baldwin, 1979). It has been shown, however,
that decrease in intracellular pH caused by qarbon dioxide
treatment of Xenopus embryos causes réversible electrical
uncoupling (Turin and Warner, 1977). As injection of calcium
causes a drop in pH, the uncoupling mechanism may not involve

caicium directly.

1.6.5 Biological Functions of the Gap Junction

The gap Jjunction is a specilalised cytoplasmic
continuity found between adjacent cells in most solid tissues.
The ubiquity of this structure argues for evolutionary con-
servation of the gap Jjunction, implying an important biological
role in multicellular organisms. What this role is, as yet
is by no means clear, However, it is reasonable to believe
that all cells.in a tissue, linked by gap junctions, will share
a common pool of ions and small molecules, and retain their
individuvality only by their macromolecular composition. 7 The
junctional network may be important in trénsporting nutrients
from the blood into the cells of an organ, Similarly, respomnse
to hormonal stimuli by "second messengers" such as cyclic AMP
and calcium may be co-ordinated by having all cells metabolically

coupled (Loewenstein, 1973; Lawrence, 1978).

The possibility that growth regulatory molecules are
transferred through gap junctions (Loewenstein, 1979) has

given rise to the idea that some transformed cells may have



lost the ability to form junctions and therefore be unable to
respond to normal growth-inhibitory signals (Weinstein et al,
1976). Malignantly-transformed cells with decreased junction
formation have indeed been found (Azarnia and Loewenstein, 1976),
but other cancer cells communicate normally (Johnson and
Sheridan, 1971; Nicolas et al, 1978). Azarnia and

Loewensfein studied the growth and communication properties

of hybrids of hﬁman‘fibroblasts and the malignant, commun-
ication-defective mouse L cell. The hybrids were junction-
forming and non-tumorigenic, but as they spontaneously lost
human chromosomes théy simultaneously reverted to communication
incompetence and tumorigenicity (Azarnia and'Loewenstein, 1977).
- However, as the hybrids tended to lose human chromosomes in
groups, no unambiguous correlation is possible between

junction formation and malignant transformation. In.hybrids

of mouse mammary adenocarcinoma cells énd normal rat fibro-
blasts, abundance of gap junctions correlated with density-

dependent inhibition of growth (Stamatoglou, 1978).

It has also been proposed. that gap junction formation is
importént in embryonic development (Wolpert, 1978).
Neurulation of the amphibian Rana is accompanied by the
replacement of tight junctions (zonula occludentes) with
gap junctions (Decker and Friend, 1974). In Xenopus embryos,
gap Jjunctions occur between retinal cells and pigment epithelial
cells throughout the period of retinal specification, after‘
which they disappear (Dixon and Cronly-Dillon, 1974). An
analogous disappearance of gap junctions was observed following
cell differentiation in the neural retina of the chick

1, 1976).

(Fujisawa et



Variation in Jjunction formation has been found during
liver regeneration following partial hepatectomy in the rat.
28h post-operation gap junctions disappear and only begin to
reappear after about 40h , initially in assoqiation with tight
junctions, reaching normal 1eve1s.and distribution at 48h .

(Yee and Revel, 1978; Yancey et al, 1979).

-The relevance of these observations on thé freéence and
absence of gap junctions during embryogenesis and tissue
regeneration have not béén determined. However, if the loss
of gap junctioné during cell differentiation and organ
specialisation is a general phenomenon, i1t may be that groups
of cells require to be insulated from the gemneral cell mass
in order to respond to specific, local, differentiative stimuli,
and conversely, the presence of the junctional network may be
necessary for the propagation of genefal developmental effectors.
As the molecular mechanisms governing embryonic development
are largely unknown, it is not possible to ascertain whether

gap junctions are involved in the transmission of developmental

signals.

The funétion of junctional communication in cell growth
control and tissue development remainé speculative. What can
be stated with certainty is that cells joined by gap Jjunctions
form a2 metabolic continuum, and therefore regulatory molecules
small enough to traverse the channel pores will equilibrate

among the entire cell population.

1.7 Aims of Project

The differentiation of the epidermis in adult

mammalian skin is regulated by the associated dermis in a site-
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specific manner, This process is analogous to other forms

of mesodermal-epithelial interaction, which often involve
direct contact between the reacting tissues. As discussed
abové, it is possible that the dermal-epidefmal interaction
requires direct heterotypic contact between Qells of the
dermis and epidermis, perhaps involving formation of permeable
intercellular junctions.  The possibility hés'béen investigated
in this project by determination of the cell communication
properties of cells from the dermis and epidermis of newborn
mouse skin. This has been related to the proposed tissue
specificity of cell communication by study of other mouse

primary cell types.



Chapter 2 - MATERIALS AND METHODS




"What's the use of their having names",
the Gnat said, "If they won't answer to them?"
"No use to them", said Alice, "but it's useful

to the people that name them, I suppose",.

Lewis Carroll

Through the Looking Glass
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2.1 MATERIALS

2.1.1 Chemicals

Trypsin (bovine pancreas, EC 3.4.21.4), alcohol
‘dehydrogenase (yeast, EC 1.1.1.1), uridine, D-valine and
dimethyl sulphoxide were obtained from Sigma Chemical Co.,
Kingsfon-Upon—Thames. Glutamate dehydrogenase (beef liver,
EC 1.4.1.3), phosphorylase a (rabbit muscle, EC 2.4.1.1),
ovalbumin and bovine serum albumin were obtained from

Miles Laboratories, Slough.

Collagenase (Clostridium perfringens Type IV, EC 3.4.24.3),

hyaluronidase (ovine testes, EC 3.2.1.35), L-(B)3,4-dihydroxy—
phenylalanine, Rhodamine B, Trypan Blue, toluidine blue,
mitomyein C, N,N'-methylene bis acrylamide, and p-bis (o-methyl
styryl) benzene (bis-MSB) were obtained from British Drug House,
London,

Triton X-100, acrylamide, and 2,5 diphenyl oxazole were
obtained from Koch-Light Laboratories, Colnbrook, Bucks.

Coomassie Brilliant Blue was obtained frim Micro-Bio

Laboratories Ltd., London.
Amfix was obtained from May and Baker, Dagenham,

Depex mounting fluid and Giemsa stain were obtained from

Searle, London,

Millipore filters were obtained from Millipore U.K. L#d.,

London,

All other reagents used were of BDH "Analar" grade.



2.1.2 Radiochemicals

Radiochemicals were obtained from the Radiochemical
Centre, Amersham, Bucks. These were [S-BH]uridine (specific
activity 30 Ci. m mole'l), [methyl-BH] thymidine (iSCi.m mole_l),
h)

L-[},5-3H].1eucine (52 Ci. m mole ™), L-[35S] methionine

(>600 Ci. m mole™t), and'L-[U-l4c] histidine (300 mCi.m mole™T).

2.1.3 Cultured Cell Lines

The following established cell lines were used
(a) BHK21/C13. Syrién hamster kidney fibroblast (Macpherson
and Stoker, 1962). |
(b) BRL. Buffalo rat liver epithelial cell (Coon, 1968).
(e¢) 1L929/A9,. Mouse embryo cell lacking hypoxanthine:
' guanine phosphoribosyl transferase (Littlefield, 1966).
(d) MDCK. Madin-Darby canine kidney epithelial cell

(Rindler et al, 1979).

2.1.4 Scintillation Fluid

The Triton-toluene scintillation fluid used had the
composition 70% v/v toluene, 30% v/v Triton X-100,

0.5% w/v PPO and 0.05% w/v bis-MSB.

2.1.5 Phosphate-Buffered Saline (PBS)

NaC1l 10g
KC1 0.25¢g
NaZHPO4 l.44g
KH2P04 0.25g

Distilled water to 1L
(pH 7.2)



2.1.6 Balanced Saits Solution (BSS)

NaCl , 6.8¢g
KC1 0.4g
MgSO, . TH,0 0.2¢g
NaH,PO, .2H,0 0.l4g
CaClz.6H20 0.39g
1% phenol red 1.5ml
Distilled water to 1L
(pH 7.2).

2.1.7 Formal Saline

100ml 40% w/v formaldehyde plus 900ml 0.9% w/v NaCl.

2.1.8 D19b Developer

Na2803.7H20 l44dg
Na2003 48g
KBr Lg
Hydroquinone 8;8g
Metol 2.2¢g

Distilled water to 1t
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2.2 METHODS

2.2.1 Maintenance of Cell Lines

Cell lines were maintained at 37°C-in Roux bottles in
an atmosphere of 5%002, 95% air using Glasgow modification
of Eagle's medium supplemented with 10% foetal calf serum
(EFC10), containing 100 units.ml™ " penicillin and 100;»g.ml"1
streptomycin (for details of medium formulatidndsee thé .
Flow Laboratories catalogue, 1978). Cells were subcultured
1:10 every 3-4 days by briefly washing twice with a 1:4 mixture
of trypsin (0.25% in 20mM citrate 5uffer pH 7.8) and EDTA
(0.02% ih_PBS), and inoculation into Sterile‘Roux bottles
containing 50ml fresh EFC1O0. Cells for experiments were
grown in 50mm plastic petri dishes (Nunc, Gibco Bio-Cult,

- Paisley, Scotland) at 3700 in 4ml EFC10 using a humidified

incubator containing an atmosphere of 5% co,, 95% air.

Suspensions of cells were counted with an "Improved .
Neubauer" hemocytometer, Viable cell counting was performed
by mixing the suspension 1:1 with a solution of 0.1% Trypan

Blue in PBS, and counting the cells which excluded the dye.

2.2.2 Culture of Epidermal keratinocytes and Dermal

Fibroblasts from Newborn Mouse Skin

Establishment of cell cultures from newborn mouse skin
was performed essentially by the method of Regnier et al (1973).
The skin of 6 1-3 day old mice was sterilised by washing with
sterile PBS and 70% ethanol, and then rubbed with antifungal
cream ("Nystan", E.R. Squibb, London, or "Ecostatin", F.A.I.R.

Laboratories, Merseyside). Mice were killed by decapitation,
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and the entire dorsal skiﬁ dissected off, The skin was

cut into two strips, which were then stuck epidermal side

down onto pieces of sterile adhesive tape (Lasso tape,

Smith and Nephew, Ltd.) and incubated in 20ml sterile

universal bottles (6 skin strips per bottle) containing

10ml 0.2% trypsin in PBS at 3790 for 1h. The dermis and
epidermis were separated using forceps, and basal epiderméi
keratinocytes liberated by agitation of both tissues separately
in 10ml EFC10 per 6 mice, The keratinocyte suspensions were
filtered through two layers of sterile gauze (Smith and Nephew,
Ltd.) and pooled. The cells were pelleted by centrifugation

at 500 x g for 10 min and resuspended in 10ml EFC10.

Dermal fibroblasts were prepared by incubation of the
dermal tissue from 6 mice in 5ml 0.1% collagenase, 0.1%
hyaluronidase in GKN solution (0.1% glucose in 0.8% NaCl,
0.04% KCl; Hinz and Syverton, 1959) in a sterile 20ml
universal bottle at 3700 for 1h in a shaking water bath,
The resulting cell suspension was filtered, centrifuged,

and resuspended in 10ml EFC10 as above,

Viablevcell concentrations were estimated by Trypan Blue
exclusion, and normally fell in the range 2-10 x 106 viable
cells pef ml (approximately 50% of cells excluded the dye).
Total viable cell yield was 2-5 x 10r7 epidermal keratinocytes
| and 5-10 x 10r7 dermal fibroblasts from the skin of 6 miqe.
Epidermal keratinocyte and dermal fibroblast cultures were
established in 50mm plastic petri dishes containing 4ml EFC1O0

5

at 2.5 x 10” viable cells per ml. Cultures were incubated

at 37°C in an atmosphere of 5%002, 95% air,
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2.2.3 Culture of Epidermal Keratinocytes and Dermal

Fibroblasts from Adult Guinea Pig Far Skin

Establishment of cell cultures from the ear skin of
adult albino guipea pigs was performed by the method of
Regnier et al (1973). The hair was removed from the
dorsgl ear skin using depilatory wax, the eérs were washed
with 70% ethanol and then with sterile PBS, and-then rubbed
with antifungal cream (see section 2.2.2). The following
day the animals were sacrificed by cervical dislocation,
and the dorsal ear skin removed by dissection. Cultures
of epidermal keratinocytes and dermal fibroblasts were
prepared as for newborn mouse skin (section 2.2.2), Per-
centages of viable cells were similar to those obtained
using newborn mouse skin. Total viable cell yield was

5-10 x 106 epidermal keratinocytes and 1-2 x 107 dermal

fibroblasts from the ear skin of one guinea pig.

2.2.4 Culture of Epidermal Melanocytes from Newborn

Mouse Skin

Melanocytes occur as a minor fraction of the epidermal
cell population, and may be purified from it by treatment with
sodium citrate and serum deprivation (Prunieras et al, 1976;
Moreno et al, 1978). Epidermal cells were prepared from
newborn mice of the pigmented strains C3H or C57 (see section
2.2.2). 5 x 106 cells were pelleted by centrifugation at
500 x g for 10 min, and the pellet resuspended in 2ml 0.8%
sodium citrate in 0.9% sodium chloride, After standing at

room temperature for 2 min, the suspension was diluted to



5 x 105 cells per ml with EFC10 and plated out in 50mﬁ

plastic petri dishes containing 8 sterile 13mm diameter

glass coverslips at 4ml per dish. 6h 1atér the medium

was removed aﬁd replaced with 4ml serum-free EFC1O0. 18h
thereafter this was repléced with 4ml EFC10 éupplemented

with 10% foetal calf serum. The resulting cultures consisted
of > 95% cells with dendritic morphology which could be
identified as melanocytes by dihydroxyphenylalanine (DOPA)

staining (see. section 2.2.8).

2.2.5 Culture of Baby Mouse Kidney Epithelial Cells

"Renal epithelial cells from baby mouse were prepared by
the method of Gilbert and Migeon (1975). 9-15 day old mice
were kiiled by cervical dislocation, and the kidneys removed
aseptically. 10-12 kidneys were finely minced using scissors,
and stirred in 10ml 0.2% trypsin in PBS at 37°C for 15 min.
The resulting suspension was pipetted vigorously, dissoclating
the kidney tissue into individual tubules, The suspension
~was pelleted by centrifugation at 500 x g for 10 min and
resuspended in 10ml D-valine culture medium. This consisted
of EFC10 in which L-valine (normal concentration 46 mg.ml-l)
had been replaced by D-valine (92 mg.ml-l),-supplemented
with 10% foetal calf serum which had been dialysed against
3 changes of 100 volumes of 0.9% NaCl at 4°C over 24h.
Contaminating renal fibroblasts, which lack the racemase
to interconvert the two isomers (Gilbert and Migeon, 1975),
fail to grow in this selective medium, Cultures were
establiShed at approximately one kidney per 50mm plastic

petri dish in 4ml EFC10, and grown at 3700 in an atmosphere of

5% CO,, 95% air.



2.2.6 Growth of Newborn Mouse Skin in Organ Culture

Dorsél skin from 1-3 day o0ld mice attached to strips
of adhesive tape (Lasso tape) was incubated in 0.2% trypsin
in PBS at 3700 for 1h (6 skin pieces per 10ml trypsin solution),
as for the preparation of skin cell culturesb(see section
2.2.2). The skin was then placed in a petri éish containing
sterile PBS and the dermis pulled off using forceps. The -
epidermis was removed intact from the Lasso tape strip by
gentle scraping with a scalpel blade, and both tissues were then
floated onto sterile Millipore filters (25mm diameter,
25pwm thickness, 0.8wm mean particle retention size). Millipore
filters were prepared by brief (1-2min) immersion in 10-14%
sodium hypochlorite, then washed 3 times with distilled water
and autoclaved. 5‘types of organ culture were established
(i) epidermis, (ii) dermis, (iii) cisfilter dermal-epidermal
recombinant, (iv) transfilter dermal-epidermal recombinant,
(v) whole untrypsinised skin. In the case of the cisfilter and
transfilter recombinants, where epidermis and dermis were
mounted on the same or opposite sides of one Millipore filter,
the dermis was floated on first and allowed to attach for
2-3 min before the filter was reimmersed and the epidermis
.mounted. Filters were immersed in 4ml EFC10 in 50mm plastic

petri dishes, and cultured at 3700 in an atmosphere of 5% COZ’

95% air,

2.2.7 Establishment of Keratinocyte Cultures on Feeder Layers

Cultures of epidermal keratinocytes on cell line feeder
layers were established by a modification of the technigue

of Rheinwald and Green (1975a). BHK21/C13 fibroblasts,



BRL epithelial cells and L929/A9 cells were set up at

5 x 106 per 90mm petri dish in 10ml EFC1l0 and incubated for

24h at 37°C.  The cells were then incubated in 10ml EFC10
containing 10-6M mitomyein C for 18h, and washed 3 times with
sterile BSS. The cells were trypsinised ana mixed with
freshly-prepared newborn mouse skin keratinoéytes in the
proportion 1:5 cell line cells : keratinocytes-to give a- -

total cell number of 1.2 x 106 per 50mm dish, Feeder layer
cultures were grown in EFC1l0 containing O.4ug.m1-l hydrocortisone

at 37°C in an atmosphere of 5% CO,, 95% air.

2.2.8 DOPA Staining

Melanocytes possess the enzyme system to convert L-B(3,4)
dihydroxyphenylalanine (DOPA) to the pigment melanin, and may
- therefore be readily stained in culture by incubation in DOPA
solution (Riley, 1970). >Cultures of melénocytes on glass
coverslips in 50mm petri diéhes were fixed by immersion in
formal saline at 4°C for 1h, - The cells were then washed
with distilled wéter, and incubated in 4ml 0.1% DOPA in 0.1M
phosphate buffer pH 7.0 at 37% fof 2h. Fresh DOPA solution
was then added, and the melanocytes incubated for a further
2h period. The coverslips were thenvwashed 3 times with
distilled water, air-dried, and mounted on glass microscope
slides using Depex,. The slides wefe examined using‘a Leitz
Orthomaf microscope fitted with plan optics. Control cultures

of epidermal keratinocytes exhibited no DOPA-positive reaction.



2.2.9 Analysis of Cell-Cell Communication

The formation of gap junctions between culturéd cells
in contact was detected by the intercellular transfer of
tritiated uridine nucleotides. Donor cells at approximately
5 x 105 per 50mm dish were labelled by incubation in 4ml
EFC10 containing IMCi.ml-l 3H-uridine for 3h. Unincorporated
uridine was then removed by washing 3 times with sterile BSS.
The donor cells were then suépended by trypsin/EDTA treatment
(see section 2.,2.1), mixed with unlabelled recipient cells in
the ratio»l:A donors:recipients, and a total of 2 x lO5 cells
plated out in 35mm plastic petri dishes with 3 sterile cover-
slips, in 2ml EFC10 containing 10”2 M nonradioactive uridine.
After coculture for 3h the medium was removed and the cells
fixed by addition of 2ml formal saline and left at 400 for 1h.
Acid-soluble nucleotides were removed by washing the coverslips
twice in ice-cold 5% TCA, twice in distilled water, and oncé
in methylated spifits. After dryinga the coverslips were

mounted on glass microscope slides with Depex.

For.autoradiography, slides were dipped in a 1:3 dilution
of Il1ford L4 nuclear research emulsion in distilled water,
using a Kodak No. 1 safelight with a 25W bulb, and dried under
a stream of coid air, The autoradiographs were stored at |
room temperature in the dark for 48h, then developed for
5 min with D19b at 20°C, and fixed for 5 min with a 1:5
dilution of Amfix, After washing for 2 min with tap water,
the slides were st ained using a 1:20 dilution of Giemsa
(7.5% w/v in 50% glycerol, 50% methanol) for 1.5 min. Further

coverslips were subsequently mounted on top with Depex,



Autoradiographs intended for photography rather than
13

grain counting were labelled with IOuCi,ml_ H-uridine for
3h, ahd developed after 3 weeks exposure. Photographs were
taken with a Leitz Orthomat photomicroscope using Ilford Pan F
film at an exposure rating of 200 ASA. Films were developed
in Ilford Microphen developer at 20°C for 5.5 min, and fixed

using a 1:3 dilution of Amfix at 20°C for 5 min. The films

were rinsed overnight with tap water.

2.2.10 Quantitation of Nucleotide Transfer

Developed autoradiographs show heavily-labelled donor
cells, in which the distribution of autoradiégraphic grains
is mainly cytoplasmic,'due to the "chase" of nuclear RNA
into longer-lived cytoplasmic forms during the coculture period.
If cell-cell communication has occurred, recipient cells in
cbntact with donors are lightly labelled over the cytoplasm
with heavier labelling over the nucleus, particularly over the
ﬁucleoli. Recipient cells not in contact with donors have

only the autoradiographic background level of grains.

Uridinebnucleotide transfer was quantitated by statistical
comparison of the mean grain count over recipient cells in
contact with donors (contacting recipients) and the mean grain
count over recipient cells not in contact with donors (non-
contacting recipients). The autoradiographic grains over 50
- contacting recipients and 50 non-contacting recipients were
counted, and the mean and standafd deviation of both populations
calculated. The Student t-test was then applied in order +to

determine whether the two populations were significantly
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different,. A P value of < 0.05 (representing a 1 in 20
probability that fhe two populations are not significantly
different) was defined as positive nucleotide transfer.
Assessment of junction formation by plotting histograms of
grain counts requires much larger numbers of.cells to be
counted (Burk et al, 1968). The statistical method deseribed
can résult in significant P values using 10 or fewer cells in
each population. 50 cells of each type were counted as this
resulted in highly significant differences (P < 0.001) even

using cells with low transfer efficiency (see Chapters 3 and 4).

- Zoxs
= —_
Mean X o1
(% - x4)°
Standard deviation S.D. = 1
: n -1

Significance t =

where X, represents each sample value
n is the total number of samples
Degrees of freedom (d.f.) = (Iil+n2 -2

P values derived from statistical tables.
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2.2.11 "Pulse-Chase" Experiments

Donor cells labelled as above by incubation for 3h in
4ml EFC10 containing llJaCi.mIL-:L 3H-uridine were "chased" bj
incubation for a further 24h in Aml nonradioactive medium,
These cells were then washed 3 times with sterile BSS and
Ucoculﬁured with unlabelled recipient cells as before.
Replicate donor cultures weré used to determine .the
distribution of 3H-—uridine-labelled material in cellular
acid-soluble and acid-insoluble pools and in the culture
medium at 0,3 and 24h after the end of the labelling period;
Acid-soluble (nucleotide) material was removed by extraction
of the cell monolayer with 1ml ice-cold 5% TCA.After a further
wash with 1ml ice-cold TCA, the cells were washed with 1lml
distilled water, and the acid-insoluble (nucleic acid) material
was extracted by incubation of the cells with 1ml O0.1M MaOH for
1h at room temperature. Extracts were acidified by addition
of 0.2ml1 1M HC1l. . The acid-soluble and acid-insoluble extracts
and a ‘1ml aliquot of the medium were then mixed with 10ml
Triton-toluene scintillation fluid and counted for 4 min in

an Intertechnique SL30 liquid scintillation spectrometer,

2.2.12 Polyacrylamide Disc Gel Electrophoresis

SDS-polyacrylamide disc gel electrophoresis was performed
according to the method of Weber and Osborn (1969), with the
modification of Laemmli (1970). Gel tubes had inside diameter
6mm and length 100mm, The géis consisted of 2ml 7.5% acrylamide,
0.25% methylene bis-acrylamide in 0.375m Tris. HC1l pH 8.8.

A stacking gel of 0.2ml 3.0% acrylamide, 0.08% methylene bis-




acrylamide in 0.125M Tris., HC1 pH 7.0 was also ﬁsed. Protein
samples were dissolved at approximately lmg.ml-l in 1% SDS,

1% 2-mercaptoethanol at 1006C for 5 min, and 100kl aliquots

of protein solution added to 100kl glycerol and 10ul 0.05%
bromophenol blue in water, After mixing, 1dou1 amounts were
applied to the tops of gels, and electrophorésedAat,4mA per
tube for 3h. Gels were stained in 20ml 0.025% Coomassie -
Brilliant Blue in 10% acetic acid, 25% isopropanol for léh,
then in 20ml 0.0025% Coomassie Brilliant Blue in 10% acetic
acid, 25% isopropanol for 8h, and destained in 3 changes of
20ml 7.5% acetic acid, 5% methanol for a total of 48h.
Molecular weight marker proteins used were trypsin (23,000
molecuiar weight),'alcohol dehydrogenase (37,000), ovalbumin
(43,000), glutamate dehydrogenase (53,000), bovine serum albumin

(68,000) and phosphorylase a (93,000).

2.2.13  Polyacrylamide Slab Gel Electrophoresis

SDS-polyacrylamide slab gel electrophoresis was performed
by the method of Amos (1976). Polyacrylamide slabs were
80mm x 80mm x lmm, comprising a-running gel of 7.5% acrylamide,
0.25% methylene bis-aérylamide in 0.375M Tris., HC1 pH 8.8 and
a stacking gel of 3.0% acrylamide, 0.08% methylene bis-

acrylamide in 0.125M Tris.HC1 pH 7.0. 10ul samples (see

per slabd for 1.5h. Slab gels were stained and destained in

'vthe same way as disc gels (see section 2.2.12).



2.2.14 Fluorography

35

Fluorography (scintillation autoradiography) of
methionine labelled polyacrylamide gels was performed by the
method of Bonner and Laskey (1974); Stained gels were
soaked in 20 volumes of dimethyl sulphoxide for 30 min
(twice), and then soaked in 20 volumes of 20% (w/w) PPO in
dimethyl sulphoxidé for 3h, The gels were then immersed in
20 volumes of distilled water for 1lh, and freeze-dried,
Kbdak "X-Omat" X-ray film was placed in contact with the
dried gels, and stored at -70°C in the dark for either 1 or
10 days. Fluorographs were developed for 5 min at 2OOC in
Kodak DXE0 developer, fixed for 15 min at 20°C in Kodak FXA40

X-ray fixer, and washed by immersion in distilled water for

24h,




RESULTS




"Now the parts of animals are differentiated
by means of pneuma; but this is not the
pneuma of the mother, nor that of the creature

itself, as some of the physiologers allege."

Aristotle

The Generation of Animals




Chapter 3

COMMUNICATION BETWEEN SKIN CELLS
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3.1 "~ Introduction

Junction-mediated intercellular communication may
be involved in the interaction between dermis and epidermis
in adult skin, As a first étage in examining this possibility,
cultures of epidermal keratinocytes and dermal fibroblasts
were established from newborn mouse skin and adult guinea
pig skin, and their ability to communicate with each

other and with cells of standard lines was examined.




3,2 ~Uridine Nucleotide Transfer Between Skin Cells

"be due

Gap junction formation by skin cells was analysed by

assaying their ability to exchange radiolabelled uridine
nucleotides, In this method, donor cells are prelabelled
with 3H-uridine. Washing these labelled cells removes
3H-uridine, but not labelled uridine nucleotides or RNA.
Donor cells cocultured with unlabelled recipieﬁf.ceils,
either of the same‘or different type, may form gap junctiomns
with the recipients and therefore transfer tritiated nucleo-
tides. These are incorporated into recipient cell RNA,

and may be detected by autoradiography after TCA-washing

+to remove acid-soluble nucleotides.

Intercellular transfer of radiolabelled molecules has
previously been analysed qualitatively by presenting

n
nomograms (Burk et al, 1968), or by defining positive transfer

in terms of an arbitrarily-selected autoradiographic background

level (Gaunt and Subak—Sharpé, 1979). In this project, cell-
cell exchange of uridine nucleotides has been quantitated by

a statisticai method. Recipient cells in contact with donor
cells are labelled if ﬁermeable juncfions are formed, whereas
recipient cells not in éontgct with donors have only the

background level of autoradiographic grains, This is caused

by the autoradiographic emulsion background, and could also

3

to uptake by isolated recipient cells of “H-uridine
released by donor cells during coculture, The latter
possibility has been lessened by coculture in medium containing

a thousand-fold excess of non-radiocactive uridine,. The grain



counts in the two recipient cell populations have been
compared by significance testing, and a statistically-

significant difference defined as positive nucleotide transfer.

Determination‘of the nucleotide transfer properties of
epidermal keratinocytes and dermal fibroblasts will relate to
the hypothesis of tissue specificity in cell communication.

It has previously been reborted that'ceftain jﬁnction-forming
fibroblasts fail to communicate or communicate only poorly

with junction-forming epithelial cells (Pitts and B&rk, 1976;
Fentiman et al, 1976), If this is a general phenomenon, such
communication specificity may be responsible for the maintenance
of the metabolic individuality of different tissue layers

in vivo, It was therefore of interest to determine whether
communication specificify was exhibited by primary cultures

of fibroblastic and epithelial cells from skin, Epidermél
keratinocytes and dermal fibroblasts were therefore tested in
uridine nucleotide transfer experiments against one another

and against two cell lines which exhibit communication specificity
BHK21/C13 fibroblasts and BRL epithelial cells, The non-
junction forming mouse embryo line 1929/A9 was also used in
control experiments, as lack of communication with A9 cells
shows that observed nucleotide transfer is in fact Jjunction-

mediated,

WSkih céil cultures were prepared by the method of
Regnier et al, (1973). Full-thickness skin was split into
dermis and épidermis by trypsinisation. Basal keratinocytes
adhering to the dermis were liberated by agitation of the

dermal tissue in culture medium. A minor modification of this
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method gave an improved yield of epidermal cells, by similar
agitation of the epidermal fragment in culture medium.
Digestion of the dermis with qollagenase and hyaluronidase
releases dermél fibroblasts, Primary cultures of these

cells were used in assays of cell-cell communication,.

Cultures of epidermal keratinocytes and derﬁal fibroblasts
were prepared from newborn mouse skin and adult‘éuihea pié
ear skin, The epidermal cell cultﬁres consisted mainly of
keratinocytes, identified by their epithelial morphology and
their characteristic staining with the dye Rhodamine B (see
section 5,6). Dermal cell cultures consisted principally of
fibroblastic cells, Initially, a small minority of
epithelial-type cells occurred in the dermal cultures, presumably

being residual adhering keratinocytes or epifhelial gland

- and follicle cells, but these appeared to be outgrown by the

dermal fibroblasts on subculture.

The data shown in Table I, Figure 2 and Figure 3 show
that epidermal keratinocytes and dermal fibroblasts fronm
newborn mouse skin exhibit both homologous and heterologous

cell communication, This 1s demonstrated by the large

~differences in mean grain count per cell between contacting

recipient cells and non-contacting recipient cells (Table I),.

The significance of this difference is shown by the low

~values of P, which represents the probability of the null

hypothesis (that the two populations are not significantly
different) being correct, The sample values expressed as
means and standard deviations in Table I are plotted on

frequency distribution histograms in class intervals of 5
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in Figure 2, The difference between the two populations
is here shown by the small degree of overlap between the
contacting recipient and non-contacting recipient
distributions,  Epidermal keratinocytes and dermal
fibroblasts from adult guinea pig ear skin also exhibit

homologous and heterologous communication (Table I11).

The transfer of uridine nucleotides between epidermal
keratinocytes and dermal fibroblasts from mouse and guinea
pig skin indicates that, unlike the non-communicating

fibroblast-epithelial cell cocultures previously reported

(Pitts and Bark, 1976; Fentiman et al, 1976), no tissue
Phatiud s

—

specificity is observed in this system,




Table T, Uridine Nucleotide Transfer Between Epidermal

Keratinocytes and Dermal Fibroblasts from

Newborn Mouse Skih;.

3

Donor cell cultures were 1abelled with “H-uridine
(1sCi.m1"1) for 3h, then washed 3 times with sterile BSS.
The cellsvwere suspended in EFC1l0 after treatment With
trypsin : EDTA, and mixed with suspensions of ﬁﬁiabelled
fecipient ceils in a donor : recipient ratio of 1l:4. Cell

5

mixtures were plated out at 2 x 10” per dish in 35mm plastic

petri dishes contaihing 3 sterile glass coverslips in 4.0ml

3

of EFC10 medium containing 10 “m nonradiocactive uridine.
 After 3h coculture the medium was removed and the cells were
fixed with 2ml formal saline at 400 for 1h, Acid-soluble
material was removed by washing the coverslips for 5 min in
ice-cold 5% TCA twice, then for 5 min in distilled water
twice, and then dipped in methylated spirit. The dried
coverslips were mounted on glass microscope slides using
DePeX (Searle) and processed forautoradiography. After 48h

autoradiographé “were developed, fixed and stained with Giemsa.

Further coverslips were mounted on top with DePeX.

Autoradiographic grains were counted over 50 reéipient cells
in contact with donor cells and 50 isolated recipient cells.

The means and standard deviations of the grain counts for the

'ﬁﬁgwpopulatioﬁsi%éférﬁsed to calculate t-values using the

Student t-test, and the values of P derived from statistical

tables.
EX - Epidermal keratinocytes
DF - Dermal fibroblasts
C.R. - Recipient cells in contact with donor cells
N.C.R. -~ Recipient cells not in contact with donor
cells

d.f. - Degrees of freedom.



Donor

Recipient C.R. N.C.R.

EK

EX

DF

DF

EK

DF

DF

EK

Grains/cell Grains/cell

(Mean : S.D.) (Mean z S.D.

<+

21.8 - 9.90 4.92 % 2.22

+

18.6 = 5.62  3.76 X 1.90
20.6 - 6.01 3.70 I 1.96
27.4 Y 9.48 4.50 % 2.21

|t

©11.6

17.5
18.7

16.5

98

98

98

98

v

< 0.0012

< 0.001

< 0.001

< 0.001




Figure 2 Uridine Nucleotide Transfer Between

Newborn Mouse Skin Cells - Freguency

Distribution Histograms of Recipient

Cell Grain Counts

The data expressed in Table 1 as mean f-S.D. are here
plotted as histograms of number of cells against number of
autoradiogréphic grains per cell in class interv;ls of 5,
for both recipient cells in contact with donor cells
(contacting recipients ; C.R.) and recipients cells not in
contact with donor cells (noncontacting recipients ; N.C.R.).

Arrows represent mean values,

(a) Donors : Epidermal keratinocytes ; Recipients
Epidermal keratinocytes.

(b) Donors : Epidermal keratinocytes';‘ Recipients
Dermal fibroblasts. |

(¢) Donors : Dermal fibroblasts ; Recipients : Dermal
fibroblasts.

(d), Domors : Dermal fibroblasts ; Recipients : Epidermal

keratinocytes.
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Figure 3 Uridine Nucleotide Transfer Between

Dermal Fibroblasts and Epidermal

Keratinocytes from Newborn Mouse Skin

Experimental details were as described in the legend
to Table I, except that the donor cell cultures were

3

labelled with “H-uridine at a concentration of lOMCi.ml-l

for 3h, and the autoradiographs were exposéd for 3 weeks

before developing.
(2). Donors : Dermal fibroblasts

Recipients : Epidermal keratinocytes

(b). Donors : Dermal fibroblasts

Recipients : Dermal fibroblasts




(a).

k1460)



(x1160)

(v).



Table II. Uridine Nucleotide Transfer Between

Epidermal Keratinocytes and Dermal -

Fibroblasts from Guinea Pig Ear Skin

For experimental details, see the legend to Table I.



Donor Recipient C.R. N.C.R.
Grains/cell  Grains/cell

(Mean = S.D.) (Mean - 8.D.)
+ +

EX EK 30.3 - 10.0 3,40 - 1,70
+ +

EX DF 42,7 - 12.3 3,28 - 2,25
+ +

DF DF 35.1 - 9,22 - 2,60 - 1,83
+ +

DF EX 36,3 - 10.7 2.24 ~ 1.49

Jt

18.6

21.7

2.2

21.3

o8

98

98

98

< 0.001
< 0.001
< 0.001

< 0.001
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3.3 Lack of RNA Transfer Between "Pulse-Chased" Skin Cells

To confirm that the 3H-uridine—labelled material
transferred between epidermal keratinocytes and dermal
fibroblasts was in the form vauridine nucleotides and not
RNA, communication experiments were performed using "pulse-
chased" donor cells, Donor cultures were labelled with
?H-uridine for 3h, then incubated in non-radioactivermedium
for 24h and washed before coculture with recipients. The
incorporation of 3H-uridine into donor cell RNA was measured
by determination of the radioactivity in cellular acid-soluble

3

and acid-insoluble pools, If the “"H-uridine transferred

represents nucleotides, the fall in the donor cell acid-
soluble radiocactivity fraction should correlate with a

decrease in transfer of radiocactivity to contacting recipient

cells,

3H-uridine labelled epidermal keratinocytes and

dermal fibroblasts incubated for 24h in non-radiocactive

3

medium show increaged incorporation of “H-uridine into RNA
(Table. III). For epidermal keratinocytes, the acid-soluble
(nucleotide) pool decreases from 37% of total cell counts
immediately after the labelling period to 5% of total cell
counts after 24h. This is accompanied by an increase in
the acid-insoluble (nucleic acid) pool (from 61% to 78%) and

3H-uridine into the culture medium (1.4% to 17%).

by loss of
Dermal fibroblasts appear to synthesise RNA faster than
keratinocytes. The fibroblast acid-soluble pool falls from

61% to 7.5% over 24h, with concommitant increase in the

acid-insoluble pool (38% to 77%) and the radioactivity




released into the medium (0.9% to 15.5%). Because of the
3

relatively large percentage of “H-uridine released into the
culture medium, pulse-chased donor cells were washed three

times with sterile BSS prior to coculture with recipients.

Pulse-chased skin cells used as donors in uridine
nucleotide transfér experiments show a decrease in transferA
efficiency (Table IV). For example, the acid-soluble pool
in epidermal keratinocytes at 24h falls to 12% of the zero
time value (33075 to 3942 cpm). Pulse-chased keratinocyte
donors in the EK-EK experiment (Table IV) show a decrease in
recipient cell grain count to 6% of the unchased level (Table I)
E%ecipient cell grain count minus background : from 16.9
grains per cell at Oh to 1.02 at 24h]. The factor of two
~difference between the fall in acid-soluble pool and recipient
cell grain count is due to the fact that distribution of
radioactivity was calculated on a culture basis whereas the
nucleotide transfer was calculated on a cell basis, and the
donor cells will have undergone mitotic division during the

24h chase period,

The smaller level of nﬁcleotide transfer observed using
pulse-chased donor cells is statistically significant (Table IV).
This shows that the statistical method used is capable of
detecting much smaller differences than those in the experiments
to which it isknormally applied. As significant differences
in recipient cell grain counts are not observed when non-
juﬁction forming A9 cells are used (for examplé\see below,

Table V), this confirms the suitability of the statistical

method.




Table III. Distribution of Radioactivity Between

Medium and Cellular Acid-Soluble and

Acid-Insoluble Pools After Labelling of
3

Newborn Mouse Skin Cells with “H-Uridine

Cultures of epidermal keratinocytes and defmal fibro;
blasts from newborn mouse skin were established at 2 x 105
cells per 35mm dish in 2ml EFC10 and grown at 37°C for
5 days. The cells were labelled with 3H-uridine (luCi.ml-l)
for 3h, then washed 3 times with stefile BSS and incubated

My, At 0,3

in EFC10 containing non-radicactive uridine (10”
and 24h thereafter, the radiocactivity in the medium and in
the acid-soluble and acid-insoluble cellular fractions was

measured for 4 replicate cultures of each cell type.

The numbers are total cpm in each fraction (mean of 4
determinations). Numbers in parenthesis are percentage

of total cpm at each time point.




(a) Epidermal Keratinocytes

"Total cpm/fraction

oh 3n 24n
Fraction : Medium 1205(1.4) 17795(8.3) 13000(16.¢
Cellular acid- 33075(37.4)15775(16.7) 3942(5.1.
soluble
Cellular acid- 54150(61.2)70150(75.0) 59650(78.(
insoluble '

(b) Dermal Fibroblasts

Total cpm/fraction

. Oh 3h 24h
Fraction : Medium 890(0.9) 5650(5.7) 11045(15.¢
Cellular acid- 58075(61.0)39500(39.7) 5305(7.5)
soluble ‘
Cellular acid- 53950(38.1)54300(54.6) 54725(77.C

insoluble



Table IV Uridine Nucleotide Transfer Between

"Pulse-Chased" Newborn Mouse Skin Cells

Donor cell cultures of newborn mouse epidermal
keratinocytes and dermal fibroblasts were established as
described in the legend to Table III, and labelled with
3H-uridine (luCi.ml-l) for 3h. After washing 3 times with
BSS, the cultures were incubated in medium containing
nonradioactive uridine (lO'BM) for 24h. The pulse-chased
donor cells were then suspended in EFC10 after trypsin :
EDTA treatment, and mixed with suspensioﬁs of unlabelled
recipient cells in a donor recipient ratio ofl1:4. Cell
mixtures were plated out at 2 x 105 per 35mm dish and

cultured for 3 h,. Fixation, extraction and autoradiography

were performed as described iIn the legend to Table I.




Recipient

Donor
EX EK
EK DF
DF DF
DF EK

C.R.
Grains/cell

N.C.R.
Grains/cell

(Mean =~ S.D

2.31 = 1,54
+
1.92 - 1.35
2.25 1 1.36

.) (Mean 2 s.p.

1.29

1.10

1+

I+

1l.44

1.05

0.88

1.08

le+

‘3,32

3.29

4.95

5.16

28

28

98

28

< 0.01

<0.01

< 0.001

< 0.001
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3.4 Uridine Nucleotide Transfer Between Epidermal

Keratinocytes and Cells of Established Cell Lines

Primary epidermal keratinoéytes from newborn mouse skin
were tested for gap Jjunction formation by meaéuring uridine
nucleotide transfer with the cell lines 013,'BRL and A9,

The réSults are shown in Table V. These data are consistent
with the previously-reported communication properties of the
three cell lines used. A9 cells do not communicate with any
cell type tested, either as donors or recipients. C1l3 and
BRL communicate in homologous coculture, but commuﬁicate with
low efficiency in heterologous coculture, Thus, whereas

the CiB-ClB and BRL-BRL experiments show recipient cell grain
‘counts averaging at 30.5 and 18.8 grains per cell, respectively,
the C13-BRL and BRL-C13 experiments resulted in recipient counts
of only 6.26 and 5.74 grains per cell, The distribution of
C1l3-BRL recipient cell graiﬁ counts has been reported to De
bimédal, with approximately 95% of recipient cells having

only background levels of grains, and the rehainder exhibiting
" high 1e§e}s of grains similar to that of homologous C13-C13
and BRL-BRL cocultures (Pitts and Bgrk, 1976). This explains
the high standard deviation values for the C13-BRL and BRL-C1l3
experiments in Table V. The Student t-test is strictly not
appiicable, as it is based on normal distributions of sample
values, but when calculated results in a significant value

of P (only at fhe 0.01 level for the BRL-C1l3 experiment)
indicating that the small fraction of C1l3-BRL contacts which
do result in junction formation is sufficient to be detected

by the statistical method used. A high standard deviation



may therefore be diagnostic of a distribution that is not

unimodal,

Epidermal keratinocytes communicate with C13 and BRL
cells, but not with A9. The amount of nucleotide transfer
to C13 cells appears to be greater than that.to BRL cells,
possibly implying more efficient‘communication. This does
not appear to be due to a bimodal distribution-df recipieﬁt
cell grain counts, as the standard deviation values fall in
the normal range, However, variations‘in cell size and
rate of uridine incorporation into nucleic acid will also

result in differences in recipient cell grain count.

Epidermal keratinocytes from guinea pig ear skin also
communicate with both C13 and BRL cells (Table VI). The
hetérologous communication between keratinocytes and C13
fibroblasts indicates that epidermal keratinocytes show no

tissue specificity of communication,



Table V. Uridine Nucleotide Transfer Between

Newborn Mouse Epidermal Keratinocytes

and Cells of Established Cell Lines C13,

BRL and AO.

The cell lines used were BHK21/C1l3 (baby hamster
kidney fibroblast), BRL (Buffalo rat liver epithelial cell),
and L929/A9 (mouse embryo cell). For experimental details,

see the legend to Table I.

N.S. - Not significant .



Donor Recipient C.R. N.C.R.
Grains/cell  Grains/cell
(Mean : S.D.)(Mean : S.D.)

s
(o))
H

I

EX EX 1.8 % 5.5, 3.55% 1,80 11.4 98 <0.001
c13 EK 32,0 5 8.55 4.28 1 1,9, 22,2 98 <o0.001
BRL EX 11.1 Y 6.74 3.98 2 2.32  6.99 98 <0.001
A9 EX 6.10% 2.75 6.60 = 3.15 0.84 98 N.S.

K - 13 15.3 ¥ 6.09 2.96 & 2.04  13.4 98 <0.001
c13 c13 30.5 £ 8.33 3.02 - 1.82  22.6 98 <0.001
BRL 13 5,745 3.54 3.78 % 2.34 3.23 98 <0.01

A9 613 5,085 2.86 4.64 = 2.38 0.83 98 N.S.

EK BRL 10.9 ¥ 4.69 3.34 % 1.80  10.5 98 < 0.001
¢13 BRL 6.262 4.12 3.48 2 1.70 4.36 98 < 0.001
BRL BRL 18.8 £ 5,15 2.74 % 1.59  20.9 98 < 0.001
A9 BRL 4.04% 1.93 4.14 = 1.90 0.26 98 N.S.

EX 49 1,882 1.57 1.68 % 1.36  0.67 98 N.S.

c13 A9 1.885 1.23 1.62 1 1.44 0.96 98 N.S.

BRL A9 1.74%5 1,18 2.00 = 1.30 1.04 98 N.S.

A9 A9 2,062 1.16 1.78 I

1.22 1.16 98 N.S.




Table VI. Uridine Nucleotide Transfer Between

Guinea Pig Epidermal Keratinocytes

and Cells of Established Cell Lines

C13 and BRL.

For experimental details, see the legend to Table I.




|+
(o)
Hy
jro

Donor  Recipient C.R. N.C.R.

Grains/cell  Grains/cell
(Mean : S.D.)(Mean : S.D.)

1+

EX EK 45.9 2 13.0 5.76 X 3,06 21,0 98 <0.001
13  IX 25,7 % 8.58 4.04 X 2,41  16.4 73 <0.001
BRL EK 29.9 = 8.51 3.40 L 1.50 21.1 73 < 0.001
EK c13 37.3 - 12.2 7.08 ¥ 3.67 15.9 73 < 0.001
EK BRL 14.8 © 6.27 4.68 & 2.66 9.66 73 < 0.001




3.5 Uridine Nucleotide Transfer Between Dermal Fibroblasts

and Cells of Established Cell Lines

Primary dermal fibroblasts from newborn mouse skin were
tested in uridine nucleotide transfer experiments against cell
lines C13, BRL and A9, The results are shown in Table VII.
Dermal fibroblasts communicate with C1l3 fibroblasts and BRL
epiﬁhelial cells, but not with A9 cells, Dermai fibroblasts
froh guinea pig ear skin show similar cell communication
properties (Table VIII). These results are qualitatively
similar to those obtained with epidermal keratinocytes
(see section 3.4). Again, an appareﬁtly lower level of
communication was observed between dermal fibroblasts (DF)
and BRL than between DF and C13. This level of nucleotide
transfer is statistically significant (P< 0.001). Dermal
fibroblasts, therefore, exhibit no communication specificity

with the cell types tested,




Table VII. Uridine Nucleotide Transfer Between

Newborn Mouse Dermal Fibroblasts and

Cells of Established Cell Lines C13,

BRL and AO.

For experimental details, see the legend to Table I.




Donor Recipient C.R. N.C.R.

|
(o)
Hy
L]
]

Grains/cell  Grains/cell

(Mean > S.D.) (Mean = S.D.)

DF DF 36.3 % 10.5 3.64 % 1.99 21.4 98 <0.001

c13 DF 41.5 2 16.6 3.64 % 2.19 15.8 98 < 0.001

BRL . DF 12.9 2 9.99 5.08 - 2.73 5.08 98 <0.00L
+ +

A9 DF 5.16 = 2.49 4.76 - 2.63 0.77 98  N.S.
. |

DF c13 40.7 - 15.7 3.25 % 1.70  16.8 68 < 0.001

DF BRL 8.86 5 6.42 3.68 L 2.20 5.34 98 < 0.001
+ +

DF A9 1.74 - D142 0.92 98  N.S.

1.15 1.50




Table VIII. Uridine Nucleotide Transfer Between

Guinea Pig Dermal Fibroblasts and

Cells of Established Cell Lines C13,

BRI and A9.

For experimental details, see the legend to Table 1I.



Recipient

Donor
DF . DF
C13 DF
BRL DF
A9 DF
DF Cl3
DF BRL
DF A9

C.R.
Grains/cell

(Mean =~ S.D

NQCG‘R’

Grains/cell

) (Mean L 8.p.)

31.9 ¥ 9.90

21,6 - 8.72

1
o

17.9 .50

+
3.32- 3.19

44.5 113.5

!+

20.0 5.54

+
1.84- 1.28

3.08 I 1.98
4.10 ¥ 3,94
3.00 £ 2.63
3,20 £ 1.83
2,64 1 1.95
3.24 2 2.27
1.80 < 1.02

et
oy

14.0 48

- 8.96 48

8.39 48
0.16 48
15.0 48
13.7 48

0.12 48

< 0.001
< 0.001
< 0.001
N.S.
< 0.001
<AO.OOl

N.S.




Chapter 4 - SPECIFICITY IN CELL COMMUNICATION




0Y.

4.1 Introduction

As shown in the previous chapter, epidermal keratinocytes
and dermal fibroblasts from newbofn mouse skin and adult
guinea pig skin form gap Jjunctions with one another and with
cells of both epithelial and fibrobléstic ceil lines. The
lack of epithelial-fibroblastic specificity in skin contrésts
with the deficiency of Jjunction formation reported between
the ClB}and BRL cell lines (Pitts and B&rk, 1976) and between
epithelial duct’cells and fibroblasts from human mammary
tissue (Fentiman et al, 1976). It is not known whether
this communication specificity is of biological significance,
due to the diffibulty of measuring cell commﬁnication between
different cell types in vivo, As an approximation to the
in vivo situation, cell communication between different cells
can be analysed in primary culture, In ofder to determine
whether the absence of communication specificity was a general
property of primary cells, an extensive range of cell types
would have to be isolated in viitro and their communication
propertles determined. Because of the difficulty in developing
techniques for thé isolation and culture of different cell types,
and because the main aim of this project was to examine cell
interactions in skin, only two further primary cell types were
examined,. Renal epithelial cells, which can be readily
cultured free of contaminating fibroblasts (Gilbert and
Migeon, 1975), and epidermal melanocytes were tested for gap
junction formation in culture. Melanocytes are of an
embryological origin distinct from that of keratinocytes and

dermal fibroblasts, migrate through the dermis to reach the




epidermis, and are known to interact with keratinocytes by
the process‘of pigment donation. It was therefore of
particular interest to determine whether melanocytes are

capable of communication with other skin cell types.

Observations of epithelial-fibroblastic'sPecificity
have been made using‘cultufed cell lines (Pitts and B&rk,
1976; Gaunt and Subak-Sharpe, 1979), and it is possible
that communication specificity may not occur in vivo.
So, in addition to the study of primary kidney epithelial
cells, two kidney epithelial cell lines were also investigated,
as thié may illuminate differences between the communication
properties of normal cells in vivo and cells’of established

cell lines derived from the same tissue.



4.2 Uridine Nucleotide Transfer Between Renal Epithelial

Cells and Cells of Established Cell Lines

Baby mouée kidney cells were prepared by trypsinisation
of the kidney into individual tubules, and then allowing
subsequent outgrowth of cells from these exp;ants.Renal
epithelial (RE) cells were prepared free of contaminating
fibroblasts by growth in medium containing D-valine ihstead
of the L isomer (Gilbert and Migeon, 1975). Attempts to
obtain renal fibroblasts in pure culture were made using
kidnej cells grown in medium containing L-valine, és
fibroblasts generally grow faster than epithelial cells and
may be preferentially removed from the substfatum on sub-
culture. This was not achieved as these cultures could not
be maintained for a long enough period of time to eliminate
renal epithelial cells, due to fibroblast death within 2;3
passages. Renal epithelial cells were tested for formation
of gap Jjunctions with the cell lines C1l3 and BRL by assajing,
for the intercellular transfer of uridine nucleotides. Renal
epithelial cells communicate homologously, and also with both

the C13 and BRL cell lines (Table IX). The extent of

—nucleotide. transfer .in.these-experiments,-as-judged from——— - N

contact recipient cell grain counts, is similar to that
between dermal fibroblasts and epidermal keratinocytes

(see Chapter 3). The standard deviations of the recipient
cell populations are also similar to those obtained in
experiments involving skin cells, where the distribution of
grain counts was shown to be unimodal (Figure 2).
Communication between renal epithelial cells and cells of

the C13 and BRL cell lines does not therefore appear to




involve two populations of contacting-recipient cells.
This was confirmed by examination of the distribution of
grain count dataf Positive Jjunction formation between
renal epithelial cells and C1l3 fibroblasts is cshown in
Figure 4. Thus, primary epithelial cells from baby mouse
kidney also appear to communicate with cell lines with no

epithelial-fibroblastic specificity.




Table IX. Uridine Nucleotide Transfer Between

Renal Epithelial Cells and Cells of

Established Cell Lines C13 and BRIL

Cultures of epithelial cells from baby mouse kidney
were established as described in section 2.2.5, and grown
for 3 days. These cells were then tested for gap juncﬁion
formation with cells of the C13 and BRL cell lines.

For experimental details, see the legend to Table I.

RE - Renal epithelial cells




5a
[o N
w
o

Donor »_Ré¢ipient‘  C.R. N.C.R.
- Grains/cell CGrains/cell
(Mean I S.D,)(Mean I §.D.) .

1+

RE RE 246 15.85 442 %2093 216 98

1+

¢13 R - 18.8 17,09 4.8 I2.39 130 - 98

. BRL RE  16.7 1 7.98 4.20 12,22 10,6 98  <0.00°
+

CRE 013 ,’_-_24;9“3f :8_.’56': 4.98 T 2.38  15.7 S 98 < o',:,oo

1+

- RE R BRL"i 31;0 ffa‘14‘t3'24 1.73 23.4 98'7}<‘O.OO"2




Figure 4 Uridine Nucleotide Transfer Between

Primary Renal Epithelial Cells and

Cells of the Cl1l3 Cell Line

Epithelial cells from baby mouse kidney ﬁe;é
established as described in section 2.2.5. Experimental
details were as described in the legend to Table I, except
that donor cell cultures were labelled with lOu»Ci.ml-l
3H-uridine, and autoradiographs were stored for 3 weeks

before developing.

Donors : Renal epithelial cells

Recipients : Cl3 cells
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4.3 Uridine Nucleotide Transfer Between Epidermal

Melanocytes, Epidermal Keratinoeytes, Dermal

Fibroblasts, and Cells of Established Cell Lines

Melanocytes comprise the largest minor cell population
in the epidermis, and occur as a contaminant.of epidermal |
keratinocyte preparations. Melanocytes may be purified from
epidermal cell preparations by éuspension of pelleted celié'ih
sodium citrate solution followed by a period of serum depriv-
ation (Prunieras et al, 1976; Moreno et al, 1978; see
section 2.2). The dendritic cells produced by this method
were identified as melanocytes by DOPA staining (Figure 5).
‘Cultures of melanocytes were tested against épidermal
kerétinocytes, dermal fibroblasts, and cells of cell lines
C1l3, BRL and A9 for ability to exchange labelled uridine
nucleotides, As melanocytes ao not subculture successfully
(Prunieras Eilgi, 1976), these cells cannot be trypsinised
for mixing with other cell types, and were therefore used
only as donors in these experiments, unlabelled recipient
cells being added to prelabelled melanocyte donér cultures.
The results are given in Table X, Melanocytes communicate
with both primary skin cell types, and also with C13 fibroblasts
and BRL epithelial cells, No communication was detected
between melanocytes and A9 cells. The grain counts in
recipiénf cells in contact with melanocyte donors are higher
than those recorded in experiments involving epidermal
keratinocyté, dermal fibroblast, or renal epithelial cell
donors. This may imply more efficient junction formation

by melanocytes. However, the higher recipient cell grain



counts may alternativeiy be due to the fact that in these
experiments, unlike previous experiments in which domnors

and recipients were suspended prior to coculture, the
recipient cells were added to attached melanocyte cultures.

As the melanocytes were already spreaa, the éhances of
recipients making contact with the donor celis may be greater.'
Recipient cell grain counts per se are not a direct measure

of the efficiency of Jjunction formation, as factors such as
donor cell uptake apd phosphorylation of uridine, rate of

cell attachment and spreading, rate of nucleotide incorporation
by recipient cells, and even cell size, will also be involved
in determining the number of autoradiographié grains per
recipient cell. The method used here for thé quantitation

of nucleotidé transfer takes‘accoﬁnt of these differences by
only compéring two similar cell populations, recipient cells
in contact Witﬁ donor cells and isolated recipiénts. This
results in a degree of difference befween the two populations
which should be a reasonable indicator of the efficiency of

communication,

These results show that melanocytes, which are derived
from embryoniec neurectéderm, communicate with epithelial
and fibroblastic cells of both cell line and primary culture
origin, In common with epidermal keratinocytes, dermal
fibroblasts and renal epithelial cells, ﬁelanocytes show no
apparent specificity of communication. This suggests that
non-specific cell communication is not an unusual property

of cells in mammalisan tissues,



Figufe,5 DOPA Staining of Epidermal Melanocytes.

Cultures of epidermal melanocytes from newborn mouse
skin were established as described in section 2.2.4, and
2 days later were stained with dihydroxyphenylalanine

as described in section 2.2.8.

(a). Melanocyte"

(b). Keratinocytes



(a).

t1460)



®),
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Table X. Uridine Nucleotide Transfer Between

Epidermal Melanoeytes and Epidermal

Keratinocytes, Dermal Fibroblasts,

and Cells of Established Cell Lines

c13, BRL and A9,

'Cultures of melanotytes from newborn mouse skin were
prepared as described in section 2.2, and incﬁb;ted on
sterile 13mm glass coverslips in 35mm petri dishes for 2 days.
The cells were then tested for gap Jjunction formation with
epidermal keratinocytes and dermal fibroblasts from newborn
mouse skin, and with cells of the cell lines C13, BRL and
A9, Melanocyte donor cell cultures were labelled by

13

incubation in EFC10 containing 1pCi.ml = “H-uridine for 3h,

then washed 3 times with BSS., Recipient cell suspensions

were then added at 2 x 105

3

cells per 35mm petri dish in 2ml
EFC10 containing 10 “M nonradiocactive uridine, and cocultured
at 37OC for 3h. Fixation, TCA-extraction and autoradiography

‘were performed as described in the legend to Table I.

Mela - Epidermal melanocytes

N.S. - ©Not significant



|+
(o)}
)
v

Donor Recipient C.R. N.C.R.
‘Grains/cell Grains/cell
(Mean % '5.D.)(Mean = 'S.D.)

Mela EK 50.8 % 14.6 4.44 - 2.17 919 98 <o.001
Mela DF 39.6 X 14.4 4.2021 2.76  16.9 98 < 0.001
Mela 13 46.0 1 13.7 2.74 % 1,82 21.9 98 < 0.001
Mela BRL 39.3 7 13.9 4.26 £ 2.49  17.4 98  <0.001

14

Mela A9 1.62% 1,09 1.44 - 1.17 0.79 98 N.S.



VAA Uridine Nucleotide Transfer Between Canine Kidney

Epithelial Cell Lines and Cells of Established Cell

Lines C13, BRL and A9

The cell communication properties of four primary cell
types have been investigated, and no exampleé of communication
specificity were found, It therefore appeérs possible that
the lack of gap junction formation between fibreoblasts and-
epithelial cells in culture may be a more general property
of estéblished cell lines. Gap Jjunction formation by two
kidney epithelial cell lines was studied, in an attempt to
detect patterns of communication different from those of
primary kidney cultures. The cultures used were two
clones of the Madin-Darby canine kidney epithelial cell line
MDCK (Rindler et al, 1979) passaged through 87 and 119
subcultures respectively,. These cells were assayéd for
jJunction formation with one another and with the cell lines

C13, BRL and A9.

The resulté are given in Table XI and Table XII,
MDCK87 cells communicate with each other and with MDCK119
cells, with apparently equal efficiency. Neither MDCK87
or MDCK119 cells communicate with Cl3 fibroblasts or BRL
epithelial cells, or with cells of the non- junction forming
A9 cell line. The C13-C13, C13-BRL, BRL-BRL and BRL-C13
experiments all exhibit positive communication, although the
interaction between C13 and BRL cells is again much less
efficient than the homologous communication (see Table V).
The grain counts of recipient cells in contact with donors

in heterologous (C1l3-BRL cocultures are characterised by



high standard deviation values, which are due to the non-
‘unimodal distribution of sample values (see section 3.4).
Lack of junction formation between MDCK and BRL cells is

shown in Figure 6.

MDCK cells therefore exhibit communication specificity,
as both clones fail to communicate with the junction-competent
Ci3 and.BRL cells, but this specificity is not dependent ﬁpon
the tissue layer origin of the cells, aé it occurs with both
epithelial and fibroblastic cell lines. Communication
between MDCK cells in characterised by recipient cell grain
counts which are slightly lower than those obtained for mouse
primary cell types (e.g. Table I). Similarly, in the
experiment of Table XI the C13-C1l3 and BRL-BRL cocultures
exhibit higher recipient cell grain counts than homologous
MDCK cocultures. This may indicate that MDCK cells have a
lower efficiency of Jjunction formation, which could in part
explain the lack of interaction between MDCK cells and cells
of the C13 and BRL lines. On the basis of the experiments
performed the possibility cannot be excluded that the two

MDCK clones consist of identical cells,

Theée results indicate that, unlike primary cell types,
which appear to communicate non~specifically, cells of
established cell lines in some instances fail to form gap
Junctions with other junction~-competent cells. The possible
significance of these observations is discussed below (see

section 7.4).



Table XI. Uridine Nucleotide Transfer Between

Canine Kidney Epithelial Cell Line

MDCK87 and Cell Lines C13, BRL and A9

For experimental details, see the legend to

Table I.

MDCK87 -~ Madin-Darby canine kidney epithelial cells

(passage 87)

MDCK119 - Madin-Darby canine kidney epithelial cells

(passage 119)



Donor Recipient
MDCK&7 MDCK87
MDCK119 MDCK87
c1l3 MDCK&87
BRL MDCK87
A9 MDCK87
MDCK87 MDCK119
MDCK&7 C13
MDCK87 BRL
MDCK87 A9

Cc13 C1l3

BRL C1l3

BRL BRL

C1l3 BRL

C.E. N.C.R.
Grains/cell Gra;;;7;;ll
(Mean - S.D.) (Mean ¥ s5.D.)
16.8 1 7.67 3.24 % 1.92
15.1 2 5.54 3.70 I 1.68

3.54 % 2,09 3.84 = 1.92
4.60 = 1.90 3.94 ¥ 1.63
3.18 - 2.35 2.90 - 2.40
14.8 I 6.69 3.36 % 2.01
4.32 5 2,61 3.9 % 2.15
3.04 1 1.68 2.88 % 1.9
1.84 & 1.30 2.00 % 1.55
30.6 * 10.0 2.60 I 1.85
6.16 ~ 5,02 2.82 = 1.76
19.8 = 7.64 3.10 & 1.74
| 6.14 5 4.14 z

4,16 - 2,19

12.0

13.7
0.73
0.93
0.58

11.5
0.79
0.50

0.55

19.3
4 .40
15.1

2.80

98
98
68
28

98
98
98
98

98

98
98

0.001

0.001

N.S.

N.S.

N.SC

0.001
NQS.
NoSo

N.SC



Table XII. Uridine Nucleotide Transfer Between

Canine Kidney Epithelial Cell Line

MDCK119 and Cell Lines €13, BRL and

A9

For experimental details, see the legend to

Table I.

MDCK119 - Madin-Darby canine kidney epithelial cells

(passage 119)



Donor

Recipient

MDCK119
C13
BRL

A9

MDCK119
MDCK119

MDCK119

MDCK11l9
MDCK119

MDCK119

MDCK119

€13
BRL

A9

C.R. N.C.R.
Grains/cell Grains/cell
(Mean = S.D. (Mean - S.D.

14.6 24,68 3.04 1,74
3.65%1.98 3.20%*1.82
5.10%2,73 4£.90x*2.05

2.42%1.84 2.36 1,76

3.52+1.88 3.58+ 1,99

3.82%1.80 3.40x1,67

1.64%1,32 1.58%1,.26

let

16.2
0.73
0.41

0.16

0.15
1.20

0.23

28

‘98

98



Figure 6 Uridine Nucleotide Transfer Between

MDCK Cells and BRL Cells

Experimental details were as described in the legend
to Table I, except that donor cell cultures were labelled
with IOuCi.ml-l 3H-uridine, and autoradiographs were

stored for 3 weeks before developing.

(a). Donors: BRL cells ; Recipients: MDCK130 cells

(b). Donors: MDCK130 cells ; Recipients: MDCK130 cells



(a).

(*455)



(b).

(x730)



4.5 Summary

The results of the uridine nucleotide transfer experiments
described in chapters’3 and 4 are summarised in Table XIII.
Positive cell communication has been defined as a difference
between contacting recipient grain count and non-contacting
recipient (background) grain count significant at the P = 0.05
level or lower, Note that there is mno rectification; all
the cell pairs tested give the same result in both possible

combinations of donor and recipient,

These experiments involve only 4 primary cell types and
5 cell lines, and it would be of interest to extend this
survey by studying gap junction formation by other primary
cell cultures,. However, it was decided instead to examine
the interaction between dermal and epidermal cells from newborn
mouse skin in greater detail, using organ culture and feeder

layer culture systems.



Table XIII. " Uridine Nucleotide Transfer Properties

of Mouse Primary Cell Types and

Established Cell Lines

This is a summary diagram of the data in Tables I,
v, VII, IX, X, XI and XII. Positive nucleotide transfer
is defined as P < 0.05 gi.e., 1 in 20 probability or less
that the two populatiohs are not significantly different).

Negative nucleotide transfer is defined as P >0.05.

EX - Epidermal keratinocyte

DF - Dermal fibroblast

Mela - Melanocyte

RE - Renal epithelial cell

MDCK87 - Madin-Darby canine kidney epithelial cell

(passage 87)
MDCK119 - Madin-Darby canine kidney epithelial cell

(passage 119)

C13 - Baby hampster kidney fibroblast line BHK21/C1l3
BRL - Buffalo rat liver epithelial cell line
A9 - Mouse embryo cell line L929/A9

N.D. ~ Not determined



Recigient

EK  DF RE MDCK87 MDCK119 C13 -BRL

Donor EX + + N.D. N.D. N.D. + +
DF + + N.D. N.D. N.D. + +
Mela + + N.D. N.D. N.D. + +
RE N.D. N.D. + N.D. N.D. + +
MDCK87 N.D. N.D. N.D. + + - -
MDCK119 N.D. N.D, N.D. + + - -
Cl3 + + + - - + +
_B_B_L » + + + ' - - + +



Chapter 5 - GROWTH AND DIFFERENTIATION OF EPIDERMAL

KERATINOCYTES IN DISPERSED CELL CULTURE




5.1 Introduction

Formation of gap Jjunctions has been shown to occur in
culture between cells derived from the dermis and epidermis
of newborn mouse skin and adult guinea pig skin (see Chapter 3).
Junction-mediated intercellular communication therefore
represents a possible mechanism of dermal-epidermal.interaction
in vivo, unless this form of communicafion is prevented by the
intervéning basal lamina (see below, éection 7.3). In particular,
dermal regulation of epidermal proliferation and differentiation
(see Chapter 1) could involve formafion of gap junctions between

cells of the two tissue layers,

In order to establish a simple system for the study of
epidermal keratinisation, criteria for growth and differentiation
of epidermal cells were established and applied, firstly, to
eﬁidermal keratinocytes in dispersed cell culture. Previous
studies by other workers indicated that dispersed cultures of
epidérmal cells are capable of at least limited differentiation
(Constable et al, 1974; Fusenig, 1971; see section 1.4.1).
After characterising the properties of keratinocytes in the
absence of dermal cells, comparative studies were performed
using keratinocytes growing on feeder layers, and subsequently
with separated and recombined dermis and epidermis in organ

culture.

Therprincipal>assay used for the detection of kerétinocyte
differentiétion was based on the incorporation of radiolabelled
amino acids into the epidermal structural protein prekeratin.
To this end, extraction procedures were developed to isolate

protein from newborn mouse skin and the polypeptides correspondin



to prekeratin were identified and quantitated. Epidermal
differentiation was also measured by assay for the preferential
uptake of histidine into the histidine-rich protein of epidermal
cells, Cell proliferation was quantitated by following

3H-'bhymidine incorporation into DNA,.



5.2 SDS-Polyacrylamide Gel Electrophoresis Standard Curve

SDS-polyacrylamide gel electrophoresis of 6 proteins of
known molecular weight gave the mobilities plotted in Figure 7.
Linear regression analysis of these data using the least squares

fit method indicated that the best-fitting straight line was

described by the equation :

y = =0.403x + 5,01
where x = mnatural logarithm of polypeptide molecular weight
y = Rf (distance migrated by polypeptide relative to

marker dye).

The correlation coefficient for this line was -0,996.



Figure 7. SDS-Polyacrylamide Gel Electrophoresis

Standard Curve

Trypsin (23,000 molecular weight), alcohol dehydrogenase
(37,000MW), ovalbumin (43,000MW), glutamate dehydrogenase
(53,000MW), bovine serum albumin (68,000MW) and phosphorylase &
(93,000MW) were each dissolved at a concentration of O.lmg;ml_
in 0.5ml1 1% SDS, 1% (v/v) 2-mercaptoethanol by heating at 100°C
for 5 min, 100pl aliquots of each protein solution were added
to 100pl glycerol and 10wl bromophenol blue, mixed, and 100ul
amounts of the mixtures electrophoresed for 3h at 4mA per tube
on 7.5% polyacrylamide disc gels (see sectioﬁ 2.2;12). Gels
were stained with Coomassie Brilliant Blue énd destained in

7.5% acetic acid, 5% methanol.

Distance migrated by polypeptide

Rf = Distance migrated by bromophenol blue
ADH - Alcohol dehydrogenase

GbH - Glutamate dehydrogenase

BSA - Bovine serum albumin

Phos. a -. Phosphorylase a
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5.3 Extraction of Epidermis with Citric Acid-Sodium

Citrate (CASC) Buffer

Prekeratin has previously been purified from the living
cell layers of bovine epidermis by extraction with 0.1M citriec
acid-sodium citrate pH 2.6 (CASC buffér) followed by serial
precipitations from CASC buffer at pH values of 7, 6, 5 and
4.5 (Matoltsy, 1965). When applied to human epidermis, this
lprocedure resulted in precipitates at near-néuﬁral pH which
were difficult to redissolve, and the method was modified by
performing 3 cycles of precipitafion at pH 3.5, at which pH

prekeratin was the only protein to precipitate (Skerrow, 1977).

Extraction of newborn mouse epidermis was attempted by
the latter method, but no CASC precipitate was obtained. A
further modification was therefore adopted. Epidermis was
first extracted by homogenisation.in 8M urea, 0.1M 2-mercapto-
ethanol, 50mM phosphate buffer pH 7.4, and the extract was then
dialysed into CASC buffer.,Protein could subsequently be pre-
cipitated from the CASC extract by raising the pH to 3.5.
This procedure yielded approximately 50mg protein from 1lg wet

weight epidermis,

.'A Coomassie Blue-stained SDS polyacrylamide gel of the
CASC precipitate from mouse epidermis is shown in Figure 8(a),
and a densitometer profile of this gel in Figure 8(b). Only
two ma jor bands are observed : band I corresponds to molecular
weight 69,000 and band II to molecular weight 61,000. The
areas of the peaks in Figure 8(b) were calculated with the
formula A = & base x height, and were band I = 184, band

II = 382 (arbitrary units). The ratios of the areas of



band II to band I is 2.08, A true polypeptide stoichiometry

of 2:1 would result in a predicted band area ratio of 1.77:1,
because of the difference in molecular weights. The molar
proportions of the two mouse epidermal polypeptides is therefore

likely to be 2:1.

‘Mouse prekeratin appears to consist of one 69,000MW
polypeptide to every two 61,000MW polypeptideé.A This stfucttre
is suggested by the extraction of these polypeptides with the
prekeratin-specific CASC procedure. Also, similar three-
chain structures have been reported for human and bovine
prekeratin, Human prekeratin consists of three polypeptides of
molecular weights 70,000, 63,000 and 55,000 (Skerrow, 1977).
Bovine prekeratin comprises one 72,000MW chain plus two 60,000MW
chains (Matoltsy, 1965), which is very similar to the structure
proposed here for mouse prekeratin, Further, extraction of
mouse stratum corneum with urea and mercaptoethanol has been
claimed to result in two major polypeptides of 68,000MW and
60,000MW (Steinert and Yuspa, 1978; see below, section 7.5).
Finally, the 69,000MW and 61,000MW polypeptides are major
components of SDS/mercaptoethanol extracts of mouse epidermis,
and are absent from similar extracts of other mouse tissues

(see below, section 5.4).



Figure 8, Extraction of Prekeratin from Mouse Epidermis

By The CASC Procedure

Skin from 1-3 day old mice was separated into dermis and
epidermis by soaking in 2M NaBr at 4°C for 6h (Diaz et al, 1977).
lg wet weight of epidermié was incubated at 37°C for 1h in 5ml
8M urea, 0.1M 2-mercaptoethanol, 50mM phosphate buffer pH 7.4.
The tissue was then homogenised in a plastic 3051 centrifﬁge
tube in a crushed ice bath using an UltraTurrax TP18/2 homogenise:
(setting 150 for 2 min) and sonicated at 1.5A4 for 5 min using an
MSE MT20 ultrasonic probe. The extract was centrifuged at
50,000 x g for 20 min at 4°C, and the supernatant dialysed
against 3 changes of 100 volumes of 0.1M citric acid-sodium
citrate (CASC) buffer pH 2.6 over a 24h period. After centri-
fuga{ion of the dialysis residue at 500 x g for 15 min at 400
to remove CASC-insoluble material, prekeratin was precipitated
by dropwise addition of 0.1M NaOH until the pH was raised to
3.5. The precipitate was collected by centrifugation at 500 x g
for 15 min at 4°C, redissolved in 5ml CASC buffer at 4°C by
sonication for 2 min at 1.5A using an MSE MT20 ultrasonic probe,
and reprecipitated at pH 3.5_as before. After 3 cycles of
solution and precipitation, the final precipitate was collected
and dried under vaccuum, For electrophoresis, prekeratin was
dissolved at O.5mg,ml-l’in 1.0ml 1% SDS, 1% (v/v) 2-mercaptoethanc
by heating at lOOOC for 5 min, and 100pl aliquots electrophoresed
as before (see section 2.2.12),. Destained gels were scanned at
586nm using a Gilford 250 spectrophotometer fitted with a linear
transport accessory.

(a) Photograph of gel of CASC-exitracted mouse prekeratin,

(b) Densitometer scan of gel in (a).
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5.4  Extraction of Epidermis, Dermis, Liver and Kidney with

SDS and Mercaptoethanol

The prekeratin of newborn mouse epidermis has been shown
to consist of two polypeptides of 69,000MW apd 61,000MW,
(see section 5.3). It was attempted to demonstrate the
preéence of these polypeptides in extracts made usiﬁg a simpler

and more quantitative SDS/mercaptoethanol extraction procedure.

The proteins of newﬁorn mouse epidermis were extracted by
heating the tissue at 100°C in 1%SDS, 1%(v/v) 2-mercaptoethanol
for 1h. A polyacrylamide gel of the extracted protein is
shown in Figure 9(a). The ma jority of extracted material
appears as a series of bands in a region of the gel corresponding
to 58,000MW to 73,000MW, This group of proteins inciuded the
two prekeratin polypeptides purified by citrate buffer extraction
(see section 5.3). These bands, corresponding to 61,000 and
69,000MW, could be identified on gels of SDS/mercaptoethanol

extracts by their molecular weights and 2:1 stoichiometry.

- SDS/mercaptoethanol extraction of newborn mouse dermis
and of baby mouse.liver and'kidney was performed, and poly-
acrylamide gels of the extracts are shown in Figure 9(b), (c)
and (d4). The group of polypeptide bands extracted from
epidermis does not occur in the extract of dermis, nor in
extracts of the two other mouse tissues. The dermal extract
contains é number of high molecular weight polypeptides, in the
molecular weight range 120,000-150,000. These may represent
procollagen chains (lZ0,000MW) or cross-linked higher order
structures of the elastin subunit (70,000MW). The liver and

kidney extracts exhibit a large number of polypeptide bands.




A ma jor polypeptide of the kidney extract, also found in
extracts of liver, corresponded to 39,000MW, and is most
likely the cytoskeletal protein actin (40,000MW). The
extracts of dermis, liver and kidney, but not epidermis, contain
substantial amounts of incompletely-solubilised material which
fails to enter the gel (Figure 9); " This may represent
extrécellﬁlar matrix macromolecules,. The absence of non-
solubilised protein in the epidermal extract may be explained
by the fact that even stratum corneum «o-keratin is soluble in
SDS. It appears that the main insoluble component of the
eplidermis is the cross-linked protein of the cornified cell
envelope (Rice and Green, 1977), and in the'extraction
procedure used here the cornified cell envelopes may be
sedimented by the centrifugation preceding electrophoresis,

or washed off the top of the gel during staining.



Figure 9. SDS-Polyacrylamide Gel Electrophoresis

of Proteins from Epidermis, Dermis, Liver

" and Kidney

Epidermis and dermis from full-thickness skin of 1-3 day
0ld mice were separated by soaking for 6h in 2M NaBr (Diaz et al,
1977). Liver and kidney were taken from 12 day old mice.

These tissues were extracted by heating approximately 100mg wet
weight of tissue in 0.5ml1 1% SDS, 1% (v/v) 2-mercaptoethanol

at 100°C for 1h. The extracts were centrifuged at 500 x g

for 15 min at 400, énd the protein concentration of the super-
natants estimated by the method of Lowry et al (1951), using
bovine serum albumin as a standard, The prétein concentrations
of the extracts were adjusted to 3.Omg.ml"l by dilution with 1%
SDS, 1% (v/v) 2-mercaptoethanol, Aliquots containing 60uwg of
protein mixed with glycerol and bromophenol blue were eleétro-
phoreséd fér 3h at 4mA per tube on 7.5% polyacrylamide gels
(see section 2.2.12).

(a) Epidermis

(b) Dermis

(e¢) Liver

(d) Kidney



(a) .

(b) .

(c).

(a).



5.5 Decrease in Prekeratin in Epidermal Keratinocytes in

Culture

From reports in the literature (see section 1.5), the
extent of differentiation undergone by epidermal keratinocytes
in dispersed cell culture is unclear, In aﬁ attempt to clarify
this.issue in the mouse keratinocyte culture system, the
epidermal protein prekeratin was used as a marker for keratinocyt
differentiation in culture. CASC extraction (see section 5.3)
of dispersed cell cultures of epidermal keratinocytes resulted
in-no visible precipitation of prekeratin, This is presumably
because the small amounts of cellular material obtained from
dishes of cﬁltured keratinbcytes resulted ih too low a con-
centration of prekeratin in the CASC extract to form a detectable
precipitate at pH 3.5. Prekeratin was therefore estimated in
SDS/meféaptoethahol extracts after separation'of the proteins

on SDS-polyacrylamide gels.

Primary cultures of newborn mouse epidermal keratinocytes
were established (see section 2.2.2) and medium changed daily.
At various times over 8 days in culture, during which time the
keratinocytes were subcultured once (at day 7), two 90mm
dishes of cells were suspended, pelleted, and extracted with
1%SDS, 1% 2-mercaptoethanol. A pellet of freshly-prepared
keratinocytes was also extracted in the same way. Equal
amounts of proteinbfromreach sample werecoelectrophoresed
on polyacrylamide gels and the prekeratin bands identified
by comparison witﬁ gels of CASC-extracted epidermal prekeratin.
Total prekeratin was quantitated b& densitometric scanning
of the gels, and summation of the peak areas of the prekeratin

bands. The proportion of prekeratin in total cell protein



is plotted against time in culture in Figure 10.

Over the first day in culture there is a large decrease
in the amount of prekeratin relative to total protein.
‘Therefore, there is a large difference between the amount of
prekeratin in the original epidermal cell préparation and
that . in the cells which have attached to the substratum 24h
later, This 1s presumably due to the presence in the original
keratinocyte suspension of highly-differentiated cells which
do not attach to the culture surface and are lost from the
culture at the first medium change. From day 1 onward there
~i1s a linear decrease in the proportion of prekeratin in total

cell protein, which continues beyond the first subculture,.

From the rate éf thymidine incorporation by newborn mouse
keratinocyte cultures (see below, Figure 12), it can be cal-
culated that keratinocytes maintained at-B?OC have a mean cell
doubling time of approximately 0.9 days.L It can be estimated
from Figure 10 that the time requifed for the proportion of
prekeratin in cultured keratinocytes to fall by half is
approximately 9 days. Since the amount of prekeratin is not
being halved at every cell doubling, prekeratin synthesis is
probably dontinuing in cultured keratinocytes. It is also
possible that the rate of prekeratin synthesis by fhese cells
is higher than it appears to be but that some of the prekeratin
is lost from the culture if differentiated keratinocytes are
desquamated into the culture medium. However, the number of
dead cells and the amount of cell debris observed in the
medium of keratinocyte cultures were very small and did not

appear greater than that of other cell types. The normal



" level of prekeratin in the epidermis is maintained by a balance
of synthesis and desquamation. CIf keratinocyte cultures

are losing differentiated cells into the medium, the prekeratin
to replace this loss 1s not being produced at a sufficient rate

to maintain the original level in the remaining attached cells.

-These results suggest that de EQXE prekeratin synthesis
occurs in cultures of epidermal keratinocytes, but that these
cultures are not capable of maintaining fully the normal level
of prekeratin in skin,. This may be due to selection of cells
in the culture which have increased growth rate and decreased

expression of the differentiated phenotype.



Figure 10. Decrease in Prekeratin in Epidermal

Keratinocytes with Time in Culture

Freshly-preparea epidermal keratinocytes from newborn
mouse skin were established at 4 x‘106 viable cells per 90mm
petri dish in lOml.EFClO, and incubated at 3700. At 1, 3, 5,
7 and (post-subculture) 8 days thereafter, 2 dishes of cells
were suspended by washing twice with 5ml 0.02% EDTA in PBS
at room temperature and scraping with a plastic cell scraper.
The cells were pelleted by centrifugation at 500 x g for 10 min
at 400, and protein extracted by heating the pellet in 0.2ml
1% SDS, 1% (v/v) 2-mercaptoethanol at 100°¢ for 1h. Similarly
extracted was a pellet of freshly-prepared kefatinocytes (zero
time sample). The protein concentrations of the extracts were
measured by the method of Lowry et al (1951) using bovine serum
albumin as a standard, and adjusted to 3’.‘5mg.ml-:L by dilution
with 1% SDS, 1% (v/v) 2-mercaptoethanol. 100pl aliquots of
each sample were mixed with 100pl glycerol and 10wl bromophenol
blue and 100pl amounts of the ﬁixtures were electrophoresed on
7.5% polyacrylamide gels fof 3h at 4mA per tube (see section
2.2.12). Destained gels were scanned at 586nm using a Gilford
250 spectrophotometer fitted with a linear transport accessory,
and total prekeratin quantitated as the summed peak areas of

the bands corresponding to epidermal CASC-extracted prekeratin.
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5.6 Growth of Epidermal Keratinocytes in Feeder Layer

Culture

Epidermal cells from newborn mouse skin appear to undergo
only limited differentiation in pure culture (see section 5.5).
In vitro study of epidermal keratinisation Wés therefore attemptec
using a modification of the feeder layer culture system of
Rheinwald and Green (1975a). In this method, these workeérs
claim that keratinocytes grown on a layer of killed cell line
fibroblasts fofm a keratinising epithelium which can be serially
subcultured, .Feeder layer celis are normally fibroblasts, and
appear to promote the proliferation of differentiated cell types
by secretion of stimulatory factors or by pravision of a suitable
vsubstratum for growth. The fibroblasts can be killed by X-
irradiation or by treatment with mitomycin C (Kubilus et al,

1979).

In this study, differentiation of epidermal keratinocytes
in feeder layer culture was assayed by synthesis of prekeratin.
As the presence of fibroblast proteins in extracts of these
cultures made assignment of prekeratin polypeptides more difficult
than in pure epidermal cell cultures (see section 5.5), de novo
protein synthesis was assayed by radiolabelling the cultures

3 35

with “H-leucine or S-methionine, Proteins were extracted from
labelled feeder layer cultures with SDS and mercaptoethanol,
separated by polyacrylamide gel electrophoresis, and labelled

polypeptides identified by scintillation counting of gel slices,

Feeder layer keratinocyte cultures were established by
coculture of newborn mouse skin keratinocytes with Cl3 cells

preireated with mitomyecin C. Cl3 cells were killed by



incubation in 10-6M mitomycin C for 16h, washed, trypsinised,
and then cocultured with freshly-prepared mouse epidermal
keratinocytes. A Rhodamine B-stained 5 day feeder layer
culture is shown in Figure 11, Rhodamine B is a specific
histological reagent for epidermal cells (Liisberg, 1968;
Délescluse et al, 1976). The feeder layer cultures exhibit
colonies of pink‘(Rhodamine B-stained) epidermal keratinocytes

surrounded by blue (counter-stained) fibroblasts.

The growth rates of ﬁitomycin C-treated C1l3 cells,
epidermal keratinocytes, and both cell types in mixed cultures

were determined by labelling with BH-thymidine. The results

3H-thymidine

are shown in Figure 12, The incorporation bf
at various times in culture by epidermal keratinocytes and

killed C13 cells grown separately have been summed .for each
time;point and plotted in Figure 12(a). Figure 12(b) shows

the 3

H-thymidine incorporation over the same time-scale of
keratinocytes and C13 cells in mixed (feeder layer) culture.

The graphs are very similar, being typical sigmoid growth
‘curves, There is an initial "lag" between day 1 and day 2,
which is probably due to suboptimal growth of the cells at low
density. This is followed by exponential growth until day 5,
when the rate of increase in 3H—thymidine incorporation decreases
‘presumably because of density-dependent inhibition of growth.
The mean cell doubling time, averaged over the period 1-7 days,
of the keratinocytes alone [Figure lZ(a)]is approximately 0.9
dayé. The two graphs are slightly differept at the start of the

culture period, but by day 3 the two data sets are not signif-

icantly different. In view of the close similarity of the two



growth curves, it was concluded that coculture with killed
fibroblasts does not significantly affect the growth of mouse

epidermal keratinocytes,

‘These results contrast with the finding of Rheinwald and
Green (l975a) that human epidermal cells do ﬁot initiate colony
formation in the absence of fibroblast feedér layers,. This
may be due to the relatively small inocula of keratinocytes
used by these workers, as non-transformed cells often fail
to grow af low culture densities. However, the growth
characteristics of pure cultures of epidermal cells found
here are very similar to those reported for adult guinea pig

epidermal keratinocyte cUltﬁres (Regnier et al, 1973).



Figure 11. Rhodamine B-Stained C13 Feeder Layer

Keratinocyte Culture

Cl3 feeder layer keratinocyte cultures were established
in 50mm dishes as described in section 2.2.7, and incubated in
' 4ml EFC10 containing 0.4ug.m1-l hydrocortisone at 3700 for

5 days. The medium was then removed, and the cells fixed

by immersion in 4ml formal saline at AOC for lh;‘ The ceilé
were then washed 3 times with distilled water, and stained
~with 4ml 1% Rhodamine B in 0,1M acetate buffer pH 3.8 at roonm
temperature for 5 min (Liisberg, 1968). After a further 3
washes with distilled water, the cells were counter-stained
with 4ml 1% toluidine blue in distilled Water'for 5 min,
washed 3 times with distilled water and air-dried. Cultures

were photographed with a Leitz Orthomat photomicroscope fitted

with plan optics.

(x145)






Figure 12, Growth Rates of Epidermal Keratinocytes

in Pure Culture and in Feeder Layer Culture

Cultures were established of newborn ﬁouse epidermal
keratinocytes ( 5 x 105 per 50mm dish), mitomycin C-treated
C1l3 fibroblasts (105 per 50mm dish), and cocultures of both
cell types together (5 x 105 epidermal keratinocytes plusvlo5
C13 cells per 50mm dish), All cultures were grown in EFC1O
plus O Lpg.ml”t hydrocortisone, with medium being changed
daily. At 1,2,3,5 and 7 days, the rates of growth of the

3

three culture types Were estimated by “H-thymidine incbrporation.

 A Duplicate cultures were incubated in EFC10 containing luCi.mZL-l
3H-thymidine for lh, then washed twice with 4ml ice-cold 5% TCA,
and once with 4ml distilled water. Inc?rporated thymidine was
solubilised by extraction with 1ml O0.1M NaOH, and the extract
acidified by addition of 0,2ml 1M HCI1. 10ml Triton-toluene
scintillation fluid was added, and the samples counted for
4 min in an Intertechnique SL30 liquid scintillation counter.
(a) 3H-thymidine incorporation by epidermal keratinocyfes

plus ?H-thymidine incorporation by separate C1l3 cultures.
(b) 3H-'thymidine incorporation by epidermal keratinocyte-Cl3

mixed cultures.
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5.7 Protein Synthesis by Keratinocyte Feeder Layer
Cultures |

The dermal regulation of epidermal differentiation in vivo
may involve either deterministic or permissive interaction
(Saxén, 1977). In the former possibility, the dermis will
induqe keratinisation by undifferentiated eﬁidermal cells, and
in the latter, the dermis will support'the growth of epidermal
cells which consequently differentiate. If the fibroblast
cells in feeder layer cultures are performing an inducfive
function similar to that of the dermis of normal skin the
mechanism is likely to be a permissive stimulatioﬁ of epidermal
cell differentiation, because of the lack of cell type specificit
In the system used in this study, growth on fibroblast feeder
1ayeré has no effect on keratinocyte proliferation, However,
if growth on feeder layers could be shown to affect prekeratin
synthesis, use of different feeder layer éell types may establish
whether factors such as tissue layer origin or gap Jjunction
fofmation are involved in the promotion of epidermal keratin-

isation in culture,

Newborn mouse keratinocytes were coculitured with mitomycin
C-treated cells of the C1l3, BRL and A9 cell lines, Cl3 cells
are fibroblasts which are derived from mesodermal tissue,
whereas BRL cells are epithelial,., (€13 and BRL cells, but not
A9 cells, form gap Junctions in vitro with mouse epidermal
keratinocytes (see Chapter 3). Incorporation of the radio-

35

labelled amino acids S-methionine and 3H-leucine was used to

assay for prekeratin synthesis in feeder layer cultures.

Feeder layer cells were killed by incubation in 10" %u

mitomycin C, washed, trypsinised, and cocultured with freshly-
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prepared keratinocytes,. Epidermal keratinoéytes in pure

culture were also grown for comparison, After 5 days in

culture the cells were labelled with 35S-methibnine or 3H-leucine
Protein was extracted with 1% SDS, 1% 2-mercaptoethanol and
electrophoresed on polyacrylamide gels. The‘gels were then
sliced and counted. Radiocactivity profiles'of gels containing
3’).S-me'l:ha’.onine-1abe11ed extracts of epidermal keratinocytes and
keratinocytes cultured on feeder layers of Cl3, BRL and A9 cells

are shown in Figures 13-16,

35

Figure 13 shows the S-methionine incorporation into
epidermal keratinocyte protein, Three ma jor peaks of radio-
activity are observed. Only one of these cérresponded to a
major absorbance peak; this had an R, value of 0,71 (43,000MW)
and is probably actin. Actin occurs in basal epidermal cells
(Stéinert et al, 1976) and has been shown to increase in
cultured keratinocytes (Steinert and Yuspa, 1978). The
remaining peaks were at Rf 0.19 (160,000MW) and a "plateau"

between R, 0.37 and 0.48 (76,000-100,000MW). No specific cpm

f
peak corresponded to the prekeratin absorbance maximum,.

The C13, BRL and A9 feeder layer keratinocyte cultures all
exhibited patterns of protein synthesis similar to that of the
pure-cultured epidermal cells (Figures 14, 15, 16). A1l three
showed a ma jor peak of radioactivity at approximately Rf 0.19
(160,000MW) and the actin peak at 43,000MW. The BRL and A9
(but not Cl3) feeder layer keratinocyte cultures both have a cpm
peak and absorbance maximum at Rf 0.46 (80,000MW), which may
represent the same labelled protein occurring in the "plateau"

region of the keratinoecyte culture extract (Figure 13). Again,



" no specific peaks of radioactivity are observed in the

prekeratin banding region, It appears that coculture with
killed cells of these established cell lines does not cause
detectable prekeratin synthesis by epidermal keratinocytes.

35

The absence of a S cpm peak corresponding to the
prekeratin absorbance band may be due to the low proportion
of methionine in prekeratin (8.8 residues per 1000 in human
prekeratin, 20.4 residues per 1000 in bovine prekeratin;
Skerrow, 1977), although fhe high specific activity of the
amino acid used should offset this disadvantage. Feeder
layer keratinocyte cultures were therefore radiolabelled with

3

another amino acid, “H-leucine, Leucine oécurs as 86.8
residues per 1000 in human prekeratin, and 87.9 residues per
1000 in bovine prekeratin (Skerrow, 1977). Radiocactivity
profiles of gels containing 3H-leucine-labelled extracts from
epidermal keratinogyte cultures and keratinocytes cultured on
feeder layers of €13, BRL and A9 cells are shown in Figures 17-
20.

Figure 17 shows the 3H-leucine incorporation into cultured

35

epidermal keratinocytes. As in the case of S-methionine
labelling, there was a large cpm peak in the region Rf 0.15-
0.20 (150,000-170,000MW), which did not correspond to a major
absorbance band, Another peak at Rf 0.44 (84,000MW) may
correépond to the 80,000MW protein synthesised by keratinocytes
labelled with 35S-methionipe (Figures 13, 15, 16), although
such a molecular weight difféfence ought to be distinguished

by the gel system used, Actin again was the ma jor absorbance

peak at R, 0.73 (41,000MW), but gave only a small peak of radio-

f

activity. Again, no significant activity was seen correspondin;

to the prekeratin absorbance peak.



Similar pattermns of 3H-leucine incorporation were observed
in the C13, BRL and A9 feeder layer keratinocyte cultures
(Figures 18, 19, 20). \The amount of radiocactivity corresponding
to the actin absorbance peak was variable, but the high molecular
weight band (Rf 0.15-0.20; 150,000-170,000MW) was always the
highest radiocactivity peak. A definite peak at Rf 0.46
(80,000MW) was observed in all three cases, but minor peaks

at R, 0.55 (64,000MW) in the BRL feeder layer profile at

£
Rf 0.60 (57,000MW) in the A9 feeder layer profile were not

v

reproducibly observed.

These results complement those achieved with 358-me‘l:h:tonizxe
labelling, and confirm that there'is no stimulation of protein
'synthesis in general, and prekeratin synthesis in particular,
induced by coculture of newborn mouse epidermal keratinocytes
with these mitomycin C-treated cell lines. Prekeratin is
observed in extracts of cultured keratinocytes as an absorbance
peak on polyacrylamide gels, but is not detectable by incor-

35

poration of the radiolabelled amino acids S-methionine and
3H-leucine. ?his indicates that the keratinocytes are not
performing detectable de novo prekeratin synthesis in culture.
However these cells do incorporate 3H-thymidine (Figure 12)

and synthesise other proteins (Figures 13 and 17). This is

in agreement with the loss of differentiated phenotype suggested

by measure of total prekeratin in keratinocyte cultures (see

section 5.5).



Figures 13-16. Characterisation of Protein Synthesis by

Feeder Layer Keratlnocyte Cultures Labelled
with 35 S-Methionine

Cultures of C13, BRL and A9 célls were killed by incubation in
EFC10 containing 10'6M mitomyecin C for 16h, then washed 3 times
Awith sterile BSS (see section 2.2.7). The cultures were then
suspended by trypsin/EDTA treatment and mixed with freshly-prepared
newborn.mouse epidermal keratinocytes in the proportion 2 x 10
feeder cells plus 106 keratinocytes per 50mm dish;v Dishes-con-
taining onlyle6 epidermal keratinocytes were also established.
Cultures were maintained in 4ml EFC10 plus 0.4Mg.ml-l,hydrocor-
tisone. After 5 days the cultures were incubated in 4ml methionine
depleted medium., This medium consisted of EFC10 containing 1/100th
the normal concentration of methionine Supplemenﬁed with 10%

foetal calf serum which had been dialysed againét 3 changes of

100 volumes of 0.9% NaCl at 4°C over 24h. The cells were then
1abe11ed’by incubation in 4ml methioniné-depleted medium containing
20uci.mi”t 37
washing twice with 4ml 0.02% EDTA in PBS and scraping with a plastic
cell scraper, and pelleted by centrifugation at 500 x g for 10 min
at 4°C. The pellets were heated at 100°C for 1h in 200wl 1% SDS,
1% (v/v) 2-mercaptoethanol and the extracts centrifuged at 500 x g

for 15 min at 400. The protein concentrations of.the supernatants

S-methionine for 4h. The cells were suspended by

were estimated by the method of Lowry et gl'(l95l), using bovine
serum albumin as a standard, and adjusted to 5.5mg.ml-l.by dilution
with 1% SDS, 1% (v/v) 2-mercaptoethanol. Glycerol and bromophenol
blue were added, mixed, and 100pl aliquots of the mixtures electro-
phoresed at 4mA per tube for 3h on 7.5% polyacrylamide gels (see
section 2.2.12).

Destained gels were scanned at 586nm using a Gilford 250 spec-
trophotometer'fitted with a linear transport accessory. The gels
were then frozen by‘sprinkling with powdered solid 002 and sliced
into 1lmm sections using a Mickle gel slicer, Gel slices were
solubilised in 1ml O,5M perchloric acid at 60°C for 16h, added to
6ml Tfiton—toluene scintillation fluid, and counted for 4 min in a
Beckman LS8100 liquid scintillation spectroheter.

Figure 13. Epidermal keratinocytes .

Figure 14. Epidermal keratinocytes plus mitomycin C-treated Cl3cellk
Figure 15. Epidermal keratinocytes plus mitomycin C-treated BRLcell
Figure 16, Epidermal keratinocytes plus mitomycin C-treated A9 cell



 Figure 13. Epidermal Keratinocytes Labelled with ’’S-Methionine
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With JOs-Methionine

Figure 14, Cl3 Feeder lLayer Keratinocyte Culture Labelled
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Figure 15, BRL Feeder layer Keratinocyte Culture Labelled

With S7S-Methionine
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Figure 16, A9 Feeder Layer Keratinocyte Culture Labelled

With J2S-Methionine
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Figures 17-20. Characterisation of Protein Synthesis

by Feeder Layer Keratinocyte Cultures

Labelled with 3H-Leucine

Feeder layer cultures of mouse epidermal keratinocytes
cocultured with mitomycin C-treated C13, BRL and A9 cells,
and pure cultures of keratinocytes, were established as described
in the legend to Figures 13-16. After 5 days the cells ﬁere
incubated in leucine-depleted EFC10 (1/100th normal leucine
concentration) for 4h in order to deplete the endogenous
leucine pools, and then labelled by incubation in leucine-

"1 34 leucine for 4h.

'depléted medium containing 50pCi.ml
The cultures were suspended, extracted and electrophoresed as

described in the legend to Figures 13-16.

Figure 17. Epidermal keratinocytes

Figure 18. Epidermal keratinocytes plus'mitomycin C-treated
C1l3 cells

Figure 19. Epidermal keratinocytes plus mitomycin C-treated
BRL cells

Figure 20, Epidermal keratinocytes plus mitomycin C-treated

A9 cells



Figure 17. Bpidermal Keratinocytes Labelled With 3H-Leucine
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Figure 18. Cl3 Feeder Layef Keratinocyte Culture ILabelled

With 3H—Leucine
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Figure 19. BRL Feeder Layer Keratinocyte Culture Labelled

With 3H-Leucine
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Figure 20. A9 Feeder Layer Keratinocyte Culture Labelled

With 3H—Leucine
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5.8 Keratinocyte Differentiation Quantitated by the

Preferential Incorporation of Histidine.

Certain amino acids, such as histidine, cysteine‘and
arginine, are preferentially incorporated into the granular
layer of the epidermis, whereas others, such as leucine and
phenylalanine, are incorporated preferentially into the basal
and spinoﬁs layers (Fukuyamé and Epstein, 1966)." Histidiﬁé
is thought to be localised in a histidine-rich protein of
keratohyalin granules (Sibrack et al, 1974; Murozuka et al, 1979)
.which may give rise to a bésic protein of the stratum corneum
(Dale and Ling, 1979). The preferential uptake of histidine
by keratinising epidermal-cells has been-used.as a biochemical
marker of keratinocyte'differentiation. Delescluse et al
(1976) quantitated epidermal keratinisation in vitro by labelling
duplicate keratinocyte cultures with 3H—histidine and 3H-leucine,
and expressed the incorporation relative to-the total DNA content

of the culture.

This technique has been modified in this project by using
different radiolabels on the two amino acids. This permits
expression of results as the ratio of counts derived from the
two isotopes with no reference to an outside standard. Cultures
of epidermal keratinocytes, mitomycin C-treated Cl3 cells, and
feeder layer cultures of keratinocytes plus Cl3 cells were
labelled by incubation in EFC10 containing 3H—leucine and
14C—histidine. Incorporated radiocactivity was evaluated by
dual channel scintillation counting. The samples were counted
ﬁsing a programme incorporating automatic quench compensation

(AQC). An external standard (H-number) method was used to



calculate counting efficiency, allowing conversion of cpm
values to dpm,. The energy channei limits were selected
automatically on the basis of the calculated efficiency to
correct for fhe decrease in photon energy caused by quenching,.
The average counting efficiency in theiBH chénnel was 33% and

in the 14Cc channel 71.5%.

The results are expressed in Table XIV,. | fhe mean value
of the 3H/14C ratio is lower in epidermal keratinocyte cultures
and in C13 feeder layer keratinocyte cultures than in mitomycin
C-treated C1l3 cells alone, The differénee between the mean
feeder layer keratinocyte culture rétio and the mean CL13
culture ratio was evaluated statistically by significance
testing (see section 2.2.,10), and was significant at the level
P < 0,00i (t = 6.34, 4.f, = 8). The difference between the
mean ratios of keratinocytes alone and kératinocyte feeder

layer cultures was not significant (t = 0.783, d.f. = 8).

These resulits indicate that epidermal keratinocytes
preferentially incorporate hisfidine, presumably as part of-
the keratinisation process. This occurs in the absence of
fibroblast feeder layers, and is not significantly altered by

the presence of feeder layer cells,

The reproducible preferential incorporation of histidine
by epidermal keratiﬁocytes in pure culture is in agreement with
the partial differentiation observed in theée cultures by
quantitation of prekeratin (seé section 5.5). However, the
comparisonlwith killed C13 cells may not be valid, as the

mitemycin C treatment may cause changes in the relative uptake



or incorporation of different amino acids. The lack of
stimulation of epidermal keratinisation in culture by cells of
the C13, BRL and A9 cell lines is consistent with the results

35

obtained by S-methionine and 3H-leucine labelling (see

section 5.7).



Table XIV. Incorporation of Histidine and Leucine

by Keratinocytes in Pure Culture and in

Feeder Layer Culture

Cultures were established in 15mm diameter cell culture
tray wells of 3 types : 105 newborn mouse epidermal keratino-
cytes, 2 x 104 mitomycin C-treated C1l3 cells, and mixed cultures
of bofh cell types together (lO5 keratinocytes plus 2 x 1047013
cells). ‘After 5 days, 5 replicate cultures of each type were

~incubated in EFC10 containing O.5uCi.ml-l 3

14

H-leucine and 0.5uCi,ml
C-histidine for 2h, Nonincorporated material was removed by

2 washes with 1ml ice-cold 5% TCA, and oﬁe wash with 1ml distillec
water, and discarded. Acid-insoluble material was extracted by
incubation in 1ml O0.1M NaOH at room femperature for 1h, and the
extract acidified by addition of 0.2ml 1M HC1. Samples were
mixed with 10ml Triton-toluene scintillation fluid and counted

for 4 min in a Beckman LS8100 liquid scintillation counter

’using a dual channel 3H/l4C programme. Counting efficiency was
calculated by an external standard (H-number) method, using a
programme incorporating automatic quench compensation (AQC).

The amount of 140 spillovér into the 3H channel was therefore

3

constant, and could be subtracted to give a corrected “H dpm

value.



Culture

Epidermal keratinocyte

C13

Epidermal keratinocyte

plus C13

14

!
n
o

+
Mean

H dpm C dpm 3H/14C
4111 638 6.44
3972 673 5.90.
3880 603 6.43
4063 659 6.17
4373 678 6.45
1034 124 8.34
1039 136 7.64
1124 137 8.20
1105 151 7.32
895 115 7.78
5645 878 6.42
5379 845 6.37
5727 934 6.13
5596 859 6.51
5533 878 6.30

6.23 - 0.231

7.86 ~ 0.428

6.34 = 0.143



Chapter 6 - DERMAL-EPIDERMAL INTERACTION IN

ORGAN CULTURE




6.1 Introduction

Measufement of total prekeratin suggeststhat epidermal
keratinocytes undergo limited differentiation in culture (see
section 5.5), but no de novo synthesis of prekeratin‘was detected
by labelling with radiocactive amino acids (sée seection 5.7).
Growth on feeder layers of cell lines C13, BRL and A9 results
in no apparent stimulation of keratinocyte proliferation 6r
differentiation (see‘sections 5.6 and 5.7). Attempts have
therefore been made to examine epidermal keratinisation in vitro
using an organ culture system which is more closely related to
normal skin, This system has been used in experiments aimed
at the detection of in Xiiﬁﬂ keratinisation in an attempt to
determine whether epidermal differentiation, if it does occur

in culture, requires direct contact with the dermal tissue layer,

Mesodermal-epithelial interaction (see section 1.5) has been
-studied in many systems using the transfilter organ culture
method developed by Grobstein (1957). In this technique the
reacting mesoderm and epithelium are separated by a porous filter
(usvwally Millipore or Nucleopore), the porosity of which can be
altered in order to permit or exclude penetration bywcell
processes, This system was modified to investigate thebdermal—
epidermal interaction in postembryonic skin, Newborn mouse

skin was-split into dermis and epidermis by trypsinisation, a
method known to produce tissues which are metabqlically active
(Briggaman and Wheeler, l968),_and‘the two tissues cultured
separately on Millipore filters; These filters are lattices of
cellulose nitrate which exclude penetration by cell processes

but allow the passage of molecules up to the size of virus

particles (Grobstein et al, 1957; Meier and Hay, 1975).



99.
Cultures of dermis and epidermis were also set up either
recombined directly and grown on filters (cisfilter recombinants)

or grown on opposite sides of filters (transfilter recombinants).

Whole untrypsinised skin was cultured for comparison.

Protein synthesis by dermis and epidermis in organ culture
was quantitated by iabelling the cultures with 35S-methionine and
3H-leucine. Extracted proteins were separatéd.by polyacfylamide
gel electrophoresis, and radiolabelled polypeptides identified
by scintillation counting of}gei slices or by fluorography.

It was attempted to detect epidermal keratiniéation by de mnovo
synthesis of prekeratin polypeptides. In this way, it was
hoped to distinguish between aﬁy dermis-dependent differentiation

which required direct contact between the tissues, and that which

depended only on diffusion of some extracellular dermal stimulus.



6.2 Protein Synthesis by IsolatedDérmis in Organ Culture

In 1iving animais, removal of split-thickness skin grafts
leaving an exposed dermal site is followed by epidermal regen-
eration from epithelial cells of hair follicles and exocrine
glands (Cruikshank, 1974). Similarly, skin:pieces grown in
organ culture exhibit epiboly; growth of epiaermal celléiover
the cut surface of the dermis (Medawar, 1948). -~ It was
therefore important to establish whether isolated dermis grown
in organ culture was capable of total or partial epidermal
regeneration. This was perférmed in the first instance by
extracting and characterising dermal protein at intervals
during 8 days in organ culture, The proteiﬁs were separated
by polyacrylamide gel electrophoresis and compaped with

extracts of whole skin.

Dermal strips produced by trypsinisation of newborn mouse
skin were therefore grown on sterile Millipore filters, and at
0,2,4 and 8 days thereafter duplicate cultures were extracted
with 1% SDS, 1% 2-mercaptoethanol. Polyacrylamide gels of the
extracted protein are shown in Figure 21. Gel 1 is an extractd
of whole trypsinised mouse skin, gel 2 is an extract of trypsin-
separated dermis, Both extracts contain a doublet of high
molecular weight polypeptides in the region 120,000-150,000MW,
which may represent the dermal matrix proteins collagen and
elastin (see section 5.4), and a ma jor low molecular weight
band at 40,000MW (actin). The skin extract contains a group
of epidermal proteins of 58,000-73,000MW (see section 5.4)
which includes two polypeptides of 61,000 and 69,000MW. These
two bands correspond to previously-characterised prekeratin and

act as internal markers. No bands corresponding to the pre-



A )

keratin polypeptides are observed in the extract of dermis.
Gels 3,4 and 5 show dermal protein extracted after 2,4 and

8 days in culture, respectively. In none of these gels are
the prekeratin polypeptides seen. Thus, isolated dermis
grown in orgén culture does not produce amounts ofvepidermal
prekeratin which are detectable in this assay. However, the
level of prekeratin synthesis may be too low to give an

vappreciable absorbance on polyacrylamide gels. De novo

prekeratin production may be more readily'detected by incor-

poration of radiolabelled amino acids (see below, sections 6.3

and 6.4).



Figure 21. Lack of Synthesis of Epidermal Protein

By Isolated Dermis in Organ Culture

Pieces of dermié were prepared by trypsinisation of new-
born mouse~skin as described in section 2.2.6, and incubated
on Millipore filters in EFC10 at 37°C. At 0,2,4 and 8 days
thereafter, cultures were extracted by heating the dermal
tissue at 100°C for 1h in 0.5ml 1% SDS, 1% (v/#)AZ-mercapfoéﬁhanOE
Similarly extracted was a piece of trypsin-treated whole ékin.
The extracts were centrifuged at 500 x g for 5 min at 400,
the protein concentrations of the supernatants estimated byv
the method of Lowry et al (1951) using bovine serum albumin
as a standard, and adjusted to 2mg.m1"l by dilution with
1% SDS, 1% (v/v) 2-mercaptoethanol. After addition of
glycerol and bromophenol blue, 100l aliquots were electrophoresec

at 4mA per tube for 3h as described in section 2.2.12.

Gel 1. Whole skin

Gel 2. Dermis (day 0)
Gel 3. Dermis (day 2)
Gél 4. Dermis (day 4)

Gel 5. Dermis (day 8)






6.3 Protein Synthesis by Organ Cultures

Newborn mouse skin organ cultures of 5 kinds were
established : (i) epidermis, (ii) dermis, (iii) cisfilter
recombinant, (iv) transfilter’récombinant, (v) whole skin
(see section 2.2.6), and incubated at 3700 for 5 days.

These cultures were radiolabelled by incubation in EFClC

35

containing ““S-methionine for 16h, and protein was extracted

using 1% SDS, 1% 2-mercapfoethanol. In the case of whole
35

skin cultures, S-methionine-labelled epidermis was separated

by trypsinisation prior to extraction, As the trypsin
treatment may remove some 35S-labelled epidermal protein, the
35 |

value derived for S-methionine incorporation by the epidermis
of whole skin may be an underestimate, However, the exclusively
intracellular protein prekeratin is unlikely to be affected by

external proteolysis.

Duplicate aliquots of each of the extracts were taken for
protein estimation and scintillation counting. The amount of
fadioactivity incorporated perhmg protein by each type of
culture is given in Table XV, The incorporation of 358-
methionine by dermis (21031 cpm.mg-l protein) was greater than
“that by any of the epidermal culturés. Epidermié grown alone
incorporated 927 cpm.mg_1 protein, less than one-twentieth of
the radioactivity compared to dermis, and a similar level of
incorporation (655 cpm.mg-l protein) was exhibited by epidermis -
grown transfilter to dermis. Epidermis recombined cisfilter

35

to dermis showed more than twice the S-methionine incorporation
of epidermis cultured alone (2010 cpm.mg-l protein), and this
level was similar to the uptake by the epidermis of whole skin

(2116 cpm.mg-l protein).



Aliquots of the extracts containing equal amounts of
protein were electrophoresed on a polyacrylamide slab gel,
and fluorography performed on‘the dried gel. Two fluorographs
are reproduced in Figure 22, . Figure 22(a) shows a fluorograph
exposed to the gel for 10 days. The tracksvloaded with dermal
extract (2 and 9) are very heavily lébelled, and no individual
bands can be distinguished,. Very little labelling is seen
in the tracks containing protein from isolated epidermis and
epidermis cultured transfilter to dermis (tracks 1 and 10;
4 and 7). The epidermis of whole skin cultures (tracks 5 and 6)
exhibits a higher amount of labelling, including at least two

"distinct bands, which have R, values 0,73 (approximately 41,000MW)

f
and 0.65 (approximately 50,000MW). The 41,000MW polypeptide
is also a major peak in gel slice profiles of 35S-me‘bhionine-
labelled epidermis, and is likely to be actin (see below,
section 6.4). The labelled polypeptide of 50,000MW is not a
ma jor component on absorbance profiles of cultured epidermis
(see below, section 6.5) and therefore may bé methionine-rich,
or a protein synthesised in larger émounts by epidermis in
culture than in vivo. No bands were observed with R. values
corresponding to the molecular weights of the two prekeratin
polypeptides (61,000 and 69,000MW). A similar pattern of
labelling is also shown by cisfilter organ cultures (tracks 3
and 8), Therefore, epidermis cultured in direct contact with
dermis exhibits uptake of 35S-methionine into proteins similar

to those of the epidermis of whole skin, although no synthesis

of prekeratin is detected in either culture.

In Figure 22(b), the fluorograph was exposed for only



1 day in order to resolve bands on the dermal tracks (2 and 9).

A similar labelling pattern is observed to that of the epidermis
of intact skin [tracks 5 and 6, Figure 22(a)], with bands
corresponding to molecular weights of 41,000 and 50,000, which
coelectrophorese with the epidermal polypeptides, It is not
possible to assign exact moleculgr weights to particular

labelled bands, beéause of shrinkage of the gel“during préparatio
for fluorogréphy; but the heavily-labelled actin band can be

used as an internal molecular weight marker,

In conclusion, culture of epidermis in direct contact with
dermis results in a level of protein synthesis comparable with
that of the epidermis‘of intact skin in culture. Epidermis
separated from dermis by a permeable filter results in no
enhancement of protein synthesis above that of isolated epidermis
This contact-dependent stimulation by dermis of epidermal protein
synthesis in culture may be analogous to the nutritive and

inductive dermal-epidermal interaction in vivo.
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Table XV, Incorporation of ““S-Methionine By

Mouse Skin Organ Cultures

Organ cultures were established as in section 2.2.6.
After incubation at 37°Cc for 5 days, cultures were incubated
in méthionine-depleted EFC10 for 8h. This ﬁedium consisted
of EFC10 containing 1/100th fhe normal concentration of
methionine, and supplemented with 10% foetal calf serum.which
had been dialysed against 3 changes of 100 volumes of 0.9%
NaCl at 400 over 24h, The cultures were then incubated in

1 35

methionine-depleted EFC10 containing 20pCi.ml” S-methionine
for 16h. The epidermis was removed, washed 3 times in BSS, and
extracted by heating at 100°C for 1h in 0.5ml 1% SDS, 1% (v/v)
2-mercaptoethanol, Cultures of isolated dermis were similarly
extracted. For cultures of whole skin, the epidermis was
rseparated by incubation of the skin in 0.25% trypsin in PBS at
3700 for 1h, The extracts were centrifuged at 500 x g for

15 min to remove insoluble material, Two 20pl aliquots of the
supernatant o§ each extract were taken : one was used to deter-
mine the protein concentration by the method of Lowry et al
(1951), using bovine serum albumin as a standard; and the
second was mixed with 6éml Triton-toluene scintillétion fluid and

counted for 4 min in an Intertechnique SL30 liquid scintillation

spectrometer,



Culture

Epidermis
Dermis
Cisfilter
Transfilter

Skin

Protein concn, cpm
(ng.m1™ 1)
1.8 1669
4.2 88331 -
1.9 3820
2.3 1506
2.2 46514

cpm.mg-1

‘927
21031
2010
655

2116



Figure 22, Characterisation of Protein Synthesised

By Newborn Mouse Skin Organ Cultures Using

394 Fluorography.

Extracts of newborn mouse skin organ cultures prepared
as described in the legend to Table XV were adjusted to a
protein concentration of 1.8111g.m1“1 by dilution yith 1% SDS,
1% (v/v) 2-mercap£oethanol. 100kl aliquots of the adjusted
extracts were added to 100pl glycerol and 10pl bromophenol
blue, and 10M1 amounts of the mixtures were electrophoresed
on polyacrylamide slab gels as described in section 2.2.13.
Fluorography was performed on the dried gel (see section 2.2.14).

The gel was exposed to film for either 1 day or 10 days.
(a) Film exposed to gel for 10 days

(b) Film exposed to gel for 1 day

Tracks 1 and 10 Isolated epidermis

Tracks 2 and 9 Isolated dermis

Tracks 3 and 8 Cisfilter recombinant epidermis
Tracks 4 and 7. Transfiltef recombinant epidermis

Tracks 5 and 6 Epidermis of whole skin,



(a).



(b) .



6.4 Characterisation of Epidermal Proteins Synthesised

35

in Organ Culture - ““S-Methionine labelling.

In order to characterise further the proteins synthesised
by skin organ cultures, cultures labelled with 35S-methionine
were extracted with 1% SDS, 1% 2-mercaptoethanol and the
extracted proteins separated by gel electrophoresis. The
gels were sliced and the incorporated radioactivity quantitated
by scintillation counting. Radiocactivity profiles of gels of
.35S-methioniﬁe incorporated into isolated dermis, ‘isolated
epiderhis, cisfilter epidermis, transfilter epidermis and whole

skin epidermis are shown in Figures 23-27,.

A large amount of uptake into dermis was observed (Figure 23
confirming the previously-observed higher biosynthetic activity
of this tissue (see section 6.3). No ma jor peaks were observed
in the prekeratin banding region (61,000-69,000MW; R 0.52-0.57)
but major peaks were seen at R, values 0.16 (170,000MW)

, [bresumably csllagen, elastin, or other dermal matrix macromole-
cules - see. section 5.4], and at 0.74 (40,000MW), which is
probably actin,. Isolated epidermis (Figure 24) exhibited very
little protein synthesis, although a small peak of radioactivity

at R, 0.53 (67,000MW) may indicate new prekeratin synthesis,

f
Epidermis grown transfilter to dermis was very similar (Figure 26
and no stimulation of epidermal methionine incorporation by
possible dermal diffusible substances Was observed.  Epidermis
cultured in direct contact with dermis (Figure 25) again showed

a higher general level of 35S-methionine uptake, although less
than that observed in the epidermis of whole skin (Figure 27).

The latter exhibited a major peak of radioactivity at R, 0.70

(44,000MW), which was also the major peak of incorporation in

cisfilter epidermis. This may be actin, which has been



shown to occur in epidermal cells (Steimnert et al, 1976).
In both whole skin and cisfilter epidermis, no major peaks

occur in the prekeratin region,

This experiment confirms that epidermis cultured in
direct contact with dermis exhibits a higher general level of
protein synfhesis than iscolated epidermis, This effect is
not observed in epidermis separated from dermis ﬁy a perméable
filter. However, the amount of uptake of 35S-me~l:h:'Lon:'Lne by
these organ cultures is very low, resulting in low counts
from polyacrylamide gel'sliées.r It is therefore more
difficult to distinguish peaks of radioactivity corresponding
to specific proteins. Far higher levels of 35S-me-i:hionine
incorporation (approximately 1000-fold) are observed in
dispersed cell cultures of epidermal keratinocytes (see section
5.7) as the growth of these cells is not constrained by a
3-dimensionalitissue organisation, but the amount and nature

of the protein synthesised in organ culture may be a more

accurate reflection of protein synthesis in vivo.



Figures 23-27, Characterisation of Protein

Synthesised by Organ Cultures
35

Labelled with ““S-Methionine

Organ cultures were established as described iﬁ section
2.2.6, consisting of isolated dermis, isolated epidermis,
cisfilter recombinant, transfilter recombinant, and whole
ckin., These were incubated at 37°C in EFCLO0 for 5 days,‘
and then incubated in methionine-depleted EFC10 (see the
legend to Table XIV) for 4h, .The cultures were radiolabelled

1 35S-methionine

by incubation in EFC10 containing 20pCi.ml”
for 4h, then the epidermis was removed and washed 3 times

in BSS. In the case of ﬁhole skin, the epidermis was

séparated by immersion of the skin in 0.25% trypsin in PBS

at 37°C for 1h. The epidermal tissue and the isolated dermis
were extracted by heating at 100°C for 1h in 0.5ml 1% SDS,

1% (v/v) 2-mercaptoethanol, and the extract centrifuged at

500 x g for i5 min at 4OC to remove insoluble material,

The protein concentration of the supernatants was estimated

by the method of Lowry et al, (1951), using bovine serum -

albumin as a standard, and adjusted to 2 mg.m].-l by dilution with
1% SDS, 1% (v/v) 2-mercaptoethanol. Aliquots of the 5 adjusted
samples wére added to equal volumes of glycerol and 1/20th folume
0.05% bromophenol blue, and 100kl aliquots of the mixtures
electrophoresed for 3h at 4mA per tube on 7.5% polyacrylamide
gels (see section 2.2.12). After destaining the gels were
frozen by sprinkling with powdered solid 002 and sliced into 1lmm

sections using a Miekle gel slicer, The slices were solubilised

in 1ml 0.5 M perchloric acid at 60°C for 16h, then added to 6ml



Triton-toluene scintillation fluid and counted for 4 min

in a Beckman LS8100 liquid scintillation spectrometer.

Figure
Figure
Figure

Figure

Figure.

23
24
25
26

27

Isolated dermis

Isolated epidermis

Cisfilter recombinant-epidermis.
Transfilter recombinant epidermis

Epidermis of whole skin

The interrupted line represents the scintillation

background level cpm.

counter



Figure 23. Dermal Organ Culture Labelled With 3"’:'S-Me'l:hionine

cpm

(x10-2) v :
o 3750 1690 *)5300

10

e g i ot ot e Soam e e omn ma— - - 48— — o = o—— —_

0.1 0.2 0.3 0.4 0.5 0.6 0,7 0.8 0.9 1.0




Figure 24. Epidermal Organ Culture Labelled With 35 S-Methionine
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Figure 25. Cisfilter DermalFEpidermal Recombinant Organ Culture

Labelled With >9S-Methionine
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Figure 26, Transfilter Dermal-Epidermal Recombinant Organ
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Figure 27. Epidermis of Whole Skin Organ Culture Labelled

With >”S-Methionine
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6.5 Characterisation of Epidermal Proteins Synthesised

3
in Organ Culture - H-Leucine Labelling.

Skin organ cultures coﬁsisting of isolated epidermis,
isolated dermis, cisfilter epidermis, transfilter epidermis
and whole skin were radiolabelled by'incubation in EFC10
containing 3H-1eucine.. Protein was extractéd with 1% SDS,
1% 2-mércaptoethanol, and separated by polyacrylamide gel-
electrophoresis, The gels were sliced and incorporated
radiocactivity estimated by scintillation counting. The
"results are sho&n in Figures 28-32. Dermis exhibited
considerable labelling, in a number of well-defined peaks
(Figure 28) the principal of which had R, values 0.33
(110,000MW), 0.43 (86,000MW), 0.56 (62,000MW) and 0.66 (49,000MW)
None of these corresponded to the ma jor peaks of 3lis-me't:hionine

incorporation by dermal organ cultures (Figure 23).

3H-leﬁcine incorporation by isolated epidermis (Figure 29)
and by epidermis transfilter to dermis (Figure 31) did not
significantly exceed the background level of radiocactivity.
Cisfilter epidermis exhibited increased incorporation, including
a small peak of radicactivity corresponding to the prekeratin
absorbance peak (Figure 30). Epidermis of whole skin
(Figure 32) showed higher general levels of protein synthesis,
with a radioactivity peak corresponding to the prekeratin
absorbance maximum, and another ma jor peak at Rf 0.70 (44 ,000MW),
which also may occur in the cisfilter culture, and is probably

actin (see section 5.4).

Labelling of newborn mouse skin organ cultures with

35

3H-leucine confirms the observation made using S-methionine

<~
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incorporation, that protein synthesis in separated epidermis 1is
stimulated by direct contact with dermis. However, possibly
because of the low uptake of radiolabelled amino acids by
epidermis in organ culture, it has not been possible to
demonstrate induction of epidermél‘prekeratiﬁ synthesis by
contact with dermis. The significance of tﬁese results is

discussed below (see section 7.9).



Figures 28-32 Characterisation of Protein

Synthesised in Organ Cultures

Labelled with ~H-Leucine

Organ cultures were established as described in section
2.2.6. After 5 days the cultures were incubated in leucine-
depleted EFC10 (1/100th normal Leucine concentration) for 2h,
then radiolabelled by incubation in leucine-depleted EFC10

"1 34_ileucine for 5h at 37°C. The epidermal

containing 50uCi.ml
and dermal tissues were extracted, electrdphbresed and counted as

described in the legend to Figures 23-27.

Figure 28. 1Isolated dermis

Figure 29, Isolated epidermis

Figure 30. Cisfilter recombinant epidermis

‘Figure 31. Transfilter recombinant epidermis

Figure 32. Epidermis of whole skin

The interrupted line represents the scintillation counter

background cpm.



Figure 28. Dermal Organ Culture Labelled With 3H-Leucine
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Figure 29. Epidermal Organ Culture Labelled With 3H;Leucine
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Figure 30. Cisfilter Dermal-Epidermal Recombinant Organ Culture

. Labelled With 3H-Leucine
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Figure 31. Transfilter Dermal-Epidermal Recombinant Organ Culture

Labelled With 3H-Leucine
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Figure 32. Epidermis of Whole Skin Organ Culture Labelled

With 3H—Leucine

Genme -

Slice no.

¥

1.0

0.7 0,8 0.9

0.6

0.2 0.3 0.4 0.5

0.1



109.

6.6 Lack of Transfer of Dermal Tissue to Epidermis in

Cisfilter Organ Culture Recombinants

Apparent dermal stimulation of epidermal protein synthesis

35

in organ culture has been observed by labelling with S~methionir
and 3H-leucine. This phenomenon éould be due to the attachment

of dermal tissue to the epidermis during dermal-epidermal
separation at the end of the iabelling period. ~The extent of
transfer of dermal cells to epidermis was measured by radio-
labelling the dermis with 3H-thymidine prior to reeomﬁination
with epidermis both in the cisfilter and transfilter orientations.

Pieces of trypsin-separated dermis were labelled by incub-

3H-thymi’dine for 1h, washed, and

ation in EFC1l0 contalning
placed in cisfilter and transfilter culture with epidermis.

At various times thereafter the epidermis was removed and

its dry weight estimated. The tissﬁe was solubilised with 1M
hyamine hydroxide and counted, Results expressed as dpm per
mg dry weight epidermis are given in Table XVI. After 2 days
in culture, the radioactivity in epidermis grown in cisfilter
and transfilter culture were similar, At 4 days, the values
were again similar, although both had decreased from the day 2
values. After culture for 6 days, the cisfilter epidermal dpm
had decreased slightly, and the transfilter epidermal dpm had
fallen sharply, and was approximately two-thirds of the
cisfilter value. This probably indicates degemneration of

the epidermis grown in transfilter culture. Therefore, no
detectable attachment of dermal cells to epidermis occurs on

separation of dermal-epidermal recombinants.



However, this experiment does not exclude the possibility
of protein being transferred from dermis to epidermis during
coculture, =~ This appears uniikely, as the patterns of labelling
of dermis and epidermis are dissimilar (Eigures 28 and 32).
Also, 1if dérmal protein were transferred invthe absence of
nucleic acid transfer, the protein presumably would be
extracellular matrix protein, which is normally of high molecular

weight. In both 35S-methioninevand 3

H-leucine labelled
cisfilter organ cultures (Figures 25 and 30); the stimulation

of epidermal protein synthésis ocecurs over theAentire molecular
weight range. An altérnative possibility, that dermal cells
exhibit increased uptake of exogenous amino aéids; which are then
transferred to epidermal cells via a junctional pathway and

‘incorporated into epidermal protein, cannot be excluded on

the basis of the above experiments.



Table XVI ‘Lack of Transfer of Dermal Cells to

Epidermis in Cisfilter Organ Culture

Recombinants

Newborn mouse skin was separated into dermis and epidermis
"by trypsinisation (see section 2.2.6). Dermal pieces were
labelled by incubation in EFC10 containing 5pCi.m1-l 3-H-‘t',hjrmidine
at 37°C for 1h, then washed 3 times in sterile BSS. The dermis
was then recombined on Millipore filters with freshly-prepared
epidermis in either cisfilter or transfilter orientation (see
section 2.2.6), and incubated ét-37°C in EFClO'containing‘10-4M
nonradioactive thymidine, At 2,4 and 6 days thereafter, the
epidermis was removed and the transfer:of th&midine—labelled

%

material from dermis estimated. ‘Epidermis was dried at 100
for 6h and the dry weight recorded. The tissue was then
Vsolubilised by immersion in 1lml hyamine hydroxide (1M solution
in methanol) at 60°C for 3h, mizxed with 5ml Triton-toluene
scintillation fluid,.and counted»for 4 min in a Beckman LS8100
liquid seintillation counter, Because of colour quenching by
the hyamine hydroxide-solubilised epidermis, quench correction

analysis was performed by the channels ratio method to convert

cpm values to dpm.



Time in culture Culture type Epidermal Dry weight cpm.mg

(Days) dpm (mg)
2 , Cisfilter 48352 .16 3022
Transfilter 44825 14 . 3201
L Cisfilter 18285 9 2032
Cisfilter 22123 10 2212
Transfilter 14542 8 1818
Transfilter 37067 .18 2059
6 Cisfilter 31415 15 209/
Cisfilter 12238 ‘ 7 1748
Transfilter 16188 12 1348

Transfilter 16443 15 1096



Chapter 7 - DISCUSSION




"I hae nae doot some foreign philosopher
Has wrocht a system oot to justify
A' this: but I'm a Scot wha blin'ly follows

Auld Scottish instincts, and I winna try".

Hugh MeDiarmid

A Drunk Man Looks At The Thistle
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7.1 Communication Between Cells

The gap junction i1s a ubiguitous structure in the tissues
of animals, where 1t acis as a partial cytoplasmic continuity
between adjacent cells. Invertebrate cells possess a |
morphologically and functionally similar structure, and
analogous intercellular connections are found between cells of
organisms lower in the evolutionary scale, The evolutionary
conservation of the gap junction implies an important biological
role for cell-cell communication, but it is not clear what
functions are performed by gap junction-mediated communication
in multicellular orgénisms. It has been suggested that
junetional channels permit the transmission df developmental
signals dufing enbryogenesis (Wolpert, 1978). There is no
direcf evidencé to support this but it is consistent with the
hypothesis that intimate cell-cell contact regions are correlated
with the onset of organ development during embryonic induction
(Saxén, 1977). The dermal induction of epidermal differentiatior
in skin, which is an example of a post-embryonic mesodermal-
epithelial interaction, is associated with occasional discontin-
uities in the basal lamina between the two tissues, although
no junctional structures have been reported between dermal and

epidermal cells (Briggaman and Wheeler, 1975).

In this project it has been.attempted to determine the role,
if any, of gap junctions in the normal growth and differentiation
of skin, and to relate this to the more general question of the
biological significance of junctional communication, The
first stage of this work was to isolate cells from dermis and

epidermis in primary culture, and determine their junction-



forming properties. This was performed by labelling of

donor cells with 3H-uridine prior to coculture with unlabelled
recipient cells and detecting junctionally-transferred nucleo-
tides by autoradiography. A statistical approach was devised to
quantitate the intercellular transfer of radiolabelled nolecules.
Autoradiogfaphic grains were counted over recipient cells in
contact with donors and over recipient'cells not in contact

with donors, and the two populations compared by significance
testing. This method\permits guantitation of the degree of
transfer between different cells. However, the data obtained
by the counting of autoradiographic grains are often rather
scattered, and statistical analysis may only be appropriate at a
semi-quantitative level, As discussed above (see section 4.3),‘
the recipient cell grain count in these experiments depends not
only upon the efficiency of junction formation, but also upon
bther factors such as cell size and rate of recipient cell
nucleotide incorporation,. The t-test method used takes account
of some of these factors by comparing two similar cell populations
recipient cells in contact with donors and recipient cells not

in contact with domnors.. One disadvantage of this méthod ié
that bimodal samplé distributions alter the derived t values

(see section 3.4); however, bimodality can be detected by
histogram analysis or by the consequently high standard

deviation values.

7.2 Gap Junction Formation Between Cells of Dermis and

Egidermis

Study of the transfer of uridine nucleotides between skin

cells showed that exchange of nucleotides occurs between dermal
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fibroblasts and epidermal keratinocytes in culture (see section
3.2). Therefore, formation of gap junctions. between dermis

and epidermis of adult skin is a possible mechanism of dermal-
epidermal interaction,. Direct contacts between dermal fibro-
blasts and epidermal basal cells in skin are.infrequent but

do occur (Briggaman and Wheeler, 1975), and‘ﬁay be sufficient

to permit transmission of regulatory signal molecules,
Theoretical calculations suggest that diffusion of a small
(300-500MW) molecule between cells could extend to approximately
1mm (about 50 cell diameters) in 3h, decreasing to 1% of the
"source" concentration (Crick, 1970), and gradients of junction-
transmitted mqlecules ha#e been generated ovér similar distances
in 16-24h by cultured cells (Michalke, 1977). Further, the
minimum rate of flux of purine nucleotides through cells 1inked
by gap Jjunctions has been estimated at lO6 molecules per cell

pair per second (Pitts and Finbow, 1977).

7.3 Lack of Specificity of Cell Communication in Primary

Culture

Nucleotide transfer between cells of dermis and epidermis
contrasts with several reports of tissue specificity in gap
junction formation; +that is, lack of molecular transfer between
fibroblastic and epithelial cells, each of which is Jjunction-
competent. Primary cultures of human mammary fibroblasts fail
to communicate with epithelial cells of the same tissue (Fentiman
et al, 1976). Certain malignantly-transformed mammary epithelial
cells, however, have been shown to communicate non-specifically
with breast fibroblasts (Fentiman and Taylor-Papadimitriou, 1977).

C1l3 fibroblasts and BRL epithelial cells exchange nucleotides

much more efficiently in homologous coculture than in heterol-



ogous coculture (Pitts and Bark, 1976), A study of the nucleo-
tide transfer properties of a wide range of cell lines revealed
several examples of communication specificity (Gaunt and Subak-
Sharpe, 1979). This communication deficiency between cells
derived from different tissue layers has been proposed as a
meanS.of maintaining the metabolic individuaiity of different cel

layers (Fentiman et al, 1976).

The generality of tissue specificity in cell-cell
communication is qualifigd by several reports of positive
junctioh formation between different cell types. Ionic coupling
- between various combinations of lens epithelial cells, liver
epithelial cells, BHK21 fibroblasts, and two.virus-transformed
cell lines was demonstrated by electrophysiological techniques
(Michalke and Loewenstein, 1971). Primary cultures of mouse
myocardial cells and rat ovarian granulosa cells respond
coordinately to hormonal stimuli by the intercellular transfer
of eyclic AMP (Lawrence et al, 1978). Also, synchronous
beating of mouse embryonic myocardial cells was shown to be
transmitted through heart fibroblasts (Goshima and Tonomura,
1969), Synchrony could also be mediated by cells of a human

amniotic cell line or the monkey kidney epithelial line BSC-1.

In the work reported here, 1t has been shown that epidermal
keratinbcytes communicate with dermal fibroblasts from newborn
mouse skin and adult guinea pig skin.,  Also, both primary cell
types communiate non-specifically with cell lines derived from
mesodermal and epithelial tissue (see sections 3.4 and 3.5).

Ih order to determine whether this lack of specificity was a

general property of primary cell cultures; two further mouse



cell types were investigated : renal epithelial cells and
epidermal melanccytes. Renal epithelial cells form gap
junctions with fibroblast and epithelial cell lines (see section
4.2) ; melanocytes communiéate with both epidermal keratinocytes
and dermal fibroblasts, and also with fibroblést and epithelial
cell lines (see section 4.3). Melanocytes are derived from
neural crest, from which they migrate to the epidermis during
embryogenesis. Thesé cells are therefore of neurectodermal
origin,_and the demonstration of junctional transfer with
'epidermal keratinocytes and dermal fibroblasts provides further
support for the hypéthesis that cell-cell communication occurs
non-specifically between normal’cells, Intefaction between
melanocytes and keratinocytes is also seen in the phenomenon of
pigment donation; .however, this.appears to be an unrelated

process involving phagocytosis of melanocyte cytoplasm by the

keratinocyte (Okazaki et al, 1976).

These results suggest that tissue specificity of communicatio
is an exceptional rather than a general occurrence. This is in
agreement with the apparent universality of the gap Jjunction
structure. The biochemistry of the junction has been examined
in depth in only a few tissues, but many detailéd morphological
studies suggest that the gap junctions of different vertebrate

cells are invariant,

7.4 Specificity of Communication in Cell Lines

As the ma jority of observations onrtissue specificity have
been made with cultured cell lines, rather than in vivo or with

primary cell cultures, it is possible that lack of communication



between junction-competent cells is a property of transformed
cell lines, perhaps as a'consequence of the transformed state.
This was investigated using two clones of the Madin-Darby canine
kidney epithelial cell line MDCK (see séction hiod). The two
lines exhibit efficient heterologous communiéation with one
another, but fail to transfer nucleotides to‘eithefitﬁe fibroblas
line 613 or the epithelial line BRL. These observations support
the hypothesis that communication specificity is non-tissue
dependent, and is a more general property of cell lings.than
normal cells in situ. Cultured cell lines are normally derived
from spontaneously-arising cells having transformed growth |
properties,'and the transformed state may be:associated with
altered Jjunctional communiéation properties, Lack of gap
junction formation leading to a deficient response to growth-
regulatory signals has been proposed as a cause of'malignant
transformation in certain cells (Azarnia and Loewenstein, 1977;
ioewenstein, 1979). However, the acquisition of communication
specificity by cells of transformed growth properties may be a
coincidental phenotype’associated with the clones selected by
growth in ﬁulture. In agreement with this hypothesis,

embryonal carcincma cell lines which interact to varying extents
in culture show no communication with differentiated derived

cell types (Nicolas et al, 1978). This does not e?plain the
lack of communication between primary cultures of fibroblasts and
epithelial cells from human mammary gland (Fentiman et al, 1976);

however, this now appears to be an exceptional case.

The results obtained in this study of cell-cell

communication in primary cell culture and cell lines are



consistent with the conclusion that normal cells in vivo

are capable of forming gap junctions with no tissue (or other)
specificity. If metabolic segregation of different tissue
layers does in fact occur, it is therefore likely to be caused

by the physical separation of tissues by basél laminae and other
extracéllular structures. The molecular meéhanism by which

‘ éommunication specificity is mediated is not clear; however,

it may be significant that poorly-communicating Cl1l3-BRL mixtures
show greatly-enhanced transfer upon prolonged coculture (Pitts
and B&rk, 1976). It is‘possible that communication specificity
may be caused by.defective alignment of the two cell surfaces
rather than genetic inability to form junctions. Thus, an
essential first step in the formation of gap junctions 5etween a
cell pair may be the close apposition of the plasma membranes,
which then permits interaction of junctiqnal particles and
aggregation into a complete macular junction (Johnson et al,
1974). Such a two-step model is compatible with theories of gap
junction formation involving de novo protein synthesis (Griepp
and Bernfield, 1978), proteolysis of a pre-existing subunit (Reve
et al, 1978), or allosteric interaction between apposed Jjunctiona

subunits.

The communication specificity of cells with transformed
growth properties would therefore be attributed to differences
in the cell surface architecture, which would slow or prevent
correct orientation of adjacent cell membranes, Such difference
could include the'expressién of cell-surface tumour antigens
(Nicolas et al, 1978), or the loss of the transformation-

sensitive glycoprotein, fibronectin,



7.5 The Structure of Mouse Epidermal Prekeratin

Differentiation of newborn mouse epidermal keratinocytes
in cell culture has been analysed in this study mainly by the
synthesis of the epidermal protein prekeratin. The term
prekeratin has been used as.denoting a soluble protein of the
lower epidermal layers which aggregates through non-covalent
interactions to give‘the insoluble o« -keratin filaments of the

stratum corneun.

Prekeratin was purified from newborn mouse epidermis by
extraction with urea and 2-mercaptoethanol followed by dialysis
into CASC buffer. Protein precipitated from the CASC extract
was characterised electrophoretically, and shown tovconsist of
two'polypeptides of molecular weights 69,000 and 61,000, in the
proportion 1:2 (see section 5.3). This suggests a minimum
prekeratin unit of two 61,000 chains plus one 69,000 chain, of
total molecularlweight 191,000, A similar structure has been
obtained for bovine prekerétin, ﬁhich contains one 72,000MW
polypeptide plus two 60,000MW polypeptides (Matoltsy, 1965).

A three-chain prekératin unit has also been reported in human
epidérmié, comprising polypeptide chains of 70,000, 63,000 and

55,000MW (Skerrow, 1977).

A recent study of mouse epidermal protein by Steinert and
coworkers, using urea/mercaptoethanocl extraction of stratum
corneum, confirmed the abdve conclusion, showing that epidermal
a-keratin consisted of two polypeptides of 68,000 and 60,000MW,
termed K1 and K2 respectively, and that these two chains occurred
in equal quantities (Steinert and Yuspa, 1978). These molecular

weights are not significantly different from those found in this
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project. It was subsequently shown that the K1 and K2
polypeptides had the same N- and C-terminal residues, similar
a-helix content and amino acid composition, and cross-reacted
immunologically (Steinert et al, 1979). Reformation of
o-keratin filaments by mixing different amoﬁnts,of pu£ified
keratin polypeptides resulted in filaments with K1/K2 chain
composition of either 1:2 or 2:1. The equal stoichiometry

| of hature stratum corneum a-keratin was attributed to a mixture
of the two forms,. However, epidermal keratinocytes maintained
in culture exhibit decreased synthesis of the K1 protein, which
resulted in a‘Kl/KZ chain stoichiometry of between 1?2 and 1:3
(Steinert and Yuspé, 1978). It therefore appears likely that
the prekeratin of living epidermal layers (if not stratum
corneum) is composed of two polypeptides of 60,000-61,000MW (K2)
and one polypeptide of 68,000-69,000MW (K1). By analogy with
bovine prekeratin (Matoltsy, 1965), the native prekeratin

structure may be a dimer of the minimum unit, with total molecula

weight 376,000-382,000.

7.6 Differentiation of Keratinocytes in Culture

The presence of the two prekeratin polypeptides of mouse

epidermis was used to quantitate,differentiation of epidermal

keratinoeytes in vitro. The total amount of prekeratin was
found to decrease with time in culture (see section 5.5). This

decrease could not be explained by a total cessation of prekerati:
synthesis, as in that case the amount of prekeratin would be
expected to be halved every keratinocyte generation, which is 0.9

days at 37°C (see section 5.6). The observed effect could be



due to a gradual general decrease in the synthesis of
prekeratin with time in cultur;, caused by the selection of
rapidly-growing non-differentiated cells from the culture
population, This would be in agreement with the disappearance
of tonofilaments from secondary and subsequenf passages of
guinea pig‘keratinocyeé (Regnier et al, 19735. However, a
permanent keratinocyte cell line has recently beeﬁ described

in which intermediate filament arrays can be visualised using

a prekeratin antiserum (Franke et al, 1979).

An alternative explanation for the decrease in total
prekeratin in cultured keratiﬁocytes would be'preferential-
loss of one of the polypeptides, Such an iﬁbalance in pre-
keratin chain synthesis by méuse-epidermal keratinocytes was
observed by Steinert and Yuspa (1978), and a decrease in the
production_of the largest prekeratin polypeptide in feeder layer
cultures of human keratinocytes was reported by Sun and Green
(1977) and by Kubilus et al (1979). It may be relevant that
decreased production of the heaviest human prekeratin chain is
aséociated with the hyperproliferative epiaermal disease,
psoriasis (Skerrow and Hunter, 1978). 1In any case, it can be
concluded that normal levels of prekeratin polypeptide synthesis
do not proceed in epidermal keratinocytes in dispersed cell

culture,

7.7 Feeder Layer Keratinocyte Culture

Interaction between mesodermal cells and skin epithelial
cells was further studied using a feeder layer culture systenmn,
The effect on keratinocyte growth of coculture with killed cell
line fibroblasts was first determined (see sectiqn 5.6).

Rheinwald and Green (1975a) claimed that no growth of human



keratinocytes occurred in the absence of mesodermal cells;

other workers have postulated a feciprocal relationship between
keratinocyte proliferation andvdifferentiation (Bullough, 1975;
Delescluse et al, 1976). In the experiments reported here, no
effect'on keratinocyte proliferation by killed fibrqblasts was
obseryed. The effect on keratinocyte diffefentiation of feeder
layer culture was analysed using three feeder 1ayér cell.types
(see section 5.7). Cl13, BRL and A9 cells all failed to produce

any detectable alteration in keratinocyte protein synthesis.

Epidermal cell keratinisation in vitro was examined using
another biochemical marker df keratinocyte differentiation, the
preferential incorporation of histidine (Delescluse gi al, 1976;
see section 5.8). The molecular basis of histidine incorporation
by the epidermis appears to be the synthesis of a histidine-rich
protein (HRP) in the keratohyalin granules of the granular layer
(Sibrack et al, 1974; Murozuka et al, 1979). The HR? appears
to give rise to a stratum corneum basic protein whose function
is unknown (Dale and Ling, 1979). Keratinocytes in dispersed cel:
culture were shown in the work reported here to exhibit a higher
relative incorporation of histidine {than mitomycin C-treated
Cl3 cells, Coculture of keratinocytes with feeder layer C13
cells resulted in no increase in histidine incorporation. This,

again, suggest that some degree of keratinocyte differentiation

occurs in dispersed cell culture.

The lack bf stimulation of keratinocyte proliferation by
coculture with killed cell line fibroblasts is in contradiction
to the findings of Rheinwald and Green (1975a). This may be

because the promotion of epidermal cell proliferation and



keratinisation is induced by only a few cell types, such as
mouse 3T3 cells and human diploid fibroblasts, 3T3 cells
differ from the Cl3 fibroblast line mainly‘used in this study
in that they are grown by a subculture regimelwhich retains
their marked density-dependent inhibition of growth, and in
that the cell morphology suggests that they may have been
derived from endothelial rather than mesodermal tissue. Another
reason for the poor differentiation by newborn mouse keratino-
cytes in feeder layer culture may Be that these cells lack the
strong substratum adherence shown by human (and also guinea pig)
epidermal.cells, and therefore may not so readily initiate
formation of keratinising colonies by pushing'back'the fibro-

blast monolayer,

7.8 Dermal Stimulation of Epidermal Protein Synthesis

The interaction of dermis and epidermis has been studied
using a transfilter ‘organ culture system, In principle? any
effects of the dermis on the growth and differentiation of
epidermis may be distinguished as long-range or short-range
interactions by interspersion of a porous filter between the
reacting tissues, Such filters can be selected to permit the
free diffusion, even of large molecules, between the tissues, but
exclude direct physical contact. Organ cultures were established
by enzymatic separation of dermis and epidermis from newborn
mouse skin, and recombination either in direct contact or
separated by Millipore filters, The effect on epidermal protein
synthesis was quantitated by labelling the cultures with 3H-

35

leucine and ~“S-methionine (see sections 6.4 and 6.5). It was
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found £hat isolated epidermis exhibited very low levels of
protein synthesis, This was increased on recombination with
dermis, and was similar to the level’of protelin synthesis by

the epidermis of whole skin, However, epidermis grown trans-
filter to dermis showed no enhancement of prdtein synthesis
above‘that of isolated epidermis. Previous‘studies~in other
systems have yielded contradictory results. Wessells (1962)
reported that chick epidermis in organ culture degenerated

unless maintained in coﬁtact with dermis or muscle. Epidermal
maintenance by dermis was possible when the tissues were
separated by Millipore filters. Briggaman and Wheeler -(1968)
found that human epidermis grafted to chick chorioallantoic
membrane rapidly degenerated. Epidermis recombined Q&th dermis
developed normally, but transfilter dermal-epidermal recombinants
resulted in no effect on epidermis by dermis. The.contradiction
in these two observations may be explained by the different
culture systems used, or by differences between mammalian and
avian skin, as the results obtained in this project using mouse
epidermis are in general agreément with those of Briggaman and

Wheeler for human epidermis,

On characterisétion of the labelled epidermal protein by
polyacrylamide gel electrophoresis, no specific induction‘of
prekeratin synthesis was detected in cisfilter recombinants.

Ma jor peaks occurred of high molecular weight protein, and of
actin, Thus, it appears that dermal support of epidermis in
organ culture involves a general stimulation of epidermal protein

synthesis,
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7.9 The Dermal-Epidermal Interaction

An interaction occurs between dermis and epidermis in organ
culture resulting in stimulation of epidermal protein synthesis.
This interaction 1s dependent upon direct physical contact
between the tissues, as interpolation of poroﬁs filters permeable
to molecules up to the size of virus particles fails to result
in stimulation. The mechanism of the dermal stimulation of
epidermal biosynthesis remains unclear, _By analogy with
mesodermal-epithelial interaction in other systems, the mechanism
seems likely to involve either direct communication between the
reacting cells, perhaps by formation of intercellular Jjunctions,
or a regulatory effect mediated by extracelluiar matrix macro-
molecules (Grobstein, 1968). In support of the former mechanism,
gap Jjunction formation and cell communication have been demonst--
rated between dermal and epidermal cells in vitro ; +the latter
mechanism may be indicated by the stimulation of keratinocyte
differentiation by freeze-thawed dermis (Briggaman and Wheeler,

1968) and by growth on collagen gels (Karasek and Charlton, 1971).

The means by which epidermis is stimulated by dermis is
equally uncertain, It is of some heuristic importance to
distinguish between permissive and deterministic interactions
(Saxén, 1977), but in practical terms these probably cannot be
separated. The grafting experiments of Billingham and Silvers
(1967 ; 1968), which showed that the type of epidermal differ-
entiation was altered by the underlying dermis, appear to
implicaté a specific deterministic induction of epidermal
keratinisation,. However, the differentiation of epidermis is

too specialised to distinguish different types of keratinisation

from different extents, and in fact certain epidermal tissues
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retain their morphology after grafting to a new dermal site

(Billingham and Silvers, 1968),

The dermis of skin interacts with epidermis in two general
ways : the regulatory interaction referred to above, and trans-
mission of nutrients from the vascular system. The organ
culture system developed in this project has been used to show
that the dermis exerts a general stimulatory effect on
epidermal protein synthesis, From this it may be proposed
that the dermal influence is principally a permissive one,

The regulation of keratinisation may therefore occur by

endogenous epidermal mechanisms, such as the ordering of epidermal
cell columns and the putative chalone system. The dermis

permits the expression of normal keratinisation by providing
nutritive functions and perhaps acting as a mechanical support.
Thus, epidermal cell keratinisation can proceed, albeit abnormally
in dispersed cell culture, and epidermal differentiation may

be promoted by killed mesodermal cells,
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